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RESUMEN EJECUTIVO

El crecimiento econdmico y demografico a gran escala en varios paises ha llevado a un au-
mento en la demanda de energia eléctrica alrededor del mundo. Actualmente Chile enfrenta
desafios energéticos tanto para el consumo habitacional, como el comercial e industrial,
y ha planteado como objetivo fomentar el uso eficiente de la energia, estableciendo una
ambiciosa meta de 20% de reduccién de la demanda energética respecto a la proyectada
al ano 2025 (Ministerio de Energia, “Agenda de Energia: Un desafio pais, progreso para
todos”. El esfuerzo pais se focaliza en la biisqueda de fuentes de energia renovables no
convencionales y en la optimizacién de procesos de operacion y mantenimiento (O&M)
dentro de los sistemas existentes con el objetivo de generar las condiciones adecuadas para
alcanzar el desarrollo en las proximas décadas a nivel pais (Estrategia Nacional de Energia
2012-2030, “Energia para el futuro: limpia-segura-econémica, Gobierno de Chile”).

Con este fin, el desarrollo de maquinaria basada en robots auténomos, Internet de las
cosas, sistemas dedicados y médquinas inteligentes es la respuesta de la Ingenieria Eléctrica
para abordar los desafios cada vez mds complejos dentro de una industria de energia en
réapida expansion. Sin embargo, el uso de robots en sistemas de potencia es limitado
debido a las condiciones extremas de los sistemas eléctricos de potencia y las restricciones
mecdnicas de los robots. En este contexto, esta tesis presenta un estidio completo y el
desarrollo de diferentes sistemas dedicados relacionados con la robética en sistemas de
potencia, cuyo principal objetivo es el trabajo de mantenimiento.

Tres enfoques diferentes son propuesto con la finalidad de resolver diferentes desafios:
percepcion de la red eléctrica, navegacion de plataformas eléctricas y carga inalambrica. Se
presenta el andlisis tedrico y los lineamientos necesarios para su implementacion préctica.
Cada uno de los desafios han sido abordados mediante la implementacion de aplicaciones
practicas, y evaluados mediante simulaciones y pruebas de campo.
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ABSTRACT

Accelerated demographic and economic growth in several countries has led to an increase
in electrical energy demand. Inspection of power system assets —including conductors,
protection systems, electrical towers/poles, transformers, and other devices— plays an
important role to address the growing need for sustainable energy worldwide. Chile is
facing various energy challenges that threaten both consumer and suppliers. To this end,
government action and policy is geared to encourage efficient use of electrical energy,
establishing an ambitious target: the reduction of 20% of energy demand with regard to
projected at 2025 (Ministerio de Energia, "Agenda de Energia: Un desafio pais, progreso
para todos"). The internal polities are focused on the development of non-conventional
renewable energies and the optimization of operation and maintenance (O&M) practices of
current power systems in order to generate the adequate conditions to achieve the country
development in the next few decades (Estrategia Nacional de Energia 2012-2030, "Energia
para el futuro: limpia-segura-econémica").

Within this context, the development of machinery based on autonomous robots,
Internet of Things (IoT), embedded systems and smart machines is the response of the
Electrical Engineering discipline to face the increasingly complex challenges within a
rapidly expanding power industry. However, hazardous conditions of power systems and
mechanical constraints of robots have limited their use. In this regards, this Thesis presents
comprehensiveness study and the development of real applications of robotics in power
systems. The main approach is the development of different dedicated systems that can be
mounted in robotic platforms in order to solve different identified challenges.

Three different approaches are proposed in order to solve different challenges: per-
ception of the electric network, navigation of electric platforms and wireless charging.
The theoretical analysis and the necessary guidelines for its practical implementation are
presented. Each of the challenges has been addressed through the implementation of
practical applications, and evaluated through simulations and field tests.
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Chapter 1
INTRODUCTION

1.1 Problem Statement, Context and Motivation

In recent years, global warming, increase in carbon emissions, demographic expansion
and power demand have led governments and power companies to take concrete steps
towards the development of larger and more complex power systems based on renewable
energies and their integration within the current system. This complexity has a direct toll
on inspection and maintenance tasks and the occurrence of blackouts in different electrical
grids worldwide exposes the vulnerability of power systems. A clear example of the
fragility of power systems befell on September 24th, 2011, in Chile, due to a fault in the
transformer 500V / 230V from an electrical substation in Ancoa, causing a power blackout
of the national power system. The electrical outage affected approximately 9 million people
and interrupted normal operations in several copper mines with immediate impact on the
local economy [1].

A power system embraces the electrical energy generation, its transmission, and its
distribution to the end consumer [2]. Although the size and complexity of power systems
can vary widely, they all have the same basic features and structure: they operate essentially
at constant voltage and frequency and they are composed by generation, transmission and
distribution stages [3]. An example of a typical power system including typical voltage
levels and different types of users is shown in Fig. 1.1.

Power systems are vulnerable to numerous threats which can be classified into
three main groups as shown in Table 1.1. Environmental threats are related to climate,
temperature, and humidity; weather conditions that change in time and during the year,
including the presence of snow, rain, wind, and dust, among other factors [4]. Operational
threats are directly related to the continued use, installation of the electrical equipment [5],
and the integration of renewable energy sources to a traditional grid (intermittency inherent).
Human and animal threats are related to potential damage due to the presence and actions
of living beings [6].

The main issues related to threats can be divided, according to their nature, into three
groups as shown in Table 1.1: Chemical, mechanical and electrical. Chemical issues are
mainly related to pitting corrosion [7, 8], which is an extremely localized corrosion that
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Figure 1.1: Basic elements of a power system: generation of energy and transportation to
substations; transmission through substations and distribution. (a) Single-line diagram;
(b) Structure diagram
. (Menéndez et al., 2017) © 2017 IEEE Industrial Electronics Magazine.

leads to the creation of small holes in the metal or to general corrosion which decreases the
surface uniformly [9]. Mechanical problems, are mainly related to fractures or damages,
as a consequence of the ageing or degradation of the equipment [4]. Finally, electrical
problems are related to environment discharges, not only affecting the electrical equipment
but also putting into risk people and workers [6].

The monitoring process of a power system is often neglected or shelved due to more
pressing priorities, high deployment costs or industrial policies, which brings hardship to
both unprepared business and society at large [10, 11]. Strategic assets such as transmission
grids must be operated in a fast, secure and reliable way for proper fault-free operation [12].
To this end, operations and maintenance (O&M) practices of power systems must evolve to
cost-effective practices that respond better to dynamical changes in power systems and can
enhance life-cycle system economics. However, supervising the different power system
stages is not a simple task due to their high complexity. As a solution, just a few years
ago, it was commonplace for line crews to work on deenergized power lines. Nowadays,
live-line work is more than ever a necessity in order to satisfy a society that demands a
full availability of service. Helicopters are used to carry out operation and maintenance
practices in power systems [13, 14], as these procedures can be performed on energized
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Table 1.1: Main threats in power systems and their impact

Main Threats Power System Impact
Wind, wind+ice,
Ice and snow, Steel cross section;
. Salty or corrosive, Chemical | Zinc layer;
Environment . . .
Galvanic, corrosion | Contamination
Lightning, Aluminium
Earthquake
Aging; Fatigue;
. Power cycling; ) Creeping;
Operational e Mechanical pIng
Over current/voltage; Cracking/rupture;
Source intermittency Fretting/unfastening
Partial discharge;
. . / Increase of resistence;
Animal and | Bird scats; bird nest; . . .
. Electrical | Loss of insulation;
human Wood peckers/insects .
Voltage reduction;
Overheat

power lines without interrupting service. However, this technology is sometimes limited,
due to the fact that power systems are hostile environments, which are often located in
inaccessible locations. In addition, helicopter surveys are ecologically unsustainable and
expensive (about 4000 USD per day). These constraints are a key factor in the introduction
of robotics in this field.

Hence, the future of the power system inspection is focused on the inspection
robotics with a special emphasis on dedicated systems capable of detecting and correcting
failures in electrical equipment in real-time [15]. Robotic devices and self-sustainable
mechanism based on embedded systems, smart-devices and Internet of Things (IoT) have
proved to be a realistic approach for power grid owners. Safety, flexibility, efficiency, and
reliability of devices are the main factors driving this trend. Figure 1.2a shows a conceptual
traditional representation of the working environment of a smart-grid with inspection
robots. Power system robotics is the modern technology that enables the assessment
of the condition and status of power system components using different autonomous
or remotely controlled machines. Its main objective is to reduce or eliminate human
exposure to potentially dangerous environments while collecting the data required for
reliable monitoring of electrical substations [16], high voltage overhead transmission
lines [17] and power plants [18].

Robotic technologies used on power systems have evolved from tele-operated ma-
chinery [19, 20] to completely automated smart-robots [21]. Disregarding the use of
robotic platforms in other situations (e.g. operation, assembling and control), successful
case studies of them can be categorized into two main groups according to the tasks they
perform: inspection and maintenance robots [15]. Likewise, potential robotic platforms are
broadly classified as brachiating robots, unmanned aerial vehicles, and unmanned ground
vehicles. Each one with its own advantages, disadvantages, and characteristics, summarized
in Table 3.6. Unmanned aerial vehicles (UAV) have reached the technological summit
during the last decade [22], due to their top-quality technical and economic performance.
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Figure 1.2: (a) Centralized architecture for electrical grid monitoring ; (b)Distributed architecture
for electrical grid monitoring

During this period of time, UAVs evolved from a niche market of small scale applications to
a common inspection, treatment and surveillance platform of electric equipment mounted
on transmission grids. These robotic platforms can be used to perform inspection tasks of
equipment under hazardous conditions or access restrictions, due to it navigation is only
affected by Chilean Flight Regulation - DAN 151, where the guidelines to perform the UAV
flight over high voltage overhead transmission lines is summarized.

The main advantage of robots is work safety since they can be used for high-risk tasks
in hazardous working environments where people would be directly involved in accidents
or mishaps. As the robots are very accurate machines, they can be optimally designed
to perform specific tasks minimizing errors under different environmental conditions. In
fact, the growing importance of robots for minimization of risk and execution of complex
tasks within power systems has been addressed in [16, 31], where the importance and
impact of this technology are underlined. Although robots are an enabling and already
proven technology, its application to power systems presents several open challenges
which must be faced [15, 32]. Autonomous robotics and teleoperated machines, despite
being useful, have found only reduced application because of the limited payload capacity,
autonomy, and availability. For example, Table 1.3 provides the payload analysis for several
commercial drones. It is worth noting that no electrically powered unmanned aerial vehicle
is able to develop a flight with duration more than 30 minutes [33, 34, 35, 36]. Therefore,
the integration of robotic platforms and smart-grid sensors, as shown in Fig. 1.2b, could
improve several inspection tasks in power systems, optimizing the inspection time.
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Table 1.2: Comparison of three main robotic platforms used to perform inspection work in
transmission lines.

Type of Robot Ground vehicles Brachiating robots Unmanned aerial vehicles

RI; 2]11‘(11?((; Low Medium High
Navigation Ground Crossing Chilean flight
Restrition accessibility. obstacles. regulation.
Autonomy High Medium Low
Maintenance Yes Temp(?rary No
work repairs.
Development Very high High Low
cost
Industrial LineMaster [23] LineRQVer [26] AIBOT-6 [29]
Elevator IV [24] Expliner [27]
prototypes  ROBTET [25]  LineScout [28] UAV-Borne [30]
Table 1.3: Selected commercial drones
DJI AGRAS MG-1 [34] FREEFLY ALTA 8 [35] DJIS1000 [36] HJ-5000
N° Rotor 8 8 8 6
Battery Capacity 533 Wh 444 Wh 222 Wh 60 Wh
Maximum payload 9kg 9.1 kg 8 kg 4.5kg
Flight time 24 min 16 min 15 min 18 min
Weight 8.8 kg 6.2 kg 44kg 3.0kg
Price 13.500 USD 15.000 USD 4500 USD 2300 USD

1.2 The challenges of power system robotics

Very few robotic technologies have actually been implemented in grid operation, inspection,
and maintenance practices. The two main reasons are: (i) power system robotics is a young
research field; (ii) place a robotic platform on a transmission grid is a very complex process
due to the fact that the power grid infrastructure is very critical and susceptible to damages.
Therefore, a robotic platform has to be capable of addressing different challenges and
restrictions in order to achieve successful implementation. Briefly:

e Robot capacity to work on live-line power grids: Sometimes, power systems cannot
be deenergized due to generated economic losses it could entail, and the reduction of
the customer satisfaction.

e Systems availability: The robotic platform must be able to perform inspection and/or
maintenance work in several situations, in which other methods cannot be used.

e Perception of the grid: The robot must be able to analyze the condition of any
component, tool or equipment mounted on the grid.

e Robustness: Power systems are hazardous environments where a robotic platform
can be affected by a large number of threats (electromagnetic interference, electro-
magnetic fields, mechanical shocks, environmental conditions). Reliability and safe
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operation are paramount given the strategic importance of the target assets.

Self-sustainability: Technologies face extremely challenges to ensure high-accuracy
data collection and enhanced inspection work quality. Robots must run during long
working periods and do it so autonomously.

Inspection and/or maintenance tasks: Robotic inspection incorporates imaging, sens-
ing, and other technologies to assess the condition and status of power system
components. These applications must be significant to asset managers. Therefore,
the selection of the robot platform (its technical characteristics, and its potential
application) is not an ambiguous solution.

Information and communication technologies: The robot should be able to send the
inspection data to a central operations center for further analysis.

1.3 Hypotheses

This thesis addresses the following questions regarding power system robotics.

1.

Could the use of low-cost sensors based on vision enable to characterize the most
representative artifacts associated with the power system functionalities?

The visual and infra-red monitoring of electrical equipment is a non-invasive inspec-
tion method which provides information about possible failures, regarding thermal
behavior of the device to the operational status of the power system. This thesis will
test a portable ground-based system capable of detecting and classifying hot-spots
related to photovoltaic module failures. The system characterizes in 3D-thermal in-
formation from the panel structure to detect and classify hot-spots. Unlike traditional
systems, this system is provided with a removal algorithm that will be able to detect
and eliminate false hot-spots associated with people or device reflections, and from
external radiations sources.

Which is the performance of low-cost sensors in the positioning of robotic platforms
used to develop inspection tasks in power systems?

Technology constraints related to the payload and autonomy could affect critical
processes such as navigation and localization, restricting the use of power system
robots. A navigation system based on global navigation satellite system (GNSS) is
currently the most adopted sensing mode to locate robotic platforms over different
industrial environments [37]. In an electrical environment, however, the use of
GNSS is limited due to size and weight constraints of robotic platforms and sensors;
it can be affected by electromagnetic interference and, additionally, it could not
operate in cluttered urban areas; it is not reliable at low altitudes and suffers from
satellite signal cuts. This thesis faces this challenge by developing a transmission
line autonomous tracking system, which enables the location of a commercial drone
over a transmission grid using a monocular camera. This feature provides the vehicle
an accurate positioning even when the GNNS signal is denied, enabling to report the
status of the line at any time.

EECTRONICA
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3. Is it possible to exploit the phenomenon of electric field induction on objects in the
proximity to power-lines energized at power frequencies as energy supply?

Electric field energy harvesting is a promising solution to energize a variety of self-
sustainable wireless sensor nodes, which may be used in next-generation smart-grids.
In this Thesis, a low-power energy harvesting system targeting to extract energy
from the electric field around energized wires is presented. Unlike the conventional
electric field harvesters, the generators described in this work is intended on con-
tactless household low voltage applications. A low-power design methodology to
reduce power dissipation and to increase the harvested power has been implemented,
considering the electric field scarcity in household applications and a variety of
challenging design issues. In addition, the proposed harvester is equipped with a
mechatronized maximum power point tracking system, that is used to automatically
varies the location of the electrodes until harvesting the maximum power.

1.4 Thesis Structure

The thesis is oriented to present a comprehensive analysis of the robotic systems and
smart-devices to perform the inspection work in power systems.

Chapter 1 This chapter introduces the context of this thesis and presents the research
objectives addressed in this work. It also provides a description of the main contributions
developed.

Chapter 2 This chapter aims to collect and review the main contributions regarding
robotics in power systems to establish the main links and gaps between power systems and
robotics. It also includes the robot classification according to the task they perform and
their navigation system.

Chapter 3 This chapter aims to face two challenges "Perception of the grid" and
"Inspection and/or maintenance tasks". In this context, a 3D characterization system for
photovoltaic modules is presented. provides the main technical details of the proposed
system. In addition, it develops the theoretical analysis and practical implementation of the
system. Experimental findings are presented to evaluate system behavior.

Chapter 4 This chapter aims to address the dare "Systems availability". To this end,
this chapter presents the development of a low-cost positioning system for unmanned aerial
vehicles. In addition, detailed theoretical analysis, computer simulations and experimental
results are presented to test the proposed system and underscore its accomplishments and
constraints in terms of efficiency.

Chapter 5 This chapter aims to address the dare "Self-sustainability". This chapter
introduces a non-contact approach for electric field energy harvesting that uses the parasitic
capacitance between energized wires. Also, the chapter includes a review of the energy
harvesting methods available for smart-grids, with special emphasis on electric field energy
harvesting.

Chapter 6 This chapter details the overall conclusions of this research work.

gg=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 7



Chapter 2
LITERATURE REVIEW

Power systems face numerous challenges to address the growing need for sustainable
energy worldwide. Monitoring of mains in real time requires distributed and centralized
processing of large amounts of data from distributed sensor networks in order to increase
the grid reliability, to analyze the aging status and to detect potential failures. Hence,
the transformation of the power system from a less informed or a dumb system to a
smart-grid system is indispensable. Within this context, several tasks directly focused on
power systems operation can be either partially or completely automated by unmanned
or tele-operated autonomous robots, self-sustainable systems, and smart machines. The
development of these sophisticated mechanisms helps to address the increasingly complex
challenges within rapidly expanding power industry, ensuring an efficient, cost-effective
and safe maintenance process. This chapter explores the main contributions from the
robotics field to the inspection and maintenance of power systems through the analysis of
the state-of-the-art and current advances.It also presents a comprehensive market survey of
the power system robotics. The main conclusions from this chapter are:

e Most robots in power systems are designed and built for a single specific task, such
as transmission-line supervision, detection of the hot-spots, vegetation management
or surveillance, thus limiting their potential in the industry. Future works in this field
might focus on increasing the versatility of robots in power systems and improving
their sensory systems to allow multitasking.

e The new generation of power system robots is focused on the integration between
smart-grid technology and robotics. Increasing the interaction between robots and
power systems beyond inspection and maintenance would be a step toward a fully
autonomous power system industry.

e Unmanned aerial vehicles can be considered as an emerging and promising alternative
in order to perform inspection tasks on power systems, due to their top-quality
technical and economic performance. Despite UAVs are an enabling and already
proven technology, its application to power systems presents several open challenges
related to the navigation, payload constraints, and its limited autonomy.
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2.1 Robotics in Power Systems

Early publications regarding applications of power system robots basically reported tele-
operated machinery for maintenance of substation transformer and power transmission
lines [19, 20]. In this scenario, the use of robots in the electric industry was focused mainly
on the development of tele-operated robots for maintenance and inspection of live power
lines [21]. A few years later, the first publications on mobile robots appeared addressing
the security patrolling of substation [38], overhead distribution line work manipulation and
underground cable conduit monitoring [32]. These works became the earliest validated
robotic prototypes used in power systems.

Several robotic platforms have been developed to perform operation and maintenance
practices in power system [39, 26, 28, 27, 40, 29]. The most noteworthy initiatives can
be classified into two groups according to the task that they perform: inspection and
maintenance. Using robots for these tasks improved the management of the electric power
systems by adding new value and capabilities to the process, due to the high adaptability
of robots to different environments otherwise hostile for human labor force [41, 42, 43].
Furthermore, robotic platforms are broadly classified as ground vehicles, brachiating
robots, and aerial vehicles by this thesis. By regarding this separation and the frequency
of preference, some leading robotic systems are discussed. A further description of the
evolution of robot usage in power systems and its corresponding milestones is shown
in Fig. 2.1, where it is depicted, in time, the impact of robotics in the power systems
field.

2.2 Inspection Task

Inspection tasks are focused on applications that do not require direct contact with the asset.
Inspection robots aim to detect and analyze the mains status using modern remote sensing
sensors, such as light detection and ranging systems (LIDAR), synthetic aperture radar
images (SAR) and a huge number of different cameras (visual, thermal, ultraviolet). These
remote sensors are used for the monitoring of power system components, potential failure
sources, and vegetation around the power system. They can be classified within three
categories: brachiating robots, unmanned aerial vehicles (UAV) and unmanned ground
vehicles (UGV), according to the needs of the power system (e.g., power plant, transmission
line, and substation).

2.2.0.1 Brachiating Robots

Brachiating robots, like the one depicted in Fig. 2.2, move either on the conductors
for inspecting transmission lines or on the steel cables in the case of substations. For
example, Tokyo Electric Power Co in cooperation with Toshiba Corporation designed a
mobile robot for the inspection of transmission lines in 1991. Such robot had to inspect
66 kV fiber-optic overhead ground wires (OPGW) and navigated over a ground wire
that was located above the actual power transmission lines [21]. The robot comprised a
controller and power source, and it was self-propelled, with two different behavior modes:
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Figure 2.1: Time-line of robots usage in power system. (Menéndez et al., 2017) © 2017 IEEE
Industrial Electronics Magazine.

one for approximating motion using pre-programmed data concerning the tower and power
line information, and the other one for precise positioning. The automata was outfitted with
a tower detection sensor based on a range ultrasonic device, subsidiary contact sensor, guide
rail sensing function used for contacting ground wire (resistance measurement of motor
torque), clamp wheels status detection sensor and guide rail hook status sensor (status
detection by interruption of fiber optic light source, presence of OPGW, open & closed
status of hook claw).

With the same aim, Hydro-Québec Research Institute (IREQ) presented in 2000 its
first prototype of the mobile robot called LineROVer. First presented as an overhead ground
wire de-icing application, the capabilities were later improved in the following version
called HQ LineROVer [44]. The HQ LineROVer was equipped with an infra-red camera and
a monocular camera (RGB), to collect images related to temperature differences that arose
from components such as compression splices and insulators with the aim of detecting hot
spots and potential problems [45]. Currently, Hydro-Québec Research Institute (IREQ) has
developed a commercial system for performing inspection tasks on transmission grid based
on LineROVer technology [26].
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Figure 2.2: The brachiating robot on a transmission line. (Menéndez et al., 2017) © 2017 IEEE
Industrial Electronics Magazine.

In 2006, IREQ developed a new platform named LineScout. The main feature of this
robot was the capacity of clearing obstacles as it traveled down a line [46]. It can move
along several axes, allowing it to adjust its shape in real time to various line configurations
and to a wide range of obstacles while remaining as light and compact as possible. It has a
robotic arm with a camera for visual inspection of line components which allows for splice
condition evaluation and some live-line working. The implementation of programmable
pan & tilt camera (PPTC) units and a dual end effector robotic arm (LineArm) to work
on bundled conductors was annexed later [47]. The use of Light Detection and Ranging
(LIDAR) UTM-30LX to obstacle detection on power line conductors is implemented in [48]
and in a sequel of the work, presented in [49]. Since launched, Linescout technology has
progressed; Hydro Quebec conducts development, manufacture and sales activities of the
overhead transmission line inspection robot nowadays [28].

On the other hand, Kansai Electric Power Corp. (KEPCO, Japan), Japan Power
Systems Corp. (JPS) and HiBot Corp. presented in 2008 a robot designed for remote
inspection of powered high-voltage transmission lines named Expliner [50]. The robot
was composed by motion units (two shafts, each with two pulleys), a base (actuators of
the vertical poles) and a manipulator and counter-weight. The Expliner was able to detect
the ruptured strands using two CCD mini-cameras and a mirror assembly, and also able to
detect corrosion employing laser sensors to measure the diameter of the cable. Since 2014,
Hitachi High-Tech in conjunction with Hitachi High-Tech Fine Systems started to develop a
commercial prototype based on this technology [27].

State Grid Shandong Electric Power Research Institute (Electric Power Robotics
Lab) in association with State Grid Shandong Electric Power Company (Grid Maintenance
Department) designed a brachiating robot for inspection of overhead transmission lines in
China [51]. The system was composed by three arms with two of them equipped with a
gripper, designed to clamp firmly onto the conductor to secure the robot.

The University of Shanghai for Science and Technology developed a robotic system
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Figure 2.3: Robotic technology applied in power systems for inspection tasks. (Menéndez et al.,
2017) © 2017 IEEE Industrial Electronics Magazine.

for inspection of transmission lines of 500 kV [52]. The system walks on overhead ground
wires in a 500 kV power tower and can evade obstacles meanwhile it inspects and supervises
the electrical equipment. A ground based station remotely controls the robot.

Electric Power Research Institute (EPRI) has been focused on the development of
an automata capable of crawling over conductor shield wires along 80-mile long corridor.
The system takes advantage of power harvested from power-conductors, supplemented by
power from on-board solar panels for running its motors. The system identifies nearby
trees that could pose a risk to wires, evaluates right-of-way encroachment and assess the
status and condition of the electrical equipment using high resolution cameras [53].

Periodic inspection of the insulators in power transmission lines is required in order
to prevent it from failure, which has been known as a major cause of power failure.
Korea Electric Power Corporation (KEPCO) developed a robotic system for live-line
suspension insulator strings [6]. The main aim is to prevent insulator failure in 345 kV
power transmission lines. The robot structure is very simple, small-sized, lightweight and
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Table 2.1: Example of brachiating robots used in power systems. (Menéndez et al., 2017) © 2017
IEEE Industrial Electronics Magazine.

Type of Robot Examples of Brachiating Robots

LineROVer LineScout Expliner
R hG Hydro-Québec Research Hydro-Québec Research HiBot Corp and
esearch Lroup Institute (IREQ) Institute (IREQ) KEPCO
2000 2006 2008
| . - Infrared and visual camera - Infrared and visual camera - Visual camera
nspection ) )
- Corrosion sensor - Corrosion sensor - LIDAR

sensor 4 )
- Ohmmeter - Ohmmeter, ultrasonic device

- Line Arm with 3 modules: - No actutors
device to measure the splice
resistance, wrench and device
to repair clamps.

- De-icing tool
- Foreign suspender clearing
tool

Maintenance
actuator

23 kg 112 kg 60 kg
Live-Line Working Yes Yes Yes
Resistence to EMI 315kV - 800A 735kV - 1000A 500kV - 800A
Energy source Lithium-ion battery Lithium-ion battery Lithium-ion battery
Battery life 45min -10h (depending the task) 5 hours 8 hours
Harvesting energy Yes (200A primary / 1.13A) No No

Semi-automatic: User not need to
control every single detail
Remote control range 1 km 4 km 500m
Ambient
temperature range

Autonomy Controlled by an user Controlled by an user

-10°C to 35°C -10°C to 35°C 0°C to 30°C

- Visual and infrared inspection. |- Visual and infrared inspection. |- Visual inspection.
- Verification of splice condicion |- Detection of broken strands |- Corrosion detection.

. by measuring of resistence. under suspension clamps
N.laln. - Corrosion detection. - Verification of splice condicion
Applications - De-icing of overhead ground | by measuring of resistence.
wires and conductors. - Corrosion detection.
- Replacement ground wires and |-Tightening and loosening
conductors bolted assemblies

- Conductor repair - Conductor strand repairs.

Platform

adopting a wheel-leg mechanism for moving along a suspension insulator string.

A summary of the most relevant brachiating robots— including technical characteris-
tics and main applications— is featured in Table 2.1.

2.2.0.2 Unmanned Ground Vehicle

Ground vehicles are also applied to power systems, with its corresponding manoeuvrability
features completely different from brachiating robots, making them more appropriate for
other different tasks [54]. For example, Chubu Electric Power Co developed a patrolling
robot for the supervision of the substations [21]. The robotic system navigates around
the substation with electromagnetic guidance following a wire buried 1 cm below the
surface.
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In the same context, Shandong Electric Power Research Institute has been devel-
oping mobile robots for the inspection of substation equipment since 2002, named as
Smartguard [16]. SmartGuard is composed of a robotic platform and a data center. The
motion control module consists of four wheels for the navigation, two for traction and two
for heading. A magnetic guiding system, presented in [55], acts as a localization system
of the SmartGuard. It consists of magnetic markers placed in a roadway that serves as
reference for the vehicle. The positioning is implemented using Radio Frequency Identi-
fication (RFID) technology. The robot has incorporated a vision system composed by a
near-infra-red illumination subsystem, an omnidirectional imaging subsystem, an artificial
landmark subsystem, and an image processing subsystem. The robot sees four landmarks
at all time and finds its location based on triangulation. A navigation system based on
infra-red vision for a mobile robot designed for substation inspection is presented in [56].
Vision systems for navigation and positioning were also reported previously, as shown
in [57], where the robot moves on the yellow inspection line of 10 cm width on the power
substation ground. Range sensors, such as LiDARs are also used by robots in substations,
although its usability is restricted to navigation purposes only [58].

The robotic technology is also well established for solving new challenges in a
substation inspection. A clear example was developed for inspecting electrical equipment
shown in [59], where it is provided a mobile inspection robot that includes a robot body
and a drive system supporting the robot body and configured to manoeuvre the robot over a
electric environment. In addition, the development of tele-operated inspector is described
in [60], which can tilt and lift a binocular camera and a thermometer by two telescopic rod
to analyze the status of the high position electrical equipment.

2.2.0.3 Unmanned Aerial Vehicle

Nowadays, the use of unmanned aircraft vehicles (UAV) has become increasingly popular
for the visual industrial inspection, since these systems are able to capture images in difficult
and dangerous areas of access [42, 29]. The use of aerial vehicles for inspection tasks on
power systems is a recent area of research with many challenges. One of them is related
to navigation and control of the attitude around the transmission line. A solution for this
problem is based on the design of Extended Kalman Filter observer to preview dynamic
attitude of a quad-rotor and to control the aircraft in order to avoid getting out of safe
flight paths as shown in [61, 62]. Another approach, and also more conservative, is based
on Proportional Integral Derivative (PID) controllers. They are designed based on the
linearized model of the UAV. This technique is applied mainly to Vertical Take-Off and
Landing (VTOL) [63].

In current applications it is common to use aerial vehicles, such as helicopters,
equipped with artificial vision systems for inspection tasks [22, 64]. The images are
processed and analyzed with the purpose of detecting faults, damages or problems in the
structure or in the performance of the transmission line, such as in [65] where a detection
system of damaged cables based on video recordings obtained from aerial inspection of
transmission lines is presented. The system detects arc marks and cut wires as consequences
of lightning strokes. A brightness check system based on statistical analysis is used to
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detect arc marks; whereas a shape check system based on the features of the cable is
used to detect cut wires. Other applications based on the same technology are used for
detection and recognition of insulators [66] or conductors [67] in a transmission grid. In the
first application, the detection algorithm is based on a region-based active contour model
(ACM) to solve problems related to the existence of the local minimum and the inability to
segment images with severe texture inhomogeneity; whereas the second algorithm uses
spatial correlation between pylon and line for transmission line detection. In addition, as a
case study, in [68] a vision system mounted on UAV that it is able to detect the distance
between transmission lines is presented, to evaluate or alert about the distances among lines
to a ground operator. Also, it is possible to improve the transmission lines detection by
merging several techniques such as Hough transform and Neural Networks [69] or using
and matching the data of some sensors such as LIDAR with both a visual camera [70] and
a stereo vision camera [71].

Despite the attractiveness of UAVs, they are limited by their navigation range and
endurance, due mainly to the limited battery capacity. As a solution, a wireless charging
system for UAVs is proposed and developed [72]. This work aims to use wireless charging
UAVs for infrastructure inspections of transmission lines. The approach is based on a
resonant circuit for wireless energy transmission. Another solution rises from the use of
current transformer (CT). The transformer has characteristics such as simple structure, low
price, and easy designing [73]. Therefore, better performance can be obtained in inducting
power for inspection robot from power transmission lines when using CT.

The capacity of using the transmission lines for self-powering the robot is a new
research trend. The first contributions related to this issue can be found in [74], where it is
presented the design of a small rotor-craft with a pick-up mechanism. The rotor-craft is
equipped with an artificial-vision system and based on the Hough transform, it is able to
detect the transmission line. In the same context, robots powered by the transmission line
can also be found in [75].

2.3 Maintenance Task

Following the previous analysis, the most important applications from a robotic, sensor
and actuator perspective in maintenance tasks are shown in Fig. 2.4. As before, three main
types of robots arise brachiating robots, unmanned ground vehicles (UGV) and unmanned
aerial vehicles (UAV). Maintenance robots are used to develop the preventive and corrective
maintenance of the mains. In some cases, the robotic system should be installed in the
live-line where damage occurs. To this end, a huge set of actuators can be mounted in these
platforms, whose main goal is to repair the electrical equipment in real time.

2.3.0.1 Brachiating Robots

In general, brachiating robots are highly used for performing maintenance work in trans-
mission networks. The main tasks are: to repair and change electrical devices such as
the broken strand in the overhead ground wires (OGWSs). The robot should be able to
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move along the line, get across some obstacles and approach the damage [76]. Also, it is
important to note the voltage level since the main enforcement of this type of robot it is the
capacity for working in live-line. In this context, the development of the robotic system
for autonomous installation and removal of aircraft warning spheres on overhead ground
wires of electric power-lines is described in [77]. The robot travels on the ground wire, and
its main task is to install and remove the signaling spheres. The operator is responsible
for guiding the robot on the wire, thus moving the robot to approximate it to a position
where the signaling sphere will be installed. The robot has a gripper which is used for the
installation and removal of the spheres.

Korea Electric Power Research Institute in 2006 presented a robot for live-line
inspection of transmission line insulators for 345 kV high voltage line. The robot was
designed to achieve three specific tasks: to clean insulators, to measure insulation resistance,
and to detect cracks. A megger connected to a live-line is used to measure the insulation
resistance; the crack is detected by analyzing the sonic resonance frequency of the insulator
generated when the robot applies some impact to the insulator [78]. This kind of robot
could be used for cleaning the surface of live-line insulators without using water, adopting a
dry cleaning method. In addition, the robotic machine can perform cleaning and inspection
of the surface of the live-line insulators while automatically moving along an insulator
string, as shown in [79].

Hydro-Québec developed a robot prototype for the construction of overhead distri-
bution lines which has as the main feature, the possibility to ascend and descend a pole
by tele-operation, and the installation of a pre-assembled cross-arm at the top of a 40 foot
(12.20 m) pole [80]. The robot is composed of a climbing system, the cross-arm manip-
ulation system, and the bolting system. In addition, the University of Tehran designed a
robotic system that has the same form of navigation aiming to reduce the complexity and
increasing the payload of the robots [81]. Finally, climbing robots are also very used in
maintenance and inspections tasks of vertical structures as shown in [82, 80, 81].

2.3.0.2 Unmanned Ground Vehicle

Ground robots are highly used to perform maintenance work since 1980. TOMCAT
(Teleoperator for Operations, Maintenance, and Construction using Advanced Technology)
is an early prototype based on this technology, which was developed by Electric Power
Research Institute (EPRI) in 1986. The purpose of introducing this system was to address
live-line procedures, mainly, maintenance for high voltage overhead transmission lines
(138 kV to 765 kV) [19].

Four years later, in Japan, the Kyushu Electric Power CO (KEPCO) introduced
Phase I, which consisted of a robotic arm coupled to a ground vehicle. It needed a skilled
operator for the use of the robotic arm and two operators for the control of the vehicle;
the main weakness was the potential risk of human fall [83]. At the end of 1996, KEPCO
updated the system to Phase II, which allowed live-line work. In addition, Phase II was
designed for semi-automatic operation, with the operator assisting via remote controls
from a cabin on the ground. The tasks were conducted automatically, with the operator
providing judgment and commands for each unit task. The robotic system was composed by
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a dual-arm manipulator, cameras, a 3D position-finding sensor, an automatic tool changer
(ATC), an automatic material changer (ANIC), and a third arm [84]. Publications from
2001 reported that around 93 robots of Phase I and Phase II are working on site. The same
year, the company presented a new update of this robot called Phase III, which is a fully
autonomous [83].

In Spain, the Universidad Politécnica de Madrid introduced a maintenance robot,
the aim was to do maintenance and repairing of distribution lines rated up to 49 kV. The
technology behind this system, called ROBTET, is reported in [25]. The main tasks of
the robot were insulator string replacement, opening, and closing of bridges, bypasses,
and branch installation. The robot is composed by the truck, an insulated telescopic
boom achieving a maximum height of 15 m, a rotating platform located on the top of the
boom, two hydraulic manipulators with force reflection, a jib is placed next to the slave
manipulators on the rotating platform and visual sensor (stereo vision system and overall
view camera) for control and surveillance of the robotic system by an operator.

In the same context, Shanghai Jiaotong University developed a live-line robot called
DWR-I [85]. The main goal was to help the operator in repairing and maintenance tasks of
distribution live-lines. The system is designed to work in distribution networks at medium
voltage levels (up to 10 kV). The main tasks of the robot are exchanging broken insulators,
exchanging fused switches, cutting and jointing wires. The system reduces the live working
operators workload and human live working risk, and it is composed of a mobile vehicle,
booms, robot portions, and control system.

Quanta Energized Services presented LineMaster Robotic Arm [23, 86], the aim
was to find a solution for specific live-line projects, such as the replacement of rotten
poles utilizing the existing hole, re-conductoring of existing transmission lines conductors,
and re-framing and re-insulating of structures, which are typically difficult to execute
with traditional live-line tools like hot-sticks [54]. Currently, Quanta Energized Services
manufactures, applies and markets its robotics technology in two different systems: Single-
Phase and Three-Phase LineMaster Robotic Arm. The single phase LineMaster Robotic
Arm is capable of handling voltages 765 kV, supporting at 4535 kg in vertical and horizontal
applications. Added to this, the three-phase LineMaster Robotic Arm is capable of handling
voltages about 345 kV per phase and supporting 136 kg - 1020 kg per phase in vertical and
horizontal applications respectively [40].

Companhia Paulista de Forca e Luz (CPFL) in partnership with Escola Politecnica
of Sao Paulo University reported the design of a robotic platform for maintenance of
public lighting equipment in Brazil. The first and second version of the system called
Elevator, are described in [24]. Elevator I was an electrically assisted automatic elevator
used for the maintenance of street lights. The system aims to reduce efforts in maintenance
tasks. The actualization of the robotic system called Elevator II aims to provide a wider
workspace, enabling electrician to reach more components of the distribution line. Later,
the company updated the robotic system and presented a version called Elevator IV, which is
a mechatronic computer controlled device, equipped with electrical and hydraulic actuators
and sensors to facilitate maintenance and fault detection in lighting equipment and it was
first reported in [87]. In the same work was described the previous version called Elevator
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Table 2.2: Example of unmanned ground vehicles used in power systems. (Menéndez et al., 2017)
© 2017 IEEE Industrial Electronics Magazine.

Type of Robot Examples of Unmanned Ground Vehicles (UGVs)
LineMaster (Three phase) Elevator IV ROBTET
. . Companhia Paulista de Universidad Politécnica
Research Group Quanta Energized Service Forza e Luz (CPFL) de Madrid
2008 2014 1995

| . - Position control sensor - Position  control sensor to |- Stereo vision system

nspection ) . LA )
- Visual camera monitor bucket position. - Over-all visual camera

sensor .
- Visual camera

- Two commercial master-slave

- Unit consist of adaptor, robotic | - Telescopic column made of system with force reflection.

Maintenance

actuator arm and fbStglasESarint aluminum - Two slaves ares hydraulically
powered.
136 kg - 1020 kg per phase 1500 kg 120 kg
Live-Line Working Yes Yes Yes
Votage level up to 345 kV Distribution lines up to 56 kV
Energy source Generator Batteries or vehicle engine Generator of 10 kW
Isolation Electric Electric Electric
Autonom - Controlled by an user in vehicle | Controlled by an user in bucket 1 use(; send; aI"]df ation
y or a lineman in bucket y commands  an information
from the cabin on the truck.
60 m 10m 15m
Degrees of 3 (Elevation, In.clination and 3 (Elevation, In.cIination and 6 (Master and Slaves)
freedom rotation) rotation)

Main - Relocating energized conduc_|- Development of maintenance |- Perform maintenance tasks on
Applications tors of different voltages level. | process of street lights. distribution networks.

Buckss Wt
ek laad

1
/Q/E

Platform

I1I.

Meijo University in collaboration with Chubu Electric Power Co. in Japan, reported
a semi-autonomous system for checking the status of power-lines. The performance of the
proposed robot system is previously analyzed in a Computer Graphics Simulator (CGS),
which counts with all the necessary technical specifications for solving different simulated
cases. The controller is composed by a human-machine interface, task planner, motion
planner, arm controller, tool controller, and computer graphics display. The system is
fitted with a robotic arm (from Mitsubishi Electric) and the three cameras (type SONY
EVI-D100) for solving maintenance tasks in distribution lines such as: installing a switch
gear, removing the high voltage insulator or peeling the coating off a cable [88].

Finally, it is worth mentioning that different kinds of robots were developed for the
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trimming of branches and limbs from standing trees along rural power lines. A mobile
robot called Tree trimmer telescopic was patented in 2011 [89]. The mechanism has been
designed with the purpose of removing difficult to reach overhead tree branches. It consists
of a motorized vehicle and it features a cab for the operator and an articulated boom.
The end of the boom carries a circular saw and by pivoting the boom sections vertically
relative to the vehicle and to the operator it was able to cut a swath of branches or limbs. A
tree-trimming apparatus mounted on a mobile support vehicle was patented in 2014 [90].
Similar devices to trim vertical sections of trees can be found in [91] and commercial
prototypes provided by TERRATECH [39].

A summary of the most relevant ground-based robots —including technical character-
istics and main applications— is featured in Table 2.2.

2.3.0.3 Unmanned Aerial Vehicle

Nowadays, helicopters are significant and efficient tools to accomplish inspection and
maintenance work in power systems, which are capable of working on energized lines
without interrupting service. The first work dates back to 1980 and the essential idea
was to replace the spacers in transmission systems [13]. Inspection work is performed
by a trained pilot, who is highly qualified to fly around power-lines. Additionally, a
lineman with a special suit hanged from a helicopter corrects and repairs damages in
power-lines [14].

Modern sensor technology, like ultraviolet and infra-red cameras, makes helicopters
a much better choice from an innovative point of view. The infra-red cameras mounted
in aerial vehicles enables to detect damages by measuring the temperature increase on
the electrical devices. The ultraviolet camera enables the detection of distance corona
discharge, and the video camera enables the performance of a visual inspection and the
damage detection along power-lines [92]. Furthermore, helicopters can be equipped with
different actuators to maintain power-lines, such as airborne tree trimming apparatus [93],
stringing blocks for building the transmission line or hose for cleaning insulator strings [13].
Because of the success of helicopters, UAVs technology could appear as a versatile and
cost-effective solution to perform maintenance work in power systems. However, UAVs
are not used for maintaining power systems, due to the difficulty of installing mechanisms
(e.g. robotic arm, clamps, wrench) for repairing the electrical equipment and their weight
limitation. Nowadays, UAVs are mainly used to assist ground operators and not to actually
perform maintenance work [94].

2.4 Discussion

Several countries around the globe require larger and more complex power systems to
satisfy their own energy demands. This complexity directly influences on inspection and
maintenance work, which are significant processes to ensure high quality and reliability
of electric power supplied to industrial and commercial customers. In this context, the
continuous and stable operation of the power system is the result of efficiently performing
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Figure 2.4: Robotic technology applied in power systems for maintenance tasks. (Menéndez et al.,
2017) © 2017 IEEE Industrial Electronics Magazine.

the different processes, such as a detailed inspection and periodic maintenance. Neglecting
such approaches could lead to a faulty operating system, which entails economic losses,
fines, and surcharges, and essentially a critical impact in the industrial and commercial
customers.

2.4.1 Inspection Robots

Inspection work is traditionally performed by qualified and skilled operators, who are
responsible for detecting and repairing damages in electrical equipment. The process is
dangerous and insecure because the power systems are hostile environments and often they
are placed in hardly accessible locations. Nevertheless, several works have resolved many
challenges by developing autonomous or remotely controlled machines, which incorporate
sensors, actuators and other technologies to assess the condition and status of power
system components. The main idea is to reduce or eliminate human exposure to potentially
dangerous environments while collecting the data required for reliable monitoring of the
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power system. This work has shown that the most used robotic platforms for power system
inspection are classified into three groups: brachiating robots, unmanned ground vehicles,
and unmanned aerial vehicles.

Brachiating robots are ergonomic platforms, which move on ground wires or conduc-
tors. The main advantage is the capacity of supervising segments of lines built on
inhospitable places such as mountainous or agricultural regions and rivers, highway
and railway crossings. A further benefit is the ability to work on energized lines
without interrupting the service. This technology is highly used for detecting and
repairing damages on transmission and distribution equipment and for inspecting the
substation equipment state. The robots detect potential damages with non-invasive
sensors such as visual cameras (analyzing of overhead ground wires, conductors
and line hardware), infra-red cameras (detecting hot spots in electrical equipment),
ultraviolet cameras together with ultrasonic devices (pinpointing corona and arcing),
and ohmmeters (checking the condition of splices). Nevertheless, despite the avail-
able commercial prototypes and sustainable researches, technology has considerable
disadvantages in the field of stability, controllability, ability, and autonomy. Addition-
ally, the power-lines design is a constraining factor in the system mobility along the
lines. Though, the challenges are to develop a platform able to surmount and cross
the different obstacles, including towers and trees and solve the limitations of size
and weight.

Ground vehicles can be used for performing the inspection work in substations.
Inspection robots are mainly used for detecting hot spots or visual faults in electrical
devices. Due to the fact that systems are limited to move through specific regions
of a substation and several electrical devices are located in inaccessible places, it is
difficult to develop an efficient and detailed inspection in the substation using ground
vehicles.

Unmanned aerial vehicles are mainly used for detecting damages along transmission
lines with different sensors such as visual cameras, infra-red cameras, ultraviolet
cameras, and frame cameras. The challenge, though, is to enhance the flight capacity
and autonomy. Due to the difficulty of installing mechanisms (e.g. robotic arm,
clamps or wrench) and the limitation of size and weight, UAVs are not used for
performing maintenance. Nevertheless, the counterpart (manned vehicles) is the
main tool in several maintenance and inspection tasks. The technology consists
of a civil airborne with different sensors or actuators, which are handled by an
expert operator and a line-man is hanged to its base (repairing electrical equipment).
Important disadvantages are the expensive costs of operation; UAVs do not provide
workers a good measure of the state of power-line because helicopters cannot fly at
close distance to the line; and due to the risk of contact and falls they are still not
sufficiently safe for the workers.
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2.4.2 Maintenance Robots

The future of power systems robotics focuses on maintenance tasks with an emphasis on
robots being able to detect and correct damaged electrical equipment. Nowadays, both
autonomous robotics and tele-operated machines, despite being useful, have found only
limited application because of the payload capacity of platforms. However, the large
variety of actuators will enable a suitable adaptation of the robot in future maintenance
applications. As mentioned above, main robotic technologies for power system surveillance
can be classified into three essential groups: brachiating robots, unmanned aerial vehicles,
and ground vehicles, each with their own technical and specific characteristics.

e The use of actuators in a brachiating robot relies on their size and weight restrictions,
reasons why its use is limited to carry out temporary corrections. The robots are
capable of correcting issues since they are in contact with the wires using different
actuators such as robotic arms (replacing ground wires or repairing conductors),
wrenches (tightening and loosening bolted assemblies) or special tools (de-icing of
overhead ground wires and conductors). Nevertheless, despite the commercial proto-
types and sustainable researches, technology has reported considerable disadvantages
in the field of stability, controllability, availability, and autonomy.

e Ground vehicles are used mainly for performing the maintenance work in the trans-
mission grid. Nowadays, significant progress has already been made in a number of
fields, becoming in an advanced technology, which is used to conduct maintenance
tasks in free access places due to its great autonomy. These systems are an ideal
technology for heavy duty tasks such as detecting and correcting potential damages
along conductors and wires and relocating energized circuits of different voltages
since they are equipped with manipulators installed at their extremities. Nevertheless,
the systems have important disadvantages, which are largely due to limitations of
the crane (e.g. the long arm, degrees of freedom, insulation), and, to a larger extent,
the system cannot move in several challenging locations where power systems are
located(e.g. mountains region, rivers, valleys).

e Because of the success of helicopters in solving maintenance tasks in power systems,
UAVs technology could appear as a versatile and cost-effective solution to perform
maintenance work in power systems. However, UAVs are not used for maintaining
power systems, due to the difficulty of installing mechanisms (e.g. robotic arm,
clamps, wrench) in order to repair the electrical equipment and their payload limita-
tion. Nowadays, UAVs are mainly used for assisting ground operators and not for
actually performing maintenance work.

2.5 Contributions

The research work presented in this chapter is extended and detailed in:

O. Menéndez, F. Auat Cheein, M. Pérez and S. Kouro, "Robotics in Power Sys-
tems: Enabling a More Reliable and Safe Grid," in IEEE Industrial Electronics Magazine,
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vol. 11, no. 2, pp. 22-34, June 2017. doi: 10.1109/MIE.2017.2686458. Impact Fac-
tor: 10.429
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Chapter 3

APPLICATION OF SENSING
SYSTEMS TO PHOTOVOLTAIC
MODULES DIAGNOSIS

Accelerating deployments of solar photovoltaics (PV) worldwide are placing increasing
emphasis on cost-effective inspection practices that can enhance life-cycle plant economics
during its life cycle. In this context, long wave infrared detection technologies are suitable
methods for detecting a huge suite of different risks in PV-modules, which can be associ-
ated with manufacturing defects, module damage, temporary shadowing, defective bypass
diodes, and faulty interconnections. This Chapter describes the development and imple-
mentation of an inspection system of PV-panels, whose goal is the thermal characterization
of the most representative artifacts associated with the PV’s functionalities. Because of the
high system’s flexibility, it can be mounted on almost any manual, tele-operated or robotic
platform. In addition, the system incorporates a novel algorithm that evaluates the status
and condition of PV-modules through the analysis of their thermography.

Two stages describe the proposed system: PV-module segmentation and PV-module
inspection. In the first stage, unlike the works presented in [95, 96, 97, 98, 99, 100],
the algorithm uses the same visual information acquired to localize the sensor and to
reconstruct the PVs. The latter is based on an artificial vision system strategy called
photogrammetry, but instead of using visual RGB (red, green and blue) information,
as used in [101, 102, 103], the system takes advantages the thermal information. This
method was empirically and theoretically validated in [104]. The second stage is focused
on using the 3D reconstruction and visual information processing to extract artifacts from
the PVs. This stage includes the artificial intelligence algorithms used for classification
and pattern recognition described herein. In addition, the algorithm is able to eliminate
hot-spots associated with external radiation sources and reflections.

This chapter is organized as follows. Section 3.1 details the hardware, software, and
protocols followed to evaluate the proposed methods for PV characterization; Section 3.2
shows the results obtained when tested the proposed approach on PVs under different
environmental and lighting conditions. Finally, Section 3.3 summarizes the contributions
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of the case studies presented in this chapter.

3.1 Experimental Setup

The system consists of a thermal camera, a tripod, and a companion computer, as shown in
Fig. 3.1. The exteroceptive data provided by the camera is stored in a local memory card
and later processed on a ground station. The mechanisms can be described in general terms
as follows:

Ti-25 Fluke
Thermal

amera

Soligor WT-330A
Tripod

Figure 3.1: Proposed measurement system. The system is composed of an thermal camera Fluke
Ti-25 and a Soligor WT-330A tripod

e The device deployed in field applications is a commercial tripod Soligor WT-330A,
whose characteristics such as the weight (0.73 kg), height (51.5 cm) and payload
(3 kg), enable for its portability.

e Visual (monocular camera) and thermal (infrared camera) environmental features are
acquired using a Ti-25 Fluke camera. This camera is mounted on the plate of the
tripod, aligned with the vertical axis. Each new frame is stored locally in a 16 GB
internal memory card with its respective time stamp.

e Both cameras have been previously calibrated to find the focal point and estimate
their main parameters.

e The information extracted is stored locally in a 16 GB internal memory and sent
as a data packet at regular intervals to a companion computer to prevent problems
occurrence.

The technical specifications of the proposed system are summarized in Table 3.1.

3.1.1 Sensing system

The acquired data are processed and evaluated in a ground station, where the risky hot-
spot cells are identified, and the size of the affected surface is computed. All algorithms
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Table 3.1: Technical specifications of sensors and instruments used in this work. (Menéndez et al.,

2018) © 2018 MDPI Energies.

Sensor / Instrument Technical Specifications
Infra-red camera
Field of view: 23°x 17°
Image resolution: 160 x 120
Infrared spectral band: 7.5-14 um
Temperature measurements: —20 °C to 350 °C
Thermal camera  1hermal sensitivity: <0.1°Cat30°C
Fluke TI-25 Accuracy: +2°Cor 2%
Weight: 1.2 kg
RGB camera 640 x 480
Image resolution Three levels of on-screen
IR blending displayed in
IR Fusion center 320 x 240 pixels
. Tripod Tilt Angle: From —80° to 90°
Tripod Tripod’s plate height: I m

presented here were implemented in Matlab R2017a programming environment. The
system operation is summarized as follows:

1.

The system is exclusively used to perform the visual and thermal inspection of PV-
modules and can be used under variable lighting conditions, but not under direct
sunlight.

The mechanism must be positioned facing the PV-structure at different locations.
The distance from the tripod to the structure base and tilt angle of the camera can
vary depending on field conditions.

. The distance of the tripod locations between two consecutive images was empirically

computed (about 20 cm), in order to ensure proper performance of the matching
algorithm (as stated in [105]).

. The structure supporting the camera can be moved around the horizontal axis,

as shown in Figure 3.2.0n the other hand, roll and yaw rotations are blocked on the
tripod.

. The visual and thermal images, from a single location, are merged to obtain a new

2D representation with visual and thermal information. The used thermal camera has
a fusion mode, which allows to directly merge thermal and visual images for each
location. The latter is important since photovoltaic modules need to be displayed at
the proper angle relative to their surface to obtain accurate thermal measurements
and reduce the probability of misinterpretations.

. The proposed two-step algorithm isolates the PV-structure and detects collapsed cells

by analysing the visual and thermal information.

. The PV-module inspection involves storing a merged image (thermal and visual
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Camera coordinates system

Figure 3.2: Camera model used in this work.

information) of each tranche of PV-structure (between modules), with reference
position. In addition, the system returns an inspection report with the location of
each hot-spot and the damaged area.

8. Finally, a 3D view, providing thermal and geometrical information of the PV structure,
is made available.

3.1.2 Photovoltaic Module Segmentation

The implementation of an efficient segmentation algorithm guarantees the detection and
extraction of hot-spots in infrared images, in particular when such hot-spots are not associ-
ated with the structure. This section presents the mathematical formulation and thorough
analysis of the segmentation algorithms. Figure 3.3 shows the architecture of the proposed
module segmentation algorithm.

3.1.2.1 Pre-Processing Images

Lens distortion and noise are two phenomenons that directly disturb the acquired images
(both visual RGB and thermal). To measure PV-panel distances in world-units and to
compute the camera’s position on the environment, these phenomenons must be filtered
out. To this end, the algorithm uses the traditional camera calibration method presented
in [106]. Furthermore, digital processing algorithms —presented herein— help to reduce the
noise and correct image defects, guaranteeing the PV-module detection.

3.1.2.2 Matching Algorithm

Because of the low resolution of the infra-red camera and with the aim of detecting false
hot-spots, the PV-module is acquired in different images and in multiple frames. All pre-
processed images are then merged. To do this, we implemented the matching algorithms
previously published in [105], to get an image with the desired PV-structure. In addition,
the system determines the camera’s position using Structure From Motion algorithm,
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Figure 3.3: Architecture of the segmentation and inspection system of PV-modules. (Menéndez et
al., 2018) © 2018 MDPI Energies.

which estimates the 3D structure of a scene from a set of 2D views [101]. Likewise, a
pre-processing stage based on Brightness and Contrast Adjustment previously published
in [107], improves the PV-module segmentation.

3.1.2.3 Background Filtering

The merged image has additional objects, which are not related to the PV-structure. These
objects from the scene must be filtered in order to isolate the PV-modules from the image
background. With this goal, the merged image is subjected to two thresholding conditions.
First, the color constraint is applied to obtain a gray-scale image. Then, since the PV-
module brightness is related to the saturation of the image, it is possible to eliminate all
secondary objects by manipulating these parameters. The thresholds are manually defined
by evaluating the histograms of the gray-scale image and the saturation image in oft-line
mode. Finally, the system refines the PV-structure estimation using a filter, which aim is
to remove all connected components that have fewer than P pixels. Such parameter, P, is
determined off-line and it is related to the module size. This step returns a binary mask
associated with the surface of PV-modules.

3.1.2.4 Perspective Correction

The inclination of PV-modules is reflected on the binary mask as a perspective distortion.
This phenomena must be considered and corrected to compute the real position of the
each detected hot-spot. Homographic mapping method illustrates the relationship between
two different views of the same real world scene. Let p and p’ be the corresponding
projected image points on the image plane of two different views of the same point located
in the 3D real world coordinates system, where the coordinates of this pair of matching
points in homogeneous form can be respectively denoted as (xi, yi, z1)" and (x,, Yo, ).
The homographic mapping is a planar projective transformation, that can be expressed as
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shown in Equation (3.1) for an homogeneous form. The main challenge is the selection of
vectors [xy, yi, zl]T to compute the homogeneous transformation matrix H:

X2 X hii hiy hyis
2| = Haa|y1 |iHawz = [h2r hy ha (3.1)
22 21 h31 ]’l32 1

Due to the fact that the system is positioned facing rectangular PV-modules, the
proposed algorithm searches for patterns with similar characteristics to module edges on
the binary mask. Hough transform can be successfully used to solve this problem, since
this method allows to identify the section of the binarized image where high probability of
finding straight lines exits (see [108] for further reading). The Hough transform defines a
straight line as a co-linear set of points, mapping R? into the function space of sinusoidal
functions defined by:

f:(x,y) = p = xcos () + ysin(0) (3.2)

where p, 6 are the perpendicular distance of the line ¢; to the center of the coordinates and
the angle between the normal of this line and x-axis, respectively. Figure 3.4 illustrates the
relation between p, 6 and line ¢;.

Ay
(x5 Intersection point
AP ‘Z
(X2,Y2)
Hough Transform
. (xj’y j)
4 91_ (-xmyn) - X
i) >
»f i > 0
Y
(a) (b)

Figure 3.4: Relation of rectangular to polar representation of a line. (a) Cartesian axis. (b) Hough
axis. (Menéndez et al., 2018) © 2018 MDPI Energies.

Hough’s parameters (p and ) enable to find the horizontal and vertical metal edges
of the PV-module. Since there are several metal edges in the merged image, related to
the amount of inspected PV-modules, the algorithm selects those edges that do meet two
conditions: (a) two horizontal lines, that are parallel and equidistant, and have the maximum
separation among them; (b) two diagonal lines, that have a slope between [-30°, —30°], are
complementary and have the maximum separation among them.

Once the four lines have been detected, the system finds the specific cut points, which
are then used for solving the homogeneous transformation matrix. This step returns a
binary mask correcting the perspective distortion and the homogeneous transformation
matrix.
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3.1.2.5 Photovoltaic Structure Refined

Sometimes, the corrected binary mask eliminates a portion of the PV-structure because
of the thresholding process. To avoid this, the system uses Normalized Cross Correlation
(NCC) to evaluate the similarity between different surfaces of the image with a fixed pattern,
which is determined in off-line mode, and it is related to the dimension of the module in an
image. The NCC is a cosine-like correlation coefficient, which is defined as:

ny [f(x’y) _?mv] [t(-x —u,y-— V) - ;:I
- 2 2105
(2, [ren -l So[re-uy-n-1]

v(u,v) = (3.3)

where: f is the corrected binary mask; 7 is the mean of the fixed pattern selected; and fu’v
is the mean of f (x,y) in the region under the fixed pattern selected.

If the value of NCC is closer to 1, then it represents that two images are more similar.
Finally, the algorithm returns a refined binary mask with the surface of PV-modules and the
number of the analysed PV-modules.

3.1.3 Inspection Algorithm

Once the surface of PV-modules is segmented from the rest of the environment with the
previous method, the algorithm detects probable hot-spots using infra-red information
provided by the 2D cloud.

3.1.3.1 Temperature Scale Adjustment

The correlation between the PV-module operating temperature 7, and the three basic
environmental variables (the ambient air temperature T, the air velocity V; and the incident
irradiance flux G) is computed by the following semi-empirical equation [109]:

0.32

To=Ty+ |
; ”+(8.91+2><Vf

) xG  (v,>0) (3.4)

With this information, the algorithm finds a simple and fast correlation between
the expected temperature of each PV-cell, and the measured ones obtained from the field
thermographic inspection. The estimated temperature of PV-cell is subtracted from each
acquired image, in order to obtain an image with the temperature variation.

The temperature scale adjustment procedure of a thermal image I, (x, y) (gray-scale
mode) can be formulated as follows:

Tmax - Tmin
I =fU,T.) = T I — T, (3.5)

where (x,y) is the image coordinates, T,,,, and T,,;, are the maximum and minimum
temperature of the thermal image respectively and 7 is the estimated temperature of the
PV-cell.
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3.1.3.2 Hot-Spot Detection

Ideally, the estimated temperature of PV-cell is similar to the temperature provided by the
infra-red sensor. In this work, it was empirically determined that a variation of 5 °C induces
an abnormal overall temperature pattern, witnessing a potential hot-spot. In addition, this
temperature was selected based on the thermal camera accuracy. The algorithm filters all
temperatures that are not more than 5 °C, and puts a one in those temperatures that fulfil
this condition.

The algorithm clusters the measurements on the raw binary image. To reduce
computational time, the algorithm uses an edge detector. Edge detector stage extracts the
edges of tentative hot-spots from the rest of the image, and it is based on a combination
of contrast adjust and morphological operations. Then, all measurements related to same
hot-spot are merged using Fuzzy C-Means algorithm [110] and each characteristic is stored
in a matrix of measurements M, for each time t.

Hot—spot_1  Hot—spot_2 Hot—spot_i
Mt = )Ct x, . e x,l (3.6)
1 2 j
Yt Vi '

where x,' and y,’ are the coordinates of the probable hot-spot in pixels.

Since several hot-spots associated with the same characteristic are detected in differ-
ent frames, it is necessary to relate the frame ¢ + 1 to frame ¢. Therefore, the corresponding
points between two sequential images are initially found in order to compute the displace-
ment and the rotation between both images. These points allow for the system to deliver a
transformed version refereed to an initial image, which is then analysed in order to detect
the probable hot-spots and to create the matrix M,,;. The merging between matrices M,
and M, at time 7 and ¢ + 1 can be performed using Mahalannobis distance, as shown in
Equation (3.8).

. . \T . ,
— J - j
d= \/(M,’ - M) = (M- M) (3.7)
where M, are the coordinates of i-th detected characteristic by the sensor, sz+1 are the
coordinates of j-th previously detected characteristic and X is the co-variance matrix of the
hot-spot, associated with the j-th previously detected characteristic. The algorithm begins
with an empty matrix M.

Then, if such distance is greater than an established threshold, the detected character-
istic is a new hot-spot. Otherwise, the system merges the detected characteristic with the
associated hot-spot. The new mean is defined as:

_ (l’l— l)xlun—l +Mti

n

n

where u, and u,,_; are the coordinates of the center of the hot-spot for n and n — 1 detection
respectively.
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Due to the system mainly searches damaged PV-cells, the threshold is directly
determined with the PV-cell width measured in pixels. This parameter is determined in
off-line mode.

The new covariance matrix associated with the hot-spot is computed as:

2
A (\/2340,1) +Pl) X0 | (3.8)
22 ( \/Z;w(z,z) + pz)

where X is the element (k row, m column) of the covariance matrix of the detected

Mkm)
characteristic.

3.1.3.3 False Hot-Spot Extraction

The inspection system detects false hot-spots from reflections by analyzing the statistical
behavior of the hot-spots.

Once there are not new measurements related to a previously detected hot-spot, it is
necessary to verify if this hot-spot is a consequence of module defects. An internal hot-spot
always appears in the same placement in an image, regardless of the camera position.
In this work, since the camera moves around the y-axis, false hot-spots will be located
in different position on each image. To differentiate between a false hot-spot and a true
hot-spot, the system computes the difference between the hot-spot covariance matrix X
and the covariance matrix of the last hot-spot detection X/, Frobenius distance is used,
as shown in Equation (3.9).

et = \/ Tr ((z - i) x (2 - 2l)’) (3.9)

If this distance d,,,, is less than a threshold, which is determined as 10% of the
value of the PV-cell width squared, the hot-spot is a consequence of external radiation
sources.

3.1.3.4 3D Reconstruction

The suite of images (both RGB and infra-red) must be attached to a common global
reference frame, to achieve a complete view of the PV-structure. The system incorporates
an algorithm based on image matching methods, perspective correction techniques, norm
cross-correlation, and Hough transform to fully characterize the PV-structure. Briefly:

1. The matching algorithm delivers a panoramic view of all PV-structure and the
camera’s locations for each image respect to the first image.

2. The perspective distortion of the panoramic view is corrected with the homoge-
neous transformation matrix. The binary corrected mask is applied to this corrected
panoramic view, obtaining the photovoltaic surface viewed from a parallel plane.
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3. The normalized cross-correlation provides the number of PV-panels in the analyzed
images and the location of each PV-module. The algorithm takes advantage of the
PV-module shape and determines the width and height of each panel by comparing
the distance between boxes determined in the images and the real distances of the
PV-module.

4. The algorithm eliminates false hot-spots and replaces their area with the estimated
temperature of the PV-cell T.. Finally, it returns the 3D fully characterization of the
PV-structure and the location of the camera.

3.2 Experimental Results

A suite of experiments was conducted in field environments. The experimental part con-
sisted of the acquisition of visual and thermal images from an array with eight PV-modules,
under variable lighting and environmental conditions. The thermographic measurements
took place in the city of Valparaiso, Chile, by three daily sets, i.e., January 14, 15 and
16 of 2018, under variable sky conditions. Each set included three instant measurements,
according to the time: (i) 08:00 hs, power on of modules; (ii) 12:00 hs, steady-state con-
ditions; and (iii) 18:00 hs, power off of modules. To determine the algorithm robustness
regarding variations of camera position, the images were acquired at two distances from the
PV-structure: at 3 m (on January 14th) and 4 m (on January 15th and 16th). An overview
of the recorded environmental conditions is shown in Table 3.2. Ambient air temperature,
wind velocity and humidity were obtained by a local weather station and a portable temper-
ature sensor. The solar irradiance flux is measured using a pyranometer. The illuminance
values were measured using a conventional luxometer.

Figure 3.5: Proposed architecture to carry out the analysis of the hot-spot detection. (Menéndez et
al., 2018) © 2018 MDPI Energies.

Figure 3.5 shows a picture of the tripod facing the PV-structure tested here. The com-
plete system was positioned in front of an array of monocrystalline silicon PV-modules.
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The panel dimensions are 1675 mm long and 1001 mm wide. The panel consists of 60
PV-cells (156.75 mm side). To obtain the entire PV-structure, the system was displaced
in a straight line path, equidistantly to PV-structure, maintaining the camera plane fixed.
Each set consists of the acquisition of 50 images (both thermal and visual). The condition
of the tested photovoltaic modules is in proper operating condition. Under this state, four
hot-spots were generated in the structure by shading two PV-cells.

Table 3.2: The environmental conditions for the field thermographic measurements. (Menéndez et
al., 2018) © 2018 MDPI Energies.

Day January 14th January 15th January 16th
Hour 08:00 12:00 18:00 08:00 12:00 18:00 08:00 12:00 18:00
Air temp ° C 15 19 16 15.5 18 16 16.5 19 17
Rel. humidity % 78 78 78 78 78 78 78 78 78
Wind speed ’% 7.9 10 7.9 9 9 8 8 10 10
Illuminance klux 18 24 32 7 22 20 15 24 32
Irradiance flux2; 200 980 60 205 977 100 206 960 50

3.2.1 Photovoltaic Module Segmentation

Figure 3.6 presents the resultant images in all four stages of the PV-module detection ap-
proach, with regards to: (a) Photovoltaic array analysed at 8:00, the system was positioned
at 3 m with respect to PV-structure; (b) Photovoltaic array analysed at 18:00, the system
was positioned at 4 m with respect to PV-structure; and (¢) Photovoltaic array analysed at
12:00, the system was positioned at 4 m with respect to PV-structure.

(a) (b)

(©

Figure 3.6: Results of PV-module detection algorithm applied to: (a) January 14th, 08:00, d = 3 m;
(b) January 15th, 18:00, d = 4 m; (¢) January 16th, 12:00, d = 4 m. (Menéndez et al., 2018) ©
2018 MDPI Energies.

Figure 3.6, in all cases, depicts the merged image. The raw merged image is
subjected to thresholding condition, which is based on the image saturation and a color
filter. The thresholds are determined by analysing the histograms of the gray scale image
and the saturation image in off-line mode, as shown in Figure 3.7. For the first case, the
usual range for module detection factor is [30, 85], as shown in Figure 3.7a. The usual
range of the saturation in this experiments for each analysed image is [0.6, 0.8], as shown
in Figure 3.7b.

&g==== Universidad Técnica Federico Santa Maria, Department of Electronic Engineering 34



3.2. EXPERIMENTAL RESULTS

4 4
9 .10 ‘ ‘ ‘ | | 92 10°
8 81l
Al 7+ c | ]
6 Common value 6! ommon vatue |
o5 | Threshold 55! Threshold
se T S4| |
3¢ 31
2t 21
1t 1t
0 0
[ - [ )
0 50 100 .150 200 250 0 0.102030405060.708091.0
Intensity Intensity
@ (b)

Figure 3.7: Determination of thresholds for binarization of image. (a) Histogram of the gray scale
image. (b) Histogram of the saturation image. (Menéndez et al., 2018) © 2018 MDPI Energies.

The use of Hough transform enables to correct the perspective distortion, as shown in
third image row of each case. In addition, this step returns the homogeneous transformation
matrix. The segmentation is refined by finding the maximum values in the Normalized 2D
cross-correlation, as shown in Figure 3.8. This step provides us the location of each panel
in the general image, as shown in Figure 3.9. The resultant images from this stage provide
a valuable sum of binary data, overly clear from possible erroneous variation. These data,
in the form of the images with the location of each PV-module, constitute the mask of all
images.
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Figure 3.8: 2D cross-correlation between image and external pattern. (Menéndez et al., 2018) ©
2018 MDPI Energies.
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Figure 3.9: Photovoltaic module detection. (Menéndez et al., 2018) © 2018 MDPI Energies.

The PV-surface detection is an important action in order to guarantee the true detec-
tion of hot-spots. The algorithm in its first part applies image processing tools and develops
a cropped module image with only cell regions, isolating the PV-module from the rest of
the environment, as shown in Figure 3.10.

Hof—spot 0

‘ True
H0t-spot 1
True ((.

Figure 3.10: Results of the hot-spot detection: The system searches for two hot-spots over the
analysed photovoltaic module. The camera is positioned facing the PV-structure at 3 m. (Menéndez
etal., 2018) © 2018 MDPI Energies.

Four measures are used to evaluate the obtained results quantitatively. On the one
hand, the numbers of correctly detected pixels, either belonging to the object or to the
background, are respectively called true positives (TP) and true negatives (TN). On the
other hand, the numbers of incorrect detection are, respectively, called false positives (FP)
for background pixels included into the object or false negatives (FN) for object pixels
included into the background. These different measures are used in the computation of
six parameters, two special parameters: Dice coefficient (DIC) and Jaccard index (JCD),
as well as the four traditional parameters: precision, sensitivity, specificity, and accuracy.

2xTP
DIC = 1
¢ FP+2xTP+ FN (3.10)
TP
JDC = (3.11)
FP+TP+ FN

Table 3.3 shows the statistical analysis of the photovoltaic module detection algorithm.
It is worth noting that the proposal’s accuracy rises up to 96.33% in the best case and
94.05% in the worst case, whereas its precision is 95.93% and 92.86% for the best and
worst case respectively.
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Table 3.3: Statistical analysis of photovoltaic module detection algorithm. (Menéndez et al., 2018)

© 2018 MDPI Energies.

Day January 14th January 15th January 16th
Hour 08:00 12:00 18:00 08:00 12:00 18:00 08:00 12:00 18:00
Precision % 95.80 95.93 95.59 94.90 94.91 94.44 93.53 92.86 93.05
Accuracy %  95.59 96.31 96.33 95.05 95.22 95.02 94.56 94.10 94.05
Sensitivity % 97.60 98.61 99.01 97.68 97.93 98.15 98.40 98.68 98.13
Specificity % 91.54 91.84 91.13  90.07 90.11 89.16 87.54 86.39 86.59
DIC % 96.71 97.25 97.27 96.27 96.39 96.26 95.90 95.54 95.52
JCD % 93.63 94.69 94.68 92.81 93.04 92.79 92.13 91.46 91.43

3.2.2 Hot-Spots Detection

Once the system isolates the PV-modules from the rest of the environment, the algorithm
identifies the position of hot-spots on each PV-module. Four hot-spots were generated in
the PV-structure by shading two cells, which generated a temperature change in the cell
surface and two punctual hot-spot above of each one. The results of hot-spot detection are
shown in Figure 3.10. It is possible to see that the covariance matrix —coloured circles—
is maintained constant when the system detected a true hot-spot, and it wraps the area
of the hot-spot. In addition, the mean value of the estimated hot-spot —red circle— was
approximately located in the center of the real hot-spot.

As previously mentioned, the performance of the algorithm is analysed through four
measures: the number of correctly detected pixels belonging to TP, TN, FP and FN. These
different measures are used in the computation of three parameters: precision, sensitivity
and accuracy. The statistical analysis for each experiment is shown in Table 3.4. It is
possible to note that the algorithm is able to detect surfaces affected by hot-spots with a
precision of 98.0% and accuracy of 97.1% in the worse cases respectively.

Table 3.4: Statistical analysis of hot-spot detection algorithm. (Menéndez et al., 2018) © 2018

MDPI Energies.
Day January 14th January 15th January 16th
Hour 08:00 12:00 18:00 08:00 12:00 18:00 08:00 12:00 18:00
Precision %  96.52 96.1 955 959 95.92 96.55 96.24 95.23 95.12
Sensitivity % 94.21 94.32 94.67 94.01 94.05 93.04 93.11 95.21 95.13
Accuracy % 95.24 94.19 94.58 94.52 95.58 96.12 9541 94.88 95.86

3.2.3 False Hot-Spots Detection

Three hot-spots associated with the linear edge shunt (see [111]) in a monocrystalline
photovoltaic module are simulated to evaluate the system’s performance. Likewise, one
false hot-spot is generated in the PV-surface using an external radiation source, as shown in
Fig. 3.11. Data acquisition consisted on taking thirty visual and thermal images in order to
completely scan the PV-module. The complete system was located facing the PV-structure
at a distance of approximately one meter to ensure that the cameras acquired all PV-module
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in each frame. This distance was determined by performing a first scan and then manually
verifying that the entire PV-module was acquired on each frame. The angle between to
ground and PV-module planes is approximatly 80°, in order to generate the false hot-spot
associated with the external source radiation used.

Figure 3.11: Proposed architecture to carry out the analysis and detection of false hot-spots.
(Menéndez et al., 2018) © 2018 MDPI Energies.

Initially, each acquired image was pre-processed using the photovoltaic module
detection algorithm. Figure 3.12 shows the results of the fusion algorithm and the results
of the hot-spot detection algorithm. It is possible to note that the covariance matrix —color
circles— is maintained constant when the system detected a true hot-spot, and it wraps the
area of the hot-spot. In addition, the mean value of the estimated hot-spot —red circle— was
approximately located in the center of the real hot-spot. On the other hand, it is possible to
note that the covariance matrix increased for false hot-spots, wrapping a greater area than
the area of detected hot-spot. In this case, the mean value of estimated hot-spot was located
outside of the real hot-spot.

Figure 3.12: Results of the hot-spot detection: The system searches five hot-spots over the
analyzed photovoltaic module. (Menéndez et al., 2018) © 2018 MDPI Energies.

The fault diagnostic of each detected hot-spot is shown in Table 3.5. The system
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returns the location of each hot-spot respect to upper border of PV-module, the damaged
surface and the reason the possible failure.

Table 3.5: Estimated values of detected hot-spots. (Menéndez et al., 2018) © 2018 MDPI Energies.

Mean Covariance = Damaged area Main
Hot-Spot 2 2
mm mm mm Reason

4305 -142

1 (440, 568) (_142 4580 13950 Damaged cell
4622 -381

2 (275,255) (—38 1 4263) 13945 Damaged cell
5255 -89

3 (113,873) (—89 4449) 15190 Damaged cell
34542 17 External radiation source

4 (460, 1101) ( 17 873 L1222 False hot-spot

3.2.4 3D Reconstruction

The system provides the 3D visual and thermal reconstruction of PV-modules, as shown
in Figure 3.13, which offers a complete morphological characterization of each PV-
module.

3-D Visual Reconstruction 3-D Visual Reconstruction 3-D Visual Reconstruction

Z-Position [cm]

1000
X-Position [cm] 1500 ©

(a) (b) (c)

Y-Position [cm]

Y-Position [em]

X-Position [cm] 1500 O

Figure 3.13: Full 3D thermal reconstruction of a photovoltaic module. (a) Visual reconstruction.
(b) Thermal reconstruction (Gray scale mode). (¢) Thermal reconstruction (High contrast mode).
(Menéndez et al., 2018) © 2018 MDPI Energies.

If the system detects false hot-spots, the surfaces associated with false hot-spots are
replaced with average temperature from PV-module in good condition. Figure 3.14a,b
respectively show the results of 3D-thermal reconstruction with and without false hot-
spots.

3.2.5 Comparison with existing approaches

Three different techniques are proved [112, 113, 114]. in order to evaluate the effectiveness
of the proposed system against other previously published. However, the contrasting
methods have two limitations: (i) they extract manually the regions of interest (PV-modules).
Hence, it is necessary to apply the PV-module segmentation algorithm with these techniques;
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Figure 3.14: Full 3D thermal reconstruction of a photovoltaic module. (a) Without false hot-spots.
(b) All hot-spots detected by inspection system. (Menéndez et al., 2018) © 2018 MDPI Energies.

(i1) the three methods cannot detect false hot-spots, they are limited to true hot-spots. The

three methods are evaluated with the metrics described previously. The comparison is
shown in Table 3.6

Table 3.6: Statistical analysis of hot-spot detection algorithm. (Menéndez et al., 2018) © 2018
MDPI Energies.

Color Segmentation Canny Edge

Method Proposed System and k-Means LPA and IHA Detector
Precision % 96.52 84.06 91.38 92.18
Sensitivity % 94.21 82.56 92.67 91.09
Accuracy % 95.24 86.75 92.53 90.54

It is worth noting that there is a 12% increase in the algorithm precision with respect to
other existing methods, improving the thermal monitoring of the PV structure. Furthermore,
an attractive characteristic of the system described in this chapter is the capacity of filtering
the false hot-spots automatically. In addition, the system has a particular characteristic that
makes it more attractive for industrial applications: its detection time is less than 2.7 s,
which compared to other methods has significant improvements (e.g., the algorithm based
on color segmentation [112] took 25 s).

3.3 Contributions

This chapter put forward and experimentally assessed a PV-module fault diagnosis algo-
rithm based on infra-red thermography. The algorithm consists of two-stages: PV-module
segmentation and PV-module inspection. Concerning the PV-module detection algorithm,
the system was capable of finding the PV-module with a precision of 92.86% and an accu-
racy of 94.05% in the worst case. On the other hand, the system had a precision of 95.12%
and an accuracy of 94.19% in hot-spots detection. In addition, our system was capable of
filtering false hot-spots due to the analysis of hot-spot position in each frame and the proper
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segmentation provided by the detection algorithm. Experimental results showed that the
quality of the output depends on the accuracy in the classification and segmentation of the
module in the RGB camera readings and the thermal image, respectively. Misclassification
produced due to the mixed pixels problem could lead to incorrect conclusions about the
thermal status. This work pushed forward some artificial vision methods applied to the
exploitation of information provided by different sensors. Table 3.7 summarizes the main
contribution of the proposed systems, comparing with other methods analyzed.

Table 3.7: Potential benefits of the proposed system. (Menéndez et al., 2018) © 2018 MDPI

Energies.
Color Segmentation Canny Edge
Task Proposed system and k-Means LPA and THA Detector
Hot-spot detection Very High Medium High Very High
False hot-spots .
detection Automatically — — Manually
Computational cost Low Medium Medium Low
High or Very high
Hot-spot resolution (limited by Low Medium Medium
camera’s accuracy)
Photovoltaic
module detection Yes No No No
Can be mounted Yes No No Yes

on a robot?

The publication derived from the research work presented in this chapter is:

e O. Menéndez, M. Pérez and F. Auat Cheein, "Photovoltaic Modules Diagnosis Using
Artificial Vision Techniques for Artifact Minimization," Energies, 2018, 11, 1688.
doi: 10.3390/en11071688. Impact Factor: 2.676
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Chapter 4

VISUAL NAVIGATION SYSTEM FOR
POWER-LINE FOLLOWING

This chapter describes the development and implementation of a transmission lines detection
system, focusing on autonomous drone flight. The system extracts geometric patterns
associated to the transmission line design and based on such patterns, it is possible to obtain
the position and attitude of the aerial platform, allowing to locate the drone over an electric
network without using GNSS receiver. A novel two-stage visual navigation algorithm
is proposed which can be mounted on any manual, teleoperated or robotic platform due
to its flexibility. The transmission detection is an important action in order to guarantee
the positioning of the platform. In this context, the algorithm in its first part applies
image processing tools and develops a cropped power grid image, isolating the power-
lines from the rest of the environment. An important challenge is related to perspective
distortion, the system addresses this issue using texturing filtering and perspective correction
algorithm. In addition, texturing filtering can simultaneously remove the background noise
of power lines as well as generate edge maps. Hough transform is applied to edge maps
in order to detect straight lines in images that can be related to power-lines. Finally, the
system determines power-lines by taking advantage of the regular characteristics of power
lines. Additionally, the system uses the prior information of platform position in order
to reduce the computational cost and to improve the power line detection. The second
stage determines the distance to wires and the robot position using Bayesian methods.
The system merges sensor information (IMU and GNSS) with visual information provided
by our system using Maximum Likelihood Estimation. This information would allow the
equidistant flight over the transmission lines.

This chapter is organized as follows: Section 4.1 present in details the methodology,
hardware and software to test the positioning algorithm; Section 4.2 shows the results
obtained when tested the proposed approach on transmission lines under different environ-
mental and lighting conditions. Finally, Section 4.3 summarizes the contributions of the
case studies presented in this chapter.
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4.1 Experimental Setup

A drone with six rotors was designed, implemented, and tested for the autonomous inspec-
tion of transmission lines, as shown in Fig. 4.1a. The robotic platform can be described in
general terms as follows:

Telemetry

Mon(;éﬁiér camera (b)

(a)

Figure 4.1: Unmanned aerial vehicle used for inspection of transmission lines. (a) Hardware. (b)

Methodology. (Menéndez et al., 2019) © 2019 MDPI Applied Science.

The drone deployed in real applications has a flight controller (Type Erle Brain 2
with a 900MHz quad-core ARM Cortex-A7 CPU processor), which has a flight
control unit - a computer that provides basic flight controls and a companion com-
puter - computational system in charge of image processing and image broadcasting.
Additionally, the controller has an inertial measurement unit (IMU), an integrated
altimeter and an embedded Kalman Filter for the treatment of signals. The UAV also
has a GNSS antenna with an absolute error of 1 meter.

Visual data is acquired with the SJ4000 Turnigy HD ActionCam 1080P Full HD
video camera. According to the manufacturer, the visual camera in TV mode has a
resolution of 1920 x 1080 pixels.

The monocular camera has been previously calibrated to find the focal point and
to estimate its parameters. Additionally, the camera is aligned with a gimbal that
compensates the fast dynamic rotation of the hexacopter and controls the image plane
to stay horizontal and parallel to power-lines. This process is essential for smooth
target tracking in the image. The visual information is sent to a computational device
that is in charge of higher-level behaviors, in an embedded form, such as the image
processing and image broadcasting.

The information extracted is stored locally in a 16 GB internal memory and sent
as a data packet at regular intervals to a companion computer to prevent problems
occurrence. In order to perform this process, the drone is equipped with a com-
munication system based on a transmitter/receiver 433 MHz and WIFI connection
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Figure 4.2: General diagram of the hardware developed in the robotic platform. (Menéndez et al.,
2019) © 2019 MDPI Applied Science.
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employed for telemetry operations, and transmitter/receiver 5.8 GHz employed for
image broadcasting.

e The UAV works with the Robot Operating System (ROS-Indigo) [115], adapted to
the specifications of this problem.

The general scheme of the sensory and processing system embedded in the UAV is
shown in Fig. 4.2.

4.1.1 Sensing System

The proposed visual-based positioning system enables to locate and maneuver a commercial
drone over a transmission grid. As shown in Fig. 4.1b, in the proposed approach the UAV
acquires visual images of the conductors using a monocular camera and sent each image to
a ground station. The system position is estimated and the navigation commands are send
back to the UAV in order to maintain the position respective to the transmission lines.

1. The UAV is manually positioned over a transmission grid. The distance from the
UAV to conductors varies depending on the safety, lighting conditions and camera
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characteristics; requiring at least 1 m between the conductors and the vehicle.

2. The exteroceptive information is acquired with a monocular camera, which is
mounted at bottom of the UAV.

3. To avoid the direct incidence of sunlight, a two axis hand-held gimbal changes the
camera vision point to avoid sensor saturation.

4. The positioning process computes the placement of the camera based on conductors
geometric design. Furthermore, the system is able to store a compressed image, with
geo-referenced information as a backup and as support to future inspection work.

5. The latest version for the positioning system only performs the flight over three-phase
transmission grids with conductors approximating straight lines without interruption.
Its operating system is flexible in order to add other features. The system is able to
detect transmission lines with other distribution using Hough transform variations
due to the fact that the system takes advantage of geometric patterns.

6. The navigation process around transmission lines consists of two stages: (i) Power-
line detection (ii) Electrical tower detection. Our visual positioning system is focused
on the first goal. Hence, the system is automatically disabled when the UAV is near
an electrical tower, changing to manual mode. The maximum speed is 75 "7’" In
this chapter, the velocity is limited to 25 '% in order to increase the probability of
power-lines detection and to reduce blurring effects.

7. The flight autonomy of the drone is18 minutes (empirically determined). If the
drone detects a low-energy level of its batteries, the vehicle selects between two
flight modes: land (attempts to bring the UAV straight down) or return to the launch
(the UAV navigates from its current position to hover above the home position),
depending on the distance to the starting point.

8. The drone performs inspection tasks along a length of about 10 km in one-hour
intervals (Battery charging time).

9. The proposed drone operates in a dry ambient, ideally at a standard environment
of 20 °C and 50 % humidity. However, the aerial platform can be also placed on
rugged ambient, whose temperature shall not be less than 5 °C or more than 40 °C
and whose humidity shall not be more than 80 %. The apparatus cannot be directly
exposed to rain and it is capable of facing wind gusts of up to 10 ’%

4.1.2 Visual-based positioning system

This section presents the mathematical formulation of the proposed positioning algorithm.
The algorithm consists of three stages: image pre-processing, transmission line detection
and spatial positioning of the UAV, summarized in Fig. 4.3.
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Figure 4.3: Processing architecture of the power-lines detection system. (Menéndez et al., 2019) ©
2019 MDPI Applied Science.

4.1.2.1 Image pre-processing

Lens distortion and the noise directly disturb acquired images, decreasing the detection of
power conductors on these. Therefore, the system must be capable of filtering out these
phenomena in order to measure the separation between conductors in world units and
to determine the drone’s location in the work-space. With this aim, traditional camera
calibration method estimates the intrinsic and extrinsic parameters and distortion coeffi-
cients, while the digital signal processing algorithms -presented herein- reduce the noise,
correct image defects and remove blurry distortion, guaranteeing the transmission lines
detection [116].

On the other hand, each pre-processed image has several extra objects, which are
not related to the transmission grid. These objects from the scene must be attenuated or
removed, or otherwise, the system must be intensified the pixels related to the transmission
lines, in order to isolate the three-phase transmission lines from the image background.
With this goal, the image is subjected to anisotropic Gaussian filtering [117], that improves
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the texture quality of transmission lines and remove irrelevant data, regardless of line
location in the image, as well as their length and slope.

The filter bank consists of an edge filter, at 6, 12 or 24 orientations and one scale
(O’x, O'y) = (1,3). The orientations are selected based on the computational time and the
image size. The resulting image in each filtering process is filter with the Sobel detector,
in order to intensify the edges and to obtain a binarized version with the probable power
wires. The system delivers a tensor with 6, 12 or 24 binarized images.

A fixed pattern in the transmission grid, mainly on its conductors, is the symmetric
geometric design. The system looks for patterns with similar characteristics to conductor in
each binarized image. In this work, the UAV flies over transmission grids with conductors
approximating a straight line, without interruption. Hough transform can be successfully
used to solve this problem, since this method identifies the section of the binarized image
where high probability of finding straight lines exits [108].

The Hough transform defines a straight line as a co-linear set of points, mapping R>
into the function space of sinusoidal functions defined by:

f:(x,y) = p = xcos(f) + ysin(0) 4.1)

where p, 6 are the perpendicular distance of the line ¢; to the center of the coordinates and
the angle between the normal of this line and x-axis, respectively.

In this context, the algorithm returns a data set with all lines (p; and 6;), that meet
with previous specifications related to the geometric design of the transmission grid for
each binarized image. Then, all measurements related to same line are merged using Fuzzy
C-Means algorithm.

4.1.2.2 Transmission line detection

Transmission lines detector uses the geometric design and uniformity of transmission lines
to establish the power wires in each image. At this stage, the purpose is to find a set with
three or more straight lines, that fulfill with parallelism and equidistance of transmission
lines. Using the parameters p (the distance between the line and the origin) and tan (0)
(slope), that are provided by Hough transform, it is possible to prove these conditions. How-
ever, topographic relief and camera tilt disturb the equidistant line recognition process, as
shown in Fig. 4.4a. These negative events were corrected using an image orthorectification
process.

The image orthorectification process corrects the adverse effects using the geomet-
ric relation between different angles and known distances, such relation is displayed in
Fig. 4.4b, where each parameter is described as follows:

e ), o, is the angle between the real point of the power-line and focal point;
e v is the draft angle of the camera around x—axis;

e / is the field of view (FOV);
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Fo_cal -point
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Figure 4.4: Analysis of the camera attitude -including the main angles for mathematical
expressions. (a) Effect of the topographic relief and the camera tilt in the acquisition of images. (b)
Necessary angles for orthogonal correction. (Menéndez et al., 2019) © 2019 MDPI Applied
Science.

e d, and d, are the distorted distances measured in pixels between power-line in the
center and power-line left and right respectively;

e d,d'; and d’, are the real distances measured in pixels between transmission line
phases, when the camera plane is parallel to power-lines plane;

Using geometry, it is possible to solve this problem and to compute the distance d’,
as a function of d; as:

d') = dy % (L(” + sin ()/)) 4.2)
tan (y — a1)

and d’, as function of d, as:

cos (y)

d,=d _
2 2><(tan()/+a/2)

+ sin (y)) 4.3)

The system acquires several images at fixed height /,.r above the transmission lines
in order to determine the relation between image units and world units. In this chapter,
power wires are manually extracted in each image, and the separation between them is
directly measured in the image. The estimated reference distance d is determined using a
consistent estimator of the mean. This will ensure to determine the measurement of the
separation between power wires and help us to determine the drone position, as shown in
the next section.

4.1.2.3 Estimation of the position based on visual data

The estimated height is determined by applying an inverse linear function that relates the
measured distance, the reference distance and reference height to the camera height. The
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height is defined as:

href X C/Z\

j = frer X d
d'1+d’2

X sin(y); 4.4)
where:

e h is the estimated drone height to transmission lines;

e N, 1s the reference height;

e d is the reference distance in the image in number of pixels;

As explained above, during off-line mode is established the reference separation d.
Hence, it is possible to compute the x-position and y-position of the camera in relation to
the center-line transmission system as:

A~

. h
X = P o) X cos () 4.5)
f=— el sin () (4.6)

where:

e X,y is the estimated x-position and y-position of the camera in relation to the center
power conductor, respectively;

e ¢ is the rotation angle of the camera around the z-axis;

Visual-based positioning cannot be applied if the transmission lines are not visible
since any outcome can be returned by the system under such circumstances. However,
the robotic platform has two additional sensors (IMU and GNSS receiver), with different
probability density functions (pdf), estimating the spatial positioning of the UAV. This
information can be used with any Bayesian method to estimate the system placement.
With this aim, in this work was implemented the maximum likelihood estimation [118],
associating a Gaussian probability density function to each sensor. The corresponding
analysis presented in (7) and (8), reveals that the new estimation  is a weighted average
and the new uncertainty o” can be generated through addition of the reciprocals:

Z10'220'32 + 220'120'32 + Z30'120'22

6= (4.7)
0'120'22+0'220'32+O'120'32
2 2 2
ol = 01702703
9" =
0'120'22+0'22O'32+0'320'12
oyl =0 oy o3 (4.8)

&= Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 49



4.2. EXPERIMENTAL RESULTS

where z; is the measurement of each sensor and o;> denotes its variance (in this work, the
parameters z;, 0% are related to IMU, z,, 02 are related to GNSS and z3, o° are related
to our system).

4.2 Experimental Results

A set of experiments were conducted in laboratory, simulation and field environments. The
proposed approach was simulated using the GAZEBO software [119] and linking this with
ROS [115] and MATLAB [120]. Finally, field tests in private facilities, in the Valparaiso
Region, Chile were carried out.

4.2.1 Laboratory validation

A scale model 1:8 of a three-phase distribution system with power-lines, approximating a
straight line and without interruption was used in the laboratory validation. The model was
wrapped with camouflage at the bottom to simulate the different objects which could be
found in a transmission grid environment. The UAV movement was simulated by a KUKA
robotic arm model KR-6.

Laboratory experiments were conducted in the Centro Integrado de Manofactura
vy Automatizacion (CIMA) at the Universidad Técnica Federico Santa Maria, located in
Valparaiso, Chile. The procedure can be summarized in six main steps:

1. The positioning system was mounted in the clamp of robotic arm to simulate the
UAV attitude.

2. The parameter reference separation by the acquisition an image set (30 images) at a
fixed attitude in off-line mode was proposed.

3. The operator set up the robot height with respect to wires of the model, and the path
to be followed by the robot.

4. The robotic arm automatically moves on the pre-determinate path, recording a video
sequence.

5. Visual data was analyzed in MATLAB programming environment (MathWorks,
USA). The robotic arm position provided by the software from the manufacturer was
used as the reference in each experiment.

6. The estimated placement of the camera was shown in a graphical user interface
(GUI).

Three experiments were carried out to prove the algorithm behavior: straight line
path, circular path, and circular variable path. Figure 4.3 shows schematics of experiments
developed in indoor tests.

The first experiment consisted of moving the positioning system in a straight line
path at three different heights, maintaining the camera plane fixed and parallel to the power-
lines plane, as shown in Fig. 4.5a. A database with 600 visual images was analyzed to
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Table 4.1: Transmission line parameters in GAZEBO environment. (Menéndez et al., 2019) ©
2019 MDPI Applied Science.

Parameter  Transmission Line 500 kKV
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Figure 4.5: Laboratory results: Comparative analysis between pre-established path and estimated
path by our approach (blue boxes represents the spatial position of the camera). (a) Straight line
path. (b) Circular path. (¢) Circular variable path. (Menéndez et al., 2019) © 2019 MDPI Applied
Science.

investigate the behavior of the positioning system in each trail. It is possible to observe that
the camera positioning —magenta dots— converges to the reference —blue dots— in Fig. 4.5a
for each studied height. In terms of the root medium squared error (RMSE), our approach
was within this tolerance limit for this type of applications [121, 122]. Furthermore, The
algorithm accuracy was higher than 90.35% in the three-phase system detection, as shown
in Table 4.2.

Table 4.2: Statistical analysis of different developed experiments: Straight line path. (Menéndez et
al., 2019) © 2019 MDPI Applied Science.

Height
mm
Analyzed frames 600 600 600
True positives 543 575 573
Accuracy % 90.35 95.67 95.53

RMSE 1894 13.81 10.30
mm

650 850 1050

The second experiment consisted of moving the positioning system in a circular path.
The camera plane rotated around the power-lines plane, as shown in Fig. 4.5b. The second
set of data acquired from the visual sensor allowed to analyze the accuracy and reliability of
relative positioning from five different radius by processing more than 1000 visual images
in each trail. Results of absolute positioning are shown in Fig. 4.5b where the blue line
is the height reference and the magenta line is the camera positioning and the statistical
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analysis is tabulated in Table 4.3. Moreover, the algorithm accuracy was higher than 78.5%
in the three-phase system detection.

Table 4.3: Statistical analysis of different developed experiments: Circular path. (Menéndez et al.,
2019) © 2019 MDPI Applied Science.

Height
mm
Analyzed frames 600 600 600
True positives 543 575 573
Accuracy % 90.35 95.67 95.53

g op 1894 13.81 10.30
mm

650 850 1050

Finally, an experiment, called circular variable path, was developed. This test gathers
the first two cases, as shown in Fig. 4.5c. The camera plane rotates around the power-
lines plane as it is not aligned with the power-lines direction. It is interesting to note that
the camera positioning, in magenta color, converges to its reference in blue color and
positioning errors were within expected and suitable ranges for this application, as shown
in the statistical analysis developed in Table 4.4. The algorithm accuracy was higher than
90.4% 1n the three-phase system detection.

Table 4.4: Statistical analysis of different developed experiments: Circular variable path.
(Menéndez et al., 2019) © 2019 MDPI Applied Science.

Radius
mm
Analyzed frames 1003 1143 1247 1174
True positives 973 1061 1128 1093
Accuracy % 969 927 904 93

RMSE 58.81 60.97 59.32 47.12
mm

550 650 850 950

4.2.2 Simulation results

Gazebo software was used to study the behavior of a simulated UAV, equipped with our
system. The working environment consisted of three-phase transmission grid, whose main
characteristics are summarized in Table 4.1, a simulated UAV and a simulated visual camera.
In addition, the pre-calibrated algorithm was programmed in C/C++ under Ubuntu 16.04
operating system, in order to reduce the processing time. The procedure can be summarized
in three main steps:

1. First, the parameter reference separation by the acquisition an image set (30 images)
at a fixed attitude in off-line mode was proposed.

2. Then, the simulated UAV automatically flies on the pre-determinate path, acquiring
the visual data.
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3. Finally, our approach analyzed the data and returned the estimated placement of the
UAV in real time. At the same time, the results were plotted in a GUI, developed in
MATLAB programming environment.

Two experiments were developed in the simulated environment. First, the UAV
attitude was maintained all the time. The corresponding results are shown in Fig. 4.6a. It is
possible to see that the estimated placement converges to the simulated configuration and
the absolute error of the positioning system was less than 1%.
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Figure 4.6: Results of the simulation: (a) Stationary flight of the UAV (flight altitude: 55 m, 60 m
and 70 m to conductors) with frames where transmission lines were not detected; (b) Comparative
analysis between pre-establish path and estimated path by our approach (Straight line path).
(Menéndez et al., 2019) © 2019 MDPI Applied Science.

Under the same conditions, the simulated UAV was maintained at constant height
and flew it over the simulated transmission lines, as shown in Fig. 4.6b. It is possible to
see that the estimated placement converges to the simulated configuration, provided that
the transmission lines are visible in the analyzed images. Otherwise, the system is able to
delete the false estimations, providing better performance.

4.2.3 Transmission line detection algorithm

Each acquired image has additional objects, which are not related to the transmission lines.
These objects from the scene have to be filtered or eliminated to isolate the conductors. First,
the color constraint is applied to obtain a gray-scale image. Then, the image brightness is
corrected to highlight power conductors. Finally, the delivered image is filtered using Gabor
filters, that simultaneously remove the background noise of power lines as well as generate
edge maps. It is worth noting that the system highlights power conductors. However, the
delivered image is noisy due to complex and irregular ground coverage. This disadvantage
increases the risk of the positioning system returns erroneous measurements. Figure 4.7
shows resultant images in each stage of the transmission line detection approach, regarding:
(a) Images are analyzed under ideal lighting conditions; (b) The image brightness is
increased in 20%; (c¢) The image brightness is increased in 60%; and (d) The image
brightness is reduced in 50%.
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Figure 4.7: Comparison of power line detection results (a) Ideal lighting conditions; (b) Brightness
increase of 20%; (c¢) Brightness increase of 60%; and (d) Brightness reduction of 50%. (Menéndez
etal., 2019) © 2019 MDPI Applied Science.

The direct bright sunshine can affect the positioning system, due to the system could
not detect wires and conductors, as shown in Fig. 4.7b and Fig. 4.7c. Therefore, the system
is not able to find and isolate power-lines in the image. On the other hand, the system can
operate under reduced visibility conditions but no in darkness, as shown in Fig. 4.7d.

4.2.4 Field experiment results

The positioning system was mounted on a commercial UAV (HJ-5000), and equipped
by the UTFSM Robotics Research Group (GRAI). The complete system was positioned
over a transmission system, which main parameters are summarized in Table 4.5. The
estimate based on the embedded Kalman Filter was used as a position reference of the
UAV. The corresponding results are shown in Fig. 4.8a and Fig. 4.8b. It is interesting to
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note that the estimated position shown as a magenta dashed line, converges to reference
in black line, provided that the transmission lines are visible in the acquired images, as
shown in Fig. 4.8a and Fig. 4.8b. Otherwise, the system compensates poor estimations
using Bayesian methods. In this context, the estimator described in 4.7 and 4.8 is applied
to reduce this negative effect. Table 4.6 compares the results obtained in the position
estimation, after applying two approaches: simple when the system returns the position
and hybrid when the sensor fusion expression only with the IMU, GNSS, and our approach
data.

Table 4.5: Structural characteristics of the transmission grid. (Menéndez et al., 2019) © 2019

MDPI Applied Science.
Parameter Transmission Line 68 kV
Height 12m

2.4 m between left and right wire
3¢-Separation 1.6 m between left and center wire
0.8 m between right and center wire
Distribution Horizontal

The impact of this solution is shown in Fig. 4.8a and Fig. 4.8b, as a cyan dashed line,
where it is worth noting that the system determined the UAV position in the hybrid case
despite not seeing wires, giving the robustness to the system. In terms of the RMSE, the
two approaches show similar results although the hybrid method proposed here is slightly
smaller and the positioning errors were respectively less than 66.02 cm (x estimation) and
26.29 cm (z estimation) in the simple case and 25.77 cm (x estimation) and 10.26 cm (z
estimation) in the hybrid case. Results shows a proper behavior for aerial applications. On
the other hand, the algorithm accuracy was 91.44% in three-phase system detection. These
findings show that the system serves to locate any robotic platform in a transmission grid,
under variable lighting conditions or GNSS restrictions.

4.2.5 Consistency test

Consistency tests following the guidelines presented in [123], were performed to evaluate
the visual based transmission line positioning system. Figure 4.9 shows the consistency
of the estimation of the x and z coordinates of the drone flying over the transmission
lines, in Figs. 4.9a and 4.9b, respectively. As can be seen, the error in both coordinates
remains bounded by two times its standard deviation. The data acquired by the GNSS

Table 4.6: Field results: Statistical analysis of different developed experiments. (Menéndez et al.,
2019) © 2019 MDPI Applied Science.

True False RMSEX RMSEZ

Frames o o Efficiency Estimator Estimator
Positives Positives m m

549 502 47 91.44% 0.2577 0.1026
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Figure 4.8: Field results: (a) Positioning of our UAV over transmission grid: X-position; (b)
Positioning of our UAV over transmission grid: Z-position (height). (Menéndez et al., 2019) ©
2019 MDPI Applied Science.

positioning system described in Section 4.1 was used as ground truth (and only with the
aim of performing the consistency tests).
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Figure 4.9: Consistent tests. Figure 4.9a shows the consistency of the error in the x coordinate,
whereas Fig. 4.9b shows the consistency of the error in the z coordinate. (Menéndez et al., 2019) ©
2019 MDPI Applied Science.

4.3

Contribution

Aerial remote sensing based on unmanned aerial vehicles is a promising and emerging
alternative to develop inspection task in power systems. Robotic platforms can be used
for monitoring of electrical equipment, as a result of the ergonomics, flexibility, and
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reliability, of the new platforms and their high availability to access in inhospitable areas.
This chapter put forward some artificial vision methods applied to the exploitation of
information provided for the different sensors. Likewise, the performance of a low-cost
visual positioning system for aerial platforms was analyzed and tested. The experimental
findings show that the location accomplishes a high precision with respect to transmission
lines, achieving 1.5 centimeter and 27 centimeters are the worse cases in laboratory and
field tests, respectively. Further, the system can operate under different lighting conditions
and on GNSS-denied areas. The proposed system was tested over a distribution grid located
in the agriculture environments due to the irregular surface is an imperative challenge
for vision-based systems. Although results are very promising, there is still some test to
be performed in order to have a complete guarantee. It is worth noting that experiments
showed a very proper performance in the platform positioning, behaving similarly in all
experiments and within expected and suitable ranges for this application. Although the
system was specially designed for UAVs, its operating system is flexible to add on other
platforms since it did not depend on the platform type.

The publications derived from the research work presented in this chapter are:

e O. Menéndez, M. Pérez and F. Auat Cheein, "Visual-Based Positioning of Aerial
Maintenance Platforms on Overhead Transmission Lines," Applied Science, 2019, 9,
165. doi: 10.3390/app9010165; Impact Factor: 1.689

e O. Menéndez, M. Pérez and F. Auat Cheein, "Vision based inspection of transmission
lines using unmanned aerial vehicles," 2016 IEEE International Conference on
Multisensor Fusion and Integration for Intelligent Systems (MFI), Baden-Baden,
2016, pp. 412-417. doi: 10.1109/MF1.2016.7849523

e O. Menéndez, M. Pérez and F. Auat Cheein, "Vision based inspection of transmis-
sion lines using unmanned aerial vehicles," 3rd International Seminar on Energy
Management in Mining, Santiago-Chile, 2016, chapter 3.
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Chapter 5

MAXIMUM ELECTRIC FIELD
ENERGY HARVESTING

As stated in Chapter 1, the monitoring of complex dynamical behavior of power systems
is based on a hybrid system that merges two leading technologies: robotics and smart-
sensor nodes. Robotic platforms are used to perform the routine inspection of electrical
assets. On the other hand, smart-sensor nodes measure the critical variables of the power
system in real-time. Smart-grid (SG) technologies include a suite of operation and energy
measures that enable a deeper distributed generation diffusion, encourage the introduction
of renewable energies and afford improved management of loads with storage ability such
as electric vehicles [124]. The smart-grid concept contains a large number of distributed
sensor nodes at different levels: power layer (generation, storage, and converters), electronic
layer (sensors, smart meters, communication systems) and data link and transport layer
(control, optimization, management of the generation/demand). In this regards, SG sensors
stand as promising devices for continuous monitoring of power system vital parameters
(e.g. voltage, current, power flows and temperature) and for the detection and diagnosis of
failures [15]. In particular, transmission line (TL) sensors enable to assess the condition
and status of transmission system components, such as power conductors, insulators, guard
cable, and other assets. However, to energize these large number of nodes is an important
task in order to guarantee the proper and autonomous operation of sensors. In this context,
energy harvesting systems are a robust, simple and cost-effective energy source to power
these nodes.

To complement the robotic inspection and the applications described before, this
chapter describes a novel, non-contact option for electric field energy harvesting, which
takes advantage the capacitive coupling (parasitic capacitance) between energized wires
and a metallic electrode in low-voltage applications. The system is designed to power smart-
sensors nodes that can be mounted on both the power-line or robotic platforms. However,
although the electric field induction on objects in proximity to energized conductors at
power frequencies is a cost-effective power supply, the power output is very low. In this
context, electric field harvesters require the design of ultra-low power logic circuits, efficient
power management circuits that are able to extract the maximum power available out of
the energy harvesters, and optimal coupling designs that are capable of increasing the
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induced power. Hence, a low-power design methodology to reduce power dissipation and to
increase the harvested power has to be implemented, considering the electric field scarcity
in household applications and a variety of challenging design issues.

This chapter is presented as follows: Section 5.1 presents a comprehensive review of
energy harvesting technologies used in power systems, with special emphasis on electric
field energy harvesting. The main conclusions from this section are: (i) electric field energy
harvesting is a particularly attractive option for energy scavenging either low (homemade)
and high(transmission lines) voltage applications; (ii) the goal of electric field harvester is
to efficiently extract energy from transmission lines or energized wires. Section 5.2 presents
the demonstration and validation of the proposed technique, focusing on the optimization
of the harvested power. The theoretical analysis identifies specific loading and operating
conditions that allow maximum power transfer. Likewise, it analyses the basic requirements
to extract the maximum power available out of the energy harvesters using different power
electronic converters. Section 5.3 explores the feasibility of increasing the power available
by modifying the geometric design of the harvester. In addition, it presents a new two-plate
harvester prototype capable of maximizing the extracted power of the harvester by varying
the separation of the electrodes and using a maximum power point tracking algorithm.
Finally, Section 5.4 summarizes the contributions of the case studies presented in this
chapter.

5.1 Energy Harvesting Sensor Nodes

Nowadays, smart-grid (SG) technologies enable a deeper distributed generation diffusion,
encourage the penetration of renewable energies and provide improved management of
loads with storage ability such as electric vehicles [124]. A general smart-grid architecture
basically comprises of three main layers: the application layer, the power layer, and the
communication layer [124]. Figure 5.1 shows the components of all of the smart-grid
layers. Briefly, each stage can be defined as follows,

1. Application Layer: It includes advanced applications providing inter-operability
among different stages of power systems. This layer operates and manages the
technical and commercial functioning of a power system, as well as, interconnections
between power systems, under security, top-quality and minimal cost standards.

2. Power Layer: Two important advantages of the SG concept are related to the inte-
gration of renewable energy sources in a power system and the bidirectional flow of
information between power companies and customers. A smart-grid aims to mitigate
the impact of penetration of renewable energy sources in a traditional power system,
guaranteeing maximum power system’s standards (quality, reliability, stability, and
security). On the other hand, a two-way communication between the customer and
the utility enables to find an optimal balance between demand and the available
power.

3. Communication Layer: 1t is the heart of the SG system by providing interconnections
between all of the systems and devices of the mains. The communication layer
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Figure 5.1: Robotic technology applied in power systems for maintenance tasks.

consists of three transmission categories: wide-area (WAN), field-area (FAN), and
home-area (HAN) networks. Wide-area networks provide bidirectional communica-
tion between power generators and substations. Further, they deliver the information
on high-voltage transmission lines. Field-area networks analyze the behavior of
the power distribution systems. Finally, home-area networks help to optimize the
customer’s electricity consumption.

Information and communication technologies (communication layer) represent a
fundamental element in the growth and performance of SGs. Smart-grid concept contains a
large number of distributed sensor nodes at different levels: power layer (generation, storage,
and converters), electronic layer (sensors, smart meters, communication systems) and data
link and transport layer (control, optimization, management of the generation/demand).
Smart-grid sensor nodes with wireless communication are promising and emerging devices,
which enable a more reliable and safe grid and ensure high quality and reliability of electric
power supplied to commercial and industrial customers. In this regards, SG sensors stand
as sophisticated security mechanisms for continuous monitoring of power system vital
parameters (e.g. voltage, current, power flows, temperature, etc.) and for the detection and
diagnosis of failures [15].

Smart-grid sensor nodes consist of an embedded system, a power supply, and a
wireless communication device for data transmission. Figure 5.2 shows the basic structure
of a sensor node used to monitor transmission lines, which is energized with an electric field
energy harvesting system. Typically, these sensors are used to sense and collect data for
application specific analysis. To ensure the integration between power grid infrastructure
and advance communication infrastructure, sensors should be deployed in the order of
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Figure 5.2: Practical model diagram of EFEH sensor nodes deployed on the overhead power lines.

thousands. In this context, the development of economic, portable, lightweight and self-
sustainable sensors is a necessity.

An important objective of the SG concept is related to the reliability, flexibility,
efficiency, economic, and secure power use, focusing on the improvement of the sensor
autonomy and reduction of the human interaction [124]. The availability of large power
supplies could be an adequate solution to develop auto-sustainable sensors. However,
it 1s dangerous and inefficient due to the increment of the sensor weight and size, and
usage constraints in several environments. In this context, harvesting methods based on
heat [125, 126], electromagnetism [127, 128, 129], and kinetic energy [130] have emerged
as a viable solution to run sensors autonomously. Energy harvesting refers to harnessing
energy from the environment and converting it to electrical energy. Despite the fact that
those energy harvesting methods have highly improved in terms of cost, autonomy, and
flexibility, the supplied power might not be continuous, and its magnitude may vary strongly
depending on ambient factors, and the harvesting method.

5.1.1 Existing Energy Harvesting Techniques

The energy source performance can be evaluated according to the design parameters, power
density, controllability, and predictability [131]. Design parameters concern dimensions,
weight, and materials of the harvester. These parameters are important due to the fact
that transmission line design specifications limit the ability to assemble a sensor node.
The power density enables to determine if a potential harvestable source is able to supply
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Table 5.1: Comparison of energy harvesting methods

Type 15;?;?;7 Characteristics Advantages Disadvantages
Integrated system, .
Mechanical 375 TL power, high power density, Complex materials,
, uncontrollable, . charge leakage,
[130, 132, 133] UW/cm . environmental, . .
unpredictable . highly variable power
continuous output
Ambient power, Low efficiency,
Thermal 50 TL power, Environmental, complex modeling,
[125, 134, 135] uW/cm?  uncontrollable, low maintenance limited availability,
unpredictable grid dependent
B e ngh.power density, Lf)w efﬁmer.lcy,
Solar 10-100 A Y] continuous output, brittle materials,
[126, 136, 137] uW/em? . > independent of the grid,  limited availability,
predictable . . .
simple modeling storage unit needed
RF TL power, High availability, ~ Dstance dependent,
0.3 ] L, low power density,
waves W/em? partially allows mobility, impractical modelin
[138, 139, 140, 141] * controllable reliable practici e,
fluctuating density
Depends on current
M-field 150 TL power, High power density, flow in the conductor,
(142, 143] W/enm? fully compact configuration, direct contact,
’ pwem controllable easy implementation requires of a decou_
pling system
TLpover,  allowomobily,  Diance dependent
E-field 0.02-26 arliiall ’ voltage depen deB;;t corona discharge,
[144, 145,128, 142] pW/cm® partially ge deb : design constrains,
controllable can be in contact or not

with the conductor depends on the grid

continuous energy to a load. Furthermore, harvesting sources are broadly categorized
as uncontrolled and predictable, uncontrolled and unpredictable, fully controllable and
partially controllable in this work. By regarding this separation and the frequency of
preference, some leading harvesting technologies are discussed, and a detailed comparison
is shown in Fig. 5.3 and the main characteristics are summarized in Table 5.1.

5.1.1.1 Mechanical Energy Harvesting

The vibrational harvesters use one of three methods: piezoelectric, electrostatic or micro-
generator to convert mechanical vibrations to electrical energy.

e Piezoelectric method - is based on the vibration of piezoelectric transducer due
to the low-level vibrations in a power system. Harvesters can be integrated on a
chip due to compact configuration and simple design. In addition, harvesters have
a high output impedance, that enables to provide continuous output power, about
375 uW/cm? [130, 146]. However, this method has a fluctuating power density due
to high variations of the low-level vibration in a power system.

e Micro-generators - are inductive spring-mass systems that take advantage of Faraday’s
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Figure 5.3: Comparison of the existing harvesting technologies

law (electromagnetic induction). The harvester consists of a magnet attached to a
spring inside a coil. The power grid vibrations stimulate the magnet, entailing an
induced voltage in the coil. The limited voltage below 100 mV is an important
constraint [147].

o FElectrostatic generation - relies on changing the capacitance of a vibration dependent
variable capacitor. Micro-electromechanical systems (MEMS) function with this
principle [147].

The harnessed energy can be defined by,

1sz (5.1

EH2

where K is the stiffness-constant and x is the displacement of the harvester.

5.1.1.2 Thermal Energy Harvesting

Thermo-generators are harvesters that scavenge the energy due to the temperature differ-
ence [146]. In power system environments, these harvesters take advantage of the heat flux
between the power line and environment. The power density in reported wireless sensor
node applications is approximately 50 uW/cm?. However, the Carnot cycle enforces an
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important constraint to the maximum efficiency at which energy can be harvested from
a temperature gradient. The efficiency decreases substantially for small temperature gra-
dients [146]. This is a fundamental limitation since in the mild-weather the temperature
differences in conductors will not exceed 10 °C [148]. Moreover, the harvesting source
reliability is not guaranteed because this method is strongly dependent on environmental
conditions, and predicting the temperature patterns is impractical.

5.1.1.3 Solar Energy Harvesting

Photovoltaic panels convert sunlight into electricity. This harvesting method is characterized
by a high power density (10-100 uW/cm?) and a reduced complexity. These outstanding
characteristics make them an ideal tool to power autonomous field devices [146, 126].
Furthermore, the optimization of the energy harvesting process is possible, due to the fact
that harvester models are highly accurate, and the predictive errors can be reduced using
environmental parameters [126]. However, these harvesters have very low efficiency (8-
16%) and are highly dependent on sunlight conditions [130]. Since the system can only
supply power to a load while there is sunlight, the harvesting system should be equipped
with a storage unit in order to provide sustainable energy during a day [136]. In addition,
harvesters need an additional circuit in order to provide sustainable power to load systems
(Harvesters cannot connect directly to load).

5.1.1.4 Electromagnetic Wave/RF Energy Harvesting

The growing of global systems for mobile communications (GSM) and the increase of
wireless devices in both rural and urban areas, indoor and outdoor, have influenced the
development of RF-waves harvesters, called rectenna [146]. The power density of electro-
magnetic waves is given by

E

W= Z (5.2)
where E is the value of the electric field and Z, is the radiation resistance of the free space
(377 Q). Although these systems offer adequate solutions in terms of complexity and
availability, harvesters show low energy density (about 0.3 uW/cm?) and directly depends
on distance to transmitters. Besides, the maximization of harvested energy is a complex task
since a large number of electromagnetic sources are present in the environment, preventing
system modeling [138, 139, 140, 141].

5.1.1.5 Magnetic Field Energy Harvesting

The magnetic field around the power-line in which an AC current flows can be used as an
energy source by taking advantage of the electromagnetic induction phenomenon in a nearby
coil (current transformer principle). Because of the high power density (150 uW/cm?®) and
the system compact configuration, this technology has been highly adopted for the power
line monitoring [142, 143] . However, the system needs a core clamped around to power-
line, since its efficiency drastically reduces with the distance to the power-line. Therefore,
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harvesters should have insulation and decoupling systems for proper and safe operation. In
addition, the exploitation of magnetic field energy harvesting (MFEH) inherently imposes
constraints on the possible target applications, since this technology needs high currents
through the conductor. Magnetic field energy harvesting method cannot operate when the
transmission grid suffers an outage or power line is off.

5.1.1.6 Electric Field Energy Harvesting

The electric field induction on objects in proximity to energized conductors at power
frequencies can be exploited as a power supply. This method is called electric field energy
harvesting (EFEH). Electric field energy harvesting devices have the capability of operating
while there is a voltage in the transmission grid. The power density is variable (0.02-
25 uW/cm?) and depends on the distance to the power line, the harvester design, and
technical characteristics of transmission lines [145, 142] . Since electric field harvesters
exploit strong electric field radiated by power-lines, these systems can be either in contact
or not with the line. This characteristic has great potential in electromobility applications
such as charging systems of power line inspection robotics [144, 128] . The harvester
behavior can be easily predicted due to the fact that voltages and frequencies of a power
system are regulated. However, the modeling and calibration of harvesters may be difficult
several times because there are so many electric field sources in a transmission grid.

5.1.2 EFEH Solutions

By analyzing the most developed harvesting technologies, it is possible to conclude that
harvesters based on EFEH have high applicability in power systems process [142]. Electric
field energy harvesting source principle is based on the exploiting of the contained energy
in a radial electric field emitted by an energized conductor [149]. Electric field energy
harvesting systems have several advantages and are promising technologies to provide
energy to SG sensors, due to their climate-resilient characteristics, low complexity, sufficient
power rating, and low cost. Topologies for EFEH harvesters can be categorized into two
groups: cylindrical and two-plate.

The cylindrical topology has been widely studied and applied both to high and
medium voltage overhead transmission lines (MV/HV) [144, 128, 150] and low voltage
conductors (LV) [142, 151, 152]. Institute of Electrical Measurement Signal Processing
of Graz University, in 2008, introduced the EFEH concept using a cylindrical topology
[153, 144]. Figure 5.4a shows the basic structure of the cylindrical topology. The prototype
was equipped with a high voltage transformer and shunt regulator to maintain a voltage
of 9 V on the secondary side. The harvester was presented as part of a sensing system
capable of determining the temperature, distance to the ground, and degree of icing in
power-lines in order to reduce the failure occurrence related to sags and increased vibrations
of conductors.

The energy is usually harvested from the capacitor C; (direct contact with the power
line) [144, 154], requiring sophistical systems to ensure safety and protection of the device.
In this regards, the Research Center of Sensors and Instruments developed a multi-layer
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Figure 5.4: Topologies for EFEH harvester (3D view and cross section). (a) Cylindrical; (b)
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cylindrical harvester, where the energy is extracted between two concentric electrodes
around the energized conductor [155]. With the same aim, the School of Electrical and
Electronics Engineering of theChung-Ang University studied the performance of a non-
contact cylindrical harvester in a 765 kV three-phase power system [150]. In this case,
the energy was extracted from the capacitor C, (floating capacitor). On the other hand,
a modification of cylindrical geometry based on two concentric electrodes around the
power lines is presented in [151, 152]. The main goal of this approach was to avoid direct
contact with the transmission line. Also, a double-layer capacitor to harvest the energy
from wireless networks was proposed in [142].

The Department of Electrical and Computer Engineering of the Ohio State University
presented a cylindrical prototype, which can be used to harvest energy from high voltage
direct current (HVDC) power lines [128]. The harvester works as a wind generator, where
the HVDC transmission line is considered as the stator and a mobile rectangular winding is
considered as the armature. The average output power of the linear generator is 1 mW.

The maximizing of the harvested energy is an important challenge for EFEH tech-
nology. Chemnitz University of Technology presented a multi-layer concept [156]. This
new approach was conceived in order to satisfy the variable power needs of the specialized
network elements. The basic cylindrical harvester and the theoretical analysis of the energy
available was analyzed in [157]. Likewise, the basic conditions to get the maximum power
from the harvester was presented in [158].

On the other hand, the two-parallel electrodes topology was first proposed in [159].
The basic structure of this topology is shown in Fig. 5.4b. In a similar way to cylindrical
topology, the power is harvested from the capacitive coupling between the power conductors
and electrodes. Loads may be connected to either capacitor C; [159, 127] or C, [160, 161].
Finally, a variation to this topology based on a non-contact two-plate harvester was proposed

gg== Universidad Técnica Federico Santa Marfia, Department of Electronic Engineering 66



5.2. ELECTRIC FIELD ENERGY HARVESTING

in [135].

Table 5.2: Comparison between Electric Field Energy Harvesting methodologies

Power Harvested Voltage Harvester Main
Work  Density  Power/Energy Level volume Characteristics Applicati
uW/cm? mW - mJ kV m’ ppiication
Cyhndrl'cal; pon-contacy Wireless sensor networks
[162]  111.29 23.6 127 2.12x10¢  Sclftriggered flyback to measure transmission
converter; medium voltage line variable
applications
Two plates; line contact;
[145] 26.29 17 35 6.47%10"* resistor divider; S?Ini— Voltage sensor fo.r high
conductors; medium voltage power lines

voltage applications

Cylindrical;line contact;
[163] 10.38 16.3 110 1.57x1073 transformer tap; high
voltage applications

Cylindrical;line contact;

Smartgrid monitoring
networks

Online condition monitoring

) L.
[144] 9.52 370 150 3.89x10 transformer t.ap, .hl gh of high voltage power lines
voltage applications
Two plates; line contact; Wireless sensor networks
[135] 148uJ/cm? — 400 3.14x1073 transformer tank; high to measure substations
voltage applications variables
Two plates; non-contact; Wireless sensor networks
[164] 0.056 0.18 7 3.14x107°  switching plates in short to measure substations
circuit variables
[142] L 12 20V L Double-layered cylindrical; Smartgrid monitoring
low voltage applications; networks

5.2 Electric Field Energy Harvesting

According to basic principles of electrostatics a time varying electric field produces a
displacement current given by
I, = e——, 5.3
d o (5.3)
where ¢ is the permittivity of the dielectric material between power-line and plate, I, is the
displacement current and @ is the electric flux. This displacement current can be used to
charge a parasite capacitor. The stored energy is given by
1
E=-CV? (5.4)
2
where E is the energy stored, C is the capacitance of the parasite capacitor, and V is the
voltage collected. Due to this method exploits the electric field, it is called electric field
energy harvesting.

In traditional EFEH generators, the electrodes located at different distances to the
energized conductors create an electrical grid that can be seen as a capacitive voltage
divider. Figure 5.5 shows the electric field distribution of an energized wire (3-wires, Phase-
Ground-Neutral), and the effects of putting a two-plate harvester on this field. Capacitor
Cps,, Cys, and Cgg, are defined as the coupling among the i-th electrode and the power-line,
neutral wire and ground reference respectively. The value of different capacitors depends

gg=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 67



5.2. ELECTRIC FIELD ENERGY HARVESTING

Electric Field
lines

Gaussian
Surface Si

Neutral
Phase

Electrodes \
Gaussian

——— Surface S2

Electrodes

(€)) (b)

Figure 5.5: Electric field energy harvesting from a power-line. (a) The electrodes separation is
2 cm and the harvester is centered with the power-line; (b) The electrodes separation is 4 cm and
the harvest is positioned at the right of the power-line.
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Figure 5.6: A full electric field energy harvesting system.

on both the electric field magnitude in the power line and the geometry of the complete
coupled systems, and it can be expressed as

_efhE-dS

C= b
faE-dl

) (5.5)

where E is the electric field intensity, S is the electric-flux-coupling Gaussian surface, 1 is
length differential between the electrode and the power line and ¢ is the permittivity of the
dielectric material between power-line and electrode.

An electric field energy harvesting system aim is to deliver an appropriate power
supply to a final load, it consists of four basic stages, as shown in Fig.5.6, which aim is
to deliver sustainable energy to the load. Briefly, each harvester stage can be defined as
follows:

e Power-line Coupling: It is the representation of the capacitive network that can be
formed by one or several electrodes and one or several power-lines. The energy is
harvested by connecting different circuits to terminals of any parasitic capacitor.

e Energy Conversion: The power output by the electric field harvester cannot be
directly used by the load circuits as micro-controllers, wireless nodes, etc. The
alternating current and voltage across the harvester’s capacitor need to be conditioned
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Figure 5.7: Schematic diagrams of EFEH. (a) Schematic of two-electrodes concept and the
capacitive voltage divider dispersion; (b) Equivalent circuit of the EFEH system, showing parasitic
capacitances; (¢) Single-capacitor model of an EFEH device.

and converted to appropriately current and voltage levels that can be used by the
load’s circuits.

e Power Output: Electronic schemes in charge of efficiently matching the low power
harvested to the consumption of the load, within some limited operation schedule.

5.2.1 Electric Field Energy Harvesting Concept

The main objective of the model given in Fig. 5.7a is to collect the available energy in the
capacitive network by deviating the displacement current from the conductor to a load. The
capacitive network based on two electrodes located near to an energized wire (3-wires,
Phase-Ground-Neutral) is depicted in Fig. 5.7b, where each capacitance represents the
coupling between two different elements of the electrical grid. As shown in Fig. 5.7c, the
capacitive divider has been replaced with Norton equivalent. The harvester can be modeled
as a sinusoidal current source in parallel with a capacitance Cgr and resistance Rgr. For
the sake of this analysis, assume that Rz is despicable. Therefore, the input equivalent
impedance (which is a simple capacitor) is given by,

C +C +C C +C +C
Cor = (Cgs1 + Cnsy +Cpsy) (Cgsy + Cnso + Cpss) L C (5.6)
Cps, + Cgs, + Cys, + Cps, + Cgs, + Cys,

Capacitors Cgg;, Cys; and Cpg; depend only on the geometry of the harvester. Re-
garding to Cy, although its minimum value depends on the geometry of the harvester, any
element connected across its terminals affects the capacitance, thus it cannot be considered
constant.

The Thevenin equivalent voltage source is given by

Viine Cps, (Cgs, + Cns,) — Cps, (Cgs, + Cys,)
Ceq + CH CPSI + CGS1 + CNSI + Cp52 + CGS2 + C}\]S2

Vier = (5.7)
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where,
co- (Cgs1 + Cony + Cps 1) (Cgsy + Cona + Cpsy) (5.8)
“ Cgs1+Ceny +Cpsi +Cgsy+ Cony + Chpsy .
The Norton equivalent current source is given by
igr = WppCrrVer sin (Wgrt) , (5.9)

where wgp 1s the angular frequency.

5.2.1.1 Theoretical Maximum Power Extraction

The maximum power can be extracted from a harvester if the power converter and the
load present a conjugate impedance match to the harvester (Z; = Rgr + j/wgrCEgr). The
theoretical generalized maximum power is given by

IEFZREF _ Q)EFZCEFZVEFZREF
8 8 '
Unlike conventional power supplies and commercial batteries, which have relatively
low internal impedance, the EFEH generators internal impedance is very high. This high
internal impedance restricts the amount of output current that can be driven by the EFEH
source to the micro-amperes range. Likewise, the inductance needed to present a conjugate
match is impractical due to the fact that the harvester’s capacitance is very small (tens of
pF), which implies a high inductance (tens of henries). In addition, the power output by
the electric field harvester cannot be directly used by electronic devices, it needs to be
conditioned and converted to a form usable by the load circuits. In this context, a large
number of practical load circuits (e.g. voltage doubler, full-bridge rectifier, switch-only
rectifier, DC-DC converters) could replace the resistive loads.

(5.10)

P RECT (max) —

5.2.1.2 Resistive load analysis

The AC circuit steady state analysis of the capacitor divider shown in Fig. 5.7c was
performed with a resistor R; connected between electrodes. The average power delivered
Precr, 18 given by

2 2 2
RiwerCgr*VEr

1+ LL)EFZRLZCEFZ .

(5.11)

PRECT,R =

Hence, the load resistor R;, the harvester’s capacitor Cgr and the harvester’s voltage
Ver are the freedom degrees, which can be modified in order to maximize the power
output. When dPgecrr/0R;, = 0 the optimal load resistor R;,, can be computed by 5.12.
Therefore, the maximum power Prgcrg,,, can be obtained with R;, , as shown in 5.13.

max opt

On the other hand, Pggcr g increases directly with the increment of Cgr and Vgp.

1
R, =——+—.
wWerCeF

opt

(5.12)
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2
p _ werCerVer
REC TaRmax - 2

(5.13)

In order to test the behavior of the EFEH system under resistive load, an energized
wire (3 wires, Phase-Ground Neutral) was wrapped with an aluminum foil of 30 cm and
different resistors R; were connected between the harvesting electrode (aluminum tube)
and the ground reference, as shown in Fig. 5.8a. The diagram showing parasitic capacitance
between the metallic sheath and the energized wire is shown in Fig.5.8b. The equivalent
circuit of the measurement circuit, shown in Fig. 5.8b, can be reduced by assuming that the
power-line is symmetric. In other words, the capacitors between the surrounding aluminum
sheet and the three wires (phase, ground and neutral) are the same Cpg = Cpy = Cpy.
Furthermore, the parasite capacitors between wires are the same Cys = Cyy. However,
both capacitors do not influence the analysis. According to [152], the measured Cpy is
1.65 pF per unit centimeters of the surrounded power line.

A simulation of the experimental circuit was implemented using the PSIM soft-
ware package. Figure 5.8d shows the simulated results of the available average power,
varying the tube’s length. It is possible to note that the maximum power available in-
creases with the aluminum tube length. However, the harvested power is very low (tens of
microwatts).

The development of experimental tests has several limitations related to the high
input impedance of the harvester and the influence of the measurement systems in the load
system. The input impedance of the harvester’s capacitor at line frequency is in the range
of several Mega-ohms. Therefore, reliable measurements cannot be obtained when the
load’s impedance is lower than the harvester’s capacitive impedance since the load voltage
drop is very low and could be affected by the instrument’s tolerance. On the other hand, the
use of high impedance loads is affected by the impedance of the measuring device. Hence,
modeling the measuring device is imperative to analyze the behavior of the circuit.

Figure 5.8e shows the comparison between theoretical, simulated and experimental
results. It is possible to observe that the theoretical results —solid blue line— have a similar
behavior than simulated results —magenta x— when the measuring device effects are despised.
However, experimental results —green asterisks— have a considerable variation. In this con-
text, a simulation of the experimental circuit, taken into account all the impedances present
in the experimental test was developed. A voltage probe model RP1300H is employed
to acquire the voltage measurements, which technical characteristics are summarized in
Table 5.3. The voltage probe can be modeled as a resistor with a parallel capacitor. The
simulated results —black dash line— shows similar behavior to experimental results.

5.2.1.3 Experimental Validation

The proposed approach performs a two-stage conversion system in order to provide both a
safe voltage and current to the load, as shown in Fig. 5.9a. The equivalent circuit of the
proposed EFEH system and the Norton equivalent are shown in Fig. 5.9b and Fig. 5.9c,
respectively. The first stage is based on a full-bridge rectifier with a smoothing capacitor,
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Figure 5.8: Harvester behavior under resistive load. (a) Schematic diagram of experimental setup;
(b) The depiction of sheath wrapping resultant stray capacitors; (¢) Equivalent circuit of the EFEH
system; (d) Simulation results of available power against load resistance; (e) Experimental
validation results of the proposed EFEH system under resistive load

which rectifies the induced voltage (50 Hz, AC) in the electrodes. The storage capacitor is
of 1 uF in order to reduce the charging time. The system cannot be connected to the load
all the time, due to the fact that the energy transfer rate to the load is much higher than the
power flow from the AC side. In other words, the DC bus is discharged and its voltage
falls. On the other hand, the second stage controls the power transfer between the harvester
and load through the control of switch §;. This stage is focused on the stabilization of the
DC bus voltage and the exchanged power. The operation can be briefly summarized as

follows,

1. The switch S is initially turned off. At this time, the voltage and current in the load
Z; is zero and the energy harvested from the electric field is stored in Cg increasing

its voltage.

2. When the DC bus voltage charges up to a predefined trigger voltage, S| is turned-on
with a pulse. At this time, the power is discharged in Z;, increasing both its voltage
and current in the load and reducing the voltage in the DC bus.

3. Finally, S is turned-off and another energy-pulsed transfer cycle is initiated, generat-
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Table 5.3: Technical specifications of voltage probes used in this work.

Voltage probes Technical Specifications
Bandwidth: DC to 300 MHz
RP1300H Input Capacitance: 5.5pF
Rigol Input resistance: 100 MQ
Maximum Input Voltage: 2000 V
Bandwidth: DC to 100 MHz
TPP010x Input Capacitance: 12 pF
Tektronix Input resistance: 10 MQ

Maximum Input Voltage: 300 V

ing a voltage pulse train in the load.

Figure 5.10a shows the storage capacitor voltage when the electrodes were in contact
or separated 2 cm from the no-load/open circuit AC power line. The distance between
electrodes was of 3 cm and the triggered voltage was of 5 V. Figure 5.10b shows the load
voltage for both previous cases. It is worth noting that the frequency exhibits a variable
behavior in the load voltage (contact: 0.2017 Hz; non-contact: 0.3368 Hz), which depends
on the distance between electrodes. In other words, the harvester powers intermittently the
load.

5.2.2 Energy Conversion

The power output by the electric-field harvester is not in a form which can directly be
used to load circuits. The voltage and current output by the harvester must be conditioned
and converted to a form usable by the load circuits. The low-power management systems
(conditioning and converting circuits) should be capable of extracting the maximum power
available out of the electric field harvester.

5.2.2.1 Voltage-doubler

In low voltage applications, the voltage doubler topology has been highly used. The simple
diode-capacitor circuit consists of only two diodes and two capacitors (harvester’s capacitor
and storage capacitor), as shown in Fig. 5.11a. The output voltage Vpc can be two times
the maximum voltage Vry. In other words, the array of diodes and capacitor works in such
a way that it doubles the input voltage. The voltage and current waveforms associated
with this circuit are shown in Fig. 5.11b. For the purposes of this study, we assume that
the value of Cgs is large compared to Cgr and that the output voltage V¢ is practically
constant. Additionally, the voltage drop across the diode is defined as V. Every positive
half-cycle of the input current can be divided into two regions. In the interval between
t = t,, to t = t,7s the current flows through the harvester’s capacitor Cgr to charge it. Since
both diodes are reverse-biased, the storage capacitor is not charged. This condition occurs
while the harvester voltage Vg is less than the storage capacitor voltage Ve + Vp.

When Vgp is greater than Ve + Vp, interval between ¢t = 1,7, to t = t,, the diode
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Figure 5.9: Schematic diagrams of EFEH. (a) Schematic of two-electrodes concept and the
capacitive voltage divider dispersion; (b) Equivalent circuit of the EFEH system, showing parasitic
capacitances; (¢) Single-capacitor model of an EFEH device.

D, turns on and the harvester’s current flows into the storage capacitor. This condition
continues until the harvester’s current changes the direction. During the negative half cycle
of the sinusoidal input waveform, diode D1 is forward biased and the harvester’s voltage is
—Vp Likewise, the storage capacitor current is zero. The total value of charge available for
the electric field harvester in one period time 7T is given by

4IEF

WEF

27
Ouwr = f Ipr sin (wgrpt)d (Werpt) = = 4CgpVir (5.14)
0

Every positive half-cycle, the harvesters current need to charge Cgr from —Vp, to
Vbe + Vp before diodes turn on. The amount of charge lost every positive half-cycle can be
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Figure 5.11: Voltage-doubler analysis (a) A voltage-doubler circuit to extract power from a electric
field energy harvester; (b) Current and voltage wavesforms for a voltage-doubler circuit connected
to electric field energy harvester.

computed by

Qloss,7+ = Cer (Vpe +2Vp) (5.15)

Due to the fact that the diode does not conduct in a negative cycle, the amount of
charge lost every negative half-cycle can be computed by

27
QlossT- = f Ipr sin (wgpt)d (wept) = 2CppVir (5.16)

The difference between charge available and charge lost every positive and negative
half-cycle represents the charge that flows into the storage capacitor Cg. This can be given
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by

QRECT,T = Qav,T - Qloss,T+ - Qloss,T— = 2C‘EFVEF - CEF (VDC + 2VD) (517)

The energy delivered can be computed by

Erecrr = Orecr7Voe = CerVpe 2Ver — Vpe —2Vp) (5.18)

The cycle repeats at grid frequency frr = wgr/2n. The power delivered to the output
by the voltage-doubler circuit is

Precrvp = CerVpefer QVer — Vpe —2Vp) (5.19)

The output power depends on the rectified voltage in the storage capacitor Vpc. It
is possible to note that at low values of V¢, most of the charge available flows from the
harvester into the output but the voltage is low. On the other hand, if the V¢ is high, very
little charge flows into the output. When 0Pggcr.vp/0Vpe = 0 the optimal voltage rectified
is Vpc,,, = Ver — Vp and the maximum power delivered can be given by

werCepr(Vgr — VD)2
2

(5.20)

PRECT,VD(na) =

Figure 5.12 shows a comparison between theoretical and simulated results. A diode
IN4007 is simulated, whose value of voltage drop is 0.7 V, according to the manufac-
turer.

A cylindrical harvester was used to perform all the measurements reported in this
section. The cylindrical capacitor has a length of 60 cm and is in contact with the insulator
of an energized wire. Figure 5.13 shows oscilloscope waveforms of the output voltage
of the electric field harvester for the different rectifier scenarios. The amplitude of the
open-circuit voltage of the electric field harvester was 103 V for this measurement. It
1s worth noting that the acquired waveforms are consistent with developed analysis. In
addition, it is important to note that the circuit requires barely two electronic components
(two diodes). The maximum power is achieved when V¢ is equal to the maximum value
of the open-circuit voltage. However, the circuit is not efficient in every negative half-cycle
(the current does not flow into the output).

5.2.2.2 Full-bridge rectifier

A full-bridge rectifier, as shown in Fig. 5.14a is one of the most commonly used rectified
systems to convert the electric field harvester AC output into a DC voltage. In this topology,
a smoothing capacitor Cs is connected to the rectifier’s output. For the purposes of this
study, we assume that the value of Cy is large compared to Cgr and that the output voltage
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Figure 5.12: Theoretical and simulated maximum output power considering a voltage doubler
circuit.

Vbe 1s practically constant. The voltage and current waveforms associated with this circuit
are shown in Fig. 5.14b. This topology cannot ensure that the energy always flows from the
electric field harvester to the storage capacitor.

Unlike the voltage doubler topology, the harvester’s current flowing to the storage
capacitor occurs every half-cycle. Initially, the current charges the harvester’s capacitor Cgr
in the interval between ¢ = 1,,, to ¢ = t,¢¢. The current does not flow to the storage capacitor
Cs due to the fact that the diodes are reverse-biased. When the harvester’s voltage Vgr is
equal to the storage capacitor voltage Vpc + 2Vp, the diodes D, and D, are forward-biased.
This condition occurs continuously until the current changes the direction. In the negative
half-cycle, the harvester has a similar behavior. All diodes are initially reverse-biased as
long as the Vgp is less than the Vpe. If Vip is equal to Vpe + 2V)p, the pair of diodes D,
and Dj are forward-biased, and the current flows to the load. Similarly, the total amount of
charge available is given by 5.14.

Every cycle, electric field harvester current has to charge Cgr from —Vpe —2V) to
Vbe + 2Vp and vice-versa before the diodes turn on. The amount of charge lost every cycle
can be defined by

Quostt = 2Cer (Vpe + 2Vp) = (=Vpe = 2Vp)) = 4Cer (Vpe + 2Vp) (5.21)

The charge that flows into the storage capacitor is possible to define as the difference

@guioe Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 77



5.2. ELECTRIC FIELD ENERGY HARVESTING

Vbpc=40V

Vbpc=20V

VDc=0V

oS O O O O
S N O wn
A — —
FT— —T— T Jd o

| | | | |
e

| | | |
= == ==+

| | | | |

[l el e B

| | | |

[ R B |

| | | | |

el " —alsr =

| | | |
S O O O O
S n O n
A —

[— —T— - J —

| | | |

e e

| | | |

- —1— —1— 4 — }

| | | |
L e e

| | | |
= —1— 1= 71~

| | | |
- 71 T T

| | | |

Vpc=100V

Vbpc=160V

Vbc=140V

Figure 5.13: Measured waveforms of the output voltage across the electric field harvester for the

voltage-doubler case

78

Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering

TRONICA

gz



5.2. ELECTRIC FIELD ENERGY HARVESTING

Tep Igp
rEE Harvester . Furll_-b_rigig_e_Rgcﬁtiﬁer 0 t
! - DST—1Ve
| | | Dl | ' H ' ' ' '
| | I M | —IEF ' 1 ' ' 1 y :
| | ! ' ! 1 1
| ——CEFgREFI VEr | D, , —Cs P Lo P Lo
17 | —|< |_ ' ' | H ' H H H
EF I : D3 : Vpc+2Vp (-~ N GACCECEET EEEEE — .
. . s ey /_\ o
| | | v ' ' H | ' ' : ,
e 3 L LG AL S ' ' H H 1 i H H
0 Ton toff In f : : 5 t
-Vpc2Vp o) :
(a) (b)

Figure 5.14: Full-bridge analysis. (a) A full-bridge rectifier circuit to extract power from a electric
field energy harvester; (b) Current and voltage wave-forms for a full-bridge rectifier circuit
connected to electric field energy harvester.

between charge available and charge lost. This can be given by

QRECT,T = Qav.T - Qlost,T = 4(:EF (VEF - VDC - 2VD) (522)

The energy delivered can be computed by

ERECT,T = QRECT,TVDC = 4CEFVDC (VEF - VDC - 2VD) (523)

The cycle repeats at grid frequency frr = wgr/2n. The power delivered to the output
using the full-bridge rectifier circuit is

PRECT,VD = 4'CEFVDCfEF (VEF - VDC - 2VD) (524)

When dPrecr rs/0Ve, = 0 the optimal voltage rectified is Vpc,,, = Ver/2 — Vp.
The maximum power that can be obtained using the full-bridge rectifier, considering ideal
diodes is given by

wWerCrpr(Ver — 2VD)2
2n ’

(5.25)

P RECT,FB(max) —

Figure 5.15 shows a comparison between theoretical and simulated results. A diode
1N4007 is simulated, whose value of voltage drop is 0.7 V, according to the manufac-
turer.

To validate the full-bridge rectifier, a cylindrical harvester was used, whose length is
60 cm and was located in contact with the insulator of an energized wire. The harvester has
an open-circuit voltage of 103 V in this application. Figure 5.16 shows oscilloscope wave-
forms of the output voltage of the electric field harvester for the different full-bridge rectifier
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Figure 5.15: Theoretical and simulated maximum output power considering a full-bridge rectifier.

scenarios. Unlike to voltage doubler circuit, full bridge rectifier needs two additional diodes.
However, the maximum power that can be extracted is the same as that obtained using a
voltage-rectifier circuit. In addition, full-bridge rectifier reduces the maximum voltage to
half. Since the full-bridge rectifier operates two times every cycle, the amount of charge
lost is reduced.

5.2.2.3 Parallel switch-only rectifier

The theoretical analysis of the voltage doubler and the full-bridge rectifiers shows that both
these circuits can deliver the same amount of maximum output power. The main difference
lies in the fact that the voltage doubler provides two times the maximum voltage (maximum
power) and only needs two diodes. However, both circuits present high losses related to
the charging and discharging of the harvester’s capacitor, constraining the capability of
harvesting the maximum available power.

As shown in Fig. 5.17, the parallel switch-only rectifier merge both circuits by adding
a bidirectional parallel switch §; to a traditional full bridge rectifier in order to harness the
advantages from the previously analyzed rectifiers: (i) the full-bridge, the current flows
into the output load every half-cycle and (ii) the voltage-doubler has a parallel-diode that
helps in the pre-discharging of the harvester’s capacitor to the ground.

In the beginning, the switch S is turned off and the circuit functions similarly to
the full-bridge rectifier. In other words, the harvester’s current flows into the harvester’s
capacitor to charge it. When the Vg is equal to Vpe + 2Vp, the harvester’s current flows to
output. The zero-crossing of the harvester’s current briefly turns on the S, discharging the
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Figure 5.16: Measured waveforms of the output voltage across the electric field harvester for the

full-bridge case
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Figure 5.17: Switch only rectifier analysis. (a) A switch-only rectifier circuit to extract power from
a electric field energy harvester; (b) Current and voltage wave-forms for a switch-only rectifier
rectifier circuit connected to electric field energy harvester.

harvester’s capacitor to ground. Therefore, the current only has to charge up the harvester’s
capacitor from O to = (Vpc + 2V)p) before it can flow into the load. The amount of charge
lost every cycle is defined by

Qloss.t = 2Cer (Vpe +2Vp) (5.26)

The total charge that actually flows into the storage capacitor Cy is computed by the
difference between the total charge available and the charge lost,

QRECT,T = 2C'EF (ZVEF - VDC - 2VD) (527)

The power delivered to the output using the parallel switch-only rectifier circuit is

PRECT,PSO = 2CEFVDCf (2VEF - VDC - 2VD) (528)

When 0Precr.r/0Ves = 0 the optimal voltage rectified is Vpc,,, = Ver — 2Vp. The
maximum power that can be obtained using the full-bridge rectifier, considering ideal
diodes is given by

werCepr(Vgr — 2VD)2

PRECT,PS Opax = . (5.29)

It is possible to observe that the parallel switch-only rectifier provide two times the
amount of maximum power that was provided by the full-bridge rectifier or voltage-doubler
circuit. In addition, the optimal rectifier’s voltage is equal to the voltage-doubler analysis,
as shown in Fig. 5.18.
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Figure 5.18: Theoretical and simulated maximum output power considering a parallel switch-only
rectifier.

5.3 Maximum power transfer based on power-line cou-
pling

The harvester’s output power increases both with the value of the harvester’s capacitor
and the square of the harvester’s voltage for the previously analyzed cases. Therefore, the
design of efficient harvesters and the selection of effective energy conversion strategies
are important elements in the attainment of the optimal power. This section presents the
analysis of the power available as a function of the capacitive coupling designs.

5.3.1 Power-line Coupling

As shown in Section 5.2, the available energy is mostly limited, mainly, in low-voltage and
non-contact applications. Since the amount of energy consumed by the wireless sensor
node is related to its lifetime, the use and development of high-performance systems in each
sensor node stage is a necessity. In this context, the new technologies should be focused
on the usage and development of ultra-low power, high-performance micro-controllers,
low-loss regulators, and efficient embedded systems. It is also essential to enhance both
energy harvesting and energy storage capabilities.

The objective of this section is to provide an empirical study of the geometric
design of electric-field harvesters and their influence in the harvesting process. Three
configurations including two traditional topologies and one multi-layer structure were
analyzed.
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Figure 5.19: Two-plate topology analysis. (a) Low-voltage EFEH concept; (b) Charging pattern of
the storage capacitor Cg with respect to the attached loads

5.3.1.1 Two-Plate Topology

The two-plate topology has several advantages, mainly in non-contact applications. This
technology can be used in mobile applications, where the device is able to change its
position. The principle EFEH can operate on even a no-load/open-circuit AC power line. In
such a case, the two-plates harvester may be an outstanding technology to operate wireless
sensor nodes without constraints. The corroborative results are shown in Fig. 5.19b, where
the voltage gathered increases evenly both in open-circuit and energized power-lines. This
advantage makes those electric-field harvesters are an attractive option to energize circuit
in power system environments.

The material that forms the harvester’s electrodes directly influences on the maxi-
mum power available, as shown in Fig. 5.20a. The experimental findings show that the
performance of copper electrodes is better than aluminum electrodes because the harvesting
performance is directly associated with the electrical characteristics of the material. The
measurement results show that copper outperforms aluminum by collecting more charges,
approximately 30% more, in the same charging cycle. This improvement can be exploited
in order to reduce the energy transmission process between the harvester and the loading
system. On the other hand, the measurement results in Fig. 5.20b and Fig. 5.21a show that
the power available depends on the harvester’s length and the distance between electrodes
and power-line. It is possible to see that there is a reduction of more than 80% when the
electrodes are separated to the power line at 3 mm. However, the energy reduction is fast to
the first centimeters and it becomes slow in accordance with the increment of the distance
between the harvester and the power-line, as seen in Fig. 5.21b.

5.3.1.2 Cylindrical Topology

In the literature, the most common configuration of the electric-field harvester is based on
the cylindrical topology. An important advantage is related to its tubular geometry, which
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Figure 5.20: Two-plate topology analysis. (a) Charging pattern of the storage capacitor Cs with
respect to electrode material; (b) Charging pattern of the storage capacitor Cs with respect to
aluminum plate length, under the open-circuit condition.

enables to easily adapt the device to the power-line. In middle/high voltage applications,
this characteristic causes important constraints, due to the fact that the mechanism is directly
mounted on the power line, requiring more sophisticated protection systems. In low-voltage
applications, the main restriction is related to energized wires distribution at home, and the
possibility of accessing to them.

To evaluate the performance of the cylindrical topology, the experiment, shown in
Fig. 5.22a, was developed. A variable section of the energized wire (3 wires, Phase-Ground-
Neutral) was wrapped with aluminum, creating a cylindrical structure. The main objective
of the model is to drain /; and collect the charges in the storage capacitor Cs. The storage
capacitor is of 1 uF in order to reduce the charging time. The analysis was developed
under no load (open circuit condition). The empirical findings show that harvesting
considerably more energy depends on the harvester’s length, as shown in Fig. 5.22b. The
measuring results in Fig. 5.22b show that a harvester of 30 cm out-performs a harvester of
7 cm by collecting more charges, approximately 100 percent more, in the same charging
period.

5.3.1.3 Multi-harvesters based on cylindrical topology

As Fig. 5.22b suggests, the harvester’s length should be increased as much as possible
to extract more power from the electric field. However, this is often impractical due to
the fact that energized wires are not fixed and may be distributed quite irregularly in the
homemade. As a solution, the harvester may be split into several smaller harvesters, which
can be independently connected to the energy conversion system, as shown in Fig. 5.23a.
This configuration aims to maintain the amount of available energy, as shown in Fig. 5.23c.
However, the main disadvantage is related to the wiring between the harvester and rectifier
circuit, which significantly increases, and sometimes is unfeasible.
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Figure 5.21: Two-plate topology analysis. (a) Comparison of the maximum voltage Vpc based on
distance to power-line; (b) Charging pattern of the storage capacitor Cs with respect to the
power-line distance, under the open-circuit conditions.

Therefore, the configurations based on a horizontal increment of the harvester’s length
are not always applicable because of previously analyzed limitations. These constraints
inspire the idea of vertical expansion instead of horizontal increment. With this aim, a
multi-layer configuration was developed, as shown in Fig. 5.23b. Figure 5.23d shows the
charging pattern on the storage capacitor Cs of the multi-layer harvesters. It is possible
to note that the double-layer harvester collects more than 47% of the voltage collected
by the single-layer harvester. In other words, the double-layer concept has an increment
of 118% in the stored energy in Cs. Therefore, the empirical results show that the multi-
layer harvester can harvest considerably more energy with reduced volume. Although
the energy increases with the number of layers, the empirical findings show that n-layers
configuration does not have a significant impact on the available energy regarding the
double-layer harvester. Finally, based on the amount of material used, it is possible to
observe a reduction of 50% in the stored energy by the double-layer harvester.

5.3.2 Energy Harvested Based on Electrode Separation

The storage capacitor’s charging time may vary depending on the electric field distribution
and the positioning of electrodes. In other words, the system delivers power to the load with
a variable frequency. This frequency is related to the power stored in the electrodes and the
charging current of the storage capacitor. Figure 5.24a shows the behavior of the storage
capacitor’s power when the device varies the electrodes separation in three different electric
field distributions. Both the power and current of the storage capacitor in the charging
stage have similar behaviors and vary depending on the electrodes separation for each test.
The results are shown in Fig. 5.24b and Fig. 5.24c, respectively. Figure 5.24d shows the
stored energy for one time period, all cases show a similar behavior due to the experiment
characteristics. However, despite the similar results the frequency varies.
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Figure 5.22: Cylindrical topology analysis. (a) Low-voltage EFEH concept; (b) Charging pattern
of the storage capacitor Cs with respect to aluminum tube length, under the open-circuit condition.

The power obtained from the harvester depends on the separation of the electrodes
and the electric field distribution. This section analyses the effect of resistive loads on
the power transfer as a basis for understanding the system under loading. In addition, we
provide the main conditions for power transfer maximization, analyzing a general case
(an electronic converter is the load). The steady state AC circuit analysis of the capacitor
divider shown in Fig. 5.9c was performed with a resistor R connected between electrodes.

The average delivered power P, is given by

P RLw,2Ce? Vg 2 (5.30)
1+ w, 2R *(Cpy + Coy)
where,
C., = (Cgs1+ Ceni + Cps1) (Cgso + Cong + Cpsy)
Cos1+Coni + Cpsy + Cgsy + Cony + Cpso
Veg = Viine Crs, : Crs, )
Cps, + Cgs, + Con,  Cps, + Cgs, + Con,
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Figure 5.23: Multi-harvesters based on cylindrical topology: Multi-layer and Multi-electrodes
(a-b) Low-voltage EFEH concept; (¢) Comparison of single, double-layer and double-electrodes
formations, under no load condition; (d) Charging pattern of the storage capacitor Cs with respect
to aluminum tube length, under the open-circuit condition.

Capacitors Cgs;, Coy; and Cpg; depend only on the geometry of the harvester as
observed in (5.5). Regarding to Cy, although its minimum value depends on the geometry
of the harvester, any element connected across its terminals affects the capacitance, thus
it cannot be considered constant. Hence, the load resistor R and the capacitance of the
harvester Cy are the freedom degrees for a fixed line-to-ground reference voltage V..
In addition, the resistors could be replaced by a set of different electronic converters (e.g.
diode, bridge, DC-DC converter). Therefore, it is necessary to find the maximum power
point, by varying the freedom degrees.

Depending on the electric field distribution and the positioning of the harvester
Cy, the storage capacitor charging time can vary. In other words, the system delivers
power to the load with variable frequency. This frequency is related to the power stored in
the electrodes and the charging current of the storage capacitor. Figure 5.24a shows the
behavior of the storage capacitor power when the device varies the electrodes separation in
three different electric field distributions. The power and current of the storage capacitor in
the charging stage have a similar behavior, and vary depending on electrodes separation for
each test. The results are shown in Fig. 5.24b and Fig. 5.24c¢, respectively. Figure 5.24d
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Figure 5.24: Experimental results of capacitive harvester located on different electric fields. (a)
Experiment schematics; (b) Storage capacitor current; (¢) Load power; (d) Energy in one period.

shows the stored energy for one time period, all cases show a similar behavior due to the
experiment characteristics. However, despite the similar results the frequency varies.

5.3.2.1 Maximum Power Point Tracking

The modeling of an electric field harvester (Cgr and igr) and the calculation of the electric
induction caused by a source from the electric field is extremely complicated because
the feasibility to determine the maximum power point (MPP) is limited by the electric
field irregular distribution. In this context, a variation of a Perturb and Observe (P&O)
algorithm is proposed, which allows finding the maximum power point in a fast and simple
manner. The proposed P&O algorithm measures the voltage v, and the current i¢, in
the storage capacitor Cs in each instant time during a period. With this information, the
algorithm estimates the instantaneous power and computes the average power. However,
the measurement of the charging capacitor current is highly complex due to the fact that
this current is very small (tens of nA). As a solution, the algorithm estimates the capacitor’s
current using the measured voltage and the Taylor approximation, as follows,

ves (k) —veg (k—1)

) =
icy (k) = Cg X AT

(5.31)
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where Cs is the capacitance of the storage capacitor, v, (#) is the storage capacitor voltage
at time k and AT is the time between two measurements.

Although the voltage rectified V¢, has exponential growth, it is possible to consider
as a linear voltage in the full-bridge rectifier case, due to the fact that the maximum power
point for the full-bridge rectifier is given at is V¢, ot = Ver/2 — Vp. In this case, it is worth
noting that the storage capacitor’s current is proportional to the time between two energy

transfer cycles i¢, (k) = i‘—‘T, where k; is a constant value and AT is the time between two
energy transfer cycles. In addition, the variation of the power also directly depends on the
frequency P = ﬁ—ZT, where k; is a constant value and AT is the time between two energy

transfer cycles. Depending on the average power, the device runs the corresponding action
in electrodes. The procedure to find the MPP is summarized in general Algorithm 1.

Algorithm 1 Maximum power point tracking
: Set the value of the perturbation AA = 0.25 cm

—_—

2: while S =0do
3: Measure the capacitor’s voltage v (k)
4: Estimate the capacitor’s current using ic, (k) = Cs %TCIS(H
5: Compute the instantaneous capacitor’s power as p (k) = v, (k) icg (k)
6: end while
7: Compute the average power P (k) = ﬁ OAT p () dt
8 if P(k') > P(k’ — 1) then
9: if A(K’) > Ak’ = 1) then
10: A" (K)=AK - 1)+ AA
11: else
12: A" (K)=AK —1)- AA
13: end if
14: else
15: if A(K’) > Ak’ — 1) then
16: A*K)Y=AK - 1)-AA
17: else
18: A*(KY=AK - 1)+ AA
19: end if
20: end if

Briefly, the line of code (1) sets the perturbation step value AA, which is selected
by analyzing the maximum oscillations around the MPP and the speed of convergence.
Reducing the perturbation step size minimizes the oscillations. However, a small perturba-
tion step reduces the algorithm’s convergence speed. Lines of code (2)—(6) compute the
instant output power between two energy transfer cycles. The MPPT algorithm periodically
increments and decrements the separation between harvester plates. Lines of code (7)-(20)
analyze the effect of perturbations in the output power. If a defined perturbation leads to
an output power increment, then the next perturbation is applied in the same direction.
Otherwise, if a given perturbation leads to an output power reduction, the subsequent
perturbation is applied in the opposite direction. Once the system determines the MPP,
the algorithm calculates the trigger voltage under these conditions and the servomotor is
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Figure 5.25: Power harvested with the proposed approach. The system is located at 2 cm from the
wires.

disconnected. The behavior of the system, when the device is located at 2 cm is shown in
Fig. 5.25. It is possible to note that the P&O algorithm once it detects the maximum power
point, keeps oscillating around this point, due to the automatic variation of the separation
between electrodes.

To verify the feasibility and measure the performance of the two-electrodes harvesting
system, a system based on EFEH concept was prototyped. Unlike the predecessor device
used to validate the concept, the new prototype has two mobile plates controlled by a
servomotor. This characteristic provides more flexibility and robustness to the sensor
against electric field variations. Figure 5.26 shows the sensor behavior when it is placed at
a fixed position and change the electric field around it. We selected AA = 0.25 cm since
the system should be able to achieve the MPP in the shortest amount of time. If we select
AA < 0.25 cm, the system could remain enclosed in a local maximum, thus impeding the
MPP detection or increasing its detection time. Otherwise, if we select AA > 0.25 cm,
there is an increase in the possibility that the system cannot detect the maximum due to
high variations.

The storage capacitor’s voltage is shown in Fig. 5.26a. It is possible to note that
the voltage oscillates between 1.1 V and 5.5 V due to the charging and discharging of the
capacitor. An important disadvantage is related to negative storage capacitor currents that
are related to noise effects. In this context, we filtered the current in order to reduce this
phenomenon, as shown in Fig. 5.26b. Electric field variations affect the harvested power
as shown in Fig. 5.26d, the system addresses this problem by adjusting the separation
between electrodes, as shown in Fig. 5.26c¢. It is possible to note that the system extracts
the maximum power all the time, as shown in Fig. 5.26d.
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Figure 5.26: Power harvested with proposed approach. The system is located at different distances
from the wires. (a) Storage capacitor voltage; (b) Storage capacitor current; (¢) Separation between
electrodes; (d) Power harvested.

5.4 Contributions

This chapter presented a comprehensive review of electric field energy harvesting proposal
and focused on how to implement and optimize existing methods on low-voltage to enable
self-sustainable smart drones and smart houses. A low-power design methodology to reduce
power dissipation and to increase the harvested power, and corresponding guidelines have
been providing for the design of a more enhanced harvesting procedure. In addition, this
chapter presented the analysis of the maximum power available for different energy man-
agement circuits (full-bridge, voltage doubler, and parallel switch-only rectifier). Likewise,
the impacts of the capacitive coupling design in the extracted energy. Experimental results
imply that the electric field energy harvesting is a promising solution to built wireless
sensor nodes with greater longevity, higher robustness, larger throughput, and improved
flexibility, which opens up the potential of distributing more sensors and enabling more
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parameters to be gathered conveniently. In addition, a novel two-plate harvester provided
with a mechatronized maximum power point system was presented. The system harvests
the electric field around an energized wire. Experimental results imply that the proposed
system is capable of positioning the electrodes in such a way that the device can work in
the maximum power point, independently of the electric field distribution.
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Chapter 6
CONCLUSIONS AND FUTURE WORK

6.1 Conclusion

The monitoring of power system asset —including conductors, protection systems, towers,
transformers, and other electrical devices— plays a key role to address the growing need
for sustainable energy worldwide. Despite their commercial immaturity, robots used in
power systems are well positioned to serve both niche (e.g. inspection and maintenance of
transmission lines) and more generalized applications. This thesis presented a meticulous
analysis and several applications of robotic perception in for characterization, autonomous
navigation, and self-sustainability in power system applications. The review of state-of-the-
art enabled us to establish the main links and gaps between power systems and robotics, as
well as, the most important challenges of the power system robots focused on inspection
and maintenance practices.

Power system robotics can be equipped with a variety of advanced sensors (e.g. cam-
eras, LIDAR, and dedicated sensors), which collect an assortment of data simultaneously.
The robot must be capable of interpreting and characterizing the most representative arti-
facts associated with the power system functionalities using provided information by these
sensors. To this end, a photovoltaic module fault diagnosis algorithm based on infrared
thermography was proposed and experimentally assessed. The two-stage algorithm is able
to detect hot-spots associated with PV-module failures and to eliminate false hot-spots
in a suite of visual and infrared images acquired with a commercial thermal camera. On
completion of the analysis, the system returns a 3D thermal and visual characterization of
the PV-structure studied. Field testes enabled to validate the proposed system as a novel
tool to assess the condition of modules with noninvasive sensors. The experimental findings
showed an accuracy of 94.05% in the detection of PV-modules. On the other hand, the
algorithm had an accuracy of 94.19% in the detection of hot-spots. Likewise, the proposed
diagnostic approach can improve existing methods in 12% of effectiveness.

An important characteristic of robotic platforms used to monitor power systems is
the capacity of performing inspection and maintenance practices in extreme situations, in
which other methods cannot be used. However, the electrical environment can affect several
sensing systems (e.g. GNSS), affecting critical processes such as navigation or localization.
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This thesis has addressed this issue through the development and experimental validation
of a visual-based navigation system for transmission grid inspection UAVs. The system
incorporates a novel algorithm that determines the drone’s position through the analysis of
geometrical patterns associated with power-lines. Due to the fact that the proposed system
analyzes the geometric patterns of power-lines, the previous training is not necessary.
Among the other methodologies proposed in the literature for this application, the main
contribution in this topic is the use of a low-cost sensor to get high accuracy targeting rates
(approximately 91.44%) using a medium training data-set. Likewise, experimental results
showed that the localization achieves a very high precision regarding transmission lines.
The worst studied cases showed an error of 1.5 cm and 71 cm in laboratory and field test
respectively. In terms of RMSE, significant improvements are achieved using the hybrid
approach. The worst analyzed test showed an error of 27 cm.

On the other hand, the robotic platform must be capable of running during long
working periods and do it autonomously. Among the most notable challenges, the energy
constraints can be placed at the top. This thesis addresses this challenge through analysis
of the electric field energy harvesting methods, focusing on the fundamental conditions for
the optimization of the power extracted from an EFEH system. A novel methodology and
corresponding guidelines have been provided for the design of more enhanced harvesting
procedures based on capacitive coupling and rectifier improving. From the research
regarding electric field energy harvesting, the most outstanding benefits obtained from
theoretical, simulation and experimental evaluations are:

e The theoretical analysis has identified that the electric field harvester functions as
an AC high impedance current source. The proposed model was validated through
simulations and field tests.

e Electric field energy harvesting is the only technology that has the capacity of
functioning both in open-circuit and energized power lines. Experimental findings
showed that a cylindrical harvester (20 cm length) can store 7 mJ in approximately
5 minutes. On the other hand, a two-plate harvester (20 cm of side) can store 5 mJ in
the same period of time. This energy can be used to intermittent power an ultra-low
power wireless networking chipset.

e The amount of power available in for an electric harvester is related to its size.
Because of the design and assembly constraints, the vertical expansion appears
as a viable solution for more powerful harvesters. Empirical results showed that
harvesting more energy with reduced volume is practically attainable.

e The empirical findings showed that a two-plate harvester (7 cm of side) in contact with
the energized power line outperforms another one separated 3mm to the energized
wire by collecting more charges, approximately 80%. In other words, contactless
applications reduce considerably the power available.

e The merit of using electric field harvesters as a reliable power supply depends
on the implementation of low power management strategies. The three topologies
proposed in this Thesis (full-bridge rectifier, voltage-doubler, and parallel switch-only
rectifier) showed that the maximum power available is a direct function of the storage

gg=w Universidad Técnica Federico Santa Marfa, Department of Electronic Engineering 95



6.2. FUTURE WORK

capacitor’s voltage. The main advantage of full-bridge rectifier topology is that the
current flows into the load every half-cycle. Both full-bridge and voltage-doubler
topologies can provide the same maximum power. However, the power output by a
voltage doubler circuit reaches a maximum at twice the value of the maximum for a
full-bridge rectifier. Furthermore, the voltage-doubler topology reduces the number
of diodes by two and also shares a common ground with the electric field harvester.
Parallel switch-only rectifier takes advantage of the main characteristics of these two
topologies, increasing the maximum output power available two times.

o A novel electric field harvester was proposed. The system incorporates a maximum
power point tracking algorithm based on distance separation between electrodes.
Experimental results showed that the proposed system is able to position the plates
in such a way that the device can work in the maximum power point, independently
of the electric field distribution.

6.2 Future work

Despite achieving acceptable results and the ongoing research activities in robotic platforms
in power systems, there are still several open points which have to be covered in future
research work. The most important points in the context of this Thesis are as follows,

¢ Robust inspection

The algorithms based on the use of geometric patterns to determine the PV-surface
are fast but sometimes can return erroneous results. The proposed methodology can
be extended using Semantic segmentation algorithm based on convolutional neural
networks (CNNs). However, the use of CNNs requires more complex processing sys-
tems and extended database. On the other hand, the use of other camera technologies
(multispectral and/or hyperspectral) can improve the hot-spot detection algorithm.
Regarding the 3D characterization, the static mounting designed for this thesis is an
important limiting aspect. The new versions must be mounted on robotic systems in
order to evaluate the behavior under movement threats (blurring, vibrations, etc.).

e Improvement navigation

A navigation strategy of an UAV consists of two stages: (i) Power line detection
and (ii) Electrical tower detection. Regarding to the first objective, an important
constraint of the visual system is related to lighting conditions. The system cannot
operate at night. In this context, the use of thermographic cameras could improve the
drone’s perception under reduced vision conditions. On the other hand, the algorithm
must be extended in order to detect transmission lines with other distributions. To
this end, the variation of Hough transform or other machine learning algorithms can
be used. The second goal can be performed using deep learning algorithms. Current
studies have demonstrated that an algorithm based on Support Vector Machines and
YOLO Neural Network has a very high accuracy in the electric tower detection.

e Electric field energy harvesting conversion system
Although the chapter on electric field energy harvesting presented new rectifier
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6

3

techniques to improve power obtained from the harvester, the development of a
maximum power point tracking algorithm based on the theoretical analysis has
not been implemented. The design and implementation of this circuit could be an
interesting future application. Likewise, the development of management energy
circuits that are capable of working with small electrodes is an open challenge.
The current empirical advances related to this topic have shown that the use of
bidirectional switch connected in serial connection with the harvester increases the
output power available in 12%.

Summary of Contributions
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