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Passive Wireless E-field Sensor ABSTRACT

Abstract

A passive wireless sensor is designed, fabricated and tested for the measurement of AC
electric field in the vicinity of high voltage apparatus. This sensor is applicable in re-
mote condition monitoring of high voltage apparatus where close distance measurements
raises safety hazards for operators. The sensor is designed using a coaxial cavity resonator
structure (in TEM mode) capacitively coupled to varactors. The resonance frequency of
the sensor shifts corresponding to the capacitance variation of the varactors which in turn
is perturbed by the external electric field. The electric field surrounding the apparatus
induces a bias voltage over the terminals of the varactors. Therefore, the resonance fre-
quency changes proportional to the inducing external electric field and correspondingly to
the medium //high voltage. A printed circuit board on the top of the cavity provides cou-
pling between the cavity and varactors and also between the varactors and the external field
produced by the high voltage apparatus. The sensor structure is designed to resonate in the
range of 2.4 GHz to 2.5 GHz of the industrial, scientific and medical (ISM) radio frequency
band. A remote interrogation system identifies the instantaneous resonance frequency of
the sensor by transmitting pulses of radio frequency (RF) signal and recording the ring back
of the resonator. The ring back is down converted and analyzed to determine the resonance
frequency of the sensor. Two possible applications of the sensor, i.e. voltage measurement

and defect detection of insulators, are demonstrated by experimental results.
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Chapter 1

Introduction

The increasing demand for electric power over the last decade has resulted in high voltage
apparatus to operate at full load while the power systems are expected to provide high
quality and reliable electric power. In addition, the increasing dependence on the electricity
has increased the cost of power outages and quality disturbances [1]. In order to avoid power
outages and disturbances caused by equipment failures and outages, online distributed and
low-cost condition monitoring, diagnostics, and protections are crucial in modern power
systems [2}3].

Electric field measurement in the vicinity of high voltage apparatus is part of condition
monitoring and protection in power systems. Determining the electric field distribution
profile surrounding high voltage equipment provides reliability information about the insu-
lation condition [4,/5]. This information will enhance the safety of the human resources and
the equipment in live line maintenance [6]. As another application, the voltage of the high
voltage device can be derived based on the measured electric field profile [7].

In this chapter, the difficulties of using the available electric field measurement methods
are mentioned. Then, the electric field sensor is introduced to overcome the issues pertinent

to the conventional methods.




Passive Wireless E-field Sensor 1.1 Problem Statement

1.1 Problem Statement

Unlike low voltage electrical systems, condition monitoring of high voltage devices involves
complicated difficulties. The voltage difference between the high voltage devices and the
ground will induce high electric field around them. Safety of the personnel dealing with
the monitoring devices in the vicinity of these high electric fields must be provided. As a
result, remote access to the monitoring systems is desired. The conventional measurement
devices for monitoring the operational parameters of high voltage apparatus such as voltage
and current are based on transformers and voltage dividers. These devices are attached to
the high voltage apparatus and reduce the voltage or current to a level that is measurable
by the low voltage and current measurement equipment. On the other hand, high voltages
are usually measured by bulky voltage dividers which consist of a combination of resis-
tors, capacitors and transformers. The employment of these components introduces certain
limitations to the measurement results. Saturation of transformers is an example of such
limitations [8]. The general deficiencies imposed by these measurement methods are power
dissipation and source loading caused by direct attachment to the high voltage apparatus.
Additionally, the resistors, capacitors and transformers are subjected to temperature effects
which develop inaccuracies. Another issue initiated by the application of transformers in
the measurement circuits is the induction of ferro-resonance in power systems [9]. Also,
these components require high insulation for safety measures. The insulation is usually pro-
vided by paper-oil or SFg gas. Deterioration of the paper-oil insulation introduced by aging
imposes technical difficulties such as regular changing and extra costs. Further, SFg is the

focus of many researchers to be substituted by other environmental friendly materials |10].
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1.2 Objectives

The objective of this PhD thesis was to design and fabricate a passive, wireless electric field
sensor and a compatible interrogation system. The sensor is employed in the measurement
of electric field in the vicinity of high voltage apparatus. The sensor is composed of a
coaxial resonator loaded with varactors which are lumped elements with variable capacitance
changing based on the applied reverse bias voltage across the element terminals. The sensor
is interrogated remotely by sending radio frequency (RF) pulses.

The sensor is passive meaning no battery is required. It is small, light weight and
inexpensive which makes it easy to utilize in distributed measurements around high voltage
apparatus. The sensor does not require grounding, therefore it can be mounted in close
distance from the high voltage apparatus. The measurement information of the sensor
could optionally be employed in condition monitoring of high voltage apparatus, such as
locating insulation defects. Further, a distributed array of sensors can be employed in
measuring the electric field profile surrounding the high voltage apparatus and deriving the

inducing medium /high voltage of the apparatus.

1.3 Research Outcomes and Contributions

A passive, light weight and inexpensive electric field sensor and a compatible interrogation
system was designed, fabricated, and tested. The sensor consists of a coaxial transmission
line cavity resonator built out of copper tubes. It is designed and simulated by finite element
simulation tools and the performance of the fabricated sensor is evaluated through a variety
of experiment to measure electric field profiles in the vicinity of high voltage apparatus.
The sensor is operable in close proximity of high voltage apparatus and is used in remote
measurement of electric field and medium/high voltage. Unlike most sensors, the passive

sensor will not require energy harvesting from the high voltage apparatus, hence, eliminat-
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ing the technical complications pertinent to direct connection of the existing measurement
devices to the high voltage apparatus.

The interrogation system, which is compatible with the resonator sensor, is composed of
RF generators and switches. The data from the sensor is received wirelessly and captured
on a fast digital oscilloscope which can be replaced by a data acquisition circuit in the
future. The wireless interrogation of the sensor provides a safe distance from the high
voltage apparatus for the operators.

The measurement method introduced in this thesis combines the advantages of the
existing electric field and high voltage measurement methods. Moreover, the application of
the sensor for medium/high voltage measurement in addition to the detection of insulation
defects are demonstrated by deriving the electric field profile surrounding the high voltage
devices. The measurement method is capable of measuring the AC electric field or voltage
variation while some of the new techniques are only capable of measuring the root mean
square (RMS) value [11,/12]. The conventional high voltage measurement methods are
composed of transformers and voltage dividers which require direct electrical attachment to
the apparatus [8]. Recently, electric field and voltage measurement methods using sensors
have been proposed to overcome the loading issues imposed by the conventional methods.
The new methods are either dependent on energy harvesting from the apparatus |11,/12] or
require wired (e.g. electrical, optical) connection to an interrogation system [13[14]. The

existing measurement techniques are further discussed in the next chapter.

1.3.1 Publications

A PCT international patent has been filed on the proposed sensor in this thesis [15] and
the outcomes of this research have been published in two conference papers [16,/17] and
one journal paper [18]. The details of the interrogation system has been published in [16].

A voltage measurement method using the electric field sensors is proposed in [17] and
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the corresponding measurement results are reported in the paper. The journal paper in
[18] is about the design and implementation of the electric field sensor. Another journal
paper discussing the application of the sensor in the detection of insulation defects will be

submitted.




Passive Wireless E-field Sensor

Chapter 2

Electric Field Sensors and Wireless
Interrogation Systems—A

Literature Review

Electric field sensors and probes are employed in different applications depending on their
measurable range. The electric field sensors applicable in the vicinity of high voltage appa-
ratus have a wide variety and require electrical isolation from the high voltage apparatus
or the ground to avoid flashover caused by close proximity of high voltage and ground. In
order to provide the electrical isolation, some of these electric field sensors are placed close
to the high voltage apparatus as floating objects and interrogated remotely.

Passive wireless sensors are emerging to resolve measurement problems where contact-
less measurement is advantageous. A group of these sensors are resonators with variable
resonance frequency. Remote interrogation method of these sensors varies depending on
the type of sensor. Most of these sensors are measuring slow varying measurands. The
available electric field measurement systems along with the remote interrogation methods

of resonator-based sensors are discussed in this chapter.
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2.1 Electric Field Sensors and Probes for High Voltage Ap-

plications

The electric field sensors and probes employed in the measurement of electric field in the
vicinity of high voltage apparatus are used for condition monitoring, power system pro-
tection, voltage measurement and detection of insulation defects. Determining the electric
field distribution profile surrounding high voltage equipment provides reliability informa-
tion about the insulation condition [4,5,19-21]. This information will enhance the safety of
human resources and the equipment in live line maintenance [6]. As a further application,
the voltage of the high voltage device can be derived based on the measured electric field
profile |7,[11,12]. The electric field sensors and probes used in high voltage applications and

their pros and cons are briefly discussed in the following sections.

2.1.1 Optical Electric Field Sensors and Probes

One of the most popular electric field sensors and probes employed in the measurements of
high voltages are the optical sensors. The fiber structure of these sensors provides electrical
isolation from high voltage that is required for safety measures. These sensors operate based
on the Pockels or Kerr effects defined as the variation in an optical medium in response to
a variation in an external electric field [22}23].

The optical sensors and probes are employed in voltage measurement as a substitute
for potential transformers [14,24]. Unlike conventional potential transformers, the optical
voltage transducers are electrically isolated from the high voltage device and have no loading
effect. An insulator is required to hold the optical sensors and probes in close distance
from high voltage apparatus which increases the size and the weight of the optical voltage
transducer to a few hundreds of kilograms [14].

Another application of optical probes is in insulation defect detection [25H27]. Although
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these sensors provide electrical isolation from the high voltage apparatus required for the
safety measures, they are directly connected to an interrogation system by optical fibers.
This direct connection complicates the usage of these sensors in the live-line maintenance.

The optical sensors typically have high resolution (i.e. 0.7 V/m/v/Hz), high operating
bandwidth (i.e. 1kHz-10 GHz) and a wide range of measurable electric field (i.e. up to
100 kV/m) [26}27]. However, these sensors are active (i.e. need a source of power) and

require direct connection to an interrogation system.

2.1.2 Micromachined Electric Field Mills

Micro-machined electric field mill sensors commonly known as MEMS (Micro-Electro—
Mechanical Sensors) are another group of electric field sensors employed in the measurement
of AC or DC electric fields. These sensors have a complicated fabrication procedure and
are recently being studied to be used in high voltage measurements [28-30]. The sensors
reported in [28.129,31-34] operate by thermal actuators. The induced electric field on the
sensor causes heating which in turn results in the displacement of the sensor shutters. This
displacement is either sensed by laser beam deflection or by capacitive monitoring. In the
former case, a displacement in the sensor shutter causes a deviation in the reflected laser
beam on the shutter and for the latter, the capacitive change due to the displacement of
the electrodes is measured by an electrical circuit. The reported measurable range for these
sensors is 100 V/m — 500kV/m and the prototypes have been tested for DC electric field
measurements. These sensors are active and require direct electrical connection to an in-
terrogation system which limits the application of these sensors for measurements in the

vicinity of high voltage apparatus.
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2.1.3 Electrostatic Probes

Different types of electrostatic probes are used in the vicinity of high voltage apparatus.
Some of the contactless electrostatic probes are employed in sensing the presence of the
voltage in order to verify complete electrical isolation of the equipment under maintenance.
There are other contactless probes that are used for determining the range of voltage (e.g. in
the ranges of 120 Vims-1.2kVims, 1.2k Vips — 2.2k Vg, and up to 500 kV,p,5) on a medium
or high voltage device [35]. These contactless probes are typically mobile measurement
devices operated by batteries. Hence, the resolution of the measured voltage is in the range
of kilo-voltsyms.

Another type of electrostatic probes reported in [13},36] employ electric potential vari-
able capacitors known as varactors to detect the change in the induced electric field to
determine the amount of variation in the voltage. As the probe circuitry requires ground
connection, it should be located in a safe distance from the source of voltage and therefore
exact distance from the surroundings determines the calculated capacitive couplings which

affect the measurement.

2.1.4 Wireless Capacitive Sensor for Medium/High Voltage Measure-

ment

The sensor reported in [11,]12] is an active wireless voltage measurement device. This sensor
measures the root mean square (RMS) of the voltage by connecting to a medium /high volt-
age conductor and harvesting the energy of the AC electric field surrounding the conductor.
The authors introduce a moving average algorithm to self-calibrate the sensor and convert
the measured current to the inducing voltage on the medium/high voltage. A matrix of
the distances of the sensor to the surrounding objects is derived in order to calibrate the
sensor in different configurations of one or three phase systems and variable distances to

the ground. The information on the sensor is transmitted through a radio frequency an-
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tenna to a receiver which collects the data. The recorded data is then analyzed using a
computer. This type of sensor is only applicable in voltage measurement. The accuracy of

the measured results for measurements conducted up to 35 kV is reported as +£5%.

2.1.5 Harmonics and Intermodulation Sensors

Another group of passive wireless sensors are the harmonics and intermodulation sensors.
The harmonic sensors re-emit a harmonic of the interrogation signal, greatly reducing inter-
ference of the transmitting and receiving RF signals [37-39]. In the intermodulation method,
the sensor is actuated by two signals with close frequencies and the response is a signal with
the intermodulated frequency [40-42]. A longer interrogation distance is achievable using
these methods as the difference between the transmitting and receiving frequencies causes a
reduction in interference. The proximity of the transmitted and received signal frequencies
in the intermodulation method compared to the harmonics method facilitates the circuit
design and the compliance with the wireless carrier frequency bands. However, this ad-
vantage comes at a cost of lower conversion efficiency (30 dB loss as reported in [41]) with

regards to the re-transmitted signal.

2.2 Wireless Interrogation of Passive Resonator-based Sen-

Sors

Passive wireless sensors are emerging to solve measurement problems where wires or fiber
have disadvantages. The interrogation of the passive sensors are performed by remote
methods depending on the type of sensor. These sensors are used for structural health
monitoring [43}44], medical [45-47], and industrial applications [48-50]. Interrogation of
these sensors is done through coupling coils or antennas.

Most of the above mentioned sensors are employed in measuring almost stationary mea-
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surements. Therefore, the time required for interrogation and analysis is not an important
factor in the design of the interrogation systems. Typically, in order to increase the accuracy
of the interrogation, a few samples of the almost stationary measurand is captured, hence
increasing the time required to analyze one sample of the measurement. These methods are
not adaptable to measure time variable measurands. A few of these interrogation methods

are discussed in the following sections.

2.2.1 Capacitive/Inductive Coupling Interrogation

The coupled coil configuration is employed in short-distance interrogation with resonators
of lower quality factor [45,/50] to determine the resonance frequency or impedance variation
of the sensor. The frequency range of these sensors is in the low to high frequency (LF to
HF) bands, whereas the antennas are used for longer distances and higher quality factor
resonators, operating in the GHz frequency range [43,/44,51]. The former type of sensors
have a simple, small structure which is desirable, however the interrogation distance is
short as the received power from the sensor drops by % (for the interrogation distance
of R) [52-56]. The longer interrogation distances of the latter type of sensors is however

facilitated by the advancements in the high frequency electronics [57].

2.2.2 Remote Wireless Interrogation Using Antennas

The proposed interrogation method in [43}44,58] for the measurement of mechanical strain
is based on sending pulses of RF signals and analyzing the ringback of the resonator. The
frequency of each pulse is determined by the previously recorded signals by the detector
using a peak detection algorithm. The process takes a few seconds which is acceptable for
strain measurement.

The airflow sensor in [48] is interrogated using a network analyzer and two antennas

to derive the power difference between the RF input and the output (S12 parameter) of
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the sensor. The minimum interrogation sampling time step in this case is dictated by the
settling time of the network analyzer (typically 0.5 s).

Frequency counting is proposed in [57] as a resonance frequency detection method. This
method can capture fast changes of the resonance frequency in the range of milliseconds by

direct connection to the resonator and analyzing the changes in the voltage or current.

2.3 Proposed Passive Wireless Electric-Field Sensor and Wire-

less Interrogation

The proposed electric field sensor is a resonator with variable resonance frequency as a func-
tion of the surrounding AC electric field. The sensor is passive meaning it does not require
change of batteries and it is interrogated wirelessly. Since the measurand is the time variable
AC electric field, none of the previously proposed interrogation methods are applicable for
the interrogation of the proposed electric field sensor. Hence, a new interrogation method
is proposed. The proposed method is a remotely located interrogation system which sends
pulses of radio frequency with a MHz repetition rate to the sensor and records the ring back
of the resonator. The resonance frequency variation is determined by analyzing the ring
back and then the corresponding electric field is determined. Electric field variations in the
range of ms (potentialy us) is measurable by this interrogation method.

None of the sensors discussed in this chapter, employed for the measurement of the
electric field in the vicinity of high voltage apparatus, are passive and wireless. Unlike
available resonator-based sensors, the proposed sensor/interrogation system is capable of
measuring time-varying (non stationary) measurands. Further, the available passive wireless
electric field sensors are generally used in short distance measurements whereas the proposed
approach employs antennas and can achieve a longer interrogation distance.

The proposed method has the following advantages for the measurement of the electric
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field in the vicinity of high voltage apparatus:

e The sensor is passive thus there is no need for batteries.
e Interrogation is done wirelessly from a safe distance.
e No grounding is required thus the risk of flash-over is reduced.

e Interrogation has a fast sampling rate which is capable of measuring variations in ms

(potentially us) range.

e Sensors are light and inexpensive potentially capable of distributed electric field /voltage

measurement along a transmission line.

Further, the proposed interrogation method has the potential of extending the interro-

gation distance and simultaneous measurement of multiple sensors.
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Chapter 3

Design and Fabrication of the
Proposed Electric-Field Resonator

Sensor

Design and fabrication of the proposed passive electric field sensor is discussed in this
chapter. The sensor is composed of a coaxial cavity resonator with variable resonance
frequency that is a function of the external electric field. The resonance frequency of the
sensor is determined by wirelessly transmitted radio frequency pulses from an interrogator
and analyzing the received damped sine wave which is referred to as the ring back of the
resonator as shown in Fig.

Resonator-based sensor structures and their pros and cons are discussed in this chap-
ter. Then, finite element simulation results are presented which are used for maximizing
specific characteristics of the sensor as a function of the sensor dimensions. The fabrication

procedure using the simulation results is demonstrated in this chapter.
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Fig. 3.1: A schematic of the coaxial cavity resonator capacitively coupled to a varactor
as the sensor located in an external AC electric field and remotely interrogated . The
interrogator transmits pulses of RF sine wave and receives the resonator ring back. The
capacitors shown with the dotted lines are the circuit model of the resonator capacitive

coupling.
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3.1 Sensor Design

A resonator-based structure is chosen for designing the AC electric-field sensor in order to
build a passive sensor with continuous-time interrogation. The sensor is designed based
on a resonator that is capacitively coupled to varactors. Varactors are voltage-dependent,
variable capacitance diodes in reverse bias. The electric field surrounding the sensor induces
a voltage over the terminals of the varactor causing a shift in its capacitance which in turn

changes the resonance frequency of the resonator/sensor.

3.1.1 DPotential Resonator Structures

The important specifications in designing the resonator sensor are the frequency band, the
range of change of the resonance frequency, and the quality factor of the resonator. The ISM
band of 2.4GHz to 2.5GHz is chosen due to the size of the resonators and the reasonable price
of the RF elements in this band. Since the shift in the resonance frequency is monitored,
the range of change must be limited to the ISM band and a wider range of change would
facilitate the detection of the shift in the resonance frequency. A higher quality factor will
also increase the accuracy of the measured resonance frequency because of the method used
for the interrogation which is discussed in detail in chapter 4. The sensor is designed to
measure an AC, 60 Hz, electric field.

In this thesis, two resonator structures were implemented to study the properties of
potential sensor structures. The first structure was a ring resonator etched on a coplanar
waveguide (CPW) with varactors soldered over the ring as shown in Fig. a. This type

of resonator is proposed as a RF filter in [59]. The advantages of this structure are:

e The resonator shows a high range of resonance frequency variation by changing the

varactors’ capacitance.

e [t has a robust structure making it suitable for mass production.
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3
Frequency (GHz)

Fig. 3.2: a) Ring resonator capacitively coupled to varactors, and b) S1; measurement
results at one port of the ring resonator with direct reverse bias voltage applied to the
varactors.

The S;; measurement results in Fig. [3.2lb shows ~ 20 MHz of resonance frequency
variation for 0 V to 6 V shift in reverse bias voltage of the varactors around 2 GHz res-
onance frequency. However, these resonators employed as RF sensors have the following

disadvatages:

e Low quality factor (~ 20) and high loss.

e They are susceptible to noise interference.

A quarter-wave coaxial cavity resonator was also implemented with two SMA ports
(shown in Fig. [3.3)). One port is terminated by a varactor and the other one is used
for interrogation. This type of resonator has the following advantages when used as a

resonator-based sensor:

e Higher quality factor (> 500) and lower loss in comparison to a resonator etched on

a printed circuit board (PCB).

e An acceptable resonance frequency variation as a function of the reverse bias voltage

applied to the terminals of the varactors.
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Fig. 3.3: a) Schematic and picture of a half wave coaxial cavity resonator with two SMA
ports that is terminated by a varactor at one port, and b) S;; measurement results at the
other port of the resonator with direct reverse bias voltage applied to the varactors.

However, a robust connection of the varactors to the SMA pin was not achievable. The
varactors required close electrical conection to the SMA port for acceptable coupling to the
coaxial resonator. Direct soldering of the varactors to the SMA is not feasible due to the
uneven surface and the deformation of the SMA inner isolator caused by the heat applied
during soldering. Therefore, a sensor structure composed of a coaxial cavity resonator with

a robust varactor connection as discussed in the following section is proposed.
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3.1.2 Proposed Sensor Design

The proposed sensor structure is composed of a radio frequency transmission line coaxial
cavity resonator that is capacitively coupled to varactors inside the cavity. At the top of
the sensor, an isolated region is formed on a printed circuit board (PCB) and the varators
bridge across the gap between this isolated region and the surrounding conductor. The
coaxial transmission line (Zg ~ 90f2) cavity resonator is capcitively coupled to this isolated
region and hence to the varactors. An external AC electric field is also capacitively coupled
to this isolated region inducing a potential across the varactors. The electrical isolation
of the isolated region is required for the creation of the reverse bias voltage induced by
the surrounding AC electric field. The isolated region forms a parasitic capacitance that
is in parallel to the varactor (Cgap =~ 0.25 pF) and the capacitive load of the air gap
(Cyg ~ 0.25 pF). The variation of the external AC electric field will change the capacitance
of the varactors (C(E)~ 0.683 pF — 2.35 pF), which in turn changes the capacitive loading
seen by the resonator and consequently its resonance frequency.

The perturbation in the varactor capacitive loading at one end of the coaxial trans-
mission line results in a shift in the resonance frequency measured at the antenna port.
A capacitive coupling (Cpin) couples the RF signal from the antenna to the resonator and
from the resonator to the antenna. A simplified equivalent circuit model of the sensor is
shown in Fig. [3.4. The demonstration of the equivalent circuit helps with understanding
the overall effect of each parameter in the design. The capacitive values in the equivalent
circuit are highly sensitive to the resonator dimensions. Therefore, an accurate 3D model
of the sensor is simulated using finite element analysis to derive the design parameters.

In the schematic structure of the sensor shown in Fig. two varactors with reverse
polarities must be placed in series in order to capture both positive and negative half cycles
of the external AC electric field. In each cycle, one varactor will be reversely biased and

the other one will be conducting. Each varactor will also require a conducting path for the
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Fig. 3.4: The equivalent circuit model of the coaxial cavity resonator consisting of a TEM
mode coaxial transmission line short circuited at one end and capacitively loaded at the
other. The potential over the varactor is capacitively induced by the high voltage.

accumulated charges on the varactor capacitance in each cycle to be discharged in the next

cycle. This path will be provided by the resistors placed in parallel with each varactor.

3.2 Sensor Fabrication

The fabrication procedure of the proposed sensor structure as a coaxial transmission line
loaded with varactors is discussed in this section. The key features in successful interrogation
of the electric field sensor are introduced. Later, the influence of the resonator dimensions

on these features are studied by simulation and measurement results.

3.2.1 Key Features in Sensor Fabrication

Two of the key features in designing the interrogation system are the interrogation distance
and accuracy that are controlled by the quality factor of the resonator. Increasing the quality
factor of the resonator will increase the resonance frequency discrimination of the measured
ring backs. Higher quality factor decreases the damping, which lengthens the exponentially-
decaying sine wave at the ring back and reduces the uncertainty of the measured resonance

frequency. Therefore, low loss materials are used to fabricate the cavity. As the timing of
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Fig. 3.5: Sensor structure: a) External side view, b) Internal side view, c) Top view and
d) Details of the variable capacitance circuit shown in part c.

the peaks is used for determining the frequency of the ring back signals by the interrogator,
a larger number of detectable peaks will decrease the uncertainty of the detected resonance
frequency. A coaxial transmission line cavity resonator is chosen in this design for its high
quality factor compared to those fabricated with PCBs. In the sensor structure shown in Fig.
the main factors in determining the quality factor are the dimensions of the resonator
and the radius of the isolated region. The sensitivity of the resonance frequency f; to the
applied electric field Eoc is defined as Af,/AEs¢ which should also be maximized. This
parameter shows the maximum resonance frequency shifting with respect to the changes in
the electric field. The sensitivity is largely determined by the rate of change of capacitance
with the maximum electric potential that can be applied over the terminals of the varactor.

The dimensions of the cavity resonator and the isolation ring on the top loading PCB
were designed to keep the resonance frequency in the ISM band (2400 MHz to 2500 MHz)

and also achieve the above mentioned properties, 7.e. higher quality factor and higher
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sensitivity. This ISM band was chosen because the frequency range is high enough to

utilize small antennas and with a large selection of commercially available options.

3.2.2 Selected Fabrication Features

Some of the structure features of the sensor have been chosen with fixed dimensions and the
rest were chosen using finite element simulation results. The fixed features were the type of
varactor and the radii of the inner and the outer coaxial transmission line. SMV1231 from
Skyworks was chosen as the varactor for its low resistive loss. The inner and outer radii
of the coaxial transmission line were chosen based on the standard dimensions of available
copper pipes. The outer cylinder has a radius of 14.29 mm on the inside and the inner
cylinder has an outside radius of 7.94 mm (standard 1.125"” and 0.5” copper pipes).

An SMA connector is threaded through the wall and the signal on the center conductor
capacitively couples the received energy from the antenna into the resonator during the
transmitting cycle of the interrogation. It also transfers the energy from the cavity to the
antenna when the RF pulse has been switched off and the energy from the cavity is being
re-emitted (see Fig. [3.1). The effects of the depth of the SMA pin inside the resonator,
and hence the capacitive coupling, is studied in [58]. The overall quality factor decreases
with deeper SMA pin placement while the energy coupling increases. Increased coupling
will decrease the loaded quality factor of the resonator as the loading effect increases. The
desired depth of the SMA pin connector was determined by analyzing the S1; measurement
results and setting the S1; to —8 dB. This setting was found to be a reasonable trade off
between the re-emitting signal levels and the cavity loss.

The ring gap surrounding the isolated region is milled on a PCB (Rogers, RT/duroid
6002 with copper cladding of 35 um chosen for its low loss and low thermal coefficient
of +12 ppm/°C). The varactors are installed on the isolated region gap in parallel with

resistors that provide the discharge path. SMD thick film resistors with a value of 475 M(}
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a)

Fig. 3.6: Resonator structure: a) external side view, b) inside view with the top PCB
removed, and c) top PCB plate with the varactors and resistors.

were used for this design. As will be shown later, the value of R determines the dynamic
range.

The gap distance, H, significantly affects the shift in resonance frequency and the quality
factor. Therefore, three resonators were made with similar top PCBs with H = 3,4, and
5 mm to measure the variation of the resonator parameters caused by H. The length of the
outer cylinder (L) was chosen such that the resonance frequency of the cavity will remain
in the specified ISM band. The resonators were built with r +d = 7 mm and d = 1 mm in
order to increase the resonance frequency shift which will be verified by simulation in the
following section (see Table [3.1)).

The maximum frequency shift reported in Table is derived from direct application
of a DC voltage (0V to 5V) over the varactor terminals of the resonator and measuring
the S1; parameter using a network analyzer. The quality factor is derived by analyzing the
recorded ring-down of the re-emitted signal using discussed in the following section.
From Table Bl a conclusion can be made that there is a trade off between the frequency
shift and the quality factor when H varies.

The frequency shift reported in Table has been derived from S;; measurement of
the cavity resonator using a network analyzer. A direct DC voltage was applied to the

terminals of the varactors and Si; was measured using a network analyzer. The variation

- 923 -



Passive Wireless E-field Sensor 3.2 Sensor Fabrication

Table 3.1: Measured quality factor and maximum resonance frequency shift for three
different L and H with fixed values of » = 6 mm, d = 1 mm and R = 475 MQ.

f. (GHz) at | Af, (MHz) for | Quality

L (mm) | H (mm) VBias = 0 (V) | VBijas =0—5 (V) | factor

29.5 ) 2.449 11 462
28.0 4 2.404 13 240
25.5 3 2.413 19 100

of the measured Si; of the resonator with L = 29.5 mm, H = 5 mm, r = 6 mm, and
d = 1 mm as a function of the bias voltage is shown in Fig. [B7] The results of the
S-parameter measurements represent the sensitivity of the sensor to the voltage variation
which is linearly related to the electric field variation. The resonance frequency shifts by

9 MHz for a bias voltage variation of 0V to 5 V.

3.2.3 Maximizing Selected Features Using FEM Simulation Results

A finite element simulation (FEM) of the resonator loaded with a lumped capacitor rep-
resenting the reverse biased varactor was performed in COMSOL software in order to de-
termine best values of r and d such that the shift in the resonance frequency increases for
a given change in the varactor capacitance. A 3D model of the sensor with the SMA port
was implemented in COMSOL as shown in Fig. 3.8

In the simulation, Comsol RF module is used to measure the resonance frequency of
the sensor. The SMA on the side of the sensor is defined as a port to measure the Sqj.
The meshing of the cavity is chosen on the fine setting of the simulator, hence the mesh
size surrounding the SMA pin and the top PCB are more dense (i.e. minimum 0.3 mm and
maximum 2.4 mm).

The 3D model was then transferred to MATLAB software using the software package
COMSOL with MATLAB. The software generates a MATLAB code of the model which
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Fig. 3.7: S-parameter measurement results; a) Si; vs. frequency with L=29.5 mm,
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quency shift caused by a direct DC reverse bias voltage applied to the terminals of the
varactor.
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Fig. 3.8: 3D implementation of the sensor in COMSOL FEM simulation software. The
sensor is shown in RF resonance mode.
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is executable in MATLAB. The software package is used to run the COMSOL simulation
multiple times in a MATLAB function. The resonance frequency is determined by varying
the input RF frequency and determining the minimum Si; using genetic algorithm. Since
running the generated code for a complete frequency sweep is time consuming, genetic
algorithm tool in MATLAB is used in determining the frequency at the point that Sq; is
minimum. Determining the S1; value at each frequency for a 3D model takes more than 10
minutes. In the case of a complete frequency sweep for determining the exact frequency at
which Sq1 is minimized, the simulation has to be repeated numerous times. The complete
frequency sweep will take days to be simulated. Therefore, genetic algorithm is employed to
find the frequency at minimum Si; amplitude by evaluating some frequency points. Using
genetic algorithm, the simulation time is reduced to one hour. Then, the maximum shift in
the resonance frequency is determined for a given change in the varactor capacitance. The
SMV1231 capacitance-voltage characteristics in the range of 0 V to 5V of the reverse bias
voltage shows a wide range of variation in the capacitance value, i.e. 2.35 pF to 0.683 pF.
Assuming L = 29.5 mm and H = 5 mm, which were selected for a high quality factor
from Table the variation of the resonance frequency as a function of the ring radius
surrounding the isolated region is shown in Fig[3.9 The simulation results indicate that a
smaller isolated region gap will result in a bigger resonance frequency shift. Further, the
frequency variation is maximized for a specific isolation ring radius when the outer radius
of the ring r 4+ d equals the inside cylinder outer body radius of 7.94 mm. The dimensions
r =6 mm and d = 1 mm of the resonator built in this work are identified in Fig. [3.9] This
operating point is not chosen exactly at the maximum of Fig. to avoid getting into the
sharp dropping point on the graph by slight variation of r in the fabrication procedure of

the resonator. The parameters chosen for the final design are listed in Table [3.2]
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Fig. 3.9: Maximum shift in resonance frequency versus the isolated region radius (r) for
different isolated region gap (d), (see Fig. , assuming a reverse bias voltage in the
range of 0V to 5V and a resonator with L = 29.5 mm and H =5 mm.

Table 3.2: List of parameters and dimensions chosen for the final design. The parameter
labels are shown in Fig.

Parameters Dimensions/Type
L (mm) 29.5

H (mm) 5

d (mm) 1

r (mm) 6

R (M) 475

X?;C)tor SMV1231
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3.3 Summary

In this chapter, the design and fabrication procedure of the sensor is discussed. The sensor
is composed of a coaxial cavity resonator capacitively coupled to varactors. The resonance
frequency of the cavity (in the TEM mode) varies by the changes in the capacitance of the
varactors. The sensor is fabricated using copper tubes and an SMA connector on the side
of the cavity is employed to couple the energy into and outside of the resonator.

The sensor is designed to resonate in the frequency band of 2.4 GHz to 2.5 GHz dictated
by the ISM band regulations. Important features for successful interrogation are higher
quality factor of the resonator and a larger shift in the resonance frequency corresponding
to the change in the varactor’s capacitance. The effect of the dimensions of the sensor on

these features were analyzed using finite element method simulation results.
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Chapter 4

Interrogation System Details

In this chapter, an interrogation system compatible with the sensor which facilitates a
high sampling rate of the AC electric field is proposed and discussed. The interrogation
system transmits pulses of RF signal and records the damped sine waves (the so-called ring
backs) re-emitted from the sensor. The instantaneous AC electric field is then determined
by deriving the frequency of each ring back. The timing and frequency analysis of the
interrogation method is also discussed. Later, the measurement results are reported and
the interrogation distance is analyzed using the radar equation. The interrogation method

is comparable to radar systems as the sensor is passive and similar to a reflector.

4.1 Interrogation Setup

Measurement of an AC electric field requires determination of the resonance frequency
several times in each period of the AC electric field. For example, for a high voltage device
operating at 50/60 Hz with a period of 20/16.67 ms at least 10 samples per cycle are required,
corresponding to a minimum interrogation sampling frequency of 500/600 samples/s. Higher
AC field frequencies require higher sampling rates.

The majority of the existing wireless interrogation systems are designed to measure
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almost stationary measurands [43]44./48,58]. The approach that is chosen in this thesis to
measure the time-varying measurand is based on analyzing the down converted RF pulses
received from the sensor. This approach requires major signal processing on signals recorded
by high resolution measuring devices (i.e. a high frequency oscilloscope). Other approaches
have been reported in measuring time varying measurands in the range of milliseconds [57].
These methods mainly focus on the design of the interrogation circuitry while the main
focus in this thesis is on improving the processing techniques applied to the received signal
in order to reduce the effect of noise and interference and increase the interrogation distance.

The procedure of mapping each resonance frequency to the corresponding electric field
is illustrated in Fig. In order to estimate the electric field strength surrounding the
sensor, the resonance frequency of the sensor/resonator versus time is measured as shown in
Fig. [d.1]a. By mapping this resonance frequency to the corresponding reverse bias voltage
over the varactors, bias voltage is determined which can then be mapped to the inducing
electric field. The graph in Fig. [4.1]b, which shows the variation of the resonance frequency
versus the reverse bias voltage of the varactor, is derived using S-parameter measurement
of the resonator and Fig. [{.I]c is derived using finite element simulation. The electric
field at the sensor location around the high voltage apparatus is calculated using finite
element simulation of the high voltage apparatus over the ground. Figure [{.I}d shows the
absolute value of the electric field sampled in time. The varactor’s characteristic capacitance
determines the variation of the resonance frequency by the reverse bias voltage as shown in
Fig. [Ip.

A block diagram of this interrogation setup is shown in Fig. M (Details in Appendix
. In this setup, an RF signal is switched on to energize the sensor and is turned off
when receiving the ring back. The frequency of the RF signal is set to a value close to the
resonance frequency of the resonator (discussed in section . The frequency of switching

determines the rate at which the ring back of the sensor is recorded and the repetition of

-30 -



Passive Wireless E-field Sensor 4.1 Interrogation Setup

> >
[&] [&]
c C
o ?’ o '
(9] Ve . S o 1
I I : o :
(0] N (0] '
5] [ o |
c ' c |
© Lo < .
c I c |
(@] 1 . o |
0 1 K n |
& : e \
a) Time b) Reverse Bias|Voltage ‘
1 ]
] |
Q@ ) g [ :
[T p L
© | S A B0 ol B
K} e - Qo
w Lo T}
1 .
d) Time c) Reverse Bias Voltage

Fig. 4.1: Mapping the shift in resonance frequency to the corresponding electric field
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bias voltage derived using S-parameter measurement, c) electric field amplitude vs. reverse
bias voltage calculated using finite element simulation and d) the final result: absolute
value of the electric field vs. time.
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electric field that is measured. During the on time of the switch, the RF power is coupled to

the resonator through the antenna. When the switch is turned off, the sensor resonates at its

natural frequency and emits an RF signal at this frequency. The ring back of the resonator

is received by the interrogator antenna and is down converted by mixing with an RF signal

(shown in Fig. which is 20 MHz to 30 MHz lower than the transmitted frequency. This

ring back is digitized using a fast sampling oscilloscope (Agilent DSO9254A).

The RF elements of the receiver between the antenna and the mixer consists of a
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Fig. 4.3: A demonstration of the mixer operation.
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directional coupler which separates the transmitted and received signals and a second switch
which is used at the input of the receiver to stop the reflected pulses from the scattering
objects in front of the interrogator antenna. The receiver will start capturing the signal with
a defined delay after the transmitting signal is switched off. The delay is manually set to
the approximate maximum time required for the pulses to travel to the farthest scattering
object and reflect back, e.g. 60ns for 10 m. By determining the time between peaks during
the ring back, the resonance frequency of the sensor can be estimated. By mapping the
resonance frequency estimates to the corresponding electric fields (as shown in Fig, the
electric field variation in time is obtained.

The picture of the interrogation setup is shown in Fig. [£4 The computer is used
for setting the frequencies of the RF sources, and also analyzing the recorded data on the
oscilloscope. The Pulse generator and the DC source provide the TTL (Transistor transistor
logic) signal of the switches and the DC bias of the amplifiers. The output of the directional
coupler is connected to the transceiver antenna which is not shown in this picture.

A few samples of RF pulses that are sent as input to the antenna of the interrogator
are shown in Fig. in addition to the switching TTL. The pulses have 2 MHz switching
frequency, 100 ns duty cycle and 7 dBm power.

The results of the signals received at the output of the receiver antenna are recorded
and shown in Fig. In this study, a 3 — dB attenuator is used between the output of
the coupler and the resonator replacing the wireless path loss. The attenuation resembles
the wireless loss between the antennas. This method is employed to reduce the effect of
non-thermal noises and reflections. The 3 — dB attenuation simulates a distance of 15 c¢m
between the antennas. In Fig. the received signal after the coupler (shown in Fig.
a) is the ring back of the resonator with —13 dBm power. The signal is then switched
(shown in Fig. [4.6]b) to reduce the effect of reflected signals from the surrounding scattering

objects as was mentioned in previous paragraphs. Since the scattering objects are in close
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Fig. 4.4: A photo of the interrogation setup. The computer is controlling the frequency and
power of the RF generators. The pulse generator and the delay line provide the TTL signal
of the switches (TTL of the receiving switch is delayed comparing to the transmitting).
The oscilloscope records the data. The output of the directional coupler is connected to
the RX/TX antenna through coaxial cables.
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Fig. 4.5: A few samples of the transmitting pulse and the switching trigger.

distance to the senosr, the delay in the switching is set to 10ns. The switched signal is then
amplified (shown in Fig. c) using a 10 dB amplifier. Then, the frequency of the ring
back is down converted by mixing with a signal in 30 MHz difference from the resonance
frequency. The output of the mixer after passing through a low pass filter is shown in Fig.
[4.6]d. The low pass filter is used to reduce the high frequency noise and feedthrough of
the RF signals. The power of the ring downs recorded by the oscilloscope are reduced to
—10 dBm.

In order to determine the exact time of the peaks, signal processing techniques such as
noise reduction and peak detection methods are applied. A sample of the measured ring
down waveform is shown in Fig. [4.7 with the peak locations identified. Averaging over
n number of the consecutive ring backs increases the SNR (Signal to Noise Ratio) by the
v/n. However, averaging will reduce the sampling number of interrogation by a factor of
n which is negligible due to the fast initial interrogation sampling rate of 2 MHz employed

for measuring a 60 Hz AC electric field. The averaged results are then filtered through a
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Fig. 4.6: The processing steps of the received ring backs in addition to the TTL of the
switch. The graphs depict the signals and a zoom in on the ring backs as follows: a) output
of the directional coupler, b) the signal after switching, c) the amplified signal, and d) after
mixing with an RF signal with 30 MHz difference from the resonance frequency.
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Fig. 4.7: Ring back recorded by the oscilloscope when the RF transmitter is turned off
and the sensor is connected to the interrogation system through coaxial cables and a 3dB
attenuator. The resonator parameters are H=5 mm, L=29.5 mm, r=6 mm, d=1 mm, and
R=475 MQ. The averaged signal shown in this graph is for n= 50 (number of averaging).

low-pass filter to cancel the noise effect. Further, a peak detection technique is applied to
the filtered signal to find the exact time of the peaks between the discrete samples recorded
by the oscilloscope. The zero-crossing point of the derivative of the signal around the peaks
gives an estimate of the exact time of the peaks. Further, the 10 Gsa/s sampling rate of
the oscilloscope increases the accuracy of the estimated peak locations. Every time the RF
signal is turned off, the resonance frequency measured from the ring back can be used to
estimate the electric potential applied over the terminals of the varactor of the sensor at

that time. The effects of the sampling rate, averaging, and SNR on the measurement results

are further discussed in Section [£.5] using the measurement results.
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Fig. 4.8: An overlap of the energy spectral density (ESD) of the transmitted RF pulses
and an approximation of the resonator bandwidth assuming f., = 2.5 MHz, Tg = 100 ns,
fs1 = 2455 MHz, and f, = 2460 MHz.

4.2 Interrogation Frequency Spectrum Analysis

The normalized energy spectral density of the RF pulses transmitted by the interrogator is
a train of impulses in the frequency domain with an envelope of a sinc function as shown in
Fig. [4.8] The resonator is assumed to be an ideal filter with a bandwidth of f;/Q = 5.3MHz.
For the proposed interrogation method, the main lobe of the sinc function must have the
maximum overlap with the resonator bandwidth.

The resonance frequency of the sensor varies in the range of 2450 MHz to 2460 MHz
according to Fig. .7 Considering a bandwidth of 5.3 MHz for the resonator, the sinc
function main lobe must approximately cover the range 2445 MHz to 2465 MHz. Therefore,
the transmitted RF signal frequency is set to 2455 MHz to increase the coupling. The
switching duty cycle (Tg) which determines the sinc function main lobe width is set to
To = 1/10 MHz = 100 ns.

The least amount of coupling is for the resonance frequencies of 2450 MHz or 2460 MHz
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corresponding to a minimum of 34% energy absorption from the antenna and an approxi-
mate energy loss of —4.7 dB. The amount of energy loss is derived by integrating part of
energy spectral density of the transmitted pulses that overlaps with the resonator bandwidth

at the defined least coupling frequencies.

4.3 Interrogation Timing Analysis

The interrogator sends pulses of radio frequency signal with fg; = 2455 MHz to the res-
onator. From the ring back time (shown in Fig. , the loaded quality factor of the

resonator including the antenna loading can be determined as
Q = 77f, = (60 ns) x 7 x (2.449 GHz) = 462. (4.1)

In this equation, 7 is the ring back time constant (time required for the amplitude to drop
by %) and Q is the quality factor. The value of 7 = 60 ns represents the worst case scenario
derived from the measurements.

Allowing Tg = 100ns = 1.77 for excitation and 57 = 300 ns for the resonator ring back
to damp, the resonator is energized to 81.1% and de-energized to 99.3% of its initial energy.
There is a —0.9 dB loss due to the small energizing and de-energizing time in addition to
—4.7dB loss caused by the spectrum overlap. The acceptable repetition rate must be close

to or less than
1 1
frep pu— pu—
To+ 57 100ns+ 5 x 60 ns

= 2.5 MHz. (4.2)

where 7 is the ring back time constant and f,cj, is the switching frequency of the interroga-
tor. In order to reduce the noise effect, 50 consecutive samples are averaged, reducing the
effective interrogation sampling rate to fi = fiep/50 = 50 kHz which is still much higher
than the required sampling rate of 600 Hz for the measurement of an AC, 60 Hz electric

field.
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Fig. 4.9: Laboratory measurement setup for the measurement of the electric field be-
low a cylindrical conductor above ground. The cylindrical conductor is energized by a
60-Hz, 1.7-kV,ms AC voltage.

4.4 Measurement Results

The measurement of an AC electric field was performed by locating the resonator under
an energized cylindrical conductor over a large ground plane as shown in Fig. The
bottom plate of the resonator is parallel to the ground plane. The resonator is hanging
from the conductor by an insulator, i.e. a piece of foam, and is not electrically connected
to the ground. The interrogation distance of the antennas is 60 cm and the interrogation
switching rate is fiep, = 2.5 MHz. The resonance frequency variation of the measurement in
time is shown in Fig.

In order to derive the electric field variation in time from Fig. the mapping graphs
shown in Fig [£.I]lb and [£:I]c are employed. As the electric field and the bias voltage have
a linear relation (Fig. c), these two graphs are combined into one graph showing the

electric field variation by the resonance frequency for simplicity. The relationship between

- 40 -



Passive Wireless E-field Sensor 4.4 Measurement Results

7 T T T T
—_~ 6ﬁ B
T
= 57 P /.’ﬁ\ .
5 P '\ _w' “ / N\ /

1 I'd
S ar / \ / \ /
g i / N / ; ’
2 \ I."’ \ !_c \\" /
o 3r y / 3 ; Y i
o ' 4 % N B 7
c ! Y i % K
s ] i ] F
@] 2ﬁ " .’} “ l' " ) B
3 v R v
e H Vol L
b4 ? LI H i
1= Lo P v 7
vE e W
b
0 i I I I 3
0 5 10 15 20 25
Time (ms)

Fig. 4.10: Shift of resonance frequency vs time for a 60 Hz AC voltage when 1.7 kV s is
applied to the cylindrical conductor.

the shift in the resonance frequency and the AC electric field is shown in Fig. This
graph is derived by applying known voltages and numerically-determined electric fields
induced by the cylindrical conductor. In the numerical simulation (using finite elements
method) the electric field has been determined at the location of the sensor’s PCB in the
absence of the sensor.

Using the graph of Fig. the final result which is the electric field variation in time
is derived and shown in Fig. [4£.12]l The inacuracy in the measured electric field near zero
is a result of the resistor R= 475 Mf) causing a reduction in the discharging time of the
varactor capacitance (Cyay) to nearly RCyapr >~ 1 ms eliminating the sharp change around

Zero.
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Fig. 4.11: Electric field vs. shift in the resonance frequency obtained by AC electric field
measurements.
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Fig. 4.12: Measured electric field vs. time when 1.7kV,,s 60 Hz voltage is applied on the
cylindrical conductor. The expected waveform shows the absolute value of a fitted 60 Hz
sine wave.
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4.4.1 RF Power Dependency of the Measurement Results

Multiple measurement results show that when the RF power received at the sensor is higher
than -8 dBm, it will generate a current in the varactors and results in a shift in the resonance
frequency, i.e. the mapping graph in Figld.11] becomes dependent on the level of the RF
power. In the reported measurement results, the RF power of the interrogator was limited
such that the received power at the sensor was below the specified level, avoiding added
uncertainty due to the impact of the RF power level. Limiting the power level will in
turn reduce the maximum achievable interrogation distance. To overcome this limit, the
mapping graph in Fig. must be power dependent and the received power at the sensor
can be estimated by sending an RF impulse to the sensor and deriving the interrogation

distance based on the time difference or by manual distance measurement.

4.5 Interrogation Distance

By increasing the interrogation distance, the energy of the received signal at the interroga-
tor will drop, hence reducing the signal to noise ratio (SNR). Therefore, the uncertainty in
derivation of the exact peak locations from the ring backs will increase due to the increased
noise level. Further, the resolution of the measured results will be lower. The maximum
achievable resolution is the minimum detectable change in the electric field strength cor-
responding to a specific shift in the resonance frequency. In order to derive the maximum
achievable resolution, the effect of the noise is quantified for different values of signal to noise
ratio (SNR). In this section, the maximum achievable interrogation distance based on the
acceptable resolution is derived using the radar equation and is compared to measurement

results.
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4.5.1 Measurement Uncertainty

The measurement uncertainty is defined as the minimum detectable difference between two
consecutive measured resonance frequencies. This error is dependent on the noise received at
the receiver (oscilloscope). Further, the resonance frequency is derived from the estimation
of the peak locations. Therefore, the estimated peak location and correspondingly the
frequency of the decaying sine wave slightly vary from the actual value due to the noise.

The estimated uncertainty in the detected frequency for different signal to noise ratio
has been derived in Fig. 4.13] This graph is derived by applying a synthetic, white noise
(with Gaussian distribution) to a train of decaying sine waves, similar to the actual recorded
ring back with a frequency of 20 MHz (the minimum number of detectable peaks) and a
damping time of 57. Different values of noise amplitude for different values of SNR are
applied over a repetitive decaying sine wave with a known frequency. Then, the signal is
analyzed by the peak detection signal processing method. This method is the same analysis
applied to the recorded measurement data from the oscilloscope. The signal is filtered and
then the period of the peaks determines the frequency of the signals. The standard deviation
o is estimated as the difference between the derived frequencies from the actual frequency.
The full width tenth of maximum (FWTM = 2v/2in10c for a Gaussian function) is used as
the estimated uncertainty caused by the noise.

One method of decreasing the measurement error is using the averaging method in order
to increase the signal to noise ratio. Assuming n is the number of averages, the signal to
noise ratio increases by y/n while the sampling rate decreases by a factor of n. An averaging

of n = 10 will result in 10 dB improvement of the signal-to noise ratio SNR in the graph of

Fig. 3.7
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Fig. 4.13: The estimated uncertainty in the derived resonance frequency results versus
the signal to noise ratio received at the receiver.

4.5.2 Effect of Resolution on Interrogation Distance

Assuming the acceptable resolution is 50 V/m, a maximum uncertainty of 140 kHz is ex-
pected from Fig. in the linear range corresponding to a minimum SNR of 20.8 dB. The
minimum SNR value dictates the minimum detectable power at the receiver given by [44]

P, . =kT x B x NF x SNRuyin (4.3)

Tmin

where kT = —174 dBm is the thermal energy at the room temperature, B = 40 MHz is the
receiver bandwidth approximated by B = 0.35/t;min where t,,, is the minimum rise time
of the received signal, NF = 10 dB is the noise figure of the receiver, and SNRy, = 20.8 dB
is the minimum signal to noise ratio dictated by the expected resolution which correspond
to the minimum detectable power of P, . = —67.18 dBm at the receiver. The signals at

the antenna port and at the oscilloscope port were recorded. A noise figure of NF = 10 dB

is estimated after analyzing and comparing the results.
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4.5.3 Interrogation Distance by Radar Equations

The maximum antenna distance is dependent on the minimum detectable SNR, by the
receiver and the losses. The radar equation can be used for this interrogation method as
the resonator is acting as a scattering object [44]. In this equation, the ratio of the received

power to the transmitted power is

P GPGSNN (4.4)
P, (4rR)*DT

where P, and P; are the received and transmitted powers. The gains of the interrogator
and the sensor antennas are (G; and G5. The losses caused by the resonator such as the
return loss of the resonator are shown by DI'. Choosing a higher sampling frequency, will
decrease the time required for energizing the resonator and introduces losses. A; and A, are

the wavelengths of the transmitted and the received signals. The maximum interrogation

distance is then derived from the radar equation as

N Py (4m)iDr '

The maximum achievable distance by the interrogation system is then determined as
6.8 m for Py = 30dBm (limited by the ISM band), G; = 15dB for a dual polarization
broadband horn antenna (model JXTXLB-20180) with 2 GHz to 18 GHz bandwidth chosen
for its directivity and high gain, G¢ = 4dB for a LAN antenna (Laird 637113) with a
50 €2 characteristic impedance, bandwidth of 2.4 GHz to 2.485 GHz and right hand circular
polarization chosen for its small size and maximized coverage, At >~ A; ~ 0.12m, and
DI' = 21.6dB. The difference in the polarization of the antennas causes a 3 dB extra
loss while eliminating the requirement for exact alignment in case of highly directional
antennas. The DI’ = 21.6 dB loss consists of the 5.6 dB loss calculated in sections [£.2] and

[4:3] a maximum of 10 dB loss due to low energy coupling to the resonator, and 2 x 3 dB
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Fig. 4.14: The estimated maximum distance versus the transmitting RF power.

loss caused by polarization difference of the antennas. The loading effect of the antenna
is already included in the losses since the quality factor used in sections [.2] and [£.3] is
the loaded quality factor. A maximum of 10 dB loss is also considered which is caused
by low coupling derived from Sj; measurement. Therefore, the total loss associated with
the resonator is DI' = 21.6 dB due to the losses caused by the time and frequency domain
mismatch, antennas different polarization, and energy coupling. The maximum achievable
distance versus the transmitting power is shown in figure [4.14

Considering the RF power dependency of the measurement results discussed in section
the power received at the sensor port must be less than —8 dBm to keep the measured
results in the specified range. For an interrogation distance of 6.8 m and —8 dBm of power
received at the sensor, ring backs recorded at the receiver will be at —46 dBm of power
which is higher than the minimum acceptable power (—67.18 dBm) at the receiver.

Comparing the measured results of the antenna distance with the calculated results

shows a significant difference. For example, the calculated FW'TM of the recorded signal in
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Fig. shows an uncertainty of 7.2 kHz corresponding to SNR= 31.6 dB from Fig. [{.13]
Therefore, the minimum acceptable power using is Pymin = —65.4dBm for a resolution
of 7.2kHz. For a measurement distance of R= 60cm, the transmitting power is then derived
from as Py = —10 dBm. The calculated transmitting power in comparison to the
actual transmitting power of 7 dBm, measured at the interrogator antenna port, shows a
significant difference. The most important reasons for the difference between the calculated

and measured transmitting power that results in 7.2 kHz uncertainty are listed below.

e The noises other than the thermal noise are neglected in (4.3)).

e Interference from the reflected transmitting signal and other wireless devices working

in the ISM band of 2.45 GHz are neglected in the equations.

4.6 Summary

The interrogation system that was proposed, fabricated and tested in this research wirelessly
transmits pulses of RF signal using a switch to turn on/off the signal from an RF source.
The resonator will re-emit pulses of damped sine wave (ring back) during the time that the
transmitting pulse is switched off. The ring backs will be down converted and recorded for
processing. The instantaneous resonance frequency of the sensor is derived by determining
the peaks’ time of each recorded ring back.

The interrogation distance is determined by the minimum acceptable resolution of the
measured results. The resolution is the minimum detectable change in the electric field
which in turn is dependent on the minimum detectable variation in the resonance frequency.
The uncertainty in the determined resonance frequency is dependent on the SNR of the
received signal. Considering the thermal noise effect and employing the radar equations,

the maximum interrogation distance of 6.8 m is achievable for a resolution of 50 V/m.
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Chapter 5

Performance Evaluation

In this chapter, the influence of different parameters on the measurement results are quanti-
fied and methods of reducing the uncertainty added by these parameters are discussed. The
environmental influences such as temperature and sensor alignment affect the variation of
the resonance frequency detected by the interrogator. Therefore, the effect of these param-
eters (i.e. temperature and alignment) must be recorded and employed in mapping of the
captured resonance frequency to the corresponding electric field magnitude. Other sources
of interference such as environmental noise and reflections, affect the RF signal received at
the interrogation system, hence causing uncertainty in the resonance frequency detection.
The uncertainty added by the noise and interference is quantified as the resolution of the
electric field measurement. The sensor operable range such as the maximum magnitude of
the electric field that is measured by the sensor and the detectable range of frequency of
the AC electric field that is detectable by the sensor is later quantified in this chapter. The
properties of other available electric field sensors are compared to the proposed sensor in

this thesis at the end of this chapter.
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5.1 Calibration

The calibration method applied to the measurement of the electric field using the proposed
sensor in this thesis is based on measuring the resonance frequency variation when a known
(medium /high) voltage is applied to the test setup (see Fig. with known dimensions.
The electric field at the location of the sensor (in the absence of the sensor) is calculated
using finite element method simulation. Once the graph that maps the resonance frequency
to the corresponding electric field is derived (similar to that shown in Fig. , it can be
employed in the measurement of an unknown electric field surrounding high voltage devices.
The mapping graph derived by the above mentioned method is only valid if the influence

of environmental parameters, e.g. sensor alignment and temperature, are eliminated.

5.1.1 Sensor Alignment

Since the body of the sensor forms an equi-potential surface, the measured electric field is
strongest when the electric field lines are perpendicular to the top PCB, as in this situation
the voltage induced in the isolated region is the highest. In order to quantify the effect of
the sensor rotation, the sensor and the antenna are attached to a circular foam board shown
in Fig. 5.1}

The resonance frequency variation corresponding to the known voltage applied to the
measurement setup in Fig. is derived for different alignment angles of the sensor. The
resonance frequency variation is then mapped to the corresponding electric field using Fig.
The measurement results are shown in Fig. as the ratio of the measured electric
field to the perpendicular electric field component versus the angle of the sensor. The results
verify that the sensor will have the maximum resonance frequency deviation if the measured
electric field is perpendicular to the top PCB plate of the sensor. The asymmetry of the
graph in [5.2) is the result of the connection of the antenna through the SMA cable on one

side of the sensor. The SMA cable will be located on top of the sensor while rotating to
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Fig. 5.1: The sensor mounted on a circular foam board. The effect of sensor alignment
is measured by rotating the sensor. The reference angle of the sensor towards the electric
field is shown by 6.

- 51 -



Passive Wireless E-field Sensor 5.1 Calibration

1.1 T 0 :

Normalized electric field

0.4 L L ;

-100 -50 50 100

o
Sensor angle 6 (deg)

Fig. 5.2: The ratio of electric field amplitude to the amplitude at 90° angle versus the
sensor angle. The sensor rotation is assumed to be at 90° angle when the electric field is
perpendicular to the top PCB plate. The bars indicate the angle inaccuracy caused by the
misalignment of the foam board.

negative 6 angle, hence, causing an increase of the induced electric field on the equi-potential

outer body of the sensor and correspondingly, a decrease while rotating to positive 8 angle.

5.1.2 Temperature Effect

The resonance frequency of the sensor is not highly dependent on temperature changes.
With zero-bias on the varactors, the measurement results of varying the temperature from
—4 °C to +56 °C show an approximate shift of 3 MHz in the resonance frequency. The
measurements are conducted by once heating the sensor inside an oven and once cooling it
inside a freezer. Then, the temperature and the resonance frequency variation are measured
(shown in Fig. [5.3)) using a thermocouple and a network analyzer till it settles to the room
temperature. The accuracy of the recorded results are within 10 kHz for the recorded
resonance frequency.

The resonance frequency of the sensor is influenced by the thermal characteristics of the
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Fig. 5.3: The resonance frequency versus the temperature of the sensor when the varactors
are not biased.

PCB dielectric, copper tube and the varactors. The PCB used on top of the sensor (Rogers,
RT /duroid 6002) has a thermal coefcient of +12ppm/°C, Copper has 16.5 ppm/°C and the
operable range of the varactor is from —55°C to +125°C. The SMV1231 varactors show an
approximate 8% change in capacitance for a temperature variation from —40°C to +80°C.
Further measurements are required to derive the overall temperature dependency of the
sensor for different bias voltages of the varactors to include the temperature dependency of
all the elements inside the sensor.

To compensate for the temperature dependence, a second resonator with similar struc-
ture and slightly different resonance frequency (> 10 MHz) from the electric field sensor can
be mounted close to the sensor as a temperature sensor and interrogated simultaneously
to compensate for the temperature-induced variation. The interrogation system has the
potential to analyze multiple sensors simultaneously using proper filtering at the receiver.
Using temperature dependency information of the sensor, the deviation associated with the

temperature changes can be eliminated.
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5.2 Resolution

The maximum deviation of the measured electric field from the actual value is considered
as the resolution. Full width tenth of maximum (FWTM) deviation of the measured results
is calculated as the maximum deviation/resolution of the measured electric field. FWTM is
typically used to define the deviation of a signal with added Gaussian noise from the actual
signal. Since the typical noises affecting the measurement results (i.e. thermal noise) have
normal (Gaussian) distribution, the FWTM value is used to define the resolution. The
FWTM is calculated by deriving the variance (02) of the deviation of the measurement
results from the expected results. Then the FWTM is calculated as FWTM= 4.29¢.

The resolution of the measurement results reported in Fig. is presented here as
an example. The resolution is calculated as FWTM= 12.5. The value is determined by
calculating the variance (02) of the measured results from the known electric field and using
FWTM= 4.290. Therefore, the resolution is AE = 12.5V /m for the reported measurement
results.

The calculation of the FWTM of the resonance frequency of the recorded signal in Fig.
shows an uncertainty of 7.2 kHz as defined in Section The uncertainty value
corresponds to SNR= 31.6 dB using Fig. Therefore, the minimum acceptable power
using i8S Prmin = —56.4 dBm for a resolution of 7.2 kHz. For a measurement distance
of R= 60 cm, the transmitting power is then derived from as Py = —1dBm. The
calculated transmitting power in comparison to the actual transmitting power of 7 dBm
measured at the interrogator antenna port shows a significant difference.

The reason for the difference between the actual and the expected transmitting power
for an specific resolution is neglecting some sources of noise and interference in the cal-
culations. Some of the sources adding to the uncertainty of the results and limiting the
interrogation efficiency include noises other than the thermal noise, interference from the

reflected transmitting signal, the RF power dependency of the resonance frequency, and the
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effect of the antenna’s impedance variation by the surrounding objects. The estimation of
the noise figure (NF) of the receiver is another source of inaccuracy which is required to be
quantified accurately. The minimum resonance frequency variation in accordance with the
resolution is derived as the minimum derivative of the nonlinear graph in Fig. resulting

in a sensitivity of Af,/AE = 7.2 (kHz)/12.5 (V/m).

5.2.1 Interference of Scattered Transmitting Signal

The measurement setup inside the laboratory is surrounded by nearby reflectors such as
walls and laboratory equipments. As the frequency of the transmitted signal is close (or
equal) to the resonance frequency of the sensor, the scattered signal will interfere with the
ring backs at the receiver.

The power of the reflected signals can be estimated using the radar equation. Assuming
a flat wall is the reflector, located 10 m from the interrogator antenna (shown in Fig. ,

the reflected power from the wall and received at the interrogator antenna is given by

Gl

rs — t(SWR)Q (5'1)

where P is the power of the scattered signals from the wall that is received at the inter-
rogator, Py = 30dBm is the transmitting power, G = 15dB is the interrogator antenna gain,
A¢ ~ 0.12m is the wavelength of the signal, and R = 10m is the distance of the interrogator
antenna from the wall. In this equation the wall is assumed to be a perfect reflector and
the loss associated with the reflection is neglected. Hence, P,y = —6.4 dBm is received at
the interrogator antenna which is 60 dB higher than the the minimum detectable power of

P, ., = —67.18 dBm at the interrogator derived in Section [£.5.2}

Tmin

The delay between the transmitting signal and the received reflections scattered from
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Fig. 5.4: The reflections of the transmitting signal received at the interrogator antenna
from a flat wall.
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the environment can be estimated using

2 x Ad

Atdelay = (5.2)

in which Atgelay is the delay time required for the transmitted signal to be reflected and
captured at the receiver, Ad is the approximate distance between the transmitting antenna
and the furthest reflector, and v is the speed at which the transmitted pulses travel (ap-
proximately the speed of light in the air). Assuming the furthest reflector is 10m away from
the interrogator antenna, a 60 ns delay is expected for all the reflections to be received at
the interrogator antenna.

In order to reduce the interference caused by the received reflections at the interrogator,
a delay must be added to the receiving time periods of the interrogation. Hence, the
interrogator will start capturing the received signals (i.e. reflections and the ring back)
after the strong reflections have faded. The calculated 60ns delay for the reflections received
from a flat wall, is applied to the output of the pulse generator signal in Fig. (after a not
gate) to control a switch at the receiver. The switch turns on after the latest reflection and
impedes the strong reflections to enter the interrogation system and interfere with the ring
backs. Further, the ring back time constant 57 = 300 ns in [£.2] considered as the receiving
time of the interrogation is 5 times longer than the delay time. Therefore, an acceptable
length of the ring back is received by the interrogator in spite of eliminating the first 1/5

of the ring backs.

5.2.2 Flicker Noise Caused by SMD Thick Film Resistor

Thick film resistors are known for their high flicker (1/f) noise. The flicker noise power
decreases with the signal frequency increase. In order to study this effect on the overall
noise of the system, AC electric potential with different frequencies was directly applied

over the varactors and the variation in the resonance frequency was interrogated. The
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direct voltage is applied through a 100 k2 resistor electrically connected to isolated region
of the sensor. The change in the frequency of the bias voltage of the varactors did not
indicate added noise to the measured results. A range of 10 Hz to 5 kHz bias voltage shows
the same noise level received at the interrogator. Therefore, flicker noise is not a major

source to add noise to the measurement results.

5.2.3 Antenna Impedance Variation

Presence of objects near the antenna of the sensor will change the impedance of the antenna
which in turn changes the resonance frequency of the resonator. In order to analyze this
effect, a series of measurements have been conducted on a two port resonator with a similar
configuration as the sensor. One port of the resonator is connected to a network analyzer
and the other port is connected to the sensor antenna (Laird 637113) as shown in Fi.
The SMA pin on the antenna side is fixed to measure S1; = —8 dBm and the SMA pin on
the network analyzer side is fixed to measure S1; = —30 dBm for maximum coupling. An
aluminum plate (30 x 30 cm?) is placed at a distance of 2 cm from the antenna at each side
and in the front of the antenna. The S1; parameter measurement results show a maximum
resonance frequency variation of 6 kHz which is less than the derived resolution of 7.2 kHz.
The experiment was repeated by moving one’s hand in front of the antenna resulting in
similar resonance frequency deviation. The maximum deviations recorded are shown in
Table [5.1] The main reason for low sensitivity of the sensor to the antenna impedance is the

small coupling capacitor of the SMA pin that is in the order of 0.2 pF.

5.3 Maximum Measurable Electric Field

The maximum measurable electric field using the sensor is limited by the varactors’ charac-
teristic linear range and is dependent on the resistor R shown in Fig. For a given value

of R (475M2 in the measured results), measurable electric field up to 7kV/m is determined
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Sensor
Resonator antenna

Fig. 5.5: Measuring the effect of other objects in close proximity to the antenna of the
sensor. A resonator with similar dimensions to the sensor and two SMA ports on the sides
is connected to the network analyzer on one SMA port and the antenna on the other.
The changes of the S-parameters are recorded on the network analyzer for different objects
moving close to the antenna.

Table 5.1: The resonance frequency shift caused by the changes in the antenna impedance
corresponding to close distance objects.

Objects Maximum shift in resonance frequency (kHz)
One’s Hand 3
Aluminium Plate 6
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Fig. 5.6: The maximum measurable electric field by changing R, the resistor in parallel
with the varactors.

by increasing the applied voltage until the operating point of the varactor is outside the
linear region of Fig. The measurable range of the sensor calculated for different values
of R using the equivalent circuit of Fig. is shown in Fig. . Increasing this range by
increasing the resistor R results in lower sensitivity and resolution. These two parameters

decrease linearly with an increase in the measurable electric field range.

5.4 Frequency Bandwidth

There are two mechanisms that independently determine the bandwidth or the frequency
range of the AC electric field signals that can be recorded using the proposed sensor. The

limitations are imposed by
e Speed of the interrogation system

e Sensor structure.
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We have demonstrated that the interrogation system is capable of delivering a readout
in about 1/f5 = 1/50 kHz = 20 ps Therefore, the interrogation system (using an averaging
of n = 50) is able to measure transient signals (such as switching impulses) with risetimes
in the order of ms. The upper cutoff frequency of the measurable electric field using the
passive wireless sensor imposed by the interrogation system is less than 250 kHz (without
averaging). The cutoff frequency of 250kHz is determined assuming a 2.5MHz sampling rate
of interrogation and requiring a minimum of 10 samples for detecting a sine wave electric
field.

The sensor’s upper cutoff frequency is limited by the operating frequency of the var-
actors which is less than 1 MHz. Therefore, the upper cutoff frequency is limited by the
interrogation sampling rate, (i.e. 250 kHz< 1 MHz) which is less than 1 MHz upper cutoff
frequency dictated by the sensor.

The lower cutoff frequency is determined by the minimum current of the varactors in

reverse bias. Therefore, using the equation

I= Cvar% = CUM%(AVSin(wt)) = Cpar Ay X wCos(wt) (5.3)

where [ is the required reverse bias current, w is the angular frequency, C,q, is the capac-
itance of the varactor, and Ay is the induced voltage over the varactors. Therefore, the
minimum operable frequency is determined by the minimum reverse bias current of the

varactors (I; = 0.01 pA) using

CyarAywCos(wt) > 0.01pA (5.4)

In[5.4] for maximum varactor capacitance Cyqr = 2.35pF, and Coswt = 1, the minimum

acceptable frequency (2) with a voltage magnitude in the range of a few volts will be in
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Interrogator

Sensor

Fig. 5.7: Setup for measuring AC electric field with different frequencies. The sensor is
placed between the parallel aluminum plates inducing the electric field.

the range of mHz.

In order to verify the operable frequency bandwidth of the sensor with measurement
results, a setup as shown in Fig. is used. The sensor is placed between two parallel
plates of aluminum with a separation of 10 cm. An AC voltage in the frequency range of
30Hz to 1kHz and 100V is applied to the plates using an amplifier (AE Techron 7224). The
sensor is directly connected to the interrogator without the use of antennas to reduce the
interference of the reflected signals from the aluminum plates. The results in Fig. [5.8| show
the resonance frequency variations. The result of the 30Hz AC electric field measurement is
significantly affected by higher frequency noise and interference. In Fig. the inaccuracy
of the measured results near zero increases where the inducing voltage has frequencies higher
than 1kHz. By increasing the frequency, the changes near zero electric field will be sharper
hence the inaccuracy of the measured results near zero (due to the discharging time of the
varactors discussed in increases.

The maximum shift in the resonance frequency of the sensor varies due to the frequency
of the inducing electric field as shown in Fig. Hence, the sensor acts as a bandpass filter

for the electric field. The attenuation caused by the filtering characteristic of the sensor
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Fig. 5.8: The electric field measurement results for electric field with constant amplitude
1 kV/m and frequencies of a) 30 Hz, b) 100 Hz, c) 1 kHz, and d) 1.2 kHz.
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Fig. 5.9: The bandpass filtering characteristic of the sensor with R = 475 M().

is shown in Fig. This graph is derived for the sensor with an internal resistance of

R = 475 M.

5.5 Comparison with Other E-field Sensors

The properties of the proposed passive wireless electric field sensor is compared with three
sensors applicable in high voltage measurements in Table The MEMS sensor [29] is
comparable to the proposed sensor and has the advantage of significant small size. However,
the reported sensor requires vacuum packaging increasing the overall size of the sensor and
the interrogation is done through direct electrical connection. The MEMS sensors are still at
the research stage. The optical sensor is a prototype developed by Kapteos [26,27] with very
high resolution and the required electrical isolation from high voltage systems. Although
this sensor/probe is claimed to be electrically passive, it requires direct connection to a laser
transceiver. The electric field mill reported in [60] is an active sensor developed by Nasa’s
Jet Propulsion Laboratory for DC electric field measurement. The size of the sensor has

been significantly reduced in comparison to the conventional field mills.
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5.5 Comparison

Table 5.2: Comparison of the properties of three electric field sensors applicable in high
voltage measurements. The resolution of the proposed sensor is reported for the 60 cm

interrogation distance and 7 dBm transmitting power.

variable of the required resolution and the transmitting power.

The interrogation distance is a

. MEMS Sen- | Optical Sensor . . Proposed  Sensor
Properties sor [29] 26,27] Field Mill [60] with R 475 MQ)
Measurable E- | 42 V/m — 100 V/m  —

< —

field range 6 kV/m < 100kV/m 500 kV/m 200 V/m = TkV/m
Resolution 42V/m 0.7V/ m/vHz é%fﬁef; Measured | 15 5% /m
Sensor/probe

. . 4x4x4mm | 10x10x22mm | 20 x 20 x 50 mm 30 x 30 x 30 mm
Dimension
Operating
Bandwidth Not Reported | 1kHz—10GHz | DC 10Hz — 1 kHz
Pasglve VS Active Active Active Passive
Active
Remote‘ Tn- Direct Con- | Direct Connec- | Direct  Connec- .
terrogation . . . potentially > 5m

. nection tion tion
Distance
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5.6 Summary

In this chapter, the performance operation of the sensor is discussed with considering the
effects of the temperature and the sensor alignment. The sensor approximately shows 3MHz
shift in resonance frequency for the temperature variation from —4 °C to +56 °C. The
measurements conducted for specifying the effect of the sensor alignment shows that the
maximum shift in the resonance frequency happens when the electric field is perpendicular
to the PCB plate of the sensor. Further, the resolution of the interrogation method is
calculated as 12.5V/m. The inaccuracies caused by the parameters affecting the resolution
such as flicker noise, interference, and antenna impedance are quantified and shown to be
lower than the specified resolution. The measurement results reported in this chapter show
a maximum measurable electric field of 7kV/m and the measurable frequency bandwidth
of 10 Hz to 1 kHz. A the end of this chapter, the properties of the sensor are compared
with three available electric field sensors applicable to high voltage measurements. The
sensor shows acceptable characteristics while providing a passive and wireless measurement

method.
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Chapter 6

Applications of the E-Field Sensor
in the Vicinity of Medium or High

Voltage Apparatus

Unlike other electric field sensors, the proposed sensor in this thesis is passive, which creates
a unique competitive advantage in most applications, such as safe high voltage measurement
from a distance. This chapter demonstrate some applications such as remote measurement
of medium/high voltages and detection of possible defects in composite insulations. The
efficiency of the proposed sensor in these two applications is verified with experimental
examples presented in this chapter.

In section the proposed sensor is employed to derive the voltage of an energized
single phase conductor. The voltage is obtained from the measured electric field surrounding
the high voltage conductor using the proposed sensor. The mapping of the measured electric
field to the voltage of the high voltage conductor uses the known dimensions of the setup
such as the distance of the conductor from the ground. Further, a method is proposed

to enable calculation of the voltage profile using the proposed sensor even if the distance
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between the conductor and ground is unknown.

Another application of the proposed sensor in detection of defects surrounding an insu-
lator is demonstrated in section[6.2] The sensor is employed to measure the deviation of the
electric field profile in the presence of a defect in comparison to a healthy insulator. The
experimental results show that these methods are very promising and encourage further

research in future.

6.1 Measurement of Medium or High Voltage

In power networks, transmission lines often span a long distance, ranging from a few kilo-
meters to hundreds of kilometers. The voltage magnitude across a long transmission line
varies from location to location in the line and time to time, e.g. depending on heavy or
light loading conditions. The distributed voltage profile across a transmission line greatly
affects the power transmission capacity of the line as well as the power quality delivered to
the customers. As a result, the distributed voltage measurement provides essential infor-
mation for condition monitoring of power grids which enables utilities to optimally deliver
the power to the consumers with minimum transmission losses and costs [3].

The conventional high voltage measurement methods employ voltage dividers and trans-
formers to measure the stepped down voltage. A number of contactless voltage measurement
techniques have been proposed to mitigate the deficiencies caused by direct electrical con-
tact of the conventional voltage measurement methods to the power system devices (i.e.
loading and transformer saturation). Some of the techniques operate by calculating the
voltage from the measurement of electric field spatial profile in the vicinity of an energized
conductor. The electric field measuring devices employed in voltage measurement are typi-
cally optical sensors [61] or contactless capacitive detectors [11,/12,/62] discussed in Sections

213 and 214

The proposed application of the contactless passive wireless sensor for the measurement
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of medium or high voltage is studied in this section. The resonance frequency of the sensor
varies by the external 50/60 Hz electric field which is directly related to the voltage variation
on the high voltage apparatus. The main objective of this section is to develop further
techniques to appropriately calibrate the proposed sensor to derive accurate voltage values
from the measured electric field. The following steps are discussed in this section in order

to verify the application of the sensor for contactless voltage measurement.

e The sensor is placed over the ground and the mapping graph of the electric field
versus the resonance frequency of the sensor is derived using an energized cylindrical

conductor above the ground.

e In order to verify that the derived mapping graph is not dependent on the conductor
distance to the ground, the derived mapping graph is employed in the measurement

of the electric field by changing the distance of the conductor to the ground.

e The voltage of the energized conductor is calculated using the measured electric field
value and the equation of the electric field surrounding an energized conductor over
ground. The equation is employed for the known dimension of the measurement setup,

i.e. diameter and distance of the conductor over the ground.

e Using multiple sensors at different locations is proposed as a method for calculating
the voltage of the conductor without knowing the distance of the conductor to the

ground and later verified by measurement.

The sensor is placed at a number of locations between an energized conductor and the
ground and at each location, the electric field is measured by interrogating the sensor. From
analyzing the recorded measured electric fields at different locations, a general method is
proposed to obtain the voltage magnitude of the conductor from the measured electric fields

without knowing the distance between the conductor and the ground. In this experiment,
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the sensor was repositioned every time for multiple electric field measurements due to the
limitations of the available interrogation system. However, in real-life applications, a better
practice would be to install multiple sensors in different distances from the conductor and

interrogating every sensor separately.

6.1.1 Remote Voltage Measurement for a Known Distance

An energized cylindrical conductor over ground is used to demonstrate the voltage measure-
ment using the proposed sensor assuming that the distance between the conductor and the
ground is known. The electric field sensor is placed on the ground below the conductor (see
Fig. . The induced electric field below the conductor and over the ground is calculated
with the equation

Bly) = 1n(\;3-a) 8 (diy+ diy) (6.1)

a

The electric field E(y) induced by the energized cylindrical conductor with a voltage
magnitude of Vy, and a conductor radius a at any point right under the conductor (i.e
coordinates x = 0 and z = 0) and the ground at a distance of y from the ground can be
calculated using , where d is the distance between the conductor and the ground in
(6.1).

The experiment of deriving the electric field and consequently the voltage of the single

phase line over ground is conducted in two steps described in following subsections.

Derivation of the Electric Field Versus the Shift in Resonance Frequency

The resonance frequency of the sensor depends on the electric field at the location of the
sensor as was derived and shown in Fig. in the previous chapter. This relationship
between the electric field and the resonance frequency is however nonlinear and highly
depends on the sensor parameters. For example, two sensors with the same structure but

even slightly different parameters, such as unavoidable differences between the varactors
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A
Interrogator —< >—i

z Grdun

Fig. 6.1: Measurement setup consisting of a circular energized conductor over a large
ground plane. The sensor is placed on the ground and electrically grounded.

- 71 -



Passive Wireless E-field Sensor 6.1 Remote Voltage Measurement

manufactured by a company or slight errors in sensor fabrication, could yield two different
E- mapping graphs. As a result, for every new sensor, this graph must be derived. The graph
derived for this section is for the sensor located on the ground and electrically connected to
the ground. The electrical connection of the body of the sensor to the ground changes the
induced voltage over the varactors for a specific electric field in comparison to the sensor
floating (without electrical connection) in the vicinity of the same electric field. Hence, the
resonance frequency mapping graph differs. The difference is resulted by the forced ground
potential over the body of the sensor in one case in comparison to the floating case where
the body of the sensor will reach equi-potential depending on the average voltage induced
over the length of the sensor.

In an experiment, the conductor is placed and fixed at 73 cm above the ground. The
voltage of the conductor is changed from 0 to 12 kV in 12 steps. At each voltage level,
the shift in the sensors resonance frequency is measured. Knowing the voltage magnitude
of the conductor Vy, the distance between the conductor and the ground (d = 73 cm),
the radius of the conductor (a = 1.19 cm), and the measurement point height (y = 3 cm),
the corresponding electric field magnitude is numerically calculated from . Please note
that in this section, the sensor is always placed at the ground underneath the conductor and
hence the measurement points height is always the height of the sensor, which is y = 3 cm.
Also, all voltage and electric field measurements and calculations are obtained based on
the peak values of the measured waveforms. This procedure is completed for all voltage
levels and the electric field versus Af mapping graph shown in Fig. [6.2] is obtained. This
mapping graph is independent of the external parameters, such as the distance between the
conductor and the ground d as well as the conductor radius a, etc. Therefore, this derived
mapping graph can be used in all measurements using the same sensor where the sensor is
electrically connected to the ground. However, the voltage versus the resonance frequency

graph varies if any of the parameters d, a, or y changes.

- 72 -



Passive Wireless E-field Sensor 6.1 Remote Voltage Measurement

T T T T T 7

12- T
10 15 =
E
S5 >
< 4 2
> =3
|

4 i

2r il

I I I I I
% 2 4 10 13

6
Af_(MHZ)

res

Fig. 6.2: The voltage of the energized conductor versus the resulted resonance frequency
derived by measurement and the corresponding electric field.

Voltage Estimation Validation

In this step, the derived mapping graph (electric field versus Af) in Fig. is used to
determine the voltage magnitude of the conductor using , knowing the values of different
dimensions, i.e. d, a, and y. As mentioned above, the mapping graph is independent of
the external dimensions and can be used for different setups. For instance, in the following,
the conductor is placed once at d = 58 cm and once at d = 98 cm and every time a variety
of known voltage magnitudes are applied to the conductor. For every voltage magnitude
applied to the conductor, the resonance frequency of the sensor is measured and recorded.
The corresponding electric field is found from the mapping graph in Fig. [6.2] Finally, the
estimated voltage magnitude is numerically calculated from . The voltage estimation
using the proposed method is valid if the estimated voltage magnitude from is similar
to the expected voltage magnitude which is known as the voltage magnitude applied to the
conductor. This is repeated for all voltage steps and for both different conductor distances

from the ground.
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Fig. 6.3: The electric field variation by time derived and the inducing voltage for d = 58cm
and a 60 Hz AC voltage with V = 8.18 kV,,s. The inducing voltage on the conductor is
calculated using (6.1).

The estimated voltages agreed with the expected values in all set points. As an example,
in Fig. the measured result of the energized conductor over ground for d = 58 cm and
V = 8.18 kV s is shown. The estimated voltage waveform from measuring the resonance
frequencies of the sensor through a 60 Hz cycle is compared to the expected voltage values
of the sine wave.

The deviation of the estimated results from measurement in comparison to the expected
values are shown in Table The values in Table are derived by measuring the electric
field of multiple known voltages for two conductor heights, d = 58 cm and d = 98 cm,
and comparing the derived voltages from measurement with the known voltage values.
The values reported in Table are derived as the ratio of the maximum deviation of the
measured peak to the expected peak voltage. The deviation is a result of the approximations
in This equation is derived using approximations such as infinite conductor and an

infinite ground.
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Table 6.1: Deviation of the measured results from the expected voltage

For d =58 cm | For d =98 cm
Mean deviation (%) | 1.7 1.3
Max deviation (%) 24 3.8

6.1.2 Remote Voltage Measurement for an Unknown Distance

The reported measurement results in Section [6.1] verified the feasibility of applying the
same electric field versus resonance frequency mapping graph for different measurement
scenarios (e.g. different dimensions of d, a, or y) using to obtain the voltage of
an energized conductor without electrical contact. The results in the previous section were
derived assuming that the dimensions of the measurement setup and its distance over ground
are known. Since in high voltage measurements, it is difficult, hazardous, and sometimes
infeasible to know the exact values of d and y to calculate the voltage, an adaptive self-
calibrating method is required.

The measurement setup for the proposed calibration technique is presented in Fig.
A number of sensors (two in this example) below the energized conductor are measuring the
electric field at different distances from the conductor. Assuming the sensors are mounted
at specific locations on an insulator, the distances (Ay; and Ay,) are known. Therefore,
the unknown values of d and Vy can be derived by curve fitting using . In practice,
the value of the conductor radius (a in is typically known based on the conductor
specifications but the distance d varies due to change in the overhead conductor sagging
caused by ice buildup or heating.

In order to verify the proposed method for the measurement of a single phase voltage,
the results of measuring the electric field profile using one sensor at different heights below

a single phase conductor is recorded. This method is employed as an alternative to the
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Interrogator —<

Grpun

Fig. 6.4: Measurement setup for the adaptive self-calibrating method for contactless
voltage measurement.

- 76 -



Passive Wireless E-field Sensor 6.1 Remote Voltage Measurement

Energized Cond

Fig. 6.5: Voltage measurement setup using the measured electric field by a sensor at
different heights.

simultaneous measurement of multiple sensors since the available interrogation system is
not adapted to measuring multiple sensors. The sensor and the interrogation antenna are
clamped to an adjustable nonconductive platform as shown in Fig. [6.5] The electric field
surrounding the single phase conductor is then measured at different heights for a known
voltage.

Typically, the RMS value of the 60 Hz signal is of interest in the measurement of
voltage in power applications (i.e. transmission and distribution lines). Hence, the setting

of the oscilloscope has been altered in comparison to previously reported measurements to
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capture a larger time frame (107.4 ms) with less repetition of samples (2.5 GSamples/s) in
order to keep the storage memory constant. The maximum available memory is a limitation
imposed by the oscilloscope settings. Reducing the sampling rate increases the uncertainty
in detecting the peaks of the ringbacks reported in Fig. The reported measurements
in Chapter 4| are recorded with 10 GSamples/s. The increase in the uncertainty (reported
in Fig. as a result of the reduced sampling rate is then estimated to be 50 kHz.

A sample of the recorded results is shown in Fig. The sensor is measuring the
voltage of a single phase conductor energized by a 60 Hz AC signal with a peak voltage
of 4620 V. The conductor and the sensor are respectively located at 120 cm and 100 cm
above the ground. The measured resonance frequency is mapped using the graph (electric
field versus resonance frequency) in Fig. In Fig. the RMS value is derived from
a limited time frame of the signal including 6 periods of the measured absolute value of
a 60 Hz AC signal. Limiting the time frame to include a number of complete periods of
the sine wave decreases the error in the calculation of the RMS value. The fluctuations
around the peaks is a result of the noise and interference which has more influence on the
bias voltage of the varactors around the settling time. The varactors are sensitive to the
derivative of the electric field which is minimum around the peaks. Hence, the increase in
the noise level at the peaks in Fig. [6.6] is expected.

The measured RMS values of the electric field for various height levels above ground
are reported in Table The reported electric field values are obtained from mapping
the measured shift in resonance frequencies to the electric field using the mapping graph in
Fig. The expected values of the electric field at each location is also reported which
is calculated using .

In order to calculate the voltage and the distance of the conductor above ground, the
measurement results are used in curve fitting to find the electric field profile. Equation

is altered to include the known constant Ay (the distance of the sensor from the energized
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Fig. 6.6: Electric field measured around a single phase conductor over ground. The time
frame of the captured signal is increased to 107.4 ms with the decrease to 2.5 GSamples/s
in the sampling rate.

Table 6.2: Measured electric field at different height levels below a single phase conductor
placed 120 cm above ground for two known voltages applied to the conductor.

Conductor Voltage | Distance from the conductor (Ay) | Measured E-field
(kVyms) (cm) (kVyms/m)

34 5.54

31 6.08

28 6.73
7.75

25 7.68

22 8.05

19 8.44

34 3.84

31 4.36

28 4.57
5.75

25 5.38

22 5.96

19 6.60
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conductor) in (6.2)) and be used for curve fitting.

_ Vo 1 1
E= e < G- ay T Ay

a

(6.2)

In this equation, the known values are assumed to be the value of the measured electric
field (E), the distance of the sensor to the conductor (Ay) and the conductor radius (a).

The curves fitted to the measurement results are shown in Fig. [6.7] The fitted curves
are calculated by finding the minimum least square deviation of the measured electric field
values from the fitted curves using the predefined nonlinear solver algorithm in Matlab.
The solver finds the values of d and Vj in that minimizes the deviation of the fitted
curve from the measured electric field. Precise values of the voltage can be obtained by
further limiting the distance d to values close to the actual distance. If exact value of d is
unknown, still a good estimation of the voltage can be obtained by using an approximation
of d.

In order to find the best fitted curve for the electric field profile, the electric field values
at two or more height levels are required. In Table the measured electric field values at
two and three height levels are chosen to find the voltage. The approximate value of d is
assumed to be known with a deviation of (1£0.05)d in the calculations. The maximum and
minimum deviation of the calculated d and Vg values from the expected results using the
measured electric fields at two or more height levels are reported in Table[6.3] The deviation
from the expected results is calculated as the least square error (LSE) and the results with
the minimum and maximum LSE are reported as the best and worst fit. The reported
results in the table shows that with more number of measured electric field values (number
of sensors), the accuracy of the distance-independent method increases. The deviation of
the calculated voltage is shown in Fig.

The reported results in Table [6.3] verify that by knowing the estimated geometry of a

medium /high voltage setup, the voltage can be calculated remotely using the electric field
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Fig. 6.7: The curve of electric field profile derived by curve fitting to the measured
electric field at different heights above ground, a) the electric field profile from ground to
the energized conductor, b) the zoomed-in graph of part a on the points of measurement.
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Table 6.3: The voltage and the conductor distance from ground calculated by curve fitting
to equation [6.2] The Minimum and maximum deviation from the expected V, and d are
reported for the cases of using the measured electric field at two,three and four heights.

Best results worst results
Number of measured e-field points Vo d Vo d
(Number of sensors) (kVyms) | (em) | (kVyms) | (cm)
2 5.67 120 5.53 126
3 5.68 120 5.61 126
4 5.62 120 5.59 126

a
©
T

1

I'ITIS)
(8]
oo
T
—

Voltage (kV
(4]
=
|_
——
|

L L L L L L
5'?.5 2 25 3 35 4 45 5 5.5
Number of sensors

Fig. 6.8: The maximum deviation in the calculated voltage using the curve fitting method
is shown as error bars for different number of points at which the electric field is measured
(number of sensors).
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profile information. In the reported measurements of this section, the values of d and Vj
were assumed to be the unknown. In order to find the unknown values, the electric field
profile was measured using the sensor at different height levels. The distance of the sensor
to the conductor was assumed to be known. Then, using curve fitting on the measured
electric field profile, the unknown values were calculated. The calculated unknown d and

Vi agrees with the expected values reported in Table [6.3

6.2 Detection of Defects in Insulators

Different types of insulators installed on transmission lines are porcelain, glass and poly-
meric insulators as shown in Fig. Defects on these insulators differ depending on the
type of insulator. Hence, the preferred defect detection method employed for each type of
insulator is different. As an example, the glass insulators typically shatter under electrical
or mechanical stress which is detectable by visual inspection.

The typical types of tests to detect the defection of the insulators are visual inspection,
buzz test, resistance measurement, voltage measurement and electric field measurement.
Other recently employed methods of inspection used for live line measurements include
corona camera test, HF emission, acoustic emission and IR thermography. Although most
of the defects are not visible, visual inspection is the most commonly used method for all
types of insulators. Some methods such as buzz test, resistance measurement and voltage
measurement require close inspection by an operator, hence increasing safety hazard. In
these methods, the operator holds the measuring probes in contact with the insulators using
a long hot-stick. The unconventional defect detection methods employ remote measurement,
hence reducing the safety issues pertinent to close proximity with high voltage. These
methods suffer from low accuracy caused by noise or interference, e.g. daylight interferes
with corona camera visibility.

Currently, detecting the variation in the electric field surrounding a defected non-
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Fig. 6.9: Different types of insulators, a) glass, b) porcelain c) composite.

ceramic insulator is the most commonly used method for the inspection of composite insula-
tors as the defect detection methods for composite insulators are still under study .The
available electric field measurement probes used in detection of insulator defects measure
the longitudinal electric field along the string of insulators. The measured electric field will
be recorded and later compared to the expected electric field of a healthy insulator string.
The measured electric field surrounding the defected string shows deviation from the ex-
pected graph ,. The available electric field probes currently employed in
defect detection of insulators are probes that are either active electric field sensors attached
to the end of a hot stick or optical probes connected to an analyzing system through fiber

optics.
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6.2.1 Detection of defects by Measuring the Electric-Field Along an In-

sulator

In this section, the simulation and the measurement results of employing the proposed elec-
tric field sensor for detecting defects on an insulator are reported. The electric field profiles
along a healthy and defected insulator are compared. In composite insulators, a typical de-
fect is a result of a crack inside the insulator rod (made of fiberglass) caused by electrical or
mechanical stress. The humidity of air accumulated inside the crack results in a conductive
path along the rod. In order to simulate the conductive path in the measurements, a piece

of copper tape is attached to the surface of the insulator.

Measurement Results

A nonconductive platform is employed in moving the sensor along the insulator. The sensor
and the interrogator antenna are mounted on this platform with a distance of 60cm between
the antennas. The platform moves the sensor along an energized composite insulator to
measure the resonance frequency variation of the sensor caused by the inducing voltage.
The conductor connected to one side of the insulator is energized with a voltage of 6400V ;s
while the other side of the insulator is grounded. The electric field profile is then measured
along the insulator for two cases of healthy and defected insulator using the recorded results
from the sensor. The platform locates the sensor at steps 1.5 cm apart and the AC electric
field at each step is recorded for a length similar to the results reported in Fig. Copper
tape is attached over three sheds of the insulator (shown in Fig. to simulate a defect
along the insulator rod. The insulator used in the measurements is 43 cm long and includes
9 sheds. The measurement is conducted along a reference line in parallel to the insulator.
The sensor moves along the reference line such that there is 1 cm gap between the outer
body of the sensor and the tip of the sheds.

The electric field profile along the insulator for two cases of with and without defects
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Fig. 6.10: Picture of the measurement setup employed for detection of defects consists of
the sensor clamped on a nonconductive platform and close to the insulator with the copper
tape attached over the insulator rod to simulate a defect.

is shown in Fig. The defect is simulated using copper tape over the outer body of the
insulator rod which electrically connects 4 sheds of the insulator. The sensor moves from the
grounded side of the insulator towards the energized conductor. The sheds are numbered
respectively with the first shed on the ground side and the 9th shed on the conductor side.
The horizontal axis, i.e. shed number, in Fig. defines the location of the top plate
(containing the varactors) of the sensor at each measuring point. The defect (copper tape)
is electrically connecting sheds 4 to 7. The measurement results reported in Fig. shows
a deviation of the measured electric field in case of the defected insulator from the case of

a healthy insulator in close proximity to the defect location.
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Fig. 6.11: The measurement results of the electric field profile along the insulator in
two cases of with and without defects. A copper tape along three sheds on the insulator
simulates a crack in the insulator’s rod. The sheds are numbered 1 to 9 from the ground
to the other side of the insulator.

Simulation Results

The finite element simulation results of the insulator with and without a conductive surface
similar to the measurement setup are shown in Fig. The 3D geometry of the insulator
connected to a voltage line and placed above the ground is built in Comsol (shown in Fig.
. The simulated sensor is moved along a line in parallel to the insulator and the electric
field above the sensor is measured with and without the defect. The copper tape used as the
defect in measurements is simulated by defining a conductive surface over the three sheds
(number 4 to 7).

The simulation results shown in Fig. [6.11] and the measurement results shown in Fig.
are similar in that maximum electric field surrounding the defected insulation is at
shed 4 and the minimum is at shed 7. Also, the magnitude of deviation of electric field
close to the defect location in both experimental and simulation results is large compared
to the noise of the system. Therefore, the presence of a crack inside an insulator is expected

to be observable using the electric field sensor. However, there are significant differences
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Fig. 6.12: The finite element simulation result of electric field along the insulator in two
cases of without defects and with conductive surface along three sheds on the insulator
simulating a crack in the insulator’s rod.

Fig. 6.13: The 3D simulated geometry of the insulator over ground in Comsol. The sensor
is moved along the line in parallel to the insulator.
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between the experimental and simulation results. Comparing the results of measurement
and simulation shows a difference in the electric field profile magnitude. The parameters
that affect the measurement results (Fig. and are not considered in the simulation are
the presence of sensor antenna, interrogator antenna, and other conductive surfaces in close
proximity of the insulator which influence the distribution of the electric field. Further,The
electric field profile surrounding the insulator consists of a combination of the electric field
components in directions of z, y and z coordinates. However, the electric field profile
derived by measurement is more influenced by the z component of the electric field than
the electric field in other directions assuming z direction is along the insulator rod, because
the mapping graph in Fig. is used to calculate the RMS value of the electric field from
the measured resonance frequency which was derived by measuring electric field consisting of
only z component. Hence, the resonance frequency of the sensor in the measurement results
is mainly influenced by the electric field component in the z direction while in the simulation
results the electric field magnitude is influenced by all the electric field components (in z,y,
and z direction) at each location. In summary, the simulation results does not include the

elements that may have a significant influence on the actual fields.

6.2.2 Proposed Defect Detection Method Using Passive Electric-Field

Sensor

The method employed in the detection of defects on composite insulators reported in the
previous section requires close proximity of an operator to the high voltage apparatus in
order to move the sensor along the insulator similar to the conventional insulator assess-
ment techniques employing electric field measurement. In order to increase the safety of the
workers, the passive wireless sensor is proposed to be permanently mounted in close prox-
imity of the insulator and the electric field is measured remotely using the interrogation

system. A number of these sensors must be mounted on an insulator to monitor the electric
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Fig. 6.14: The proposed insulation assessment method using the passive wireless sensor
measuring the electric field surrounding an insulator.

field profile over the insulator. Since the voltage variation affects the electric field profile
and correspondingly the electric field measured by the sensors surrounding an insulator,
the defect detection method must be voltage-independent. Monitoring of the difference be-
tween the electric field measured by each two sensors and comparing with the difference in
the case of a healthy insulator would provide the required voltage-independent information
for defect detection. In order to permanently mount the sensors in close proximity of the
insulator, the sensors can be mounted on corona/grading rings attached to the insulators.
The corona/grading rings are available in different sizes and are used to reduce the density
of the electric field surrounding an insulator. The rings can be employed in mounting the
sensors on an insulator as shown in Fig. The sensors can also be mounted over the

insulators using nonconductive clamps.
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6.3 Summary

Two potential applications of the passive wireless sensor for the measurement of electric
field in the vicinity of high voltage apparatus were discussed in this chapter. The feasibility
of a contactless voltage measurement method employing the passive wireless electric field
sensor for the measurement of the medium or high voltage is verified by measurement results
in this chapter. Further, a distance-independent technique is proposed using an array of the
electric field sensors. The results are derived after calibrating the sensor by applying known
voltages to the conductor over ground and deriving the graph of electric field variation as
a function of the measured resonance frequency. The voltage of the conductor inducing
the measured electric field is then calculated for known distances of the conductor and the
sensor to the ground. Demonstrating the feasibility of the contactless voltage measurement
approach, a self-calibrating method is also proposed and verified by measurement using an
array of three electric field sensors. The measured electric field surrounding the sensors are
used for the calculation of the voltage and the distance of the conductor to the ground.

In the second application, the sensor was employed in the detection of defects on a
composite insulator. The measurements of the electric field surrounding a defected and a
healthy insulator are compared. The results demonstrate that a significant deviation in the
measured electric field occurs close to the defected string of the insulator. By mounting a
number of passive wireless sensors on corona/grading rings attached to the insulator, defects
on an insulator can be detected remotely. The remote measurement method significantly
reduces the safety hazards pertinent to the available defect detection methods which require

close proximity of line workers with high voltage.
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Chapter 7

Concluding Remarks

In this thesis, the design, fabrication and testing of a passive, wireless electric field sensor
has been presented. This sensor is employed in electric field measurements in the vicinity of
high voltage apparatus and is potentially an alternative to the bulky measurement devices
which require direct electrical attachment to the high voltage apparatus. The sensor is
passive which eliminates the need for batteries and the remote interrogation provides the
required safety clearance distance from the high voltage apparatus. The proposed sensor
is applicable in remote measurement of medium or high voltage and detection of defects in
the insulators.

The proposed electric field sensor is a resonator with variable resonance frequency.
The designed sensor is a cavity resonator coupled to varactors that are voltage-dependent
capacitive elements. The bias voltage over the terminals of the varactors is induced by
the external electric field surrounding the sensor. The variation of the external electric
field changes the equivalent capacitance of the varactors and correspondingly the resonance
frequency of the sensor. A pulse of radio frequency (RF) signal in the ISM band of 2400 MHz
to 2500 MHz range is transmitted to the resonator. The sensor resonates at its natural

frequency and re-emits a ring-back which will be captured by the interrogation system.
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The recorded ring-back is analyzed to identify the resonance frequency of the sensor at that
instant. A repetition of these pulses at a rate up to 2.5 MHz is generated and transmitted
by the interrogation system resulting in a high sampling rate of the induced electric field
emanating from the high voltage apparatus.

The proposed passive, wireless sensor is a novel electric field measuring sensor that
increases the safety of the operators in high voltage applications by providing remote and
contactless measurements. Measurement results captured using the designed sensor and
the prototype of the interrogation system have proven the applicability of the sensors in
the wireless measurement of voltage and detection of defects inside the insulators. As
one application of the sensor, the voltage of a single phase conductor above ground was
measured. In the measurements, the sensor is placed in multiple locations beneath the
conductor and the electric field at each location is used to derive the electric field profile
surrounding the conductor. A method was proposed to translate the electric field profile to
the voltage of the conductor.

Defect detection of insulators is proposed as another application for the proposed sensor.
The sensor is moved along an insulator with and without a defect in order to measure
the electric field profile surrounding the insulator. The graph of the electric field profile
surrounding a defected insulator shows a deviation from the profile in case of a healthy

insulator, hence showing the presence of a defect.

7.1 Future Work

The measurement results presented in this thesis demonstrate the functionality of the pro-
posed sensor and the interrogation system. The sensor and the interrogation system can
be improved in both hardware and software. Further investigation is required to improve
the efficiency and accuracy of the proposed sensor for high voltage applications. In this

section, further studies are suggested to improve the sensor functionality and extend the
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applications of the senor in high voltage measurements.

7.1.1 Hardware and Software Improvements

The proposed passive, remote electric field measurement method was verified using proto-
type models of the sensor and an interrogation system which require further improvements
to increase the speed and accuracy of the measurements. The interrogation system in Fig.
is based on recording the ring backs on a fast sampling rate oscilloscope. The recorded
data is then transferred to a computer to be analyzed. The size and the cost of the interroga-
tion system will be significantly reduced by replacing the oscilloscope and the computer with
a fast sampling rate processor such as an FPGA. Employing the processor will also increase
the speed of the measurements such that real-time electric field and voltage measurement
and monitoring will become feasible.

The sensor structure requires further improvement such as replacing the commercialized
antenna used for the sensor. The antenna is replaceable by an antenna embedded to the
sensor structure. Additionally, the sensor consisting of the resonator and the antenna can
be machined out of solid copper to reduce the inaccuracies caused by soldering.

The proposed sensor structure is adaptable to different measurement scenarios. Some
changes are required to adjust the sensor to different environments. As an example, changing
the internal lumped elements inside the resonator, i.e. the resistors in parallel with the
varactors, will change the measurable (dynamic) range. Another environmental effect that
is required to be considered in future measurements in order to adapt the results to different
measurement scenarios is the temperature variations. The effect of temperature on the
sensor can be monitored by a passive, wireless temperature sensor mounted close to the
electric field sensor. The temperature sensor is a cavity resonator with a different resonance
frequency range from the electric field sensor. The variation in the temperature changes the

size of the cavity and accordingly the resonance frequency of the temperature sensor. The
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sensor is interrogated by the same interrogation system sensing two different RF pulses to
interrogate the electric field and the temperature sensors simultaneously. The information
of the temperature is then employed in correcting the measurement errors of the electric
field sensor due to the temperature variations.

The current interrogation system is capable of interrogating one sensor which limits
the application of the proposed sensor. Simultaneous interrogation of multiple sensors with
different resonance frequencies requires modifying the interrogation system by adding a
frequency hopping method to the transceiver. Frequency hopping is a method widely used
in radio frequency transceivers in order to reduce the interference of the RF signal devices
operating in the interrogator’s frequency band. Additionally, the ISM band regulations
allow a wider power range for transmitters with frequency hopping method as compared
to those operating with a fixed frequency. Higher transmitting power of the interrogation
system will accordingly increase the interrogation distance.

Since the resonance frequency of the sensor is power dependent (discussedd in Section
, determining the power consumed by the resonator at the initial stage of the measure-
ments is important in choosing the mapping graph of resonance frequency to electric field.
The software developed for analyzing the recorded ring backs can be extended to initialize
the measurement process by transmitting impulses and analyzing the delay in capturing the
re-emitted signal. This method is generally employed in radar systems to locate an object.
The delay can be used in estimating the distance between the sensor and the interrogation
system. The distance of the resonator from the interrogation antenna defines the power

received at the resonator.

7.1.2 Improving the Sensor for High Voltage Measurements

The measurement results obtained from the proposed sensor and the interrogation system

proves the capability of the sensor in contactless voltage measurement and detection of
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insulation defects. The interrogation system can be implemented on a standalone, integrated
circuit enabling simultaneous interrogation of multiple sensors. Furthermore, the remote
and distributed measurement of voltage and real-time detection of defects in the insulators
will be feasible by providing a network connection among the interrogation systems. The
network connection transfers the data captured from the sensors in a wide-area power system
to a control and monitoring center that is responsible for decision making in power systems.

The proposed electric field sensor in this thesis has been proved to be applicable in
remote voltage measurement of single phase conductors. However, the transmission and
distributions lines in power systems consist of three phase bundles. In order to use the
proposed sensor in power systems, a major challenge is to adapt the voltage measuring
sensor for the measurement of the voltage of a three phase line using the induced electric
field profile. Multiple sensors must be employed to exclude the effect of the two other
phases. A calculation method must be further developed to derive the phase voltage using
the measured electric field profile surrounding three phase conductors using the passive
electric field sensors.

Another application of the proposed electric field sensor in high voltage that is verified
by measurement results (in Section is the detection of the defects inside an insulator.
The measurement method requires close proximity of an operator handling the hotstick
that holds the sensor. In the proposed method, the electric field sensor is moved along an
insulator to measure the profile of the electric field surrounding the sensor. The difference
between the profiles of a defected and a healthy insulator indicates the presence of a defect.
In order to provide the safety of the operators conducting the measurements, an alternative
method to moving the sensor along the insulator is proposed. The sensors can be mounted on
the insulators permanently using corona/grading rings. The difference between the electric
field values measured at any two sensors on the insulatorratio of the change in electric field

values measured for the cases of the healthy and defected insulators are compared. The
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change in the ratio of the difference between the measured electric field values indicates
the presence of a defect. The electric field measured on the insulators is dependent on
the voltage of the conductors connected to the insulators. Hence, using the ratio of the
difference between the measured electric field values instead of comparing the actual value
of electric field will eliminate the need for knowing the inducing voltage on the conductor
over the insulator. The efficacy of the proposed method requires further investigation since
the permanent presence of a conductor in close proximity to the high voltage devices is not

desirable.
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Appendix A

Detailed Elements of Interrogator

The elements used in the interrogation system are shown in the block diagram of Fig.
See the next page.
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Detailed block diagram of the elements used in the interrogation system.

Fig. A.1
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