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ABSTRACT

VISION-AIDED LANDING FOR FIXED WING UNMANNED AERIAL
VEHICLE

Esin Engin
M.S., Department of Aerospace Engineering
SupervisorAsst.Prof. Dr. Ali Turker Kutay

June2016, 163 pages

The aim of this thesis is taedign an autoland system for fixed wing unmanned aerial
vehicle (UAV) to make auto landing by using position information calculated by
image processing algorithms. With this ability, even if GPS is not available to be
used, UAV still could make a safe amtatic landing. Landing autopilot is aimed to
keep UAV on a straight line with a constant flight path angle. Therefore, landing
autopilot and computer vision methods are studied within the scope of this thesis.
Also, to test designed system by sending adntnessages to landing autopilot,
ground control station (GCS) software is developed. By using GCS interface, one
can send commands to landing autopilot to analyze performance of the landing
autopilot, activate or deactivate functions of the landing alatippihange position

data source agisual positioning system (VPS) or global positioning system (GPS)
and change flight mode of the UAV. Besides testing and analyzing the system, GCS
is used to prepare flight plans for landing. Waypoints of the prephgéd plan is
applied by landing autopilot to keep trajectory points between two coordinates with
keeping altitude and speed requests. To be able to manage that mission, waypoints
include latitude, longitude, heading, altitude and speed specificationsefdiee to

be able to execute these waypointsl, fmtch, altitude, heading argpeed controller



are designed. On the image processing side, position of aircraft is detected with
respect to a known sized runway. This differential position informatidmnchwis
obtained by image processing, is used instead of GPS information by landing
autopilot to make a safe landing. Developed system has been successfully tested in
flight simulation environment under several different wind and turbulence conditions

with different initial orientations of the UAV.
Keywords:Autonomous Landing, Unmanned Aerial Vehicles, Vismased Control,

Vision-based Navigation, Automatic Flight Control Systems, Flight Management

System.
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CHAPTER 1

| NTRODUCTI ON

1.1 Background and Motivation

The integration of robotic technologies into UAVs suggest hew solutions to problems
such as landing of UAVd.anding is one of the most critical phases$hef operation

for UAVs. Operatinga UAV underhigh winds, turbulence or wind shearather
conditions is highly dependent on user ability to land safely. Moreover, ieven

wind conditions, a small error in guidance or control could cause system loss or
damages. At this point the importance of an automatic landing system comes out
such that bth safety of flight is increased and workload of the pilot is significantly
reduced during landing phagsutomatic landing systemiacreasewind limits of the

aircraftsfor safe landing.

First automatic landing was made by British Airways during a camiaidlight in

June 1965 using automatic flare controller in pitch §isand in 1996, landing with

full control in three axes was made. For landing phase of an aircraft, position
information of the vehicle is needed. Sirfk@20, landing aids for guiding pilots to

down aircraft to flare height have been develoj@din 1930, H. Diamon and F.W.
Dunmore presented a | anding aid based
Instrumented Landing Syste(ilL,S) [3]. Today 6s commer ci al aut o
GPS and ILS to lower the aircraft witt8° glide path angle while keeping the

aircraftodos track aligned with runway ceni



Auto landing equipment is certificated to CAT, ICAT Il or CAT lll, which is
categorized with respect to minimum altitude above touchdown zone that the
automatic landing system could be usedpresented iRigure 1-1. This minimum

altitude is named as decision height anddetision height, the pilot must have
runway in sight and be able to see as far down the runway. This distance is named as

runway visual range.

200 |

8

Decision height (feet)

0 : 5 <
1000 800 800 400 200 50 0
Runway visual range (metres)

Category 1: Operation down io minima of 200 ft decision height and runway visual
range of 8oo m with a high probability of approach success.
Category 2: Operation down to minima below 200 ft decision height and runway
visual range of 8oo m, and to as low as 100 ft decision height and runway
visual range of 400 m with a high probability of approach success.
Category 3A: Operation down to and along the surface of the runway, with external
visual reference during the final phase of the landing down to runway
visual range minima of 200 m.

Category 3B: Operation to and along the surface of the runway and taxiways with
visibility sufficient only for visual taxiing comparable to runway
visual range value in the order of 50 m.

Category 3C: Operation to and along the surface of the runway and taxiways

without external visual reference.

Figurel-1 ILS Performance Categorig4]

Category Decision Height feet) Runway Visual Range
(meters)

CATI 0200 O 550

CAT I 200> D HO000 O 350

CATIIIA <1000r no DH O 200

CAT I B <500r no DH 200 > RVR

CATIIC No minima No minima

Tablel-1 ILS Performance Categories



Commercial aircrafttcommony have CAT Il certificated equipmenbut general

aviation aircraftdo not typically have due to high costs. Furthermore, certificated
equipment is neadl at aircraft, runways alsmust have grountiased equipment. At
Turkey, only runway a3 aenmhdEsembvajya 5( Arfk A
airports have CAT Il systemandmany ofthe runways do not havéS systemat

all.

In 1994, automatic landing is managed using only GPS (DGPS) for positioning
information with a Boeing 75[5]. DGPS uses local ground stations installed at the
airport to transmit correction for the raw GPS signal received from satellite.
Disadvantages of this system is that it is highly dependent on quality of wireless link
between ground station andaaft. Any delay or link loss cause high position error.
Source of GPS service is also very important. Accuracgosition calculation is
highly dependent on number of sateflitsources and this highly dependent on
weather conditions. DGPS service mag bnavailable due to dense cloud cover,

solar flares, and permanent obstructions such as trees and buildings.

Common disadvantages of DGPS and ILS system is high Atsi, in hostile
environment, none of this system could be used due to their gbmsad equipment
requirements. In addition to that, due to dependence of radio communications,
easiness of jamming is a big probleim.USA, National Spacéased Positioning,
Navigation, and Timing Advisory Boampors [6] that GPS has a national security
threat due to itsveaknesdo jamming. GPS is open to attacks fronevdces capable
of jamming as little as 30S Dollars[7]. For this reasgnan alternative methofibr
especially militaryUAV navigation is essential to be developdd. addition to the
jamming problem most commonhused GPS units do not meet performance
requirements fohigh resolution neededavigation tasks such as UAV landing on
runways,or on helipads. This Thesis demonstrates @pof-concept of a method
that can be modified to meet these requiremaritls image processing whicis
more difficultto jam than GP®r ILS.



Vision-based state estimation for robotic platforms isairactivemethod due to its
passive naturelhis passive nature makes optical sensing much more robust against
jamming techniqueshan electromagnetic waves used in other positioning devices
(radar, lidar, magnetometers, etcGameras also generaltliscardradiation from
outside of their field of view, unlike omnidirectional GPS antennas that can be
jammed from any aspect. Digital cameras a&a&sy to obtain inexpensive,
lightweight, low poweed and more robust to jamming than electromagnetic
interfaces as mentionedVith development of powerful singlboard computers,

vision algorithmsis applicableto useon mobile platforms more widely.

1.2 Design Goal

The aim of this thesis is to design an autoland systemanage auto landing with
the position information calculated by image processingth&pprocess of landing
can continue evemvhen GPS informationdoesnot exist Autoland controller is
aimedto keep UAV on a straight line with a constant flight path amglen if a
crosswind ispresent.Therefore landing autopiloand computer vision methodsear

studiedwithin the scope of this thesis

National Spacéased Positioning, Navigation, And Timing (PNT) Advisory Board
reports[6] that GPS has a national security threat due to its weakness to jam. GPS is
open to attackgdm as little as 30 US Dolladeviceq7]. In addition to the jamming
problem, most commordysed GPS units do not meet performance requirements for
high resolution needed navigation tasks such as UAV landing on runways, or on
helipads. For this reason, an alternative method for especially military UAV
navigation is essential to be developed. This Thesis demonstrates -@fprontept

of a methodthat if GPS information is not suitable uise for any reason, position
information of the aircraft is possible to be calculated by image processing for a safe

landing.



The statistics about flight accidents shows that 67% of the accidents are due to
human factors as the primary cause and 5% are attributed to weather factors. With
regect to the flight phases, 47% accidents occur during the final approach or landing
of aircrafts[8]. Due to this facanding algorithms have been developed to decrease

accident possibility.

Landing autopilots usually corssi of an inner loop which controls the faster
rotational dynamics and an outer loop which controls the position and velocities. A
challenging part of the landing phases is the decrab maneuver which is necessary to
align the aircraft heading with the runwgyst before touchdown and the flare
maneuver which is necessary to reduce the aircraft vertical speed that is acceptable
for touchdown. During decrab maneuver, roll and yaw angles are commanded
directly instead of position or velocity. With the flare mawer, touching to ground

is managed with positive theta angle.
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Figurel-2 System Overview



The functionality and general algorithm of the developed UAV system is described
in Figure 1-2. The system components can be divided ihmee parts. Landing
autopilot ground station interface (GCS), and runway detector. UAV and
environment al mod el i s obtained from
DeHavilland Bea e 9. The DeHavilland Beaver model includes the airframe
dynamics, aerodynamics and wind profisich is obtained fronM.O. Rauwthesis

work [4]. Developed ground control interface and applicatxd image processing
algorithm communicates with Matlab/Simulink project via UDP protocol.
FlightGear[10] simulation tool is used as an image generator for image processing
part Also altitude with respect to ground level bktaircraft isobtained fromthis

tool. FlightGeatris a free and open source flight simulator

1.3 Literature Survey

There are many works in the literature related to automatic landing. These works can
be separated into two groups, traditional control methahd modern control
methods. Kargiril1] works onthe design of a lateral and longitudinal autopilotdor
UAV. Aim of that workis to design an aupilot thatis capable tdand the aircraft
undersevereweather condions within predefinedimits. Cho et al[12] workedon

Linear Quadratic Regulator (LQR) Controlléor automatic landingwith only
differential GPS.

Development of the automatic landing systems was based on the experience
collection in many years itHERON. The automatic landing of the Heron UAV
under crosswinds is investigated in Attar et. [AB].This platform uses DGPS
augmented by a radar altimeter and a laser tracker for measuring ahidading

and distance of UAVWith the combination of the data generated from UAV and
ground based sensors mentioned above, lateral and vertical position and orientation
are calculated to control glide slope and flight path for landing until UAV stops

compktely.

Mat |



When the aircraft transitions from the glide path to the flare path, the UAV tends to
an unstable regiofi4]. This article investigates the instability that occurs during the
change in landing phase. The article forates a blending function to overcome
instability during transition and concludes with simulation results that show a smooth
stable transition from the glide slope to flare phase. Implementation of a blending
function for a stable transition from glide séopo flare path was considered in this
project. This problem is resolvebly usingexponential flare calculation with respect

to time as in[15], [11] and by using again exponential flare cddtion but with

distance to touchdown point as[i6], [17].

For rotary wing UAVsS, many work has been done in automatic lanoyngsing

image processingike [18], [19] and[20] , however, these algorithms all rely on a
coplanar assumption and a customized landing pad, and are not necessarily suitable
for use with a fixeeling vehicle Andrew[21] recognize runway by extracting SIFT
(Scaleinvariant feature transform) features to perform image registration against a
stack of images in which location of the runway is known, but extracting the SIFT
features requires high computatiorast. Some way of vision based automatic
landing for fixed wing UAVs have been published Ij&2] which can get precise
results by the method of template matching, however, this method has the limitation
of adjusting templateize continuously according to runway view change during
approaching. Literaturf23] proposes that its method can recognize the runway by
placing red marker on corners, which is useful, but not practizdetti et a[24]

took a different approach and developed a system that uses natural landmarks and
SIFT (Scalelnvariant Feature Transform) features in combination with satellite
imagery to estimate position in all three axes as well as headingeudq this
approach only works if the image is taken normal to the ground plane (i.e., pitch and
roll are both constant), which certainly cannot be guaranteed on an airplane during
landing. It could be used, however, to provide a navigation solutiongdatéady

level flight if GPS is unavailable.



1.4 Organization of the Thesis

This thesis is organized as followlst Chapter2, analysis about dynamics of air
vehicle is introducedChapter3 presentgunway detector algorithhich are used
to deect position of UAV and outpudf applied methodswvhich is named as Visual
Positioning System (VPS) data described. Chaptet mentionedabout design of
landing autopilot ontroller. Details of inner loop which aims to control the faster
rotational dynamics and outer loop controller which works for guidance are
introduced Outer loop is designed to generagferencedo inner loopto execute
waypoints in correct ordeand capable to work with GPS or VPS d&taChapters,
simulation results are presented wittif@rent wind scenariosind different initial
condition of the UAV. Chapter 6 presents conclusions and future work
recommendationg-inally, ChapterA describes the GCS abilities, communication
with the UAV model, detailed message structuregtppse of these messages, and
generation of waypoints.



CHAPTER 2

Al RCRAFT DYNAMI CS

2.1 Platform

Figure2-1 de Havilland Canada DH@ Beaver

The purpose of this thesis is to design an auto landing system that can operate with
position information obtained from image processingd®Havilland Canada DHC

2 Beaveras can be seen iRigure 2-1. Beaveris a high wing, asingleengined
propeller driven aircraft developed bg Havilland Canadd@raver has a wide range

usage such as cargo and passenger transportation, crop dusting, and adopted by
armed forces as a utility aircrafGeneral aircraft data of tHgeaver is pesented in
Table2-1.



Specification Name Value

Manufacturer The De Havilland Aircraft of Canada Ltd.

Serial no. 1244

Type Single engine, highving, seven seat, all met
aircraft.

Wing span (b) 14.63m

Wing area 23.23m2

Mean aerodynamic chord 1.5875m

(F)

Wing sweep 0"

Wing dihedral 1"

Wing profile NACA 64A 416

Fuselage length 9.22m

Max. take-off weight 2315 kgf=22800N

Empty weight 1520kgf = 14970N

Engine Pratt and Whitney Wasp JR-985

Max. power 450Hp atn = 2300RPMp, = 26"Hg

Airscrew Hamilton Standard, twbladed metal regulatc
propeller

Diameter of propeller 2.59m

Total contents of fuel tanks 521 1

Fuselage front tank 1311

Fuselage center tank 1311

Fuselage rear tank 951

Wing tiptanks 2x821

Most forward admissible 17.36%c a t1725kgf = 16989N
C.g. position 29.92%c a t 2315 kgf = 22800 N
Most backward admissible 40.24%c

C.g.position

Table2-1 General Aircraft Data of thBeaver{4]
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2.2 Aerodynamic Model

The aerodynamic model expresses the aerodynamic force and moment coefficients in
terms of nordinear polynomial functions of the state variables and aerodynamic
control inputs.The aerodynamic model of the @eer' can be written in terms of

dimensionless bodsixes force and moment coefficie[i2s]:

Parameters Value Unit
=M 0.5996 m
g 0 m
L 8 -0.8851 m

R 5368.39 foXv)
b 6928.93 O
5 11158.75 foXv)
ey 0 fox")
L, 117.64 foyv)
L, 0 fo}v)
m 2288.231 kg
h 1828.8 m
P 1.024 QTh

Table2-2 Aircraft data on which the aerodynanmodel is basef#}]
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Cp = Cxo + Cx,@ + Cx_,a® + Cx_,a® + Cx, T+ Gy, 5, + Cxs, O + Cr s, @0y
Cs=Cy +C Cr. 24 C, 2+Cy. 8y +Cy. 6, +Cy . b
s = Cy, + CygB + Cy, 5o+ Cy, =+ Cy; 8q + Cy, 6r + Gy, 5 aby
_ 3 ac 2
C = Cgo + Czoa + Cz 0@ + Gz + Czy. 06 + Cxy 20eB” + (75 Op + (g, a0f

C = Cyy + i + Cp 2 i 2 +c}65 + Ciy 6 + Crpy @B

T2V

qc
Cm = Cmy + Cmg@ + Cy_,@* + iy - + Ciny 8 + Cin 232 + Cp,

r oy Cmﬁftsf

Cn=Cn0+CnBB+Cnp’2’3 Cnr2V+C 8a + Crg, 8, + Cy "C+c 5B

The subscripts a, e, r of the terms denote the aileron, elevator and rudder
deflections, respectivelyThe dimensioal force and moment coefficien can be
made nordimensionalising the flowing equations:

1T & 6 2-16"Y
T & 6 2-16"Y

T & 6 z-A0"Y
1T0 6 z2-10"Y®

10 6 z2-no"

16 6 z2-1n6"

12



Fe FFe F»

Parameter Value Parameter Value Parameter Value
0 -0.03554 0 -0.002226 0 -0.05504
0 0.00292 i -0.7678 0 -5.578
0 5.459 nw -0.124 0 3.442

[
6 -5.162 i o 0.3666 na -2.988
Cw ()
A -0.6748 T -0.02956 To -0.398
T
. 0.03412 1i 0.1158 14 G -15.93
ﬁ. -0.09447 14l 0.5238 1 -1.377
° #p 1.10600 ) 0.3666 01 -1.261
[

Table2-3 Coefficients in the nonlinear aerodynamic model of the BHBeaver'
aircraft, valid within the 3%5 m/s TASrang([4]

Fm j= F
Parameter Value Parameter ~ Value Parameter ~ Value
0 5.91e04 0 0.09448 0 -0.003117
g -0.06180 6 -0.6028 I 0.006719
it -0.50450 6 -2.140 N & -0.1585
T cw
> 0.16950 nc -15.560 i o -0.1112
T G W
#) -0.09917 To -1.921 1) -0.003026
# 0.006934 P e 0.6921 Ti -0.08265
#) -0.08269 A -0.3118 NG 0.1595
) %)
1 0.4072 i 0.1373

Table2-4 Coefficients in the nonlinear aerodynamic model of the EBHBeaver
aircraft, valid within the 3%5 m/s TASrang[4]
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2.3 Reference Frames

In the Beavermodel,equations of the motion are written in body axis frame and this
frame rotates with the vehicknd its origin is at the center of mass of the aircraft
The aircraft velocity and the gular rates are represent in this axis. Aircraft x, y and

z positions are represented in inertial axisertial reference axes are represented by
X, Y and Z. X axis directed north, Y axis directed east and z axis points downwards
t o ear t Akedert@laaiererce frameavhich is assumed to be fixed to the
ground,is the noraccelerating, nonotating frameAlso earth is assumed to be Ron

rotating and flatEarth and body reference frames presented ifrigure2-2.

Roll

Figure2-2 Earth and Body Axes
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2.4 Nonlinear Equations of Motion

By using Newtonian mechanics, the aircraft equations of motion can be derived. Due
to the fact that mass and moment of inertia changes nhmsdysvhen compared

with the translational and rotational velocities, during the derivation of translational
and rotational dynamic equations of motion, mass and inertia terms may be taken as
constant.

Following equality is used for derivation of trartgaal dynamic equations,
T

"0 a e mow

'O 0’00 is total force that consistf aerodynamic forces, gravity forces,
engine trust, ground reaction and wididturbancesw 6L U s total aircraft

velocity vector. nni is the angularvelocity vector about theenter of

gravity.

Similarly, rotational dynamic equation can be derived by,
. 1 @ -
v — w B
T o

0 00 0 is sum of all moments vector consist of engine, landing gear. | is the

inertia whch is defined as

(@) KO (@)
O O © (@)
(@] O O

By using transliaonal and rotational dynamics,

6 O no iv
. O

0 = no o
. O iy
O & no no
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P = Pypp® + Pyupq + Pprpr + Ppeq? + Pprqr + Pyr? + PL + ByM + B,N
G = Qppp” + Qpgpq + QprpT + Qgqq” + Qqrqr + Qrp7? + QL + QM + QN
7 = Rypp? + Rpgpq + Ry + Ryqq* + Rgrqr + Rpyv* + RIL + RyyM + Ry N

Whered ,0 , ¥ are inertial coefficients derived from matrix multiplications

which have been given Figure2-3.

symbol definition
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Figure2-3 Definition of Inertia Coefficient$25]
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2.5 Linear Equations of Motion and Analysis

To be able to analyze the stability characteristics of the A/C, the equations of motion
are linearized around the trim values. This informaisoalso used in the controller
design. Detailed information about the linearization procedure is givgf].ifrim
values of theBeaveris calculated foairspeed V = 45 m/s, altitude h=18&@8Babove

sea level.

Variable: Value at ¢ = 0 sec:
\'%4 45 m/s
a 0.1444 rad
B -0.0147 rad
P 0 rad/s
q 0 rad/s
r 0 rad/s
Y 0 rad
0 0.1444 rad
P 0 rad
X, 0 m
Ye 0 m
H 6000 ft = 1828.8 m
5, -0.0425 rad
o, 0.0091 rad
S, -0.0460 rad
&, 0 rad
o 21.072 "Hg
n 1800 RPM

Figure2-4 Initial conditions for V = 45 m/4{ = 6000 ftobtained with the trim
routineACTRIM command4].
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In modeling and simulation of the aircraft, the state space representatsediom

making analyzes.

T ® 0w 060

T @ 6w 0o

2.5.1 Longitudinal Dynamics

The longitudinal states are,

T ® o f—

CPWwFPT L VLOU T X WY o) TUTT

1 6 S X ¢p PR YL W @ TZP T PET Y BP T
P® WTEW T OX OQPw 081C WG T
Tt Tt p T

The longitudinal motion has two oscillatory modes, phugoid and short period mode.

Information of this modes can be obtained from eigenvalues ofighgatrix.

Root Location Natural  Damping Time to Half Period

Frequency Ratio  Amplitude(s) (s)

¥n(rad/s)
Short -2.160+£ 2.4112 2.411 0.667 0.3 2.60
Period
Phugoid -0.01614+ 0.2631 0.0612 42.94 23.8

0.2631

Table2-5 Longitudinal mode characteristics
As can be seen ihable2-5, both short period and phugoid mode are stable because

real parts of their roots are negative. The short period mode has a higher damping

ratio therefore, it has a shorter time to half and period which are 0.3s and 2.6s,
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respectively. Roots dhe phugoid mode is closer to the origin so, as expected, longer
half value and period exist with respect to short period mode 42.94s and 23.8,

respectively.

2.5.2 Lateral Dynamics

The lateral states are

T o Tnie
pRTEPT P8 MEPT WPpUrEenm PoyprT
15 T8ty Vg8 T ¢ ¢ P& we UL T
P C G T g mEPp T Ve p @ T L

] p P& LV TZE T T

Eigenvalues of the & matrix contain information about lateral modes named as roll

mode, spiral mode and Dutebll mode.

Root Location Natural  Damping Time to Half Period
Frequency Ratio  Amplitude(s) (S)

¥n(rad/s)
Dutch-roll -0.477+0.9763 0.9763 0.439 1.453 1.0866
Roll -5.1351 - - 0.135 -
Spiral -0.04573 - - 15.15

Table2-6 Lateral Mode Characteristics

As can be seen ifmable 2-6, Dutchroll modehas relatively large dampirand the
spiral mode is stabkeince the real parts of their roots are negative
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CHAPTER 3

RUNWANETECTMAOIRGORI THM

A
Search for Threshold for : Points to Line Detect
FlightGear Tiﬁvsigjsvsvh}—»( Light BulbsH Mo'l;qho!oglcag_’( Converter H Runway
Window Detection lltering (RANSAC Candidates

No Yes
Runway
Is Runway™ Predict - Candidate
S Runway Filter

D‘-(
o)
»

( \] Send
;;2‘(’:"123; > IfExtra;:_t > Informzr':ion to
nformation UAVEMS
Figure3-1 Runway Detection Algorithm

In this chapter, runway detection algoritiwill be presentedTo calculate position

of the aircraft with respect to a known position, image processing methods are
applied with C++ languag®penCVcomputer vision librarywhich is free and open
source, is used to implement image processing methdds+. Besides explanation

of used image processing methods, information obtained from these methods are
filtered to obtain durable resultseBsons and results fftering methods, decision
mechanisms, and information extraction from result of ovguedicesswill be
presented.General way of working of the runway detectialgorithm can be
investigated irFigure 3-1.
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3.1 Image Capturing and Light Bulbs Detection

3.1.1 Capturing FlightGear Window

Image processing application sdasFlightGearsimulatorwindow on the screehy
using Windows APIs(Application Program Interfage If FlightGear window is
found, imagebitmap of that window is captured to process. An instance of
FlightGear screen anthptured image can tseen inFigure3-2 andFigure3-3. To
be eliminate header of FlightGear window and FlightGear mentrigare 3-2,

cropping is done on captured image to select simlator output bitmaps.

FlightGear . - o IEN |

File View Location Autopilot Environment Equipment ATCial Network Debug Help Beaver

Figure3-2 FlightGear Simulator Interface
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Figure3-3 Captured Image from Flightgear Screen

3.1.2 Thresholding Method

Main purpose of image processing is téede runway. As can be seenFigure3-3,
runway has light bulbs on the left and right side. These light bulbsvgivmble
informationabout borders of the runway so by detecting of these bulbs, runway can
be deected. Thresholding i©i¢ simplest segmentation methddhresholding method
needs a gray scaled one dimensobimage which can be easily suppliedFigure

3-3. Captured FlightGear imags split to its red, gren, and blue componenand
thresholding is applied to these imagBsocessed images arebBs/pixels images

and notation of them as follows:
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1 Black pixel: in grayscale values for an 8 bits/pixel indexed imageits
value is 0,

1 White pixel: in graysca& values for an 8 bits/pixel indexed imaged its
value is 255.

Threshold method obtains pixel values ahd pixel value is greater thaselected
thresholdvalue, this pixel value is assigned to 255 (Whi&d3ge it isassigned to O
value (Black). Fodesigned project, this threshold value is selected as 185 over 255
(8-bit). After three thresholding operation, three image again merged to get full color

RGB image. Red, green and blue images after thresholding caebeénFigure3-4

respectively.

Figure3-4 ThresholdResultof Red, Green, and Blue Pixdts Light Bulbs
Detection

Main runway have white bulbs but auxiliamanways havedifferent coloed light
bulbs. Sobulbswithout white color must beeliminatedin Figure 3-3. White pixels
have value [255 255 255] respectively red, green and blue value. To obtain white

pixels, following operation is dorend output is as iRigure3-5.

OO Q0 VAQI Q@R Q& O CHHIDIR 0 QO Q& i
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Figure3-5 All White Pixels

3.1.3 Morphological Method

Thresholdingoperation outputall white objectswhich can be a bulbra building or

a white cloud as ifrigure 3-5. However,we need to obtain only white bulbs. So a
filtering operation is neededhe common feature of the bullssthat they are small
objects On the other hand, building, clouds any other object appears on
thresholded image is relatively bigger than a bulb size. So by filtering big §bject
manynorrinterestwhite object can be eliminated.

To eliminate big objects, many methods can be usedthig thesis, opening
morphologichmethod is usedviorphological operation methods offan attitudeto

the processing of digital images which is based on shape. Appropriatelythesss,
operationgend to simplify image data preserving their essential shape characteristics

and eliminatng noiseg26].
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Dilation and erosion are basic morphological processing operations. Both dilation

and erosion are produced by the interaction of a set called a structuring element with

a set of pixels of interestintheimadehe structuring el ement has
an origin. Let A be a set of pixels and let B be a structuring element. Let B'be the

reflection of B about its origin and followed by a shift b2 ).

Dilation, written0 § 0, is the set of all shifts that satisfy the following:
0$ 0 is" o6 1

Equivalently,

A bc
d

Figure3-6 Dilation Example(a) Set A. (b)Square Structuringl&Ement (Dot is the
Center),(c) Dilation of A by B, Shown Shadedd) Elongated Structuring Element.
(e) Dilation of A Using This Elemeri27]

Sodilation increases the region in the image or size of foreground object ingrease

Normally, in cases like noise removal, erosion is followed by dilation. Because,

erosion removes white noises, but it also shrinks our objecaft8p erosion, we

dilate it since noise isgoneahdh ey wondét come back, but our

to nearly its original sizelt is also useful in joining broken parts of an object.
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The basic idea of erosion is eating away the boundaries of foreground object. So
kernel slides through the image as in 2D convolution. A pixel in the original image
(either 1or 0) will be considered 1 only if all the pixels under the kernel is 1,
otherwise it is eroded (made to zero). So what happens is that, all the pixels near
boundary will be discarded depending upon the size of kernel. So the thickness or
size of the forground object decreases or simply white region decreases in the

image. It is useful for removing small white noises.

6S 6 is"i PO

d /4

B

Figure3-7 Erosion Example(a) Set A. (b)Square Structumg Element (Dot is the
Center). (cErosion ofA by B Shown Shaded. (d) Elongated Structuring Element.
(e) Erosion of A Using This Elemefi27]

Opening which is used herés the dilation of the erosion of @tsA by a structtng
element B. it removes small objeatsakes object smoother.

020 6S 6 § 6
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Figure3-8 Structuring element B rolling along the inner boundary of A (the dot
indicates the origin of B). The heavy line is the outer boundary of the opening. Final
output is shaed.[27]

Briefly, with opening method, small objects are eliminated such as light bulbs in
current situation So big objects can be detected in the image. Result of related
operation can bseen inFigure3-9.

Figure3-9 Result of Opening Method
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Here, white object out of light bulbs are found. If opening im&ggire 3-9 is
subtracted from thresholded imagrgure 3-5, resulted image gives only small light

bulbs as in the figure dfigure3-10.

Figure3-10 Selection of White BulbOriginal Image Subtracted From Opening
Image

With implementation of the explained methods, we start from original captured
image Figure 3-3 and obtain image seen ikigure 3-10. Main purpose of
combination of the image processing methods is taiolsmall light bulb objects but

as can be seen igure 3-10, some noisy pixels still exist which is belong to big
object which are eliminated. These regions are corner and sharp regions of
eliminated objects. Although it seeitist they breakhe elimination logic, however,

as will be described in the next sections, important subject is that they are not in a
line order and even if they are in a line order, tldeynot belong to a runway

structure of order which will be invegated also.
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3.2 Points to Line Converter (RANSAC)

Bulbs are positioned near the runway edges so by detection of bulbs which are in a
line order gives possible runway edges. By usRgNdom SAmple Consensus
(RANSAC) [28] algoiithm, pointswhich canbe fitted to a linecan bedetected
Algorithm can be explained as follows:
1 Randomly select a sample of s data points fdata seS and instarmdte the
model from this subset.
71 Determine the set of data pointswhich are within aistance threshold of
the model. The set & the consensus set of samples arfohée the inliers of
S.
1 If the subset of Si is greater than some threshold T, reestimate the model
using all the points ini&nd terminate
If the size of Sis less thaT, select a new subset and repeat the above.
1 After N trials the largest consensus seisSselected, and the model is re

estimated using all the points in the subset S

H $ H
. . .
. e Task: e e Sample two points . . Fit line
. Estimate best line .
o © A
. - p
. s - N .
13 s ¥
Total number of . e
b4 L points within a P . Repeat, until get a o e Repeat, until get a
° threshold of line . good result o good result

.t

Repeat, until get a
good result

Figure3-11 RANSAC Algorithm Steps
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Here all pixel values ofFigure 3-10 are scanned and coordinates of white pixels
stored in a 2D coordinate vectowhich is data set to RANSAC algorithmfter
RANSAC algorithm is applied, results are filteredIstitat slope of the detected line
must be within {85 85] degree at which 0 degree would be a vertical Reason of
this elimination is thathere is horizontal runways with white bulbs which are not
interested to be found. Filteredsults are projeetl on original colored imaghat

can be seen iRigure3-12.

Figure3-12 Line Detection Algorithm Result

3.3 Determination of Runway Candidates

Runways have two edges so combinagiout of two groups give runway candidates

but if two lines crosses each other they are eliminated from this combination because
runway lines must be parallel to each otHergraphical perspective, parallel lines
have an intersection point named as shimg point as can be investigated-igure

3-13. From previous section, we obtain lines and coefficients of these lines.
Therefore, known coefficients and known point set of these, line=rsectiorpoint

can be found bysingbasic linear algebra as follows:
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Figure3-13 Vanishing Point Illustration

If two lines not crosseach other, their intersection point has higher coordinate at y
axes than lapoints belong to these lines. So, after determination of vanishing point
and checking of the-goordinates, lines are marked as parallel or not. If related lines
are parallel, a bounding rectangle is created to mark runway candidates and set of
informaiton is stored in a vector whose components are as follows:

1 Coefficients of two lines belong to that runway candidate,

1 Slope of these lines,

1 Length of these lines,

1 Coordinates of light bulbs belong to lines,

1 Bounding rectanglenformation

Result of runvay candidate determination can be investigateigare 3-14. Main
purpose of the runway candidate detector algorithm is to obtain line sets which
belong to a runwaylf no candidate is determinethis means that input line vecs
do not belong to a runway but may be part of any other building or earth surface.
Under this condition, in other word if no candidate is found, it is unnecessary to
continue with rest of the algorithm. Therefore, if no runway candidatsdetected,

runway detection algorithm send data to autopilot of the UAV after setting validity
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variable as false ifmable 3-1 Message Table oVISION_DATA. With this flag
autopilot will know that received data is not reliable. Action of ailmbgo this
situationwill be expressed in chaptdr After reporting the fail situatiormunway
detectoralgorithm starts over to capture néwage from Flightgear for new scene

and searches runway candidates again.

Figure3-14 Output ofRunway Candidate&lgorithm. 4 Lines Results with 6
Candidates

3.4 Runway Candidate Filter

From previous section, we have runway candidates but one of them has to be
selected as targatnway. h the previous section casetected line number was four
so runway candidate number was combinatbmthem out of two groups whiclis
@. For elimination of runway candidates to find out the real runwayneed
cost functionTo designcost function, parameters are selected as follows:
i It is assumed that nose view of UAV is lookingtawgetrunway which is
aimed to land. So true runway would be close to center of view.
1 Length of two edges of the runway must be claseach other. On the @h
hand.
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1 As can be seem Figure 3-14 , there is two runwayin the image. It is
assumed that aim of the UAV is to land on left runway so all runway
candidates tagged with an order number starting from left to right.

In the light of foregoing,

6 & QD & w0 "ECED 'QEDD 'Q'QO 'OQOMEBCY MO Q QY p T
QQ 0 BNBGD QI £ QY & 0 Mo &Ha QIR @Foa ¢ "QQ 1
, AEO4 D2 BQE®T T

From previous section, length of edges, information of bounding rectaregie
stored. Also runway candidates are stored in an order such that left most runway
candidate is first element and right most runway candidate is lasertie Finally,

after calculation andrderingof these cost functions, runway whichas biggest cost
function is selected asue runway Differentinstancs of this algorithmcan be seen

in Figure 3-15. White rectangle is selemd as target runwaytland out of other

rectangles.

In Figure 3-15, many conditions are created to tesliability of the developed
algorithm and it is validated that developed algorithm is functional under different
orientation state. For these cases, line difference and left to right ordering of the
runways are dominant parameters for the cost function because distance to center of
the view ismore or the lesslose to each other for runway candidates. However,
since main purpse is landing to target runway, as UAV continues to opdaate

landing target runway will move clos#o center of the view by time.
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Figure3-15 Elimination of Candidée Runways
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3.5 Extract Information of Target Runway

After detection oftarget runway,information aboutrunway are extracted to send
landing autopilotof UAV. Also validity of algorithm result and focal length of the
camera are sent to UAV which will be dsén calculation.Information within
VISION_DATA can be listed as follows:

1 Validity: After determination oftarget runway as a result of image
processing method and filtering mechanisMalidity variable set to true. If
no target runway detected, theisiset to false.

1 FocalLength: The focal length of theameras the distance between the lens
and the image sensaiVe know captured image size and field of view (FOV)
parameter of FlightGear. To calculate distance to known sized qlfjiecas
length musbe determined. Detail of calculation is presentetiahle3-1.

1 RunwayWidth: Number of pixels between bottom of the left and right edge
of the runway.

1 LeftEdgeSlope Angle between left edge of the runway and runway center.
RightEdgeSlope Angle between right edge of the runway and runway

center.
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Fov -

Camera
Center of
Projection

Figure3-16 Focal Length and FOV Relation

By usingright and left edge angles, autopilot determines the course correction value
and dstance to runway is calculated with the helpwiway width and focal length

[29] as described inhapter.

R\

Figure3-17 Runway Edges
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Briefly, detal of VISION_DATA can be seen iitable3-1.

Name Type Unit  Description
Validity Bool N/A
FocalLength Integer N/A Yy I ASRAIT O
o~z T wese C
O¢ W@ EBQ ; (1’)‘&/ 50)
"¢ pum

RunwayWidth  Integer Pixel Width of bottom ofthe target runway

LeftEdgeSlope Float degree Slope of left edge of the target runwa

RightEngeSlope Float degree Slope of right edge of the target runw

Table3-1 Message Table ofISION_DATA
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CHAPTER 4

LANDI NG AUTOPI LOT

Hold autopilot is designeih two stepsinner and outer loop controller is design to
control dynamics of the UAV. The inner loop is designed to gendedézal
controller command$or yaw and roll angle of the UAV and Igitudinal controller
commands fopitch angle and airspeed of the UAV. Rudder is used for yaw angle
control and ailerons are used for roll (bank) angle & WAV by the lateral
controller. Longitudinal controller usethe elevator and engine thrust to control pitch

angle and airspeed of the UAV. It is assumed that sensor data have no noise.

Disturbance

Controller

Ref Controller
Longitudinal

Controller

" JAYHedE

Feedbacks

Figure4-1 Inner Loop Control System Representation

Outer loop is designed to control velocity and position of the UAV. Also for more
realistic usage, by using GCS interface, developed under this thesis, aimed velocity
and speed of the outer loop controller may be modified. While controlling position of
the UAV, position source may be changed with GP%isual positioningsystem
(VPS)by GCS. Details about GCS interface is presented at Appéndix
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In this designanding autopilot commands t@eHavilland Beavemircraft model

with five control surface shown ifiable4-1 and presented iRigure4-2.

Control Surface Action

Engine Thrust Speed

Aileron Roll (Bank) Angle
Yaw Heading Angle
Elevator Pitch Angle

Flap increasdift & drag

Table4-1 Control Surfaces

Pitch Right Elevator

. . Q /L’/"(‘
y BJghtAlIeron ‘\‘Q\’b Yaw l 'y "/ /Rudder
& K e8] = L+~

¢ i /
N 7 _Left Elevator
e W

] NS Lz

P
s “~

= LeftFiap
X

»._ LeftAileron
Roll z
X

Figure4-2 Control Surface obeHavilland Beaver
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4.1 Controller Requirements

Before designing an autopilotequiremets must be d@arly defined before the
design.Thus, performance of the design process can then be tested according to the
requirements.In this thesis, requirements are grouped into two category. First
category requirements are about behavior of the UAdrbeouchdown and send
requirements mention about dabuchdown phase of the flightController
requirements can be listed asTiable 4-2. Also, landing operation may continue

under environmental requirements listed able4-3.

In Air At Touchdown
Min Max Min Max
Roll Angle -20° 20° -10° 10°
Pitch Angle -15° 15° 1° 7°
i - - - -3 (f/s)
Decrab Angle -12° 12 -4° 4°
Air Speed 80 kts 110 kts 79 kts 82 kts

Table4-2 Landing Autopilot Requirements

fiAt Touchdowm r equi rements have narrower range
to extra interaction with ground. Therefore, roll angle range must be limited to
prevent wing edges to touch to the groun@gmply unbalance force to landing gear

Similarly, due to ground interaction, decrab angle must be small values. Otherwise,

force applied to landing gear may cause damages. Pitch angle must be positive value

to slow down vertical velocitiQand as a result, ensures that the rear wheels touch to

the ground first. Beaver speed ranges from 70 kts to 110 kts as stptpdlianding

speed is accepted to be 20% higher than stall speed whichkis 66 minimum

landing speed obtained @s@ p& e X wkts.
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Wind Types Wind Magnitudes

Side Wind +15 kts
NoseWind 20 kts
Tail Wind 6 kts

Table4-3 Environmental Requirements for Landing

In real life, actuators haveperation limits. Although there is stated range for
actuator limits, for this thesis actuator limsiseaccepted as ifiable4-4.

Actuators Ranges
Aileron +20°

Elevator +15°

Rudder +15°

Throttle 0%- 100%

Flaps 0°-10°-20°

Table4-4 Actuator Limit Constraints

4.2 Proportional -Integral -Derivative (PID) Controller

Purpose of a control system is to obtaie-defined system responses. Feedback
control isthe most widely used coral structure whose aim is to make error signal,
which is the difference between output and input signal, as small as p¢38]ble

-
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ProportionalintegratDerivative (PID) controller has several important properties
like removing steady state offsets by integration, and prediction of the future by

derivation. Mathematically, PID controller can be described as:
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WhereK,, Ki and Ky are proportional, integral and derivative gains respectively and
Z is control output. K is simply multiplied control error to minimize error signal
smaller, however, too high proportional gain, Kan cause instability na

proportional gain only itself cannot eliminate steady state error.

The integration term can eliminate steady state error. Integration property of
controller deals with past values of error. It can cause overshoot bereesmses to

accumulated errdrom the pastip to current situation.

Overshootsan be solved by adding the derivative telrarivative action deals with
the prediction of the future values of error. However, derivative term can cause
instability because derivative term is sensitteenoise in the error signal which

could be caused by a sensor or disturbance comes from environment.

Proportional

r )
ReEl1)

=rror e ntegra f T

b 4
M)
¢

K[, e(t)dr

Derivative
d

. e

K —p Lr’|

e
s

Figure4-3 Block Diagram of PID Controller
To control a nonlinear system, gaoheduling's an approeh to match prelefined

requirements. This approach also named as divide and conquer because with this

method nonlinear design decomposes whfterent operating poistof the system
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As stated in[4], most dominant factor foBeaver is velocity and in this thesis
operational speed is not much varied due to landing purpose.

In real life, somedthernonlinear phenomena must be taken into consideration. There
are limitations in actuators; motohave limited throttle inputor speed, etc. For a
control system which must be operated in wide range of operational situations,
control outputs can reach the actuator limits. Under this conditions, feedback loop is
broken and system turns into an open loop control system because afiéoracire
saturated, whatever the output of the controller output, actuators remains constant at
their limit value. To be able to survive from this situation, error must change sign up
to integrator winds down which may cause to large transiedere, ati-windup

methods can be used to solve this probem.

In Figure 4-4, antrwindup phenomenon is illustrated on PI controller. As can be
seen, reference signal is changed so large and actuatal sgynsaturated.
Accumulation of integral signal continuap to at time 10 because error is positive.
After time 10 to 20, although error is negative, output of the controller remains
saturated due to high integral term and does not leave saturatiothangiiror has
been negative for a sufficiently long time. Notice that the control signal bounces

between its limits.
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Figure4-4 lllustration of integral windup where output is y, set pointsis control
signal is u and integral part is |

There are ways to solve windup problem. this thesis, backalculation and

clamping antiwindup methods are used.

4.2.1 Back-Calculation Anti-Windup Method

Back-calculation method adds an extra feedback path to the caystm that is
forming an error signal() by measuring difference between the actual actuator
output and controller output. The sign@l is fed to the input of the integrator
through gairpZ’Y. When no saturation exisf) is equal to zero and this extra
feedback loop hasoneffect on the system. This feedback loop attempts to nfake
equal to zero. Therefore, controller output is kept close to saturation IBaitk

calculation method is illustrated Fgure4-5.
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Figure4-5 Back Calculation AntiWindup Method

Result of Backcalculation method can be investigatedFigure 4-6 and can be

compared withFigure4-4, which does not have antiindup algorithm.

The integral input is

p.. 0,
Q70

where e is the control error. Therefore,

o g
~

in steady state. Sin@ 6 0, it follows that

o,
) (0] —10
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whered s the saturating value of the contvalriable. Since the signals e aind

have the same sign, it fallows that v is always larger ¢hanin magnitude.

Ysp
| i
0.5 y
0 T T T
0 10 20 30
u
0.05 \/
_005 T T T -
0 10 20 30
0
I
0.4
—08 T T T L
0 10 20 30

Figure4-6 lllustration of Backcalculation method effects on controller

4.2.2 Clamping Anti-Windup Method

Clamping antiwindup method is so called conditional integration. It consist of
switching off the integration when the controller variable saturateloutput and
the controller error and control variabilave the same sigi2o6 o6 0 1 [31].
Clamping antiwindup method is illustrated iRigure4-7 and effect of it is presented
in Figure4-8.
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Figure4-8 Clamping AnttWindup Effect
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4.2.3 Time Domain Performance

Overshoot =
Decay ratio =

[—
n
T

Time

Figure4-9 Characteristics of clogdoop response to step in refereiig2]

Performance of the designed controllesdll be evaluated with time domain
performance criteria as follows:
1 Rise Time (t): The time it takes for the output to first reach 90% ofinalf
value.Which is usually required to be small.
1 Settling Time (ts): The time after which theutput remains within 5% of its
final value, which is usually required to be small.
1 Overshoot: the peak value divided by the final value, which should typically
bel.2 (20%) or less.
1 Decay ratio: the ratio of the second and first peaks, which should typically
be 0.3or less.
1 Steadystate offset:the difference between the final value and the desired

final value, which is usually required to be small.

4.3 Inner Loop

Aim of theinner loopcontroller is to increase the spf@f flight and improving wind
limits of the UAV to provide safe landing even under strong wiadditions For

this purposeinner loop controllers designed as dtable4-5.
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Longitudinal Hold Lateral Hold
9 PitchController 1 Roll Controller
1 SpeedController 1 HeadingController
1 Altitude Controller

Table4-5 Inner Loop Autopilot Capabilities

4.3.1 Lateral Controller

Lateral contrder controls aileron and rudder control surfaces to be able to hold bank
angle and heading of the UAV. For navigating through waypoints, heading must be
controlled todirect UAV to target waypoint do make direction error between UAV

and runway headings small as possibl&or safe landing bank angiend heading of

UAV must be controlledlsa

Roll Controller

For a fixedwing UAV, while flying at a constant altitude, roll angle command is
often used for heading contrdlfherefore,to be able to contraheading rate, it is
necessary to control roll angle. However, while landing phase, roll angle must be
close to zero degreeith respect tarable4-2, otherwise wings can touche ground

which probably will cause damages or lo§she vehicle.
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true if Rell Control is active

ModeActive
RollRefConstructor Phi RollAngle I—D:%\— [CRoll]

\

I If Roll Controlleris Disabled,
(Ro"} Pilot controlsAilerons

In Air - At Touchdown Wi
Bitwise] —" o
Requirement Switching [ModeAct] AND Limitter for Actuator Command
Sensor Data Ox1 r2020)
PID Controller
[RollReT]
Roll Command
[GroundLevel]> RollRef
o GroundLevel
TAC_BUST> ~H » 0 p|VauRate  ROIRefOut tylRolRef Il
H <par>| l/. r ’—P

RoliRate
ActualRoll] Roll

Phi

L <phi_theta_psi>,

[PilotRef]

A,

Y [

<par=

Figure4-10Roll Controller

PID controller is used to keep roll angle to roll reference value by controlling aileron
actuator angle.Ground control station can disable or enable contrades
individually. If roll controller orall autopilot is disabledqileronactuator anglesi set

directly by pilot inputs.This enable/disable signal comes to hold autopilot model

with HAModeAct 0 s i g fhCartrolEbapleSeldttons f v aesirt a bli t

Table A - 1 Message Table oGAM_CONTROL_DATA. All structure of roll

controller is presented igure4-10.

Roll controller has an effect on heading control. Wii&adingcontrol works for
holding heading of UAV,roll controller reference is manipulated to make UAV
rolling to direction of turningso yaw rate used as a damgs.a result of thatJAV

can reach target heading value faster and loss of airspeed is minimized. Howrever, f
landing phasewhatever the yaw effect is, if altitudel®wver than predefined value,
then roll controller try to keep zero bank angte o m aAt dduchdowrm
requirementReason of this predefined altitude level is that while approaching the
runway, controllermustasst i sfy both Aln Airo abah i On
detailedin Table 4-2 and for a successful switching between these requirements,
theremustbe atime intervalgiven By keeping in mind the other requirements, this
valuehas been determined to Bam (MinLevel2CorrectHeading variabie Figure

4-11). Related logican be investigated figure4-10 andFigure4-11.
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RollRef is set to zero

while landing by GCS Min level to set roll reference to O
RollRef _— Thisvalue setto 10 m
D
€D
AGL
GroundLevel .
[ MinLevel2CorrectHeading ‘_[;elaticmal » X e
O t
YawRate perator Product RollRefOut
: > »\
Bitwise I—’—i >0
AND —=a H2R
ModeActive Ox4 Switch5
Yaw_Active_Selection \
0 if course controlleris disabled,
yaw effect would be cancelled

Constant

Figure4-11fRolIRefConstructay Bl ock. Sets Rol |
Requirements stated Trable4-2

Ref erence

Aileron actuator angle is limited between2(] 20] degreewith respect to
requirements stated ihable 4-4 and roll command is limited with respect to this

requirement. @mping antrwindup method is applied timit the integratoreffect
on block saturatiof33] to handle this nonlineautcome

Il
Enable
(3 ) p 0.5
RollRate
Kd
Sat_20-20
- | Ref
Pl(z) p(—t 1
RollRef a ") o
RollAngle
a PID Controller (2DOF)
Phi

Figure4-12 Roll Controller
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To match Aln Airo requirementsO fAtol | ro
Touchdow® r equi r e me rRolIRefiCanstduttad d bl nc ki as pr es

Figure4-11. Under5 maltitude, roll reference is set to zero.
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Figure4-13 PID TuningandStep Respons@erformance Analysis for Roll

Controller

PID gains of the roll controller are tuned manually gradametersvere changed

systematically for analyzing the controlkep responsgerformanceand understand

result behavior of the nonlinear aiaétr model Result of this process is presented in

Figure4-13. As a result of this anatys P parameter is selected aso6decrease

overshoot ratio and settling time. Also thsikes steady state error reasonaihall.

| paraneter is selected as  decrease steady state errBurther increase of |

variable increases overshoot ratid. parameter is selected as 0.5 to decrease

overshoot and oscillations. Further increas® icause increase in settling time, rise

time and oveshoot rationTime domain performance of the roll controller is resulted

as inTable4-6 and step response is showrFigure4-14.
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P I D Tr Ts Overshoot
6 2 0.5 0.89 1 4.5

Table4-6 Gain Values and Time Domain Performance of Roll Controller

LT

I~ RollRefAngle
_ Rallangle

| 1 1 | | 1 | | 1
0 1 2 3 4 5 6 T 8 a 10
Time

Figure4-14 Step Response of Roll Controller

HeadingController

Headingcontroler aims to keefeading angl®ef UAV to referencevalue Heading

controller commands to rudder actuators to chdregaling If altitude is higher than

5 m, as mentioned &oll Controllersection, change in yaw rate has an effect on roll

controller. Thus, UAV cameach target heading value faster and loss of airspeed is
minimized. If altitude is lower thab m, to match AAt Touchdowno
listed in Table 4-2, this roll effect is canceletb protect wings and landing gears.

Generdalgorithm is presented iRigure4-15 andFigure4-16.
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Is acti Rudder Command
Bitwis]| _— Control is active

Limitter for Actuator Command
Bitwise F1518]

Operator2 "'
o
> CourseRef n \
/ <phi_theta_psi> S/. P . Yz::se © NY aw Psi_Error
- ngle Conversion ’_>
psi Error Calculation Yawemd \—>—|_>‘;X
Froms YawRate(r) St Saturation3 Cotot
N g Heading
<par |/I " | If Heading Controller is Disabled,
; Yaw> Pilot controls Rudders
r Heading Controller Froma0 I “raw
Figure4-15 Heading Controller Algorithm
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Figure4-16 fiHeading Block

Ground control station can disable or enable control modes individUEtig.

enabl

t hi r d CbntralEnabléSeléttions v a r i Taldel Ae- 1 Message Table of

e/ di

sabl

e

signal comes to hol

d

GAM_CONTROL_DATA. If headingcontroller or autopilot is disabledudder

actuator angle is set directly by pilot inputs

Rudder actuator angle is limited betweenld 15] degreewith respect to

requirements stated ihable 4-4 and yaw command is limited with respect to this

requirementBack-calculationantrwindup method is applied tamit the integrator

effecton block saturatiof33] to handle this nonlinear outc&n
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Figure4-17 PID Tuning and Step Response Performance Analyslddading

Controller

Time domain performance analysis is presenteignre4-17. Heading controller

time domain analysis is done to investigate for matghin i At

Touchdowno

requirements. Thereforepll controller is commanded to hold 0 degree throughout

this analysis.As a result, P parameter is selected ssdecrease overshoot ratio and

settling time. Alsahis males steady state error reasonabtyall. htegralparameter

is selected a% to decrease steady state error. Further increase of | variable increases

overshoot ratio. D parameter is selecte® &3 decrease overshoot and oscillations.

Further incease inD cause increase in settling time, rise time and overshoot ration.

Time domain performance of thieadingcontroller is resulted as ihable4-7 and

Figure4-17.

I

1

3

D Tr Ts Overshoot

3.31 4.26 0.2

Table4-7 Gain Values and Time Domain Performance of Heading Controller
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Figure4-18 Step Response of Heading Controller

4.3.2 Longitudinal Controller

Longitudinalcontroller controls elevator and engine thrust control surfaces to be able
to hold pitch angle and airspeed of the UAV. For navigating through way@widts
safe landingaltitude and spekof UAV must be controlledn this design, altitudesi
controlled byelevatorand speed is controlled by engine thrust.

Pitch & AltitudeController

The purpose of pitchontrolleris to make the pitch angle constant at certain value. It
is rarely used alone but used to control speed or altitude rathguadaltontroller
generate reference tothe pitch controller The main objective of the altitude

controlleris to keep the aircraft flying at altitude set point.
Ground control station can disable or enable control modes individufalpitch

controller or autopilot is disabledelevatoractuator anglesi set directly by pilot

inputs. This enable/disabmmand reaches to tleentrollerwith the second bit of

59



fiControlEnableSelections v a roif a bl Mo d e A m {Table A4 lgMesshge
Table of GAM_CONTROL_DATA

PID controller is used to keepitch angleto pitch anglereference value by
controlling elevatoractuator angleElevatoractuator angle is limited betweerlb

15] degreewith respect to requirements statediable4-4 and elevator command is
limited with respect to this requiremelampingantirwindup method is applied to
limit the integratoeffecton block saturatiofi3d3] to handle this nonlinear outcome

Gereral pitch controller algorithm can be investigatadFigure 4-19 and Figure
4-20.
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o0x2 Control is active
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Figure4-19: PitchController
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Figure4-20A Pi t cho Bl ock
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Pitchcontrol |l er iI's tested by setting fAPiIt
altitude c ontContliolEnableSelegtions erabtei An 4 Mdssage

Table of GAM_CONTROL_DATA Altitude controller output (CAltitude) and
APitchHol dRef dego iRtcheontollerentfigubed-I9eorbg ent e
disabling altitude control, step input can be set without altitude controller
contribution. Time domain pdormance analysis is presentedFigure 4-21. As a

result, P parameter is selected as 4 to decrease overshoot ratio, settling time and to
make steady state error reasonaBliyall. Integral parameter is selected as 1 to
decreaseteady state error. Further increase of | variable increases overshoot ratio. D
parameter is selected as 3 to decrease overshoot and oscillations. Further increase in
D cause increase in settling time, rise time and overshoot ration. Time domain

performancef the heading controller is presentedable4-8 andFigure4-22.
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Figure4-21 PID Tuning and Step Response Performance AnalyskRiticin
Controller
P I D Tr Ts Overshoot
4 1 0.6 0.78 1.18 0.3

Table4-8 Gain Values and Time Domain Performance of Pitch Controller
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Figure4-22 Step Response of Pitch Corikeo

Altitude controllerdeveloped on pitch controller by usingXPd¢ontrolleris shownin
Figure4-23. Altitude controller work on keeping error as small as possible between
altitude of the UAV and altitude reference valu@utput of altitude controller
contributesto Pitchr e f er en c e wAltitudeiHoldRsf_fts et a rbiya bil e o f
control command iTable A- 1.

As stated before, elevatactuator angle is limited betweerilp 15 degreewith

regect to requirements stated Table 4-4 and elevator command is limited with
respect to this requirementhere would be major changes in reference of the
altitude controller. In addition to this casésyould take time to redcdestination
altitude due maximum climb rate and maximum descend rateedf&V. For such
cases, integrator factor of the PID controller cause overflow in time and this situation
cause big overshoots at the outpbbtr these reasondackcalculation wiup
method used to discharge saturation of integration action. General algorithm can be

investigated irFigure4-23 andFigure4-24.
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Figure4-23 Altitude Hold Controller
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Figure4-24: PID Block of Altitude Controller

Step response of altitude controller is obtained by giving step input with GCS control
command.For altitude controller both angle of destamd climb is important for
auto landing capable air vehicle. So altitude controller is tested by setting altitude
reference froml300 feet to 1200 feet altitude difference and vice versa. Result is
presented irFigure 4-26 and Table 4-9. Also time domain performance analysis is

done for various PID gains tonderstand system nonlinearities.
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Figure4-25PID Tuning and Step Response Performance Analgsidlfitude

Controller
P [ D Tr Ts Overshoot
2 0.4 1 4.68 5.51 0.001
Table4-9 Gain Values and Time Domain Performance of Altitude Controller
b T e
§ 1260

Figure4-26 Step Response of Altitude Hold Controller



For tracking performanctestof altitude controllerouter loopis used to generate
landing trajectory path and detail of generation of landing trajectory will be
explained asection4.4. As can be investigated Figure4-27, tracking performance

is successful.

| ] | I | |
- Altitde Refm

_T Altitude_m

Altitude (m)

Figure4-27 Altitude Controller Tracks Landing Trajectory Successfully

As mentioned before(CS can set pitch and altitude references disable these
controllers individually.Altitude controler is built on pitch controller herefore, if
pitch controller is disabled, altitude controller would be use&ssspilot inputs
applied toelevatorswvhateverthe altitude controlleoutput is If altitude controllenis
disabled only, pitch angle keptat pitch reference valudat comes from GS and
contribution of altitude controller to pitch controller would be zero degree.
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Airgpeed Controller

The main objective of the airspeedntrolleris to keepairspeed of the UAV at
constant valueAirspeedcontroller can bedesignedin two ways. It can be either
built on thepitch controller or by changing throttle value. In this desigmspeed
controlle controls throttle valueThe final airspeed autopilot block diagram is shown
in Figure4-28 andFigure4-29.

Bitwi=e
[ModeAct] :XPiED) e true (>0) If Speed

From22 Control isactive
Bitwise

Operator3

AC_BUSTS | , o a »| Actual_Speed
u <vbody> | g vx
From1 T N
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|[SpeedRef] SpeedRef Lali=o
From > Golo10
SpeedController Switch3 \
[ActualSpeed] H IfAirSpeed ControllerisDisabled,
Goto20 | [PilotRef] — Pilot controlsThrottle

“ <uprop=
From23

Figure4-28 Air Speed Controller

Speed cotroller has crucial role while landing. Air speed is needeletohosena

value that is above the stall speed of the UAV, but low enough that the aircraft is
able to lose altitude. If speed of the UAV is high while landing, jumps could be
occurredwhile touch down phaseéOn the other hands, if speed of the UAV is below
the stall speed, altitude of the UAV cannotheéd as planned bguter loopand hard
landing would occurAirspeed requirement is statedliable4-2.

Throttle to RPM
Enable Lookup Table
\ ThrottleRPM
] D
2
SpeedRef L Refpl 1-D T(u) ‘ 1-DT(u) 1
z » —> =
@ »> @ /‘ / ManifoldPressure tprop
Actual_Speed PID Controller (2DOF) Throttle2RPM RPM2ManifoldPressure

Figure4-29: Air Speed Controller and Motor Model
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Pl controller is used to keep air speed to reference speed value by controlling throttle

level andclampingantirwindup method is applied tonit the integratoeffect due to

nonlinear engine model and throttle limits contrast to other previous sections, PID

is not preferred for airspeed hold controller because under turbulence air conditions,

airspeed measurement could have high frequency components whichsistabke
for derivative actionThrottle commandrange is [0 1 (which corresponds to 0%
100% in Table 4-4) and this value converted into motor RPARevolutions per

Minute) which is used for calculation of trust vector.

Airspeaed controller can be disabled by GCS command. If air speed controller or

autopilot is disabled, throttle is set directly by pilot inpuf&is enable/disable

command

reaches to the

vari abl eAof o i Mabig Aall i n

cContrdlBEnableSelectionswi t h

Airspeed controller is tested by settigSpeed Hol d Ref dego

var.i

During these testsltitude controllelis active Time domain performance analysis is

presented irFigure4-30. P parameter is selected as 0.5 to decrease overshoots and

settling time. Further increase in P parameter may cause frequent changes in throttle

value. This situation cause oscillations on UAV due to change in forward trust force.

Parametel is selected 0.2 to eliminate steady state errors. Applied Pl parameters and

performance of the controller is presented able4-10 andFigure4-31
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Figure4-30 PID Tuning and Step Response Performance AnalysiSdeed
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P I Tr Ts Overshoot
0.5 0.2 9 9.6 34

Table4-10 Gain Values and Time Domain Perfante of Speed Controller
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Figure4-31 Step Response of Speed Hold Controller

4.4 Outer Loop

Outer loop is responsible for landing trajectory generation and it manages required
maneuvers for a safe landingdareduces workload on the crew. Outer loop needs
position information of the UAV and needs a database to store flightbglsides

other air data information which is used by inner loop. Generally, position
information is obtained from GPS. MoreovigrJanding phase, INS information may
also be used. In this thesis, outer loop is designed t&¥igsal Positioning System
(VPS) in addition to GPS. So thaguto landing may continue evemhen GPS
information is not reliable, available or GPS data is jammed.
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In this design,outer loop requiredlight plan for generating landing trajectory.
Designed flight plan database consist of six parametdoti@s's:

1 Order: Order information of the waypoint. Execution order of the waypoints

are managed with thisfiormation.

1 Latitude: Target latitude information of the corresponding waypoint.

1 Longitude: Target longitude information of the corresponding waypoint.

1 Altitude: Target altitude information of the corresponding waypoint.

1 Speed: Target speed informatidrtloe corresponding waypoint.
This parameters are stored@\M_Mission_WayPointomposition inTable A- 3.

GCS can load up to ten waypoints touter loop flight plan databaseith
GAM_MISSION_DATA in Table A- 2 via UDP protocol. iienouter loopmode is
selectedasFMS_Modeby fiReferanceSelectianvalueof GAM_CONTROL_DATA
in Table A- 1, outer loopstars to execute this waypoints with respecther order
value With respect to flight plan database, outer loop generate altitude, heading and

speedeferenceas presented iRigure4-32.

-

Landing Autopilot

Outer Loop

Altitude Airspeed Heading

Inner Loop

Controller
(Heading)( Pitch )
Controller Controller

CAlrspe d) C Altltude)
Controll Controlle

j

Figure4-32 Outer Loop Feeds Inner Loop with Altitude, Airspeed and Heading
References
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Execution of the flight plan starts with choosing the flight mod&MS_Modeby
GCS.Outer loop generate altitude, airspeed and course reference tte teduthe

UAV follows the flight path. To make flight plan easier to manage, it is aimed to
make a feasible path. This is an optimizatiproblem therefore, to avoid
instantaneous changes in position/angle, speed/rotation or acceleration/torsion, flight
pathneeds to beontinuouq34].

The most basic way to generate a path is to plot waypoints and raw straight lines
between them. This kind of flight paths is sufficient for vehicles with medium or low
demand of precisionHowever, big problem is that this flight paths may not be
feasible or flyable because waypoints may have an instantaneous change of direction

when going from one to another such abigure4-33.

Linear Piecewise Interpolation

1 15 2 25 3 35 4 4.5 5
X

Figure4-33 Piecewise linear interpolatiasf x=[1 2 3 4 5]and y=[10 9 4 4 0]

The derivative of the resulting curve kilgure4-33 is not continuous. In order to fix
this drawback, one can use Piecewise Cubéarntite Interpolating Polynomial
(PCHIP) method [35] [36]. This interpolation is also called Hermite cubic
interpolation. This interpolatiois a method to ensure monotonicdl/the resulting
Hermite spline By meaningfully seleatg the interpolating curvesyvershoot is
prevented, meaning that the monotonicity of the path is not violdied is of
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special interest when there are obstacles present, and an overshbetvedatal
consequences&®AV may be hithemsuch as groundr a building

Linear and Piecewise Cubic Hermite Interpolation

* 7‘; —#— Piecewise Linear \NE(DOH!\CH
= Piecewise Cubic Hermite
L Interpolation |

ER=

Figure4-34 Piecewise cubic interpolation

Let 'Q denote the length of ti@ subinterval:
N w W
W W
Q

Let'Q denote the slope of the interpolatioruat

1

Q 0w
For the piecewise lineanterpolation’Q p or] , but this is not necessarily
truefor higher ordeinterpolation.The key idea is to det@ine the slope§) so that
the function values do naivershoot the data values, at least locally. Iandj
have opposite signs or dither of them is zero, than is a discrete local minimum
or maximum, so weet

Q TL
This can be easily investigated result of an example interpolatibrgime 4-34. If
1 and have the same sigthen’Q is a weighted harmonic mean, with weights

determined by the lengths thfe two intervals
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Where
0 cCQ Q ho M dQ

If two intervals have the same length,

P P
1 1

allxel

L
Q

Another advantage of this interpolation, whiciincbe also seen from formulation
above, is that moving a point do not affect all the cuBansequentlyin this design,
generation of altitude and speed references are done by using PCHIP method. Course

reference is generated with the calculation of entrrUAV situation and target

direction.

Position sour ce selection i s done Vi a
GAM_CONTROL_DATA message of GCS presentedTiable A- 1. If position

source i sUss&€bme@t eduaserinl oop starts to use VI

is presented imable 3-1 Message Table o¥ISION_DATA and this information
obtained by runway detection algorithm which is mentioned at cha@pt®PS has

also validity information such that if runway can be detected by runway detection
algorithm, this validity flag is set to true otherwise set to false. If validity is VPS is
true, outer loop update position information relatively. Howeveralidity is false,

outer loop keep last generated altitude, speed and heading reference up to valid VPS
data comesWhile the valid VPS information comes, reference values are also
continued to updatéVithdraw of using VPSs left to operator/piloas a pecaution.
Operator/pilot may switch to GPS to continue landing or may cancel larizteged
algorithm can be investigated fiigure4-35.
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Figure4-35 Position Source Selection Algorithm

4.4.1 Altitude and Airspeed ReferenceCalculation

After loading flight plan by GC$%o the landing autopilpbuter loop generate altitude

and airspeed reference values obtained by using PCHIP method. Interpolation is
done wih respect to distance to touch down point (TDP) and related altitude of
airspeed value of the waypointsTo illustrate the mechanism, a flight plan is
prepared for altitude and airspeed in Table 4-11 to implement PCHIP and
piecewise linear interpolation. Result of interpolations are presentedyure 4-36
andFigure4-37.

Order Distance to TDP (m) Altitude (ft) Speed (kts)
WP_1 -6000 1300~396 m 90
WP_2 -4500 800~244 m 88
WP_3 -3000 600~183 m 82
WP_4 -1500 150~46 m 80
TDP 0 5~2m 79

Table4-11 Example of &light Plan Instance
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o Piecewise Cubic Interpolation & Piecewise Linear Interpolation
- = - :

—+— Piecewise Linear Interpolation
Piecewise Cubic Interpolation
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200 S

Altitude from Sea Level (m)

150 .
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507

0 1 1 I 1 I L = |
-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000
Distance o TDP (m)

Figure4-36 Altitude References with rpect toTable4-11 Generated by Using
PCHIP and Piecewise Linear Interpolation

o Piecewise Cubic Interpolation & Piecewise Linear Interpolation

94 W —+— Piecewise Linear Interpolation -
\ Piecewise Cubic Interpolation

927

90

Airspeed (ki)
©
3

84 [~ 4

82

76 : : : : :
-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000

Distance to TDP (m)

Figure4-37 Airspeed References with respeciltable4-11 Generated by Uisg
PCHIP and Piecewise Linear Interpolation

Here, advantages of the PCHIP over piecewise linear interpolation is understandable
more clearly. Smooth transition from one waypoint to another ensures a flyable,
feasible target references and overshootshef dutput of the inner loop will be

minimized. An imaginary waypoinis addedto avoid ambiguity in the references
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through last waypoint for both altitude and airspeed interpolations. This imaginary
waypoint has same properties with the last waypeixtep its position. It is
positioned beyond the TDP towards positive direction. It does not matter how far the
imaginary point from TDB is because this point has same altitude and airspeed value.
Therefore] = 0 which means that distance of imaginary waypoint to TDP has no
effect on interpolation resulAddition of imaginary waypoint to flight plan is an
internal property of the outer loop and this logic does not have any effect on user or
GCsS.

Anocther reason to add an imaginary waiyp to flight plan isto land the UAV on
therunway such thathe back landing geatsuch the groundirst, with a low speed
and the low vertical velocityt the end of the landing phadeate of change of
altitude reérence which directly has an effect 4 decreases while approaching to
the TDP tomakeQ TL

Calculation of altitude and airspeed references arrpolatedby using related

waypoint values andlistance to waypoint from TDP. Here, position of the UAV
must be identified. Designddnding autopilot may obtain position of the UAV from
GPS and VPS and references a o inner loop with respect to this distance value.

Distance Calculation by Using GPS

Distance between two coordinates can be easily calculated by using Haversine

formula[37] as follows:

LY Y

) OE-Iq— A|°OZA|°OZOE-|C—=
- L., M6
W %20 WeE——
mp w

QQI 0 OEYod
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Wherei i s |l atitude, & is | ongi 63d1d@m) R i s

Distance Calcutson by Using VPS

Distance is calculated with respect to runway start line by VPS. Therefore, distance
from runway starting point to TDP must be added to calculation as illustrated in
Figure 4-38. Runway width in pixelangle of eges in degreand focal lengtrare
obtained from image processing algorithm as mentioned at chapt8elected
runway for landing is 10L oSan Francisco International AirpofiKSFO) whose

width is 61 m.

UAV
@(\%
o
@
Altitude
Horizontal range
TDP Distance

TDP Runway Starting Point

Figure4-38 Distance Calculation by Using VPS Data

By using VPS data comes from image processing algorithm, distance can be

calculated by following formula:

31 AIEDOAT Of OO ADOESTR U O © OGSV O
- YOEUDDOD QAN OQQO

(T OEUZ AIOGA 31 ABIE@OAT A0 Q0 0 Q

O0Qi 0O DD®E UL ATOAAYOD Qi 0 HE OQ
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Measured distance from image processing algorithm is hypotenuse distance from the
UAV to runway starting point. Therefore, by using barometric altitude aath
altitude of the TDPhorizontal range is calculated with basic triangle length rules.

Error ratio in distance measurement from runway is dependent on actual distance to
runway. Eror due to camera resolution is accepted to be same but while approaching
to runway, error rate of camera resolution is decreasindridare 4-39, error of
distance measurement in percentage to one pixel error measurement of widta

is presented. As can be seerfFigure4-40 also, when runway width is 10 pixel, 1
pixel error result 6.56% or 435.5 m error for distance calculation. However, when
runway width is 128 pixel, 1 pixel error result 0.14%30t7 m error for distance

calculation.
Pixel Sensitivity Ratio for Distance Calculation
.
S 6
0 s
S 4
3
%3
B °
a1
0
O O NOWOSTONOOTONOOTONOOT TN OOT AN ©
A A AN NNOONIFTITOOLW O ONMMNMNMNMOWOWOOWOOOOO OO A NN
U I I B B I I |

Runway Width in Pixels

Figure4-39 Error rate in Distance Calculation for 1 Pixel Eihile Altitude of
500 Meters

77



Pixel Sensitivity for Distance Calculation
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Figure4-40 Error Valwe in Distance Calculation for 1 Pixel Eriéfhile Altitude of
500 Meters

Figure4-41 Distance Calculation Case 1
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W= 131.000000 A= 0.029610 L = 83.921768 R = 83.862549
Volidity = Valid

Figure4-42 Distance Calculation Case 2

Figure4-43 Distance Calculation Case 3
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VPS is designed to calculate distarfoem starting line of the runway to UAV.
Therefore, lhereis a restrictionn the calculation of distance due to limited camera
field of view. This restriction is illustrated ifrigure 4-42. When bottom of the
runway is out of camera vision, calculated distance represent distance between UAV
and remaining runwayn camera frame. However, we are concermgtth actual
distance between UA¥Nd runway starting line as illustratedrigure4-41. Due to

this constraint, while creating a flight plan, last waypoint before TDP must be
selected such that position of it must be longer thandistance between TDP and

runway starting line.

Although VPS has minimum distance constraint, UAV distance to TDP must be
calculated for landing. Therefore, after last waypoint is passed, distance to TDP is

calculated by using air speed and IMU rotatioformation of the UAV as follows:
0l o cl')ii&)ng%d& DO HYQa6aNo QEESDROAQYQIQ

Where'Y'Qa 6 & 0 Q¢ ¢ i§ dutopil@ cyEitide which is 20 millisecondsis
mechanisms used if runway starting lines within the 10% ofbottom pixels height

of the framewhile altitude is lower than the altitude®z "YO® Qi 0 ¢¥¢ ©@'Q
O Ad Jor width of the runway overflows from the image frame as illustrated in
Figure4-43.
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Figure4-44 Calculated Distance to TDP by GPS and VPS

As can be investigated iRigure 4-44, VPS and GPS distances are close to each
other. Also after minimum distance exceeds, distance to ®DPalculated by
airspeed but this is not noticeable because this period is very short
as "YOD Qi o6 & ¢ motQm and altitude is 26 feet above ground lewdéaning of

close distance measurements of VPS and GPS is that, interpolation results would be
close while generating altitude and airspeed references to inner loop. Also while

switching to GPS to VPS or vice versa, jumps or discontinuity in these references
would be small.

VPS send width of the runway in pixel and this information is used to calculate
distance to TDP. Due to resolution of the camera, when UAV far away from the
runway, calculated distance error over pixel is very raghseen irrigure4-44. For

example if runway width is 10 pixel, then 1 pixel error cause high distance error.

This effect can be seen on altitude reference generatiigune4-45.
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Figure4-45 Unfiltered Altitude Reference Generated Using VPS

Due to previouslyexplained error rate change behavior according to distance to the

runway,generatedltitude and speerkeferencedy using PCHIRare applied average

sum filter. Result isepresenteth Figure4-46.

Altitude above Sea Level (m)
8
8

— PlaneAltitude

VisionAltitude
GPSAltitude
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80 100

120

Figure4-46 FilteredAltitude Reference Generatégsing VPS

To generte airspeed reference, exactly same algoriheppliedwhich is used for

altitude reference calculatiorFor speed referencealculation altitude values is

interchanged with speed uas ofwaypoints



4.4.2 CourseController

Course controller calculate heagdineference to feed inner loop heading controller
andaims to keepross track erroof the UAV minimumwhich isset byloadedflight

plan. Besides keeping cross track error minimum, course controller must keep crap
angle within the required range as dfateTable4-2i At Touchdowno requ
Aim of this requirement is to avoid large lateral movements when wheel of the UAV

touches the ground and not damage the landing gears also.

Under no crosswind condition course directisrequal to body heading value of the
UAV, however, under crosswind condition, these values can be atiffey each

other. When crosswinds exist, tracking direction and heading valuediffenent

from each other. For example, when crosswind is blowing direction, to be able

to hold tracking, UAV heading must be directed towards to wind direction as
illustrated inFigure4-48. However, before touch down, error between UAV heading
and track angle must be as small as posdieleause big differences can cause
crashes when tires touch to the ground. This maneuver is called as decrab maneuver

and sequence of the maneuver is illustratdeignire4-47.

o7 : 4 s :
.4 g :‘Il AN :'- &, A
A=A

Figure4-47. Landing maneuver sequence While Crosswind is Exist
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Figure4-48 Course (Track) Hold While Crosswind is Exist

If position source is selected as GPS, cross track error can be identified by using
coordinates of the UAV and target waypoint and course controller aims to decrease

cross track error. However, if VPS is selected as position source, then cross track

error is measured by angle of two edges of the runway.

Course Controby Using GPS

OnceGPS is selected for positiadatasource from GCS interface ifable A- 1,
outer loopwould use GPS information to determine coum#put Outer loop
calculates direction from current position of the UAV to next waypoint posdand

try to change heading value to minimize bearing error as illustirateigure4-49.
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Figure4-49 Bearing Error and Line Fit Algorithm

For the initial run ofouter loop due to no previous waypoint exist at this time, UAV

is directed towards first waypoint. However if only two waypoint is set which consist
of one target point and one TD&gurse controlleworks to make bearing error as
small as possible with respect to hegdvalue from fist waypointto TDP. In other

word, runway direction is accepted as cross track and bearing error calculated with
respect to this assumption. Purpose of that algorithm is to set position of UAV to

alignwith runwayto manage safe landing.

Related logic is presented kigure4-50. As can be seen heiEnumber of waypoint
is bigger than two, course controller starts to work after reaching the first waypoint.
Until then, heading to first waypoinis feed to innedoop. After reaching to first
waypoint, direction from last reached waypoint to target waypoint is calculated and
controller works to minimize difference between target direction and current
direction of the UAV.Target directions comes with flight plamdh calculated by
GCS interfaceHeading calculation between two coordinates is done with following
rules:

1 If latitudes and longitudes are same, heading is zero.

1 If longitudes is same and latitude of first waypoint is bigger than second one,

heading is 18°, else heading is zero.
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9 If latitudes and longitudes are different from each ottien heading value
is:
O ORETWMOFI MMPO OVEN QX OE N PO
zE 0 écE & £pt
[ Q& écE a épe

0QO'QQETN Wb E & @

Same algorithm is used for GCS interfdoecalculatetarge heading values that is

described af\ppendixA.

if only two wp (one WP and TDP) is set,
try to fit line for good landing heading,

Don't work also for first WP else go directly to first WP
From15 \ /
[WPIndex} >1 . ——{NOT |« [FiltUseCameral]
’:2\ From35
From31
= Reset
[NumOfWP] Switch4 ¥_¥
Logical AND If VPS not selected, Reset Controller
Operator
Constant2
n
[TargetHeadmg] | TargetHeading

TargetHeading

From13

Out1 > T
[Heading ToNextViE p| Heading \_’_'_\_DSHeadlng <[GPSHeading]
‘ —=F Goto17

From14 Sertch]
CrossTrackGPSController wite

Figure4-50. GPSCross Track Controller

[0]

Calculated heading is feed ittner loopcontroller reference. PI controller is usied
obtain correction value faralculation of output heading by using cross track error
value. Calculated correction value subtracted from current heading to next waypoint

to minimizebearing erroas soon as possiblBetails can be seen Figure4-50 and

Figure4-51.
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Figure4-51: Cross Track Controller Algorithm

Cross track controller is test with following initial conditions,
1 Target Heading is 119degree,
1 Heading to next waypoint is 134.2 degreecsasstrackerror is 16.3 degree.

9 Distance to next waypoint is 478&

Result of course controller step response is presentéidune4-52. With respect to

the result,Coursehas about %12 overshoot which corresponds to about 2 degree
which is acceptable. Settling is established where 1894 meter and 42 second before
to reach target waypoint. Cross track performance is sufficient for a landing purpose

mission.

In Figure4-52, iCalculatedHeadingRefis output of cross track controller which is
feeding toHeading Controller of inner loop ACross Track is target cross track
which is obtained from flight plamfiPlaneHeading is heading of UAV (psi), and
fiHeading2NextWBis direction of UAV coordinate to target waypoint coordinate.
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Figure4-52 Step Response of Cross Track Controller

Under crosswind conditions, although crtsgk angle is zero, heading value may

differ from crosstrack direction as illustrated iRigure 4-48. However, with respect

to nNAt

T o uc hdo whake4-2, degrabi mameuaver ristneeded whatever

the crosswind isDecrab maneuver is obtained such that, &ten altitude, inner

loop is feed by target heading value which is obtained from flight plan and this value
is equal to runway heading value. This switch can be investigated at the end of the

simuation under 15 kts side wind condition presente&igure4-53. At the end of
the decrab maneuver, decrab angle is 0.36 degree and so requireriabte4A2 is

satisfied successfully.

88



3l 7 ¥ Trace Selection ax

T T T T T
1 1 1 |1_l Iil - CalculatedHeadingRef = E

CalculatedHeadingRef
CrossTrack ¥ ¥ Cursor Measurements ax

Psi ¥ Settings
Heading2MNextWP

II.H‘

O Screen cursors

7 Horizontal Vertical
© ‘Waveform curzors

1" | calculatedHeadingRef

20 psi

I |:| Lock cursor spacing

|:| Snap to data

{ ¥ Measurements

Time Value
11 124,875 117.800

10 - T T T T 1 .
\\\ e (N / 21 124875 117 536
~_ AT 00005 AV 363503m

114T InfHz
— AV AT Infvis

Heading (deg)
(
)
A
o
Trvey

Figure4-53 GPSDecrab Maneuveunderl5 ktsSideWind

Course Controby Using VPS

Once VPS is selected for position information souctess track erroof UAV is
calculated from angle of two edges of the runwhg [88]. When UAV aligned with

the runway, angle differendetweeneft and right angles equals to zero. However if
position of UAV is at the left or right side of the runway, this difference would be
nonzeroas can be investided inFigure4-54 andFigure4-55. So by a Pl controller,

heading reference position is generated to feadingControllerof inner loop.
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Figure4-54 RunwayOrientations. L$ Ande of Left Edge, R 5 Angle of Right Edge

(b)

Figure4-55 Three Condition To Calculate Heading Reference. (a) UAV Is Right
Side of the Runay, (b) UAV Is In Front of the Runway, (C) UAV Is Left Side of
the Runway

As can be seen iRigure4-55, for condition,
(a) UAV is right side of the runway and> R. So UAV must turn to left,
(b) UAV is in front of the center of the mvay andL = R. So UAV must flight
straight,
(c) UAV is left side of the runway and < R. UAV must turn to right.

Difference between left and right angletioé runway edges mapccur when UAV is

misaligned with the runway or when heading of the UAV is daifié than runway
heading directionBy using error between right and left angle of the runway, both
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misalignment in position and heading orientation of the UAV are correetftt of

the heading on runway edge difference is presantBgjure4-56.

Camera Heading vs VPS Heading Error

=@=3400 m from Runway
4 100 m from Runway

—10—9—8—7—6—5—4—3‘4/012345678910

(Right- Left) Angle in Deg

Camera Heading in Deg

Figure4-56 Effect of Heading Change on (Righteft) Angle of the Runway at
100m and 340&n away fromRunway Threshold

As can be seen iRigure 4-56, erra due to body heading change is bounded and
range of the resulted error gets smaller while approaching to runway. Also effect of
misalignment is always much more dominant than body heading while calculating
error between right and letingle difference othe runway. Also, due to faster
change in body heading, error due to this parametetinanatedfaster. Briefly,
whatever the body heading direction is, if right and left angle is close to each other, it

is guarantee that UAV will be land on runway.

Same noisy data encounter in distance calculation emerges here also. Angle of
runway edges comes from VPS have noisy characteristics so need to be filtered
before using. Therefore, an average sum filter is used to smoothAdateentioned

at Chapter3, runway detection algorithm supplies VPS data with a validity flag.
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Therefore, if validity of the VPS data is false, last valid heading output state is kept
until valid VPS data comeg€oursecontrolleruse angés of runway edges so it has

no limitation as distance calculation has. Course controller can work until runway
edges detected. However while approaching to ground, runway starts to overflow
from the image frame and merge with horizon line. For this reasamway width

in pixel is higher than 90% of image frame suchFagire 4-43, last valid state is
kept. This condition is accepted such that UAV is about to land so keeping last valid
state up to touchdown iseaisonable. Pl controller is used ¢generate course
reference tdHeadingControllerof the inner loop controlleand this referencangle

is limited between-[L5 15] degreefrom target cross track angl€lamping anti-
windup method is applied tonit the integratoeffecton block saturationController

algorithm is presenteid Figure4-57.
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Figure4-57: Vision Cross Track Controller

Stepresponse of vision cross traekgorithm can be investigated iRigure 4-58.
Algorithm is start to work with-74 degree edge difference error. There is no

significant overshoot or oscillation in error or controller output.
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Figure4-58 Step Response of Cross Track Controller of Vision Based Positioning
Algorithm

As in GPS case, under crosswind condition, heading value may differ from cross
track direction although angles of riglmd left runway edges do not differs much.

To make decrab maneuvefter altitude of the UAV get lower thah meters,

heading reference of the UAV is set to cross track value to touching to ground safely.

As presented ifrigure4-59, AAt Touchdo wnlable4-Zigsatisfiede me nt s

successfully with 0.44 degree decrab angle under 15 kts side wind.
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CHAPTER 5

SI MULATI ON AND RESULTS

5.1 Overview

The vision based landing algorithm proposed alimabeen developed and tested in

a simulaton environment where contltet algorithm is implemented in
Matlab/Simulink; @&craft and atmospheric model araportedfromd e mo of A F1 \
t he DeHavi | [9hin dMatldd/Sienvlimky mage processq algorithms

developed in C/C++GCS user interfacdevdoped in C#;the simulated image is
generatedoy the FlightGear flight simulatoryhich has 800x640 pixelresolution

and JMapView39] open source software is used to see and track UAV position on

the map. Stall speed of the @aft model is66 ktsand he chosen airport scenario

was the San Francisco international airport (KSFO). Simulation has started with a

random position ofhe UAV.

Several simulation scenariaze applied with different weather with respect to
waypoint hformation inTable5-1. Aim of these simulation is to clarify thatTable
4-2 Landing Autopilot Requiremenend Table4-3 Environmental Requirements for

Landingare satisfid or not.

order Latitude Longitude Altitude Heading Speed
(ft)

1 3763381558835 -122.40539765887 266 117.9 85

2 (TDP) 376275 -122.39033333333 7 117.9 80

Table5-1 Waypoints Generated for Simulations
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5.2 Casel: No Wind and Turbulence

For this case system behavior is obtainedforwind and turbulenceondition.
There is no cross wind exists and initial position of the UAV is on the cross track
direction
5.2.1 GPS Based.anding
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Figure5-1 Tracking of the UAV Position While Landirfgr Casel: No Windand
TurbulenceGPS Basedanding

Under no wind and turbulenceonditions, inner loop of the autopilot has no

difficulty to keepouter loopreferences.As can be seen iRigure5-1 andFigure5-2,
cross track is kept and UAV is aligned with the runway.
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Thresh: 181

Figure5-2 Vehicle Position and Orientation f@asel: No WindandTurbulence
GPS Basedlanding Left is Pilot Cam, Right is View from Back
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Figure5-3 Landing Trajetory Path and Altitude of the UA%r Casel: No Wind
andTurbulenceGPS Basedlanding

At the beginning of the simulation iRigure5-3, there is an oscillations ititude of

UAV. At the beginning of simulation, flight mode of the UAV is RC_MODE so no
autopilot is working. Duringhe changeof theflight mode toFMS_Mode altitude of

UAV is varied depend on orientation of UAV. After enabling EMS_Mode
altitude reference is successfully trackedRitgh & Altitude Controller. Also rate of
change of altitude is decreasing towards last waypoint which is TDP. So that flare

maneuver is done to reducetveal velocity to touch the ground softly. Shock comes
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from landing gear can be investigatedFigure 5-4. Flare effect can be seen after
105 secondsAt second 126, ground interaction is established. Due to flare effect,
shockcomes from ground interaction is small which is essential for landing gears

and avionics equipment.
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Figure5-4 Ground Shock at Touchdown f@asel: No WindandTurbulenceGPS
BasedLanding

In Figure5-6, pitch ange variation is presented. While approaching to runway, pitch

angle is command to negative values for decreasing the altiiiiée approaching

to TDP, pitch angle st to increase to positive values due to flare maneuver to

decrease vertical velocity aiffd As mentioned at previous chapter, this flare

maneuver is obtained with imaginary waypoint added after TDP so that slope of the

last part of the flight plan isezo. By using the property of the PCHIP, exponential

flare trajectory is obtainedQs presented irrigure 5-5 and it is clearly identified

thatQ s decreasing with the flare maneuver an
satisfed by'Q 1.7 ft/s which may be ma ft/s with respect tdable4-2 Landing

Autopilot Requirements
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Figure5-6 Variation of Thetdor Casel: No WindandTurbulenceGPS Based

While getting closer torDP, thetagets positive value due to flare maneuver as

Landing

expected and requirements are satishéth respect torable4-2 Landing Autopilot

Requirements
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Figure5-7 Variation of $eedfor Casel: No WindandTurbulenceGPS Based
Landing

In Figure5-7, speed of the UAV is presented. As can be seen from that fgpeed

tracks flight plan and increase 85 kts. After first waypoint is managed, speed is
decrease to reach TDP speed value which is 79 kts. Flare maneuver helps to reach
final speed value faster. Agaifable 4-2 Landing Autopilot Requirementss

satisfied successfully
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5.2.2 VPSBased Landing
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Figure5-8 Tracking of the UAV Position While Landirfgr Casel: No Wind and
TurbulenceVPSBased Landing

Figure5-9 Vehicle Position and Orientation f@asel: No WindandTurbulence
VPSBased LandingLeft is Pilot Cam, Right is View from Back

First comparison between GPS and VPS can be done by comparisayuod 5-2,
Figure 5-9 and Figure 5-1, Figure 5-6. Position and orientation of the UA¥re
similar both GPS and VPS active cases. Therefmemuch difference is faced with
while landing compared to GPS based landing.
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Figure5-10 Landing Trajectory Path and Altitude of the UAM Casel: No Wind
andTurbulence/PSBased Landing

As mentioned aDistance Calcukzon by Using VPS as getting closer to runway,
measurement reor is decreased in distance therefore in altitude also. VPS is
activated after reaching 1000 ft as can be seé&iigure5-10 and aggetting closeto

TDP, error between altitude interpolation of GPS &fRE is gettingsmaller. Same

logic is applied for flare maneuver and flare behavior at VPS is very close to at GPS
case. Therefore, shock effect value is nearly same compared to GPS case. However
during flight with VPS, due to measurement errtinere areoscillationsin altitude
reference and this effect®and its derivative which is the source of the shock
actually. However, as getting closer to runway, sensitivity of error ration to
measurement is getting smaller and oscillations are decreasing as preséigackin
5-11andFigure5-12.
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Figure5-11 Ground Shock at Touchdown f@asel: No WindandTurbulencevVPS

Based Landing

With the flare maneuverQis getting smaller because rate of change of altitude

reference gets smaller by approaching to T@Rose slop is zero and parallel to

ground. Therefore

exponenti al

fl

ar e

requirement is satisfied b2 1.4 ft/s which may be max3 ft/s with respect to

Table4-2 Landing Autopilot Requirements
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Similar sensitivity effect can be seen at pitch angl€igure5-13 and speeaf the
UAV in Figure 5-14. Due to resolution issues, as getting clogegcillations are
decreased. While approaching to TDP, quality of the pitch referandespeed

reference arencreasing
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Figure5-14 Variation of Speedor Casel: No WindandTurbulence/PS Based
Landing

Although there is oscillationdan generated references, these oscillations are
decreased while approaching to runway and all requirements are satisfiatlén

4-2 Landing Autopilot Requirementsithout using GPS but using VPS.

5.3 Case 2:15 kts Cross Wind Condition

For this case system behavior is obtained ud&ektscross wind condition. Initial

position of the UAV $ on the cross track direction.
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5.3.1 GPSBased Landing
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Figure5-15 Tracking of the UAV Position While Landirfgr Case 215 ktsCross
Wind ConditionGPSBased Landing

Under 15 kts crosswindordition, CourseController of outer loop andHeading
Controllerof inner loop keep cross track successfulo significant effect observed
on cross track positionf the UAV compared taCasel: No Wind and Turbulencen

Figure5-1.

File View Locabon Autoniot Environment Equipment ATCIAl Netwoih Detiug Help Cessna 1728

Figure5-16 Vehicle Position and Orientation f@ase 215 ktsCross Wind
ConditionGPSBased LandingLeft is Pilot Cam, Right is View from Back
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Figure5-17 Cross Track Performander Case 215 ktsCross WindConditionGPS
Based Landing

Here, effect of cross wind can be observe#igure5-17 andFigure5-16. Although
generated reference is abou?7 Hegree, movement of the UAV is on the cross track
which is exactly agxpected. To keepross track, heading of the UAV diffei®om

cross track direction under cross wind exfsdter time at 120 decrab maneuver is
applied andJAV corrects its heading to movement direction for touching to ground.

At time 124.3, ground int&action is occur and decrab angle range requirement is
satisfied inTable4-2 Landing Autopilot Requirementsieading to next waypoint is
increased by 180 degree after touchdown because TDP stays behind after that time.

However, aiter loop keeps runway heading value as cross track after touchdown.
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Figure5-18 Roll Angle of the UAV forCase 215 ktsCross WindConditionGPS
Based Landing

Decrab Maneuver is managed by using rudders and this fast response changes yaw
rate. However, as explained Roll Controllersection of inner loop, to be able to
satisfy Table 4-2 Landing Autopilot Requirementsiot to apply unbalancerce to

landing gear and not to hit the edge of the wings, roll reference is set to zero. In
Figure 5-18, aftertime at 124.3, decrab ameuver is applied and this maneuver

affects roll angle of the UAV but roll controller handtess effect.
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Figure5-19 Landing Trajectory Path and Altitude of the UAdM Case 215 kts
Cross WindConditionGPSBased Landing

Altitude controller works almost with the same performance as irCdse1: No
Wind and Turbulence There is no effect observed due to side winds compared
Casel: No WindandTurbulence Altitude trajectoryof the UAV and flare maneuver
is presented irFigure 5-19. Ground interaction effect is similar to no wind and
turbulence case also which is presdrteFigure5-20.
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Figure5-20 Ground Shock at Touchdown f@ase 215 ktsCross WindCondition
GPSBased Landing
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Pitch angle requirement ifiable4-2 Landing Autopilot Requiremenis satisfied as

can be seen iRfigure5-21. Also resultedQis within the range of requirements as

seen inFigure5-22.
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Figure5-23 Variation of Speedor Case 215 ktsCross WindConditionGPSBased
Landing

Speed controller is affected from side wind due to decrab manddweng decrab
maneuver, velocity component redistributed between x and y axis while changing

heading instamy so this effect is understandable.

5.3.2 VPS Based Landing

Under cross wind condition, vision algorithms give very successful results as can be
seen from change of UAV position kigure5-24.
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Figure5-24 Tracking of the UAV Position While Landirigr Case 215 ktsCross
Wind ConditionVPS Based Landing
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Figure5-25 Vehicle Positiorand Orientation fo€ase 215 ktsCross Wind
ConditionVPS Based Landingd-eft is Pilot Cam, Right is View from Back

Although, position source of VPS and GPS cross track controller is different,

resultel reference to inner loop is similar except VPS cross controller has noisier

characteristidut as getting closer to runway, this noisy characteristic decreases. As

can be seen ifigure 5-25, cross trak angle and body headinggla are different
similar to GPS cases expectedSimilar to GPS case, decrab maneuver diagp
and resulted with 0.14 degree decrab anglesatisfactoryto match Table 4-2

Landing Autopilot RequirementLCouse controller performance is presented in
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Figure5-26 and roll controller is effected by course controller noisy outputs due to
change in yaw rate. This noisy effect is decreasing while approaching to runway as
presented irFrigure5-27. Also decrab effect is can be investigated which is shown at

t =120 and as GPS case, decrab effect on roll angle is handled successfully to match

Table4-2 Landing Autopilot Requirements
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Figure5-26 Cross Track Performander Case 215 ktsCross WindConditionVPS
Based Landing
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Figure5-27 Roll Angle of the UAV forCase 215 ktsCross WindConditionVPS
Based Landing
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There is a difference in altitude references at distant positions from runway.
Especially after activation ofision algorithm, there is a transition region exist.
However, after this transition, performance of vision algorithm is sufficient
compared to trajectory path generated by using GPS. They are overlapped with time
and getting closer to runwaltitude trajectory of the UAV and flare maneuver is
presented inFigure 5-28. Ground interaction effect is similar too wind and
turbulence casewhich is presented ifrigure 5-29. Pitch angle Theta is varying
correspondingly to altitude trajectory and similar noisy characteristic exist again.
Theta is presented ifrigure 5-30 and with respect to this result, pitch angle
requirement is satisfied which is stated imable 4-2 Landing Autopilot

Requirements
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Figure5-28 Landing Trajectory Path and Altitude of the UAM Case 215 kts
Cross WindConditionVPS Based Landing

114



as}’ { q . | | | i
| I

02 -

Ground Shock (g)

=
<
b
:K_——_
T
hed
Ll
i
2l
\)/’
<
.’j—’é
S
i
5‘.‘»
)'g
{
I
;7‘
i
N
J
{,
[
=

|
il

04— L |I,l 1 1 | | |

06— i i 1 1 T —

Time

Figure5-29 Ground Shock at Touchdown f@ase 215 ktsCross WindCondition
VPS Based Landing

Ground impact is similar to n@ind case of VPS and GPS so we can easily say that

smooth landing is managed with VPS under 15 kts side idaedultedQis within
the range of requirements as seeRigure5-31.
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Figure5-30 Variation of Thetdor Case 215 ktsCross WindConditionVPS Based
Landing
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Figure5-32 Variation ofthe Speedor Case 215 ktsCross WindConditionVPS
Based Landing

Speed variation is understandable duehigh altitude reference change. Aircraft

model does nobaveair brakes so if pitch down condition occurs, although no trust
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exist, speed of the aircraft may increase. At t = 120, decrab effect is observable as
GPS case. Variation of the speed is introduod=igure5-32.

Briefly, some oscillations are faced with cross wind conditions however these
oscillations areextinguisked with getting closer to runway and successful landing is
managed under these conditions.

5.4 Case 3:15 ktsCross Wind with Cross Track Error

For this case system behavior is obtained urddekts cross wind condition and
initial position of the UAV is not on the cross track directidfter reaching cross

track direction, rest of the simulation turn if@ase 215 ktsCross WindCondition

5.4.1 GPSBased Landing
As can be investigated from position history of the UAVHIigure 5-33, initial

position of the UAV is not on the cross track directi@ourseControllerof Outer
Loop makes this error as small as possiBle can be seen iRigure4-33, cross track

is kept highly before landing occurs.
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Figure5-33 Tracking of the UAV Position While Landirfigr Case 315 ktsCross
Wind with Cross Traclkerror GPSBased Landing

Figure5-34 Vehicle Position and Orientation f@ase 315 ktsCross Wind with
Cross Trackerror GPSBased LandingLeft is Pilot Cam, Right is View from Back
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