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This paper presents the development and results dR
initial  research  conducted by StellenboschR
University’s Centre of Expertise in Autonomous
Systems on autonomous take-off and landing
(ATOL) algorithms for a fixed wing unmanned aerial
vehicle (UAV). A proposed breakdown of the various"
phases involved in the take-off and landing
sequences is presented, with specific focus on IOM
cost automation solutions. With the phasesV
identified, the ATOL problem is reduced to that of W
guiding the aircraft from one phase to the next.oT X
this end, classes of controllers that enable theZ
successful execution of the phases are identifieal a
their designs discussed.
simulation and control system design purposes isoal ¢
presented with specific focus on the runway model”
Hardware in the loop simulation results verify the 0,
theoretical functionality of the ATOL control g5
algorithms.  Flight test results demonstrate the °
practical success of the ATOL system.
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Nomenclature
Roman U,
(O Aerodynamic drag coefficient

o o o Air density
C, Aerodynamic lift coefficient W Yaw angle
C, Cornering stiffness
C,,  Cornering coefficient Subscr'la\pt H ooint variabl
E East displacement app pproach point variable
F Force B Runway body axis
g Gravitational acceleration C Cornering
h Altitude (above ground level; AGL) E Inertial axis, east component or engine
K, Damper proportionality constant f Friction or finish

: L Im Left main wheel
Spring proportionality constant

, pring p p ) y ) m Main wheels
I, Moment of inertia about the yaw axis N North component
I Main wheels moment arm rm Right main wheel
I, Runway to centre of gravity length S Steering wheel, spring or start
I Steering wheel moment arm w Wind
I Steering to main wheel moment arm 1. Introduction
m Mass A large number of unmanned aerial systems (UAS)
N Yaw moment, north displacement or normal force currently in service do not have the capabilitypefforming
r Yaw rate perturbation autonomous take-offs and landingsnstead, a human pilot

flare

Rer

An aircraft model forGreek

Yaw rate, range or radius
Flare range
Glide path start range

Wing area

Lateral force oiy-axis

Axial velocity

Lateral velocity

Airspeed

Normal velocity or wind velocity component

Axial force orX-axis
Normal force oiZ-axis

Angle of attack, slip angle or angular acceleratio
Glide path angle

Aileron perturbation from trim condition

Elevator perturbation from trim condition
Rudder perturbation from trim condition
Steering wheel deflection angle

Throttle perturbation from trim condition
Rolling resistance coefficient

is employed to handle these phases of the missidris is
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usually done to mitigate risks and reduce the syste
complexity and cost. However, operational expesehas
shown that in many cases damage to an unmanneal aeri
vehicle (UAV) and its payload is due to human eduoring
the take-off and landing phases of a misSioRurthermore,
to train a human pilot to a sufficient skill andpexience
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level to handle UAV take-offs and landings, takesesal
years and a significant financial investment. Anlan pilot
also imposes severe restrictions on the flight doons
under which a UAV can be operated; for exampleymdn
pilot cannot land a UAV in thick fog or at nighirte.

Thus, although equipping a UAV with the ability to
perform automatic take-off and landing increases tt
complexity of the system, it does have the potérdfa
rendering a more versatile UAS while also potelgtial
reducing the long term costs and risks involvethim take-
off and landing phases of missions.

The first recorded automatic fixed-wing aircrafbdéng
took place on August 23, 1937 During the 1970's NASA
developed control laws for steep glide slope tnagkand
flare manoeuvréswhile the Boeing Corporation committed
a fair amount of research to improve the automaticling
system used in their commercial airliners in thelyea
1980’S. In 1984 the Lockheed Corporations Skunk Works
developed an autonomous take-off and landing system predicted through HIL simulation. The practicabuks
the F-117A stealth fightér The system developed by theverify the success of the ATOL system and alsoetate
Lockheed Corporation proved very successful and wasry well with the predicted simulation data. Farther
subsequently used in several United States Airérattack details of the research discussed see Reosl Peddfe.
aircraff. Recent exponential growth in the use of UAVs
and the UAS industry has stimulated widespreadarese 2 System Design

into incorporating autonomous take-off and landingeyeral phases provide a system level solutiohedATOL
technologies into UAVs. problem for the case where only low cost, COTS senare
Motivated by the desire to develop an autonomoks-ta ysed. More specifically, the sensors availablenguthe
off and landing (ATOL) system, specifically for Sbu yesearch were limited to the following: a low cd3PS
African UAVs, the University of Stellenbosch’s Cemtof  yeceiver (4 Hz update rate), absolute and difféaent
Expertise in Autonomous Systems conducted a twd yegressure sensors, low cost micro-electrical-meciani

research project on the subject. The test platiemployed systems (MEMS) angular rate  gyroscopes and

figure 1. This aircraft had previously served agslatform
for the successful development of a waypoint ndioga 5 1 Take-off sequence
autopilot described by Peddle and MilneWith the basic
in-flight control algorithms, avionics package agcbund
station in place, the objective of the ATOL reskan@as to
extend the autopilot to enable fully autonomousrapen ihe aircraft is accelerated down the runway celitiee until
from take-off to landing. the velocity is high enough for the wing to generahough
To date, most miniature UAV autonomous landingiy o ensure safe lift-off. Once this predefineelocity is

research has been focused on rotary aiPc_rQafwith fixed  reached the aircraft is rotated to increase théeavfgattack
wing research typically focused on larger airc(8@ kg and - 5 therefore the lift generated by the wing toieagh lift-

more) capable ‘_)fz carrying a wide range of advar@ed ¢ \when the aircraft lifts off it enters the b phase
accurate sensdfs”. The major restrictions imposed on the,here it remains until a safe altitude is reachiéer avhich
research presented in this paper were that thersystiould 54 flight commences. At this point the také-tf

be lightweight (an all up mass of less than 5 kg coSt  gngjdered complete. With these three main pHaseind,
should remain low and all autopilot computation®st figure 2 defines the five take-off phases that tiarte the

take place on-board the aircraft's two 8-bit fix@dint  ya1e off sequence used in this project. Phases3lcorres-
microprocessors. The low cost constraint forceduse of o4 to the ground run, phase 4 to rotation ands®ato
only commercial-off-the-shelf (COTS) sensors in th&|imp out as described a{bove.

problem solution. Auto_no.mous take-off and landing  The autonomous take-off sequence starts by plabieg
research conducted on a similar class of UAVs @fobnd  ,i.raft at the correct end of the runway for awiml take-

in Barber® and Mont_gom_erjs?‘. However, in contrast to the j¢ \vith its nose aligned with the runway headinghe
research presented in this paper, Montgofenade use of i) placement of the aircraft on the runwayvser as the
a specially develop four antenna GPS receiver afdla g5ring point for take-off and as shall be seenttie
state estimator for autonomous control and landwiglle  fq)iowing section, as the aiming point for landinBoth the

8 .
Barberet al."used optical flow sensors. runway heading and the runway length are provided a
Hardware in the loop (HIL) simulation of the ATOL h5rameters to the ATOL system. With the aircrafrectly
system is discussed, focusing specifically on tichitecture positioned on the runway, the operator’s dutiesradeiced

of the HIL system and how the avionics packageeatid®e  { 1hat of initiating the automatic take-off seqoen
and Minéd was extended to allow for HIL simulation.

Flight test results are presented and comparedhdset

|gure 1”:‘ The complete system

A conventional runway take-off can be divided intmee
main phases. These are the ground run phaseotdi&on
phase and the climb out phase. During the grounghase
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Place aircraft

climb rate controller

on runway and -
provide heading M
reference followed
GPS . . 30m
by the take-off . Position Airspeed 5m Above Tak@-Oﬁ
Phase 1 heading Phase 2 Phase3 - Phase Phase 5~ Above
command - valid - settled I 15m/s Phase 4 runway - runway COI’I’ZQ[ eted
Groundspeed command = 2m/s Groundspeed command = Groundspeed command = Grm_mdspeed command = 24m/s|  Airspeed command = 20m/s Awaiting J
Yaw Rate command = 0m/s | 2m/s 24m/s N Climb rate command = Zm/s‘ Climb rate command = 2m/s waiting commands
» 1q » - - » - - » »
Mai Regulate Regulate Switch to air-born lateral Switch to airspeed and Enter a constant turn
intain zero yaw rate controllers and activate climb at 50m altitude

cross track position cross track position

rate controller

Figure 2: Take-off sequence

Of the sensors available, only the GPS is capable phase in which the sink rate of the aircraft isrdased to
providing low frequency lateral guidance informatio allow for a safe and gentle touchdown on the runwii

However, while stationary the GPS ground head
information is erratic and the lateral actuatioringaare
zero. Phase 1 is thus introduced to move theadirout of
this actuation and measurement singularity by conulima
the ground speed magnitude to 2 m/s while regwjatinly
the aircraft's yaw rate. This phase provides thpoofunity
for lateral position errors to accumulate thus potng

inthe airspeed just above the stall speed.

The roll-out phase is defined as the phase fronptiet
of touchdown to where the aircraft comes to a stfihdAt
this point the landing is considered complete. Hitltese
three main phases in mind, figure 3 defines theersev
landing phases that constitute the landing sequesed in
this project. Phases 3 to 5 correspond to the oagpr

phase 2 of the take-off sequence. Here, valid GR#hase 6 to the flare and phase 7 to roll-out asrites

information is available and full lateral guidarisgossible.
With the ground speed regulated to 2 m/s, phasmfinues
until the cross track position relative to the raywcentre
line is within a certain acceptable bound.

above.

When a landing command is issued by the system
operator the landing sequence starts by enterilmgeph in
which the aircraft is guided back to the runwaynbgans of

The ground run of phase 3 is then executed whare tthe conventional flight controllers developed indBle and
aircraft is accelerated up to the take-off speedlewh Milne’. To minimise ground speed and thereby reduce the

regulating its cross track position relative to thaewway
centre line to zero. The rotation of phase 4 begihen the
aircraft reaches its predefined take-off speed.tattm is
achieved by commanding a positive climb rate. @éligh
other strategies that involve pitch angle regulatio exist
they were expected to be less reliable given thaditguof
inertial sensors used. Lateral control is alsdcved to the
yaw orientational control system of Peddiel Miln€ at the
start of phase 4. This simple rotation strateggved to
work well in simulation and in practice.

When an altitude of 5 m is reached phase 5 bedilese
the longitudinal control is handed over to the @ed and
climb rate controller of Peddlend Milnd.  These
controllers are used to conclude the climb out ph&®r
this project an altitude of 30 m was chosen adaaltitude
to consider the take-off sequence complete.

risk of damage to the aircraft at touchdown, itésired to
perform the landing sequence into the wind. Te #rid, an
estimate of the wind direction is required. Thitirate is
obtained at the end of phase 1 by entering theadirnto a
constant turn and measuring the change in northemst
displacement after a full circle is flown. The jiios
change between the start and end points of the enan®
provides the direction of the constant wind vecas
depicted in figure 4. By further measuring theditaken to
fly the circle, the average wind magnitude can ab&o
calculated. Note that by virtue of the measuremegithod,
the effects of wind gusts are filtered over timeusth
providing an accurate constant wind estimate.

Based on the wind and runway heading informatian th
system decides on the landing direction that esstine
largest head wind component. For the case wheze th

Finally, note that ground speed is used to contralesired landing direction is opposite to that & thke-off,
velocity on the runway. Although airspeed is a enorthe landing aiming point, which would otherwise rende

important variable for take-off, it is difficult taneasure
accurately at low speeds because of the quadraticen of
differential pressure. Ground speed on the otlagdican

with the take-off initialisation point, is mirroretly the
length of the runway.
With the inaccuracy of the GPS altitude measurement

be obtained to a good degree of accuracy for télke-and the fact that ultrasonic altitude measuremargsonly

purposes by a GPS receiver.
controlled during the ground run phases, airspeadeéd to
schedule the rotation of phase 4 to avoid depastialés.

2.2 Landing sequence

Conventional landing can equally be divided intceéhmain
phases. These are the approach phase, flare o
and roll-out phases. During the approach phaseiticeaft
is aligned with the runway and the airspeed is ceduhile
the altitude is gradually decreased as the glide isalown.
Usually at a predefined altitude the aircraft entidre flare

R & D Journal of the South African Institution of Mechanical Engineering 2009, 25

Although ground speedreliably available below 5 m, barometric altitudeasw

deemed the most suitable altitude feedback sigmatHe
majority of the approach phase. Barometric altuwdttift
values, however, were found to be in the orde4 of for
typical flight times. Phase 2 is thus introducedrémove
this drift for landing purposes. It involves exéng a slow
descent over the runway until valid ultrasonic resuare
received. With the ultrasonic sensor accurate ithinv
1 cm, the barometric altitude offset can be remced the
landing sequence continued.
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Landing
l;;?itilr? estm;]:ilon Re-calibration Approach
& Phase 1 Phase 2 complete ~ Phase 3 point reached Phase 4
command complete E—
‘ Navigate to the runway ‘ Runway flyby ‘ Autonomous navigation I Regulate ‘
) )l

cross track position

Constant turn at 30m altitude

Ll >

‘ Wind estimation above the Re-calibration of absolute Fly to the landing Landine anoroach ‘
runway pressure sensor approach point € app
Landing
Glide path Flare altitude completed at Om/s
crossed Phase 5 reached = 1.5m Phase 6 Touchdown Phase 7 groundspeed
Altitude control Om/s climb rate command
Groundspeed Om/s
on range Close throttle

‘ Fly the glide slope " Flare

" Switch to runway

controllers to regulate
cross track position

Figure 3: Landing sequence

Aircrafts start position
(first sample)

Wind velocity

decaying flight path is defined and when trackeslits in a
precision flare manoeuvre. Tracking complex fliglaths
can be computationally demanding and difficult to
accomplish accurately with low cost sensors. Apsem
flare approach was therefore adopted. This approac
involves commanding the climb rate to zero andiotpshe
throttle at a predefined altitude. The predefimdtitude is
based on the sink rate and the speed of responskeof
controller regulating climb rate. This simple $bgy

vector
provided a practically feasible, computationallyfi@ént
solution to the flare problem. Furthermore, itoatnsures
(Nf , Ef) Flight path with that the aircraft flies the glide path for as loag possible

no wind

Aircrafts finishing position
(second sample)

Figure 4: Wind estimation procedure

Phase 3 simply guides the aircraft to the apprqamint.

and indirectly results in a positive pitch anglelas elevator
attempts to regulate the climb rate to 0 m/s.

Just after touchdown the roll-out of phase 7 beging
lateral control is switched from the ailerons te tlateral
ground controllers designed for take-off with theottle
closed. When the aircraft comes to a stands#llamding
is considered complete.

Thereafter, phase 4 is entered where the air@aftade to 3, Modelling
reduce airspeed and track the runway centrelin@réef For control system design purposes, the aircraft ba

beginning the descent. This phase provides timetHe
aircraft's airspeed and lateral tracking to settlefore
beginning the critical descent phase. When thdeghiath is
crossed the system enters phase 5. Tracking ithe pghth
longitudinally involves regulating the altitude asunction
of the range from the glide path origin (figure B)aterally,
the cross track position relative to the runwaytieetine is
constantly regulated using GPS information. A @litle
slope was used in this project. When the airgaltitude
decreases to below 5m and valid ultrasonic retuares

considered a rigid body with aerodynamic, engirmayvita-
tional and runway forces and moments acting upon it
Comprehensive models for the aerodynamic, engirge an
gravitational forces were developed by Petfdfer flight
control design purposes. These models were usadasis
for the ATOL autopilot design. In addition to tkeemodels,

a comprehensive runway model was developed to atewul
the forces and moments that result due to thedatien of
the aircraft’s landing gear and the ground. Thedr engine
model of Peddf€ was extended to a non-linear fixed pitch

available, these measurements are used over batomedropeller piston engine model, where thrust is meiteed as

measurements for altitude tracking.

a function of airspeed and throttle setting. A davigust

The ultrasonic sensor allows for precision altitudgnodel was also developed through appropriate shapin

control during the final and most critical parts tife
landing.

white noise. Wind gusts were modelled as they titoies
the primary disturbance to the aircraft during takieand

A number of methods exist to perform the flargznging* 5

manoeuvre of phase 6.

R & D Journal of the South African Institution of Mechanical Engineering 2009, 25
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Approach
l;lz)im Glide Path
/ Start
Phase 4 Glide Path
Phase 5 1de Pat
happ Flare Path Ground
(Runway)
Phase 6
Y = . l Phase 7
Rer
- N Glide Path
Offset
dep Glide Path  Zero

Origin

Point

Approach Point

Landing
Path

Figure 5: Landing path geometry (side and top view)

3.1 Non-linear runway model

This model is essential for simulating the take-afid
landing process and for deriving the linearised et®df
subsection 3.2 for controller design purposes. fLimvay
model was developed for a three wheeled aircrafh \ai
tricycle undercarriage, but can easily be transémnio
model a tail dragger. Development starts by defjnihe
axis system used and then moves on to identifydisaliss
the main runway forces that act on the aircraft.
comprehensive normal force model was developedaibein
the dynamic weight transfer that occurs due to dygramic
lift on the aircraft. This is especially importadiring take-
off and landing where one wheel may touch dowrifooff
before the others.

3.1.1 Axis system definition
The runway body axis systerfi;_ :(OBR,XBR Ve, ,ZBR) is
defined as a right handed reference frame thatasted to

the aircraft with its origin coinciding with the raraft's
centre of mass.

factors was ignored as it is typically small andlyon
complicates the modelling process. Thus, a fixelting
resistance was used and calculated through expettime
The slip anglea of a wheel is defined as the angle
between the direction of travel and the directiémeading
of the wheel. The cornering forces on a wheel aed
modelled as being directly proportional to the siiglea’.
The proportionality constanC, is known as the cornering
Atiffness and is dependent on many variables ofchvhi
normal load and inflation pressure are the moduémiial.
Inflation pressure was assumed constant and thegehia
cornering stiffness with tyre load (normal force)asw
modelled as linedf. The cornering forces are thus

modelled as follows,
F.=C,a

_ )
=C,,Na

where N is the normal force at a specific tyre ady, is

The fundamental difference betwtben the cornering coefficient of the tyre. It is impant to note

runway body axis system and a conventional bodg axihat at very low forward velocities, the slip argtean easily

system is that the runway body axis system onlysyaiith

the aircraft i.e. it does not roll and pitch. Thtige runway
body axis normal unit vector and the inertial ax@smal

unit vector are coincidental, making the runway yedis

system a locally level axis system. All the forckéscussed
in the following section are referenced in the ragvbody
axis frame.

3.1.2 Runway forces

become large enough to violate the assumption ttat
cornering forces are linearly related to the shigla. In this
situation the model is no longer applicable. Hosrev
lateral control at very low velocities is not of egt
importance since lateral errors build very slowly:hus,
developing a more complex nonlinear lateral forcedeh
for low speeds is not warranted.

It is clear that the normal forces play an impartate in
the runway model with both the friction and corngri

According to Gillespi&, frictional forces arise due to the forces being directly proportional to the normalct at

axial friction between the wheel and the surfadee t each wheel.

cornering forces act laterally relative to the whdieection
and arise due to slip angles on the wheel and ddorzes
arise due to the vertical reaction force of theugbon the
wheels.

Friction force acting on a specific wheel was maatel
as being directly proportional to the weight (nofrfeace)
on the wheel. Mathematically this relationship dam

written as follows,
Fe =4 N 1)

where u, is the rolling resistance coefficient.

To obtain the normal forces the dirsra
suspension was modelled by a spring-damper systeach
wheel. With the vertical position and velocity efch
suspension attachment point known, the correspgndin
spring and damper forces were summed to deternhiee t
local normal force for each wheel. A comprehensive
description of the derivation of the normal forapations
can be found in Rod$

3.1.3 Resultant forces and moments
Figure 6 shows a three-dimensional top, rear ame giew
suspension system. The subscriptsrm ands denote the

Factor§eft main, right main and steering wheels respetyivand

affecting the rolling resistance afe tyre temperature, tyre the subscriptB, denotes the runway body axis system.

inflation pressure, velocity, tyre material awo@ésign and
tyre slip (defined later on). However, the infleerof these

R & D Journal of the South African Institution of Mechanical Engineering 2009, 25
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| & main wheel Fclm
S Left main whee E Fflm
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1 I m S
_b “TNR
c Steering c cG U
e heel s —
H K, Plain " N
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Nlm wheel <—— Right main wheel el — Ffrm
Y,
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Right main wheel
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FCSSn(JS) N . I

s

m N ;N
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Figure 6: Runway force diagrams

identified and modelled, the resultant forces armments Peddleand Milnd, and then applying the assumptions
acting on the aircraft can be written as follows, above, yields the axial and yaw rotational dynaniicsa

simplified form below,

> F, =-Fy,~F.Sn(d,)-FCos(J,)~F,,, =F (3)

m Xg, 1 — .
"o & =y g += pS(4,C ~Co V* = mU 9)
F, = F + FsCos(d,)-F.Sn(J,)+F,, =F 4 _
A R S VAP
(I, +1,) 2
ZFZ :_NS_Nrm_Nlm:FZER (5) + 1,0\723:| aCLF J _l r
2 F adr r z (10)
Z L = _Fclmlr + NImIS'n - chcos(a-s)lr + H . H H H H .
« (6) Linearisation of the longitudinal dynamics of eqoat9
Sn(J)I “E |l =N =L was achieved by simply ignoring the friction fortmrms
S s/'r cm'r rm'sm Br

Fi

(typically small) together with the aircraft's dragThese

ZMog =NJ -N, | - FCSSn(é'S)Ir -N, | = MBR @ terms are instead considered disturbances to thal ax

2N, =F.Cos(d,)l, ~F

dynamics and it is left as the task of the consiydtem to
reject their effects. Consequently, the desigrihef axial
1y = Foiml s (8) acceleration controller in section 4.3 is influethde cater

cdm'm

~FSn(3,)1; = Foplm + Frmlan = Ny for these now un-modelled disturbances.

3.2 Linear runway model
The following assumptions were made to simplify thi
non-linear runway model:

a
a

a

Q

cm'm frm'sm

Successive linearisation was chosen as the metlitbd w
which to handle the airspeed non-linearity in thagerdal
dynamics of equation 10. In turn this allowed &ogain
scheduling control law to be employed. Althoughdfesck
linearisation® (static inversion in this case) could have been

The steering anglé, is small (-10' <4, <10). used to provide a continuous inversion of the mearities
The roll and pitch angles# and @) are zero on the in equation 10, practical implementation restrictidorced
runway. the use of a successive linearisation/gain schegluli

Only the steering wheel and the rudder-fin comligmat approach. This was due to the fact that it wasemor
contribute to the yaw moment acting on the aircraftomputationally efficient to implement a gain schiéd
while it is on the runway. All other aerodynameéngine controller on an 8-bit fixed point microcontroller.

and runway effects that contribute to the yaw mamen

are ignored. 4. Control System Design
The lateral velocity on the runway | is negligible and 4.1 Control system overview
the ratioR/U is small. Figure 7 shows a block diagram representation &f th

Combining the runway force and moment equationemiv autopilot after the controllers required for také-and
by equation 3 and with the respective aerodynaemigine landing were added to the navigating autopilot kloc
and gravitational force and moment equations froliagram of Peddleand Miln€. Fully shaded blocks
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represent the controller's added for take-off amdding

while partially shaded blocks were used during both

conventional flight and take-off and landing.

The general strategy adopted during the desigref t
control system was that of output feedback suceedsop
closure.

4.2 Extension of conventional flight

controllers

The design of the controllers required for convemdi
straight and level flight is well documented in Bledand,
Milne” and Peddfé. However, these controllers were

Using output feedback negated any need fg@esigned for a single operating airspeed and waradf to

Climb Rate Precision Climb
Command
Climb Rate Rate
Measured Controller
Pitch Rate Pitch Rate
Measured Damper
Airspeed
Command
Airspeed
Range from Measured Airspeed and Longitudinal
Glide Slope ) Climb Rate A]rcra-ft
Origin Glide Path Altitude ] Climb Rate Controller Dynamics
Controller | Command . Altitude Command
Altitude Controller . o)
Measured Climb Rate ‘»\t—b
Measured i
Acceleration
Groundspeed Measured Acceleration
Command Groundspeed | Acceleration Controller
Groundspeed Controller Command
Measured
Longitudinal Controllers
Lateral Controllers
Radius
Command " | Turn Radius w
Groundspeed o| Interface »o  Command Runway Yaw o)
Measured Yaw Rate Rate Controller s
Measured .
Ja » |
Roll Rate d
Measured L !
Yaw Orientation f'itera
Aircraft
i Dynamics
Cross Trac§ Guidance Heading A System
Error Controller . Command Heading Yaw Rate 0.
Heading Controller Command r
Measured Yaw Rate
Measured +
+
Dutch Roll
Damper

Figure 7: Autopilot block diagram

estimators to be designed which in turn placed tHss
burden on the 8 bit on-board microprocessors. &isige
loop closure was adopted for a number of reaseéirstly, it
provides a very intuitive approach to the contrgstem
design. It results in very simple control strueturthat
although may not be optimal in some sense, caryecasi
practically fine tuned. Furthermore, robustnessasnees
such as gain and phase margins can be directly tsed
provide the designer with an intuitive feel of thgstem’s
sensitivity to uncertainty. Finally, successivepoclosure
also simplifies any gain scheduling required sinogy the
inner most aircraft dependent loops need to bedsdbé
while outer kinematic loops tend to have fixed tesck
gains.

R & D Journal of the South African Institution of Mechanical Engineering 2009, 25

yield unacceptable performance at the lower aidpee
Gain scheduling of the inner air speeds and climte r
controller as well as the yaw rate controller gfufie 7 was
used to extend the air speed operating range dfethe
controllers. The outer guidance controller of figu also
required gain scheduling because of the dependehtye
cross track error closure rate on velocity.

4.3 Controllers added for take-off and landing
4.3.1 Axial acceleration and groundspeed

controllers
Longitudinal groundspeed control through phases 4 of
the take-off sequence (figure 2) was achieved gt fi
feeding backthe axial acceleration error to the throttle
actuator. This inner loop was added to provided lea
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compensation for the outer ground speed contrgd kince

4.3.4 Runway heading and guidance controllers

the GPS ground speed measurement is only updatetiat Lateral guidance during phases 1 to 3 of the tdke-o

and has a single cycle delay. The inner acceteraibntrol
loop also allowed for faster disturbance rejectmfhun-

sequence (figure 2) and after touchdown in the itand
sequence (figure 3) was achieved by regulatingctioss

modelled axial disturbances such as those from Wwheeack error from the runway centre line. Guidacoatrol

friction, drag and wind gusts.

The acceleration controller architecture
proportional-integral (PI) nature to compensate fbhe
uncertain steady state gain from throttle to aa@eleration
as well as biases in the throttle actuation systefnhigh

was achieved in a successive loop closure fashitin the

is of deading controller driving the yaw rate controllefr the

previous subsection and the guidance (cross traskign)
controller driving the heading controller. Headiagd
position measurements were obtained from a 4 Hglesin

phase margin was designed for to ensure robustieesscycle delay GPS receiver. For this reason bothirobers

system uncertainties. The upper bandwidth of thatrol
loop is limited by noise on the acceleration feexdbsignal,
the bandwidth of the thrust actuator and the aleserfican
active breaking system.

With this inner controller in place, an outer grdwspeed
controller was designed by feeding the ground spareat
back to form an axial acceleration command.
digital design was performed allowing the singleleydelay
to be compensated for.

4.3.2 Precision climb rate controller
A precision climb rate controller was designed #abec for
the rotation and flare phases of the take-off amuihg
sequences. This controller involves feedback efdlimb
rate signal to the elevator only. Although theottie does
influence the climb rate, its effect was not indddin the
design of the controller. This simplification issfified by
the fact that the controller would only operate whbe
throttle is either fully closed (while flaring) dargely open
(under control of the groundspeed controller durioigtion
and climb out).

The design of a separate precision climb rate obtetr
for specific parts of the take-off and landing wastivated

by the desire to obtain a fast, precise climb ragponse for

the rotation and flare phases of flight. The coligr design

is of a Pl nature which provided the necessary gies
freedom for good steady state tracking and appatepri

regulation of the dynamic response. The bandwidtthe
controller is limited by the noise on the climbeaignal.

4.3.3 Runway yaw rate controller

From equation 10, it is clear that the dominantiaicr for
yaw rate control on the runway depends on the egdp To
simplify the control system design, this multiplaput
system was reduced to a single input system byr@nfpa

were designed directly in the discrete time domaBoth
controllers involved only simple proportional feedk
loops with the majority of the disturbance and utaiaty
rejection handled by the inner yaw rate controltesys
Finally, the guidance controller was also gain scited
with velocity due to the dependency of the croaskrerror

A dire rate of closure on velocity.

4.3.5 Glide path controller

The standard in air altitude controller of Pedattel Miln€e
was used to fly the glide slope during phase Hheflanding
sequence by providing altitude commands based ogera
from the glide path origin. To avoid the steadtestaltitude
error required to maintain the constant sink ragoeiated
with the glide slope, the necessary sink rate wdsdrward
to the climb rate controller. This allowed for sénl loop
glide slope control without the need for extra colters.

5. Avionics and Hardware in the Loop

Simulation
In this section, the low cost avionics package used
implement the control algorithms of the previoustiem is
described. The avionics package is an extensidheobne
developed for waypoint navigation in Peddled Miln€.

. The avionics was primarily extended to allow fordware

in the loop simulation — an essential feature tmimise
flight test risks. A brief overview of the architere of the
hardware in the loop simulator is also provided.

5.1 Low cost avionics package

Figure 8shows a block diagrams of the avionics package

onboard the aircraft and the ground station. Sthddiecks
represent newly added hardware or functionality levhi
partially shaded blocks indicate modificationstte briginal

2:1 relationship between the steering wheel anddeud avionics package. The most significant modificatio the

commands. Although seemingly arbitrary, this iefzhip
was motivated by practical insight from the humarfety
pilot.

avionics is the addition of the HIL interface whiehows
the avionics package to use either its own onbgartsor
signals or those from an external source. A signal

Single-Input-Single-Output  (SISO) design techniquedultiplexing scheme at the analogue to digital @ter
were used with gain scheduling to design the yate ralevel was used to implement the HIL interface. Becat

controller. The controller was designed for maximwind
gust disturbance rejection by increasing the badthnas far

autonomous take-off and landing was accomplishexdgus
only the low cost sensors available in the aviopiaskage.

as possible with the upper bound enforced by thEhese sensors included _I\/IEMS_ angular rate gyroscopes
susceptibility of the controller to the high freqog noise MEMS accelerometers, differential and absolute qres
present on the low cost gyroscopes. Furthermore, §€NSOrs, a low cost GPS receiver and an ultrasamige
integral term was introduced into the compensataregate finder. All computation occurred onboard the aftusing
the effects of aircraft asymmetry (particularly tve nose WO fixed point, 8-bit Reduced Instruction Set Cartgp
wheel), to reject any constant cross wind distuckarand to (RISC) architecture microprocessors and the totainics

counter propeller torque and helical slipstrearactf. consumed less than 5 W.
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Figure 8: Aircraft and ground station block diagram
5.2 Hardware in the loop simulator The HIL simulation was essential to instil a higtgdee

In order to thoroughly test the control aIgorithmsOf confidence_ in the control algorithms and it St_unpd the _
implemented on the avionics package, a hardwarthén COSt constraints of the research by reducing tre ri
loop simulator was developd A functional block a_ssomated with potentially expensive flight testche HIL
diagram of the HIL simulator is shown in figure Bhe HIL ~ Simulator was also used to quantify effects suclsexsor
system was designed to operate from MATLAB’s Simkili NOiS€, microprocessor quantisation, wind, actuaétay and
environment with a custom three-dimensional graphigaturation, longitudinal and lateral coupling ahd severity
display for visualisation purposes. A HIL simulato of I|near|sat|pn assumptions. For a more detadiedussion
distribution board was designed to act as the fter ©n the HIL simulator design refer to Hodgh
between the avionics package and the simulator atamp .
The flow of data is clearly seen from figure 9. 6. Autonomous Take-Off and Landing
With the ATOL control system designed, a numbeflight
tests were held to practically verify the autopilofThe
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results verify the practical success of the ATOLntcol
algorithms. In total, the aircraft successfullyrfpemed
5 autonomous take-offs and 3 autonomous landinys,
difference in number being attributed to the fdwhttthe
autopilot did not always land the aircraft when thke-off
controllers were being tested.

In subsection 6.1, data from the runway cdier® that
could be explicitly tested outside of an entireetaf or
landing sequence is presented. Then in subsedi@and
6.3, data from a take-off and landing sequenceedsgely
is presented. All practical data presented wasrdsd from
the on-board sensors and thus includes sensor. noise

PC Running Simulink

ki)
Visualisation
Environment

S-Function
> for
Communication

Simulation
Environment

Analog Channely

Servo Channels |

Avionics |
Lktra Sonic

HIL Distribution Board

Channels i
|
|

Figure 11 shows the response of the runway heading
controller together with the simulated responseato80°
tstep in heading. The associated yaw rate during th
manoeuvre is also shown. With the accurate yaw rat
response discussed previously, this level of cafiai
between the practical and simulated results wasazpd
due to the successive loop closure controller srchire
employed.

Figure 12 shows the lateral response during autonsm
taxing with the runway (8 m wide), centre line aficbction
of travel superimposed. The guidance controlleseien to
perform very well with the runway centre line beingcked

Figure 9: HILS functional block diagram

6.1 Runway controllers

to a good degree of accuracy. The small offsendst

Figures 10 to 13 show the responses of the indafidulikely due to a bias on the yaw rate gyroscopeesithere

controllers designed for use on the runway. Figliée

are no integrators in the outer guidance loops.th\ile

shows the practical response of the runway yaw ratener yaw rate and heading controllers functioniedl, this

controller to a 30 °/s step command in yaw ratgetoer
with the theoretical response from the HIL simutat@he
actual and theoretical yaw rate responses correspery
well. The correlation verifies the accuracy of thmway
model and validates the linearization assumptioaslanin
section 3.2.

----Command !
30 — Measured ~

Turn Rate [deg/s]

e}

Time [s]

Figure 10: Runway yaw rate controller response
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accuracy of response was expected due to the dentro
architecture.

Figure 13 shows the longitudinal responses
(groundspeed and acceleration controller resporka)ng
autonomous taxing. With a 3 m/s ground speed camdma
issued, some differences between the practical and
simulated responses can be seen. These differencelse

—Measured

N
a
Q

200

Heading [deg]

Turn Rate [deg/s]

Time [s]

Figure 11: Runway heading controller response
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attributed to several sources of which the moduéntftial
are errors in the engine model used for design thed
effects of ignoring the friction forces in the longlinal
linearisation process. The small steady state gtspeed

1

——GPS Position L

------Commanded Path (Runway Tragk)
T T

0

-10y

-20)

North [m]

-30f

-40

-50f

|
|
!
10 15 20 25
East [m]

Figure 12: Runway guidance controller response
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Figure 14: Take-off results

The climb rate measurement in figure 15 shows

excessive overshoot during rotation and the initiaments

error is most ||ke|y due to misa“gnment of the a&xi of climb out in phases4and 5. The overshootdstrﬁkely

accelerometer and the absence of an integral tarthd
outer groundspeed controller. The initial 2 secoofidelay
in the simulated response is due to the expectaghtac
dead band that was incorporated into the non-liesgine
simulation model.

Groundspeed Response
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Figure 13: Axial Acceleration and Ground Speed
Controller Response
6.2 Take-off

Figures 14 to 16 show the practical results obthiftem
performing the take-off sequence of figure 2. Tihidal
7 seconds is used for phases 1 and 2 to obtaiicaGRS
heading measurement and to re-align the aircrah tie
runway centre line before the take-off run stantphase 3.
Note the sharp increase in the airspeed measurgustras
phase 3 is entered. This increase is caused tigvaiirom
the propeller coupling into the pitot tube as theottle is
opened for the ground roll. The coupling can &leseen in
phase 5 were the airspeed is controlled to 20 rhitewthe
ground speed measurement is only 15 m/s. Mourtirg
pitot tube in the wing instead of above the pragedls was
done in this project (shown in figure 1) could pet/this
coupling.
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due to modelling errors in the elevator effectivanewith
the elevator being more effective in practice than
simulation.
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Figure 15: Take-off results

Figure 16 shows the two dimensional GPS position of

the aircraft during take-off with the runway limifisr a 6m
wide runway superimposed.

It can be seen that the aircraft yaws slightlyhe tight
during take-off. This was due to the crosswindspre
during the flight test. As the aircraft gains gpethe
steering wheel looses effectiveness making theradirc
susceptible to crosswind disturbances.
integral nature of the yaw rate controller wouldiroately
drive it back to zero if given the time. A similarosswind
effect was also seen during HIL simulation and desmed
acceptable for practical purposes. Finally, notevhthe
lateral controllers used for conventional flightllpthe
aircraft back onto the runway centre line as ittcares to
climb. Fourteen seconds after rotation an altitofi@0 m is
reached signalling the end of the take-off sequence
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North [m]

5}
ol _
3
ol
<)
PN
S
&
s)

|
|
| |
1 1
20 -10 0 10 20
East [m]

Figure 16: Take-off results

6.3 Landing

Figure 17 to figure 19 show the reference commaarus
system responses while executing the landing segueh
figure 3. The first two phases of the landing sawme were

not executed as part of the presented landing seque

Start of PhaseA\ Start of Phase 5 Start of Phase 6

7 i i i i i i
E 20h = == N N U S I
B3 | | | | | Y |
o R T e I Ml S S T e
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e e ——
0] 5 10 15 20 2!
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Figure 17: Landing results

Both phases were however practically tested andiackr
during a separate flight test. The presented tflidata
therefore starts at phase 3 during the final momaerit
navigation towards the approach point and all tines in
figure 17 to figure 19 continue relative to thisrgo

From figure 17, note the slight airspeed oscillats the
aircraft tracks down to the desired airspeed ofml& The
oscillation is caused by the airflow from the pribgre
coupling into the pitot tube and the large feedbgaik from
airspeed error through to throttle. However, desphis
lightly damped oscillation, the aircraft trackstte desired
airspeed adequately. Figure 18 shows that thrautgtie
landing sequence the altitude reference is trackett
acceptable precision, never deviating more than f2am
the reference command (note that the ultra soritudé
shown is only valid below 5m). However, the alti¢
response also displays periodic motion. The s is
again most likely caused by the pitot tube systemmping
with the propeller and the fact that airspeed didbcrate
are controlled with a MIMO controller.
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Figure 18: Landing results
The flare of phase 6 was initiated at 38.4s. The
precision climb rate controller response was fashem
expected, causing the aircraft to flare more slyaaptl hold
an altitude of 1 m. Since the throttle was clodes dircraft
glided the final meter and touchdown (the starplodse 7)
occurred at 42 s. The sharp flare can again beibated to
modelling errors in elevator effectiveness as wasens
during the take-off rotation phase.

From the lateral response shown in figure 19, tiossc
track error on approach is seen to settle faster éxpected.
The approach point can therefore be moved closghdo
runway with the lower limit enforced by the timegeered
for the airspeed to decrease during phase 4.
touchdown, note how the runway guidance contrqigts
the aircraft back onto the runway as desired. &t&4he
aircraft comes to a standstill, concluding the lagd
sequence.

Upon

10 T T T T

North [m]

Figure 19: Landing results

Finally, note that with the current controller atebture, the
steady state lateral cross track error can be U tm for a
worst case gyroscope bias and GPS drift error. s Thi
translates into a minimum required runway width26fm
for a guaranteed landing. However practical fligast
results show that an 8 m wide runway is acceptédie
almost all cases. Of course, the minimum runwasgttlwi
could be greatly decreased with the use of a betisolute
positioning sensor.

27

http://www.saimeche.or g.za (open access)



Autonomous Take-off and Landing of a Low Cost Unmanned Aerial Vehicle

7. Conclusion Unlimited Conference and Workshop and Exhibit, San

The practical success of the autopilot can largely Diego, CA. 15-18 September 2003.

attributed to the simple, practical control strageg 3. Sprinkle J, Eklund JM and Sastry SS, Deciding to land a

employed and the many hours of HIL simulation canteld. UAV safely in real time American Control Conference,

When combined with the in flight controllers of Rézland Portland, OR, USA, June 20053506-3511.

Milne’, the ATOL control algorithms make fully 4. Halyo N, Development of a Digital Automatic Control

autonomous flight from take-off to landing of theAV in Law for Steep Glide Slope Capture and Flare, NASA

figure 1 possible. Report No. CR-2834, prepared by University of
One of the major challenges currently facing the Virginia, June 1977.

autonomous landing of miniature UAVs is the avdllgh 5. Lambregts AA, Avoiding the Pitfalls in Automatic

of an accurate, low cost, light, atmospheric change Landing Control System Design, A82-39013, Boeing

independent, height above ground (HAG) sensor with ~ Commercial Airplane Company, 1982.

measurement range of at least 20 m. Such a semsdd 6. Rich BRand Janos L, Skunk Worls, Back Bay Books /

allow awkward phases such as phase 2 of the landing Little Brown and Company, 1994.

sequence to be removed and allow for safe landiftgs 7. Peddle IK and Milne GW, Development of a low cost

long periods of flight (where barometric pressurayrhave waypoint navigation autopilot for an unmanned deria

drifted substantiallj ~ Furthermore, accurate altitude Vehicle,R&D Journal of the SAIMechE, 2007, 23(2), 18-

measurements can be used to obtain more accuiate cl 24

rate signals which in turn would allow for more ¢ise 8. Barber DB, Griffiths SR, McLain TW and Beard RW,

control during the crucial flare and rotation prasé take- Autonomous landing of miniature aerial vehicl&$AA

off and landing. Infotech@Aerospace, No. 2005-6949, 2005.

Future research will involve investigating an imriagel, 9. Shang J and Shi Z, Vision-based runway recognition for

low cost substitute for an improved climb rate signThis uav autonomous Journal  of
will involve combining the barometric climb rate tvithe
ultrasonic altitude in a stochastically optimal seror use

landing] nternational
Computer Science and Network Security, 2007, 7(3)
112-117.

in the rotation and flare phases of flight. Inatmsof an 10.Accardo D, Esposito F, Cimmino G, Moccia A, Ciniglio
optical flow sensdrto improve state estimation will also be U and Corraro F, Integration of advanced altimetric
considered, subjected to the cost and computational Systems for UAV vertical navigation during landing
constraints of the system. With the ever decreggiite of manoeuvre, 8 AIAA Unmanned Unlimited Technical
digital processing power, incorporating fast, flngt point Conference, Workshop and Exhibit, No. AIAA 2004-
processors in low cost automation solutions is beog 6318, Chicago, lllinois, September 2004.

more and more feasible. This opens up opportsnite 11.Gutt GM, Fischer S, Sheen JH, Lawrence DG and
implementing more complex control and estimation White SN, Precision autoland guidance of the X-31
solutions to problems such as ATOL. Instead of gisin aircraft using IBLS — The integrity beacon landing
output feedback as was done in this project, Kalfilters system, AIAA  Guidance, Navigation, and Control
can be used to optimally combine all low cost sesgo Conference and Exhibit, Providence, Rhode Island,
provide better feedback signals. Floating poirticpssing August 2004.

also allows for techniques such as feedback liration to 12.Riseborough P, Automatic Take-Off and Landing
be practica”y imp|emented for dynamic range extams Control for Small UAV,S, BAE SYSTEMS, Melbourne,

purposes. Although these techniques will be ingasgd, it Australia, 2004. _

is important to remain aware of the increaseéB Montgomy PY, Carrier Differential GPS as a Sensor of
interdependency they introduce to a control syst@imus, a ~ Automatic  Control.  PhD thesis, Department of
balance needs to be found between performance andAeronaUtlcs and Astronautics, Stanford Uan@rSlty.

practical risk of failure for a robust, low cost &L 1996. _ _
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