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Summary

This thesis describes the investigation into the use of visual servoing to keep an
unmanned aerial vehicle (UAV) aligned with overhead electricity distribution
lines, in order to use it to inspect them. The UAV would carry cameras in order to

capture video footage showing the line’s condition.

Firstly, the current methods of inspecting overhead electricity distribution lines,
line-walking and manned helicopters, are described. A review of visual servoing
and the relevant tracking methods is presented. Then a mathematical model of a
ducted-fan UAV is developed. Analysis of the image geometry is performed to
show how movements of the UAV affect the positions that the overhead lines
appear in the images from the UAV’s camera. This analysis shows that it should
be possible to estimate the UAV’s position relative to the lines if two cameras,
one pointing forward and one pointing backwards, are used. The design and
construction of a laboratory test rig to perform experiments is described. Then the
image processing method, based on the Hough transform, used to extract the
overhead lines from the image is described followed by the development of a
tracker, which makes use of fuzzy logic and a Kalman filter, to track the overhead
lines from frame to frame. Experiments are performed to see how well the UAV is
able to follow the lines using the laboratory test rig. Finally, conclusions are
drawn as to how well the system works as well as suggestions for the future

direction of the project.
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Chapter 1 Introduction

1.1 Introduction

In the modern world we are using more and more electrical equipment and are
becoming increasingly reliant on computers in all aspects of life. In order to
support this modern lifestyle, we have become increasingly reliant on a reliable
electricity supply. In addition, more basic requirements for survival are now
dependent on the electricity supply; for example, modern heating systems, while
usually fired by gas or oil, require electricity to run the controllers and so during a
power cut more and more people have no way of heating their homes. People are
also left without lighting and, in many cases, cooking facilities. Power cuts, or
outages, are no longer acceptable to consumers or businesses, and electricity

companies have a duty to keep the electricity supply on.

Figure 1.1: Example Support Pole showing 3-phase Conductors on Pin Insulators and a Pole-
mounted Transformer.

Electricity distribution in the U.K. is usually done by means of 3-phase overhead

lines. These are open conductors supported on wooden poles, an example of

which is shown in Figure 1.1, at a voltage of 11 or 33kV. There are approximately

150,000km of overhead line and 1.5 million wood support poles in the U.K.,

which are primarily in rural areas, as most distribution within towns and cities is

done using underground cables. Putting cables underground means that they are
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less susceptible to damage, although any repairs that are required necessitate the
cables being dug up. The use of underground cables is far more expensive than
overhead lines (around five to ten times the cost), hence the use of overhead lines
for rural distribution, where the distances are longer. The lines and poles need
regular inspection to detect faults, check for tree encroachment and ensure a
reliable electricity supply. In addition the law requires the electricity companies to
inspect the distribution lines, and electricity companies may have to pay
compensation to customers if their supply is off for too long. The safety of
members of the public may be at risk if safety measures such as warning notices
and anti-climb guards become damaged or missing and are not replaced. The
electricity companies also need to monitor the state of the lines so that
replacement and upgrade strategies can be planned and estimates of required

future investment can be made.

1.2 Overview of the Thesis
1.2.1 Motivation

In order to ensure a reliable supply of electricity, it is necessary to inspect the
distribution lines regularly. Currently the lines are inspected by inspectors
walking the line and observing its condition. This gives a good written record of
the lines’ condition, with any possible faults recorded, although degradation of the
top of the insulators cannot be seen from below. Unfortunately it is a slow method
of inspection and at times involves inspectors going into fairly rough terrain. On

rare occasions, inspectors can also be attacked by livestock.

An alternative inspection method that is currently used is to inspect the lines from
manned helicopters. This method is quite fast but expensive. Nevertheless, many
companies use this method on a regular basis. Inspection using manned
helicopters is hazardous because the helicopter flies within five to ten metres of
the lines in order for the observer to be close enough to see the overhead line in
sufficient detail for defects to be spotted. This requires great skill from the pilot. It
is difficult to inspect power lines near roads or property due to the risk to people

on the ground.
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This project considers an alternative method of inspection. The idea is to use an
unmanned aerial vehicle (UAV), carrying a camera, which would fly above the
line to capture video, showing its condition. The UAV would be electrically
insulated, so that if it landed on the line, it would not cause a short circuit. The
UAYV would also draw power from the line, which would limit its ability to fly
away from the line. This “tethering” of the UAV to the vicinity of the lines is an
important feature of the concept, with regard to preparing a safety case for the
Civil Aviation Authority (CAA), and is discussed in more detail in Chapter 2. The
video footage of the line could then be lodged in a database and analysed, and the
data used to schedule maintenance. It is believed that this approach will be faster
than walking the line, but without the cost and at reduced risk compared to

manned helicopters.

1.2.2 Aims

The aim of this work is to investigate the possibility of using visual servoing to
control a UAV for power line inspection. This requires the following objectives to .
be fulfilled:

e Develop a mathematical model of the UAV.

e Construct a test rig on which to perform experiments.

e Develop and test a method of locating the overhead lines in the images taken
from a camera onboard the UAV.

e Develop and test a method of tracking the lines from frame to frame.

e Demonstrate visual control of the UAV.

¢ Demonstrate visual control of multiple axes of the UAV.

1.2.3 Structure

Chapter 2 describes the background of the project and includes a description of
the concept of using a UAV for power-line inspection. A review of the literature
for visual servoing is also presented. Based on the review, suitable methods are
selected for guiding the UAYV along the line and tracking of the lines from frame

to frame.
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Chapter 3 presents a mathematical model of the chosen type of UAV, along with

simulation results of the model and the design of a feedback controller.

In Chapter 4 a geometric analysis of how the lines are transformed into the image
is presented. The mathematical model is used to predict how movements of the
UAY in lateral displacement, height, yaw, roll and pitch will affect the positions
of the overhead lines in the image. It is shown that the effect of movements in
different degrees of freedom on the line positions in the image is largely additive,
meaning that it is possible to extract the positibn and pose of the UAV from image
processing. In addition, it is shown that, in order to separate yaw, roll and lateral

displacement a second camera, pointing rearward, is needed.

Chapter 5 describes the laboratory test-rig used for experiments. The extensive
mechanical modification of an existing test-rig is described, along with the design
and construction of a digital position controller, implemented in a microcontroller,
to drive the rig. The structure of the control visual servoing software is also

presented.

The image processing software is described in Chapter 6. This is based on the
Hough transform, which transforms straight lines in the image into points in the
transform space. The selection and testing of the methods of pre-processing of the

image and post-processing of the transform are described.

The development of a tracker to track the lines from frame to frame is described in
Chapter 7. First, an early local search tracker is described. An acquisition routine
that finds the lines to initialise tracking is developed. Refinements are introduced,
including the addition of fuzzy logic rules to detect if the tracker has mistaken a
sideline for the centre line or if the tracker has lost lock on the lines. Finally, a
Kalman filter is added to smooth out noise in the line positions and reduce the
chances of the tracker switching away from the lines. Results for tracking both

lateral displacement and height are also presented.

Chapter 8 describes the use of two cameras, with the tracker algorithm applied to

both video streams, in order to extract yaw and roll as well as lateral
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displacement. Visual control of both the lateral displacement and yaw
simultaneously is demonstrated, along with measuring the roll of the UAV from

the image.

Finally, Chapter 9 discusses the work in this thesis and assesses the extent to
which the objectives have been satisfied. Conclusions are drawn and a discussion

of how the project could be developed in the future is given.

1.3 Contributions of this Research Work

The research described in this thesis makes the following contributions to
knowledge, which, to the best of the author’s knowledge, have not been
previously reported.

¢ A mathematical model for a ducted fan rotorcraft UAV controlled by shifting
its centre of gravity (CG) has been developed.

e An extension of the Hough Transform method, called the Aggregated Hough
Transform, has been developed, which is particularly suited to locating
overhead power lines in aerial images. |

e A model-based visual tracking method, using fuzzy logic and a Kalman filter,
has been developed to track the lines from frame to frame.

e Control of the UAV to keep it aligned with the power line, based on visual
measurement, has been demonstrated. This includes controlling multiple
degrees of freedoms including lateral displacement, yaw and height and
estimating the roll of the UAV.

1.4 Contributions to Published Literature
Published:

[1] Golightly, I.T. and Jones, D.I., Visual control of an unmanned aerial vehicle
Jor power line inspection. in Proc. IEEE Int. Conf. Advanced Robotics (ICAR
2005). 2005. Seattle, USA: 228-295.

This paper was a finalist for the “Boeing Company Best Paper Award”.
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[2] Jones, D., Golightly, I., Roberts, J., Usher, K. and Earp, G., Power line
inspection - a UAV concept. in IEE Forum on: Autonomous Systems. 2005.
London, UK.

Accepted:

[3] Jones, D., Golightly, 1., Roberts, J. and Usher, K., Modeling and Control of a
Robotic Power Line Inspection Vehicle. to appear in Proc. IEEE International
Conference on Control Applications (CCA 2006). 2006. Munich, Germany.



Chapter 2 Background and
Literature Review

2.1 Overview

This chapter has three main functions. First, it describes the current methods used
for inspecting power distribution lines, and discusses the possible use of a UAV
for power line inspection. Secondly, a review of the current literature on visual
servoing is presented. Finally the theory of Fuzzy Logic and Kalman filtering

used in the tracking software is presented.

2.2 Power Line Inspection

The U.K.’s electricity distribution lines and support poles need regular inspection
in order to comply with legal requirements and to ensure a reliable electricity
supply. As the poles and lines are exposed to the elements, there are many ways
that they can sustain damage. When the lines are inspected, the inspectors are

looking for defects such as:

e Cracked, or degraded insulators.

e Signs of corrosion on the cables.

e Cables that have come off the insulators and are hanging or resting on the
cross-arm.

e Damage to the pole or cross-arm.

e Broken, slack or missing stays.

e Damaged pole-mounted transformers.

¢ Encroachment of trees.

e Traces of arcing.

e Missing or damaged safety notices or anti-climb guards.

If these problems can be detected early, then they can be fixed before they cause a
problem. For example if one conductor comes off its insulator and rests on the

cross-arm, the line will still work, as the cross-arms are not earthed. However, if a
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second conductor comes off, then there will be a short circuit, causing severe
damage and presenting a danger to anyone near the affected pole, as lines could
fall. If the problem is detected early, then the first conductor can be put back onto
its insulator before there is a problem, and the other two conductors can be
checked to make sure they are not about to come off. It is important to check for
tree encroachment as most damage caused to power lines in storms is due to trees
being blown over onto the lines. In addition, if trees grow too close to the line,
then children can climb them and be electrocuted by the line. An example of tree

encroachment is shown in Figure 2.1.

Figure 2.1: Tree Encroaching on a Power Line.

Currently the lines are inspected by inspectors walking the line and observing its
condition. This gives a good written record of the lines condition, with any
possible faults recorded, although degradation of the top of the insulators cannot
be seen from below. This means that not all faults can be seen by this inspection
method. Unfortunately it is a slow method of inspection, as inspectors have to
walk between the poles. They often have to cross walls, fences and hedges, which
slows the process further, and at times the inspectors have to go into fairly rough
terrain, as shown in Figure 2.2. Many of the lines cross farmland and on rare

occasions, inspectors can be attacked by livestock. It can also be quite tedious,

8
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meaning that faults are occasionally not recorded or detail is poor. As there is no
visual record, the inspector’s report has to be relied upon, and it is difficult to tell

if degradation has got worse between inspections.

Figure 2.2: Power line in an Upland Area.

An alternative method of inspection is to use manned helicopters. This method is
also used by National Grid Transco to inspect transmission lines and pylons. This
method is quite fast, but is very expensive. It is also hazardous, as the helicopter
has to fly within five to ten metres of the line in order to allow the observer to see
the lines with sufficient detail. This requires a highly skilled pilot in order to avoid
crashing into the line or the ground and makes it difficult to inspect power lines
near roads of property due to the risk to people on the ground. It can also be
difficult for the observer to tell which pole appears in the image.

A project [4-9] was run at Bangor to improve the quality of inspection from
helicopters by using a video camera on a stabilised mount. A visual tracker to
keep the camera pointing at the poles was developed. This uses a combination of
Differential Global Positioning System (DGPS) and machine vision to lock the

camera onto the pole and keep it locked onto the pole as the helicopter flies past.
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This system should allow the camera operator to zoom in on the pole to capture

video showing its condition.

This thesis considers an alternative method of inspection. The idea is to use an
unmanned aerial vehicle (UAV), which would fly above the line to capture video,

- showing its condition. An early artist’s impression is shown in Figure 2.3.

Figure 2.3: Early Artist’s Impression of the UAV Flying Above the Lines.

The UAYV proposed for the project is a ducted fan rotorcraft. Many rotorcraft of
type have been constructed, rainging from the “flying platform” [10] of the 1950s
to current examples such as [11]. For this work, we have assumed a ducted fan
with contra-rotating propellers (to equalise yaw moment on the airframe) and a
payload above the duct so that the centre of gravity is above the aircraft centre.
Prouty [12] shows that this configuration should be dynamically stable, but only
marginally statically stable with a tendency to drift into translational flight. Ando
[13] indicates that using a duct with a lip, or bellmouth, and placing the centre of
gravity within a very small height range above the aerodynamic centre of the duct,
then the craft can be made asymptotically stable. Height and yaw control of the
craft is provided by adjusting the speed of the rotor blades either together for lift
or differentially for yaw. Control of the pitch and roll axes is provided by moving
the payload mass in the relevant direction. The craft moves in the horizontal plane

by pitching and/or rolling in the desired direction of travel. This means that the
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craft is under actuated: the same actuator controls both roll and lateral
displacement, while another actuator controls forward movement and pitch. Some
of the problems associated with this kind of craft are discussed by Hamel [14, 15].
The advantages of using a ducted fan are that the duct improves the hover
efficiency and means that, in the event of a crash, the rotor blades are shielded and
so won’t hit anything. The airfréme would be designed to be electrically

insulating, such that if it comes to rest on the lines, it doesn’t cause a short circuit.

In this concept, it is planned that the UAV will pick up its power from the line
itself. The type of missions that the UAV will be expected to carry out vary in
length and can be quite long, which means that the use of a battery powered
vehicle would not be practical. A UAV powered by an internal combustion engine
or a turbine could be used, although these are very noisy and would require the
carrying of fuel. If the UAV is powered from the line then it is possible to reduce
its weight because there is no need to carry fuel or large numbers of batteries.
There will be the weight of the power pick-up and conversion equipment,
however. An additional advantage of using an electric UAV is that, in the event of
a crash, there is no fuel on board to cause an explosion or a fire. Even though the
UAYV will be powered from the line, the UAV will still need some battery power

as it will need to disconnect from the lines in order to fly over the poles.

One of the problems facing the project is compliance with the CAA regulations on
UAVs [16]. This primarily involves complying with the ‘Sense and Avoid’
requirement to avoid collision with other aircraft. In order to comply with this
requirement, this would require an “intelligent electronic pilot” to be put into the
UAYV. The aim of this project is to design a component of this “pilot” that uses
visual servoing to keep the UAV aligned with the lines. The UAV will also need
to be able to avoid obstacles in its path and work has been done in Bangor by
Matthew Williams [17] on a similar project looking at using vision to achieve this.
Compliance with CAA regulations is another advantage of powering the UAV
from the line. As the UAV is effectively tethered to the line, by its requirement for

power, it cannot fly far from the line and so endanger other aircraft.

11
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For small UAVs (<20kg) that are operated below 400ft and within sight of an
operator, it is possible to operate under the rules for model aircraft [18], although
permission is required for commercial use of UAVs between 7 and 20kg. It would
be possible to operate the power line inspection UAV under the rules in [18] if it
was kept in sight of the operator. To operate a UAV that is over 20kg would
require airworthiness certification. Operating out-of-sight of the operator is
currently not normally permitted and so the aim would be to gain approval for the
use of an on-board electronic pilot with remote monitoring and supervision. The
effective tethering of the UAV to the line will help with the safety case for such a

vehicle.

The control system would guide the UAV along the lines under visual control, but
with the ability for the operator to take control if necessary. The UAV would
capture video showing the condition of the line. This would be viewed off-line to
check for faults, as well as providing a visual record of the condition of the line.
" This would be the most likely way of operating early commercial versions of an
inspection UAV. For the UAV to become economically attractive, longer-range
missions with operation out-of-sight of the operator would be necessary. A
business case for using a UAV for power line inspection is given in [19]. The use
of a UAV should give higher quality video footage of the line and be cheaper and
safer than using manned helicopters, as well as being quicker than line walking. A
longer-term aim would be to have the UAV more autonomous. It may also be
possible to include some fault detection software, to automatically spot faults on

the lines.

2.3 Visual Servoing

Visual Servoing [20, 21] refers to the control of robots or vehicles using vision to
provide the control feedback signals in real-time using a closed vision loop. In
older systems, referred to as “look then move”, an image would be captured and
processed to locate the feature of interest. This robot would then move to the
calculated position with no more input from the vision system. The term visual
servoing is believed to have been used first in 1979 by Hill and Park [22]. Visual

servoing can be used for both factory robots in a structured environment and for
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robots operating in real-world environments. There is an excellent tutorial on
visual servoing by Hutchinson et al. [23]. Visual Servoing is a very wide field and

is addressed by many researchers.

Visual servoing systems all use one or more cameras for input. These can either
be fixed in the workspace, looking at the robot and target, or mounted to the robot
end-effector, referred to as “eye-in-hand™. Factory robots can use either system,
but when visual servoing is used to control a vehicle, the camera is mounted onto
the vehicle, and so they are eye-in-hand systems. The images from the camera are
processed in real-time in order to locate the required target in the image. As well
as processing the current frame, the vision system needs to match features found
in the current frame with those found in the previous frame and thus track the
target object from each frame to the next. These trackers usually use a predictive
filter, in order to aid finding the target object in each new frame and also to reduce
the effect of noise on the measurements. Once this has been done, the current
position of the robot or vehicle relative to the target is calculated and the
difference between the demanded position and the current position is calculated
and this error signal is used to drive the robot. This is updated with each frame

from the camera.

The primary problems associated with visual servoing are associated with the
image processing. In unstructured environments, features in the background can
affect the location of the target in the image, by providing alternative possibilities
as to what the target is. Changing lighting can also affect the processing of images
and so affect the ability of the vision system to find the target. As the vision
system has to run in real time, there is a compromise between accuracy and speed:
it is often necessary to use less accurate image processing methods in order to
allow the vision system to process frames sufficiently fast to provide control input

to the robot or vehicle.

A lot of the current research is into the use of visual servoing to control robots that
operate in the real world. These include using visual servoing to manoeuvre small
robots around buildings [24, 25], visual control of cars or other motor vehicles

[26-29] and visual control of aerial vehicles.

13



Chapter 2 Background and Literature Review

As this project involves guiding a UAV along electricity distribution lines, it was
necessary to look at the literature to find what techniques are in use for controlling
UAVs. There are a number of UAV projects using visual servoing happening
around the world and there are summaries of some of these by Ollero [30] and
Kontitsis [31]. The UAVs used are primarily helicopters or rotorcraft, but there
are projects that use airships. A variety of techniques are used to process the
images to estimate the position of the UAV. These include optical flow, stereo
vision, pattern matching, edge detection and the Hough transform. The techniques
chosen are suited to the particular application, rather than there being universal

techniques.

Hrabar el al. [32] used a combination of optic flow and stereo vision for guiding a
UAV through urban canyons. This uses optical flow to estimate the speed and
rotation of the UAV and also locating objects to be avoided. Stereo vision is used
to locate objects in the field of view for obstacle avoidance. The outputs from
both of these are combined, giving priority to any objects found by the stereo

vision, as this is good at finding objects that are in front of the vehicle.

Work has also been done by Mejias et al. [33] into guiding UAVs through urban
canyons. In this case the UAV uses visual servoing, in addition to GPS, to guide
itself towards features of interest, in this case, windows on buildings. It uses
colour segmentation to highlight them in the image. This image is then
thresholded to produce a binary image. A square finding algorithm is used to
locate the window in the binary image. A Kalman filter is used in tracking the

location of the window in the image from frame to frame.

Amidi [34, 35] developed a visual odometer for autonomous helicopters. This
works by detecting arbitrary objects on the ground and then using template
matching to track objects on the ground and estimating the helicopter’s position
by the movement of these objects within the images from the stereo cameras. The
system is also able to measure changes in yaw and height of the helicopter by

changes in the appearance of the objects in the images,
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The ELEVA project [36, 37] is a project to develop a UAV for the inspection of
electricity pylons. This project intends to use a small helicopter to inspect
electricity transmission lines. The system uses a Hough Transform to extract the
lines from images of the lines; these are then tracked from frame to frame. Stereo
vision is also used to estimate the distance from the lines. The helicopter sends
images to a ground-based computer for processing via radio link and control
signals are sent back up to the helicopter. The control computer allows a user to
manually override control of the helicopter in the event of a problem. The visual
servoing is augmented with inputs from Differential Global Positioning System

(DGPS), an inertial measurement unit and a laser altimeter.

Mejias et al. [38] have been working on using machine vision to locate a safe
landing area for landing a UAYV in the event of a forced landing being required.
The paper considers a power line inspection vehicle inspecting a line that is forced
to land within a very short period of time. In order to do this, a forward pointing
camera is used to detect the lines. When the system is no longer able to detect the
lines, focus is switched to a downward pointing camera in order to look for a
landing site. In order to search for a landing site, a contrast threshold is applied to
the image in order to pick out obstacles on the ground. An edge detector is then
applied to give the edges of the obstacles. The UAV then heads towards the
largest area free of obstacles. This work was tested on the Air Vehicle Simulator
(AVS) [39, 40] at the Autonomous Systems Laboratory, CSIRO, Australia.

The optical flow and stereo vision techniques could be useful for avoiding objects
while inspecting power lines. These would primarily involve debris resting on the
line, tree encroachment and occasions where insulators are above the level of the
lines and work has already been done into using optical flow for this purpose by
Matthew Williams [17]. Optical flow may also be able to detect when the UAV is
approaching a support pole. Template matching could also be useful for locating
poles while inspecting power lines. The aims of the ELEVA project are quite
similar to those of this project and also uses image processing based on the Hough
transform in order to locate the lines. Carelli et al [25] use an edge detector and a
similar line classification to extract lines from the scene, although this is being

used to guide a wheeled robot along corridors. The ability for the UAV to land
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itself in case of an emergency will be needed for a final inspection UAV. This

ability may also be useful for landing the UAYV at the end of a mission.

2.4 Tracking

Tracking involves taking features found in an image frame and locating the same
features in subsequentb frames. Davison [41] describes four main tracking

methods:

¢ Exhaustive search, where the entire image, or the transform space in this case,
is searched for a match between the object being tracked in the previous frame
and the current frame.

e Local search: this is similar to exhaustive search except that only the local
area around the point at which the object would be expected to be found is
searched.

e Kalman Filter [42]: this attempts to find a best estimate of the object’s
position by combining a prediction from the previous frames with the
measurement of the object’s position in the current frame. All the errors are
assumed to have a Gaussian distribution and are used form a weighting factor
to combine the prediction and measurement.

e Particle Filter [43]: this also uses errors to produce position estimates but
unlike the Kalman filter, the errors are not assumed to be Gaussian. Instead the
error function is represented by a number of particles, which allows more

~ complex error functions to be represented, including multi-modal functions,

allowing multiple-hypothesis testing.

In this project, the image is processed using a Hough Transform, which
transforms lines in the image to points in the transform space. A tracker was
developed to track the points in the transform space. This tracker started as a
Local Search tracker and was later adapted to include a Kalman filter. In addition,
fuzzy logic is used in the tracker for hypothesis testing. The Hough Transform,
Fuzzy logic and the Kalman filter are briefly described in the following sections.
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2.4.1 Hough Transform

The Hough Transform is a well-known method for extracting lines that match
parameterized functions from an image. The most common case is classifying
straight lines in normal form according to their angle (6) and distance from the

image centre (p).

In order to create the transform, an edge detector is used to pick out lines in the
image, and then each line is classified by its angle and distance from the image

centre.

The transform consists of a 2D array of accumulators addressed by p and 6. For
each edge pixel, the relevant accumulator is incremented. After this process is
completed, the transform is normalised such that all the accumulators have a value
between zero and one. A threshold, called the Hough Transform threshold (H
threshold), is then applied. This picks out the features of interest and suppresses

background noise. For this application, clusters of points are aggregated to a

single point. An example image and the resulting transform are shown in Figure

24.

-120

ol

(b)

Figure 2.4: Typical Result showing: (a) the Three Overhead Lines Overlaid with the Straight
Lines Generated by the Hough Transform and (b) the Corresponding Points in the Hough
Transform Space.
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2.42 Fuzzy Logic

Boolean logic is a useful method of decision making in situations where it is clear
which category a given case belongs to. In many cases, however there is a grey
area between the two categories. In these cases the possible categories form a
fuzzy set and fuzzy logic [44, 45] can be used to differentiate between them.
Figure 2.5 shows the different membership functions (p) of a Boolean set (dotted)
and a fuzzy set (solid). The value of p indicates the probability of a given case

belonging to category 2.
heo §
1 —]
0 >
M
Category Category
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Figure 2.5: Classic and Fuzzy Set Membership Functions.

In order to determine which category a particular case belongs to, the value of
some measure, M, is used. M is a measure associated with the situation and is
indicative of the category a case belongs to. Depending on the situation, multiple
measures may be appropriate, with fuzzy rules combineing the measures. If M is
very high or very low then the case can be assigned to either category 2 or 1
respectively. For values of M that relate to a probability of around 0.5 then more
information is needed to decide which category the case belongs to. This can be
obtained from repeated measurements, which will either increase or decrease the
probability value. As it is extremely unlikely to obtain perfect 0 or 1 probability
values, it is necessary to defuzzify the set. This can be done by approximating the
membership function to piece-wise linear. This creates a not sure category in

between the two categories. When a case lies in this category, repeated
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measurements must be made until the probability measure lies in one of the other

two categories.

u’CZ A
1 —]
0 - >
M
Category Not Sure Category
1 2

Figure 2.6: Defuzzifying a Fuzzy Set.

The tracking algorithm (Chapter 7) typically encounters a number of situations
that require a decision to be made on the basis of uncertain data and this is where
fuzzy logic is applied. For instance the tracker could mistake one of the sidelines
for the centre line and cause a missing sideline in the Aggregated Hough
transform (AHT). However, this could also be caused by a sideline disappearing
from the frame. As it is not immediately apparent which of these situations has
occurred, a fuzzy logic rule is used to distinguish between the two cases. A full

account of the method is given in section 7.4.

2.4.3 Kalman Filter

When the lines are tracked from frame to frame, a measurement of their position
in each frame is produced. Due to the nature of image processing, these
measurements are quite noisy. In order to improve their accuracy, it is normal to
filter the measurements. This smooths out the noise in order to give a more
accurate estimate of the line’s position. In 1960 Kalman published the Kalman
filter [42, 46], which is a recursive filter. It gives an optimal solution if the errors

in the measurements being filtered have a Gaussian distribution. With other error
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probability density functions, the Kalman filter can still give good results; in order

to use it in these situations, the errors are assumed to be Gaussian.

For the line tracking Kalman filters will be used to filter the p and 0 values of
each line. The Kalman filter has four stages:

e Calculate the Kalman gain: this determines the fraction of the estimate that is
from the prediction and the fraction from the measurement.

e Update the estimate.

e Update the error (variance) associated with the estimate.

e Calculate the prediction for the next frame and its associated error (variance).

This is shown in Figure 2.7.
Initial Prediction and Variances of
Variance In Measurements In
| Compute Kalman Gam | ( MeasurementsIn )
Calculate prediction and Combine Measurement and
associated variance for Prediction to produce Updated
the next step. - Estimate
C
Compute variance in the (_ Estimates Out

D

Updated Estimate

]

Figure 2.7: Operation of the Kalman Filter.
In Chapter 7, results for the performance of the tracking algorithm are presented

with and without the Kalman filter.

2.5 Summary

In this chapter, a case has been made for using a UAV to improve the quality and

speed of power line inspection. In order to navigate along the lines, the UAV must
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be able to measure its position relative to the lines. The remainder of this thesis is
an investigation of using machine vision for this purpose, allowing visual servoing
of the UAV to be implemented. The following chapters describe the modelling of
the UAV, how the overhead lines are located in the image and the closed-loop

visual servoing of the UAV.

21



Chapter 3 UAV Model

3.1 Introduction

The UAV that is proposed for use in this application is a ducted fan rotorcraft,
based on the ‘flying platform’ principle [10] discussed in section 2.2. This has the
Centre of Gravity (CG) deliberately placed above the aircraft centre (AC) to give
dynamic stability in hover [12]. Early construction of a laboratory demonstrator
version of the craft is shown in Figure 3.1. This rotorcraft is approximately 35cm
in diameter and 25cm high; the craft used for inspecting the lines would be larger.
As the mathematical model developed in this chapter is for the small laboratory
demonstrator, rather than a full sized inspection UAV it will be more easily

affected by wind gusts.

Figure 3.1: Ducted-fan Rotorcraft with Half of the Duct Removed to show the Twin Motors,
Counter-rotating Propellers and Internal Construction.

The payload (not shown) is to be mounted above the duct and attitude control is

accomplished by moving a mass to change the position of the CG. Lift and yaw

control are achieved by changing the propeller speeds collectively or

differentially. Overall, the design is quite similar to that described by Sherman et
al [11].
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3.2 UAV Model

Ando [13] has derived a simple 3 degree of freedom dynamic model for this
configuration which suggests that placing the CG within a very small range of
locations above the AC gives both static and dynamic stability. In practice, it is
anticipated that active (gyro) stabilization will be necessary but starting with a
system that has near passive stability is attractive. Ando’s model is extended, as
shown in Figure 3.2, to include a servo-controlled payload mass (m,) on a
prismatic joint with origin at a distance £ above AC; this places the CG a distance
h above AC. Moving this mass to the right causes a moment about AC, Mac,
causing the duct to ‘topple’ clockwise and the horizontal thrust component thus
produced accelerates it to the right. As the duct moves to the right, a force, Ha,
acts against the duct; due to the presence of a lip, or bellmouth, at the top of the
duct, H, produces a moment that tries to return the duct to the upright position. It
should also be noted that the velocity, U, the duct velocity, Up, and Hy in Figure
3.2 are defined in the opposite direction to the expected motion; this is a
convention taken from Ando’s model. When testing the visual servoing, this
model will be applied to the left/right displacement and roll axes, although in this
chapter only pitch will be referred to; it should be noted that this model applies
equally to the left/right/roll and forward/backward/pitch axes.

m.g

Figure 3.2: Forces, Moments and Velocities for the Ducted-fan Model.
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If we assume that the thrust, Ta, is adjusted such that its vertical component
balances mg, where m=m,+m, and m, is the aircraft mass, giving a hover
condition and that 6 remains small, the acceleration of the UAV and the pitch

angle are given by (3.1) and (3.2).
U=-g0-2u-89 ()
V 14

where:
g is the acceleration due to gravity
V is the velocity of air through the duct

2
G=Lpg 4| LOM _Kmg hoM é+(la—"i—1%)cf (32)
I I 06 v 10U 10U IV

where:

I is the moment of inertia of the UAV

oM
ou

acceleration and are assumed to be constant, as done in [13]. The moment about

and _651154_ give the contributions to the moment due to the velocity an angular

AC due to moving my is given by:

M, =m,gAx (3.3)

If (3.2) and (3.3) are combined and the coefficients of § and U in (3.2) are
replaced by K; and K, this gives:

. Mg

0=

Ax+K0+K,U (3.4)

By taking parameters from our lab demonstrator or using Ando’s non-
dimensionalised values and calculating estimated values for our lab demonstrator.

The value of h is chosen in order to give a stable response. The values used are:
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m,=0.7kg
m,=1.4kg
h=0.125m
V=16.59ms-1
1=0.0656 kgm2

oM =0.1559Ns
ou

éy.— =-0.0580Nms
00

If these are substituted into (3.1) and (3.4) this gives:
U =-9.810-0.591U - 0.07399 (3.5)

6 =104.7Ax - 0.8830 + 0.0103U (3.6)

These equations can be used to simulate the UAV to see how it will perform.

3.3 UAYV Simulation

3.3.1 Simulation of the UAV

The equations for the UAV were modelled in Simulink. Initially this was tested
with a step input into the deltaX input, giving a ramp position output and a
constant speed after the transient response. This showed that the payload needed
to move only a tiny amount: Imm movement of the payload caused a speed of
10ms™. This would require the movement of a large mass with great precision. To
solve this problem it was decided that the payload should be fixed and instead
carry a moveable mass to tip the UAV. This moveable mass forms an actuator to
tip the UAV. The mass is modelled as 1% of the payload mass. This changes (3.6)

to:

6 =1.047Ax-0.8830 +0.0103U (3.7)
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Equations (3.5) and (3.7) were modelled in Simulink. Figure 3.3 shows the
Simulink model of the UAV; the direction of U, shown in Figure 3.2 is opposite
to the expected direction of travel; in order to correct this the Simulink model
incorporates an inverting gain on U. The UAV model in Figure 3.3 was made into

a Simulink subsystem and tested using the Simulink model shown in Figure 3.4.
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Figure 3.3: Simulink Model of UAV.
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Figure 3.4: Simulink Model used to Test the UAVY Model.

To test the UAV model, a step input was put into the actuator input (deltaX) to tip

the duct. It would be expected that this would produce a constant speed response,
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after the initial transient, and an increasing position response at a constant rate.
This is because moving the actuator causes the duct to tip. However, as the duct
tips, a back force, Ha, acts such as to stop the duct tipping. The tipping moment
from the actuator is balanced by Hy meaning that, for a given actuator input, the

duct settles at a constant pitch and so has a constant speed.

-
o

U (ms™") @ (rad)
RN

=
|
I
\
|
\
|
\

60 80 100

o
N L.
ol
=

8
\

Lat. Pos. (m)
(42
3

o 20 40 60 - 80 100

— 1 —————— e — i

|
| | |
0 20 40 60 80 100
time (s)

Figure 3.5: UAV Position, Speed and Pitch Response.

Figure 3.5 shows the result of putting a step input into the UAV’s actuator. The
upper graph shows the velocity, U, (solid) and pitch angle, 0, (dashed), while the
middle graph shows the lateral position of the duct and the lower graph shows the
step input to the actuator. The graphs show that the UAV has quite a slow

response time. The response is as expected for the chosen CG position.

As the UAV will be simulated in real-time on a computer at a fixed sample rate, it
is necessary for the model to work in discrete time. The model will be run at
25Hz, which is considerably faster than the response of the UAV; according to
[47] a discrete approximation to integration should give a good match with the
continuous time model. As backward Euler integrators are easy to code in

software, the model was converted to discrete time using the backward Euler rule.

27



Chapter 3 UAV Model

Figure 3.6 shows the discrete-time Simulink model of the UAV; the unit delay
blocks represent the fact that the values used come from the previous time-step.

This model was tested using the Simulink model shown in Figure 3.7.
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Figure 3.6: Discrete-time Version of UAV Model.
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Figure 3.7: Simulink Model used to Test the Discrete-time UAV Model.

Figure 3.8 shows that the response of the discrete UAV model matches well with

the continuous time version.
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UAV Model
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Figure 3.8: Discrete-time UAV Model Response.

3.3.2 Position Control Loop

100

This application requires position control of the UAV and so a position control

loop was wrapped around the UAV model in Figure 3.6. The aim is to control the

lateral position of the UAV with respect to the overhead lines. This requires a

lateral position feedback loop. The system is shown in Figure 3.9. Normally, the

lateral position of the UAV is estimated from image processing shown in the

vision-processing loop. In order to bring the UAV into the vicinity of the lines and

in case vision feedback fails, there is also a feedback loop using DGPS. The

model switches to vision feedback when the lines are acquired and away to DGPS

if the lines are lost or the UAV strays to far from the lines.

29



Chapter 3 UAV Model
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Figure 3.9: System Model, where X, is the lateral position resulting from the demand
position, X,q.
SISOtool was used to select an optimal position loop gain (Kp or Ky). Working
from the block diagram in Figure 3.3, the transfer function of the UAV, from Ax
to U is:

Uls) _ 0.0774s+10.27

= 3.8
Ax(s) s3+1.474s2+0.523s+0.101( )

The speed, U, is integrated to give the position, X. The transfer function from Ax
to X is:

X(s) _ 0.0774s +10.27

= 3.9
Ax(s) s4+1.474s’+o.523s2+o.101s( )

The transfer function for the position of the UAV was entered into SISOtool and |
the resulting root locus is shown in Figure 3.10. In order to see the pole, it was
necessary to zoom in on the region around the origin; the zoomed in version is

shown in Figure 3.11.
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Figure 3.10: Root Locus for the UAV.
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Figure 3.11: Zoomed-in Version of the Root Locus for the UAV.
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Critical damping occurs with a gain of 0.00074. The step response is shown in

Figure 3.12.

Step Response
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Figure 3.12: Step Response with Critical Damping.

It can be seen in Figure 3.12 that at critical damping, the UAV’s response is very
slow. If the gain is increased the system becomes faster but oscillatory and with a
gain above 0.0032 the system becomes unstable. A good compromise between
speed and oscillation occurs with a gain of 0.001. Figure 3.13 shows that the
response at this value of gain is under-damped but quicker than critical damping.
It may be possible to design a compensator to help improve the speed of response
but maintain the damping, although this would be differential in nature, and so
tend to increase the signal noise. It is believed that the scope to improve the
response by this method is limited and so instead, the use of pitch rate feedback is

considered; this is discussed in section 3.4.
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Figure 3.13: Underdamped Step Response for a Loop Gain of 0.001.

As the system is actually being run in discrete time, the continuous to discrete
time conversion function of SISOtool was used to convert the root locus to
discrete time. The step response for the discrete time model could then be seen.
The discrete root locus is shown in Figure 3.14 and Figure 3.15 shows the root

locus zoomed in on the unit circle; the discrete step response is shown in Figure

3.16.

It can be seen from Figure 3.16 that the response is virtually identical to the
continuous time model. As with the continuous time case, it can be seen from

Figure 3.15 that the poles are close to the stability margin.
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Figure 3.14: Discrete-time Root Locus for the UAV.
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Figure 3.15: Zoomed-in Version of the Discrete-time Root Locus for the UAV.
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Figure 3.16: Discrete-time Step Response for a Loop gain of 0.001.

3.3.3 Simulation of Position Feedback Control of the UAV

As the UAV will be subjected to wind gusts, the model of Figure 3.9 incorporates

their effect into the simulation. Figure 3.18 shows the UAV model with wind gust

input while Figure 3.17 shows the position controller.

! |____ | Scope

» J-LL s 0.001 ;l[ ]D II p{detaX Theta —:l
Saturation | Gust v
Demand Zero-Order Gain |
Hold UAV Model
LK Tsz >
z1 |
Discrete-Time
Unit Delay Integrator N |
1
1 |
z |
M
Wind Zero-Order

Hold1

Figure 3.17: Discrete UAV Position Controller.

Scopel
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Figure 3.18: UAV Model with Wind Gust Input.

The UAV was tested with a step demand of Sm and its response is shown in
Figure 3.19. In order to test the response to wind, a pulse wind gust of strength
1ms™ for 5s was applied. This is quite a strong gust for a small UAV like the one
that is modelled. The response to the wind gust is shown in Figure 3.20.

Figure 3.19 shows the demand (dashed) and the response (solid), which matches
well with the response from SISOtool.
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Figure 3.19: UAV Step Response.
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Figure 3.20: Pulse Wind Gust Response of UAV Model.
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Figure 3.20 shows that the system is able to recover from a wind gust, but is quite
slow to do it; it is also displaced a considerable distance from the demanded
position (dashed). It should be noted that, while the wind gust to cause the effect
seen in Figure 3.20 may seem small, the UAV modelled is a small laboratory
demonstrator, which is much more easily affected by wind compared to a larger

UAYV, as would actually be used for inspection purposes.

The UAV model was programmed into the test rig control computer (to be
described in Chapter 5). The position response of the UAV to a step input to the
UAV’s actuator (Ax) could then be obtained when it is being simulated by the
laboratory test-rig. Figure 3.21 shows the response from the Simulink model
(dash-dotted) and the measured rig response (solid). It can be seen that there is a
good match between the two. Also shown is the response of the bare test rig (i.e.
no UAV model (dashed)). It can be seen that the natural test-rig response is much

faster than the UAV and so it is able to simulate the UAV’s movement accurately.

e

12+

10+

Lat. Pos. (m)

0 20 40 60 80 100

Time (s)

Figure 3.21: Comparison of the Step Response Produced by the Test Rig and the Off-line
Simulation; the Raw Test rig Response is also shown.
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3.4 Pitch Rate Feedback

The UAV’s speed of response should improve with the addition of pitch rate
feedback. An investigation into this was undertaken by Dr Dewi Jones, which
showed an improved response speed if a pitch rate gyro and compensator are
added. The gyro bandwidth is significantly faster than the UAV dynamics and so
could be omitted from the model. The compensator transfer function is shown in
(3.10) and the Simulink model in Figure 3.22.

0.4545s +1

C..ls)= 3.10

w(s) 10s® +100.1s +1 (3.10)

GO —1—po0we8 C—>l Vg S
In =1

Gain Discrate- Time

Integrator2
Disorete-Time
Unit Delay Gain2  infegratort Unit Delayt QGain3
KT 1 KTsz 1
il Al 1
»1 z z1 z

Disorete-Time Gaint
Integrator

Figure 3.22: Pitch Rate Compensator.

The UAV model was modified to give pitch rate output as shown in Figure 3.24.
Gains were selected for the controller to obtain a faster response than previously

but without too much overshoot. The controller is shown in Figure 3.23.

J 1A alagyy ™ »j
| =l m
{00 e |

UAY Model
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Hold4
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Unit Detayt
o n 1 Disorate-Time

z | Integrator

Pitoh Rate Compensator

Figure 3.23: Controller with Pitch Rate Feedback.
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Figure 3.24: UAV Model with Pitch Rate Output.

As with the previous controller, the UAV model with pitch rate feedback was

tested with a step demand of 5m and a wind gust of 1ms™ for 5s.
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Figure 3.25: Step Response of UAV with Pitch Rate Feedback.
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Figure 3.25 shows the UAV response (solid) to a step demand (dashed); for
comparison the step response of the UAV without pitch rate feedback is shown
(dash-dotted). It can be seen that the UAV responds in about half the time
compared with the model with no pitch rate feedback, although there is now a

small steady state error.

Lat. Pos. (m)

-1 | i 1 1
0 10 20 30 40 50

time (s)
Figure 3.26: UAV Response to Wind Gust with Pitch Rate Feedback.

Figure 3.26 shows the result of a wind gust (solid). It can be seen that the UAV
responds more quickly than without pitch rate feedback and also doesn’t stray as
far from the demand (dashed); for comparison the response to the same sized

wind gust for the UAV without pitch rate feedback is shown (dash-dotted).

The pitch rate feedback was programmed into the real-time UAV model on the
test rig control computer and its response compared with the off-line Simulink
version. Figure 3.27 shows that there is good agreement between the test rig
model (solid) and the Simulink model (dash-dotted) although there may be some
effect from the test-rig dynamics as the UAV now has a faster response; the raw
test rig response is shown (dotted), showing that the rig time constant remains

well below that of the new UAV model. Often in Hardware-in-the-Loop
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simulators an inverse transfer function of the test-rig is included in order to try to
remove the dynamics of the rig; this would likely become necessary in this project
if we wish to simulate a faster UAV. Also shown in Figure 3.27 is the UAV
model with position feedback only (dashed), showing the improved response

speed with pitch rate feedback.

Lat. Pos. (m)

0 —— - — . e
0 20 40 60 80 100
Time (s)

Figure 3.27: Comparison of Step Responses of UAV Model with and without Pitch Rate
Feedback and Test Rig.

3.5 Conclusions

A model of the UAV has been developed in this chapter. With pitch-rate feedback
it has a reasonably fast position response but with some overshoot. It will give a
good basis on which to test the vision software. It should be noted that, as
construction of the laboratory demonstrator is not complete, it has not been
possible to validate the model with data from the real craft. Also, the model is
limited to two degrees of freedom, and it is currently assumed that there will be
little interaction between the forward/backward direction and the left/right model.
This is likely to be a reasonable assumption, due to the symmetrical nature of the
UAV, but again there is no experimental data to validate this. There will be some
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interaction between pitch and lift, as when the UAV pitches, a component of the
thrust acts horizontally and so the vertical thrust is reduced. It should also be
noted that the model is linear and at extremes, the small angle assumptions break
down. The model assumes that the aerodynamic derivatives are constant but, in
practice, they change with operating conditions. What this means in practice is
that you can arrange for the CG to be within a small interval that gives stability
but this interval changes as the aerodynamic derivatives change, so getting true

passive stability is unlikely.

The current model is for a small laboratory demonstrator, rather than a full sizes
UAYV, as would be used for inspection. When data for such a craft becomes
available it could be simulated. It would be expected that it will be less affected
by wind, due to its larger mass, although its response time may be slower.
Another future development will be to look at using a UAV that is not passively
stable but uses gyro stabilisation to give a faster response. The limitation on the
pitch rate response is due to the non-minimum phase zero introduced by the servo

mechanism that controls the mass, m,,.
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4.1 Introduction

This chapter describes a mathematical model of the effect of UAV motion on the
resulting image. The geometric transformation of the lines in the 3D world into
the 2D image is modelled in order to predict how the UAV’s motion affects their
position in the image. Ideally, processing the image should yield the height, lateral
displacement, yaw, pitch and roll of the vehicle with respect to the lines. It would
not be expected to obtain its distance along the lines from image processing, as
their position in the image is invariant to the UAV’s longitudinal position. It is
shown here that height and pitch can be estimated from processing the frames
from a single camera pointing forward and angled down along the lines, but that
yaw, roll and lateral displacement cannot be fully separated. It is also shown that
the use of a second camera, pointing backwards, allows the separation of yaw, roll

and lateral displacement.

4.2 Analysis for One Camera

The camera is assumed to be mounted on the UAV looking forwards. The UAV
will pitch forward in order to travel along the lines and so this will cause the
camera to be pointed down at the lines. The pitch angle that will be used for flying
the UAV forward along the lines on the actual UAV used for inspection is not yet
known; it may be necessary to pitch the forward camera down relative to the duct.
Currently the pitch angle is assumed to be 20° Figure 3.8 indicates that this
corresponds to a forward speed of Sms™. This is a reasonable speed for the final
UAV to travel at along the lines, although it may be on the high side. It is not
currently known how this speed will scale up with a full-sized UAV. This camera
configuration was chosen as it allows the lines to be seen but also to see ahead
along the lines. A camera pointing vertically downwards may have some
advantage for measuring yaw and lateral displacement relative to the lines, but
this would need to be mounted below the duct and on the proposed UAV the
payload is above the duct; in addition the image would be complicated by the

power pick-up appearing in it. The position of the power lines is known in world
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space, {W}. In order to see how a line will appear in the image its co-ordinates
must be transformed into a reference frame centred on the camera lens, {C} as

shown in Figure 4.1.

Optical
. Axis

Figure 4.1: Reference Frame Definitions.

4.2.1 Mathematical Model

The relationship between the position of a point on the power line in the world
space {W} and its image co-ordinates is defined by a sequence of transformations
[48], based on the reference frames shown in Figure 4.1. The co-ordinates (Xc,
Yc, Zc) of a point in {C} are related to a point in {W} by a translation, u, from the
origin in {W} to the centre of the camera mount, three rotations through the Euler
angles yaw (a), pitch (B) and roll (y) to a reference frame centred on the UAYV,
{A}. This is followed by a translation, £, to the centre of the camera lens, {C}. It
should be noted that a, B and y are being used in this case for the yaw, pitch and
roll, rather than the conventional y, 0 and ¢, as 0 is used for one of the Hough
Transform variables. In order to create the image there is then a perspective
transformation into the image. The transformations are given in homogeneous co-

ordinates, as discussed in [48]. The sequence of transformations is given by:
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Xl [t 0 00|11 00 0] [cosy O siny 0

Ye ] 101 00100 1 0 —¢f| 0 1 of,
Zc 000 101001 o -siny 0 cosy O

Yl o -2 00000 1 0 0 1

L2 1L 4 i

1 0 0 0] [cos@ -sine 0 0] [1 0 0 -X,] [X,
0 cosp -sinf 0| |sin@ cosa 0 0{ 10 1 0 -Y, [V,
0 sing cosg 0/ 0 o 10lloo1 -z|]|z
0 0 0 1[0 0 01 0 00 1 1
4.1)

where £ is the distance between the rotation point of the camera and the lens
centre and A is its focal length. Dividing the X¢, Yc and Z¢ co-ordinates by —Y¢/A

gives the points in the (x, z) image plane, placed at Y¢ = -A. These are given by:

_ Xc _Zc
x—_f_g_ andz--Y_C “4.2)
A A

4.2.1.1 Analysis for Lateral Displacement

Applying equation (4.1) to a straight-line model of the centre conductor, placed at
Xw = 0 and Zw = -Z;, where Z_ is the vertical height of the camera centre above
the line, generates a corresponding line in the image. Applying the Hough
Transform then gives p and 0 values of the lines as a function of the camera pose.
Consider, for instance, an UAV that is displaced laterally by X, to either side of
the centre line. Assume that the vehicle is flying along the lines at constant speed,
and so has a fixed pitch, B. Assume also that a and y are zero. Equation (4.1)

becomes:
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- 1 - -
Xe|[1 0 00100 0]t o 0 0
YC_OIOO*OIO—Z*Ocosﬂ—sin,BO*
Zc |10 0 1 01'1p 01 0 0 sinfg cosf O
“Yelfo-200/looo 1]lo o 0 1
L2 1L 4 i
1 0 0 -X, 0
010 O Y,
7l 43)
001 0 -Z,
0 0 0 1 1
This becomes:
(X | [ -X, ]
Y, Y,cosf+Z,sinf—-¢
Z. |T| Y,sinf-Z,cosp (4.4)
~-Y, _Y,cosB+Z, sinf-1
L A 1 L A i
From (4.4), using (4.2), the image co-ordinates are given by:
e -,v(,,. o z=/1(YWsinﬂ—ZL.cosﬂ) “5)
Y,cosf+Z,sinf—¢ Y,cosf+Z sinf-¢
Applying the Hough Transform then gives:
0=tan-‘(i) and p =xcos@—zsinf (4.6)
z
and hence:
0 = tan™ - — X, and
Y,sinff-Z,cosf
p= —AX, cose—l(YWsmﬂ—ZL,cos'B)sinB 4.7
Y,cosf+Z,sinf—¢ YycosB+Z,sinf-1¢
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Constants Kx), Kx» and Kx3 can be defined as follows:
Ky =Y,sinf-Z,cosfp (4.8)

_ AY, sinf-2Z, cos )
X2 Y,cosf+Z,sinf—{

(4.9)

Ky, = 2 - (4.10)
Y,cosf+Z,sinff—1{

Re-arranging (4.12) and evaluating the constants Kxi, Kx2 and Kx; for fixed

values of £, B, A, Yw and Z, gives:

0=tan"[X" ) and
KX]

Xll -1 Xu - : -1 Xu
p=- K., cos(tan (Kxn JJ Ky, sm(tan (Kxn D 4.11)

This converts to:

0= tan"’[ X, J and
KXI

X

X, 1 K
sz X1

p:— — ———— .
e

+ ¥ + u

KXl KXI

where both p and 0 are seen to vary with lateral displacement, X,.

(4.12)

4.2.1.2 Analysis for Roll

Applying the same procedure to the roll axis, y, (assuming X, is zero), gives the

image co-ordinates as:
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i Y, sm,b’smy—ZL.cos,Bsmy and
Y,cosB+Z,sinf—4

i Y, smﬂcosy—ZL.cos,Bcosy (4.13)
Y,cosf+Z, sinff~1

and applying the Hough Transform gives:
O=y and p=0 (4.14)

In (4.14) 6 changes with roll angle while p is identically zero. Full analysis is

presented in Appendix A.

4.2.1.3 Analysis for Yaw

If the same procedure is applied to the yaw axis, a, with y and X, kept at zero,

then the image co-ordinates are:

Y, sina

- and
Y, cosacos f+Z, sinff~4£

x=1

Y, cosasinf—-Z, cos B
Y, cosacosf+Z,sinff—¢

z=-1

4.15)

and applying the Hough Transform gives:

0= tan-" —-Y,sina and
Y, cosasin f-Z, cos B
p= —AX, . cosg — A sinf-Z, cos ) sinf (4.16)
Y, cosf+Z,sin B¢ Yycosf+Z, sinf—¢

When the yaw angle (q) is varied, we see from (4.16) that p and 6 vary, although

it should be noted that changes very little. Full analysis is presented in Appendix
A.
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Summarising, equations (4.12), (4.14) and (4.16) show that both p and 6 of the
centre line change with lateral displacement and with yaw, although it should be
noted that 0 changes very little with yaw; an example showing the effect of lateral
displacement and yaw of a camera is given in [49]. However, roll of the UAV
only changes that value of 0 of the centre line. Thus an ambiguity occurs, because
any pair of values of y and a can be chosen independently to alias a given lateral
displacement, X,. In other words, it is possible for a finite value of X, to be
produced by a combination of yaw and a roll of the UAV, despite the real value
being zero. It is concluded that X,, ¥ and a cannot all be estimated from just two

variables, p and 0, obtained from a single camera.

4.2.1.4 Analysis for Height

If we apply equation (4.1) to a model of the centre conductor and vary the height
of the UAV from its “normal” height above the lines, Z;, by a distance Z, then we

get the following:
Xe|[t 0 00[r1 00 071 o 0 0
Ye | |01 001101 0 -£[,|0 cosp ~sinf O,
Z, 00 1011001 0|0 sinf cosf O
Xeilo-Looflooo 1]lo o o 1
L 2 ] L A d
1 0 0 0 0
010 O Y,
| 7| @17
001 -2||-2 *17)
00 0 1 1
This becomes:
Cx: ] T 0 ]
Y. Y, cosB+(Z, +Z,)sinf—¢
Z. || Y,sing-(Z,+2Z)cosp (4.18)
-Y. _YWcos,B+(ZL+Zu)sinﬂ—£
L A 1 L A _

From (4.18), using (4.2), the image co-ordinates are given by:
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Y, sin f-(Z, +Z, )cos §

x=0and z=-4 -
Y, cos f+(Z,+Z,)sinf -1

(4.19)

Applying the Hough Transform then gives:

0=0and p=0 (4.20)

It can be seen that the height of the UAV above the lines does not affect the

position of the centre line in the image.

4.2.1.5 Analysis for Height applied to a Sideline

If the same analysis is done for a sideline at a lateral distance Xg from the centre

line, then we get following:

X1t 0 00100 011 o 0 o0
Ye _OIOO*OIO—Z*Ocosﬂ-—sin,BO*
Zc 1710 0 1. 0/1g 01 0|0 sing cosg O
“Yeljo =L oo 000 1]|lo o 0 1
L a4 ] L A i

[1 0 0 o - X

010 0 Y

* P 1421

001 -2z||-2 (421)

000 1 1
This becomes;

—Xc- [ —Xs ]

Y, Y,cosB+(Z,+Z,)sin f—¢

Z. |Z| Y,snB-(Z,+Z)cosp | (422)

=Y. | | _YycosB+(Z, +Z,)sinB—1

L A J L A J

From (4.22), using (4.2), the image co-ordinates are given by:

‘LXS
x= - an
Yy cosB+(Z, +Z, )sin g~

d
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Y, sin B~(Z, +Z,)cos B
Y, cosB+(Z, +Z,)sin g4

z=-—

(4.23)

Applying the Hough Transform then gives:

6 = tan™ - X and
Y, sin B~(Z, +Z,)cos B
p= AX : cosO+ 1 szmﬂ—(ZL+Zu).cos,B sind
Y, cos f+(Z, +Z,)sin B~ Y, cosfB+(Z, +Z,)sinf—¢

(4.24)

It can be seen that while the centre line does not change position in the image with

varying height, the positions of the sidelines do vary in both p and 6.

4.2.1.6 Analysis for Pitch

A similar analysis for the pitch gives no change of the centre line position in the
image with changing pitch although the positions of the sidelines do vary with

pitch. The image co-ordinates are given by:

AX g
x= - and
Y,cosfp+Z,sinff—4£

s=—] Y, sm,B—ZL.cos,B (4.25)
YycosB+Z,sinf—¢

Applying the Hough Transform then gives:

6 =tan™ - AXs and
Y,sinff~Z, cosf
p= AXs _ cosf+A Yy sin _ZL_COS'B sin@ (4.26)
Y,cosf+Z,sin B~/ Y,cosB+Z, sinff—¢
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Full analysis is presented in Appendix A. It can be seen that, while the position of
the centre line in the image is unaffected by height or pitch, the positions of the
sidelines do vary. Thus it should be possible to estimate the height and pitch of the
UAYV from the distances in p and 0 between the sidelines and the centre line. As
the two sidelines are at approximately equal distances either side of the centre
line, the mean distance between a sideline and the centre line could be used (0,
pa). Height affects both py and 84 while pitch affects pq, but has very little effect
on 6. It should, therefore, be possible to determine both the height and pitch of
the UAV from one camera. Distance along the lines does not affect the positions

of the lines in the image, as would be expected.

4.2.2 Model Validation in MATLAB

In order to assess whether the geometric model is an acceptable representation of
the test rig, an image was effectively synthesized by evaluating equation (4.1) for
parameter values taken from the test rig, Yw = 150mm, y =a =0, § = 20°, { =
30mm and Z; = 80mm. A small refinement was to use a parabolic model of the
lines to approximate their catenary shape. The Hough Transform of the
synthesized image was then calculated as each of the UAV’s six degrees of
freedom were changed one at a time. Figure 4.2 shows that the model predicts pc
(dash-dotted) and 6c¢ (solid) for the centre conductor will vary almost linearly with
lateral displacement X,. Also shown in Figure 4.2 are the mean of the Hough co-
ordinates of the two outer conductors relative to the centre conductor, py (dotted)

and 64 (dashed). These are calculated using:

0, = (eL “90)+(ac _HR)
‘ 2

Py = (pL _pC)+(pC _pR) (4.27)

2
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Figure 4.2: Comparison of Geometric Model Predictions (lines) and Test Rig Measurements
(discrete points) for Lateral Displacement of the Vehicle from the Centre Line.
To see how the model compares with results from the test rig, a sequence of
images, a sub-sampled version of which is shown in Figure 4.3, was produced
with a lateral translation of the camera on the test rig. These were then processed
using the Hough Transform, described in Chapter 6, to obtain the p and 6 values
of the three lines. The data points measured directly on the test rig were plotted
onto Figure 4.2 (pc, X; ¢, 0; pd, O; 64, +). There is good agreement between the
data points measured directly on the test rig and the model prediction. The
discrepancies between the model and the measurements in pc (for negative X,)
and in O¢ (for positive X,) are thought to be due to a slight offset of the lines at
zero displacement on the test rig, and slight differences in the scaling of the
image. There is also good agreement for the mean of the Hough co-ordinates of
the two outer conductors relative to the centre conductor, which is seen to be

relatively insensitive to lateral displacement.
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Figure 4.3: Lateral Displacement Image Sequence.

It can be seen that pc and Oc change approximately linearly with lateral
displacement, X. If these are assumed to be linear then the value of the slope will

relate the values of X to pc and O¢. If the inverses of each slope are defined as X,

and X, (where Xg and X,, are —aa-%( and Z—X ), then the value of X can be calculated
P

using either:

X=X,0 (428)

X=X,p (429)

Measuring the values Xy and X, from the test rig data in Figure 4.2 gives:
Xo=0.048

X, =-0.0433

The lateral displacement could be obtained individually from either p or 8 but for

the testing done in Chapter 7 the average was used:
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X 0+X
X=9—2——‘£ (4.30)

The same procedure was repeated for yaw, roll, pitch and height above the lines.
Again image sequences were obtained from the test rig. Because the test rig
doesn’t have roll or height adjustment, these sequences had to be obtained
manually, i.e. the camera had to be taken off the rig and moved relative to the
lines by hand. This accounts for the larger amount of noise in these two data sets.
The results for yaw, roll, height above the lines and pitch are shown in Figure 4.4,
Figure 4.5, Figure 4.6 and Figure 4.7 respectively. Line styles are as for the lateral

displacement results (Figure 4.2).
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Figure 4.4: Comparison of Geometric Model Predictions (lines) and Test Rig Measurements
(discrete points) for Yaw of the Vehicle.

Figure 4.4 shows that pc changes roughly linearly with yaw, as predicted, but

there is virtually no change in 8¢c. The positions of the outer lines relative to the

centre line are insensitive to yaw. There is again good agreement between the test

rig and model results.

56



Chapter 4 Image Geometry

— e

30!
|

|

o - | | —— ——

p (pixels) 6 (deg)
o

=30+

15 10 5 0 5 10 15
Roll (deg)

Figure 4.5: Comparison of Geometric Model Predictions (lines) and Test Rig Measurements
(discrete points) for Roll of the Vehicle.
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Figure 4.6: Comparison of Geometric Model Predictions (lines) and Test Rig Measurements
(discrete points) for Varying Vehicle Height above the Lines.
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Figure 4.5 shows that Oc changes linearly with roll, as predicted, but there is
virtually no change in pc. The positions of the outer lines relative to the centre line
are insensitive to roll. There is again good agreement between the test rig and

model results.

Figure 4.6 shows that there is no change in the position of the centre line(pc, 6c)
with height above the lines. There is a change in the mean of the Hough co-

ordinates of the two outer conductors relative to the centre conductor (pg, 64).
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Figure 4.7: Comparison of Geometric Model Predictions (lines) and Test Rig Measurements
(discrete points) for Pitch of the Vehicle.

Figure 4.7 shows that, as with height, there is no change in the position of the

centre line in the image with pitch. In this case, there is little change in the 64

values of the outer lines, while there is an almost linear relationship between the

pq values.

It can be seen that the measurements match well with the theoretical model. As
predicted, 64 and pq are only significantly affected by pitch and height meaning
that it should be possible to estimate the height and pitch from 64 and pq. The
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position of the centre line in the image is affected by the lateral position, yaw and
roll. Roll only affects the value of 6c while yaw only significantly affects the
value of pc. Lateral displacement has an effect on both 6¢ and pc. As such it is
possible for a combination of a yaw and a roll to have an equivalent effect on the
image as a lateral translation. It is not, therefore, possible to separate these three
values from the two variables, pc and 8¢. The solution to this problem is discussed

in section 4.3.

4.2.3 Two-axis Modelling in MATLAB

The previous section considered varying individual axes and observed the effect
on the image. However the results do not show the effect of any cross coupling
between axes. Here the effect of varying multiple axes is assessed, using the same

procedure as was used for sin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>