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Abstract

This PhD thesis describes the evolution of an autonomous monitoring system
for continuous on-line icing condition monitoring of the surface of high-voltage
overhead power transmission lines. Continuous monitoring is required since
icing events are hard to predict, occur rarely and very locally but can cause
severe damages. On-line information on the icing status is useful to trigger
countermeasures. The desired autonomous monitoring system consists of a
capacitive energy harvesting system, a capacitive icing detection system and
the related data transmission circuitry. In both laboratory and field tests, the
functionality of a test device was successfully tested. It could be shown that
capacitive icing detection can be employed in the vicinity of a high-voltage
conductor and that the harvested energy allows the use of commercial radio
networks as main measurement data transmission channel. In addition to
that, the capacitive measurement principle was implemented in an industrial
measurement device for condition monitoring of overhead power transmission

lines.






Zusammenfassung

Diese Arbeit beschreibt die Entwicklung eines autonomen Uberwachungssys-
tems fiir die kontinuierliche Aneisungserkennung an der Leiterseiloberfliche
von Hochspannungsfreileitungen. Die kontinuierliche Zustandsiiberwachung ist
notwendig, weil Aneisungsereignisse schwierig vorauszusagen sind, selten und
rdumlich stark begrenzt auftreten und gleichzeitig schwere Schiden verursa-
chen koénnen. Die aktuellen Informationen iiber Aneisungsereignisse am Lei-
terseil dienen der zeitgerechten Einleitung von Gegenmafnahmen. Das ge-
suchte autonome Uberwachungssystem besteht aus einem kapazitiven Energy
Harvesting-System, einem Messsystem zur Erkennung von Eisschichten basie-
rend auf kapazitiver Sensorik und einer Dateniibertragung zu einer Basisstation
per Funk. Sowohl in Labor- als auch in Feldversuchen konnte die Funktiona-
litdt erfolgreich gezeigt werden. Die durch das kapazitive Energy Harvesting
bereitgestellte Energie ist ausreichend, um die Daten iiber kommerzielle Fun-
knetzwerke (z.B. GSM) und somit ohne zusitzliche Repeater zu iibertragen.
Weiters wird der Betrieb kapazitiver Messtechnik im Bereich starker elektri-
scher Wechselfelder demonstriert. Das Sensorprinzip wurde dariiberhinaus in
einem industriellen Produkt zur Uberwachung des Zustandes von Freileitungen

implementiert und an einem Priifstand getestet.
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Chapter 1
Introduction

At the beginning, a short overview on the topic is given, followed by the
author’s motivation for carrying out this PhD work. Section 1.3 defines the
problem and presents the aims of this work. Section 1.4 describes the novel
concept pursued in this work - an integrated autonomous measurement device.
Section 1.5 briefly explains the fields of research. At the end of this chapter,
Section 1.6 lists articles which the author and his co-authors published during

this work.

1.1 Overview

Distribution of electric energy by means of high-voltage overhead lines is a
standard technique due to low installation costs, reasonable maintenance costs
and long operational times (typically several decades). Due to the exposure
to the environment, several factors causing possible damages have to be taken
into account. For instance, the distance between the line and the objects in
the vicinity (the so-called line sag) may change, for example, due to growing
trees or temperature expansion, snow or ice deposition. In order to maintain
safe operating conditions, power lines need to be inspected in regular intervals.
This so-called “condition monitoring” is usually done by means of on-ground
and helicopter-aided inspection. As this is time-consuming and comparatively
costly, the intervals between inspections usually are in the range of months or
years. Of course, this is a suitable interval for parameters that only change

notably within that time such as tree growth. Meteorological conditions (pre-



cipitation, ice, snow, wind, high or low temperatures) however, can change in
orders of magnitude within hours or even minutes. Especially, the combination
of low temperatures (within a specific range), high air humidity or precipita-
tion and wind can lead to ice accumulation at the conductor surface. This is
the phenomenon called “atmospheric icing”, which is hard to predict, occurs
locally and rarely but potentially poses heavy problems to the power lines as
the transmission towers have to bear the additional weight. The additional
weight can lead to the collapse of transmission towers or the destruction of the
entire transmission line, causing danger for passersby, economic losses due to

interruption of power supply and enormous costs for re-building.

1.2 Motivation

In order to give an impression of the range of possible damages due to ice
accretion on the conductor rope, this Section provides a short list of example
events, all of them within the recent 15 years.

One of the worst occurrences was an ice storm in eastern Canada and the
US in January 1998. Super-cooled rain droplets freezing at cold surfaces (so-
called freezing rain) led to a quick buildup of thick ice layers. In the province
of Québec, 3 million people were affected for up to 5 weeks, when more than
150 transmission towers collapsed due to the weight load of the ice [11]. As a
consequence, several people died, mainly because of lacking electrical energy
for heating [12].

From December 2004 to February 2005, a large-scale icing event affected
700 million people in the Chinese provinces of Hunan, Hubei and Chongqing.
In total, more than 1000 ice accidents were recorded in China since 1954 and
occurred more frequently in the recent past due to the fast economic growth
of the country [13].

Between November 24 and 27, 2005, a heavy snow storm hit the region of
Muensterland in Germany. While the air temperature ranged around 0°C, wet,
and therefore heavy snow coincided with high wind speeds, thus accreting thick
wet snow layers to the conductor ropes. Besides effects at surfaces like roads
(causing more than 1200 car accidents) and trees (breaking and damaging

power lines), a total of 83 transmission towers collapsed due to the weight of



the accreted snow. Based on photographs, diameters of wet snow accretions
in the range of 15 cm were estimated, corresponding to a maximum wet snow
load of approx. 50 N/m according to [14]. 250000 residents were affected for
up to 4 days.

On March 5, 2006, snow load on conductors caused ground short circuits
on multiple lines in the surroundings of Ljubljana, Slovenia. Due to the cir-
cumstances, a 110 kV line faced both additional current and snow load which
caused the line sag to increase until the line touched the ground. The power
line was later automatically re-connected to the grid, started to melt down the
ice layer due to the continuous ground connection and broke. The simulation
of the snow load yielded a layer of approx. 30 mm with a density of 0.6 [15].

The ice storm in southern China in early 2008 was among the most severe
events in he last few years. More than 7500 transmission lines above 10 kV
were out of service in 570 counties of 13 provinces in southern China. This
event was recognized to be the most serious ice accident since 1937 and in total
over 2000 transmission towers being part of power lines with a system voltage
equal to or above 220 kV collapsed. Thereof, nearly 900 transmission towers
were totally destroyed [16].

On January 27-28, 2009, four 110 kV transmission towers of an important
line were lost in a rime icing storm in northern Slovenia. More than 50 cm
of snow caused interruption of supply. The redesign and reconstruction works
needed 30 days to be completed [17].

On May 4, 2011, the temperature went down to 0°C together with snow,
heavy fog and frost in south-western Poland. About 100000 people suffered
from power outages due to power lines caused by falling trees, for example, in
Walbrzych and Wroclaw.

Summing up the above: these events occur rarely but cause big damages.

1.3 Problem Statement and Aim of this Work

Unobserved icing on power lines causes the following problems:

e Increasing line sag, which reduces the safety distance towards the envi-

ronment.



e Formation of thick ice layers, which are very difficult to cope with (lines

have to be taken off the grid and de-iced manually).

e Changes in the dynamics of a transmission line [18], for example, so-
called aeolian vibrations, wake-induced oscillations and galloping of con-
ductors; all of them induced due to the changes in aerodynamic proper-

ties, causing mechanical stress.

e In severe cases, heavy damages and/or destruction of entire power lines

occur, for example, due to material fatigue.
e Reduction of supply reliability.

e Limited applicability of so-called dynamical thermal rating (DTR) due
to falling ice chunks. For transmission lines, dynamical thermal rat-
ing describes the maximization of the current while not threatening the
health of the equipment by exceeding certain temperature limits. In the
presence of ice, an increased conductor temperature may lead to faster

melting processes.

Hence, it is the interest of electric supply companies who operate power
transmission lines in endangered areas to avoid the accumulation of ice or de-
tect as soon as possible in order to take adequate precautions like, for example,
thermal de-icing (details on de-icing can be found in Section 2.3.2). This in-
terest is extended to any company or consumer who by their nature strongly
depend on the stability of the power grid.

Therefore, the aim of this work is the design and realization of an icing
detection system for operation at high voltage over-head power transmission

lines fulfilling the following requirements:

e Detection of ice at small thicknesses at the surface of a power line or as

close to the line surface as possible to allow for early counter measures.

e High measurement accuracy and repeatability with respect to the detec-

tion of ice.

e Autonomy from external power supplies, i.e. implementation of a suited

energy harvesting technique.



e Data transmission to a central database collecting information from mul-
tiple measurement devices, for example, over a wireless communication

path.

e Mechanical and electrical robustness against the harsh environment (High
Voltage (HV), Alternating Current (AC) electric and magnetic field, win-

ter weather conditions).
e Maintenance intervals in the range of several years.

e Realization of test devices for laboratory and field tests.

1.4 Novel Concept and Outline

Figure 1.1 depicts the basic block diagram of the proposed system.

Capacitive Capacitive
Energy - Icing
Harvesting Detection

Dat =
ala r ~4 Host Computer
Transmission  jocccceea y/

Figure 1.1: Block diagram of the proposed measurement system, comprising capac-
itive energy harvesting, capacitive icing detection and data transmission circuitry,
which transmits the icing data to a base station or remote host computer. Black

arrows indicate energy supply paths while white arrows indicate data paths.



The system comprises the following components:

e An energy harvesting system, i.e. the implementation of a suitable en-
ergy harvesting technique is required to ensure autonomy from external
power supply or batteries, thus providing maintenance intervals in the
range of many years. Chapter 4 explains the available technologies which
may be useful or are already in use on high-voltage power lines. After a
comparison, it turned out that a capacitive energy harvester [19] obtain-
ing the energy from the electrical field would be the optimum solution
most of all due to its independence from the current load state and from

weather or pollution.

e An icing detection system is required for the detection of ice at small
thicknesses at the surface of a power line or as close to the line surface
as possible while providing high measurement accuracy and repeatabil-
ity. The measurement concept thus focuses on a measurement based
on an electrode assembly which is in close vicinity (i.e. within few mil-
limeters or less) of the conductor surface. Chapter 3 outlines a sur-
vey on icing detection principles and realizations and then compares the
available technologies against each other. After carefully examining the
available technologies, it turned out that a measurement based on ca-
pacitances (which in fact is a subtype of impedance measurement) looks
most promising. Model, simulation, architecture, properties, materials

and challenges with this type of sensor are explained in Chapter 5.

e Wireless data transmission and practical solutions to ensure electrical
robustness against the environment (HV AC field, winter weather condi-
tions) are described in Chapter 6. Moreover, Chapter 6 also describes the
test device platforms which were used to obtain and transmit the mea-
surement data from the sensor front-end to a base station for evaluation

purposes.

Chapters 7 and 8 cover test procedures and results from single components
to the entire field test device, respectively. In Chapter 10, a conclusion and an

outlook on future work is given.



Beforehand, Chapter 2 gives a short introduction on the nature of atmo-
spheric icing, its origins and various appearances. Furthermore, it presents

strategies to prevent icing and to remove ice which has already accreted.

1.5 Related Research Fields

The aim of this work touches various fields of research:

e Atmospheric Icing. Atmospheric icing is a phenomenon that usually
occurs when air temperature, precipitation, air humidity and wind speed
meet certain levels. Man-made structures on top of mountains are often
exposed to rime icing, while in other areas, wet snow or freezing rain
likewise endangers infrastructures at lower altitudes [20]. Critical struc-
tures, which are subject to atmospheric icing are, for instance, antennas,
wind turbines and transmission lines. In the latter case, the transmission
towers can collapse due to the additional weight. Several organizations
such as the International Electrotechnical Commission (IEC) and the
International Council on Large Electrical Systems (CIGRE) are taking
effort in establishing international standards and methodologies in the

environment of the icing of power lines [21], [22].

e Ice Detection. The detection of the presence of ice on surfaces and the
quantification of its quality and thickness is a sensing task which can be
approached by means of various physical principles. These range from
the alteration of a resonating mass-spring-damper system to impedance
and reflection measurements in the domain of light, microwaves or radio
frequencies or even below. The early and precise detection of ice is of
importance on aircraft wings, road surfaces and wind turbines as well
as on conductor lines. For the latter, special methods such as weight
or line sag measurement have been implemented. Ice detection in most
cases triggers some kind of measures to remove the ice or at least leads

to watchful waiting or modified power line operation modes.

e Energy Harvesting. This term generally relates to the generation
of electrical energy from sources like a temperature difference (ther-

moelectric energy harvesting), vibration or alternating pressure (with



a piezoelectric generator), solar energy (solar cells, for example, used for
watches) or a electromagnetical field (e.g. used for passive RFID tags,
compare with |23]). Typically, energy harvesting is employed with wire-
less devices (mobile devices, sensor nodes, portable devices) whenever
the average power demand is comparatively low and primary batteries
or wired power connections have to be avoided. In the environment of
power lines, strong magnetic and electrical fields are present, but also
solar energy or wind could be useful sources from which energy could be

harvested.

e High-Voltage Engineering. This field within electrical engineering
deals with voltages above 1 kV. Typically, research and testing in this
field covers high-voltage energy transmission and the relevant devices and
plants such as generators, transformers, cables, overhead power lines and
all the necessary components such as insulators and materials. In this
work, voltage levels range up to 220 kV system voltage at 50 Hz. In a
three-phase system, system voltage equalsy/3 times the phase voltage of
approx. 127 kV.

1.6 Publications

[1] presents the system concept for the observation of power lines 24 hours
a day, 7 days a week, providing a higher accuracy than remote monitoring:
an autonomous condition monitoring device for high-voltage overhead lines
which relies on energy harvesting, several sensors (such as line sag, conductor
temperature and degree of icing) and a data processing and transmission unit.
It is shown that the energy harvested from the electric field which surrounds
the conductor is sufficient to power the measurement circuitry. Two ways
of data transmission seem feasible: a 433 MHz ISM band RF link or the
GSM or UMTS mobile phone grids, the latter demanding far more power but
being independent from dedicated relay stations. [1] also contains preliminary
investigations on a capacitive icing sensor.

[2] presents a capacitive principle to detect the formation and accumulation
of ice at a conductor line surface (connected to an autonomous monitoring

system). Both a linear and a circular type electrode geometry are presented.



The inter-electrode capacitances are evaluated by means of a commercially
available capacitance-to-digital converter and laboratory measurement results
show good agreement with finite element simulations. The degree of icing is
estimated by measuring multiple capacitances formed by electrode pairs at
different distances with respect to each other. The variation in time of the
measurement capacitances is exploited to estimate the ice origin.

[3] publishes first field-test results on a high-voltage overhead line. At
this stage, the autonomous sensor system is powered by a capacitive energy
harvester (i.e. energy harvesting from the electric field) and mounted on a
220 kV transmission line in the Austrian alps in winter 2009-10. Reference
data collection was performed by means of a weather camera system. Several
icing and snow deposition events could be successfully detected.

[4] focuses on the problems which arise due to the implementation of both
a power harvesting system based on a capacitive principle and a capacitive
measurement device in one electronic system for icing detection on high-voltage
overhead lines. The overall capacitance of the measurement circuitry between
the conductor and the energy harvester shell must remain within a well-defined
range to keep the energy harvesting circuitry operational and to operate the
capacitance-to-digital converter within its specifications. A decoupling solution
for both the data path and the power supply unit has been implemented and
verified experimentally.

Furthermore, parts of this PhD work were presented at the ARGE Sensorik
PhD Summits in Vienna and Linz, in 2009 and 2011, respectively [5]. The
approach of capacitive icing detection was also demonstrated for a planar setup
for the usage on wind turbines at the scientific conference Winterwind 2011,
Umea, Sweden [6] as well as a sensor-fusion approach at scientific conference
Winterwind 2012, Skelleftea, Sweden [7].

1.7 Own Contributions

The major contributions of the author also within the mentioned publications

are listed below:

e Investigations on suitable data paths including GSM data transmission
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Design and implementation of laboratory icing setups
Design and implementation of a temperature measurement system
Review and choice of components for test device implementation

Design and implementation of the sensor front-end including the elec-

trode assembly

Design and manufacturing of measurement electrode setups for lab and
field tests

Design and implementation of the data path decoupling concept

Design, supervision and evaluation of laboratory and field tests of the

prototype
Investigations on materials and technologies for industrialization

Test device implementations and tests with various material systems for

industrialization



Chapter 2

Atmospheric Icing, Anti-Icing and
De-Icing

This chapter explains the phenomenon of atmospheric icing and describes
the methods to avoid icing or to cope with ice once accreted. A profound sur-
vey on atmospheric icing is required as different forms of atmospheric icing have
variable physical properties (for example, a density between 0.05 and 0.9 kg/dm?).
Other variable physical properties comprise the adhesive power, the refractive
index and the dielectric permittivity. This wide range is highly relevant for
both the choice of the measurement principle and the effects on the power
line. Section 2.1 gives an overview of these effects. Section 2.2 provides a
closer view on the parameters that characterize the forms of icing and on the
different modes of icing such as freezing rain or rime ice. Section 2.3.1 lists the
various methods to avoid icing (“anti-icing”) such as hydrophobic coatings or
heat-dissipating layers. Section 2.3.2 describes the approaches to ice shedding
once it accreted to the overhead power line. In combination with a measure-
ment system capable of detecting thin layers, anti-icing and de-icing can be

employed to keep lines ice-free and thus fully operational.

2.1 Icing Effects on Power Transmission Lines

Power transmission lines are most often composed of two layers, characterized

by the cross-section surface of aluminium and steel (e.g. Al/St 340/110), where

11
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aluminium carries the electric current while the steel core bears the mechanical
load. In between there is a special grease with a drop point above 80°C which
should prevent the steel core from corrosion.

Power lines seem to have a comparatively small surface. However, even
neglecting the surface structure consisting of multiple strands, the surface of
a standard 220 kV conductor with a diameter of 28 mm results in approx. 0.1
square meters per meter conductor length. Assuming 250 meters between two
transmission towers and 6 conductors (two three-phase systems), the conductor
surface subject to icing exceeds 150 square meters (!).

In this configuration, a 10 mm layer of clear ice accumulates to an additional
weight load of approx. 1800 kg per transmission tower. At that point, the
surface exposed to icing conditions has already nearly doubled. This simple
calculation shows how atmospheric icing can heavily endanger transmission
line systems. Furthermore, wind becomes a greater issue due to the increased
working surface.

In order to stay within safe operation conditions, new power transmission
lines need to be dimensioned appropriately according to historic icing events
at the desired location. In the simplest method, a Gaussian distribution is
assumed where 45 % of the maximum ice load known so far is considered to
be the mean value and the standard deviation is 50 % of this value.

Numbers of standard and elevated ice load are calculated differently in
nearly every country or national standard specification. Most often they are
defined in Newton per meter of conductor line, for example, by a constant plus
a value depending on the conductor line diameter (e.g. in Austria: 4 + 0.2 d

where d is the conductor line diameter) [24].

2.2 Atmospheric Icing

This section gives an introduction to atmospheric icing and describes the condi-
tions which can lead to atmospheric icing. Atmospheric icing is a phenomenon
which usually occurs when the relevant weather parameters combine to defined
constellations [21], [25]:

e Wind Speed
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e Wind Direction
e Air Temperature
e Relative Air Humidity

e Water Droplets in Air (Liquid water content of air, LWC)

In meteorology, atmospheric icing events are divided into two classes of
events: precipitation icing and in-cloud icing. In case of precipitation icing,
additional parameters are the precipitation rate, the surface temperature and
the liquid water content of snow flakes, for example. For in-cloud icing, the
liquid water content (LWC) in the cloud and the droplet size distribution are of
interest. This happens, for instance, in Japan, Canada, UK, Iceland, Finland,
Hungary, Norway, Russia, China and several more countries all over the world.
Man-made structures on top of mountains are often exposed to rime icing,
while in other areas, wet snow or freezing rain likewise affect infrastructures at
lower altitudes [20|. Critical structures which are subject to atmospheric icing
are, for example, antennas, wind turbines (compare [26|) and power transmis-
sion lines. In the latter case, atmospheric icing can lead to accretions of more
than 300 kg per meter wire length (as occurred in Norway in April 1961).
Several organizations such as the International Electrotechnical Commission
(IEC) and the International Council on Large Electrical Systems (CIGRE) are
making an effort to establish international standards and methodologies in the
environment of the icing of power lines.

Besides precipitation icing and in-cloud icing, also hoarfrost icing can occur
on conductor lines. Hoarfrost forms when vapor directly changes into solid ice,
especially at low temperatures and also at relatively low air humidity levels.
Typically, its density is low and hoarfrost alone does not cause relevant ice
loads. However, it has a significant impact on corona discharges due to both

the enhanced surface and its needle shape [27].

2.2.1 Precipitation Icing

Any form of water, snow or ice which can be described as liquid or frozen
particles falling from the sky and adhering to a surface on ground can be

regarded as precipitation icing. Various types of precipitation can lead to
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ice accretion in different shapes. What determines the icing scenario is the
vertical temperature distribution in the air, the air temperature at ground level
and the temperature of the ground surface or the geometry of the structure.
Depending on the temperature, water crystallizes in shapes ranging from thin
plates (between 0 and 4°C) over needles, columns, dendrites (typically referred
to as snow) and thicker plates to hollow columns at temperatures below -22°C.
These crystals may stick together and form snow flakes [28]. At the same
time, the amount of water vapor which can be dissolved in air is increasing
with temperature. Given the fact that water freezes at 0°C, it can be estimated
that icing can be most intense just a few degrees below zero. Depending on
the vertical temperature profile in the atmosphere, snow forming in higher
altitudes may arrive at the ground level in the form of snow, snow that melts
and freezes again (sleet), snow that melts and arrives as a liquid, supercooled
drop freezing at the surface (freezing rain) or just rain at temperatures above
0°C. In a convective cloud, freezing and melting processes may work at a
single snow flake for a prolonged time, leading to precipitation forms like rimed
snowflakes or graupel (snow pellets) [28].

Precipitation icing events can be roughly categorized as follows:

e Freezing rain. Glaze ice forms on the substrate, the density of the
accreted ice lies between 0.7 and 0.9 kg/dm?. The air temperature typi-
cally ranges between -10 and 0°C. This type of precipitation icing results
in transparent ice layers and may include icicles [22]. Due to the com-
pact material, removal of this type of ice is difficult. In January 1998, an
event of that type hit Eastern Canada and North-Eastern USA (compare
Section 1.2).

e Dry snow. Thin, light, fragile layers of dry snow are formed in the
clouds due to the nucleation of so-called “freezing nuclei” at temperatures
below -12°C or by the freezing of droplets at temperatures between -3 and
-35°C. The single crystals are bound together by mechanical forces [29].
Typically, wind speed during formation is low, i.e. below 2 m/s [22].

Layer densities range between 0.05 and 0.1 kg/dm?.

e Wet snow. Thick and heavy layers of snow usually can build up at

temperatures around the freezing point of water [30]. This situation is
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often observed in countries such as Japan, Iceland, Norway and many
other European countries [20]. The density of the accreted ice ranges
between 0.1 and 0.85 kg/dm?, the air temperature during formation lies
between 0 and 3°C [31]|. During the formation, the crystals lose sharpness
and agglomerate to sub-millimetric ice granules. This material can have a
liquid water content of up to 40 % and more and thus has a comparatively
high density. Snow accretion on a small conductor grows towards the
windward side first, may then rotate around the conductor and develop

into a cylindrical sleeve [32].

e Icicles. Water melting and freezing (also due to de-icing measures) can
lead to the formation of icicles, which are often a big part of the ice load

in freezing precipitation [33].

2.2.2 In-Cloud Icing

In-cloud icing usually occurs within clouds which contain different amounts
(Liquid Water Content, LWC) of supercooled water droplets of different sizes
(Median Volume Diameter, MVD). Typically, soft rime (density 0.1-0.3 kg/dm?)
occurs at low MVD and LWC values, while hard rime (0.3-0.7 kg/dm?) is
accreted to the surface when exposed to a cloud with higher MVD and LWC.
Both intensity and duration of an in-cloud icing event depend on the flux of
liquid water in the cloud [20]. Usually, air temperatures are well below 0°C;
this icing process can occur down to -20°C and the resulting layer is an opaque,

porous ice deposit [22].

2.3 Anti-Icing and De-Icing

According to the CIGRE Technical Report 438 [22|, Anti-Icing for overhead
power lines techniques are defined as measures which prevent or reduce ac-
cumulation of ice or snow on conductors. This is achieved by weakening ice
adhesion strength on one side or by preventing freezing of supercooled droplets
on the other side. In particular, this goal is achieved by the use of icephobic
coatings. According to [22|, the main influences on ice adhesion are the elec-

trostatic forces present at the ice-solid interface and the surface roughness of
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the substrate. Section 2.3.1 briefly summarizes state-of-the-art approaches.
On the other hand, de-icing techniques cover all methods which remove or
reduce ice accretion, thus being activated during or after ice accretion pro-

cesses. An overview is given in Section 2.3.2.

2.3.1 Anti-Icing

Passive anti-icing makes use of natural forces such as wind, gravity or solar
radiation in order to limit the effects of ice loads on overhead lines [22]. Another
possibility is the application of de-icing methods (see Section 2.3.2) in early
stages of an approaching icing event.

It is hoped that hydrophobic coatings (i.e. an adaptation of the physical-
chemical properties of the conductor surface) can reduce ice loads. No material
has been found so far to be perfectly icephobic [34]. Materials in use for that
purpose are, for instance, Polytetrafluoroethylene (PTFE) [35] or (modified)
silicones which both have demonstrated sufficient wet snow accretion reduction
effect [36], [37]. Surface roughness plays an important role as ice de-bonding
can be observed due to the fact that air can be trapped in closed pores in
the ice layer and pressure builds up. Consequently, by choosing an optimum
surface roughness, a super-hydrophobic surface can be obtained. On the other
hand, porosity can have negative effects during in-cloud icing, when droplets
are small enough to penetrate and freeze in the pores. Further parameters that
influence ice adhesion include the precipitation type and impact speed and the
ice crystal grain size and shape [38]. Also, the density and the liquid water
content (LWC) of wet snow influence the adhesion to a conductor surface [39].

Moreover, chemical substances such as freezing point depressant liquids
may be used to prevent icing. However, the necessity of frequent applications

fails to make this approach feasible for a large scale application.

2.3.2 De-Icing

De-icing or ice shedding will rely on one of the following physical principles,

independently from the actual triggering mechanism:

e Ice mechanical breaking and snow shedding - adhesive/cohesive

failure of accretion as ice is brittle at high strain rates [40].
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e Ice melting - due to temperatures of the outer ice surface above 0°C.

Parameters are air temperature, wind speed and solar radiation.

e Ice sublimation - water vapor released to the air from the ice layer, a

slow, usually natural process.

Thereof, mechanical breaking and melting are technically used for ice shed-

ding. The following mechanical methods are in use:

e Ice Scraping: this can be achieved by manual scrapers, rollers or cutters
or robots on the line (e.g. LineROVer, [41]).

e Shock Waves: mechanical application either manually or by knotted
ropes or weights on a rope bound to a helicopter, with insulated poles or

cylinder pistons [42].

e Electromagnetic Impact Shock Waves (EIDI): on pairs of strands [43],

on bundle conductors [44] or on insulated strips.

e Induced vibrations by means of devices mounted on the conductor (com-

pare e.g. [45]).

e Twisting of Conductors

Methods which melt ice in order to force its shedding can again be separated
by their general approach to heat generation |29].

The first group uses active coatings which generate heat in a layer which
is permanently attached to the conductor surface, thus preventing ice or snow

accretion:

e Dielectric coatings made from ferroelectric materials allow to maintain
the conductor surface temperature above the freezing point by taking
energy from the alternating electric field. Usually, this requires a higher
frequency than the standard grid frequency which needs to be injected
separately. Hence, this system is not yet available commercially but only

in test setups.
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e LC-Spiral Rods generate heat from the alternating magnetic field gener-
ated by the conductor current, preventing snow and ice from accumulat-
ing on the conductor. This method has been applied in Japan for more

than 20 years in a large scale [46].

The second group covers all types of de-icing methods which rely on the

joule effect:

e Load Shifting Method: A power line which is subject to critical weather
conditions can be posed with additional load due to interventions in the
power grid such as shutting down other transmission lines, activation or
shutdown of power plants. Typically, this method is only suitable for
single-conductor lines as too high currents would be necessary for bun-
dled conductor lines. As an advantage of this method, the line can still be

used for power transmission and no dedicated equipment is required [12].

e On-load Network De-icer (ONDI): This method also works while keeping
the iced power transmission line on the grid and even pre-heating of a
power line prior to icing is feasible. A phase-shifting transformer allows
for the de-icing of lines of a length of up to 900 km [47], [48].

e Reduced-Voltage, Short-Circuit Method: A line is three-phase short-
circuited at one line end while being fed from the other. Thus, the line

heats up but is not available in the grid while de-icing.

e DC Current: After disconnecting the line from the grid, a closed DC
current loop must be established for de-icing and additional equipment
is necessary [16]. The speed of DC de-icing depends on the ice layer
density and thickness, current density, environmental air temperature
and wind speed. The melting process includes the formation of an air

gap between ice and conductor due to the weight of the remaining ice. [16]

e Contactor Load Transfer: conductors within conductor bundles can be
switched in a way so that the current through the single conductors is

drastically increased during de-icing [49], [50].

Besides these approaches, various other heat sources may be used:
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Transportable Radio Wave Sources

Transportable Steam Sources

High Frequency (HF) De-Icing: dielectric Losses in the ice layer cause
the thermal effect [51].

Pulse Electrothermal De-icer: the conductor is covered with a dielectric

layer and an additional conductive layer [52], [53].

Summarizing the above, various methods for de-icing of high-voltage over-
head lines have been available for decades and are successfully tested in the
field. The deployment of a sensor capable of detecting thin layers of ice
(e.g. early stages of icing) at the conductor surface represents an optimal trig-

ger mechanism for early and easy counter measures.






Chapter 3
Survey on Ice Detection

In this chapter, a survey and a comparison of available methods and devices
for icing detection and/or ice layer thickness estimation are presented. The
approaches for detecting atmospheric icing conditions can be divided into three
groups: prediction from meteorological data (Section 3.1), indirect measure-
ment (Section 3.2) and direct measurement principles (Section 3.3). Icing
detection is necessary for an early-stage triggering of counter measures such

as de-icing.

3.1 Meteorological Prediction and Icing Condi-

tion Measurement

Modern meteorological forecasting models of the atmosphere allow for the esti-
mation of the amount of ice which has already accreted to a conductor and for
a forecast of ice build-up. These methods have been evaluated in large-scale
research projects [54] and also for exposed mountain terrains [55]. Systems
collecting weather data are widely used. Approaches for conductor icing pre-
diction relying on weather data typically use measurement systems mounted
on transmission towers and collect weather data such as air temperature, air
humidity, precipitation and wind speed. In meteorology, various devices for ice
measurement are in use - usually, passive devices are designed which resemble
the structure exposed to by icing. These passive devices can, for instance, be
tubular steel-rod racks representing geometries similar to a power transmission

tower and then they are observed by personnel or by a camera. Icing events
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are recorded and collected in databases and models can be developed for the
forecast of icing [56].

Furthermore, the term “meteorological icing” is defined as the duration of
a meteorological event or perturbation which causes icing (unit: time). It can
be characterized by the duration of the icing event, and/or the meteorological
conditions, and possibly with additional information such as the total amount
of ice accreted on a standard (reference) object during the icing event as well
as with the average and maximum accretion rate [57].

[11], [58], [59], [60] and [61] describe weather data based systems for icing
condition detection and forecasting on transmission towers. In some applica-
tions, weather data methods are combined to a sensor network and extended
by surface moisture detectors or other icing detectors [17|. For the detection
of in-cloud icing, another approach is the combination of a temperature mea-

surement and a humidity sensor designed for operation below zero [62].

3.2 Indirect Measurement Methods

Indirect measurement methods are considered to not directly detect ice on a
sensitive area of a sensor but to measure other quantities which change most
likely but not only due to an ice load. These methods comprise conductor
weight measurement and line sag measurement. Typically, small changes due

to thin ice layers are hard to detect using indirect methods.

3.2.1 Weight Measurement

One method of indirect icing detection is weight measurement. The weight
of a conductor line between two transmission towers is measured in regular
intervals by means of special electrically insulated load cells. The method is
comparatively old and widely used in high voltage applications [63].

In [64], a standard ice-measurement device is recommended for all structures
except overhead lines. A smooth cylinder with a diameter of 30 mm placed
with the axis vertical and slowly rotating around the axis. The cylinder length
should be a minimum length of 0.5 m, but, if heavy ice accretion is expected,
the length should be 1 m. The cylinder is placed 10 m above terrain and

recordings of ice weight may be performed automatically [57].
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A commercially available device based on weight measurement is the Com-
bitech IceMonitor [65]. Another realization is the ICEmeter manufactured by
the Institute of Atmospheric Physics, Prague, CZ |66].

3.2.2 Sag Measurement

The line sag can be measured, for instance, by means of ultrasound distance
measurement between conductor and ground. However, the angular position
of the sensor aperture can not be determined exactly because of the conduc-
tor rope’s rotation over its length axis, which is mainly due to temperature
variations. Furthermore, the line sag also depends on the conductor tempera-
ture and solar radiation. By absorption of solar radiation only, the conductor

temperature can be up to 10°C over air temperature, without any current
load [67].

3.3 Direct Measurement Methods

Direct measurement methods are considered to detect ice on a sensitive area
of the sensor. This is achieved by exploiting the differences in the physical
properties of air, water and ice and most often rely on wave propagation (light,
microwaves, ultrasound, low frequency (LF) electric fields) or changes in mass-
spring-damper dynamic systems (resonant sensors). Besides, also gamma rays

and thermal material properties can be exploited.

3.3.1 Optical Ice Detectors

Optical ice detection relies on diffraction, reflection or absorption of light.
Systems for aircrafts detect the presence of rime ice and clear ice in air using a
collecting surface facing an upcoming air stream. Light is crossing a prismatic
window being thus refracted in different angles depending on the presence
of ice [68]. Special icing condition detectors similar to dew point detectors
have been developed; the latter use a thermoelectric element which keeps a
polished surface at a desired adjustable temperature. The presence of water
or ice is then detected by measuring the intensity of light reflected by that

surface [69]. Ice detectors based on fiber optic sensors are described in [70]
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(based on the determination of the sensor’s incident angle of reflected light)
and [71], where thickness and type of ice accreted to an aircraft wing are
determined by measuring scattered and reflected light as a function of the
ice growth, obtaining characteristic light intensity growth curves. Related
approaches are described in [72] and [73]. Optical measurement methods may
suffer from pollution which might be difficult to handle, as in the environment
of power grids the maintenance intervals can be years or more.

A commercial example of an optical ice detector is the T series from HoloOp-
tics, which relies on reflection characteristics changes when a mirror in an

infrared beam path is covered with ice [57].

3.3.2 Microwave Ice Detectors

Microwave ice detection can be carried out by using different principles. It
can be realized using a radiometer system detecting naturally occurring at-
mospheric microwave radiation in multiple bands (e.g. at approximately 20,
30, and 90 GHz [74]). From the measurement data, the total ice column in
the atmosphere, the liquid water and water vapor content in the atmosphere
are calculated. Other systems detect ice at exterior surfaces by transmitting
a relatively low power microwave electromagnetic signal into a dielectric layer
which operates as a surface waveguide. By monitoring the signals transmit-
ted into and reflected from the waveguide while an ice layer builds up, the
impedance or reflection characteristics of the composite waveguide comprising
the ice layer and the permanent surface waveguide change and characterize
the presence and location of the ice [75]. In [76], a principle of ice accretion
detection is described on the wings of an aircraft. Coplanar transmission lines
are used as a sensor for time domain reflectometry (TDR) at low microwave
frequencies. As travel time, phase velocity, effective dielectric constant and
further parameters are evaluated, presence and thickness of known dielectric

materials can be detected.

3.3.3 Ultrasonic Ice Detectors

Ultrasonic ice detection relies on measurement of the signal level (attenuation)

or the time-of-flight of ultrasonic pulses.



25

As described in [77], the attenuation of ultrasound transmitted through a
thread-like or tape-like transducer mounted at a planar surface is measured
and then compared with a signal of the same setup after heating up the sensor
area. [78| describes a principle of detecting ice using ultrasonic guided shear
waves, while in [79], a method based on the monitoring of variations on the
transmission of flexural waves is presented. Furthermore, [80] proposes an
ultrasound ice detection principle by means of attenuation measurement in
a frequency range between 20 and 300 kHz. The sensor can identify various
aggregate states of water at the surface of a structure. A similar concept
is described in [81]. The ice detector proposed for the use in refrigeration
machines in [82] derives the icing status from the degree of attenuation in a
system of two electroacoustic transducers connected to membranes.

[83] describes a miniaturized icing sensor based on the propagation of sur-
face acoustic waves. The propagation of Love waves is greatly dependent on
the physical properties of the substance present at the surface of the thin-film
(few microns) wave-guide through which the waves propagate. Both, wave
velocity and damping are affected by substances present on the wave-guide.

|84] describes an apparatus for the measurement of ice thickness by ultra-
sound time-of-flight. Ultrasonic pulses are emitted from a transducer at the
surface of a structure, the pulse is reflected at the periphery of the accreted ice
and the reflection is detected. The time delay is related to ice thickness and
accretion rate. In [85], a sensor for detecting the presence of frost uses two coils
and an acoustic transmitting medium made of a magnetostrictive material of
a ribbon shape.

A commercial product is the Labkotec LID series, which detects the atten-
uation of an ultrasonic signal on the ice detector structure due to the presence

of ice.

3.3.4 Resonant Ice Detectors

Resonant detectors usually make use of a vibrating surface area (e.g. one or
more vibrating fingers [86], [87], [88]). The vibrating surface area is subject
to ice deposition, thus its resonant frequency is altered which is then detected
and indicated as ice deposition. Alternatively, the deposition of an ice layer

can prevent an oscillator from oscillation [89] or the alteration of the stiffness-
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to-mass ratio itself is the measurand [90]. The sensor can also be realized by
means of a vibrating tube excited by a coil which is sealed by a diaphragm that
is exposed to the air under icing conditions [91]. Instead of the coil, a piezoelec-
tric element can be used [92]. There are also realizations for aircrafts which by
means of geometry and aerodynamics change the pressure field around the ice
detector to cause a lower temperature region on the probe assembly compared
to the aircraft. As a consequence, the probe is supposed to be the first point
of the surface where ice deposits and the information from the system can be
used as an early warning [93|. The vibrating diaphragm excited by a piezoelec-
tric element can also be thermally connected to a Peltier element for heating
and/or cooling above and below ambient temperature. The excessive change
of the resonance frequency thus indicates the presence of icing conditions [94].
The micro-electro-mechanical (MEMS) ice detector described in [95] operates
at a principle that the presence of ice alters the mechanical properties of a
diaphragm which represents the interface of the MEMS to the environment. A
further realization of this principle is described in [96], where a lead zirconate
titanate (PZT) disk transducer allows for detection of the freezing transition
of a water layer by detection of an abrupt resonance frequency change at the
freezing temperature. Rosemount Inc. produces a series of vibrating ice probes
based on magnetostriction which are widely used in meteorology. Ice accre-
tion on the probe decreases the vibration frequency [97]. After an accretion
of a few hundred micrometers of ice, the device de-ices itself and accretion
can re-start [98]. Another commercially available instrument based on a reso-
nant transducer is the ice rate meter (IRM) as used for icing investigations in
Canada [99].

3.3.5 Capacitive Ice Detectors

Capacitive sensing usually relies on the change in amount, geometry, mate-
rial or material properties of the dielectric component of a capacitor. The
measurement technology is frequently used for humidity measurement [100] as
the high relative permittivity of water leads to a good signal-to-noise ratio.
A capacitive sensor is easily scalable and due to its measurement principle
it is most sensitive for thinnest ice layers, i.e. it allows for a detection of an

icing process at early stages, which is desired in most application cases. An
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early design of an icing detector based on a capacitive principle is given in
[101]. ITmpedance type ice detectors for the detection of the presence of ice on
aircrafts is described in [102] and [103].

A more advanced approach is described in [104] and [105]: The detector is
designed for characterization of heterogenous ice on aircrafts. It comprises a
multi-electrode setup with different inter-electrode distances and detects both
ice presence and ice thickness and suggests the usage of different excitation
frequencies. Temperature information is also an input to the measurement
signal processing.

In [106], an ice and water detector for roads and runways is presented. Two
measurement frequencies are used to be able to distinguish between air, water
and ice. Based on experimental results, an algorithm for the state estimation
(dry versus wet versus icy) was developed that uses the derivatives of the
capacitance signals. In [107], an impedance-type discriminator between air
water and ice based on a fingerprint sensor is described.

[108| presents a proof of concept for a capacitance and resistance based ice
meter which consists of two conductive cylindrical probes. An LCR bridge is
used to evaluate the capacitance between the two cylinders which are subject
to ice accretion. Feasibility could be shown both in laboratory and in icing
laboratory tests, also showing that wind direction has a big impact on the
measurement results.

The Instrumar IM101 measures the surface electrical impedance and the
temperature of a ceramic probe [109].

As not only the presence but also the layer thickness is of interest, multi-
ple measurement capacitors can be evaluated in order to eliminate ambigui-
ties in the measurement result given knowledge from the measurement model.
Section 5 presents details on the design of a multi-electrode icing detector

purpose-made for the use on high-voltage overhead lines.

3.3.6 Other Principles

Especially for aircrafts, systems that generate mechanical pulses at different
(typically including high) levels have been invented, whereof the high-level
pulses should be sufficiently strong to remove ice. An accelerometer records

the pulse response of the metal-ice system and ice presence is calculated by
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means of a threshold level [110].

Also, the difference in heat flow within materials can be exploited to detect
presence and/or formation of ice [111]. The measurement is carried out by
means of a Peltier element and a temperature sensor. As long as ice is present,
the temperature level will not change although heat is transferred into the

probe. Similar principles are used in [112].

A related icing sensor based on heat capacity is described in [113|. The
latency in temperature change due to a cold conductor covered with ice or
snow is detected, for example, by a current measurement. A variation of
the same principle is used in an early icing rate detector for aircrafts [114]. A
thermoelectric switch is sensitive to the deposition of ice. Closing of the switch
activates a heater which melts the ice and causes the switch to open again.

Thus, the rate of power consumption is proportional to the icing rate.

Gamma rays can be employed for ice detection on aircraft wings [115]. A
high energy radioactive gamma ray source (2*Am) penetrating the airfoil sub-
strate generates secondary photons, which are backscattered to a photodetec-
tor. By choosing a proper sensor geometry, the photodetector is most sensitive

to photons which are generated within the ice layer.

[116] presents an icing detection method operating in the Very High Fre-
quency (VHF) range. Here, state and thickness of water accumulation at a
surface are evaluated by means of multiple electrically resonant circuits and a
radio frequency transmitter for exciting the circuits. The excitation frequency
is variable and a receiver detects the resonant signal from each circuit. At a
resonance frequency of 75 MHz, for example, no water or ice is present while a
significantly lower resonant frequency corresponds to a layer building up. [117]
describes a detection principle based on the phase delay of a radio frequency
in the gap between line electrodes. In [118], an inductive measurement system
for aircraft wings based on multiple sensor electrodes and a thermocouple is
described. [119] presents a combined monitoring system mounted on transmis-
sion towers. The icing status is derived from a combination of weather param-
eters, insulator deflection angle, line weight, vision-based measurement data
and the conductor gallop frequency. Conductor gallop is the low-frequency
(typically around 1 Hz) wave motion of the overhead power line due to wind.

The oscillation frequency is altered by the additional mass originating from ice
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layers.

Furthermore, a video camera or stereo imaging could be a method to detect
ice accretion. However, it is complicated to get a clear view over the typically
large distance between camera and conductor rope and also to keep the camera
ice-free [26].

3.4 Comparison

Table 3.1 compares the relevant measurement parameters of the measurement
methods mentioned above. The selectivity regards the potential of a mea-
surement system to distinguish between impacts from the desired measurand
and other measurands. Except for pollution impacts, which are addressed sep-
arately, most methods will not respond to other impacts than snow, ice or
water. One exception is the line sag, as this can also be caused by thermal
expansion of the conductor.

Pollution impairs weather-data based methods (e.g., a dirty anemometer
will change its characteristics). Optical methods suffer from dust or dirt on
optical transducers or fiber outlets. Moreover, ultrasound or resonant detectors
can be significantly disturbed by offsets due to dust or dirt.

Concerning the power demand, it can be noted that most methods are
miniaturized enough so that the energy consumption is low. Methods which
employ the emission of a reasonable amount of energy such as ultrasound, mi-
crowaves or heat have a disadvantage. Power for operation has to be harvested
from the environment or taken from the power line. For this reason, less power
consumption has its advantages for the system.

Complexity needs to be interpreted with respect to the constructional effort
and the costs per unit. The systems are comparable except for methods based
on ionizing radiation.

The ability to measure thickness is a critical requirement for a measurement
system in the given application. This is not feasible with weather data esti-
mation, conductor weight or line sag measurement nor with heat flow based
measurements due to the averaging character of this measurement methods.

At last, measurement accuracy is critical especially at small ice thicknesses.

Weather data estimation lacks measurement accuracy due to its predictive
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Measurement Parameters
selectivity | pollution | power | complexity | thickness | accuracy
Weather Data + 0 0 + - -
Cond. Weight + + 0 0 - 0
Line Sag - + + + - +
Optics + - 0 + + +
Microwaves + + - 0 + +
Ultrasound + 0 - + 0 +
Capacitance + + + + + +
Resonant + 0 + + + +
Heat Flow + + - 0 - 0
Gamma Rays + + 0 - + +

Table 3.1: Comparison of icing detection techniques for operation at high-voltage
power lines. “+” denotes high selectivity, minor effects of pollution, low power de-
mand, low complexity, good suitability for thickness measurement and high accuracy.

“—" denotes the opposite, “0” denotes properties in-between.

character.

As it is required to detect thin layers (early accumulation of ice) while
operating at a restricted power budget, impedance/capacitance type measure-
ments, optical methods and resonant probes remain promising. The capac-
itance /impedance measurement approach seems most promising as resonant
probes contain moving parts and optical methods may heavily suffer from pol-
lution (e.g. bird droppings) without the possibility to calibrate for the offsets
caused thereby.



Chapter 4
Survey on Energy Harvesting

As the typical operation time of a high-voltage overhead line amounts to several
decades, also the monitoring systems should in principle be suitable to remain
operational for a similar order of magnitude in time. For this reason, battery
powered systems are - as of 2012 - not the preferred choice; and an energy
harvesting principle should be implemented instead. Energy harvesting covers
exploiting any form of energy provided by the immediate environment of the
device. Usually, the energy source is more or less continuously available.

A survey on the available methods and devices for energy harvesting on
a high-voltage overhead line is presented in this chapter. Energy harvesting
techniques exploit a power source generally available (but subject to variabil-
ity) in the environment of application. Transducers (solar cells, wind turbines,
piezoelectric generators) are used to transform the energy into electrical en-
ergy (usually at a low efficiency and with low total output power in the range
of mW to pW). The harvested energy is converted to a suitable voltage level
and stored in a rechargeable battery or a capacitor. The following energy

harvesting techniques have been investigated in the following sections:

e Solar radiation (Section 4.1)

Wind (Section 4.2)

Heat Flow (Section 4.3)

Magnetic field (Section 4.4)

Electrical field (Section 4.5)
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4.1 Solar Energy

The photoelectric effect, discovered by Alexandre Becquerel in the 1830s, is the
principle of operation of solar cells. Since the 1950s, solar cells have been pro-
duced for satellites, starting with an overall efficiency below 5 %. Nowadays,
efficiency for silicon-based cells reach up to as much as 22 % for large-scale com-
mercially available modules for on-grid application. The surface area required
to supply measurement equipment on high voltage power lines is defined by the
power demand of the measurement circuitry and the orientation of the equip-
ment’s surface and the variability of the mentioned orientation. For a standard
poly-crystalline solar cell with an efficiency of 15 %, 1 cm? of cell area yields as
much as 15 mW in full sunlight. Besides mono- and polycrystalline silicon solar
cells, various other technologies such as amorphous silicon, gallium arsenide
or other thin-film technologies are available; however, efficiency is remarkably

lower.

Crystalline cells are brittle and typically have a thickness below 0.2 mm.
For use on high-voltage power lines, the cells need to be protected from water
and mechanical damages such as hail impacts by a robust yet transparent
housing. This is achieved by encapsulation between glass layers or polymers. In
order to optimize efficiency, a maximum power point tracker (MPPT) circuit is
employed, which is a power converter with an auto-adjusted input impedance.

The harvested energy can be stored in a capacitor or a rechargeable battery.

The energy source - the sun - is available independently from the state of
the power line. Solar radiation is available daily and the available amount of
energy can be calculated in advance for a given location. However, nights and
phases of cloudy weather (the latter reducing the harvested power down to as
little as 1 % of the nominal power) have to be bridged. As it is desired that the
cells are mounted on an object that is itself mounted onto the conductor, one
has to take care that the cells are aligned on an equipotential surface around
the conductor, as they are conductive surfaces themselves. As the conductor
may twist, it may be necessary to align the cells all around the conductor and
employ a switching circuitry.

Once a relevant snow or ice layer accumulates on top of the cells, the amount

of harvested energy reaches zero. Furthermore, pollution such as dust, pollen
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and bird droppings may lower the performance of the solar harvesting system.

As the system does not contain any moving parts, aging is not a problem:
typical commercial modules currently come with a guaranteed 80 % nominal
output power after 25 years. In space, systems have shown to remain opera-
tional for 40 years and more, despite the harsh environment of cosmic gamma

radiation and extremely low temperatures.

Solar cells are widely in use for wireless sensor networks also in the envi-

ronment of high voltage transmission lines [120], [121].

4.2 Wind

Wind is available independently from the status of a power line as it is a
regenerative source of energy originating from solar radiation. Similar to solar
energy, a comparatively large temporary energy storage system is necessary

for continuous operation as wind speed is heavily fluctuating.

As the distance between a HV power transmission line and ground level typ-
ically exceeds 10 m, sufficient average wind speeds can be expected. However,
wind conditions are hard to predict on a very local and small-scale level [122].
Wind turbines may be down-scaled successfully for energy harvesting purposes;
a wind flow harvester with an overall volume below 300 cm?® and a turbine di-
ameter of 6.3 cm has been described in literature to generate up to 10 mW at
a wind speed of 16 km/h [123]. Several generators could be implemented in a
device on a HV line in order to meet the power demand of a sensor node. How-
ever, maintenance costs are comparatively high due to the presence of moving

mechanical parts.

Power generation strongly depends on weather conditions and icing might
heavily decrease the output power as the moving parts (i.e. the rotor blades)
may suffer from icing. During longer periods of cold weather, these generators
might remain out of service for days or weeks. Additionally, attention needs

to be paid to the design of bearings and their encapsulation.
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4.3 Heat Flow

A heat flow can be exploited to harvest energy by forcing it through a Peltier
element, which generates electricity by means of the thermoelectric or the so-
called inverse Seebeck effect, discovered by Thomas Seebeck in 1821. Relevant
heat sources are solar radiation or heat generated by the conductor itself (due
to ohmic losses or by means of ferromagnetic or ferroelectric coatings (compare
Section 2.3.2).

|124] presents a thermoelectric energy harvesting system to power wireless
sensor nodes (WSNs). Up to 150 mW at a voltage level of 0.45 V can be
harvested in an application on a domestic radiator heater at a temperature
difference of 33°C. Compared to other energy harvesting sources, the power
density is comparatively high (up to 130 W/kg at AT = 40C). This is a
property which qualifies this technique also for use in aviation [125].

On high-voltage transmission lines, three available temperature levels could
be exploited: the (heated or unheated) conductor, the environmental air and a
third temperature level generated as described in [126], for example: a minia-
ture greenhouse is used to heat up a thermal mass from sunlight. Both hot
and cold side of the thermoelectric modules have to be insulated properly in
order to create and maintain the temperature gradient. An average collected
energy of 8.2 mWh within an 8 hours period was feasible in an experiment

even with rainy and cloudy weather.

4.4 Magnetic Field

Energy harvesting from the alternating magnetic field that surrounds a con-
ductor is a comparatively old approach. As in transmission lines currents are
at a high level (typically several hundred Ampere), few windings can extract
an amount of power from the magnetic field that is sufficient to operate a mea-
surement circuitry. By its construction, an energy harvesting system exploiting
the magnetic field around a conductor can be compared to a transformer. In
the environment of a high-voltage overhead line, a small transformer seems to
be the easiest way to obtain power for the operation of a measurement device.

In fact, a magnetic core is closed around the conductor and a secondary coil
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is used to draw power. This approach is comparatively easy to implement.
However, as the current in the conductor is hard to predict and heavily fluc-
tuating, a certain minimum current is needed for operation, which can not
be guaranteed. Therefore, an energy storage system is necessary here as well.
Snow and ice neither interfere with the operation of the current transformer,
nor are problems expected with respect to pollution or aging. A commercial
magnetic harvester for a temperature monitoring device was developed in the
early 1980s and proven to be operational in the laboratory [127] and in the
field [128]. [129] describes a Rogowski coil around the conductor for magnetic

harvesting.

4.5 Electrical Field

It could be shown that energy can be harvested from the alternating electric
field between conductor line and earth by inserting a conductive shell between
conductor and earth, thus forming a capacitive voltage divider [19]. Compared
to energy harvesting from the magnetic field, its main advantage is the inde-
pendence from the current load status, so this method will work at any time
the power line is turned on. The displacement current to the environment
through a conductive shell with a length of 40 cm and a diameter of 60 cm
amounts to several hundred microamperes [19], [130]. The field strength far
from the conductor is low and most of the potential decrease occurs in the
immediate vicinity of the conductor. Thus, increasing the distance between
the harvester and ground has a low impact: even a large increase of the dis-
tance between conductive shell and ground from 10 m to 500 m reduces the
capacitance by less than 50 % according to FEM simulations.

The conductive shell can be realized through a conductive hollow cylinder
around the conductor made from plastic sheet and aluminium foil, with a
nonconductive spacer. This type of harvesting device only has the drawback
that once a line is completely shut down for maintenance or due to a fault, no
more energy can be harvested. Usually, this status is rare and can be bridged
with a comparatively small energy storage which only might have to bear a few
dozen charge/discharge within the device’s lifetime. Ice or snow layers may

lower the harvesting performance as an additional dielectric or conductive layer
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may form between the conductor and the harvester shell, thus altering or even
short-circuiting the inner capacitor. It is crucial that the ratio between the
two capacitances (i.e. conductor-shell and shell-earth) is kept within certain
limits to ensure continuous power output. Figure 4.1 depicts a realization of

the described principle.

4.6 Comparison

Table 4.1 compares the relevant quantities with impact on the performance of
harvesting circuitry.

Weather effects by nature influences harvesting techniques which rely on
solar radiation or wind. Heat flow methods may suffer from small temperature
differences between conductor, harvester and environment, for example, during
cloudy weather.

Current load has effects on magnetic harvesters as they typically need a
minimum current. Periods of low current loads need to be bridged. If con-
ductor temperature is exploited for heat flow based harvesting, this is also an
issue.

Pollution has effects on solar harvesting and wind energy, as there are mov-
ing parts which might get stuck. If solar radiation is exploited for heat flow
based harvesting, efficiency may be lowered.

Maintenance efforts (cleaning excluded) are high only for wind energy as
there are moving parts which may take damage or need to be lubricated.

Complexity in construction is lowest with solar harvesting and harvesting
from the electrical field as only little and comparatively cheap material is
required, weight is low and there are no moving parts.

It turns out that energy harvesting from the electrical field seems most
promising. The negligible impact from environmental conditions and pollution
distinguish the methods relying on environmental energy from those relying
on energy supplied by the line itself. Other than magnetic harvesting, the
capacitive harvester is not dependent on the current load status of the line, thus
it does not require a minimum current flow. Concerning the implementation
effort, the two methods are comparable. Section 6.1 shows details on the

mechanical setup, the circuitry to make this displacement current appropriate
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harvester shell potential V, earth potential

Figure 4.1: Example realization and block diagram of an energy harvesting device
using the electric field: The capacitive voltage divider is established by means of
two capacitances: The harvester capacitance Cg, ¢, is the capacitance between the
conductor at conductor rope potential V., and the metal covered harvester shell
at harvester shell potential Vg,. The harvester ground capacitance Cgp e is the
capacitance between the harvester shell and earth potential. Depending on the ratio
between the two capacitors Ce, s, and Cgp e, a sufficient amount of energy will pass
through the equivalent impedance R’'s which by means of a suitable transformer
converts the displacement current useable for powering measurement hardware. The
dashed line indicates the high-voltage between conductor rope potential V., and

earth potential.
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Impact
weather | current load | pollution | maintenance | complexity
Solar Energy - + - 4 +
Wind - + - - 0
Heat Flow 0 0 - + 0
Magnetic Field | + - + + 0
Electrical Field | + + + + 4

Table 4.1: Comparison of energy harvesting techniques for operation at high-voltage
power lines. “4” denotes a low weather impact, low dependence on the current load,

4

minor effects of pollution, low maintenance effort and low complexity. “—” denotes

the opposite, “0” denotes properties in-between.

for powering a measurement circuitry and the feasible power output.



Chapter 5
Sensor Architecture

This chapter covers three aspects: first, the design and evaluation of a capac-
itive sensor front-end for icing detection at the conductor rope surface of a
high-voltage overhead line; second, its interaction with an energy harvesting
system based on the alternating electrical field and, third, the related data
evaluation. At first, Section 5.1 explains the selected capacitive approach to
icing detection, with its geometry constraints determined by the geometry and
the environment of a high-voltage overhead line. Section 5.2 explains in de-
tail the electrical boundary conditions which have to be considered when a
capacitive sensor is operated in the alternating electrical field in the immedi-
ate vicinity of the conductor rope of a high-voltage overhead line. After that,
Section 5.3 covers the problems which arise due to the implementation of both
a capacitive energy harvesting system and a capacitive measurement system
in a single device. At the end of this chapter, Section 5.4 describes the data
evaluation method used for the field test device, i.e. how to derive the icing

status from the acquired measurement data.

5.1 Design of a Capacitive Sensor for Icing De-

tection

This section discusses the design principles for a capacitive sensor for icing
detection on a conductor rope of a high-voltage overhead line. First, possible
measurement electrode geometries are evaluated (Section 5.1.1). Then, the

icing scenarios to be expected are described (Section 5.1.2). Section 5.1.3 ex-

39
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plains the measurement model with respect to icing scenarios and the selected
electrode layout. In Section 5.1.4, the results obtained from finite element

simulation are presented and discussed.

5.1.1 Sensor Geometries

A capacitive sensor consists of two or more electrodes. The electrodes, rep-
resenting, in fact, the conductive part of the sensor, can be abstracted to a
geometry of two or more conductive parts insulated one from each other and
all of them electrically insulated from the environment. The presence of a con-
ductive element in order to establish a measurement common ground potential
is useful, however, it is not a requirement. A common ground level is often
introduced in the environment of a capacitive measurement setup in order to
keep one “hemisphere” of the geometry constant with respect to capacitance
changes (i.e. no or reduced sensitivity to changes of the dielectric matter). As
far as the operation at a high voltage power line conductor rope is concerned,
it seems useful to maintain the electrode geometry or distance constant. Only
the amount or quality of the dielectric material that changes the permittivity
link between the electrodes, on the other hand, should be variable. Due to
the strong electrical field gradient in the immediate vicinity of the conductor’s
surface, the maximum distance between the conductor rope and the electrode
is limited (see Section 5.1). Therefore, a flat, planar design is desirable. Dif-
ferent planar electrode topologies have been evaluated and tested in order to

evaluate the function of the different electrode setups.

The standard operation environment is an aluminium conductor, steel re-
inforced (ACSR) conductor rope, a technology, which has been used for over
90 years for high voltage power transmission. This type of conductor rope con-
sists of one or more layers of aluminium strands applied concentrically, with
alternate right-hand and left-hand twisting directions, over a galvanized steel
core consisting of one or more strands. The steel core provides mechanical
strength, and the aluminium strands conduct most of the current [24], (cf. also
Section 2.1).

Starting from the given geometry of a typical ACSR conductor rope’s profile

as depicted in Figure 5.1, the following design options are feasible:
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Aluminium Protective
strands grease

Figure 5.1: Standard profile of a conductor rope (cross section), consisting of a steel

core and multiple (here: three) layers of aluminium strands.

e Circular (ring-shaped) electrodes around the conductor rope (cf. Fig-
ure 5.2). Insulated wires are mounted around the conductor rope’s sur-
face. The measurement capacitances are defined by electrode pairs. Each
measurement capacitance has a different yet unique characteristic de-
pending on the electrode distance. This setup provides the advantage of a
tangentially uniform sensitivity around the conductor rope. At the same
time, the sensor characteristic does not take into account non-uniform
ice accretion, for example, due to the presence of wind. A drawback of
this approach might be a potentially complicated mounting process on
the line: a procedure needs to be developed that allows for mounting of
rings on the line while at the same time ensuring a known distance be-
tween electrode and conductor rope’s surface plus keeping the electrical
insulation of the electrodes intact. This may lead to sensor electrodes,
which have to consist of multiple parts or be very flexible, yet mechan-
ically stable (such as conductive polymers). Furthermore, the measure-

ment capacitance between two rings is not easily scalable to the desired
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measurement circuitry input range without changing the overall sensor

behavior.

Straight (linear) electrodes along the conductor rope (cf. Figure 5.3).
Insulated wires are mounted in the surface gaps between the aluminium
conductor strands, following the twisting of the conductor rope. This
setup allows for easy scaling as the electrode length changes both offset
and measurement capacitance. As in the previous approach, the mea-
surement capacitances are defined by electrode pairs. Also here, each
measurement capacitance has a different yet unique characteristic de-
pending on the electrode distance. The advantages of this setup are, on
the one hand, the possibility to pre-produce the sensor elements with
a holder, which can be easily mounted as long as the electrode length
does not exceed half of the twisting length of the conductor rope. How-
ever, this configuration results in a limitation of the sensitive area. The
major advantage of this setup is the position of the measurement elec-
trodes: if placed into the surface gaps, the exposure to the electrical field
and thereby the potential difference between measurement electrodes and

conductor rope can be kept small due to its position “within” the surface.

Complex geometries (for example, electrodes of different lengths, free-
form geometries). In principle, any electrode shape that fits both the
requirements of application on a high-voltage conductor rope and the
required sensor characteristics, could be realized. However, sophisticated
geometries typically lack scalability, which is regarded to be essential for

the design of a first laboratory or field test device.

Due to the ease of scalability, the simple application onto the conductor

surface and the advantage of not having to deal with too high voltages between

conductor and measurement electrodes, the linear electrodes approach was

chosen to be investigated in more detail. Besides, preliminary experiments

have been carried out with ring-shaped electrode setups as well.

5.1.2 Sensing Scenarios

In consequence to Section 2.2, different standard sensing scenarios are ex-

pected. The following scenarios are most likely to occur:
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Figure 5.2: Geometric model and example photograph of a circular electrode setup
on a conductor rope. Insulated wires are mounted along the circumference of the
conductor surface. This setup provides the advantage of a tangentially uniform

sensitivity around the conductor rope.

Dry conductor. In this case, the medium surrounding the conductor

and the sensor is air.

e Rime icing (air humidity induced ice deposition). Air humidity freezes
and accumulates at the conductor surface. In this case, an ice layer is
assumed to be present at the conductor surface and the sensor, with

increasing or decreasing thickness.

e In-cloud icing (presence of water droplets). Similar to rime icing; no
water layer but amounts of small water droplets in the air are assumed

to be present during the icing process.

e Snow deposition. This process describes snow (ice of complex geome-
tries containing various amounts of water and air) accumulating at the

surface of the conductor and on the sensor.
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Electrodes Conductor rope

Figure 5.3: Geometric model and example photograph of a linear electrode setup on

a conductor rope. Insulated wires are mounted in the surface gaps between the alu-

minium conductor strands, following the twisting of the conductor rope. This setup

allows for easy scaling as the electrode length changes both offset and measurement

capacitance.

e Freezing rain. Liquid water drops hit the conductor surface and form

a clear ice layer of increasing thickness; this can be modeled by an ice
layer with increasing thickness on the conductor and the sensor and on

top a water layer of limited thickness.

Melting ice. Typically, a conductor line would rather de-ice by solar
radiation or increasing air temperatures. The situation concerning the
layer structure of different permittivities is similar to a freezing rain

event, although there is a longer duration of stable states.

Wet conductor. The medium surrounding the conductor and the sen-
sor is water, typically originating from precipitation or a melting thin
ice layer. A water layer at the surface of a conductor is limited in its

thickness by gravity, the viscosity of water, the surface geometry and
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roughness and the hydrophilic/hydrophobic behavior of the surface.

Figure 5.4 depicts the sensing scenarios in the field as described above. It
can be seen that in principle, three capacitances are present in this setup: a
capacitance between each electrode and the conductor surface (C, 1 and C,2) as
well as the inter-electrode coupling capacitance C.. The measured capacitance

Cy is given by equation 5.1:

Cgl * ng
Cgl + Og?
The capacitance model is explained in more detail in Section 5.1.3. Images

Cy =C,+ (5.1)

of the corresponding states during laboratory tests are depicted in Figure 5.5.
In Figure 5.5, a laboratory linear electrode setup is depicted. Four equally
spaced wire electrodes are positioned in the gaps between conductor strands.
Summarizing, a capacitive sensor for icing detection on a high-voltage power
line conductor should be able to both detect and distinguish between any of
the listed measurement scenarios. Further information may be extracted from

the transitional states between the scenarios.

5.1.3 Capacitance Model

This section describes the electrical capacitance model of an electrode setup
in the vicinity of the surface of a conductor line. The effects of the presence
of water or ice in the vicinity of the conductor equipped with a two-electrode
measurement capacitance are explained. As the expected measurement fre-
quencies (i.e. the excitation frequencies) are below 10 MHz, wave propagation
effects are neglected.

Figure 5.6 depicts a basic measurement setup, consisting of two measure-
ment electrodes. A total of three conductive objects (Electrode E1, Elec-
trode E2 and the Conductor) yield three inter-electrode capacitances. Fig-
ure 5.6 depicts the equivalent network of capacitances contributing to the
evaluation result of a measurement capacitance Cy. For the application on
a conductor, more than two electrodes are required in order to solve ambigui-

ties.

e C,; is the ground capacitance 1 between Electrode E1 (for instance, a

transmitter) and the conductor rope. This capacitance can be approx-
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Electrode E2

Electrode E1

Conductor strands

(a) Dry conductor

Ice\ C, V}ater
Electrode E1 Electrode E2
@

Conductor strands

(c) Freezing rain, Melting ice

Ice\ C,

Electrode E1
C,

Electrode E2

Conductor strands

(b) Rime-, In-cloud icing; Snow deposition

Cy Water

Electrode E2

Electrode E1

Conductor strands

(d) Wet conductor

Figure 5.4: Cross-section of a simplified capacitance model of example scenarios with

linear electrode setups in a laboratory test cycle. First, the conductor rope’s surface

is dry (a).

Ice accretes (b) and melts (c¢) during the experiment, leaving water on

the conductor rope’s surface (d). The capacitances between each electrode and the

conductor rope’s surface (Cy,1 and Cy2) as well as the inter-electrode coupling capac-

itance C. depend on the type and amount of material (ice, water or air) present on

the conductor rope’s surface and the electrodes. This capacitance model is explained

in more detail in Section 5.1.3.
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(a) Dry conductor (b) Rime icing / In-cloud icing / Snow de-

position

(c) Freezing rain / Melting ice (d) Wet conductor

Figure 5.5: Images of example icing scenarios with linear electrode setups in a labo-
ratory test cycle. First, the conductor surface is dry (a). Ice accretes (b) and melts

(c) during the experiment, leaving water on the conductor surface (d).
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Electrode E1 Electrode E2

Conductor strands

Figure 5.6: Capacitance model for a two-electrode linear setup (cross-section). The

three inter-electrode capacitances Cy 1, Cg2 and C. consist of partial capacitances.

imated by a cylinder electrode (with the diameter of the wire) in the
vicinity of a surface, which has a half-cylinder texture. The media in
between the two conductive structures is the wire insulation of Elec-
trode E1 (typically a polymer with a permittivity (e, = 2...5) and air.
Thus, Cy, is the series connection of the capacitance between wire and
insulation C,;1 and the capacitance Cj,; between insulation and con-
ductor. However, the air gap is subject to be replaced by ice or water,

thus significantly changing the capacitance Cjg ;.

e C,, is the ground capacitance 2 between the receiver Electrode 2 (for
instance, a receiver) and the conductor rope. The impacts on this ca-

pacitance are the same as for Cj ;.

e (. is the coupling capacitance between Electrode E1 and Electrode E2;
this is the measurement capacitance. This capacitance can be approxi-
mated as the capacitance between two cylindrical objects. A series con-

nection of three capacitances contributes to the coupling capacitance: A
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capacitance between Electrode E1 and the surface of its outer insulation
Cein, the same for Electrode E2 (C.2) and the coupling capacitance
Ce12. Again, the capacitances C,;; and C, 2 depend on the material of
the wire insulation of Electrodes E1 and E2 (typically a polymer with
a permittivity (e, = 2...5). C.12 is given by the air gap in between the
two insulated electrodes. Replacement of the air gap by ice and /or water

significantly alters the value of C. 9.

Whenever a capacitance measurement setup consists of at least a trans-
mitter, a receiver and a common ground potential, an object in-between can
either increase (“coupling mode”) or decrease (“shielding mode”) the coupling
capacitance (compare, for example, [131]), depending on the size and the per-
mittivity of the object, its distance from the measurement capacitor and its
capacitance with respect to ground. As described in Figure 5.7, this can lead
to ambiguities when evaluating only a single measurement capacitance.

Figure 5.7 illustrates the measurement principle for four different measure-
ment scenarios. The coupling capacitances between Electrodes E1, E2 and
E3 are evaluated by means of a low-impedance measurement circuitry with
Electrode E1 as a common transmitter.

Whenever air in the vicinity of the conductor is replaced by water, ice or
snow, all the partial capacitances within one measurement electrode pair (C, 1,
C. and C,3) are altered. The variation of all three capacitances potentially
has effects on the measurement readout and might lead to ambiguous results.
Consequently, the use of multiple electrodes (i.e. multiple measurement capac-
itances) is required for the evaluation of ice quality and thickness information.
Ice could be distinguished from water even more easily due to an impact on
the coupling capacitances which differs by orders of magnitude.

The behavior of a measurement capacitance is different but unique for any
electrode distance. Overall, the sensor characteristics are determined by the
electrode distance, the thickness of the wires, the thickness and the material
of the isolation layer. Besides, it can be linearly scaled (in order to adapt the
measurement capacitance to the readout circuitry) by increasing the respective
electrode lengths [4].

As stated above, in order to be able to estimate the layer thickness from the

measurement signal, multiple measurement capacitances need to be evaluated
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Figure 5.7: Surface states and the impact on the measured capacitance. (a) The low
permittivity of air (e, = 1) causes a small displacement current which is concentrated
around the transmitter; thus, coupling is weak and the capacitance measurement
value is small.

(b) The displacement current increases for ice covered electrodes due to the higher
permittivity of ice (¢, > 2). Thus, also the coupling between the common transmitter
Electrode E1 and the receivers Electrode E2 and Electrode E3 increases, i.e. the dis-
placement current increases due to the higher permittivity; coupling is improved and
the measured capacitance C, increases. For increasing thicknesses of the ice layer,
the displacement current is more and more directed away from the electrodes and
the coupling capacitance C. starts to decrease again. As the displacement current
is directed further away, the coupling capacitance C. decreases due to the increasing
coupling between the dielectric layer and the conductor. If the distance between
transmitter and receiver increases, the maximum capacitance value is reached at an
increased ice layer thickness (here: compare the measurement capacitances between
Electrodes E1-E2 and E1-E3, respectively).

(c) For very high permittivities (water, e, = 80), the displacement current strongly
increases and is directed towards the conductor, even for very thin layers. Conse-

quently, the field remains concentrated around Electrode E1 and the coupling to
Electrodes E2 and E3 is poor.
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and the achieved measurement signals must be merged by means of a suitable
algorithm.

The maximum number of electrodes per electrode assembly is practically
limited by the availability of circuits. That is, as per 2012, 16 receiver elec-
trodes for commercially available devices. However, this limit can be worked
around by means of multiplexers or other suitable devices. The theoretical
minimum required number of measurement capacitors due to the presence of
shielding mode and coupling mode would be two. However, for reasons of
redundancy, ability for self diagnosis and data quality, it was decided to im-
plement four measurement electrodes for the field setups, though several early
experiments were also carried out with two or three measurement capacitances
depending on the available sensor IC.

According to the operation modes of commercially available capacitance-
to-digital converters, four measurement capacitors were designed by a single
transmitter (excitation) electrode and multiple multiplexed receiver electrodes,
which are continuously evaluated. As mentioned above, these measurement
capacitors are designed to differ in their inter-electrode distance, thus having
different nominal capacitances and different characteristics. A schematic of
this setup, based on real-world dimensions, is depicted in Figure 5.8. The
measurement capacitances between a common electrode (Electrode E1) and
multiple measurement electrodes (Electrode E2...E5) are evaluated. The sensor
electrodes consist of electrically isolated wires following the twisting of the
conductor strands. This is an approach which primarily uses dimensions given

by the surface to be observed.

5.1.4 Finite Element Simulation

After deriving the model (Section 5.1.3), a 2D finite element simulation of the
measurement setup has been established.

Figure 5.9 depicts the measurement setup in the simulation software envi-
ronment. The setup equals the field test setup (consisting of four measurement
capacitances).

In the simulation framework, a layer of variable thickness of ice (¢, = 3)
is simulated at the conductor surface. The 2D finite element model results of

this calculation are depicted in Figure 5.10.
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Figure 5.8: Electrode setup for a typical conductor rope with five linear electrodes

E1...E5, forming the measurement capacitances C (i.e. C1, Ca, C3 and Cy).
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Figure 5.9: 2D model in the FEM simulation software. Electrodes E1...E5 form the
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measurement capacitances Cy (i.e. C1, Cy, C3 and Cy)



Capacitance [pF]

‘ [—c,
o - |2 ]
‘_Cs L
‘___CA
1.5 1
1+ i
0.5+ O e e e e e e e e e e A e i r
1
1
kl
‘l
\ e T T T T T T m s m m m m e m m — — — = = = — o
O - 1 1 1 1
0 10 20 30 40 50

Capacitance over ice layer thickness (FEM simulation)

layer thickness [mm]

23

Figure 5.10: 2D FEM simulation results for ice layers with increasing thickness. It

can be seen that for increasing inter-electrode distances (C; smallest, Cy largest), the

absolute dry value decreases and the maximum value is reached at a higher thickness

for a larger inter-electrode distance. Furthermore, all measurement capacitances are

lower than their “dry” value for small thicknesses (approx. 1 mm), resulting from the

predominant shielding mode.
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Figure 5.11: 2D FEM simulation results for water layers with increasing thickness.
Compared to Figure 5.10, all capacitances are small. For increasing inter-electrode
distances (C smallest, Cy largest), the behavior for higher layer thicknesses is similar.
With the presence of water, the shielding effect dominates over the whole thickness
range. It has to be noted that a water thickness of 50 mm is impossible, however,

thick and very wet snow layers may show a similar behavior.

It can be seen that the behavior of the measurement capacitances is different
for the various inter-electrode distances (cf. Section 5.1.3). The combination
of multiple measurement capacitances will allow for the estimation of the layer

thickness (to be discussed in Section 5.4).

Figure 5.11 shows the 2D finite element model results for a water layer
of variable thickness (¢, = 80). It is obvious that already at a comparatively
small layer thickness, all measurement capacitances saturate at low capacitance
values. However, as mentioned earlier in Section 5.1.2, a thick water layer is
not expected to occur on a conductor line due to both the geometry of the
setup and gravity. Nevertheless, a thick layer of very wet snow may behave

similarly to a thick water layer.
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5.2 High-Voltage Design for a Capacitive Icing

Sensor

In a high-voltage environment, several constraints apply to the design of a
capacitive sensor. While in principle, the required measurement capacitances
can be formed by multiple conductive parts (sensor electrodes) of any shape,
which have to be covered by a non-conductive layer, the following constraints

have to be observed concerning materials and geometry [3]:

e No sharp edges or corners are allowed in order to avoid corona discharges

due to field crowding.

e A trade-off needs to be found concerning the distance between conductor
rope surface and measurement electrodes. While a larger distance leads
to a lower offset capacitance and lower parasitic coupling, it also causes
a higher potential difference in the magnitude of kilovolts between the

CDC channels and measurement ground (i.e. the conductor rope).

e Similar to the sensor cables, the sensor electrode isolation needs to with-
stand the industrial temperature range (-40 to +85°C) and must be stable

against the strong electrical field and partial discharges.

e A minimum electrode isolation thickness must be kept for long-term

stability.

e A mechanically stable connection between sensor cable and sensor elec-

trodes must be established.

These restrictions are discussed in Section 5.2.1 and 5.2.2.

5.2.1 Geometry

The first geometric boundary for a sensor on a high-voltage power line is
(depending on the measurement principle) a low profile in order to avoid too
high voltages between conductor and measurement electrodes. Secondly, any
sharp edge, corner or peaks of any object can generate corona discharges into
the air, which will lead to EMC disturbers and material degradation. Hence,

from a high-voltage engineering point of view, two major requirements apply:
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e Minimization of the electrode assembly’s profile (i.e. height, length in

radial direction).

e Maximization of the corner and edge radius of any part in the electrical
field.

On the other hand, a larger distance between conductor surface and elec-
trode assembly decreases the parasitic capacitances between both measurement
electrodes and conductor potential, thus having a positive overall effect on the

capacitive measurement.

5.2.2 Materials

Capacitive sensing in a high-voltage electrical field requires the sensor materi-
als to be able to withstand the strong electrical field (i.e. carry the dielectric
currents without degradation) and to also withstand partial discharges from
its surface. Furthermore, the connecting cables have to meet the same re-
quirements while not being sensitive to icing. The choice of materials is very
limited: the materials have to suit the mechanical demands, be immune against
UV radiation (i.e., no material degradation due to sunlight) and certified for
the standard industrial temperature range (between -40 and +85 degrees Cel-
sius). In high-voltage engineering, there are several materials that fulfill these
requirements, such as ceramics, special silicone elastomers and Teflon (polyte-
trafluoroethylene, PTFE). The low permittivity of PTFE (e, = 2) ensures low
dielectric load over the sensor lifetime. The only drawback of the material is
its low friction coefficient; also, it is comparatively hard to join (no glue avail-
able, no simple thermal forming procedures). Moreover, silicone elastomers
typically have similar material properties such as hydrophobic surfaces and
sophisticated joining procedures.

The use of commercial PTFE or silicone insulated wires ensures mechanical
stability concerning the insulation layer between measurement electrode and
conductor potential. What needs to be ensured is a water-tight yet low-profile
element where the sensor cables are connected to the sensor. Details on the

realization of the icing sensor are given in Section 6.3.1.
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5.3 Capacitive Harvesting versus Capacitive Mea-

surement

This section covers the problems which arise due to the concurrent operation of
a capacitive energy harvesting system and a capacitive measurement system.
Section 5.3.1 describes in detail the interaction of the capacitor of the energy
harvesting system with the capacitors, which are part of the measurement sys-
tem. The approaches to solving this problem are discussed in Section 5.3.2.
The selected solution approach and resulting boundaries for the implementa-

tion in a test device are described in Section 5.3.3.

5.3.1 Problem Description

Figure 5.12 depicts a block diagram of key components of a complete energy
harvesting and icing detection system.

The primary coil of the 5 kV/20 V transformer is connected to both the
conductor line (conductor rope potential V,,) and the energy harvester shell
(harvester shell potential V). The transformer output is rectified and regu-
lated to the required supply voltage respect to the harvester shell (V,,). The
energy harvesting circuitry is represented by the equivalent impedance R’s.
The energy supply is fed to all components of the circuitry.

The problem that arises during the design process is that one has to choose
a proper potential for the supply lines of the capacitive icing sensor electrodes.
This so-called shield potential could be set to the ground potential of the
micro controller (on harvester shell potential V). However, this results in a
parasitic link (i.e. a lowered impedance) between conductor and harvester shell,
potentially disturbing the operation of the energy harvesting system. On the
other hand, magnetic fields are strong close to the conductor and the electric
field gradient is highest in the immediate vicinity of the conductor, making
it difficult to operate wireless data transmission systems (such as GSM and
ISM) there, also due to the presence of metallic objects and restricted areas
available for antennas.

Consequently, micro controller and data transmission circuitry should re-

side as close to the harvester shell due to the mentioned reasons, whereas the
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Figure 5.12: Schematic of the parasitic capacitive path problem. V, is the conductor
rope potential. Vg, is the harvester shell potential. Cgj,  is the capacitance between
harvester shell and ground, while C, s, is the harvester capacitance. The capacitive
shunt C), . is introduced by the sensor cables shielding with respect to ground, as

they are routed to the conductor from the capacitance-to-digital converter (CDC).

measurement circuitry should reside as close to the conductor as possible. This
allows to keep the voltage between measurement electrodes and measurement
ground as small as possible.

Furthermore, the energy harvesting system is based on a capacitive voltage
divider. As mentioned in Section 4.5, the ratio between the two divider ca-
pacitances is crucial for its operation. Therefore, additional (parasitic) paths
between the conductor rope potential V,, and harvester shell potential V; de-
crease the amount of harvestable power due to the alteration of the mentioned
divider ratio, and need to be taken into account.

These parasitic paths may be introduced by ice or snow layers on the outer
side of the harvester shell, but also by the icing detection circuitry itself (com-
pare Figure 5.12). For instance, assuming a harvester ground capacitance Cyp, ¢

of 10 pF between harvester shell and ground, a harvester clamping voltage of
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5 kV and a system voltage of 220 kV RMS line-to-line (equaling 127 kV RMS
voltage with respect to earth), the parallel connection of the harvester ca-
pacitance Cq, s, the equivalent impedance of the energy harvesting circuitry
R and the parasitic capacitive shunt C, ., between conductor and harvester
shell must not exceed 250 pF in order to keep the voltage divider within its
designed parameters. Consequently, an increased value of that capacitance
would require an increase of the harvester ground capacitance Csj . which can,
in fact, only be achieved by enhancing the length (and thereby the weight) of
the harvester shell, which is not desirable.

Assuming the circuitry residing in the vicinity of the harvester shell (i.e. on
harvester shell potential V), the shielding of the coaxial cables towards the
sensor wires introduces already a relevant parasitic capacitance as they are
connected to harvester shell potential V. In order to keep the aerodynamical
effects of the harvester shell on the icing behavior at the sensor location small,
a minimum distance should be kept between harvester shell and icing sensor.
A minimum of at three electrodes (one transmitter and two receiver electrodes)
is required for a reliable icing detection in order to be able to resolve ambi-
guities. The capacity per unit length of a coaxial cable typically amounts to
approx. 100 pF per meter. Assuming a distance of only one meter between
harvester shell and icing sensor (yielding approx. 1.5 m of cabling per sensor
electrode), at least 450 pF of additional parasitic capacitance are introduced.
This value already exceeds the calculated maximum for reliable operation of
the energy harvesting system. Consequently, the displacement current to the
environment would no longer pass through the harvesting circuitry but through
the parasitic path and the energy harvesting system would therefore no longer
operate.

The operation of measurement circuitry in the immediate vicinity of a high

voltage power line conductor poses several problems:

e High electrical field strengths which have influence on the sensors on one
hand and on the measurement circuitry on the other hand. Due to the
geometry which is similar to a line source over a conductive plane, the

highest field gradient occurs closest to the conductor.

e In consequence to that, components mounted at different distances from
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the conductor reside at different electrical potentials, unless they are
mounted in a Faraday cage. However, such a device would introduce

additional parasitic capacitances.

High magnetic field strengths while high currents are present. High AC
currents may induct voltages in any loop-shaped part of the circuitry of

suited orientation towards the field.

Disturbances / Transients during switching processes in both the elec-

trical and the magnetic field regime [4].

Hence, for a realization of the system the following requirements have to be

considered:

e The communication circuitry should reside as far as possible from the

conductor to keep induced voltages in the antenna as low as possible.

The measurement circuitry should reside as close to the conductor as
possible in order to minimize 50 Hz disturbances between measurement

ground and the measurement circuitry inputs.

The sensor cables need to be shielded to make them sensitive only in
the desired area. A shield potential needs to be defined. If the shield
potential is set to harvester shell potential V;, the parasitic capacitances
would by far exceed the limits that need to be respected for the operation

of the energy harvester.

The total parasitic impedance of the circuitry between conductor and
harvester shell has to be small, because the capacitive voltage divider

ratio is crucial for the operation of the energy harvester [4].

Following these considerations, it is not feasible to mount the entire circuitry

on the inside of the harvester shell. In the next section, solutions approaches

for this problem are described.

5.3.2 Solution Approaches

A minimum of two possible concepts seem feasible:
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1. Placement of the entire circuitry on conductor potential on the inner
side of the harvester shell or on the conductor. This approach provides

the following advantages:

e Short measurement cables, small additional offset capacitances

e Virtually no parasitic capacitive shunt C, s in parallel to R's and

the harvester capacitance Cg, s,

e Compact solution

At the same time, the following drawbacks have to be dealt with:

GSM/ISM antenna placement in strong field area

GSM/ISM antenna placement within harvester shell - directional

characteristics, shielding effects

Entire circuitry within strong magnetic field area

Additional weight due to the necessary magnetic shielding of the

circuitry

Figure 5.13 depicts the block diagram of this approach.
2. Separation and decoupling between measurement front end and the
rest of the circuitry.

The advantages of this approach are:

e Communication circuitry and antenna resides on harvester shell

e Minimal parasitic capacitive shunt C,, ., in addition to R's and the

harvester capacitance Ce, sp,

e Capacitance measurement circuitry close to the conductor, i.e. small

additional offset capacitances
Drawbacks of this approach:

e Durable isolation between the two circuitry areas is necessary, pos-

sible problems with creeping currents
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Figure 5.13: Block diagram of a decoupling solution with the measurement circuitry

at the conductor rope potential V,.

e Two signal ground levels are present at a potential difference of
several thousand Volt

e Data and power transfer and/or measurement signal transfer be-

tween the two potential levels needs to be established

Given this, the following design rules for an implementation should be

obeyed:

e The measurement circuitry and/or the measurement signals need to be
decoupled from the harvesting and communication circuitry. Conse-
quently, there are two ground levels (harvester ground and measurement

ground) with a potential difference of several thousand Volts.

e Isolated data and/or measurement signal transmission is required be-

tween communication circuitry and measurement circuitry.

e [solated power transmission can be required if the measurement circuitry

is entirely decoupled.
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e All capacitances introduced by these data and power paths represent
again contributions to the parasitic capacitive shunt C, ., and should

therefore be kept as small as possible. [4]

In order to obtain the largest possible distance from the conductor (thus
avoiding disturbances from the magnetic field), the inner side of the harvester
seems the optimum mounting location for the measurement and data com-
munication circuitry. This also allows for the integration of communication

antennas in that area.

5.3.3 Decoupling Solution

As it seems that wireless data transmission in an environment of strong alter-
nating magnetic fields is more difficult to handle in comparison with a strong
electrical field and the related insulation issues, the approach to separation and
decoupling was further investigated. Therefore, suitable methods of transfer-
ring either the measurement excitation and receiver signals or both power and
data between the circuitry parts need to be implemented, as the main aim is
the use of the conductor surface as measurement ground potential.

This aim can be achieved either by means of high-voltage high-frequency
transformers or by means of high-voltage optical couplers (typically providing
a coupling capacitance below 1 pF per unit) and a small-scale high-frequency
insulated transformer (with a typical primary-to-secondary coupling capaci-
tance below 5 pF).

Figure 5.14 depicts the solution approach for the decoupling problem. In
comparison to Figure 5.12, a Data/Power Decoupling Unit is introduced into
the setup. The main aim of this unit is the ground level translation - as most
of the circuitry (including energy harvesting and wireless data transmission) is
referred to the vanishes and a (de)coupling capacitance C, 4 is introduced by
the decoupling circuitry. As mentioned above, this additional capacitance C,, 4
is orders of magnitude below the expected values of the parasitic capacitive
shunt C) ..

Details on the implementation of the decoupling solution are given in Sec-
tion 6.3.3.
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Figure 5.14: Block diagram of the capacitive path decoupling solution. The parasitic
shunt C) s between the conductor rope potential V., (GND’) and the harvester shell
potential Vg, (GND) disappears and is replaced by a small decoupling capacitance

Cp e which is orders of magnitude smaller than the parasitic shunt Cp cs.

5.4 Data Evaluation and Algorithm Design

This section describes the path from the capacitance measurement raw data
to the measurement data representing the icing status of the conductor surface
presented to a responsible person such as the operator in charge. Section 5.4.1
investigates possible cross sensitivity effects on the measurement due to, for
instance, temperature changes, and proposes approaches for automated cor-
rection. Section 5.4.2 explains how the actual icing status can be derived from

the temperature compensated measurement data.

5.4.1 Cross Sensitivity Effects

In order to ensure proper data evaluation, cross sensitivity effects of the sen-

sor have to be taken into account. Cross sensitivity in this context refers to
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physical quantities or effects other than ice, water or air, having effects on the
capacitive measurement data. The cross sensitivity effect, which will occur
under all circumstances, is the temperature dependance of permittivities. On
the other hand, other effects such as changing air humidity or pollution need
to be taken into account. A short overview of these effects is also given in this

section.

Temperature

As the measurement equipment is exposed to a cold environment, a maximum
operational temperature range between -40°C and +85°C can be expected.
Besides general effects on the circuitry, this temperature changes have also
impact on the the icing measurement results. More in detail, this problem has

multiple faces:

e Temperature dependence of the supply voltage causing a temperature
dependence of the capacitance measurement due to the supply voltage
drift.

e Temperature dependence of the capacitance measurement circuitry (ICs,

passive components).

e Temperature dependence of ground capacitances C,; and Cjo due to
temperature dependence of the permittivity of the sensor wire insula-
tion (capacitances between wire and insulation Cy,; 1 and Cly; 2, compare

Figure 5.6) as well as the sensor cable capacitances C s.

e Temperature dependence of the measurand on the sensor, i.e. tempera-

ture dependance of the coupling capacitance C..

While the first two error sources can be compensated by introducing cor-
rection factors, the change in offset capacitances in the measurement circuitry
can be coped with by introducing reference capacitors with a value close to
the sensor cable capacitance C) ;.. Furthermore, possible temperature effects of
protective filters in the sensor front-end (compare Section 6.3.4), the reference
capacitors are also connected via input filter using the same filter structure as

for the sensor electrodes.
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The temperature dependance of the permittivity of water and ice has to be
investigated more in detail: the dielectric properties of ice and snow vary over
temperature, frequency and air content. According to [132], at frequencies
below 100 kHz, the complex permittivity is highly dependent on the excita-
tion (i.e. measurement) frequency. In the frequency range between 1 kHz and
10 kHz, a permittivity change of 20 % and more is caused by a temperature
difference of only 7°C [132]. However, this effect disappears for excitation
frequencies of 100 kHz and higher. Also for this reason, it is chosen to use

excitation frequencies which exceed 100 kHz.

Air humidity, Pollution, Mechanical Effects

In general, very little dirt adheres to a conductor line surface. Usually, the
initial surface oxidation of the aluminium and the diffusion of the steel core’s
protective grease may change the behavior of the sensor. Further effects to be

taken into consideration are as follows:

e Air Humidity. Non-condensing air humidity is expected to have only
minor effects. The maximum water content of air at 10°C is approx. 10 g
per cubic meter and the permittivity of vapor is comparable to that of
air. Condensing air humidity causes water droplets, drops or thin water
layers on the electrode assembly, causing the measurement circuitry to
detect water. A water layer from condensing air humidity can grow in
thickness and drop off, it can freeze and form an ice layer or it can

evaporate and vanish again.

e Pollution. Various sources of pollution with effects on the sensor are
possible. For example, flue gases from domestic heating, traffic or in-
dustry may accumulate on the sensor surface. This may change offset
capacitances and/or the surface properties of the sensor, however, it is
supposed that such slow processes concern the whole sensor area uni-
formly. Bird droppings, leaving irregular pieces of dielectric material
with varying water content, are less likely to occur as birds avoid high-
voltage power lines as they cause displeasing corona discharges. The
probability of such an event is small and there is the expectation that

rain and wind would help cleaning the sensor.
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e Mechanical Effects. Furthermore, there may be effects related to the
mechanics of the conductor line. It is expected that there will be ex-
pansion, shrinking and torsional motion due to the thermal expansion of
the conductor line. According to [133], the thermal expansion coefficient
of aluminium is approx. 23.1 - 10 - K*!, whereas the value for steel is
typically lower. Assuming a total sensor length of 150 mm, the variation
over a maximum difference of 120°C is approx. 0.2 % or 0.3 mm. This is

well within the typical range of elasticity of all used materials.

In the field tests conducted during this work, none of the mentioned effects

could be observed having a significant influence on the measurement data.

5.4.2 Classification

Several parameters have to be considered in order to derive one or multiple
indicators which deliver icing status information of the power line: besides the
evaluation of multiple measurement electrode distances, also the evaluation of
reference capacitors, conductor and circuitry temperature as well as the signal
variances have to be taken into account.

Starting at the sensor model and the yielded FEM data, it can be seen that
for a certain, relatively small inter-electrode distance (approx. 2 millimeters for
a linear electrodes setup as described in Section 5.1.1), a measurement capac-
itance behavior can be achieved, which delivers a positive change in measured
capacitance for ice accretion and a negative signal for water present on the
electrodes due to the high shielding effect towards measurement potential.

Figure 5.15 depicts FEM simulated data show this behavior from a thickness
of approx. 2 mm.

In all measurement setups (laboratory, field and industrialized setup), it
is the main goal to obtain at least one electrode pair which can discriminate
between ice and water as described above and to have a second electrode pair
which indicates thicknesses above the distance of the discrimination electrode
pair (with a maximum thickness typically in the range of the inter-electrode
distance. This is the minimum configuration which equals three measurement
electrodes and a measurement ground electrode. Not only the nominal capac-

itance depends on the electrode distance, but also both the minimum and the
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Figure 5.15: 2D FEM simulation data for ice (solid line) and water (dashed line) on
an electrode setup with approx. 2 mm inter-electrode distance. From a distance of

2 mm, water and ice capacitance readouts do not share the same range of values.

maximum capacitance measurement value due to ice formation. Additional
information can be extracted from the timely run of the capacitance signals,
especially on growing or shrinking ice layers and water drying/evaporating

processes.

Robustness can be achieved against artifacts, short but strong signal varia-
tions or small water droplets (not forming a layer) on or between measurement
electrodes by inserting more electrodes, thus forming multiple measurement ca-
pacitances. For both field tests and industrial prototype, four measurement
capacitances per sensor are used. The optimum electrode distance strongly

depends on its geometry, the covering layer and its permittivity.

By means of evaluating the signal noise level during icing, the presence
of droplets can be derived such that hoarfrost icing can be separated from
in-cloud icing.

Icing from freezing rain and icing from fog or air humidity can be distin-
guished as they start from different capacitance levels: on average, a “fog” icing
signal will (after a small dip) increase and then decrease; a “freezing rain” signal

will start from its absolute minimum and rise from that point.

Temperature compensation and the impact of signal variances are covered
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in Chapters 8 and 9, respectively.
Data evaluation is conducted by means of a least square fit between the
temperature compensated, offset-freed measurement data and a data set of

thickness versus permittivity for each electrode distance.






Chapter 6
Experimental Environment

This chapter draws on the results from the investigations presented in the
previous chapters in order to design a test device. As depicted in Figure 6.1,

this device comprises the following parts:

e An energy harvesting system (Section 6.1). The electrical design of the
capacitive energy harvesting system is derived from the estimated power
demand of the sensor node platform and of the measurement system.
The mechanical components are designed to fulfill the requirements with
respect to the choice of suitable materials and long-term stability in the

given environment.

e A sensor node platform (Section 6.2). In this section, the circuitry is ex-
plained comprising microcontroller and data transmission systems. This

part transmits the measured data to the host computer.

e A measurement system (Section 6.3). This section gives information
on the chosen capacitance icing measurement approach, the solution of
the decoupling approach derived in Section 5.3.3 and the required input
filters as described in Section 6.3.5.

6.1 Energy Harvesting System

This section describes the development and implementation of an energy har-

vesting system based on the alternating electrical field of the overhead power

71
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Figure 6.1: Block diagram of the test device environment, comprising the energy
harvesting system, measurement system, and sensor node platform, which includes
the data transmission circuitry and transmits the data to a base station or a re-
mote host computer. Black arrows indicate energy supply paths while white arrows

indicate data paths.

line. First, the electrical design is determined (Section 6.1.1). Then, the design
is implemented in hardware for laboratory and/or field use.

In earlier work [19], [130], it could be shown that an energy harvesting sys-
tem based on the alternating electrical field (i.e., a capacitive voltage divider)
can deliver a sufficient amount of power to supply the measurement and data
transmission circuitry. This approach could be successfully shown in labo-
ratory experiments. This section describes the development of a test device

suitable for outdoor use, mounted at a 220 kV overhead power line.

6.1.1 Electrical Design

In a first step, the power demand of the entire circuitry needs to be evaluated.

The design of the energy harvesting circuitry can thus be determined. After
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Figure 6.2: Block diagram of the energy harvesting system (black arrows: energy

transfers, white arrows: monitoring data paths).

setting the dimensions of the capacitive voltage divider, a suitable transformer
needs to be chosen as well as an energy storage system needs to be imple-
mented on the one hand for peak power demands, and on the other hand for
bridging periods of shut-down lines. Figure 6.2 depicts an overview of the
energy harvesting system’s key components: the energy harvesting circuitry,
energy storage and the power converter. The sensor node is not only supplied
with power from the energy harvesting system but also monitors its status.
Besides, a suitable over-voltage protection has to be included in the setup in
order to protect the circuitry from voltage spikes due to either nearby lightning

strikes, power faults or switching processes at transformer stations.

Power Budget

The main electrical design parameter for the harvesting circuitry is its required
power output. For autonomous operation, it is desired to avoid dedicated relay

stations between sensor node and host. Therefore, commercial GSM networks
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seem to be the most promising way of data transmission. This well-established
technology allows for a fully independent operation of the sensor nodes, if

necessary.

As the power consumption levels of microcontroller and measurement cir-
cuity are negligible compared to the RF output power of up to 2 W of a
GSM modem (this level is also due to the required transmission range of up
to more than 10 km), the GSM modem is the major energy consumer of the
setup. The peak power consumption of the GSM modem therefore amounts
to 8 W (current peaks demanded by the transmitter may reach up to 2 A for
periods of 5 ms at 3.7-4.2 Volt, compare [134]).

Figure 6.3 depicts the record of a simplified measurement and data trans-
mission cycle including the GSM network log-on. In the first few seconds,
only the microcontroller and the measurement circuitry are active, requiring
very low power. Then the GSM modem is turned on. After powering up, the
GSM modem is in receive mode (checking the network availability), consuming
approx. 600 mW. Then, the GSM modem switches to transmission mode for
the network log-on process. The power demand rises drastically to more than
2 W (seconds 12-16). Then, the modem switches to idle mode, still remaining
connected to the network. The modem is configured by the microcontroller
to send a short message and receives the text to be transmitted. The wireless
data transfer starting at second 30 causes a high (but pulsed) power demand.
At the end of the measurement and transmission sequence, the GSM modem

remains idling |4].

The average power consumption of the entire cycle amounts to less than
400 mW. However, this is for an unusually high data transmission duty cycle.
Under real-life conditions, data transmission would take place only once every
hour, on demand or when trigger levels are reached. In order to cope with
repetitive cycles of network log-on and high transmitting power levels, the
total power output of the energy harvesting system is designed to this worst-
case scenario and therefore needs to deliver a continuous power of 400 mW and
additionally provide sufficient energy to recharge the backup battery within a
reasonable time. Summarizing this, the output of the harvesting circuitry
should range in the area of >100 mA at 4 Volt.
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Figure 6.3: Power consumption for a simplified measurement and data transmission

cycle [4].

Harvesting Circuitry

The key components of the energy harvesting system are the capacitive voltage
divider, the voltage transformer and the shunt regulator. Besides, a bridge
rectifier and a storage capacitor are included in the setup. Figure 6.4 depicts

a block diagram of the harvesting circuitry.

The conductor can be regarded as a line source with respect to ground. By
inserting a conductive hollow cylinder (i.e. the harvester “shell”, in the current
test device realized by means of aluminium foil on a plastic cylinder), a capac-
itive voltage divider is formed by the harvester capacitance C, s, and the har-
vester ground capacitance Cy, .. Both the electric potential of the conductor
rope V., (towards the harvester shell) and the potential of the harvester shell
(towards earth) V, are decaying with the natural logarithm of the distance .
For a 220 kV line, this leads to field gradient of several kV within the first few
millimeters of distance from the conductor’s surface. As the expected currents
range around several hundred pA at a voltage of several kV, a transformer is
required. A purpose-made 5kV/20V transformer is connected in parallel to

the harvester capacitance C,, s;,. By means of a shunt regulator, the harvester
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Figure 6.4: Block diagram of the energy harvesting circuitry. A capacitive voltage
divider is formed by the harvester capacitance C,, s and the harvester ground capac-
itance Cyp . between the conductor rope potential V;,, the harvester shell potential

Vin, and earth.

shell potential is clamped to a maximum of 5 kV with respect to the conductor
(this limit is given by the insulation strength of the transformer). Given that,
a trapezoid voltage is present between conductor and harvester shell (i.e. on
the transformer’s primary side). Power can be drawn from the transformer’s
secondary side as long as the equivalent impedance of the transformer is within
the order of magnitude of the capacitance between conductor and harvester
shell. After rectifying and smoothing, the harvested energy is fed to energy
storage and power converter. For the given power demand of >400 mW, the
test device dimensions are well oversized as in laboratory tests the device was
already operational at a voltage of 90 kV with respect to ground 7.2.3, while
being designed for operation at a line with a nominal voltage of 130 kV.

The harvester shell is based on a warning sphere with a diameter of 60 cm,
as it is used for marking ground lines and transmission towers. This sphere
is cut in two halves and a cylindric part is inserted in-between. The cylindric
part of the conductor shell has a length of 50 cm and the same diameter as the
sphere, i.e. 60 cm. The diameter of the aluminium pipe, housing the conductor

rope is 50 mm.
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The harvester capacitance C,, ¢, (the inner capacitor) can be approximated
as a coaxial cylinder capacitor and calculated the equation 6.1 (with r; =
0.05 m, ro = 0.3 m, [ = 0.5 m), according to [100],

2mege,l

In(ry/m)

which amounts to a nominal capacitance in dry air of 15.5 pF.

Ceosh = (6.1)

The harvester ground capacitance Cy, . (the outer capacitor) can be ap-
proximated as a cylinder over an infinite plane and is calculated following
equation 6.2 (with h = 15 m, r =y = 0.3 m, [ = 0.5 m), according to [100],

2mege,l

Cote = acosh(h/r)

(6.2)

which amounts to a nominal capacitance in dry air of 6.5 pF at a height of
10 m. Due to the comparatively large distance with respect to its dimensions,
a variation of the mounting height (i.e. the distance to ground) only has small
impact on the harvester ground capacitance Cy . (for instance, 6.1 pF at a
height of 15 m).

Energy Storage

The electrical power supplied from the output of the harvesting circuitry needs
to be properly transformed from the 20 V level in order to supply the sensor
node and measurement circuitry. This is achieved by means of a battery man-
agement circuitry (charging/discharging the backup battery) and a DC/DC
step-down voltage converter, which feeds a second storage capacitor at 4 Volts.
This voltage is chosen due to the requirements of the GSM modem, which is
designed for 3.7—4.2 Volts operation, i.e. lithium polymer or lithium ion batter-
ies at any state of charge. However, these battery technologies are not suitable
for low temperature applications. Since nominal cell voltages of other battery
technologies are typically lower, at least two of these cells must be connected
in series.

Rechargeable batteries were included in the system to ensure operations
over longer periods of power outages or during system maintenance. Two

technologies were tested:
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e Lithium-Iron-Phosphate (LiF'ePO,). This is a relatively new technology
which (as of 2011) seems to be a stable and durable type of rechargeable
lithium batteries. Operating temperatures range down to -20 degrees
Celsius, the cells provide good self-discharge characteristics and show
good long-term stability. The typical field of application for this battery
type are commercial electrical vehicles (EV). In the present application,
two cells are connected in series with a nominal capacity of 2 Ah. Dif-
ficulties arise from the series connection of cells. Lithium cells typically

need a balancing circuitry, which is an additional energy consumer [135].

e Nickel-Cadmium (NiCad). This technology has a comparatively long his-
tory and represented the first commercial household battery replacement
rechargeable cells in the 1990s (starting with AA and AAA cells). NiCad
batteries show good behavior at high discharge currents (for example, in
portable electric tools) as well as at low temperatures. Furthermore, they
can be trickle charged at a small current without taking damage [136].
However, they suffer from the so-called memory effect and contain cad-
mium, which is a poisonous heavy metal. Its use in electronics will be
further restricted in the immediate future by the guideline on reduction
of hazardous substances (RoHS). For the test device setup (which implies
that only a small number of cells are used for a limited time), 5 cells in

series with a nominal capacity of 1.7 Ah are used.

Both battery types require a suitable charging circuitry and have been suc-
cessfully tested in laboratory and field tests. Another battery technology,
Nickel-Metal Hydride (NiMH), was not taken into account for the tests due to
its inferior low-temperature charging performance (with respect to NiCad) and
more complicated charging circuitry. As mentioned earlier, NiCad batteries
allow for continuous trickle charging while NiMH typically requires triggering
the end of the charge cycle via a voltage measurement over time. Neverthe-
less, NiCad batteries are not suitable for a volume product because of their
cadmium content.

The nominal energy capacity of the batteries is 10 and 13 Wh for the NiCad
and the LiFePO4 battery, respectively. Assuming a DC-DC conversion effi-
ciency of 90 % and a discharge ratio of 80 %, the energy stored in the batteries
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can supply the measurement system for approx. 17 and approx. 20 hours, re-
spectively. However, these times can be enlarged by orders of magnitude if the
GSM modem is turned off or measurement intervals are increased. This could
be done automatically, as battery voltage, voltage drift between cells and the
energy harvesting system’s operational parameters are continuously monitored

by the sensor node.

Over-Voltage Protection

Over-voltage protection on the primary side of the transformer is necessary
as a sudden increase of the power line voltage leads to an increase of the
conductor-to-harvester voltage as well and may cause high transient currents.
As the high-voltage transformer is designed for a continuous primary voltage
of 5000 V, an over-voltage protection needs to work from a voltage very close
to this threshold. For a basic test device implementation, a series connection
of 25 bidirectional SMP100 Transient Voltage Suppression (TVS) diodes has
been implemented. The maximum capacitance of a single diode of 45 pF is
divided down to less than 2 pF due to the series connection of 25 elements.
This diode chain is connected in parallel to the transformer’s primary side.
The diodes provide a low leakage current of 2 pA while carrying repetitive

peak pulse currents of 100 A.

6.1.2 Mechanical Design and Housing

For the first generation test device [19]|, a sheet of copper was bent into a
cylindric shape and equipped with a voltage and current measurement device.
The mounting on the line was established by means of nylon cable ties.

In order to obtain a device suitable for a high voltage laboratory test, it has
to fulfill requirements on mechanical stability, follow restrictions on the used
materials and be compatible with the high-voltage environment (i.e. high al-
ternating electrical field strength and the exposure to partial discharges). The
second generation test device therefore was designed and built by extending a
60 cm diameter warning sphere (as it is used for indicating ground lines) by a
cylindric section with a diameter of 60 cm and a length of 50 cm (fabricated

by polymer welding). This device is depicted in Figure 6.5 as mounted on a
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Figure 6.5: Photograph of the test device mounted on a conductor rope.

conductor rope in the field. The cylindrical section is covered with a conduc-
tive foil on its inside. As a further mechanical improvement, this foil was fixed
with a welded conductive mesh for long-term mechanical stability. For mount-
ing the device onto a conductor rope, high-voltage compatible (i.e. rounded)
mounting clamps were made from massive aluminium. In a later re-work, a
conductive pipe was introduced in order to ensure exact positioning of the con-
ductor rope within the cylindric section as the position is crucial for reliable
operation. Details on the mechanical solution can be found in Figure 6.6.

[19] investigated if icicles, which may form at the surface of the harvester
tube, might reduce the harvested power due to partial discharges. By means of
welding wires to the harvester shell it could be shown experimentally, that even
though there are strong corona effects, no negative impact on the harvester

functionality or wireless data transmission could be observed.

6.2 Sensor Node Platform

The sensor node platform is designed to perform the following tasks: con-
trol, data processing, acquisition of measurement data regarding the status

of the energy harvesting system and measurement data transmission to a



81

Conductor.(\..) S k

e "
Mounting"Clamp

Figure 6.6: Photograph of the lower part of the test device during mounting. The
black plastic part below the conductor rope works as a shed to minimize the amount
of water dripping or leaking over the circuitry. However, it may occur that the
whole device rotates (at least to a certain extent) with the conductor rope due to

temperature changes.

host computer. For early (lab, short-term) test setups, very basic platforms
(such as battery-powered transmitters, ISM transmitters or third-party sensor
nodes [137], [138]) were utilized. For the field tests, a new platform was de-
signed as none of the available platforms had available GSM communication,
the required input voltage range nor suitable capacitive measurement circuitry.
The data paths of the sensor node are depicted in Figure 6.7: the micro con-
troller (4C) works as a central processing unit. A state machine polls data
from the energy harvesting system in order to monitor its operational state as
mentioned above, it configures the capacitive icing measurement system and
process the measurement data. Via commercial GSM networks, data is sent
to a host computer. This data path is bidirectional, which enables remote
configuration changes. The second data path uses an ISM transmitter, which

acts as a backup communication path.

In order to provide a versatile platform, a laboratory setup based on an AT-
MEL AT90CAN128 8-bit micro controller was redesigned: the clock frequency

was reduced to 8 MHz, thus being also able to reduce the operating voltage
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Figure 6.7: Block diagram of the sensor node platform. Black arrows indicate energy
transfers (the energy harvesting circuitry powers all components). White arrows
indicate data paths (information from harvesting system and measurement circuitry

is evaluated and transmitted via GSM (bidirectional) and ISM (unidirectional).

to 3.3 Volt (“uC board)”. Furthermore, a stack PCB carrying a GSM mo-
dem including the connections to the ISM transmitter was designed and built
(“communication board”). On a third PCB, the measurement system (includ-

ing the capacitive sensor IC) was placed (“measurement board”). Figure 6.8
depicts this PCB stack.

6.2.1 Microcontroller

The following criteria have been taken into account for choosing a suitable

micro controller for the given application:

e Low power consumption

e Versatility with respect to different measurands and communication chan-

nels
e Computational power and scalability

e Connectivity, I/O functionalities
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Figure 6.8: Photograph of the complete measurement PCB stack.

e Industrial temperature range (-40 — +85°C)

An ATMEL AT90CAN128 was chosen, as a free development environment

is provided and previous good experiences with the IC were available.

6.2.2 Data Transmission

At first, well-developed commercial GSM networks looked most promising as

the primary way of data transmission for the following reasons:

e Good area coverage (despite possible blind spots, for instance, in moun-

tainous areas).
e Several providers.

o Off-the-shelf hardware available.

e Expected long future time of operation due to a large number of current

subscribers.
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e Low costs for data transmission, availability of flat-rate packet data ser-

vices with permanent network connection.

e No need for further relay stations or repeaters (i.e. no need to power and

take care of these devices either).

e No need for further devices or modifications on the transmission line

(compared to wire-bound data transmission).

However, as already anticipated in Section 6.1.1, the drawback of GSM is its
comparatively high power consumption. The maximum output power of the
GSM module [134] is 2 W in the 900 MHz band and 1 W in the 1800 MHz band,
respectively. Additionally, due to the time division multiplex character of the
transmission (216 slots per second), high power peaks have to be supplied. In
idle mode, the required continuous power is almost negligible. However, in
terms of energy, the receiver power consumption accounts for the predominant
part of the overall energy budget of the circuitry.

The antenna type and shape and its position within the harvester are crucial
for a continuous network connection. However, several boundaries are given by
available antenna types, gains, directional patterns and physical dimensions as
well as allowed mounting positions within the test device due to the electrical
field distribution. As the antenna is typically connected to and operating with
respect to power ground, it may not be located far from the harvester’s outer
shell while at the same time the metallic shell might have negative effects on the
directional pattern of the antenna or de-tune it. In the half-spherical sections
of the outer shell, the field gradient is calculated to be very high, which means
that an antenna in this section works as a tip generating partial discharges.

The initial configuration comprised a horizontally mounted, omnidirectional
stub antenna at a small distance from conductive part of the harvester shell
(compare Figure 6.9). After a redesign, the antenna was mounted within a
window in the metallic layer of the outer harvester shell (compare Figure 6.10)
during the second field test, which yielded much better network quality mea-
surements.

Besides, the setup was extended by a second data transmission path at
UHF ISM frequency (433 MHz) due to difficulties with the GSM network

availability during the first field test. The measurement data was transmitted
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Figure 6.9: Antenna location in the first field test - on the edge of the harvesting

metallic layer.
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Figure 6.10: Antenna location in the second field test, in a window within the metallic

layer of the harvester shell
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via a standard Texas Instruments module [139] to a second module connected

to the weather station on ground.

6.3 Measurement System

This section covers the components of the measurement system, comprising

the following units (compare also Figure 6.11):

e The sensor electrode assembly (comprising the sensor electrodes and the

required mounting system for a conductor rope),
e the capacitance measurement circuitry,

e decoupling circuitry between measurement system and sensor node &

alignment of components with respect to electrical and magnetic fields,
e input filters of the capacitance measurement,
e EMC considerations with respect to the capacitive sensor front-end and

e conductor temperature measurement & reference measurements.

6.3.1 Sensor Electrode Assembly

In Chapter 5.1.1, two electrode geometries (circular and linear electrodes) were
presented. For a field test device, the choice is limited not only by the input
ranges of the available capacitance measurement circuitry, but also by the avail-
ability of production facilities (both machining and shape forming of PTFE are
sophisticated tasks) and by the necessity of a system which can be securely
mounted on a conductor surface without big effort. For this reason, linear
electrode setups have been realized for the first test device setup.

PTFE cabling and sensor wires were chosen for the first realization at-
tempt due to both their adequate material properties and their commercial
availability, for example, for airplane applications. PTFE provides good sta-
bility towards environmental conditions (UV radiation, water, ice, high and
low temperatures). For the first icing detection experiments, the measure-

ment electrodes were built by a standard coaxial cable with removed (outer)
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Figure 6.11: Block diagram of the measurement system. Black arrows indicate energy
supply paths, white arrows indicate data paths and grey arrows indicate measurands
from the environment, i.e. material deposition on the sensor electrodes and conductor

temperature.

shielding layer in the sensitive area. This allowed for easy prototyping and
modifications during the experiments. A coaxial PTFE cable was used for the
first field test in the high voltage environment. Figure 6.12 depicts the sensor
as mounted on the conductor line in the first (2009/2010) field test.

In the second (2010/2011) field test, sealed joints were established between
sensor cable and sensor electrodes. As a consequence, thinner sensor electrodes
could be used allowing to keep a larger amount of conductor surface area open
between the electrodes, thus allowing for a sensor behavior closer to the natural
environment. The mounting clamps are also made from PTFE and have a very
low profile as depicted in Figure 6.13. The first clamp from the left additionally
contains and protects the wire joint between sensor cable and sensor electrode
wire.

After tearing back the cable into the measurement wire insulation for ap-

prox. 1 cm, the insulator ends were sealed against humidity by means of fluo-
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Figure 6.12: Photograph of the first generation field test sensor. Five measurement
electrodes (white insulation) are mounted to the conductor rope by means of cable
ties and special adhesive tape. The sensor cables (red) connect the electrodes with

the measurement circuitry in a distance of approx. 1 m.

ropolymer heat shrink tubes with an inner glue coating. Then, these prepared
ends were placed in holes within the rightmost part of the sensor mounting

clamps (cf. Figure 6.13).

6.3.2 Capacitance Measurement

There are various technologies available for a reliable measurement of capac-
itances in the range of few picofarads, differing in their sensitivity towards
noise, stray capacity (capacitance towards measurement ground predominantly

resulting from the shunt resistances and the availability of bandpass filters:

e DC measurement

e Oscillators (RC, IC, LC)
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Figure 6.13: Photograph of the second generation field test sensor. The sealed joints
between sensor cables and sensor electrodes are housed in the first clamp from the

left. The rightmost clamp contains the sealed cable heads.

e Synchronous demodulators (AC signals in the 10kHz — 1MHz range),
demodulated by means of High-Z, Low-Z or feedback amplifiers. Sine or

square waves are used for excitation, [100].

Commercial capacitance-to-digital converters (CDCs) [140] are used for the
present test device setup. These devices can evaluate up to 16 measurement
capacitances in the picofarad range with resolutions between 12 and 24 bit.
The CDC used for the present test device setup provides 8 input channels, with
a capacitance range of 2 pF at a resolution of 16 bit, which is a sub-femtofarad
resolution. The excitation source of the CDC operates at a nominal frequency
of 240 kHz and is able to drive a maximum output load of 250 pF. This is
sufficient for the standard field of application of these ICs, which is capacitive
touch controlling for electronic devices. In the present case, it has to be taken
into account that the shielded coaxial cable connecting the CDC with the
sensor electrodes has a capacitance of 100 pF per meter. The capacitance of
the excitation electrode at the conductor surface ranges within the same order
of magnitude as the cables are identical. Thus, the maximum distance between
CDC and sensor electrodes is limited by the maximum output load as specified

by the manufacturer (250 pF between excitation and ground according to [140])
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and the allowance of stray capacitances (i.e. less than 40 pF of capacitance
between any CDC input and ground). The measurement ICs are controlled

and read out via an I2C bus, which is a 2-wire bidirectional bus also known as
Two-Wire Interface (TWI).

6.3.3 Decoupling and Positioning

In this section, the test device implementation of the decoupling approach
developed in Section 5.3.3 is described.

Two paths have to be established: an insulated power transmission path
and an insulated bidirectional data path. "Insulated" in this context refers
to two electrical parameters: on the one hand, dielectric strength and robust
operation with respect to a continuous potential difference of 5000 Volt. On
the other hand, the capacitance introduced by decoupling has to be as small as
possible (below 250 pF to ensure a voltage division ratio of 1:25 (5 kV:125 kV).

Among the two paths, the power path is comparatively easy to establish: as
the sensor circuitry only has a total power demand of a few milliwatt, a small
isolated transformer operating at a high frequency is a suitable solution.

The bidirectional data transmission path is more challenging to implement:
In a first approach, it was investigated if isolating transformers as used for
audio applications, network cards or telephone equipment, could be used to
transfer the capacitive measurement signals (excitation square waves and re-
ceiver signals) between the two different ground levels. These isolation trans-
formers can provide an insulation voltage of 5 kV and introduce only a small
additional coupling capacitance of typically 20 pF. Figure 6.14 depicts this
decoupling principle, the grey-shaded part in the Figure is referred to the con-
ductor rope potential V,,.

Unfortunately, this setup can not be used at the present measurement exci-
tation frequency as the maximum excitation current is exceeded. The coupling
capacitances between primary and secondary coil are comparatively large and
the insulation voltage as given in the data sheet is not guaranteed for contin-
uous operation.. In fact, the realization of this principle is prevented by the
lack of available components.

Consequently, the next evolutionary step was a complete separation of the

sensor circuitry (including CDC) from the micro controller. At first, this was
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Figure 6.14: Schematic of the decoupling approach by means of isolation transform-

ers. The analog measurement signals are level-shifted via isolation transformers.

achieved by means of bidirectional integrated I?C bus isolators [141]. These
are off-the-shelf components for approx. 800 V continuous isolation voltage,
certified to withstand 5 kV for a duration of 1 minute at a temperature of 105°C.
These devices were successfully tested at the maximum voltage for several
hours. The setup was used for high-voltage icing laboratory measurements
as described in Section 7.2.3. The block diagram of this decoupling approach
is depicted in Figure 6.15, the grey-shaded part in the figure refers to the

conductor rope potential V.

For long-term use during field tests, data path decoupling was realized by
means of bidirectional T?C bus buffers [142] and optical couplers [143] suited
for an isolation voltage of 50 kV. This allows for a long-term stability at a
continuous voltage of 5 kV or above. Figure 6.16 depicts the schematic of the

discrete circuitry replacing the two I12C isolators.

Further measures have been implemented in order to ensure a proper lifetime

of the circuitry:
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Figure 6.15: Schematic of the decoupling approach using integrated bus isolators.

The digital two-wire bus signals are bidirectionally level-shifted by integrated circuits.

e The sensor PCB including the decoupling circuitry is mounted in vertical

orientation (i.e. in parallel to the electric field lines) with respect to the
rest of the circuity in order to keep additional parasitic capacitances

between conductor and harvester shell low.

The area of the sensor PCB exposed to the alternating magnetic field is
minimized in order to avoid effects on the measurement circuitry due to
induced voltages. This is achieved by embedding all boards in the plane

of the magnetic field of the conductor.

In high-voltage engineering, minimum distances can be estimated in or-
der to avoid creepage currents. Dry air has a dielectric strength of ap-
prox. 3 kV per mm, however, this value is significantly lowered with
increasing air humidity. Also, the materials in use (FR4 PCB ma-
terial, PTFE) provide a high (more than 20 kV per mm) dielectric
strength [144]. A problem arises as soon as water is present at any

surface due to the high relative permittivity and possible conductivity
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Figure 6.16: Schematic of the I?C isolation using 50 kV optical couplers and bidi-
rectional bus buffers. 12C bus buffers convert the bus wires into two unidirectional

data paths, which are level-shifted by means of the optical couplers.

of water. Therefore, in a first approach, a protective film was sprayed,
whereas later on, the entire circuitry was sealed in an elastic silicone

polymer.

The complete measurement PCB stack with the decoupling solution (but

without the sealing polymer) is depicted in Figure 6.17.

6.3.4 Input Filtering

The capacitance-to-digital converter provides an internal 50 Hz filter to avoid
disturbances, i.e. a lowered signal-to-noise ratio from power cables and other
sources which emit the grid AC frequency. However, additional input filtering
is required in order to protect the circuitry as the maximum input current of
the receiver channels is limited to 10 mA per channel [140] and an AC volt-
age of several kV at a frequency of 50 Hz is present between these channels

and measurement ground (i.e. the conductor rope potential V,,). This occurs
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Figure 6.17: Photograph of the complete measurement PCB stack with the decou-
pling solution using 50 kV optical couplers.

on each channel due to the non-zero distance between the measurement elec-
trodes and the conductor surface, positioned within the area of the highest
field gradient. In order to protect the inputs, this 50 Hz input currents need to
be minimized. This is achieved by means of input filters, which separate the
50 Hz disturber from the 240 kHz measurement carrier frequency (as specified
in the CDC data sheet [140]). The input circuitry as depicted in Figure 6.18
was experimentally found. In the schematic, V1 is the sweep source. C,p rep-
resents the given parasitic capacitance of the coaxial sensor cables C), ;.. The

dedicated filter elements comprise Ry, C'y and Rs.

Figure 6.19 depicts the frequency response of the filter circuitry. For the
desired input frequency, both amplitude and phase remain nearly unchanged

while both low and high frequencies are cut by 20 dB per decade.
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Figure 6.18: Schematic of the external input filters of the CDC capacitive inputs.

V1 is the sweep source, Cq, represents the parasitic sensor cable capacitance C s.
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Figure 6.19: Frequency response characteristic of the input filter between 1 Hz and
10 MHz. The solid line represents the amplitude while the dotted line represents the
phase of the signal.
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6.3.5 Electromagnetic Compatibility Considerations

Though following the restrictions discussed in Sections 5.2.2 and 5.2.1, elec-
tromagnetic compatibility (EMC) might be one further issue to be dealt with.
The sensor front-end may be exposed to various sources of electromagnetic
disturbers and at the same time, the circuitry (capacitive sensor front-end,
GSM and ISM communication) may act as a disturber towards other devices.

The following incoming EMC sources have been considered regarding the

test device setup:

e Disturbers originating from partial discharges at the conductor surface:
this can occur due to water, ice or dust at the conductor surface, espe-
cially in the vicinity of the sensor electrodes or in the area of the mounting
clamps. Immunity towards these disturbers is achieved by means of the

capacitive input filtering concept (compare Section 6.3.3).

e Disturbers originating from partial discharges at the harvester shell sur-
face. The reasons may be, for instance, icicles or bird droppings. If
located in the immediate vicinity of a data transmission antenna, these
effects may disturb the network communication. However, it is unlikely

to disturb both data transmission paths at once.

e Disturbers from lightning strikes hitting the conductor carrying the test
device, other conductors or other objects in the vicinity: the surge pro-
tection diodes will take the additional transient current resulting from

an over-voltage on the harvester capacitance Cg, sp.

e Disturbers originating from power switching processes: these will have
characteristics similar to lightning strikes but with a much lower ampli-
tude. The surge protection diodes can protect the circuitry from these

disturbers.

e Disturbers originating from the alternating magnetic field: compare Sec-

tion “Decoupling and Positioning” (6.3.3).

As mentioned earlier, the test device has been tested for compliance with the
listed EMC disturbers. Measures have been implemented to ensure continuous

operation.
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The test device acts as EMC source in the following ways:

e GSM communication (900 MHz, 1800 MHz) has a peak power output of
2 W or 1 W, respectively.

e ISM communication (433 MHz) has a maximum output power of 10 mW.

e The Capacitance-to-Digital converter radiates the square wave excita-
tion signal at 240 kHz at a very low power level given the total power

consumption of the IC; which is approx. 3 mW [140].

All the mentioned signals are not critical to the operation of the power line

or communication systems.

6.3.6 Conductor Temperature Measurement & Reference

Capacitances

The following measurands have been added in the test device:

e Conductor temperature. Temperature measurement has been imple-
mented by means of a measurement IC, which evaluates the temperature
depencence of a diode’s forward voltage. This measurement channel has
two advantages: it gives an additional option to exclude the presence of
ice (if the temperature exceeds the defined limit), and it is used to com-
pensate for a possible temperature dependence of the capacitive icing

sensor assembly.

e Reference capacitances within the capacitive icing detection setup. Ca-
pacitive elements in pi-configuration have been implemented as reference
capacitors in order to be able to compensate for temperature or aging
drifts of the CDC as well as compensation for the input filters, as the
input filters are also included in the reference channels. Both reference

capacitances are in the range of a dry or iced conductor.

Summarizing, the reference measurements allow for compensation of tem-
perature effects, detection of high humidity levels and provide additional in-

formation on the overhead power line status.






Chapter 7

Laboratory Setups and

Experimental Results

Preceding tests under real-world conditions, experiments with the test device
under laboratory conditions were carried out. This chapter is divided into
two major parts: Section 7.1 reports the results of experiments regarding the
capacitive icing measurement, whereas Section 7.2 is reports on tests which
were carried out with a complete system setup comprising energy harvesting,

icing detection and data transmission.

7.1 Icing Test Setups

In this section, test setups for icing experiments are described and measure-
ment results are shown and discussed. This section is structured into a descrip-
tion of the experimental setups (see Sections 7.1.1, 7.1.2 and 7.1.3), followed

by experimental results (Section 7.1.4).

7.1.1 Natural Environment

As a first approach to obtain icing measurement data, it seemed to be possible
to observe natural icing processes at low air temperatures also in urban areas,
for instance, during snow fall or when fog is present at low temperatures.
Even though the opportunity was taken to install an example measurement
assembly on the rooftop of a university building, nothing else than occasional

rain showers could be observed during the test phase. This is mainly due to
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Figure 7.1: Photograph of the climate chamber icing test setup.

the improper climate conditions in Graz (low altitude, high incidence rate of

inversions).

7.1.2 Climate Chamber

Consequently, further experiments have been conducted in a climate chamber
(at Virtual Vehicle GmbH). The entire setup was brought to a temperature of
-10°C and tests with freezing water drops were conducted. Thick layers of clear
ice with a small air content could be achieved. However, those experiments
consumed a lot of time and thus also a high amount of energy which makes
the procedure both time- and cost-intensive. Figure 7.1 depicts the measure-
ment setup during experiments in the climate chamber, testing both circular
and linear electrodes setups at the same time (for electrode setups: compare

Section 5.1.1, for example results: compare Section 7.1.4.
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7.1.3 Laboratory Icing Setup

In order to be able to imitate atmospheric phenomena (i.e. various types of
icing, compare Section 2.2), a stationary laboratory environment to achieve
icing under known conditions was designed and built. Therefore, a copper
pipe replacing the steel core of a power line is streamed by a coolant at a
temperature of -40°C, leading to an adjustable conductor surface temperature
below zero. The coolant is supplied by a pump in a reservoir which is placed
inside a cold chamber which carries out the necessary heat transfer. In order
to replicate a surface similar to a power line, the conducting aluminium layers
were mounted on top of the copper pipe. The experimental area is compara-

tively small yet sufficient for icing investigations.

A schematic of the measurement setup is depicted in Figure 7.2. The max-
imum ice layer thickness is given by the environmental air temperature, but
layers with a thickness of up to several centimeters could be achieved. Addi-
tionally, an air fan, an ultrasonic fogger and a dropping pipe with a water pump
complete that simple yet effective icing setup which can be used to generate
various forms of icing.

In order to be able to imitate atmospheric phenomena (i.e. various types
of icing, compare Section 2.2), a stationary laboratory environment to achieve
icing under known conditions was designed and built. Therefore, a copper pipe
replacing the steel core of a power line is streamed by a coolant at a temper-
ature of -40°C, leading to an adjustable conductor surface temperature below
zero. The coolant is supplied by a pump in a reservoir which is placed inside a
cold chamber which carries out the necessary heat transfer. In order to repli-
cate a surface similar to a power line, the conducting aluminium layers were
mounted on top of the copper pipe. The experimental area is comparatively

small yet sufficient for icing investigations.

The following varieties of ice qualities could be produced and have been

investigated with the laboratory icing setup:

e Icing originating from air humidity. This process is similar to natural

rime icing, as it will mainly occur with low air temperature and high air
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Figure 7.2: Schematic of the laboratory icing setup. A circulation pump supplies
coolant from a tank in a cold chamber that is kept at -40°C to the isolated exper-
imental area. There, a copper pipe is streamed by the coolant, replacing the steel

core of a conductor rope sample.

humidity while no precipitation occurs.

e Icing originating from fog from an ultrasonic fogger. This process is
comparable to natural in-cloud icing and characterized by the presence
of a high amount of small water droplets in the air. This process can
lead to the growth of thick ice layers within comparatively short periods
of time. In the experiments, rime layers of several centimeters could be

obtained.

e Icing originating from freezing water drops. This process is referred to
as “freezing rain conditions”, when cold or super-cooled droplets hit a
cold surface and freeze immediately. This phenomenon can also lead to
a thick ice layer deposition within rather short time. In the laboratory
icing setup, the limited cooling power of the setup was limiting the ice

accretion rate.
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Further ice qualities can occur in a natural environment and comprise dry
and wet snow as well as all kinds of state transitions including melting snow,
sublimation, and melting ice layers. When a line is thermally de-iced, for

instance, water may be present in the core while the outer shell is still frozen.

7.1.4 Example Results of Icing Experiments

In this section, example measurement results of icing experiments are pre-
sented, using different measurement electrode setups and different ice quali-
ties. These experiments focused on investigations on distinguishing different

ice qualities from the capacitance signals over time.

Icing by means of air humidity leads to a white, light, fragile and opaque
layer of ice. The slow growth process results from the high air content and
poor heat transfer within the layer. An example measurement signal trace of
freezing air humidity is depicted in Figure 7.3. Two measurement capacitances
C7 and Cs at two distances formed by 10 cm electrodes were used for this
experiment.

It can be seen that for this electrode configuration, the capacitance C
between the two nearest electrodes is decreasing at the beginning, then rises
to a maximum and decreases again (black graph). Below, the grey graph
of originates from measurement capacitance Cy having three times the inter-
electrode distance of C;. For Cs, the signal swing is smaller compared to C
and the maximum of the measured capacitance occurs at a higher thickness.
Both measurement capacitances show the same behavior when water is present:
the values drop below the “dry” levels.

A picture set of the same measurement run is shown in Figure 7.4. The
stills have been taken 15 minutes, 1 hour, 4 hours and 6 hours after turning
on the coolant pump, respectively.

It was found that the first ice crystals form at the most exposed points of
the surface. Soon, a homogeneous layer with a high air content covers the

entire surface.

Icing by means of fog from an ultrasonic fogger is similar to air

humidity icing. However, in comparison to Figure 7.3, the presence of small
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Figure 7.3: 2 measurement capacitances C; and C5 over time for a laboratory air
humidity icing experiment [2]. The grey graph of measurement capacitance Cy origi-
nates from a measurement capacitance having two times the inter-electrode distance

of measurement capacitance C7 (compare Figure 5.8).

Figure 7.4: Captures of icing originating from air humidity (after 15 min, 1 h, 4 h
and 6 h)
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Figure 7.5: Measurement capacitance C; (compare Figure 5.8) over time during a
fog icing experiment [2]. The main difference compared to Figure 7.3 is the increased

noise level on the capacitance over time signal during the icing phase (0...3 h).

liquid water droplets leads to a higher measurement noise, while keeping the
characteristics of the measurement electrode signal over time similar. This is
most probably caused by the attaching water droplets causing rapid changes
in permittivity.

Figure 7.5 depicts a measurement signal trace using two 10 cm electrodes.
The additional noise component is visible especially at the beginning of the
measurement.

A picture set of the measurement run depicted in Figure 7.5 is shown in
Figure 7.6. The stills have been taken 15 minutes, 1 hour, 4 hours and 6 hours
after turning on the cold fluid circulation pump, respectively. The images may
seem comparable to Figure 7.4, however, the density of the ice layer is much
higher and has qualities which range from frozen wet snow to hard rime ice.
The latter is comparable to what happens when a cloud supplies large amounts

of water to a cold surface.

Icing by means of freezing water drops is usually referred to as “freezing
rain”. In a natural environment, super-cooled water droplets hitting a surface

will entirely freeze. In the laboratory setup, cooled liquid water drops (at
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Figure 7.6: Icing photos originating from fog produced by an ultrasonic fogger (after
15 min, 1 h, 4 h and 6 h).

a temperature still above 0°C) hit a cold surface and freeze partially, while
the excess water will drop off. The resulting layer consists of high-density,
transparent, clear ice, having a negligible air content.

Figure 7.7 depicts a measurement signal trace using 10 cm electrodes (two
measurement capacitances). It can be seen that the presence of water on top of
the ice layer has a strong effect on the measurement signal. The steep descents
in the signal are caused by the pouring of water, while the slow signal increases
represent the growth of the ice film.

A picture set of a water drops measurement run in the climate chamber
setup is depicted in Figure 7.8. The pictures have been taken 5 minutes,
1 hour and 2 hours after the beginning of the experiment, respectively.

It could be shown that in the various setups, different ice qualities cause

distinguishable measurement signals as expected and explained in Chapter 5.

7.2 Complete System Tests

The complete test device consisting of energy harvesting, sensor node plat-
form (including the data transmission circuitry) and the decoupled front-end

including the icing detection was tested under various laboratory conditions
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Figure 7.7: Capacitance over time signals of measurement capacitances C and C
(compare Figure 5.8) over time for a water droplet icing experiment [2]. The grey
graph of Cy originates from a measurement capacitance having two times the inter-
electrode distance of (1. It can be seen that the presence of water on top of the
ice layer has a strong effect on the measurement signal. The steep descents in the
signal are caused by the pouring of water, while the slow signal increases represent

the growth of the ice film.

in order to test the system’s robustness prior to a field test. The tests were
carried out several times at the beginning and repeated after each design iter-
ation during later optimizations. The test chain comprises the simulation of
an alternating current comparable to the vicinity of a high voltage conductor
(see Section 7.2.1), high voltage compatibility tests with a HV supply using
a high voltage transformer (see Section 7.2.2) and a system test including an
ice layer on a conductor line in the high-voltage laboratory (see Section 7.2.3).
The latter setup is comparable to the situation in the field, except for envi-
ronmental conditions such as solar radiation and precipitation. As mentioned
above, the various tests were carried out in order to ensure operation in the
expected harsh environment.

Before the first electrical test, the test device was sprayed with water from
all sides in order to detect points of eventual water entry. Furthermore, the

system was mounted on a conductor line sample on the roof platform of the
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Figure 7.8: Icing photos originating from freezing water drops (after 5 min, 1 h and
2 h).
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institute, exposed to sun, wind and rain. Thereby, optimum positions for
water draining holes could be determined. This is of high importance as water
films inside the harvester may lead to short-circuits between conductor and

harvester shell and thereby disturb the harvesting circuitry’s operation.

7.2.1 High Current Tests

Preliminary to high voltage tests, the complete system was exposed to high
currents (i.e. strong magnetic fields caused by high currents) as they are present
on a power transmission line and may have effects on the measurement cir-
cuitry due to induced voltages within parts of the circuitry. For the laboratory
measurement, a power transformer capable of providing a secondary current
of approx. 190 A was used. By inserting eight windings through a hollow pipe
replacing the conductor in the setup, an effective current of approx. 1500 Am-
pere could be reached. By comparison of the measured capacitance values of
a dry conductor (i.e. nominal capacitance values) with and without the ap-
plication of the current, it could be shown that there is no sensitivity of the
measurement circuity towards high currents. Figure 7.9 depicts the schematic

of the test setup.

7.2.2 Laboratory High Voltage Test

In order to test the circuitry regarding its behavior in a high voltage environ-
ment, two laboratory high voltage tests have been conducted, both using a

neon lamp stray transformer generating a maximum output voltage of 6 kV:

e Application of high voltage onto the terminals of the harvester capaci-
tance Cygqn. This test does not only evaluate the correct function of the
energy harvesting circuitry, but also the over-voltage protection system
can be tested easily and under known conditions. Also, the stability of
the decoupling circuitry was tested. A schematic of the test setup is

depicted in Figure 7.10.

e Application of a strong electrical field across the measurement electrodes.
This setup applies a potential difference between measurement electrodes

and measurement ground (i.e. conductor potential) as it is caused by the
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Figure 7.9: Schematic of the laboratory high current test

electric field gradient when mounted onto a conductor in the field. This
test is used to evaluate the input filter circuitry of the capacitive icing
measurement system. The two outputs of the transformer are connected
to the conductor and to a metallic shell around the measurement elec-
trodes, respectively. For this test, power supply of the sensor node and
the measurement system was established by means of the backup bat-
tery. In order to generate partial discharges, a sheet of absorbent paper
was wrapped around the conductor sample piece in the area of the sensor
electrodes. After recording the dry (i.e. the nominal) capacitance of the
setup, water was dropped on the paper cloth, thus keeping a water film in
the vicinity of the sensor electrodes. The resulting measurement values
could be recorded as expected (i.e. a decrease of the recorded capaci-
tances values could be recorded) while the standard deviation (i.e. the
SNR) of the measurement rises due to the presence of both 50 Hz dis-
turbers and partial discharge events. It could be shown that the filter
structure operates sufficiently well. A schematic of the test setup is de-

picted in Figure 7.11.
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Figure 7.10: Schematic of the laboratory high voltage setup for harvesting, over-

voltage and decoupling tests

7.2.3 High Voltage Laboratory Icing Test

After successfully passing the previous tests including iterations of redesigns,
the test device was evaluated at the high-voltage laboratory at Graz University
of Technology. Since conductor icing can not be achieved in that environment,
the presence of ice was ensured by means of freezing an ice shell with a thickness
of approx. 50 mm around a sample of a conductor line, being then part of the
measurement, setup. This pre-fabricated ice shell was used to observe both
presence and melting of an ice layer. It has to be noted that the ice quality in
this experiment differs from a typical real-world ice quality as usually clear ice
layers of the fabricated thickness are not likely to occur: in most occurrences
of natural icing, the overall air content of the accreted ice will be higher.
Figure 7.12 depicts the measurement setup: The test device is mounted to

a steel pipe carrying the harvester test device. A short iced conductor line
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Figure 7.11: Schematic of the laboratory high voltage setup for input filter tests

sample is joint to the pipe, carrying the electrode assembly and the ice layer.
For the experiment, the steel pipe was then lifted to a height of approx. 10 m
(compare Figure 7.13) and connected to an adjustable high voltage source. The
voltage level and was continuously increased (starting from 0 Volt) towards the
specified system voltage. The system started its operation at approx. 90 kV
phase voltage, equivalent to a system voltage of 153 kV line-to-line, which is a
good indicator for the adequate design of the harvester circuitry. The device
was fully operational and provided measurement results in the expected range

for an iced conductor (compare Figure 7.14).

7.3 Summary on Laboratory Experiments

After successfully testing the functionality of the icing measurement circuitry
in various icing setups, the measurement circuitry had to undergo tests con-
cerning its operation under high-voltage and high-current conditions. Finally,

the setup was successfully tested under conditions comparable to the real
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Figure 7.12: Measurement electrodes and ice block on a conductor line sample during

the measurement at a high voltage conductor at the high-voltage laboratory [4]

Figure 7.13: Photograph of the setup mounted on a steel pipe during the laboratory
high-voltage icing test
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Figure 7.14: Capacitance over time signals of the final measurement at an iced high
voltage conductor at the high-voltage laboratory. The conductor line is covered
with ice, the ice layer thickness is decreasing (melting) [4]. The two measurement
capacitances (solid line and dashed line) have a similar inter-electrode distance, the
difference in the measurement signals may be caused by undesired motion of the

electrodes during the freezing process of the sample.

world.

In the next chapter, the experiences and results from two winter seasons’

field tests are reported.



Chapter 8

Field Test Setups and

Experimental Results

This chapter describes the experiences and the results of field tests with the de-
vice deployed on a 220 kV system voltage overhead line of the largest Austrian
transmission system operator, Austrian Power Grid (APG).

In the winter season 2009/2010, the test device was mounted and success-
fully operated for the very first time. Examples of icing events are given and
explained in Section 8.1. A second field test was conducted with an improved
test device in the winter season 2010/2011. Results, measurement data and

information on icing events are depicted and explained in Section 8.2.

8.1 Field Test 2009-2010

In this section, experiences with the very first field test 2009-2010 are reported.
In Section 8.1.1, the measurement environment and parameters are described.
Section 8.1.2 briefly presents the base station designed for autonomous op-
eration and weather data collection. Thereafter, Section 8.1.3 reports about
detected icing events. Finally, Section 8.1.4 summarizes the results of the field

test.

8.1.1 Environment

On February 22, 2010, the test device was mounted in the vicinity of transmis-
sion tower No. 158 of APG’s line No. 285 on Obdacher Sattel in the Austrian

115
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Alps. The location is situated on a hilltop at an altitude of approx. 1000 m a.s.l.
Icing events had been observed there before.

By means of a truck-mounted crane, the test device was lifted and fixed onto
the conductor rope. Measurement electrodes were attached to the conductor
rope using low-profile cable clips and an appropriate adhesive tape.

Measurement data transmission at this location was established by means of
GSM short messages (SMS) using a SIM card of an Austrian network provider.
Measurement data were acquired continuously, averaged and stored by the
microcontroller. Once in 48 minutes (equaling approx. 1000 messages per

month), a short message was transmitted including the following data set:

e one measurement of 4 capacitive channels every 5 minutes plus a standard

deviation value per channel

one temperature measurement value

two reference capacitance values plus a standard deviation value

e one energy harvesting circuitry output voltage measurement plus a stan-

dard deviation value

These data set was packed into an alphanumerical text code. First, the text
message was sent to a host computer via an SMS-to-email gateway service.
Turning out to be less reliable than assumed, it was decided to transmit the
message to a dedicated cell phone connected to a host computer.

Figure 8.1 depicts the mounting process, where the two half-cylinders are
joint together and mounted onto the line; Figure 8.2 shows the entire setup on
the line, including the sensor cables and electrode assembly, while Figure 8.3
depicts a detailed view of the first field version of the electrode assembly.
Four measurement capacitances are formed by a common transmitter and four
receiver electrodes. The electrode length amounts to 15 cm, the total electrode
diameter is 3 mm (including approx. 2 mm of insulation). The sensitive area
is located in a distance of approx. 1 m from the harvester shell. The diameter
of the conductor rope amounts to 28 mm.

Figure 8.4 shows the setup viewing towards the transmission tower.



117

Figure 8.1: Mounting the test device onto the conductor rope, February 2010.

Figure 8.2: Test device on conductor rope, February 2010.
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Figure 8.3: Electrodes assembly details, February 2010 [3]. Five measurement elec-
trodes (white insulation) are mounted to the conductor rope by means of cable ties
and special adhesive tape. The sensor cables (red) connect the electrodes with the

measurement circuitry in a distance of approx. 1 m.

Figure 8.4: Test device on conductor rope, February 2010.
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8.1.2 Base Station

For reference data collection, a reliable weather monitoring system was desir-
able. As the location is rather remote, the next continuously inhabited house
is several hundred meters away, so there is no mains power available in the
vicinity of the transmission tower. Therefore, it was decided to rely on a
lead-acid battery-powered solution. Capacity was designed so that a battery
exchange once in two weeks would be more than sufficient. This was also the
time interval for data collection from the weather monitoring system.

The following weather parameters were recorded in this field test:

Air temperature

Relative air humidity

Precipitation rate

Wind speed and direction

Furthermore, a camera was installed, taking images of the scene in regular
intervals with the weather data inserted in the images. Figure 8.5 depicts the
complete station with camera, meteorological sensors mounted on the trans-

mission tower and a battery container.

8.1.3 Example Events 2009-2010

The period between March 2 and March 11, 2010, is analyzed in more detail
concerning example icing events. Figure 8.6 shows the conductor temperature
signal of the entire period.

Figure 8.7 depicts the capacitive icing measurement data for the same period
of time. One suspected icing event seems to have occurred on and around
March 3. This event is referred to as Event 1 and is most probably a growing
ice layer. The period of four days between March 7 and March 11 is also an
icing event (referred to as Event 2) and is mostly due to accumulating snow

layers and probably hoarfrost icing.
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Figure 8.5: Overview of the base station, containing weather camera and meteoro-

logical sensors on the transmission tower and a battery container (green/orange).

15 T T

Conductor Temperature [°C]

23,01:00 43.01:00 6.3. 01:00 8.3.01:00 103.01:00  11.3.13:00
time
Figure 8.6: 2009-10: Conductor temperature over time between March 2, 2010, 01:00
and March 11, 2010, 13:00 [8]. On nearly every day within that period, both positive

and negative temperatures occur.
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Figure 8.7: 2009-10: Capacitances over time between March 2, 01:00 and March 11,
13:00 |8]. Capacitances C; to Cy are depicted over time. It can be seen that the

signal range is smallest for the largest inter-electrode distance (Cy, red line)

Example Event 1

An icing event and its detection by the capacitive measurement system are de-
scribed. The duration of the event is approx. 36 hours and it was caused by low
temperatures, high air humidity and snow accretion. Capacitive measurement
data are compared with other measurands such as conductor temperature, rel-

ative air humidity, variance of the capacitance measurement and wind speed.

Figure 8.8 compares the measurement signals of the conductor temperature
and the capacitance readout C between the transmitter and the neighboring
receiver electrode. Starting on March 10, 2010, 12:00, the icing event has a du-
ration of approx. 36 hours. As the temperature is below 0°C, the measured ca-
pacitance increases as ice and snow are accumulating at the conductor surface,
and therefore also on the sensor. After approximately 20 hours, a melting pro-
cess starts and the measured capacitance decreases below the nominal value.
The conductor temperature is not yet above 0°C at this moment. This is most
likely due to the fact that the mounting location of the temperature sensor

is not optimal. Concerning the temperature measurement, air and conductor
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Figure 8.8: Event 1: Conductor temperature and capacitance change over time [3].
At the beginning, the temperature is below 0°C and the measured capacitance in-
creases as ice and snow are accumulating at the conductor surface. After 20 hours
a melting process starts and the measured capacitance decreases below the nominal

value.

temperature differ by several degrees. This is due to the height (and wind
speed) difference (conductor rope in a height of approx. 20 meters and and the
base station’s temperature sensor approx. 2 m above ground). Furthermore,
the enclosure of the temperature sensor inside the harvester shell and its ex-
posure to solar radiation lead to a positive temperature offset. Other impacts
(such as thermal losses of the conductor due to the load current) could not
be observed during the field test. Over the whole period of the field test, the
average load of the transmission line was at a relatively low level. Referring
to the load data provided by APG, the electrical load never exceeded 15 %
of the nominal load of the transmission line. This results in only a few watts
of dissipated power per meter of the conductor rope, and therefore, this is a

negligible effect.

Figure 8.9 depicts the variance signal of the capacitance measurement trace
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Figure 8.9: Event 1: Variance of the capacitive icing signal over time [3]. High
variance values seem to correspond with elevated surface activity, i.e. rapid melting,

freezing, snow flake accumulation and especially the presence of water droplets.

for the event. It is obvious that there is no correlation of the variance signal
with the occurrence of wind. High variance values seem to correspond with
elevated surface activity, i.e. rapid melting, freezing, snow flake accumulation
and especially the presence of water droplets causing very fast signal changes.
If wind were the reason of a high variance, it could be derived that the sensor
geometry (especially the distance between sensor wires and conductor) would

change due to the external forces. This is apparently not the case.

The obtained measurement trace in Figure 8.8 shows a similar trend to the
measurements obtained in the laboratory experiment. By the use of multiple
measurement capacitances (here, capacitance measurements of measurement
capacitances C and Cy are used), ambiguities especially in transition regions
can be minimized (compare Figure 8.10). A low pass filter is applied to the
raw data. The icing event follows the graph over time in counter-clockwise

direction.

Figure 8.11 depicts a weather camera image when there is snowfall. It can
be seen that the test device is already covered with snow.

Figure 8.12 depicts both the recorded wind speed and air humidity measure-

ment data. Air humidity naturally corresponds with air temperature. High
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Figure 8.12: Event 1: Wind speed and air humidity at ground level [3].

relative air humidity can be observed during the nights, while a lower relative
air humidity is measured during the day due to the temperature change. How-
ever, this correspondence is altered when there are clouds and precipitation.
Then, the relative air humidity typically remains at a constant high level and
other processes than just warming up and cooling down of the "same" air mass
occur. Obviously, this is the case here. Concerning the wind speed, it can be
seen that hardly any wind occurs during the icing event. Little wind leads to
a lower supply with humidity, which would be necessary to form thicker ice
layers (such as rime icing). Summing up the weather information, most of the

capacitive measurement signal change seems to be caused by snow accretion.

Example Event 2

A second, potentially heavy icing event was detected in the night from March 2
to March 3 of March, 2010. However, the base station was out of power at
that time due to a defective battery cell. Weather data prior to the failure

were as follows:
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Figure 8.13: Event 2: Capacitive icing detector data of all measurement channels [8].
The time signal of the measurement capacitances are comparable to what has been
recorded during artificial icing events in laboratory experiments (compare Figure 7.3

in Section 7.1.4).

e Zero wind
e High air humidity (94 % and above)

e Air temperature close 0°C (i.e. between +2°C and -3°C)

These conditions are what is typically known as icing conditions. Figure 8.13
depicts the capacitance measurement data, Figure 8.14 depicts the tempera-
ture data for the same period of time. The time signal of the measurement
capacitances are comparable to what has been recorded during artificial icing

events in laboratory experiments.

8.1.4 Results 2009-2010

It could be shown that both icing detection and energy harvesting can be
successfully operated in a 220 kV overhead line environment. Several icing

events of different qualities and durations could be observed with a behavior
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Figure 8.14: Event 2: Temperature data [8§].

similar to laboratory experiments. However, several tasks for improvement

arose during the test:

e Electrode assembly: electrodes need to be even thinner than initially in
order to have less 50 Hz disturbances, and more free conductor surface

in-between the electrodes) -+ mounting clamps to facilitate mounting.

e Temperature measurement: sensor position needs to be outside the har-

vester shell.

e Creepage currents: over the long period of the field test, creepage cur-
rents along PCB surfaces could be traced. Better humidity protection

was implemented as a consequence.

e Flash-overs at the harvesting transformer: this component was entirely

sealed in silicone.

e Lithium batteries suffered from low temperatures and unbalancing: re-

placement by nickel-based cells.

e GSM connection was repeatedly lost. After tests with a GSM repeater
and a detailed evaluation of the available networks in August 2010 show-

ing continuously changing coverage conditions for different providers, an
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international SIM card was used in order to improve the situation. Fur-
thermore, an ISM radio link to the base station needed to be imple-

mented.

e Base station relying on battery power only was impractical: grid connec-

tion was aimed at

More information on the test device and its modifications can be found in
Chapter 6.

The first field test was concluded by un-mounting the field test device from
the conductor line on May 4, 2010.

8.2 Field Test 2010-2011

Fortunately, the field test could be continued in the following winter season.
Given the difficulties that were found as the outcome of the first season, various
measures were implemented in order to improve the overall reliability of the
system. Section 8.2.1 shortly introduces the second version of the base station.
Thereafter, Section 8.2.2 reports about some recorded icing events. Finally,
Section 8.2.3 summarizes the outcome of the second field test.

Soon after the initial installation on October 5, 2010, problems with creep-
ing currents (most probably caused by water entrance during the mounting
procedure) were experienced, leading to the replacement of optical couplers
and further encapsulation of the circuitry with a special silicone grouting elas-
tomer. After a test in the high-voltage lab, water spraying and a continuous
test in the lab, the test device was mounted again in the field on January 17,
2011 and remained operational until the end of the field test in April 2011.

8.2.1 Base Station

On September 29, 2010, the weather monitoring system was moved to a nearby
house, making batteries obsolete and allowing for the operation of equipment
with an increased power demand due to a mains connection. A PC was in-
stalled not only for weather data and image storage, but also in order to receive

data via the backup ISM radio channel. Each short message was therefore sent
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Figure 8.15: 2010-11: Air temperature between February 1 and May 15, 2011 [9].

not only via the GSM link to the host computer, but also via the ISM channel

and stored locally.

8.2.2 Example Events 2010-2011

Figure 8.15 shows the air temperature at the base station from February 1
until May 15, 2011. It can be seen that only few times temperatures remained

below zero for more than a day.

Example Event 3

This event was observed on February 18, 2011 and is characterized by a thin
layer of rime ice. Figure 8.16 depicts the relative capacitance of the electrode
pair with the smallest inter-electrode distance and the conductor temperature.
The capacitance signal increases while the measured temperature approaches
zero during night. Though the temperature measurement value remains above
zero, it can be assumed that this is due to the thermal capacitance of the
mounting clamps resulting in a thermal delay of the temperature measurement.
Figure 8.17 shows corresponding images from the weather camera, indicating

suitable icing conditions.

Example Event 4

Four minor events occurred between January 28 and February 1. Figure 8.18

depicts the relative capacitance of the electrode pair with the smallest inter-
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Figure 8.16: Event 3: Capacitive measurement data of measurement capacitance Cy

and conductor temperature on February 18, 2011 [9]. The capacitance is rising as

a thin layer of ice accumulates (3h...9h). The absence of a strong signal decrease

during the melting phase may be due to the minimal amount of water.
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Figure 8.17: Event 3: Weather camera images on February 18, 2011 [9]. Icing

conditions are present between the early morning and approx. 10 a.m.

electrode distance and the corresponding signal variances, which reach their
maxima during phases of high surface activity. Furthermore, it seems that
melting periods result in the highest variance levels due to fast permittivity
and capacitance changes.

Figure 8.19 depicts the conductor temperatures and load status of the line

in the same time period.

Example Event 5

Event 5 is an example for a wet, then drying conductor. Different amounts of
water (films and/or droplets) were present at the conductor surface (compare
Figure 8.20). In the evening of March 18, water dried off completely, most
likely due to wind.

Figure 8.21 depicts the corresponding conductor temperatures of the line.
Only positive temperatures have been recorded.

Figures 8.22 and 8.23 depict weather camera images on March 16 (12 p.m.,
precipitation rate of 5 mm per hour) and March 17 (12 p.m., high air humidity

not detected as rain by the rain sensor), respectively.
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Figure 8.18: Event 4: Capacitive measurement data (measurement capacitance Cf)
and signal variances (for measurement capacitance C; (red), Cy (green), Cs (blue),
C4 (black)) between January 28 and February 1, 2011 |9]. Phases of ice accumulation
and melting most often show high signal variance due to an increased surface activity,
see January 28 23:00-January 29 11:00.
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Figure 8.19: Event 4: Conductor temperature and power load [9]. As depicted
earlier, temperatures below zero lead to icing. The power load, however, has an
insignificant impact on the conductor rope temperature. This is most probably due

to the comparatively low power levels in the observed period of time.
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Figure 8.20: Event 5: Capacitive measurement data (measurement capacitance C)
and signal variances (for measurement capacitance C; (red), Cy (green), C3 (blue),
C4 (black)) between March 16 and 18, 2011 [9]. High signal variance can be seen due
to the presence of water drops on the surface. Furthermore, the capacitance values
for a wet surface are always lower than for a dry conductor with an exception due

to, for instance, droplets during the drying process.
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Figure 8.21: Event 5: Conductor temperature [9], always positive during this event.

Figure 8.22: Event 5: Weather camera image on March 16, 12 p.m. [9], dry weather.
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Figure 8.23: Event 5: Weather camera image on March 17, 12 p.m. [9], rainy weather.

8.2.3 Results 2010-2011

Though no critical icing events could be recorded in the second field test,
it could be shown that the test device could be kept operational for several
months on a 220 kV line. Various improvements had been implemented based
on the findings of the earlier tests. By means of comparison with weather data,
several minor icing events could be identified. The presence of ice and water can
be clearly distinguished from each other and from a dry conductor. Besides,
ice thickness can be estimated to a certain extent already from the signal
amplitude of the first measurement capacitance. At this point, an outlook

could be given as follows:

e More reference data should be collected in suitable environment and in

the field in order to match measurement data with the actual icing status

e The circuitry needs re-design in order to obtain series product level

e Electrode mounting is easier than before, but still tricky to be mounted

by a worker.



137

e Camera images can not reliably deliver information on conductor icing

status due to the typically large distance.

At this point, the project ended but an industry partner showed interest in
industrialization of the measurement principle. Chapter 9 gives information
on the respective investigation on suitable material systems, design and the

actual realization as well as icing tests in a climate tunnel.






Chapter 9
Industrialization

In this chapter, an overview is given on efforts made on the implementation of
the capacitive icing detection principle for an industrial system to be applied
on high-voltage overhead lines. In the experimental test device approach de-
scribed in Chapter 6, especially the sensor mounting process is time consuming
and critical to the sensor characteristics as the electrode positions may vary
due to the complicated mounting procedure. Furthermore, the longevity and
robustness of the manufactured components may be questionable. For this
reason, a mechanically robust solution, providing an expected lifetime of more

than 10 years, is desired.

The industry partner had a framework available for conductor rope tem-
perature monitoring. It looked promising to implement the capacitive icing
detection front-end in the existing, proven framework offering suitable hous-
ing, mounting, data transmission circuitry and battery power supply. Due
to the available power source, the energy harvesting approach was not imple-
mented at this stage in order to minimize costs and risks of development as
well as the time-to-market of a small series. Hence, the focus in this chapter
is put on the development of a durable electrode assembly, where the choice

of materials and material processing technologies is crucial.

Section 9.1 gives information on several investigated materials suitable for
the environment in which to operate the equipment, including summaries on
processing technologies. Also, the suitability of the material solutions is eval-
uated with respect to the design of an icing sensor front-end. In Section 9.1.6,

the different approaches are compared and possible solution approaches, which

139
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in part have been realized as laboratory test devices during the design process
of the industrial electrode assembly, are presented. Section 9.2 informs on
design and realization of the series device and first results of icing tests in a

climate tunnel.

9.1 Material Systems

For an industrial electrode assembly, various material systems were investi-
gated beforehand. Though the best solution seems to be a purpose-made
PTFE sinter part or a string ribbon cable with a geometry comparable to
the field test device setup, this approach is not feasible due to the high costs.
Therefore, further material systems with comparable material properties were
investigated in order to design and build an industrial electrode assembly.
Sections 6.3.1 and 5.2.2 provide information on the realization of the sensor
front-end of the test device setup. It was found that an electrode assem-
bly design using cables with an insulation made from polytetrafluoroethylene
(PTFE), which is a comparatively robust polymer, provided good stability

through its material properties, given as follows:

e Wide operational temperature range: -200°C -> +200°C
e High UV stability as a native material property

e Desirable mechanical properties: low friction, rigid

e Virtually no water absorption

e Good dielectric properties (low e, = 2, corona resistant)

e Surface quality: most of the conductor surface is available between the
measurement electrodes, i.e. changes in the icing behavior due to the

application of the sensor are minimized

Generally speaking, the structure that needs to be realized consists of layers
of conductive structures with non-conductive matter in-between and around
them, insulating them from the environment. At the same time, the overall

thickness must be kept as small as possible (i.e. below a few millimeters) in
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Figure 9.1: Sketch of the required measurement electrode assembly structure.

order to avoid high voltages between measurement electrodes on the one side
and in order to minimize aerodynamical alterations on the other. Conductive
interconnections between the conductive planes need to be manufactured. To-
wards the environment, the structure needs to be enclosed by nonconductive
material except at specified terminals serving as ports towards the measure-
ment circuitry. Figure 9.1 shows a cross section of this structure.

For a small series, several readily available material systems were taken into
consideration. The following material systems deliver the best fit to the given

requirements and were investigated more in detail:

Printed Circuit Board (PCB) + Fluoropolymer Coating

Printed Circuit Board + Polyurethane (PU) Coating

Printed Circuit Board + Silicone Coating

Metal Inlays in Polymer Rapid Prototyping Processes

Layered Ceramics (for example, Low Temperature Cofired Ceramics,
LTCC)
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All technologies fulfill the requirements given above to a certain extent and
are known and established technologies. The denoted material systems are
described in detail in the following sections, while at the end of the chapter,
a comparison is given. In total, four of the mentioned material systems have

been tested in laboratory setups.

9.1.1 Printed Circuit Board + Fluoropolymer Coating

A printed circuit board is a standard product, typically consisting of two layers
of photolithographically formed conductive structures and an electrically iso-
lating carrier material in-between. It can also be manufactured as a multi-layer
structure with numerous layers. Printed circuit board manufacturing typically
starts with a raw material consisting of conductive and non-conductive layers
already glued together. After drilling and through-connecting of drill holes
where necessary, the conductive layers are covered with a photo-resistive film,
exposed to light according to lithography data, a protective polymer serves as
a cover or the part is laminated together with further layers. Typically, the
core material is so-called FR4, i.e. a glass fiber reinforced epoxy resin. Other
materials such as polyamides, PTFE and polyimide are commercially available.
Furthermore, aluminium can be used as a carrier material with laminated thin
polymer-based multi-layer substrates. Epoxy resins need to be protected from
UV radiation and FR4 has a tendency to absorb water (up to a few per cent),
which is due to the glass fibers running through the material, increasing the
surface available for water absorption. For this reason, a robust coating is
necessary, as water absorption can radically change the dielectric properties
and may also lead to cracks, fractures etc.

One manufacturer tried to apply a thin layer of a fluoropolymer on an
aluminium based PCB using an electrostatic lacquering process. The resulting
layer had a thickness between 30 to 50 micrometers, which is far from the
minimum thickness required for mechanical stability. Figure 9.2 depicts a test
device of an electrode assembly in this technology.

The major drawback of this material system is due to the non-stick nature
of fluoropolymers in combination with other materials. Adhesion to the PCB
carrier material was good, however, very poor adhesion was achieved between

the coating and the electrode surfaces making the coating unsuitable for a
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et

Figure 9.2: Photo of a sensor electrode setup (aluminium based PCB with fluo-

ropolymer coating).

harsh environment. In addition to that, the quality of the coating itself turned
out poor. Field tests with this setup showed a very high sensitivity towards
increasing or decreasing air humidity at temperatures well above zero. The de-
vices were tested in a potentiostat at the Institute of Materials Physics, Graz
University of Technology, revealing a non-negligible DC conductivity of the
layer. The most probable cause may have been porosities in the layer. There-
fore, this material system was not investigated further when it had became
obvious that layers of the originally desired thickness (approx. 0.5 to 2 mm)

could not be manufactured in a sufficiently high quality.

9.1.2 Printed Circuit Board 4 Polyurethane Coating

In search of better coating materials, polyurethanes were investigated. Polyurethanes
(PU) are polymers, which result from polycondensation of an isocyanate and a
polyalcohol. The choice of raw materials leads to a wide range of resulting ma-
terial properties from soft foams (for instance, used for thermal insulation or
car seats) to highly robust parts (for example, protective aprons for snowcats).
Polyurethanes are typically used within the industrial temperature range and
(-40 to +85°C) can be protected from UV radiation by means of additives.
Mechanical properties can be set so that there is almost no abrasive wear.
Water absorption is reasonable (in the range of 0.5 %). Relative permittivity

varies between 3 and 6 at frequencies below 1 MHz. Good surface qualities can
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Figure 9.3: Photo of a sensor electrode setup (aluminium based PCB with a white

polyurethane coating).

be achieved depending on the manufacturing technique. Dielectric breakdown

voltage typically exceeds 20 kV per millimeter [145].

Coating with polyurethane can be established by means of cold molding
(for example, reaction molding) or by injection molding (typically with ther-
moplastic resins). This is a complex procedure as the part to be coated needs
to be kept at the correct position during the molding process (for instance, by
means of removable pins). A simple test device has been manufactured using
cold molding around an aluminium PCB, yielding a coating layer thickness
between 1 and 2 millimeters, enclosing the entire sensor electrodes PCB. Fig-
ure 9.3 depicts a test device of an aluminium based PCB with a polyurethane

coating.

Preliminary measurements revealed good results. However, none of the
available small-series manufacturers was able to guarantee mechanical, UV
and high-voltage properties at PU layer thicknesses below 5 mm. It turned
out that the risk of delaminations or damages due to environmental conditions

was too high.
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9.1.3 Printed Circuit Board + Silicone Coating

As a further material system, silicones have been investigated as a coating
material for PCBs. Being one of few anorganic materials in electrical and elec-
tronic engineering, silicones are used in high-voltage engineering applications
for insulation purposes. Similarly to polyurethanes, silicones are available
in a wide variety of different mechanical properties. Silicones can typically
withstand elevated temperatures even exceeding 200°C. As they do not origi-
nate from hydrocarbons but derive from silicon compounds, they are typically
fireproof. Silicones can be made UV stable by means of additives. Water ab-
sorption is typically below 0.1 %. Relative permittivity ranges from 2 to 4 at
frequencies below 1 MHz. Polymerization of silicones can be triggered, for ex-
ample, by air humidity or elevated temperatures. Typically, side products such
as water, alcohols or acetic acid are released during the polymerization, but
special mixtures are available for casting and sealing electronic circuitry which
do not release by-products that are harmful to electronic circuitry. Dielectric

breakdown voltage typically is in the range of 20 kV per millimeter [146].

Similar to polyurethanes, coating with silicone is typically a cold molding
process. For increased reaction speed, heat-curable silicones are available. The
drawback of silicone coatings is the problem they share with other polymers:

achieving thin yet stable layers is a sophisticated task.

Generally, adhesion between PCB and the coating polymer is a critical is-
sue. It has to be ensured that the coating polymer sticks well to the surface
(for instance, by its chemical properties) or that the coating is kept in position
by mechanical means (for example, coating-filled drill holes or especially pre-
pared surface structures, etching etc.) One further issue which disadvantages
polymer coatings is obviously a certain minimum layer thickness in order to
ensure mechanical stability. On the other hand, there are coatings which due
to their application process only allow layer thicknesses which are too thin to

be mechanically stable over the lifetime of the device.

Consequently, other processing technologies which in the first instance would
not rely on coating or molding processes were searched in order to minimize

costs and risks before a series production.
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9.1.4 Metal Inlays in Polymers - Rapid Prototyping

So-called rapid prototyping processes seemed to be a suitable manufacturing
technology for a fast and cost-efficient evaluation of material systems. Com-
pared to molding, similar materials can be made use of, but different man-
ufacturing techniques (such as layer-per-layer deposition) are used: complex
three-dimensional structures can be made from polymers which are, for ex-
ample, heat- or light-cured. The approach looks promising as the achievable
manufacturing resolution is high while keeping the costs comparatively low.
Conductive (metal) parts can also be inserted, thus reliably enclosing them
during manufacturing. However, the technology is young, available material
systems are limited and especially, silicones and fluoropolymers were not avail-

able at the time of request.

9.1.5 Layered Ceramics - Low Temperature Co-fired Ce-

ramics

Ceramics are a widely used material in high voltage engineering. Especially
for high-voltage insulating elements (power transmission line insulators, trans-
former insulators and also smaller parts such as fuse holders) and can be made,
for example, from alumina or porcelain-type base materials. Besides electri-
cal insulation, the main advantages of this non-organic material are its very
high resistance against mechanical stress (pressure, traction) and at the same
time its robustness against creeping currents. Ceramic insulators are typically
manufactured in a process similar to the fabrication of china ceramics - raw
materials are blended with water and additives, the workpieces are shaped,
glazed and fired.

Layered ceramics are a hybrid, thick-film technology for the production
of small, accurate ceramic objects such as microfluidic reactors [147] or elec-
tronic components. Low temperature co-fired ceramics (LTCC) are sintered
(cofired) at a temperature up to 1000°C, according to the manufacturers spec-
ification. Due to its ceramic character, the objects’ operational temperature
range exceeds all limits which inhere in organic materials. UV stability is eas-
ily achieved (for example, titanium dioxide itself is a commercial sun blocker).

Water absorption is negligible (below 0.1 %). Thermal expansion is also small
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(below 6 ppm/°C). Compared to metals, the fired material is brittle (flex-
ural strength 320 MPa, young’s modulus 120 GPa). Conductive structures
(e.g. made from an 8 micron layer of silver paste) can be included in a layered
structure. Capacitors, resistors and via connections can be printed on inner
and outer layers, which allows also for complete devices integrated in the mate-
rial [148]. The dielectric constant of ceramic materials is typically higher than
of polymers, equaling 7.8 for a DuPont 951 material. The typical resolution
for conductive structures and cuttings is 100 microns. Concerning high-voltage
operation, the breakdown voltage exceeds 40 kV per millimeter [149], [145].

The raw material of LTCC components are so-called "green tapes" (micro-
dispersed ceramic particles in a polymer matrix) and conductive pastes (typi-
cally silver, gold or palladium). For each layer, a piece of green tape is cut out
(using a knife, an infrared laser or a hot-knife) and the conductive structures
are deposited, for example, by means of sieve printing. Via connections are
established by means of cutting holes in the green tape, which are then filled
with a conductive paste. The layers are stacked and aligned one over the other
and the layer compound is laminated by means of high pressure (typical values
are 3000 psi, 70°C). The following sintering process removes the polymer ma-
trix, sinters the ceramic particles together and thereby yields the end product.
Typically, more than 100 layers can be stacked and a line resolution of 100 pm
can be achieved [150].

Concerning the production process of LTCC, several limitations need to be

respected:

e Shrinkage during firing. The laminated substrates shrink between 10 and

20 % in x, y and z axis, most often anisotropically [151].

e Conductive plane fill densities. Ceramics adhering to ceramics provide
good mechanical stability, whereas the bond between metal and ceramics
is a potentially weak point. Therefore, a 50 % conductive fill of a layer is

standard while a solid fill (100 %) may lead to mechanical instabilities.

e Maximum part sizes. Due to size limitations of raw materials and limita-
tions of working areas of laser cutters and mechanical presses, the typical

maximum part size (after firing) is 96 mm x 96 mm, which is already
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large compared to what LTCC is typically used for (for instance, SAW

filters, chip antennas etc.).

e Non-rectangular objects tend to deform during sintering, therefore they
need to be separated after the firing process requiring highly sophisti-

cated technologies (diamond saws or high-power lasers).

However, the thermal stability and excellent hermiticity with virtually no
water absorption highly qualifies LTCC parts for use in harsh environments

such as high voltage over-head power lines.

9.1.6 Comparison of Material Systems

Table 9.1 compares the investigated material systems regarding the relevant
parameters. Concerning the costs, PCBs with coatings are most affordable
as standard mass production processes can be used. Rapid prototyping and
LTCC processes require more expensive equipment such as printing sieves or
complex molding forms. A purpose-made teflon cable or teflon sinter part is
the most expensive solution.

With respect to water absorption, ceramics, silicone and PTFE show the
best behavior (0.5 % or less), while spray-on fluoropolymer coatings showed
porosities and water absorption of polyurethanes highly depends on the actu-
ally used ingredients.

Good UV resistivity can be achieved for PTFE, fluoropolymers and ceram-
ics, while all other materials must be made UV resistant by means of additives.

PTFE, fluoropolymers, silicones and ceramics have a very wide operational
temperature range. Moreover, they can withstand partial discharges for a long
time, while this may be more challenging for other polymers like, for example,
polyurethanes.

The lowest permittivity (approx. €, = 2) can be achieved for PTFE. Other
polymers range between 2 and 6, while typical LTCC material systems range
between 7 and 10.

Good mechanical properties include sufficient resistance against abrasive
wear, uniform and smooth surfaces while providing a surface, which is compa-
rable to the conductor line in terms of wetting and accretion behavior. Thin flu-

oropolymer coatings revealed a weak mechanical stability while polyurethane
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Material Parameters
Costs | Water | UV | Temp. | Corona | Permitt. | Mech.
Teflon Cable - + + + + + +
PCB+Fluoropolymer | + 0 + |+ + + -
PCB+Polyurethane | + 0 0 0 0 + 0
PCB+Silicone + + 0 + + + 0
Rapid Prototyping 0 0 0 0 0 + 0
Ceramics (LTCC) o + + |+ + 0 +

Table 9.1: Comparison of material systems for an industrial electrode assembly on
high-voltage power lines. “+” denotes low costs, low water absorption, high UV sta-
bility, wide operational temperature range, good resistance towards partial (corona)
discharges, low permittivity, good surface properties and high mechanical stability.

“—" denotes the opposite, “0” denotes properties in-between.
pPp ) prop

and silicone coatings have hydrophobic surface properties. Therefore, these
polymers tend to accrete ice later than the conductor itself. The teflon cable
can be managed to offer enough conductor surface so that the icing behavior
is not altered too much. Ceramics (which are typically oxides) show an ice
accretion behavior which is comparable to the conductor line surface, which is
also an oxide - i.e. aluminium oxide.

Comparing the available technologies, a PTFE cable or PTFE sinter part on
the one hand and a ceramic part on the other hand seem to be most promising.
Both methods are costly and have long lead times. Under the aspect of costs
and lead time, the ceramic solution has an advantage as there are production

facilities available for both small and large series.

9.2 Realization

Given a lot size of less than 50 devices in a first batch, low-temperature co-fired
ceramics were the material system of choice. Due to the fact that the data
communication and energy management system were readily available from a
power line temperature monitoring probe, the electrode assembly and sensor
front-end was designed to fit to the existing system framework.

In Section 9.2.1, details on the electrode assembly and its integration into



150

Figure 9.4: Photo of the Micca temperature probe.

the existing framework is reported. Section 9.2.2 presents icing experiments
with test devices, conducted at the CIGELE Atmospheric Icing Research Wind
Tunnel (CAIRWT) at the University of Québec at Chicoutimi, Canada, in
December 2012. Finally, Section 9.2.3 explains the extraction of icing data

from the achieved experimental measurement data.

9.2.1 Design and Integration

Micca Informationstechnologie GmbH is a company providing solutions to
overhead line operators especially in the field of conductor temperature mea-
surement and measurement of meteorological parameters. The product line
"Enhanced Monitoring Overhead Transmission" was chosen as a framework
for a novel icing detection device based on the measurement principle as de-
scribed in Chapter 5.

The framework is a conductor temperature measurement device for so-called
"thermal rating". A photo of this device is depicted in Figure 9.4.

This device is operated by a battery and can transmit measurement data to
a base station over a wireless connection. This base station collects the data
and transfers it to a database via GSM networks. More than 100 sensors are
in operation worldwide.

One of the main challenges concerning the electrode assembly design was
to minimize effects on the icing behavior due to the presence of the sensor
itself with respect to the given mechanical structure of the probe framework.

According to aerodynamical considerations, it was tried to keep a minimum
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Figure 9.5: Assembled probe before mounting in wind tunnel.

area open all around the conductor in the sensor area. These deliberations
together with high-voltage issues (compare Section 5.2) led to the design as
depicted in Figure 9.5. It shows an assembled probe before undergoing tests

in an icing climate channel.

The major part of the capacity inside the housing is occupied by the bat-
tery, as a standard lifetime of 10 years is guaranteed by the manufacturer.
Therefore, the capacitance measurement circuitry together with input filters
as described in Section 6.3.4 was included in the current measurement board
inside the device. Following the results of Section 9.1.6 and the insights gained
from failed tests with simpler technologies, an LTCC electrode assembly could
be manufactured after a lead time of approx. half a year. These parts were
connected to the measurement circuitry with flexible prints, after which the

openings of the device was sealed.

The left and right LTCC electrode assemblies are mirrored with respect
to each other. Each sensor contains a transmitter electrode, four receiver
electrodes as well as two reference capacitors and have a total thickness of less
than 2 mm. As described in Section 9.1.5, separation of non-rectangular parts
after the sintering process requires diamond saws or high-power lasers. For this
purpose, laser cutting was used. The resulting edge roughness was measured

with a Diavite surface roughness meter (compare Figure 9.6).
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Figure 9.6: Roughness measurement record of the laser-cutted electrode assembly
edge. The roughness arithmetic mean R, amounts to approx. 3.8um, the roughness

quadratic mean g amounts to approx. 4.7um

Figure 9.6 shows a roughness scan of the laser-cutted edge of the sensor.
The laser cutting process of the sintered LTCC part causes a higher surface

roughness, but the surface quality appears to be sufficiently smooth.

9.2.2 Atmospheric Icing Research Wind Tunnel Tests

In December 2012, the first available icing probes were tested at the CIGELE
Atmospheric Icing Research Wind Tunnel (CAIRWT) at UQAC/CIGELE in
Chicoutimi, Québec, Canada together with the working group of Prof. Masoud
Farzaneh. Various different ice qualities and layer thicknesses could be created

and deposited on the probe. Parameters which can be set are

e Air temperature,
e Wind speed, and

e Water amount and droplet size (LWC, MVD).
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Figure 9.7: Overview of CIGELE Atmospheric Icing Research Wind Tunnel [10].

Figure 9.7 shows the entire wind tunnel system, where the container at floor

level contains the test section.

Air temperature at CAIRWT can be set down to -30°C at wind speeds up
to 29 m/s. At the same time, water can be inserted in the air stream by means
of heated spray nozzles. Through controlling water pressure, the total liquid
water content (LWC) and mean volume diameter of the droplets (MVD) can be
varied within certain limits, exceeding 8 g of water per cubic metre of air [10].
Through modification of these parameters, ice quality and air content of the
produced ice can be varied. It can be defined if water droplets should freeze in
the air stream already or if they get supercooled and freezes when impacting
on the surface. By further increasing the amount of water at the same wind
speed and temperature (or decreasing wind speed and increasing temperature
at the same amount of water), water films can form at the surface, leading to
the formation of ice qualities such as curtain glaze or icicles. Figure 9.8 shows
the formation of glaze ice on the probe, while Figure 9.9 depicts the formation

of icicles due to an increased water content.

Further common ice types (as described in Section 2.2) are soft and hard
rime. Figure 9.10 depicts an early stage of soft rime icing, while Figure 9.11

shows a cross section of a setup where several centimeters of soft rime have
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Figure 9.8: Probe in icing tunnel, glaze ice.

Figure 9.9: Probe in icing tunnel, glaze ice and icicles.
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Figure 9.10: Probe in icing tunnel, thin soft rime.

accreted.

Hard rime contains less air, has a higher density and is therefore more
relevant in conductor icing. Figure 9.12 shows an approx. 1 cm thick layer of
hard rime on the electrode assembly, while Figure 9.13 shows a cross-section
of a setup where several centimeres of hard rime have accreted. Comparison
of Figure 9.11 and Figure 9.13 clearly shows the different properties of the two
types of rime ice.

Furthermore, an ice quality similar to snow could be produced. The result
is depicted in Figure 9.14.

Measurement data have been recorded for all events together with photos
and still images from a video camera. Information on preliminary evaluation

is given in Section 9.2.3.

9.2.3 Evaluation and Preliminary Results

The resulting data from the CAIRWT tests were used to design an algorithm to
indicate the icing status of the sensor’s surfaces. It turned out that both probes
used in the tests suffered from problems at the soldered junctions between PCB
and LTCC parts, leading to loose contacts opening and closing depending on
mounting position and temperature. Furthermore, a PCB design error was

discovered at the measurement PCB layout, causing parasitic capacitances to



156

Figure 9.11: Probe in icing tunnel, thick soft rime.

Figure 9.12: Probe in icing tunnel, thin hard rime.
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Figure 9.13: Probe in icing tunnel, thick hard rime.

Figure 9.14: Probe in icing tunnel, snow-like icing.
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Figure 9.15: Example data from a glaze icing event at CAIRWT. Reference A is a ref-
erence capacitor inside the LTCC electrode assembly used for temperature compen-
sation, which is shielded by ground layers. Capacitance 1 is formed by the electrode

pair with the largest inter-electrode distance.

at least one measurement channel per side.

Figure 9.15 depicts raw data from two glaze icing events. The plot shows
one of the reference capacitances (“Reference A”), which changes due to tem-
perature and increased load on the transmitter electrode. Signal “Long” shows
the behavior of the capacitance signal of the measurement capacitor with the
largest inter-electrode distance. It can be seen that the capacitance increases
during the presence of water (two steep rises in the signal at the beginning of
the event and two slower signal rises during the melting process, while due to
the low permittivity of ice only, the signal is comparatively small due to the
large distance between transmitter and receiver.

The conducted tests led to the following conclusions:

e Aside from data losses due to hardware/design issues, the measurement

capacitance signals behaved as expected.

e Further collection of reference data (from both climate chamber and
"natural" field data) is necessary in order to cover as many icing scenarios

as possible.
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e Maximum signal changes occur at early stages of icing and with the pres-
ence of water, which is a key feature of the icing probe. Consequently,
resolution decreases with increasing ice layer thickness. This is accept-
able as the main purpose of the sensor is icing detection and indicating

an icing status trend.

e Different ice qualities yield different signals. This allows for a classifica-

tion of icing events.

Based on this conclusions, data evaluation will be conducted as follows

(work still in progress):

1. Raw data (four 16 bit values representing the four measurement capaci-

tances per side) are transmitted via the radio link.

2. Offset values (recorded in a calibrated environment and stored, for in-

stance, in the base station) are subtracted.

3. Temperature compensation is done by means of 2-point calibration using
the reference capacitors embedded in the LTCC sensors. Additionally,
further reference channels could be implemented in the measurement

PCB.

4. Field simulation by means of the finite element method (FEM) delivers
distributions of capacitance values over ranges of both layer thicknesses

and permittivities.

5. A Maximum Likelihood Estimator (MLE) is then used to find the thick-

ness/permittivity value pair best fitting to the measured data set.

Several further improvements to this evaluation can enhance the perfor-
mance of the data evaluation. For instance, there are physical limitations such
as maximum speeds at which accretion and melting can occur. Also, temper-
ature can not change stepwise. Taking into account the signal variance as a

good indicator for surface activity can further refine the evaluation.






Chapter 10
Conclusion and Outlook

In section 10.1, the author draws conclusions on his work in the field of atmo-
spheric icing and its detection while section 10.2 provides an outlook on future

perspectives of the presented approach.

10.1 Conclusion

In this PhD thesis, first, a design for an autonomous icing detection device on
high-voltage overhead power lines was developed. After defining the problem
and setting the boundaries for an experimental realization, icing detection
principles and energy harvesting methods were investigated.

An icing sensor front-end for operation close to the surface of a high-voltage
overhead power line conductor rope was designed and tested. Within the
progress of this thesis, aims and goals which have been set in the beginning
needed to be revised and adapted, mainly due to new boundary conditions
coming from the coincidence of different research fields such as electrical mea-
surement, high-voltage technology, material science and atmospheric icing.

Energy harvesting from the alternating electric field was implemented and a
circuitry design was found to operate both capacitive energy harvesting and ca-
pacitive measurement in parallel. In the course of this PhD thesis, several test
devices were realized and evaluated both in laboratory setups and in field tests
for two winter seasons. Both, energy harvesting from the alternating electric
field and icing detection by means of capacitive sensing proved their feasibility

in the field on a 220 kV overhead power transmission line. During the two
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winter seasons’ field tests, several icing events could be successfully detected.
Furthermore, steps towards a successful industrialization of the measurement

principle were taken.

10.2 Outlook

In the author’s opinion, the developed design may play a significant role in
the so-called smart grid in the future - an electricity distribution grid which is
equipped with automated measurement and communication devices collecting
data for higher efficiency and improved reliability. As described in chapter 9,
commercial deploy of the icing measurement principle is in progress and shows
positive results in the field and high interest from the relevant market. It is
desirable that endangered sections of the worldwide power distribution grid will
be equipped with a system as presented in this work or with similar systems.
The number of fatal accidents due to icing can be decreased or at least the
effects can be mitigated if there is early knowledge about a deteriorating icing
status. For example, people can be evacuated, lines can be shut down in

advance or even early de-icing measures can be deployed.
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