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A bstract

The GeoSurv II is an Unmanned Aerial Vehicle (UAV) being developed by Carleton 

University and Sander Geophysics. This thesis is in support of the GeoSurv II project.

The objective of the GeoSurv II project is to create a fully autonomous UAV 

capable of performing geophysical surveys. In order to achieve this level of autonomy, 

the UAV, which due to the nature of its surveys flies at low altitude, must be able 

to avoid potential obstacles such as trees, powerlines, telecommunication towers, etc. 

Developing a method to avoid these obstacles is the objective of this thesis.

The literature is rich in methods for trajectory planning and mid-air collision 

avoidance with other aircraft. In contrast, in this thesis, a  method for avoiding static 

obstacles tha t are not known a priori is developed.

The potential flow theory and panel method are borrowed from fluid mechanics 

and are employed to generate evasive maneuvers when obstacles are encountered. By 

means of appropriate modelling of obstacles, the aircraft’s constraints are taken into 

account such that the evasive maneuvers are feasible for the UAV. Moreover, the 

method is developed with consideration of the limitations of obstacle detection in 

GeoSurv II.

Due to the unavailability of the GeoSurv II aircraft, and the lack of a complete 

model for GeoSurv II, the method developed is implemented on the non-linear model 

of the Aerosonde UAV. The Aerosonde model is then subjected to various obstacle 

scenarios and it is seen tha t the UAV successfully avoids the obstacles.



To my beloved mother who sacrificed her personal life to  overcome the challenges 

our family encountered so tha t her children could succeed in life.



No bird ever flew nonstop from New York to Tokyo, or raced 15 miles high at 

triple the speed of sound. But birds do something else. They do not conquer the air; 

they romance it.

Peter Garrison
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Chapter 1

Introduction

Unmanned Aerial Vehicles (UAVs) are being developed in a variety of applications, 

mainly for military purposes. However, research and demand for civilian applications 

are increasing. Some examples of such applications are: geophysical surveys [1], forest 

fire monitoring [2], environmental monitoring [3], border patrol [4], aerial photography 

[5], monitoring pipelines [6] and even wildlife research [7].

The use of UAVs can be attractive for several reasons. Firstly, UAVs can oper

ate in situations too dangerous for human pilots. Secondly, UAVs can be flown at 

lower altitudes than manned aircraft [8]. For example, this feature is attractive for 

geophysical surveys where lower flight increases the resolution of measured data. Fi

nally, due to the absence of an on-board pilot, smaller aircraft can typically be used, 

which decreases the price of the aircraft and yield to savings in fuel consumption.

UAVs have different levels of autonomy. In the absence of autonomy a UAV 

can only be remotely piloted. At a basic level of autonomy, a flight trajectory is 

preplanned and the aircraft has the ability to complete a mission. If the system has 

the ability to avoid obstacles and potential collision scenes, the autonomy level of the 

aircraft is even higher. In such a UAV, the operator uploads a flight mission to the 

UAV, and only monitors the flight. However, the level of autonomy of a UAV is not 

limited to what is mentioned here. For instance, in forest fire monitoring, a UAV can

1
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be given the ability to define its flight trajectory while flying, in a way to follow the 

boundaries of the forest fire [2],

1.1 GeoSurv II P roject

The GeoSurv II project is funded jointly by Sander Geophysics Limited (SGL) and 

NSERC. Its objective is to develop a small UAV, capable of performing high res

olution geophysical surveys at low flight altitudes. To date, the aircraft has been 

designed, built, and several low and high-speed taxi tests have been performed. The 

aircraft designed is a  twin-boom pusher aircraft with a wingspan of 4.9m, with two 

magnetometers installed on its wing tips to measure the magnetic field of the terrain 

the UAV is flying over. The GeoSurv II prototype is illustrated in Figure 1.1.

Figure 1.1: GeoSurv II prototype

Since the aircraft’s mission is to measure magnetic field, research has been un

dertaken on reducing magnetic interference of ferromagnetic sources on the aircraft. 

Furthermore, research is being carried-out on developing a low cost composite struc

ture for the airframe.



Currently, to perform surveys similar to those expected from GeoSurv II, a four 

member crew is required. The crew consists of a  pilot and a co-pilot, an aircraft 

maintenance engineer and a geophysicist. One of the objectives of the GeoSurv II 

project is to develop a UAV with a level of autonomy where the maintenance engineer 

and the geophysicist would be able to perform the survey without the pilots.

Therefore, another area of research within the GeoSurv II project is Autonomous 

Operations (AO). The research within this area is aimed to develop a system th a t has 

a level of autonomy as stated above. Such a system should have a “sense and avoid” 

feature to automatically avoid obstacles without the interference of the operator. The 

sense and avoid feature is broken into two separate research areas: Obstacle Detection 

(OD) and Obstacle Avoidance (OA). In this thesis OA will be covered.

1.1.1 Survey P ath

The geophysical survey consists of multiple survey lines th a t are equally spaced over 

the area of interest. In order to account for terrain, a digital elevation model (DEM) 

of the survey area is used. This model is provided by the Shuttle Radar Topography 

Mission (SRTM) and is accessible through The Consultative Group on International 

Agricultural Research (CGIAR). The survey lines are then offset from the DEM in 

order to keep the aircraft at a constant height AGL (Above Ground Level) [9]. For 

the measured magnetic fields to have a high-resolution the aircraft is desired to fly 

below 50m AGL. In Figure 1.2 the survey lines are shown for a test survey [9].

1.1.2 P oten tia l O bstacles

W ith flight altitudes below 50m AGL, the main obstacles the UAV may encounter are 

powerline and powerline towers, telecommunication towers and trees. Although the 

UAV is not intended to fly over urban areas; buildings, silos and industrial chimneys



F ig u re  1.2: Example of a survey path  (shown with white lines)
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are also potential obstacles that may not be known prior to flight. In Figure 1.3, 

several snapshots are extracted from a video taken while performing tests for a  geo

physical survey. These pictures give an insight into the type of terrain GeoSurv II 

will be flown over.

F ig u re  1.3: Snapshots from a flight during a geophysical flight survey (Courtesy of 
SGL)

At this point the aircraft is not expected to fly in non-segregated airspace. There

fore other aircraft are not considered as potential obstacles. Finally, it should be 

noted that the UAV is not intended to perform in cluttered space such as in an urban 

area where the UAV has to fly between a  large number of buildings.



1.1.3 Obstacle D etection

In order to be able to avoid obstacles, they first need to be detected. The obstacle 

detection being developed for the GeoSurv II currently focuses on using stereoscopic 

vision to determine the depth to visual features in front of the aircraft The obstacle 

detection method presented here is a summary of the work performed in Ref. [10], 

and further details may be found there.

Firstly, a pair of images is taken from cameras mounted on each wing of the 

aircraft. In Figure 1.4, such a pair of images is shown. Note that in this setup, a 

group of balloons were set in the field to be detected.

F ig u re  1.4: Left and right stereo image pair (balloon obstacle circled in red)

Secondly, edge detection is applied to the images to look for dominant line features. 

The edge map is then thickened and is used to mask the original color images. The 

result of this processing is the feature extraction of any potential edges which could 

belong to a potential obstacle. Then, stereoscopic block matching is applied to  the 

detected edges so .that their corresponding depth can be detected. The result is shown 

in Figure 1.5, with lighter regions representing distances closer to the camera.

Finally, a connected components algorithm is applied in order to group regions 

of similar depth. This is shown in Figure 1.6 with red rectangles enclosing each 

individual region. Note how the balloons are now clearly identifiable as obstacles in
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F ig u re  1.5: Stereoscopic image computed for the right input image (lighter regions 
are closer to the camera)

the figure. A depth value is associated to each rectangle and the locations and sizes 

.of all bounding rectangles are then passed to OA.

1.2 Thesis

1.2.1 Thesis M otivation

The GeoSurv II UAV is expected to have a high level of autonomy. The operator 

of the UAV should only have to define a flight survey for the UAV (Section 1.1.1) 

and the UAV should be able to perform the flight with minimal interference of the 

operator. This level of autonomy requires the UAV to be able to avoid obstacles th a t

were not foreseen and tha t are detected while flying. The motivation of this thesis is
•  *

to develop a method to avoid these obstacles. In Chapter 2, it will be seen th a t this

type of avoidance is termed as ROA.
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F ig u re  1.6: Connected component segmentation results with similar depth regions. 
Obstacles are highlighted in red bounding boxes.

1.2.2 Problem  S tatem en t and T hesis Structure

The objective of this thesis is to  develop a method of obstacle avoidance th a t is 

achievable in real-time and with limited computation resources that can be installed 

on an aircraft. The developed method is to consider fixed-wing aircraft constraints 

such as minimum turning and pull-up radii, so th a t it does not command maneuvers 

to the aircraft that it cannot perform. Moreover, the method is designed to cope with 

potential obstacles that exist in low level flight.

In Chapter 2, a review of the literature for obstacle avoidance is performed and 

analysis is done to  choose a method. In Chapter 3, the theory of the chosen method, 

i.e. potential flow, is described in detail. In Chapter 4, the autonomous flight archi

tecture used in this thesis is described and the simulation framework th a t obstacle 

avoidance is tested on is introduced. In Chapter 5, the implementation of OA in the 

autonomous flight architecture is demonstrated. Moreover, the results of OA using 

potential flow are shown on the simulation framework and the results are discussed. 

In Chapter 6, a  test bed developed within the framework of this thesis for autonomous



operations is introduced and initial results of autonomous flight are demonstrated. 

Finally in Chapter 7, the conclusions and research contributions are summarized.



Chapter 2

Background Inform ation and M ethod  

Selection

Obstacle avoidance (OA) is a topic th a t has been researched in different fields th a t 

require autonomous operation. The first field where it was researched was robotics 

[11-15]. W ith the advent of UAVs, and the increasing desire for autonomous UAVs, 

robotic obstacle avoidance methods were employed for UAVs [16-18]. However, be

cause UAVs and robots have different properties and constraints, the methods being 

used on UAVs had to be specifically tailored to their new application. For instance, 

fixed-wing UAVs cannot stop in flight and change direction, whereas robots and 

rotary-wing UAVs can afford such luxury. Another example is that fixed-wing UAVs 

have a minimum turning and pull-up radius tha t need to be taken into account when 

designing OA methods. In summary, UAVs and robots can be divided into two cat

egories: rotary-wing UAVs and mobile robots, which have high maneuverability, and 

fixed-wing UAVs and robotic manipulators which have more limited maneuverability.

In the literature, OA has been performed under two different set of circumstances:

(1) When obstacle positions and properties are known prior to the start of a mission, 

the avoiding method is known as Trajectory Planning (TP). Other terminologies such 

as, path planning, global guidance and global path planning have been used as well.

10
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(2) In contrast, when the existence of obstacles are unknown and they “pop-up” in 

real-time, the method is called Reactive Obstacle Avoidance (ROA) or local path 

planning.

The avoidance at the global and local level (TP and ROA), operate under different 

circumstances. Thus, the methods used to perform avoidance have different charac

teristics. In TP, the method’s response time is not of particular concern because the 

algorithms are run before the mission starts with no concern of algorithm response 

time. Similarly, the amount of computation power and memory required is not a 

limitation, since the algorithms can be run on a powerful PC. In contrast, response 

time in ROA is of great importance because delay in evasive commands can lead to 

collision.

Memory resources and computation power may also be limited on board an 

aircraft. This limitation can become more restrictive when working with Micro- 

Unmanned Aerial Vehicles (MUAVs).

Furthermore, in ROA the robustness of the method employed is of great concern, 

since there is very limited time to detect and correct errors (due to the speed of the 

UAV relative to an obstacle), which can potentially lead to collision. In contrast, in 

TP, the generated path can always be verified for collision before being confirmed for 

a mission and if needed trial and error can be used.

Finally, in TP, as there is no time constraint on the computation of the trajectory, 

the optimality of the generated path is typically a  design parameter of interest. In 

contrast, in ROA, optimality is not crucial and compared to  robustness has a  lower 

degree of importance. Table 2.1 summarizes the importance of the characteristics 

discussed above for TP and ROA.

Furthermore, if a UAV would be required to fly in a non-segregated airspace, it 

should have the ability to avoid other UAVs/aircraft. In the literature, the research 

carried out to develop methods for this purpose is called collision avoidance [19-22].
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Characteristics TP ROA

Response Time Unimportant Very low

Computation resources Unlimited Limited

Robustness Advantageous Crucial

Optimality Im portant Advantageous

Table 2.1: Comparison of T P  and ROA characteristics

2.1 Literature R eview

In this section, the previously presented OA methods are discussed in further detail. 

Many of these methods were developed for robotic manipulators and some of them 

were later applied to UAVs. The strengths and weaknesses of these methods are 

discussed and the possibility of employing them for fixed-wing UAVs is assessed. 

Note that since the UAV is not expected to fly in non-segregated airspace in this 

research, collision avoidance methods are not of interest.

2.1.1 Road M ap M ethod

A road map is a network of straight lines tha t do not intersect obstacles and connect 

the starting point to the goal of a robot. To create such a network, the operational 

space of the robot is divided into an obstacle-free subspace and an obstacle subspace. 

Then, a network of straight lines within the obstacle-free subspace is created. Using 

a graph search algorithm, a path is then chosen within th a t network, which is guar

anteed to be obstacle free [23]. Different algorithms such as, Dijkstra and A* have 

been employed to perform the graph search; some being faster at the price of losing 

optimality [24].

Visibility graphs [23] are the simplest of road maps. Firstly, it is considered tha t 

all obstacles are polygons -or are fitted with polygons. Considering the vertices of 

these polygons, the starting point and the goal point, any two vertices th a t are within
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line-of-sight are connected. As a result, a network is created that never crosses the 

obstacles (Figure 2.1).

Goal Point

Obstacle

Obstacle

Starting point

F ig u re  2.1: Visibility graph

Voronoi diagrams [23] have also been used to create road maps. The Voronoi 

diagrams result in road maps by creating fences around obstacles. The fences are 

created by drawing lines perpendicular to the lines connecting the centers of obstacles. 

Then, the fences are adjusted to meet a minimum number of vertices.

The road map method is not computationally expensive to generate. However, 

the trajectories created do not directly take kinematic or dynamic constraints into 

account. In Ref. [25], Voronoi diagrams were used to generate a path  for a  UAV 

with minimal exposure to a priori known radars. In this approach, the Voronoi 

diagrams were fitted with arcs at the diagram’s vertices to incorporate the aircraft’s 

minimum turning radius. Nevertheless, in a cluttered environment, the arcs might 

cross obstacles, and therefore trial and error is required.

In Ref. [16], a two-level architecture for UAV OA was proposed th a t consisted of 

TP and ROA. For TP, a road map was created by a node expansion technique while 

considering aircraft kinematic constraints. For ROA, a trajectory was created by
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interconnecting a set of dynamically feasible primitives. These primitives were short 

maneuvers that were feasible for the aircraft and were a function of the aircraft’s 

starting state. In Figure 2.2 [16], the feasible flight primitives are shown for a specific 

starting point. A graph search method was then used to connect a number of feasible

Motion primitives

F ig u re  2.2: Flight primitives

primitives that would avoid the obstacle. A shortcoming of this method is th a t for 

different aircraft, a complex set of primitives need to be estimated. In addition, the 

storage of these motion primitives requires a large memory [26]. In summary, the 

road map method is more suited to  T P  than ROA.

2.1.2 R apidly Exploring R andom  Tree

Rapidly Exploring Random Tree [27,28], RRT, is a probabilistic method, to find an 

obstacle free path in a cluttered environment. Firstly, the starting point of’the path 

is used to initiate a “tree” . Secondly, a random point is generated and the nearest 

node on the tree to this random point is found. Thirdly, a  new node is created on 

the line connecting the random point and the nearest node from the previous step;



at an incremental distance from the nearest node. Finally, if this point does not 

collide with any obstacle it is added to the tree. This process is done in an iterative 

manner until the goal is reached. Note tha t in a cluttered environment, this collision 

verification is computationally intensive [26]. In Ref. [17], Amin et al. applied the 

constraints of a rotary-wing aircraft to the RRT method. To achieve this, an extra 

verification step was added to the RRT algorithm: at each step while expanding the 

tree, the new segments were checked to satisfy a maximum turn rate. The results 

were trajectories that could be commanded to the UAV. Unfortunately, they were 

not tested on the UAV or in simulation. Therefore the method’s ability to  run in 

realtime was not assessed. Similarly, in Ref. [18], the RRT method was implemented 

on a flying wing MAV, where the the algorithm took up to  five seconds to find an 

obstacle free trajectory through an urban area. The growth of the tree is shown in 

Figure 2.3 [29].

RRT

V ^ - 2 0 0
- 300_300

F ig u re  2.3: The RRT method used for path  planning in an urban area 

In summary, the method is computationally intensive and although it is a strong
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candidate for T P  in a  heavily cluttered environment, it is not suitable for ROA.

2.1.3 A rtificial P oten tia l F ields

The first initiative for ROA was taken for robotic manipulators in [15]. In this initia

tive, a repulsive Artificial Potential Field (APF) was assigned to an obstacle present in 

the operational space of a robotic manipulator. An attractive APF was also assigned 

to the goal the manipulator had to  reach. As a  result, the APFs generated an a t

tractive force (implemented by actuators), which constantly pulled the m anipulator’s 

end-effector toward the goal, while in the presence of an obstacle, a repulsive force 

was generated (also implemented by the actuators) to avoid collision. In Ref. [15], 

Khatib stated that the APF method could be extended to multiple obstacles and to 

moving obstacles.

Khatib’s repulsive potential field was defined as

A virtue of the APF method is its high computation speed. This simplicity is a

the resultant guiding force can be assumed to be exerted to  the m anipulator’s end- 

effector and this force can be incorporated in the joint torque commands needed to 

perform an evasive maneuver. However, this last feature is only beneficial for robotic

f i x )  ^  f { x 0) 

f {x)  > f i x q)

where f i x ) — 0 defines the surface of the obstacle and xq is a given point in the 

vicinity of the obstacle. Furthermore, the artificial force was defined as

Fa = -V ($ o (£ ))

result of an analytic derivation of the artificial forces. Another virtue of APFs, is th a t
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manipulators.

The major weakness the APF method has, is the occurrence of local minima in 

the overall potential field of an obstacle and a goal [30]. A local minimum results in 

zero force being exerted to the robot. This zero force leaves the end-effector stranded 

where the local minimum occurs.

In Ref. [30], the potential field was modified to a superguadratic potential field. 

The modified function was tested on a robotic manipulator and a single obstacle was 

successfully avoided and the goal was reached. In the same scenario, the end-effector 

was stranded while using Khatib’s potential function. Furthermore, the robotic ma

nipulator was able to successfully avoid a scenario with four obstacles. However, this 

improvement in the APF method did not guarantee immunity against local minima 

in the presence of multiple obstacles.

In the previous developments of the APF method, the goal was always assumed 

to be far from obstacles. However, if the goal is close to  an obstacle, the repulsive 

force generated by the obstacle can be larger than the attractive force of the goal and 

as a result the robot will miss the goal point. In Ref. [31], the A PF was modified 

to solve this problem by taking the distance between the robot and the goal into 

account when defining the APFs. In Ref. [32], a new APF was proposed tha t could 

be used for moving obstacles and goals. Note th a t in [31] and [32], the problem of 

local minima was not addressed.

2.1 .4  H arm onic P otentia l Functions

To circumvent the limitation of the APF.method in the scenario of multiple obstacles, 

the usage of harmonic potential functions was suggested in Ref. [33]. It was proven 

that the addition of any number of harmonic potential functions (corresponding to 

multiple obstacles and a goal), would never lead to the occurrence of local extrema.

Interestingly, with certain simplifying assumptions, fluid flow properties could be
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derived from a combination of harmonic functions. These functions were part of a 

well known theory within fluid mechanics called Potential Flow. In Ref. [34], stream 

functions of potential flow were used to navigate a mobile robot. In Ref. [33], it was 

shown that by combining potential flow primitives, "'panels” defining the boundaries 

of an obstacle could be created. This methodology is known as the Panel Method in 

the aerodynamics field.

Kim et al. [33] used obstacles placed in a uniform flow for their avoidance method. 

Furthermore, a sink was used at the goal point the manipulator was intended to reach. 

By using the resulting harmonics field, the manipulator successfully avoided obstacles 

without the local minimum problem arising. However, some parameters of the po

tential flow method, such as the uniform and sink strength needed to be heuristically 

chosen and therefore required some trial and error. In Ref. [35], the panel method 

was employed for multiple robot collision avoidance. Because the “obstacles” were 

moving robots, the flow parameters needed to be constantly updated and therefore, 

the parameters could not be set heuristically. Therefore a  systematic method was 

proposed to calculate the flow parameters. Furthermore, in Ref. [36], Fahimi et al. 

used the panel method for OA of a hyper-redundant manipulator operating in a three- 

dimensional space. In this approach, the two dimensional panel method was expanded 

to three dimensions and as a result, the manipulator could avoid three-dimensional 

obstacles.

2.1.5 M odel P red ictive C ontrol

Model Predictive Control (MPC), is a popular method for the control of non-linear 

dynamic systems [26,37]. In this method, an optimal control input sequence is found 

over a finite receding horizon for a given system with respect to some predefined 

cost function. The receding horizon is a predictive time horizon over which the cost 

function is minimized. At each time interval only the first element of the control
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sequence (corresponding to the current time step) is commanded to the system. Then, 

a new optimal control sequence is determined over a new finite horizon starting at 

the next time step. Therefore, the horizon keeps shifting forward in time, hence the 

name receding horizon.

The cost function typically penalizes three occurrences: deviations from the ref

erence input, high control inputs and forbidden states. The appealing feature the 

method has is that realistic constraints such as input saturation and state  constraints 

can be considered [26]. A drawback of MPC is tha t the non-linear model of the system 

is required to determine the receding optimal control. The model required may not 

always be available or might be very complex. Furthermore, high computation power 

is required to calculate the optimal control sequence to optimize the cost function 

over each time interval.

Shim et al. employed MPC to a rotary-wing UAV in Ref. [38]. An artificial 

potential function was added to  the cost function of the MPC method to penalize the 

approaching of an obstacle. However, because potential functions were used for OA, 

the method is vulnerable to  local minima [39]. Shim et al. succeeded to test the MPC 

method on a helicopter, but the computation was performed on an on-ground PC and 

the control inputs were transferred via telemetry to the helicopter. Therefore, this 

method may not be computationally feasible for real-time onboard computing where 

computing resources are limited [26].

2.2 M ethod Selection

From the description of the project th a t was the motivation for this research (Sec

tion 1.1), it is clear that the method chosen should have the ability to  avoid non

predefined obstacles in real-time. As explained a t the start of this chapter, T P  is not 

of interest and a ROA method should be developed. From Table 2.1, the selected
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method should have a  very low response time, a high level of robustness, and should 

not require high computation resources.

Since the method is to be used on a fixed-wing aircraft, the aircraft’s dynamics 

also need to be accounted for. The aircraft dynamics impose constraints on evasive 

maneuvers such as the aircraft’s minimum turning radius and minimum pull-up radius 

[40].

The potential scenarios described in Section 1.1.2 suggest that the UAV is not 

expected to operate in a heavily cluttered environment. For a  cluttered environment 

rotary-wing UAVs should be used as they are more agile than fixed-wing UAVs. 

In a cluttered environment, an aerodynamically feasible maneuver might not exist 

for a fixed-wing aircraft. The increased agility of rotary-wing aircraft permits them 

to perform additional maneuvers such as rapidly decelerating to a stop, hovering, 

turning while hovering and even flying backwards. In conclusion, the road map and 

RRT which were developed to  perform in cluttered environment are not suitable for 

the purpose of this research.

The fast responsiveness of the APF method makes it an appealing candidate for 

fixed-wing ROA. However, even though cluttered environments are not of interest, 

the UAV should be able to  successfully avoid multiple obstacles. The occurrence of 

local minima in the traditional A PF method suggests the use of harmonic potential 

fields.

Harmonic potential fields representing fluid flow in the potential flow theory are 

an attractive method for ROA. Using the panel method, obstacles can be inserted in 

the flow forcing it to avoid the obstacles. This feature makes the panel method and 

potential flow theory an intuitive and effective method for ROA, which is capable of 

handling multiple obstacles. The only weakness this method has is its lack of consid

eration of aircraft dynamics. It will be shown in Section 3.5.2.2, that by appropriately 

modeling obstacles, the aircraft’s dynamic restrictions can be taken into account in



the panel method.

In conclusion, the use of potential flow functions and the panel method is selected 

because it has fast response, does not require intensive computation resources, and 

by means of appropriate obstacle modeling, can account for aircraft constraints.



Chapter 3

Theory and Initial R esults

In this chapter, the panel method, which is the chosen method to be used for OA 

in this research, is introduced and developed. Since the A PF method and the usage 

of harmonics functions were an inspiration to using potential flow theory for OA, 

they are revisited from the literature review and their strengths and weaknesses are 

discussed. Further in the chapter, obstacle modeling is discussed. Furthermore, a  

method to incorporate aircraft constraints in the panel method for obstacle avoidance 

is introduced.

3.1 Artificial Potential Field

The APF was briefly introduced in Section 2.1.3. The method is revisited in this 

section and the local minima problem is shown in an example.

Consider a scenario where an aircraft (or manipulator) is required to  travel to 

a final goal, while avoiding an obstacle. Repulsive and attractive potential fields 

(<1>0 and 4>g) are attached to the obstacle and final goal, respectively. The forces 

corresponding to these potential fields are defined as

F0 =  - V ( $ 0(x)) (3.1)

22



23

Fg =  - V ( $ 9(f)) . (3.2)

These artificial forces can be realized by the control system to steer the aircraft around 

the obstacle and toward the final goal.

It should be noted that the gradient of a scalar field points in the direction of 

steepest ascent of the field. According to (3.1) and (3.2), F0 and Fg point toward the 

steepest descent directions of their respective potential functions. For an obstacle, the 

potential function has to be defined in a way tha t its value increases when approached 

so th a t the resulting force will point away from the obstacle, hence a repulsive po

tential function is used. In contrast, the goal requires an attractive potential with 

minimum at the goal, so that the resulting force vector will point toward the goal. In 

Figure 3.1, the combination of an obstacle’s repulsive and goal’s attractive potential 

function is shown. Note that the artificial forces are shown in the xy  plane and th a t 

the obstacle is a two-dimensional circle. The third axis is used to show the A PF 

where large values have been truncated.

The problem of local minima mentioned in section 2.1.3, is shown by assessing 

the combination of four obstacles. For simplicity, obstacles are restricted to  be in a 

plane, and the potential field of the goal point is neglected. The obstacle potential 

functions are defined as

*;(£) =  -  , (3.3)
n

where

n  =  y / [ x -  Xi)2 +  (y -  yi)2 (3.4)

and (Xi,yi) is the location of each obstacle. The total potential field is obtained by

4

i=1

In Figure 3.2, &totai is plotted for four obstacles located a t
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O bstacle boundary ...

-6 6

F ig u re  3.1: APF and artificial forces corresponding to a circle obstacle and a goal
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Figure 3.2: The value of four potential functions
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(1,0), (—1,0), (0,1), (0 ,-1 ) . At (0,0), a local minimum is visible. At this 

point, the artificial force (gradient of the total potential) is zero and therefore, if 

a robotic manipulator is being guided, it would be left stranded if it reached th a t 

point. In order to avoid the occurrence of local minima, the usage of harmonic 

functions has been suggested [33].

3.2 Harmonic Functions

A harmonic function is a potential function tha t satisfies the Laplace equation [41], 

i.e.,

V2$  =  0 . (3.6)

Harmonic functions have two properties tha t prevent local extrema from occurring 

when they are added:

1. The superposition property, i.e., any linear combination of harmonic functions 

is harmonic [42].

2. The corollary of the maximum and minimum principles, i.e., a non-constant 

function tha t is harmonic on an open set 0 , does not have extrema in Q [41,42].

In conclusion, if multiple obstacles are present, and each obstacle is defined by 

means of a harmonic potential function, the total potential function will also be 

harmonic. According to the corollary of the minimum and maximum principle, the 

total potential function, provided it is non-constant (which it will be by design), will 

not have local extrema.

A simple function that satisfies the Laplace equation and that is therefore har

monic is

4> =  — In r  , (3.7)
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where r  =  y /x 2 +  y2. In cylindrical coordinates (3.6) is

I d /  d $ \  1 d 2$  d2$>V  $  = --------[ f   1 j -------------- 1--------
r dr I dr ) r2 d92 d z2

(3.8)

which is zero for $  =  — In r.

Returning to the example in Section 3.1, the overall potential function of four 

harmonics located at (1,0), (—1,0), (0,1), (0, -1 )  is calculated where

$ hi(x) =  -  In Ti (3.9)

The overall potential is

^ h t o t a l  ^ (3.10)
i=l

In Figure 3.3, the total of the four harmonic functions are plotted. It can be seen

<Kx.y)

Saddle
point

9SmsSn

F igure  3.3: The value of four harmonic functions
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that local extrema does not occur1.

At the saddle-point, even though the artificial force is zero, when the manipulator 

passes this point the artificial force guides it away from the saddle-point. In contrast, 

the artificial force in the neighborhood of a local minimum points toward the local 

minimum itself and as a result the manipulator will be commanded to stay a t the 

local minimum.

In the next section it will be demonstrated that, with certain simplifying assump

tions, the velocity field of a fluid is the gradient of a harmonic potential function. It 

will then be demonstrated how potential flow theory from fluid mechanics may be 

utilized for aircraft OA.

3.3 Potential Flow

An inter-disciplinary OA method stemming from fluid mechanics is explained in this 

section. When a uniform fluid flow encounters an obstacle, fluid particles deviate from 

their original course and avoid it. This concept can be used for OA, by commanding 

the aircraft in a way that it would follow the trajectory of a fluid particle (pathline) 

encountering an obstacle. Since the fluid particles don’t flow through obstacles, the 

aircraft is able to reach its goal without collision.

In fluid mechanics, the Navier-Stokes equations, which govern fluid flow, are de

rived from conservation of mass, momentum, and energy [43]. However, the com

plexity of these equations make their usage difficult for OA. It will be shown th a t for 

an irrotational, inviscid and incompressible flow, a scalar potential function can be 

found, where its gradient at any point results in the velocity of a fluid particle a t th a t 

point. Furthermore, it will be shown that this potential function is harmonic and is 

therefore invulnerable to local extrema. This theory is known as potential flow theory

l At  (0,0), has a saddle point.
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in fluid mechanics2.

For irrotational flow

V x V  =  0 , . (3.11)

where V  is the velocity field of the flow. Furthermore, if V  has continuous partial 

derivatives, it is a conservative vector field [45], meaning a potential function $  exists 

such that

V  = + + 3, (3.12)
o x  oy oz

and i, j  and k are the unit basis vectors pointing along the x, y  and z axes, respectively. 

Assuming incompressible flow, the continuity equation simplifies to

V .V  =  0 . (3.13)

Substituting (3.12) into (3.13) yields

V 2$  =  0 . (3.14)

which is the Laplace equation and therefore $  is harmonic. This guarantees a local 

extrema free potential function.

3.3.1 O bstacle A voidance using P oten tia l Flow

The velocity field introduced in Section 3.3 is employed to  guide a UAV. After entering 

the velocity field, the aircraft is assumed to be a fluid particle and therefore the 

velocity at each point is commanded as a  course‘to the aircraft4. Therefore, the

2The potential flow theory is extracted from [43,44]
3In contrast to the APF method where, F  =  — V $ , from here on and without loss in generality, 

V  =  +V4> is used.
4The course is the direction of travel expressed as an angle in the horizontal plane between a 

reference line and a tangent to the flight path [46]. See Appendix C.



aircraft will be following a trajectory similar to th a t of a fluid particle. However, due 

to autopilot delays, the pathline will not be followed exactly. Note th a t even though

can be computed in in the horizontal plane (for a fly-around maneuver) and in the 

vertical plane (for a fly-over maneuver).

In Section 3.4, a method is introduced to obtain the potential field in the presence 

of obstacles. In Figure 3.4, a velocity field in the presence of an obstacle is illustrated. 

Note that if the aircraft would be to fly over an obstacle, the velocity at any point 

would be used as path angle commands5. The integration of potential theory and 

UAV OA will be covered in more detail in Chapters 4 and 5.

a two-dimensional potential flow is used for obstacle avoidance, the potential flow

Fluid Particle Velocities /  Course Commands

Obstacle

Nominal Path

Path Resulted with OA 

F igu re  3.4: Obstacle avoidance using potential flow

5The path angle is the angle between the horizontal and a tangent to the flight path [46]. See 
Appendix C. ■
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3.3.2 Flow prim itives

In this section, the potential function of three two-dimensional flow primitives tha t are 

restricted to the xy  plane are derived: uniform flow, sinks and sources. A combination 

of these primitives will be used to describe more complex flows.

3.3.2.1 U niform  Flow

A uniform steady-state flow is illustrated in Figure 3.5, where

Vx =  loo cos a  , Vy =  Voo sin a (3.15)

and Voo is the magnitude of the flow velocity, and a  is as illustrated.

V̂ oo

y

X

F ig u re  3.5: Uniform steady-state flow

According to (3.12),
_  d $ u _  d $ u

y.7 : —  ~  > * y  — (3.16)
* dx  ’ ’y dy

Therefore, from (3.16), the associated potential function for a uniform flow at an
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angle of a  with respect to the x axis is

$>u =  (VrDOcosa)x +  (Voo sin a)y  . (3-17)

Note that in (3.17), without loss in generality, the constant of integration has been 

set to zero.

3.3.2.2 Sinks an d  Sources

A source is a flow primitive that emits fluid particles radially (Figure 3.6). A sink is 

the opposite of a source, meaning tha t it absorbs flow radially. The circumferential 

velocity of sinks and sources is zero.

F ig u re  3.6: Source flow

d V  =  dS x 1 =  rd9  x 1

F ig u re  3.7: Volumetric flow from a 
source

In cylindrical coordinates (x = r  cos 9 ,y  =  r  sin 6), for two-dimensional flow, (3.12) 

changes to

(3.18)t * ,  1 d® „V  =  V<& =  -x -er +  -  —  eg 
o r r  39

where er and eg are the unit basis vectors pointing along the r  and 6 coordinates, 

respectively. Therefore for two-dimensional flow, the radial component of the flow



velocity is

Vr =  —  (3.19)

and the tangential component is

1 <9$
v> = - i z  > (3-2°)r oO

noting that Vg — 0, since flow is purely radial, as shown in Figure 3.6. From (3.20) it 

must be that

=  0 =* *  =  /(r )  . (3.21)

On the other hand $  has to be harmonic. Therefore from (3.8)

-« * >  • (3-22)

Therefore

$ =<7(0 ) l n r  . (3.23)

From (3.21) and (3.23), it is concluded th a t g{9) — c and

$  — c l n r  , (3-24)

where c is constant.

The source/sink is assumed to have a volumetric flow per unit of depth (in the z 

direction), A. From Figure 3.7
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Therefore

$ s =  A l n r  6 (326)
Z7T

where A is the source/sink strength and is positive for a source and negative for a 

sink.

3.4 Panel M ethod

The flow primitives introduced in Section 3.3.2. can be directly used to  define simple 

flow cases, e.g. a uniform flow being sunk a t a point, or a source em itting flow and a 

sink absorbing it. However, to model obstacles within a uniform flow, a more complex 

combination of flow primitives is used. Obstacles are modeled by a set of straight 

panels. These panels are created by combining an infinite number of infinitesimally 

small sources and sinks. The source and sink strengths are chosen in a  way tha t the 

velocity normal to each panel is forced to zero on the panel itself. As a  result, the 

flow will not traverse the panels, and the flow avoids the obstacle. This method is 

known as the panel method. The following discussion of the panel method is taken 

from Ref. [44],

The potential for a single panel is defined first. For an infinitesimally small source 

the potential is (compare to (3.26))

d $ = ^ \ n { r ) d s  , (3.27)
2tt

where A is the source strength per unit of depth and unit of length of each panel7. In 

Figure 3.8, a panel created from an unlimited number of sources/sinks is illustrated. 

The total potential of this panel is

6A’s unit is m 2/s
7X’s unit is m / s
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P ( x , y) • d$  =  ■— In(r)ds

F ig u re  3.8: Source sheet

${x ,y )  = j  “ In rds , (3.28)

where S  is the length of the panel. The panel is assumed to have constant strength 

over its length. Therefore

A f s
<h(x, y) = —  I In rds . (3.29)

J0

In Figure 3.9, a closed obstacle with n  panels is immersed in a uniform flow. From 

(3.29), the potential due to the j th panel at P is

A f Si
3 2?r

/ In rpjdsj . (3.30)
Jo

where A j is the source strength per unit of length for the j th panel and

tpj = Xj)2 + { y -  yj)2 .. (3.31)

Note that (x3,yj)  are running coordinates over the j th panel and th a t S3 is the length 

of the j th panel.
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2nd panel
j th panel

ith panel

nth panel

P(x, y)

F ig u re  3.9: An n-panel obstacle
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The potential due to all panels is

*o(P) = J 2  ¥  r  ln rpi dsi • <3'32)
U 2n Jo

where <f>0 is the potential function of the obstacle.

The midpoint of each panel, (xi,yt), is chosen as a control point and the velocity- 

perpendicular to the panels is forced to zero at these points. Therefore at the iih 

control point, one must have (by superposition of flows),

^ooK) +  vlni) = 0 , (3.33)

where Voo(n ) is the normal component of free-stream velocity to the ith panel and

V(T[.) is the normal component of the velocity due to the potential corresponding to 

all panels at the ith control point. The free-stream component is obtained from

Voo(ni)= K o  -Hi , (3.34)

where fii is the unit outward pointing normal for the i ih panel, and is the free- 

stream velocity vector.

The potential due to the obstacle at the ith control point is obtained by setting P 

to (Xi,yi) in (3.32). Therefore

^o{xi,yi) = jT In rijdsj , (3.35)

where

Tij =  \ j (Xi -  Xj)2 +  (yi -  y j f  (3.36)
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and consequently,

V ru  =
d$(xi ,yi)

dm

n \ r
-Jr— In TadSj 
dm

(3.37)

Note that d f  /drii is used as a shorthand for V /  • n,. Moreover, recall th a t (Xj,y j) 

are running coordinates over the j th panel.

In (3.37), for j  =  i, ln(ry) is singular at (xi} y{) =  (xi, yt). The contribution of the 

i th panel to Vni is derived as a special case. W ithout loss in generality the i th panel 

is shown in Figure 3.10 with some simplification. From Figure 3.10, initially letting

(x i ,Vi)  =  ( S i / 2,0+)

X  =  Si
►

S i / 2

Si

F ig u re  3.10: Computing the contribution of the i th panel to VrHi

y > 0, one has

/Jo
[ St 9  1 w TT  /  o ~ l n TadSi 2ir Jn dm £ j f  + ! , 2 | d I

Si

Ai - S i^ ^arctan - — arctan ~  J [47, p. 64], letting y —» 0

/ _ 7 T  _  7TX

V 2 2 /2tr

Therefore (3.35) is
x n \

V  = -1 +  'ST ^ L j  ■Vn* o O/tt J ’2 ^ 2 tt 
7=1 
7#»

(3.38)

(3.39)



where

I
Jo

■Si Q 

dm
In rijdsj
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(3.40)

Note that an expression for evaluating (3.40) will be given in Section 3.4.1.

Deriving this equation for all control points and combining it with (3.33) leads to

Uj 
2ir

2tr

Ai Voo • fti (3.41)

or

(3.42)

where the definitions of the quantities in (3.42) are obvious from (3.41). Note tha t 

(3.42) is a system of n  equations and n variables, where n  is the number of panels of the 

obstacle. By solving (3.42), the required panel strengths Ai, A2, ..., An are obtained.

The potential for any point P  in the flow, is the sum of the uniform potential, 

and the obstacle potential, <h0. Therefore,

From (3.17) with a = 0 and (3.32)

$T  == KqX +

(3.43)

n x rsi
? 2 i l  l nrp i dS j  ’ (3.44)

i

where

rPj = V 1lx  ~  xi )2 + { y ~  ViY (3.45)
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Finally, from (3.12) the total velocity field of an obstacle immersed in a two- 

dimensional uniform flow is

Expressions for evaluating Jxj  and Jyj  are presented in Section 3.4.1.

In the panel method presented above, the source strengths were assumed to be 

constant over each panel and the velocity was forced to  zero a t only one control 

point on each panel. These simplifications affect the accuracy to which the computed 

potential function approximates the fluid flow. To measure the accuracy, the amount 

of fluid being added or absorbed from the flow is used. For a  closed body this value, 

which will be called “obstacle strength” ,

should be equal to zero.

The potential function is accurate a t the control points. But further away from 

the control points, the potential function is more prone to  error. This error may

obstacle avoidance for an aircraft, the aircraft could collide with obstacles (since there

(3.46)

and

(3.47)

where

L ’ § i ' a r p i d s i
(3.48)

and

(3.49)

n

(3.50)

lead to flow entering the obstacle. Therefore if such a potential function is used for
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would be pathlines entering it).

By increasing the number of panels, i.e. increasing the number of control points, 

error is decreased to a point where an infinite number of panels guarantees no error 

and therefore no flow entering the obstacle. The effect of increasing the number of 

panels is further discussed in Section 3.5.1.1.

In Figure 3.11, the velocity field of a unit square immersed in a uniform horizontal 

flow is plotted on a grid. The particle trajectories (the pathlines) are tangent to the 

velocity vector a t any point. It should be noted th a t the potential function is not valid 

for points within the obstacle because flow never enters the obstacle and fluid particle 

velocities within the obstacle are meaningless. Therefore the velocity vectors inside 

the obstacle must be neglected. As explained in Section 3.3.1 and in Figure 3.4, the 

velocity vector at each point can be used as a course/path angle command to direct 

the aircraft away from the obstacle.

3.4.1 C alculating Ij j ,  JXiJ, Jyj

In Figure 3.12 the ith and j th panels from Figure 3.9 are illustrated. The panel end

points and mid-panel control points are enumerated clockwise as (Xj,  Yj) and (xj, yj) 

respectively, ipj is the angle of each panel from the x  axis in the counterclockwise 

direction. /?, is the angle between hj and the x  axis in the counterclockwise direction. 

Sj is distance measured along each panel from (X j , Y j ). Finally, Sj  is the length of 

the j th panel.

From Figure 3.12,

Pj - V j +  2 

Xj  =  X j  +  Sj c o s  <Pj 

Vj — Yj -f  Sj sin ipj 

fij = (cos/?j, sin/?,-)
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F ig u re  3.11: Velocity field and flow pathlines around a unit square. =  1 m / s

j th panel
y {X i + u Yi+l) 

i th panel

x

F ig u re  3.12: Calculating /,
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where (Xj,yj ) are running coordinates over the j th panel. Solving (3.40) using (3.51) 

results in,

Jo
Sj Csi +  D  

Sj +  2Asj +  B
dsj

where
A  =  - ( x i  -  Xj)  cos -  (yi -  Yj) sin tpj 

B  =  -  X j )2 + (Hi -  Yj)2

C = sin((pi -  tpj)

D = {yi -  Yj) cos ipi -  f a  -  Xj)  sin <pi 

Therefore from [47, p.67]

(3.52)

(3.53)

f i n
S ? + 2 A S j + B + D ^arctan !̂ A  + arctan B  -  A 2 > 0, E  — y /B  — A 2

~~ CTn
S j + A

A ) ( s & i ) B -  A 2 =  0

f i n
S j+ 2 A S j+ B D=AC j 

2 E  11
( S j + A - E ) ( A + E )
(S j + A + E ) ( A - E ) B -  A2 < 0, E =  y/A2 -  B  

(3.54)

Similarly Jxj  and Jyj  are derived from (3.48) and (3.49). They can both  be
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calculated from

f i n
S?+2ASj + B -h ^arctan +  arctan B ~ A 2 > 0 ,  E =  y j B - A 2

=  CTn
Sj+a , I D - A C

+  l~^T~ )(s&0 B - A 2 = 0

f i n S | + 2J4SJ +  B
+  ^ l n ( S j + A ~ E ) ( A + E )  

CS j + A + E ) ( A - E ) B -  A 2 <  0, E  =  V A 2 - B  
(3.55)

where

and for ,/X J

A = (Xj — x) cos ipj +  (Yj — y) sin ipj 

B  = ( x - X j )2 + ( y - Y j f

C  =  — cos tpj

D = x — Xj

and for Jyj

C = — sin ipj 

D  = y — Yj .

3.5 Obstacle M odeling &; Im plem entation

(3.56)

(3.57)

(3.58)

3.5.1 O bstacle M odeling

In Section 1.1.3, the OD research and method were explained. It was stated th a t OD 

detects the boundaries of obstacles within a two dimension vertical plane in front of 

the UAV, detects the depth of the vertical plane and defines a rectangle surrounding 

the obstacles in th a t plane. Therefore, the OD method does not initially give any 

detail about the depth of the obstacle. Because there is no information about the 

third dimension of the obstacle, it is initially assumed to have a  depth equal to its
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width (Figure 3.13 and 3.14).

Obstacle
Surrounding Rectangle

H

aa

I /* ,

F ig u re  3.13: Assuming equal depth and width in obstacle modeling

As the aircraft starts the avoidance maneuver and newer OD data becomes avail

able, the depth of the obstacle is updated such as in Figure 3.15. Note th a t the 

uniform free-stream flow direction required for the panel method is set to the UAV’s 

original course of flight.

If the exact contour of an obstacle is known, the panel method creates velocity 

fields tha t follow the obstacles more closely than with the equal depth and width 

assumption.

3.5.1.1 In creasing  th e  N u m b er o f  P an e ls

In the panel method presented, the value of source strength was assumed to be con

stant over each panel. Furthermore, the velocity was forced to zero at only one control 

point on each panel. Therefore, the farther a point is away from the control point, the
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Obstacle Assumption

OD detectioi

Obstacle

F ig u re  3.14: Difference between exact contour and assumption based on equal width 
and depth

Obstacle with corrected depth

Initial obstacle assumption

s '  t  
' / 

i 
I
\

\
\r /

X

Point where obstacle shape is updated and new potential function is calculated 

F ig u re  3.15: Obstacle being updated
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F ig u re  3.16: Avoiding pathlines for a random polygon

higher is the possibility of the flow entering the obstacle a t that point. By increasing 

the number of panels, i.e. increasing the number of control points, the accuracy of 

the potential function is increased, to a point where an infinite number of panels 

guarantees no flow entering the obstacle.

However, increasing the number of panels requires additional computation time. 

Firstly, the size of the system of equations, (3.41), increases and therefore a longer 

time is required to calculate the panel strengths. Secondly, the number of terms in 

the velocity field function (equations (3.46) and (3.47)) increases. This means tha t 

the velocity will take longer to be calculated. In order to compare the accuracy of the 

potential function for different panel numbers, the obstacle strength (given by (3.50)) 

is computed. The closer its value is to zero, the better the accuracy of the potential 

function is.

The potential function for a random polygon, shown in Figure 3.16, was calculated 

for different numbers of sub-panels. In Table 3.1, the computation time used and the 

obstacle strength is summarized.

The fourth column of this table is the time used to compute the panel strength
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values from (3.41). In the fifth column, the time used to compute [Vx(x ,y ) ,Vy(x,y)\  

a t a given point from (3.46) and (3.47), after the panel strengths have been computed, 

is stated. Note that the panel strengths need to be computed only once when the 

obstacle is detected (or when new obstacle information is available), whereas the 

velocity needs to be re-computed at each sample instant a t the aircraft’s location, 

as the aircraft travels through the velocity field. Also, the computation time was 

averaged for five trials8.

In Table 3.1, it is seen that an increase in the number of sub-panels, increases the 

accuracy of the calculated potential function (the obstacle strength reduces), but at 

the expense of longer computation.

The time required to calculate the velocity is reasonable for any number of sub

panels in Table 3.1. However, the time required to calculate the panel strengths 

may be infeasible for real-time applications past 10 sub-panels. OD was shown to  be 

capable of detecting obstacles up to 784m away (for an obstacle with 1.2m width) [10]. 

Considering an aircraft flying with a ground speed of 200 knots (in reality the UAVs of 

interest fly at much lower speeds), suggests tha t with 10 sub-panels, the aircraft would 

fly a distance of less than 10m while the velocity field is being computed. Therefore 

the aircraft would still have a safe distance with the obstacle to successfully avoid it 

(> 774m).

The reason why computing the panel strengths is very lengthy is th a t in order to 

solve (3.41) an n x n  system of equations needs to be solved (n is the to tal number 

of panels), which is time consuming.

In Figure 3.17, the velocity field around a concave obstacle has been plotted. In 

Figure 3.18, the concave region is magnified where it can be seen tha t the calcu

lated velocity field is inaccurate and the flow is directed to  enter the obstacle. To 

increase the accuracy of the velocity field, each panel is broken down to 10 sub-panels

Com putation was done on a Core i5 CPU using a single 2.5 GHz core.
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Number of 
Sub-panels 

for Each Panel £ j= i Trial No.
Time to Calculate 

Panel Strengths (s)

Time to Calculate 
Velocity of 

One Point (s)

1 0.0618 5.20E-05

2 0.0828 7.08E-05

3 0.0637 5.24E-05
1 0.1731

4 0.0834 6.84E-05

5 0.0700 5.63E-05

A verage 0.0723 6.00E -05

1 0.0847 1.10E-04

2 0.0848 1.15E-04

3 0.0872 1.37E-04
10 0.0145

4 0.0880 1.31E-04

5 0.0646 1.12E-04

A verage 0.0819 1.11E-04

1 0.3880 8.74E-04

2 0.4987 7.89E-04

3 0.3190 7.73E-04
100 0.0019

4 0.3216 6.82E-04

5 0.4011 8.74E-04

A verage 0.3857 7.98E -04

1 30.8224 5.90E-03

2 26.4100 2.60E-03

3 28.9441 6.50E-03
1000 1.60E-05

4 30.0297 8.20E-03

5 25.6227 2.10E-03

A verage 28.3658 5.06E -03

T able  3.1: Computing time for different number of panels
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(Figure 3.19). In this case, the flow behaves correctly and does not enter the obstacle.

-1 -0 .5  0 0.5 t

F ig u re  3.18: Concave obstacle (con- 
F ig u re  3.17: Concave obstacle cave region is magnified)

3.5.2 Incorporating Aircraft C onstraints

The velocity field obtained in Section 3.4 does not take aircraft dynamics into ac

count. In this section, aircraft constraints are introduced from [40], and a  method to 

incorporate these constraints in the potential flow method is proposed.

3.5.2.1 A irc ra ft C o n stra in ts

A limitation fixed-wing aircraft have is the tightest turn they can make while main

taining level flight (Figure 3.20 and 3.21). The minimum turning radius of an aircraft 

is

f lL ,  =  -  (3.59)
<7Vn — 1

and the maximum turning rate is

, (3.60)
*'o
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F ig u re  3.19: Concave region of a concave obstacle with enhanced accuracy

F ig u re  3.20: Top view of an aircraft 
performing the tightest turn  pos
sible

rn tn

F ig u re  3.21: Front view of an aircraft 
performing the tightest tu rn  pos
sible (0 is the bank angle)



where Va is the aircraft’s airspeed, g =  9.81m /s2 is the E arth ’s gravitational acceler

ation, and n is the load factor of the aircraft defined as

» = w  - (361)

where L  and W  are the aircraft’s lift and weight, respectively. In turning flight, it

can be shown that

t , (3.62)
cos <p

where <f> is the aircraft’s bank angle. From (3.59) in order to get the tightest turn  at 

a given speed the highest load factor should be used. From (3.61)

L m a x  1 r2 C l ,m ax
= ~w~ = 2pV‘ ~wjs~ ’ (3'63)

where p is the density of air, S  is the aircraft’s wing surface and Cl,max is the maximum 

lift coefficient of the wings. Using (3.63) and (3.62) the bank angle required for the 

tightest turn possible can be calculated.

Similarly, the aircraft has a limitation on the tightest pull-up turn  it can make 

(Figure 3.22).

F ig u re  3.22: Side view of an aircraft performing the tightest pull-up turn  possible 

The minimum pull-up radius and maximum pull up rate can be calculated from



where nmax can be obtained from (3.63).

It should be noted tha t the constraints on turning and pull-up radii introduced 

in this section are for steady flight, and are therefore somewhat conservative. In an 

emergency, tighter turns could likely be executed for short periods of time (a scenario 

that would arise if the obstacle was detected late).

3.5.2.2 Integration o f OA and Aircraft C onstraints

In this section, a method is developed to incorporate the aircraft constraints intro

duced in Section 3.5.2.1 into the panel method.

Recall from Section 3.5.1 th a t obstacles are initially modelled as squares. As 

illustrated in Figure 3.23, the pathlines close to the obstacle centerline can have quite 

radii of curvature. In order to decrease the curvature of the flow’s pathlines, the flow 

is “directed” by adding wedges to  the front and back of obstacles. These wedges 

make the pathlines separate from their original course sooner than  if the wedges 

were not present. This results in pathlines having larger minimum radii of curvature. 

The difference between the curvature of the pathlines can be seen by comparing 

Figures 3.23 and 3.24, which is most noticeable for pathlines close to the centerline 

of the obstacle (y =  0).9

To correlate the minimum turning/pull-up radius to the wedge length (Fig

ure 3.25), the minimum radius of curvature ( R m i n )  was computed along all pathlines 

for different wedge lengths (h).

9Note that for this type of polygon shape the use of sub-panels is not required and with extensive 
testing it was seen that even without sub-panels flow never enters the obstacles.
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F ig u re  3.24: Square with wedges
added

F ig u re  3.23: Simple unit length
square

Modelled Obstacle

Obstacle Assumption

The 5-region

F ig u re  3.25: Modelled obstacle
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From figure 3.26, for any two adjacent points on a  pathline

d  „ V,-V2
R = n . a-/n , 0 = cos-1 ^  4  • (3.66)

2 sin d / 2  |Vi|.|V2|

Pathline

F ig u re  3.26: Computing approximate radius of curvature using two adjacent points

Figure 3.27, shows the minimum radius of curvature for three pathlines. It can be 

noticed th a t the closer the pathlines are to the obstacle’s horizontal axis of symmetry, 

the lower Rmin is.

While computing Rmin for the pathlines of different wedge lengths, the pathlines 

whose starting points were within [—<5, <5]a (the “(5-region”) were skipped. As a result, 

for a given obstacle and given Rmm, a shorter wedge length would be required.

In Figure 3.28, Rmin was calculated for different wedge lengths where <5 =  0.1 

was selected11. When an obstacle is encountered, this graph is used to determine 

the wedge length required to satisfy the aircraft’s minimum turning/pull-up radius. 

Further explanation on how to use this graph for OA is given in Section 5.1.4.1

10The pathlines were plotted using the stream2 function in Matlab. This function returns an array 
of vertices that are used to plot the pathlines. The points referred to here are these vertices.

11 The reader is referred to Appendix A for the discussion on why 6 =  0.1 was selected.
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min(R)=1.1676

min(R)=0.0715

- 0.2

-0.4

20.5 1 1.50-0.5-2 -1.5 1

F ig u re  3.27: Three pathlines in close proximity of the horizontal axis of symmetry

It should be noted th a t the Rmin~h graph was initially computed for a  unit width 

square. In Appendix B, it is shown that if the obstacle is scaled by a factor of a, the 

pathlines’ shapes do not change and are scaled by a as well. Consequently, Rmin is also 

scaled by a. Therefore, to generalize the Rmin-h graph for obstacles of any width, 

Rmin and h were substituted by Rmin/o, and h/a,  respectively where a is obstacle 

width.

If the aircraft’s starting position happens to be within the 5-region of the obstacle’s 

centerline, such as in Figure 3.29, the obstacle’s width, a, is increased to anetu, so tha t 

the aircraft would be outside of the 5-region of the bigger “pseudo-obstacle” . Note 

tha t the obstacle’s depth remains unchanged. From Figure 3.29, it can be seen tha t

a
anew =  1 ^ 2 5

(3.67)
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F ig u re  3.28: Minimum radius of curvature for different wedge lengths. Pathlines 
with starting points within [—0.1,0.1]a of the centerline were excluded.
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Aircraft
a / 2

5 •new'

F ig u re  3.29: Increasing obstacle size to avoid pathlines with tight turns

where for 5 =  0.1, (3.67) changes to

anew =  1.25a . (3.68)

3.5 .3  M ultip le O bstacles

The panel method introduced in Section 3.4 was derived for a single closed obstacle. 

However, its usage can be extended to multiple obstacles. This is done by extending 

the enumeration of panels to the additional obstacles such as in Figure 3.30. However, 

in Section 5.1.1, it will be seen tha t if the obstacles are so close that the aircraft can’t 

safely fly in between them, the obstacles are fit with a bigger polygon, and will be 

modeled as a single large obstacle. In Figure 3.31, the pathlines of two obstacles tha t 

are immersed in a uniform flow axe plotted.
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F ig u re  3.30: Enumeration of panels for multiple obstacles
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F ig u re  3.31: Two obstacles of unit length with wedges h = 0.92 (a — 1)



60

3.5.4 A dding a Sink

Until here, in order to compute a velocity field that avoids obstacles, they were 

immersed in a uniform flow. For a single obstacle, the pathlines were seen to be 

symmetric with respect to the horizontal centerline of the modelled obstacle and 

the computed velocity field eventually guided the aircraft back to its original flight 

path. However, if multiple obstacles are present the pathlines are not symmetric (as 

illustrated in Figure 3.31) and the aircraft would not return to its nominal flight path 

after avoiding the obstacles. Moreover, due to autopilot lag and wind the aircraft 

will not exactly follow the pathlines it starts on. By adding a sink on the nominal 

flight path, pathlines will be directed back to the nominal flight path. The added 

sink can be thought as a goal point the aircraft wants to reach. In this section, the 

panel method is derived in the presence of a  sink 12.

From (3.26), the added sink’s potential field is

(3.69)

where

(3.70)

and (xg,yg) is the location of the sink, and Ae <  0 is the sink strength. 

The velocity field induced by the added sink is

(3.71)

12Selecting the location of the sink is covered in Section 5.1.4 and selecting the sink strength is 
covered in Sections 3.5.4.1 and 5.1.4.
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The addition of the sink changes (3.33) to

^ (n ;)  +  V{rn) +  K,(ni) -  0 , (3.72)

where

Therefore (3.42) changes to

(3.73)

[!}$} = [~Voon} + [-V.9 n l  > (3.74)

where

[ - ? * ]  = Vo ' IT'i

Furthermore (3.43) changes to

(3.75)

$T  = +  4>0 + (3.76)

Therefore

and

Vx(xt y ) - V o 0 + i z  ^  ( ^ p )

v y ( x >y)  =  i t  2^ J y j  +  2^  ( j l f 1)  ’

(3.77)

(3.78)

where J xj and Jyj  are still calculated from (3.48) and (3.49).

In Figure 3.32, a sink is added a t (1.5,0) to the unit square of Figure 3.11.

By comparing Figure 3.32 to 3.11, it can be seen th a t the sink mainly affects the
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pathlines after they have avoided the obstacle. Therefore, even if in this region the 

pathlines would have radii of curvature tha t would be infeasible for the aircraft to 

follow, it would merely mean tha t the aircraft would reach its nominal flight path 

with some delay.

3.5.4.1 C om puting th e  R equired Sink Strength

The sink strength, Ag, defines the amount of flow that 

horizontal flow with and a sink are considered. The 

be sunk is assumed to have a cross section of I, i.e. y  =  

required to absorb this amount of flow is

A g = - V 00.l m 2/ s  . (3.79)

In Figure 3.33, a uniform flow with =  1 m /s  and a sink of strength Ag =  —2m 2/s  

is used. The dashed line specifies the boundary pathline of flow being sunk. It can 

be seen that all pathlines starting within y  =  [—1 , | ]  are successfully absorbed by 

the sink13.

Note th a t further integration of potential flow into OA is covered in Chapter 5

3.6 Summary

In this chapter, the usage of potential flow and the panel method for OA were intro

duced and initial results for OA were presented. Furthermore, the computation time 

and accuracy of the panel method were discussed. Finally, obstacle modelling was 

covered and a new approach to obstacle modeling was introduced th a t takes aircraft 

constraints into consideration for potential flow OA.

will be sinked. A uniform 

amount of flow required to 

[—5 , 5]- The sink strength

13Selecting I is covered in Section 5.1.4.
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Chapter 4

Aircraft A utonom ous Flight & Sim ulation  

Framework

The prerequisite to implementing OA on an aircraft is for that aircraft to be able to 

operate autonomously under obstacle-free circumstances. Therefore, in this chapter, 

a typical autonomous flight architecture is introduced. Then, to incorporate OA in 

the flight architecture, some modifications are made to it. It should be noted th a t 

the development of such an architecture is secondary to the main objective of this 

thesis, which is OA. Furthermore, a simulation framework tha t OA algorithms can be 

tested on is introduced. Finally, the performance of the modified autonomous flight 

architecture is assessed.

4.1 Sim ulation Framework

In order to implement the OA method developed in Chapter 3, an aircraft simulation 

framework is required. In this research, the AeroSim aeronautical simulation blockset, * 

developed by Unmanned Dynamics®, is used.

The AeroSim blockset can be used to create a non-linear six degree of freedom

65
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aircraft model that inputs aircraft controls and simulates its motion and sensor out

puts within Simulink®. In the blockset, a model of the Aersonde UAV is offered. For 

OA testing, the Aerosonde UAV model is used.

F igu re  4.1: The Aerosonde UAV model at the museum of flight in Seattle

The Aerosonde UAV, shown in Figure 4.1 [48], is a small UAV developed for 

weather-reconnaissance and remote-sensing missions, and it was the first UAV to 

cross the north-Atlantic in 1998 [48,49]. A summary of the aircraft’s specifications 

are listed in Table 4.1 [48,50].

For visualization of the aircraft’s response in three dimensions, FlightGear, which 

is an open-source flight simulator, is used1. Note that the equations of motion are 

solved in Simulink, and FlightGear is only used for visualization. In Figure 4.2, the 

Simulink model and the FlightGear visualization of the Aerosonde model is illustrated.

4.2 Autonom ous Flight Architecture

In order for an aircraft to fly autonomously, several steps need to be taken. Firstly, 

the mission is broken down to flight commands by a mission planner. Secondly, the

1In this thesis FlightGear vO.9.8 was used.



67

Elevator

Aileron

Rudder

T hro ttle

Mixture

"*cOA

ignition

Winds

Reset
FlightG ear 0.9 .8  

Interface

S top S im ulation H eading
when A^C on th e  ground

A erosonde UAV • Demo 
S im ulation sam ple time: 6  ms 

Sim ulation time: 2  s.
Aircraft ocntrct: No condcl im plem ented

F ig u re  4.2: Aerosonde Simulink model and FlightGear visualization for a 0.05 rad 
aileron deflection
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Weight 27 -  30 lb

Length 6  ft

Height 2 ft

Wing span 1 0  ft

Wing Area 6  ft2

Engine 24 cc, 1.2 kW

Cruise Speed 51 mph

Range 2044 miles

Altitude range Up to 20000 ft

Payload Maximum 5 lb with full fuel

T ab le  4.1: Aerosonde UAV specifications.

flight commands are converted to actuator commands th a t control the aircraft, which 

is done by an autopilot. This process is summarized in Figure 4.3.

M is s io

„ Planne
Flight Commands 

. g. FlyTo, FromTo, etc.

__________ 1

Actuator commands 
e.g. aileron deflection, 
elevator deflection,etc.

-Sensor Data-

F ig u re  4.3: Autonomous flight architecture

Typically, flight commands define how an aircraft flies from one point to an

other. These points are called waypoints (WP). An example of a flight command is a 

“FromTo” command, where the aircraft is commanded to  fly from an initial W P to a 

secondary one, while maintaining the course between the two WPs. Another example 

is a “FlyTo” command, where the aircraft flies from one WP to another, while its 

course is not constrained. Therefore this command can be used to perform a turn.
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In Figure 4.4, a mission consisting of FromTo and FlyTo commands is illustrated2.

WP A WP B

WP CWP D

FromTo

FlyTo

F ig u re  4.4: A mission consisting of FlyTo and FromTo commands

4.2.1 A utop ilot A rchitecture

The autopilot architecture described in this section is the architecture used in the 

commercial off-the-shelf autopilot manufactured by MicroPilot® [51]. This archi

tecture is used to maintain similarity between the simulations and the MicroPilot 

hardware used on the UAV test bed tha t is described in Section 6 .1 .2 .

The autopilot has a high and low-level controller. The high-level controller com

putes parameters such as required heading, altitude, etc. based on the flight com

mands defined by the mission planner. The low-level controller then computes the 

actuator inputs required to perform the flight commands. The autopilot architecture 

is illustrated in Figure 4.5. The control laws used in Figure 4.5 are PID controllers, 

which is the type of controller th a t most commercial autopilots use [52] .3

The high-level controller output depends on the flight command dictated by the 

mission planner. For example, when FromTo is commanded between two waypoints, a 

heading command is computed using the controller illustrated in Figure 4.6 where the 

crosstrack error is defined in Figure 4.7. The controller computes heading commands

2FromTo and FlyTo are names used by MicroPilot.
3 Examples of other autopilot architectures developed for UAVs are fuzzy based autopilots [50,53] 

and neural-network based autopilots [54].
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that reduce the crosstrack error while flying to the next waypoint, hence the aircraft 

is being commanded to return to its intended course.

FROMTO
Controller

Heading _ 
Command

-Crosstrack Error-

F igu re  4.6: Heading from crosstrack error controller

Heading Command
WP B

Crosstrack error

Intended Course

WP A

F ig u re  4.7: Definition of crosstrack error tha t is used in a FromTo controller

Furthermore, when FlyTo is commanded, the heading command is calculated such 

that it always points toward the next waypoint. For more complex flight commands 

the reader is referred to [51].

The low-level controller consists of three controllers: lateral, longitudinal and an 

airspeed controller. The lateral and longitudinal controllers each consist of an inner 

and outer control loop.

In the lateral, controller, the outer control loop is employed to  determine the 

required bank angle from the error in heading. The inner control loop then computes 

aileron deflection from the bank angle error. Similarly, in the longitudinal controller, 

the required pitch angle is computed from the altitude error in the outer control 

loop. Then, the required aileron deflection is computed from the pitch angle error
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in the inner loop. Finally, the airspeed is directly controlled by setting the throttle 

command based on the airspeed error.

Note that depending on the flight command, the low-level controller might slightly 

change from that of Figure 4.5. For instance, in a descent maneuver, the longitudinal 

outer controller loop calculates the required pitch angle from the error in the desired 

descent rate.

The low-level controller can be expanded with additional controllers for higher 

performance. For instance, the MicroPilot autopilot has an additional controller 

that calculates rudder deflection from lateral acceleration error4. However, the three 

controllers presented here are the crucial controllers required to guide the aircraft. It 

should be noted tha t in the controllers above, control surface deflection commands 

are limited to prevent impossible deflections. Furthermore, the roll and pitch angle 

commands are also limited to prevent the aircraft from rolling over and stalling, 

respectively5.

All control laws in Figure 4.5 are SISO PID controllers. Therefore, the coupling 

of the controlled parameters has not been considered [55]. To decrease the effect 

of this shortcoming, feed-forwards are used in several control laws. For instance, a 

feed-forward term taken from the absolute value of bank angle is added to the inner 

longitudinal control law to  increase elevator deflection while banking to compensate 

for the loss of lift and to maintain the aircraft’s altitude [51].

4This control loop is used to coordinate turns and prevent sideslip. However, its usage is not 
necessary for aircraft guidance.

5For restrictions on maximum pitch angle and rate of climb, the reader is referred to  [40].
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4.3 Autonom ous Flight A rchitecture w ith  O bsta

cle Avoidance

The architecture described in Section 4.2 needs to  be modified to be able to  incor

porate an OA scheme. Firstly, a decision-making component needs to be added to 

decide when the flight commands (generated by the mission planner) are controlling 

the UAV and when the OA algorithm is. This subsystem, called Selector, decides 

based on the aircraft’s location and data  from obstacle detection. Therefore the ar

chitecture of Figure 4.3 changes to tha t of Figure 4.8. In Section 5.1.3, the Selector’s 

decision-making process is explained.

Mission!} Flight Commands
~e.g. FlyTo, FromTo, etc.

Obstacle
Detectio

-A ircraft Position-

Consideration

Autc w M
Obstacle _ — a

Avoidance

A ctuator com m ands 
e .g . a ileron  deflec tio n , 
e le v a to r  d e flec tio n ,e tc .

-Sensor D ata-

F ig u re  4.8: Autonomous flight architecture with OA

In Figure 4.9, the hierarchy of OA is introduced. The obstacle consideration sub

system defines if obstacles should be ignored or not. Furthermore, it defines whether 

or not obstacles should be combined because of their closeness. The Deliberator, 

chooses between two avoidance maneuvers: flying around or over the obstacle. Fi

nally, the OA parameters introduced in Chapter 3 are chosen and an “avoiding velocity 

field” is calculated. The computed parameters are then inputted to  the autopilot. In 

Section 5.1, the subsystems of the OA hierarchy are discussed in more detail.
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Obstacle Avoidance Fly around obstacle
Altitude to  be maintained

Autopilot
■ConsiderationDetection

■  B
Course to  b e  mamtained I

Fly over obstacle*

F ig u re  4.9: Obstacle avoidance hierarchy

4.3.1 M odified A utop ilot A rchitecture for OA

When the Selector, as shown in Figure 4.8, has chosen to  be in avoidance mode, 

the autopilot architecture described in Section 4.2.1 needs to be slightly modified. 

The high-level controller needs to be redefined such th a t it can convert avoidance 

maneuvers to the inputs of the low-level controller. In the modified autopilot, two 

control laws are used in the high-level controller. The first control law computes a 

heading command from course error (4.1), while the second one computes a pitch 

command from path angle error (4.2).

Hdgc(t) =  kPcC{t) +  k, f  C(r)di  
Jo

+ kdcC(t) +Cc(t) (4.1)

where Hdgc is the heading command, Cc is the course command, C  is the actual 

course and C = Cc — C  is the error in course (kPc, kic,kdc > 0 are constant positive 

gains).

Pitchc(t) = kPpP(t) + kip [  P (r)dr  +  k ^ P i t )  + Pc(t) (4.2)
Jo

where Pitchc is the pitch command, Pc is the path angle command, P  is the actual 

path angle and P  — Pc — P  is the error in path angle (kPp, klp, k ^  >  0 are constant
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positive gains).

The modified autopilot is shown in Figure 4.10.

If the Deliberator commands the aircraft to fly around an obstacle, a course com

mand is computed while altitude and airspeed are maintained. Whereas, if the aircraft 

is to be flown over an obstacle, a path angle command is computed, while course and 

airspeed are maintained. In Figure 4.10, the command flow of the fly-around and fly

over maneuvers are shown in red and green, respectively. Note that the two switches 

are activated by the Deliberator and depend on which avoiding maneuver is being 

chosen.

If the high-level controller is not added and the evasive maneuver computed from 

OA is commanded as pitch and heading commands directly, the response of the 

aircraft will worsen. Furthermore, the aircraft would not be able to follow paths in 

windy situations. To show this fact, the responses of an aircraft are compared when: 

a desired course is directly used as a heading command, and the desired course is 

commanded to the modified controller (Figures 4.11 and Figure 4.12, respectively). 

The same comparison is done for pitch command and path angle (Figures 4.13 and 

Figure 4.14, respectively).

In Figure 4.11, a heading of 90 degrees is commanded, whereas in Figure 4.12, a 

90 degree course is commanded (the flight scenario is illustrated in Figure 4.15). It 

can be seen that the course error to heading correction control law greatly improves 

the response time for reaching the commanded course. This is because the control 

law commands large headings which yields a faster response.

In Figures 4.16 and 4.17, the scenario of Figure 4.15 is repeated with the addition of 

a 5m /s  wind in the positive x  direction. It can be seen th a t the course of the aircraft 

has an offset error when the course is directly being used as a heading command 

(Figure 4.16). This error is due to the fact tha t the aircraft is flying a t a crab angle 

(~  10deg). The crab angle is shown in Figure 4.18. In contrast, in Figure 4.17, it can
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be seen that the aircraft successfully tracks the 90 degree course angle.
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A similar trend is seen when the path angle correction controller is added. Com

paring Figure 4.13 and 4.14, and Figure 4.19 and 4.20, where a 2m / s  downdraft is 

present, shows tha t without the additional controller the aircraft doesn’t  follow the 

intended path.

In Chapter 5 the architecture and simulation framework developed here, will be 

used to test the OA method introduced in Chapter 3.
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Chapter 5

O bstacle A voidance Im plem entation &: 

R esults

5.1 Obstacle Avoidance Im plem entation

In order to test avoidance maneuvers the subsystems of the OA hierarchy introduced 

in Section 4.3 are first defined. Furthermore, the Selector’s choice making process 

will be discussed.

5.1.1 O bstacle C onsideration

The goal of obstacle consideration is to define how obstacles should be dealt with. For 

instance, how close should two obstacles be in order to be considered as one obstacle, 

and how far away should an obstacle be in order for it to be ignored. After the 

Considered Obstacle (CO) is defined, wedges are added to  it to incorporate aircraft 

constraints (Section 3.5.2.1). The resulting obstacle is called the Modelled Obstacle 

(MO).

Obstacle consideration is performed in two planes: the top and side plane. The 

former is used for a fly-around maneuver, while the latter is employed for a fly-over 

maneuver. The top plane is defined as a plane intersecting with the nominal flight

81
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path and parallel to the ground plane. On the other hand, the side plane is a  plane 

intersecting with the nominal flight path, but perpendicular to the ground plane. 

The avoiding maneuver is defined such tha t it avoids the intersections of the three 

dimensional obstacles with these planes. In Figure 5.1, an aircraft encountering an 

obstacle scenario is shown. The top and side plane with the obstacle section views 

are shown in Figure 5.2 and Figure 5.3, respectively1.

F ig u re  5.1: Three-dimensional view of an aircraft encountering an obstacle scenario 

5.1.1.1 Top P la n e  O b stac le  C o n sid e ra tio n

To prevent the aircraft from flying very close to  the boundaries of obstacles, the 

detected obstacles are artificially magnified. The factor of magnification proposed is

1From here on the section views of the three dimensional obstacles will be called obstacles.
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F ig u re  5.2: Top plane obstacle see- F ig u re  5.3: Side plane obstacle sce
nario nario

a multiplication, nSF > 0, of the aircraft’s wingspan, b. Therefore, the obstacle’s new 

width is

a =  a +  2 n SFb (5-1)

This results in the aircraft to always fly a t least nSF wingspans away from the obstacle. 

The choice of n SF affects how conservative the avoidance strategy is. A high value 

of n SF suggests a flight trajectory tha t is further away from the obstacle, whereas a 

lower value results in a flight that follows the obstacle more closely. The value of n SF 

is a safety factor and can be chosen accordingly.

E x p lic it an d  Im p lic it O b stac les  While performing an evasive maneuver, obsta

cles that lie on the aircraft’s nominal path, i.e. the “explicit” obstacles, must be 

considered for avoidance. Moreover, the other “implicit obstacles” (that do not lie 

on the nominal path) might also need to be considered. W ith regards to the implicit 

obstacles, one of three actions is taken: (1) the implicit obstacle is combined with the 

explicit obstacle and a bigger obstacle is created, (2 ) the implicit obstacle is ignored, 

or (3) the explicit and implicit obstacles are considered simultaneously. In order to 

decide which action to take, an Avoidance Range (AR) is defined around each ob

stacle. Based on whether or not obstacles and their ARs intersect, the action to  be
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taken is chosen.

The AR is defined as an area that encompasses all evasive pathlines tha t cor

respond to the avoidance of an explicit obstacle, and is shown in Figure 5.4 for an 

obstacle in the top plane. The avoidance range is specified by the parameters ymax 

and d, as shown, as well as the obstacle size given by its width, a and wedge length, 

h. As shown in Figure 5.4, ymax is the maximum lateral distance from the horizon

tal sides of an obstacle, which corresponds to the pathlines starting on the extreme 

limits of the explicit obstacle. The value of ymax depends on the wedge length of the

Avoidance Range (AR)

Umax

Umax

F ig u re  5.4: Obstacle Avoidance Range (Top view)

obstacle being modelled.

This correlation is plotted in Figure 5.5. In order for the AR to be conservative, 

the maximum value of ymax, which corresponds to a zero wedge length is chosen. 

Therefore

= 0.421 (5.2)
a

Finally, d will.be defined in Section 5.1.3 and the method to compute h is explained 

in Section 5.1.4.1.

If an implicit obstacle intersects with the AR of an explicit obstacle, it means 

that some of the avoiding pathlines of the explicit obstacle, may intersect the implicit 

obstacle. Therefore, the obstacles are combined to create a CO. Such a scenario is



85

0.45

0.4

H
<3
g C3 0.35

0.3

0.25
0.5 1.5

h
a

F igu re  5.5: Correlation between ymax and wedge length, h

shown in Figure 5.6. Note that the CO is a rectangle that encompasses both obstacles. 

In Figure 5.6, Sy, which will be needed in Section 5.1.2, is defined as the minimum 

distance along the y axis from the sides of the CO.

Im plicit Obstacle

y ~~a k ■exp

Qexpji

a,exp

Explicit Obstacle

a-■imp

(Hop

F ig u re  5.6: Combining explicit and implicit obstacles (top plane)

The second case is when an implicit obstacle itself does not intersect with the AR 

of an explicit obstacle, but its AR does. This means that even though the implicit 

obstacle does not intersect with any avoiding pathline of the explicit obstacle, it is still
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in close proximity. Therefore, the implicit obstacle is also considered as a separate 

obstacle. By doing this, if the aircraft is pushed out of the explicit obstacle’s AR (for 

instance by a  wind gust), the avoidance maneuver is considering the implicit obstacle 

and therefore, the aircraft will, avoid the implicit obstacle. This scenario is illustrated 

in Figure 5.7.
/ \

AFteXp

Implicit Obstacle

Explicit Obstacle!

X

F ig u re  5.7: Simultaneously considering an explicit and implicit obstacle

Finally, when the AR of an implicit obstacle does not intersect th a t of an explicit 

obstacle, the implicit obstacle is ignored.

M u ltip le  E xp lic it O bstac les  In the event of multiple explicit obstacles only one 

of two actions is taken: combining the obstacles or temporarily ignoring the obstacles 

further away. Considering obstacles simultaneously can lead to commanding trajec

tories with smaller turning radii, than the aircraft is capable of performing. Such a  

scenario is shown in Figure 5.8. Note th a t the turns of the pathlines between the two 

obstacles are much tighter than the turns before the first obstacle and after the last 

obstacle.
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F ig u re  5.8: Simultaneously considering two explicit obstacles

Therefore, if the ARs of explicit obstacles intersect, the obstacles are combined. 

In contrast, if the ARs do not intersect at all, the secondary obstacle is ignored until 

the first obstacle is successfully avoided. Then, the second obstacle is treated as a 

separate obstacle.

For all cases, after the CO is defined, if the aircraft is in the 5-region of the CO, 

the obstacle is resized according to Section 3.5.2.1 .

5 .1 .1 .2  Side P la n e  O bstac le  C o n sid e ra tio n

The side plane obstacle consideration is similar to tha t of the top plane with some im

portant differences. Firstly, the obstacle magnification is different. Secondly, the air

craft is always required to fly over obstacles2. This is because a “fly-under” avoidance 

maneuver might intersect with the ground which will lead to  crashing. Furthermore, 

even if the avoiding pathlines do not intersect with the ground, the aircraft is lowering 

its altitude and therefore highly exposing itself to  additional potential obstacles.

Similar to Section 5.1.1.1, in order to prevent the airplane from flying close to the 

boundaries of obstacles, the obstacle height, H, is artificially increased such th a t

H  = H  + n SFb

2However flying under implicit obstacles is tolerated

(5.3)
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for obstacles that are directly connected to the ground such as trees or buildings and

H  = H  + 2 n SFb (5.4)

for other obstacles such as power lines (see Figure 5.9). Note that b is the aircraft’s

H  +  2  nb

H  +  nb

x

F igu re  5.9: Artificially magnifying obstacles in the side plane

wingspan and n SF is a safety factor, which is chosen to be equal to th a t of the top 

plane obstacle consideration.

The same procedure as in the top plane is used for multiple obstacles. Note th a t 

instead of a, 8y and atop; if , 8Z and aSide are used (see Figure 5.10).

In order to keep the aircraft from flying under obstacles, one has to make sure th a t 

the aircraft is always above the centerline (and outside of the <5-region). Therefore, 

after the CO is obtained, if

Sz > OAH (5.5)

the obstacle needs to be resized to guarantee the aircraft will not attem pt to fly under 

the obstacle (see Figure 5.11).

FVom (3.68), i f  is set to

H  = 1.25(25,) =  2.55, (5.6)
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F ig u re  5.10: Combining two explicit obstacles (side plane)

AR

New CO

CO

H co

z

Ground

F ig u re  5.11: Resizing obstacles in the side plane to guarantee flying over the obstacle
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This results in the aircraft being above the centerline and outside of the S region.

5.1.2 D eliberator

When an avoiding maneuver is required, the Deliberator has to choose between a 

fly-around and fly-over maneuver. This decision is made by choosing the maneuver 

that has less deviation from the aircraft’s original flight path.

The projection of the avoiding maneuver on the obstacle is used to  approximate 

the amount of deviation. The path with the shortest projection is selected as the 

avoidance maneuver. From Figure 5.12, if

®side “b  2 d ,y  <  Q*top ~b 2 d j  ( 5 . 7 )

the projection of the fly-around maneuver is shorter than th a t of the fly-over. There

fore. a fly-around maneuver is chosen, otherwise, a fly-over is selected.

The condition checked in the Deliberator (5.7), may be tailored based on the 

nature of the mission being performed. For instance, a change of altitude to  a certain 

extent might be tolerated for a UAV because the data being measured (as part of 

the UAV’s mission) remains acceptable. Therefore, this would be incorporated in 

the condition of the Deliberator. Or one might want to consider the wedge lengths 

required in the condition of the Deliberator. However, in this thesis, the Deliberator 

condition was chosen such as (5.7) for simplicity.

It should be noted that atop and aside-, defined in Figure 5.6 and 5.10, are not 

always equal. For instance, an implicit obstacle might have to be combined with an 

explicit obstacle in the top plane, but not in the side plane. Such a scenario will be 

shown in Section 5.2.3.
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F ig u re  5.12: Projection of avoiding maneuver on obstacle

5.1.3 Selector

The Selector chooses when to engage OA to perform and start an evasive maneuver. 

When flying, the nominal flight path of the aircraft is constantly checked for intersec

tion with obstacles. If such an intersection is detected, the Selector needs to  engage 

OA. However, in order to keep the aircraft in non-avoidance mode as long as possible, 

a limit has to be defined as to when OA should engage. This limit will be called an 

Activation Area (AcA) and is shown in Figure 5.13 in the top plane.

It is desirable for the avoiding velocity field to be parallel to the nominal flight 

path on the line of entry to the AcA. Note th a t this means zero course angle for a 

fly-around maneuver and zero path  angle for a fly-over maneuver. If this property is 

not satisfied, the aircraft would be commanded to  reach an initial course/path angle 

instantly after entering the AcA. Due to the fact tha t the aircraft cannot fulfill such 

a  command instantly a gradual increase in the command from zero is desired.

However, even for very large distances from the obstacle, the velocity field will 

never have zero course/path angle. In Figure 5.14, the maximum course/path angle
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Nominal Flight Path
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F ig u re  5.13: Activation Area (AcA) in the top plane

at the the entry line to the AcA is shown for different values of d/a. Note th a t the 

different curves correspond to different values of h/a. Furthermore, the higher d /a  

is, the lower the entry course/path angle is.

The value of d is set to d = a, where the maximum path/course angle, which 

corresponds to a zero wedge length, is 6.05°. The Selector maintains OA active until 

it crosses the Deactivation Line shown in Figure 5.13. The Deactivation line is also 

chosen to be at a distance of d = a from the obstacle’s wedge tip. As a result, the 

aircraft will leave avoidance mode with a course/path angle that is close to zero.

Finally, it should be noted th a t the Deliberator decides which AcA, i.e. the top 

plane or the side plane, is used by the Selector.

Similar to the concept developed here, the limits of the AR in Section 5.1.1.1 are 

defined such that d = a.
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F ig u re  5.14: Maximum course/path angle (0 < h /a  < 2 with 0.1 increments)

5.1.4 Setting  OA Param eters

In order to compute the velocity field around an obstacle, three parameters need to 

be set: Vqo in (3.41), Ag and (xg,y g) in (3.69) for a fly-around maneuver and (xg,z g) 

for a fly-over maneuver.

In Section B.4 it is shown that in the absence of a  sink, the value of Vx, does 

not affect the pathlines around an obstacle. Therefore, without loss in generality, the 

free-stream velocity is taken to be

Ko =  1 m /s  . (5.8)

The sink is set to lie on the nominal flight path. Therefore for a fly around maneuver,

yg =  ^(nominal flight path) (5.9)
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and for a fly-over maneuver,

zg = z (nominal flight path) (5.10)

Recall tha t the reason a sink is added to the potential flow is to attract all pathlines

back to the nominal flight path. To calculate h g from (3.79), I is set such th a t all

pathlines tha t are within the ARs of CO(s) lie within

(yg - l / 2 , y g + l/2)

for a fly-around maneuver and within

( z g ~~ 1/2,  z g + 1 /2)

for a fly-over maneuver.

Prom Figure 5.15. for a fly-around maneuver

I = 2 x max(a,/?) (5-11)

and

X g —  m a x  ( X m a x  ( A 7 ? e a ,p )  5 ^ m a x ( T

where e is a very small value, e is added to  set the sink outside of the zone where OA is 

being performed. This is done to avoid the singularity of the sink itself. Furthermore, 

the “returning effect” , shown in Figure 5.16, will be outside of the effective OA zone.

Similarly, for a fly-over maneuver, I and xg are computed from (5.11) and (5.12), 

respectively.
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F ig u re  5.15: Defining I, to compute Ag

5.1.4.1 C alcu la tin g  th e  R eq u ired  W edge L en g th , h

In the process of implementing OA, in several instances h is required, e.g. while 

defining the AR and the AcA.

In order to calculate the required wedge length in the top plane, h f a is interpolated 

from Figure 3.28 based on R ^ in/a . Then

, hh = — x a 
a

Similarly in the side plane, the same procedure is used while using R ^m  and H  instead 

of Rmin and a, respectively.

5.2 Obstacle Avoidance R esults

In this section, the six degree of freedom Aerosonde model is used to  test the OA 

scheme developed in this thesis. The Aerosonde is subjected to multiple obstacle
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Figure 5.16: The returning effect caused by a sink
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scenarios and the aircraft’s response is assessed. The resulting avoidance maneuvers 

are discussed in detail.

The Aerosonde is set to fly at a cruise speed of 23m /s  (from Table 4.1 the 

Aerosonde’s cruise speed is 51 mph ~  23m /s).  Furthermore, its bank angle is limited 

to  60 degrees. Note that for the cruise speed mentioned, the aircraft was tested and 

was able to maintain altitude while keeping a 60 degree bank angle. Therefore, from 

(3.62)

n  =  2

and from (3.59) the minimum turning radius is

i £ in =  31.13m , (5.13)

and from (3.64), the minimum pull-up radius is

R ^ in = 53.92m  . (5.14)

Note tha t all obstacle scenarios introduced from here on are assumed to have been 

already magnified according to (5.1), (5.3) and (5.4).

5.2.1 Fly-around M aneuver

The aircraft encounters a  single obstacle of height H  =  75m and width a =  50m. 

Note that since there is only one obstacle

(Hop =  ®side &

The scenario is tested for three different values of 5y = 20m, 10m, 0m. The aircraft 

flies at 50m AGL, and is set to maintain this altitude. Therefore, 6Z = 25m, and from
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(5.7), the Deliberator will chose to perform a fly-around maneuver in all three cases. 

Figures 5.17 to 5.19, illustrate the MO, the AR, the goal point and the trajectory 

followed by the UAV. In these figures, the bold black line is the actual trajectory of 

the aircraft, whereas the blue line is a pathline whose starting point is the point the 

aircraft enters the AcA. Finally, the goal point is marked with a square. Note th a t 

upon crossing the Deactivation line, the Selector deactivates OA and the aircraft is 

simply commanded to follow a course of zero3.

150

100

S

-50

-100

150

150 200 250 300 350 4000 10050
x(m)

F ig u re  5.17: Fly-around maneuver for an obstacle of length 50m, where 8y — 20m

It can be seen that the aircraft trajectory has some minor deviations from its 

corresponding pathline. This occurs because there is a  delay between when the. course 

computed from OA is commanded and when the actual course reaches tha t value. In 

an ideal but unrealistic situation where the aircraft’s response to a command would

3If the MicroPilot Autopilot would be used, the aircraft would be commanded to reduce crosstrack 
error using the controller of Figure 4.6. As such, the crosstrack error observed in Figure 5.17 would 
not occur.
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F ig u re  5.18: Fly-around maneuver for an obstacle of length 50m, where 5y =  10m
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F ig u re  5.19: Fly-around maneuver for an obstacle of length 50m, where Sy =  0m
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be instantaneous, the aircraft trajectory and pathline would coincide. Note th a t for 

lower values of 8y, the aircraft’s trajectory is closer to its corresponding pathline. 

This happens because for lower values of Sy, lower turning rates are commanded and 

therefore the aircraft can better follow its command.

In Figure 3.15, a scenario was shown where an obstacle’s depth was larger than  its 

width. However, its real depth only became available after the avoidance maneuver 

had started. In Figure 5.20, this scenario is tested where equal depth and width is 

initially assumed such as in Figure 5.17. However, at x — 200m, the obstacle’s real 

depth of 2a =  100m is discovered and the velocity field is recalculated. Note tha t even

150 

100 

50

1  0 5s

-5 0  

-100 

-1 5 0

0 50  100 150 2 0 0  250  300 3 5 0  400
x (m )

F ig u re  5.20: Avoidance maneuver with updated obstacle depth while performing 
the avoidance maneuver

though the obstacles dimension changes while an avoiding maneuver is in process, the 

avoiding maneuver corrects itself and successfully avoids the obstacle.

—
: .

j_______ i_______ i_______ i_______ i_______ i_______ i_______l



101

5.2.2 Fly-over M aneuver

The same scenario of Figure 5.17, i.e. 5y = 20m, H  = 7bm and a = 50m, is 

repeated for three flight altitudes: 60m, 67.5m and 70m AGL. According to (5.7), the 

Deliberator will command a fly-over maneuver. In Figures 5.21 to 5.23 the avoidance 

maneuvers are shown. Note tha t the side view of the obstacle are shown in gray.

150

100

100 150 200 250 300 350 400 450
x(m)

F ig u re  5.21: Fly-over maneuver for an obstacle of 75m  height, where Sz =  15m

150

100

50

0
150 200 250 300 350 400 45050 1000
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F ig u re  5.22: Fly-over maneuver for an obstacle of 75m height, where 5Z =  7.5m

The trend seen here is very similar to th a t of the fly-around maneuvers.

In Figure 5.24, the aircraft is flown at an altitude of 37.5m  AGL toward an obstacle 

with H  =  75m, a = 80m, 8y = 40. Here again the Deliberator commands a fly-over 

maneuver. From (5.5)
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F igu re  5.23: Fly-over maneuver for an obstacle of 75m  height, where 5Z = 0m
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F ig u re  5.24: Fly-over maneuver for an obstacle of 75m  height, where 5Z =  37.5m
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6Z = 37.5 >  OAH =  30

Therefore, from (5.6)

H  =  93.75m

In this case, it can be seen tha t the pull-up maneuver requires a path angle th a t 

the aircraft cannot achieve. This results in a larger difference between the avoidance 

maneuver and the pathline than previous examples. The reason the aircraft cannot 

achieve such path angle is that the amount of thrust available is limited. As the 

aircraft’s pitch angle increases, a larger component of thrust needs to be used to 

counteract weight, hence throttle needs to be increased to a  point where the maximum 

throttle is reached.

To take this limitation into consideration, a maximum path angle can be chosen for 

the aircraft and if the wedge length computed from minimum pull-up radius violates 

the maximum path angle, the wedge length can be further increased.

5.2.3 M ultip le O bstacles

In the event of multiple obstacles, the obstacle consideration subsystem either re

jects, combines or simultaneously considers multiple obstacles (Section 5.1.1). The 

Deliberator, defined in Section 5.1.2, then chooses between a  fly-over and fly-around 

maneuver. Note that the chosen maneuver strongly depends on the aircraft’s nominal 

trajectory with respect to the obstacles.

The scenario illustrated in Figure 5.1 is used, and the avoidance maneuvers are 

shown for three different nominal flight paths. The dimensions of the obstacles are 

shown in Figure 5.25.

C ase I: In this scenario, illustrated in Figure 5.26, the nominal flight path, which

is at 40m AGL, only intersects the first obstacle. Therefore, obstacle consideration



F ig u re  5.25: Two obstacle scenario - Obstacle dimensioning
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Nominal Flight Path

— 10m

Alt = 40m

atop = 40 m

F ig u re  5.26: Two obstacle scenario - Flight case I



105

in the side plane ignores the second obstacle. However, in the top plane, the second 

obstacle lies in the AR of the first obstacle, hence, the two obstacles are combined. 

The Deliberator then assesses (5.7):

110 +  2 x 15 >  40 +  2 x 10

Therefore a fly-over maneuver is chosen.

C ase II: In Figure 5.27, the aircraft is flying at 70m AGL and is flying clear of the

first obstacle. Therefore, it is ignored in the obstacle consideration of both planes. 

For this case, (5.7) is

60 +  2 x 15 >  60 +  2 x 10 

which also leads to commanding a fly-over maneuver.

Nominal Flight Path

5Z =  10 m

A lt  =  70m

Q’side — 60m

F ig u re  5.27: Two obstacle scenario - Flight Case II
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C ase III: In Figure 5.28, the aircraft’s flight path (40m AGL) intersects both ob

stacles in both planes and therefore, the two obstacles are combined in both planes. 

Here, (5.7) is

Sy — 30 m

6, = 40m

Alt = 40m

atop -  HOm
Nominal Flight Path

0 - s i d e  1 1 0 m

F ig u re  5.28: Two obstacle scenario - Flight case III

110 +  2 x 3 0  <110  + 2 x 4 0

As a result, a fly-around maneuver is commanded. Note tha t if a  fly-over maneuver 

would have been chosen by the Deliberator, the obstacle would have to be resized 

because Sz > 0AH

In Figure 5.29, the trajectory flown by the aircraft when encountering the obstacles 

is shown for all three cases.

5.3 Sum mary

In the first section of this chapter, the subsystems of the OA hierarchy were defined in 

detail. It was explained tha t obstacle consideration is performed within the top and
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F ig u re  5.29: OA maneuvers in a scenario with two obstacles for three different 
cases.
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side plane. In a scenario where more than one obstacle is present, a  decision needs 

to be made: obstacles might be ignored, combined or simultaneously considered. An 

AR was defined and based on the intersection of the obstacles and ARs this decision 

was made. Moreover, it was shown that the nominal flight path of the aircraft affects 

the CO. Afterwards, it was explained th a t the Deliberator chooses between a fly

over and fly-around maneuver based on data obtained from obstacle consideration. 

Also, wedges were added to the front and back of the CO(s) to incorporate the 

aircraft’s minimum turning and pull-up radii. Then, the velocity field around the 

considered obstacle was computed and employed to guide the aircraft during the 

evasive maneuver. Finally, an AcA was defined to  choose when to engage from normal 

flight to OA.

In the second part of the chapter, various scenarios were flown with the Aerosonde 

model. It was shown that the Aerosonde successfully avoids obstacles and tha t the 

evasive maneuvers are not such tha t the aircraft is incapable of flying. However, it 

was noticed that fly-over maneuvers may be harsher than the aircraft can perform.



Chapter 6

A utonom ous Aircraft Test Bed

As part of this research, an aircraft test bed was developed to experimentally test 

OA algorithms. The test bed was developed by integrating enhanced avionics into 

an off-the-shelf RC model aircraft. The enhanced avionics consist of a commercial 

autopilot and telemetry.

It should be noted th a t the obstacle avoidance algorithms from the previous chap

ters were not implemented on the test bed, and th a t this chapter only details the test 

bed development for the benefit of future work.

6.1 ATB 10

W ithin the GeoSurv II project, a line of Avionics Test Beds (ATBs) were developed 

in the past by undergraduate students to assess the performance of various avionics 

components. Therefore, the autonomous test bed developed within this research 

inherited the ATB naming system and was named as ATB 10.

6.1.1 Senior Telem aster

The model aircraft used for the test bed is a Senior Telemaster, shown in Figure 6.1. 

The Telemaster is a high-wing tail dragger with a wingspan of 2.41m (95”) and

109
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F ig u re  6.1: The Senior Telemaster

a length of 1.60m (63”). The model has three sets of control surfaces: ailerons, 

elevators and a rudder. For propulsion, the aircraft is fitted with an electric motor 

that is powered by a 5000 mAh Li-Po battery. W ith such a battery, the test bed is 

able to fly for over 20 minutes1. A nine channel 2.4GHz transmitter and receiver, 

shown in Figure 6.2, is used to transm it pilot commands to the actuators of the 

aircraft.

The senior Telemaster was chosen for its large load factor, and low cruise speed. 

These characteristics made the aircraft easier to control, and therefore a suitable test 

bed candidate for autonomy research. Furthermore, due to its large load factor, the 

test bed could carry a large payload consisting of additional equipment.

6.1.2 A utop ilot

In Chapter 5, it was shown that the OA method computes a course/path angle com

mand that guides the UAV to avoid obstacles. However, in order to convert these

lrThe actual flight time depends on the “amount of throttle” used.
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F ig u re  6 .2 : The transm itter (left) and receiver (right)

commands to  control surface deflections an autopilot is required. The autopilot used 

on ATB 10 is an off-the-shelf MP2028 autopilot manufactured by MicroPilot®. The 

MP2028 control architecture is very similar to th a t of described in Section 4.2.1. Af

ter tuning the autopilot, it can guide an aircraft through W Ps for autonomous flight. 

All required sensors such as GPS, accelerometers and gyroscopes are embedded on 

the autopilot. The MP2028, shown in Figure 6.3, weighs 28 gr and measures 10 cm 

by 4 cm.

The operator can choose between two flight modes: Pilot In Command (PIC) and 

Computer In Control (CIC). In PIC mode, the commands received from the trans

m itter are used to guide the aircraft. In contrast, when the autopilot is switched to 

CIC mode, the autopilot performs the flight mission that is has been commanded and 

commands received from the transm itter are ignored. The flight mode is chosen by 

the operator and gives the operator the ability to engage and disengage the autopilot 

a t will. For instance, the operator might want to  take off and land manually due to 

bad weather. Furthermore, in the case of an emergency the operator can instantly
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F ig u re  6.3: The MP2028 autopilot

take over the flight controls.

A Ground Control Software (GCS) is provided with the MP2028 called Horizon. 

A snapshot of the user-interface of Horizon is shown in Figure 6.4. Horizon allows 

the operator to monitor the UAV’s flight and to change parameters such as controller 

gains and flight commands. The communication between the autopilot and GCS is 

established through a  standard serial port. If telemetry is available, the parameters 

mentioned above can be changed in flight.

6.1 .3  T elem etry

The telemetry used for ATB 10 was a pair of MicroHard® n920-ENC radio modems. 

The radio modems, shown in Figure 6.5, operate at 900 MHz using FHSS2 and are 

claimed to have a range of over 100 km. Furthermore, they weigh 220 gr and are 

capable of transm itting data wirelessly at 19200-230400 bps.

The overall setup of the ATB 10 and the ground control station is shown in 

Figure 6 .6 .

2 Frequency-hopping spread spectrum
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F igu re  6.5: MicroHard® n920-ENC radio modem



114

MP2028

Servo/Throttle 
command bus

G round C ontrol
S tation

F ig u re  6 .6 : ATB 10 and ground control station setup

6.2 Flight Tests

The main challenge in integrating the autopilot into the airframe was tuning the PID 

controllers. This task was a lengthy process that took over 20 hours of flight. During 

each flight, the aircraft’s response and commands were logged for different gain values. 

Upon landing the data was analyzed and based on the aircraft’s responses new gain 

values were tested and finally chosen.

In Figure 6.7, a test flight is shown where a circuit similar to th a t of Figure 4.4 

was flown for 10 laps during which the controllers were being fine tuned. Note th a t 

the two sections of the trajectory highlighted in red define the aircraft being in PIC 

mode. These segments correspond to manual take-off and landing. The trajectory 

with the best response is shown in Figure 6 .8 . Note tha t the star denotes the location 

of the ground control station and is set as the origin. Furthermore the positive 

direction of the vertical axis points toward North. In these flights the wind was in 

the North direction and therefore the aircraft was blown downwind while performing
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F ig u re  6.7: Fine-tuning controller gains over 10 laps (laps were flown clockwise)
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F ig u re  6 .8 : Circuit flown with fine-tuned autopilot (lap was flown clockwise)
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the North-western turn.

In Figure 6.9, a survey that involves several passes, similar to th a t of GeoSurv II, 

was commanded to ATB 10. During this flight test, the wind was very strong with 

violent gusts3. The effect of the gusts can be seen all along the flight trajectory.

1200

1000

800

600

200

0

-200

-400
200 400 600 800 1000-800 -600 -400 -200 0

feet

F ig u re  6.9: Survey flown with fine-tuned autopilot under strong wind with violent 
gusts

Note that in the test flights, the aircraft was to be kept within visual range so 

that the pilot could guide the UAV manually if needed. As a result, the aircraft’s 

flight passes were short, limiting the UAV’s time to reach the desired pattern.

In Figure 6.10, ATB 10 is shown during autonomous flight.

3According to the MP2028 manual [51], the UAV should only be flown for wind speeds that are 
less than half of the aircraft’s cruise speed. During this flight this condition was barely met.
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F ig u re  6.10: ATB 10 during autonomous flight

6.3 Obstacle Avoidance Flight Test

For testing, the OA algorithm is to be run at the ground control station. The aircraft 

is set to fly in an obstacle free environment but an imaginary obstacle is considered 

on the path of the aircraft. The GPS location of the aircraft is sent to the ground sta

tion, which will check when the UAV enters the AcA of the imaginary obstacle. Upon 

entering, the deliberator which has decided between a fly-around and fly-over maneu

ver, computes the desired path or course angle. Then, from the error in path/course 

angle, the desired pitch/heading is computed and commanded to the autopilot. The 

OA test setup is shown in Figure 6.11.

Due to shortage of time and bad weather, the OA algorithm was not tested on 

ATB 10.
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Chapter 7

Conclusions

The objective of this thesis was to develop a Reactive Obstacle Avoidance (ROA) 

method for a UAV performing geophysical surveys. The method was to  consider 

aircraft constraints and be able to run in real-time with limited computation resources. 

Furthermore, the method was to be developed for potential obstacles th a t would be 

encountered when flying at low altitudes.

The method chosen for ROA was the potential flow (panel) method. Using the 

panel method, the obstacles were modeled within a uniform flow and the velocity 

field of such flow was used to guide the UAV. The method was shown to be fast and 

therefore achievable in real-time with limited computation resources. It was shown 

that the potential flow method could be used for multiple obstacles and because the 

potential field corresponding to the flow was harmonic, it was not vulnerable to local 

minima, a problem well-known in the Artificial Potential Field (APF) method.

The method proposed employed an “appropriate” modelling of obstacles in order 

to take aircraft constraints into account. This was achieved by adding wedges to  the 

front and back of obstacles, which decreased the curvature of the flow’s pathlines. A 

graph was created that showed the correlation between the wedge size and the mini

mum curvature of resulting trajectories. This correlation was used to determine the 

required wedge length based on the aircraft’s constraints, i.e. minimum turning and
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pull-up radii. Furthermore, the modelling was done while considering the limitations 

of obstacle detection. It was shown that as soon as more data about obstacles, such 

as their actual depth, would become available, the avoidance algorithm would cope 

with the new data.

In order to test the OA method developed on an aircraft model, the non-linear 

model of the Aerosonde was used. However, an autopilot had to be integrated to  the 

model for avoidance testing. This was done by using an architecture similar to  th a t 

used in autopilots manufactured by MicroPilot. In order to be able to  implement OA, 

some modifications were made to the original architecture. The main difference was 

the addition of two controllers: calculating pitch angle commands from path angle 

error and calculating heading commands from course error. The addition of these 

two controllers resulted in the aircraft being accurately guided. Furthermore, these 

modifications made the aircraft guidable in windy scenarios.

7.1 Contributions

•  A method for ROA was developed tha t required low computation resources and 

had the ability to be run in real-time. The avoidance method took aircraft 

constraints into account and therefore the evasive maneuvers commanded to 

the UAV were feasible. In the literature, many of the avoidance methods have 

been developed for rotorcrafts, which have higher maneuverability than fixed- 

wing aircraft. However, in this thesis the avoidance method was developed for 

a fixed-wing UAV. Furthermore, UAV Obstacle Avoidance (OA) research has 

highly been focused on avoiding obstacles encountered in usual flight altitudes,

i.e. other aircraft. In contrast, the method developed in this thesis was focused 

on avoiding obstacles th a t were encountered in low-altitude flight.

•  A test bed was developed to test the OA method developed in this thesis.
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Furthermore, the test bed created could be used for further research in the field 

of UAV autonomy.

7.2 Future Work

There is a large amount of work th a t can be done within the framework of OA for the 

GeoSurv II project. A summary of recommendations for future work is given below.

1. Testing the ROA method developed in this thesis on the ATB 10 test bed for 

imaginary obstacle scenarios.

2. Investigating the hardware required to  run OA algorithms on-board of the UAV. 

The algorithm should then be implemented on the hardware. Then, OA can be 

performed on board of the UAV for imaginary obstacle scenarios.

3. Combining on-board Obstacle Detection (OD) and OA on ATB 10 and testing 

avoidance for real obstacle scenarios.

4. Integrating an avoidance method for avoiding other aircraft on ATB 10. Upon 

integration of such a method, ATB 10 (and potentially GeoSurv II) would have 

the ability to operate in non-segregated airspace.

5. Ultimately, installing OA hardware on GeoSurv II and testing avoidance sce

narios.
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A ppendix A

The J-Region

In Section 3.5.2.2, it was mentioned th a t pathlines that are within the 5-region of an 

obstacle are skipped. In Figures A .l to A.5 the Rmin-h graph is plotted for different 

values of 5. It can be seen that for smaller values of 5, longer wedge lengths are 

required. The requirement for longer wedges comes from the pathlines whose starting 

points are within the 5-region. However, the same long wedge length has to be used 

for pathlines with starting points outside of the 5-region.
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Rmin = 31.13m, a =  50m h(m)

8 =  0 .0 2 434.11

8 =  0.04 177.03

5 =  0.06 98.67

5 = 0.08 64.11

II p 40.66

T able  A .l: Different wedge length required for a specific scenario based on the choice 
of 8

In Table A .l, the wedge length for a specific scenario is interpolated from Fig

ures A.l to A.5 for different values of 8. In the scenario used Rmin = 31.13m and 

a =  50m.

However, using higher values for <5 will result the aircraft being in the 5-region 

more often, thus requiring more obstacle resizing. Therefore, in this thesis the value 

of 8 is limited to 0 .1 .



Appendix B

In this thesis, obstacle avoidance trajectories for a fixed-wing aircraft are obtained 

by considering potential fluid flow around the obstacle. A pathline is a continuously 

differentiable curve in space, which yields the path along which a fluid particle flows 

around an obstacle (for any particle with initial condition on that particular pathline). 

As explained in Chapter 3, a pathline provides a suitable trajectory for an aircraft to 

follow in order to avoid an obstacle.

B .l  Scaling of the V elocity Field

It will now be shown that a pathline is independent of the magnitude of the velocity 

field.

Let r  (p) : [a, b] —>• R3 be a pathline, and parameterize it by some variable p G l i n  

some closed interval a < p  < b. The method used in this thesis to generate a  pathline 

is from the potential flow velocity field V (r) : T> —> M.3, defined on some domain

V  C M3. For the velocity fields given in Section 3.4, we may take the domain to be

V  =  K3/ 0 ,  where O  C R 3 is a closed set defined by the obstacle. Then, it is readily 

seen that the velocity field V (r) given in Section 3.4 is continuous on the domain T>. 

Furthermore, since V (r) • n (r) =  0 on the boundary of the obstacle dO , where n (r) 

is the unit outward pointing normal at each given point on the obstacle boundary, it 

must be that any pathline with initial condition r(a) € V  satisfies r(p) € T> for all
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p  G [a, 6] (that is, if it starts in £>, it must stay in T>). Finally, it is to be noted tha t 

the velocity fields given in Section 3.4 satisfy V (r) ^  0 for all r G T>.

If the pathline parameterization is time (p =  t), then the pathline r( t)  is an 

integral curve of the first order differential equation

with initial condition r(a) G T> given. Since dr/d t ^  0 for all t G [a, 6] (because 

V (r) 7̂  0 on T>), the pathline may equivalently be parameterized by its arc-length, 

s, measured along the pathline from the initial condition r (a). That is, the pathline 

may be given by r  (s) : [0, smax] —> R3, where f  (s) =  r (t(s)), and smax is the length of 

the pathline. It is a property of the arc-length tha t

Therefore, from (B .l), it is readily found tha t the pathline is also an integral curve of

with initial condition r ( 0 ) =  r(a).

We are free to parameterize s by any other parameterization r  (which can be 

thought of as a different time-scale). In particular, let g(s) > e >  0 be a strictly 

positive continuous function, and suppose tha t s is the solution of the first order 

differential equation

is a strictly increasing function, and the upper limit of the interval d is set such

(B.l)

ds dr
dt dt

(B.2)

(B.3)

on an appropriate interval r  G [c, d] with initial condition s(c) =  0. Note th a t s(r)
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that s(d) =  Smax (which can be done since ds/dr > e > 0). Then, the pathline is 

equivalently represented by r(r) : [c, d] —» R3, where r ( r )  =  f(s(r)).

Now, let a(r) > 0 be a  strictly positive continuous function on T>, and let g(s) in 

(B.3) be given by

g(s) = a (f(s))|V (f(s))|. (B.4)

Clearly, g(s) > 0 for s E [0, smax], and is continuous. Note that since the pathline 

f  (s) represents a closed and bounded set on the interval [0 , we can readily find

an e > 0 such that g(s) > e (just take e =  minJ,6[0,Smax]{<7(s)} >  0). Finally, by 

combining (B.3) and (B.4) with (B.2), it is readily found that the pathline is also an 

integral curve of

= a (f)V (f), (B.5)

with initial condition r(c) =  r(a).

To conclude, it has been shown that pathlines are integral curves of the differential 

equations (B.l), (B.2) and (B.5). The variables used to parameterize the pathlines 

(t, s, r) , can simply be viewed as variables of integration in (B.l), (B.2) and (B.5), and 

may be interpreted as different time-scales. Therefore, the right-hand sides of (B .l), 

(B.2) and (B.5) may all be viewed as velocity fields leading to  the same pathlines. As 

such it may be concluded that a pathline is completely determined by the direction of 

the velocity field a t each point. The magnitude simply changes the temporal nature 

with which the pathline is traversed. This justifies why, at each point in an aircraft’s 

trajectory, the direction of the local velocity field may be used to provide either a 

commanded course or commanded path angle (without consideration of the aircraft 

speed). W ith perfect tracking, the aircraft will then follow a fluid pathline.
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B.2 Scaling o f the Coordinate System

Consider a velocity field V (r). As shown in the previous section, the resulting path

lines are integral curves of (B .l). Let r(t) be a  pathline of corresponding to (B .l) 

with initial condition r(a), and consider a scaling of the coordinates r s =  o r. In 

particular, consider the curve r s(f) =  ar(t). Then, it is readily found th a t rs(t) is an 

integral curve of

^  =  o V (r ,/o ) , (B.6 )

with initial condition r s(a) =  a r(a ). As seen in the previous section, the pathlines 

are unaffected by scaling of the velocity field. Hence, r s(t) is equivalently an integral 

curve of

^  =  V (v s/a ) ,  (B.7)

with initial condition r  s(a) =  o r  (a), and therefore is a  pathline generated by the 

velocity field V (rs/a ) .  That is, scaling of the coordinate system results in the same 

scaling of the pathlines.

B.3 Scaling an O bstacle

In this section, it is shown that if an obstacle is scaled, the shapes of pathlines do 

not change (the pathlines of the scaled square are geometrically similar to th a t of the 

unit square).

Say tha t the unit square obstacle was scaled by a factor of a  >  0. Therefore



examining (3.53) suggests

Furthermore it is clear that
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A s — aA  

B s = a 2B
(B.8 )

CS = C  

D . = aD

Sjs =  oS; (B9)

By substituting the values of (B.8 ) and (B.9) into (3.54), it can be seen th a t I itj 

will not change. Consequently, from (3.42) it is concluded that the panel strengths 

will remain constant, i.e.

Ai. =  \  (B.10)

Now, set x s = a x ,y s =  ay. Then, from (3.56) to (3.58), (3.48) and (3.49) it can 

be concluded that

^xje{xs,y s) — Jxj{x,y) — Jxj(xs/o t,ys/ o)
(B .ll)

Jyjsix siys) = — Jyj{x s/Oi,ys/a).

Finally from (3.46), (3.47), (B.10) and (B .ll)  it is obvious that the velocity field 

is given by

VXs{x3,y 3) = Vx (xs/ a , y s/a )
(B.12)

V y s ( x s , y s )  =  Vy(xs/ a , y s/ a ) .

As shown previously, this means th a t if an obstacle is scaled by a factor of a,  all

JThe s subscript is used for the scaled obstacle



pathlines will be scaled by a  as well. Consequently,
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Rmiris Otffimin (B.13)

B .4 Effect of V coo

In this section it is shown that in the absence of a  goal the magnitude of Voo does not 

affect the pathlines.

Let

Prom (3.42)

VU =  PVoo (B.14)

A' =  (B.15)

and from (3.46), (3.47)

V ' =  f3Vx
(B.16)

K  = Pyv

Prom (B.16) it is concluded tha t even though, the magnitude of the velocity changes, 

its direction remains unchanged. Hence, as shown previously, the pathlines do not 

change.



A ppendix C

Definitions

C ourse: The course is the direction of travel expressed as an angle in the horizontal

plane between a reference line and a tangent to the flight path.

H eading: The heading is the direction tha t the aircraft’s nose is pointing.

Flight P ath
Course

Heading

F ig u re  C . l :  Aircraft course and heading

P a th  Angle: The path angle is the angle between the horizontal and a  tangent to

the flight path.
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Path Angle

Flight Path

x

F ig u re  C .2: Aircraft path angle


