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Abstract. Thermal soaring saves much energy, but flying ladiggances in this form
represents a great challenge for birds, peoplelamdanned Aerial Vehicles (UAVS).
The solution is to make use of so-called thermalgch are localized, warmer regions in
the atmosphere moving upwards with a speed exagetm descent rate of birds and
planes. Saving energy by exploiting the environmmaote efficiently is an important
possibility for autonomous UAVs as well. Successfaintrol strategies have been
developed recently for UAVs in simulations and @alr applications. This paper first
presents an overview of our knowledge of the sgaflight and strategy of birds,
followed by a discussion of control strategies theate been developed for soaring UAVs
both in simulations and applications on real platfe. To improve the accuracy of
simulation of thermal exploitation strategies wegmse a method to take into account
the effect of turbulence. Finally we propose a &S independent control strategy for
exploiting thermal updraft.

1. Introduction, history

Thermal soaring is a form of flight where the flginbjects use only convection currents, calledntiads, to
stay in the air without any additional power soufe®tor power in the case of airplanes or flappifig
wings in the case of birds). Thermals are spattigt temporally localized parts of the atmosphesated
by solar radiation heating the ground, typicallyving upwards with a speed in the range of 1-10friis.
ground heats up the air nearby which rises in cokifivlan made soaring objects, like gliders, haidpg
and paragliders are able to fly great distancessinyg only the natural energy of thermals but laggpecies
of birds have also specialized during evolutiontfas form of flight. Similarly to gliders thesertls gain
height by circling in thermals with wings spreadiluthe desired height is reached. Then a moreess |
straight advancing but sinking phase follows utité next thermal is reached (Figure 1). This pajoers
not discuss other types of soaring, such as dynaoaitng, in which the energy for flying great distes is
gained from horizontal wind gradients. Thereforewikerefer to thermal soaring as soaring hencéfort
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Figure 1. (a) lllustration of soaring flight with the notationsdicated. §) GPS logged flight path of a
peregrine falconHalco peregrinuy on a black and white satellite map of the regiGolour scale
indicates the vertical velocity, red correspondslimbing (usually within thermals), blue to singin
(gliding). () GPS logged flight path of a paraglider with tbedl ground relief. Courtesy of Akos et al.
[9]. Reproduced with permission, © 2008 PNAS.

Until about 1870 the soaring of birds was a mystirywasn’'t understood how birds are able to flgheut
flapping their wings. An explanation based on comraense suggested that they flew with slow flapping
that could not be seen. Later, a scientist, l.chaster, who spent 5 years investigating the spdlight of
birds, published some of his observations and deshec[1]. Consequently, soaring flight became bject

of great interest in the scientific community.

Otto Lilienthal was the first who made systematialgsis of the problem. He observed sea birdsaffotig
vessels at sea), and storks, whose outstandinipgayility is well known. He was the first who pased
that artificial wings should be designed with sirstey surfaces of concavo-convex shape. He and his
brother, Gustav Lilienthal, carried out flying exipeents for nearly 25 years, verifying their theoHe
published a book titled "Bird Flight as the Badig\wiation” in 1889 [2].



Soaring flight went through great development aftéorld War | in Germany when the manufacture of
powered airplanes was restricted by the Alliesdi@fj soon became a highly favoured sporting agtivit
among people who dreamed about using only natp@iger like birds. Later, simpler and more popular
directions of soaring flights developed, like hatiging and recently paragliding, attracting mornelanore
people.

2. Resear ch on soaring flight of birds

After the theory of gliding flight was describedsearch on soaring birds focused on the performahce
birds’ wings and the effect of the morphing wing jperformance. The dependence of circling radius in
thermals and boundary layer usage on wing paramet&s also a subject of investigations.

2.1 The glide polar (polar curve)

The most common way to describe the performaneesmfaring wing or bird is to draw the glide polar (
polar curve), which is simply the vertical speedsus the horizontal one during gliding (having saene
shape as the plot of the lift coefficient versus tinag coefficient). The knowledge of the wholelglpolar
provides information abouwg.g the bird’s minimum speed (or stall speed) whieledmines how narrow
thermals can be used by the bird, or, from an offeént of view, how closely a bird can circle taeth
strongest, central part of the thermal. Other ingrdata can also be deduced from the polar curve,
notably the minimal sinking speed, the best glateorand the highest speed.

The polar curve of a soaring bird (white-backedtwd, Gyps africanup was first determined using a
camera mounted on a powered sailplane [3]. Phqtbgravere taken with fixed time intervals, and et
and horizontal speed of the bird with respect t® shilplane was calculated from these picturess Thi
method had the disadvantage that the exact measoteand subtraction of the air movement from the
birds gliding vertical speed was not solved, sodata points were scattered. Although the airpigane
some information about the air movement but nottixat the bird’s location. Later, others deteretrthe
glide polar of soaring birds in wind tunnels [4]edently, the gigantic extinct volant bidrgentavis
magnificengwith a mass of 70-72kg, wingspan of 7m, it wasworld’'s largest known flying bird) glide
polar has been reconstructed from theoretical tation based on data obtained from the fossils [5].

Recent studies have shown that variable sweepgesiahe glide polar [6]. Performance (lift and drag
coefficients) of the wing of common swithpus apushas been measured in a wind tunnel. At low anfle
attacks (low horizontal speed) swept wings had taivag coefficients than extended wings. It wasagho
that although the best glide performance coulddigesed with extended wings, there are flight gitres
where swept wings are optimal. For example higheparaaximizes high-speed glide performance (at high
speeds the glide ratio of a swept wing is highentlthe glide ratio of an extended wing at the same
velocity) and in addition it was found that sweph@s could bear higher loads during fast turnsni-the
aspect of soaring it seems that extended wing®patienal for turning slowly in thermals, and on adei
range of gliding speeds, but in theory swept wiogsld be better in weather conditions when therragds
strong and the optimal gliding speed between ttehigh (see later at 3.1).

2.2 Dependence of trajectories on wing parameters

Soaring flight performance and the morphology ok¢hdifferent tropical soaring birds were compared
systematically in later studies [7]. Frigatebirtfack vultures and brown pelicans were investigatét
ornithodolite from the ground. In one part of teaidy the dependence of circling radius on winglilog
was investigated. The circling path in thermals waonstructed for a short time period (few circlasd

the measured wind was eliminated from the trajgctbhe measured circling radius changed between 12m
and 18m for the three bird species, growing propoaly to their wing loading. This can be undeostaf

we take a look at the following equation that cardirived from the equality of the forces. The dpatal



force and horizontal component of the lift forcee an equilibrium during gliding along a helical pat
(Figure 2):
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Figure 2. Equilibrium gliding of swifts. § A swift glides on a helical path with constanidgl speed
(V), and & glide angle. To turn the swift has to bank itsywadth bank angled), horizontal component
of the lift, L sin() equals to the centripetal forcdn) (L, lift; D, drag; W, weight forces acting on a
gliding swift. Courtesy of Lentink et al. [6]. Rejluced with permission, © 2007 Nature Publishing
Group.

LW 2 cod(y)
S g sin(w)C, ’

where the following notation was used: turning radius\W - weight,S - wing area\W/S- wing loading, -
air density,g = 9.806 m/$ - standard acceleration due to gravjty, bank angley - glide angleC, - lift
coefficient.

If we assume that the following part of the pregi@guation

_ cos'(y)

sin(u)C,

is similar for different bird species [8], we cowdapect that the circling radius grows linearlyhmting
loading. This assumption is not valid for very ditfnt flying objects. The soaring flight trajectafythe
peregrine falconKalco peregrinuys and the white storkQjiconia ciconig were recorded recently by GPS
and were compared to the flight of paragliders faanag gliders [9]. It was shown that paragliderswigry
different wing loading (lower than that of storkiy with roughly the same circling radius as storks
therefore theiB cannot be the same (Figure 3 (a)).
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Figure 3. (a) Circling radius versus wing loading. For threedbspecies (frigate bird, black vulture,
brown pelican; open red marks) Pennycuick found tiwe main circling radius is linearly proportional
to wing loading. Our results for the peregrine dalcand the white stork (solid blue marks) are in
agreement with this tendency. The dashed line ittasl fto the data on birds. The green X mark shows
the measured data for the paraglidby.GPS logged flight path of a falcon during cergrin a thermal.
Frequent changes in direction can be seen cle@durtesy of Akos et al. [9]. Reproduced with
permission, © 2008 PNAS.

The calculated circling radius of the falcon (21) and the stork (21.7m) were also in agreement thigh
observations and arguments in earlier studies, lyatimat the mean circling radius is linearly projamal
to wing loading.

The differences in aspect ratio (square of the gpag divided by the area of the wing) have alsabee
discussed in a study on different tropical soabirg species [7]. High aspect ratio wings have thebdift

to drag ratio (which determines how far a glidingeat can reach from a given height) and marineisga
birds (albatross, frigatebird) have evolved withatigely high aspect ratio wings. One could thihlatt a
high aspect ratio wing is advantageous for eveayiag bird, but it seems that birds soaring ovadlhave
lower aspect ratios, which might be in connectiathwheir departure technique. While the previously
mentioned frigatebird takes off only from elevamatches such as trees, never from level groundoar f
the water, birds living over land are able to defram the ground.

2.3 Making use of the boundary layer versus wingupeters

Later studies tried to predict which part of theubdary layer is used by the birds [10, 11, 12]. e¥¢hcan
we expect that the trajectories of birds and amgdacross in a particular weather condition andipbs
cause an accident? As it could be expected (siowerlwing loading means lower minimum sinking
speed), a connection between wing loading and kayrdyer usage was found.

It is known from measurements and theoretical ¢afimns that thermals are not equally strong fréwe t
ground to the top [13]. The vertical velocity ptefdepends on the actual weather conditions buliystine
middle part is stronger and it is weaker near tloeigd and at the top. As higher wing loading catlnégiser
minimum sinking speed, birds with higher wing laagliare not able to exploit the weaker top and botto
part of the thermal. Another reason could be thatwidth of a thermal also changes with height dligu



the width grows with height and sometimes therro@lifferent origin join together, forming a widene).
As we have seen earlier, the minimum circling radifi birds also grows with increasing wing loading,
therefore the narrow bottom part of the thermal ralso not be exploitable for birds with high wing
loadings. It is also a possible explanation thaséhbirds that would like to maximize their crosshatry
speed during flying only use the strongest (usuaiymiddle) part of the thermal.

Use of the boundary layer was measured in a stidly jvhere the maximal height reached by birds was
measured by radar, and the maximal height of tleenthls was calculated using the ALPHATERM
meteorological model. It was found that the birdtwvthe lowest wing loading (31 NAnin this research,
the honey buzzardPérnis apivorul used the biggest part of the boundary layer (9I%e white pelican
(Pelecanus onocrotaliis which had the highest wing loading (84 Nymamong the four species
investigated, used only 54% of it. White stori@iconia ciconid used 69% (wing loading 63Nfjnand
lesser spotted eagle8duila pomarind used 65% (wing loading 44 Nfjn The boundary layer usage of
soaring raptors was also investigated using a opight detection and ranging (lidar) system [14].

One extreme end of the evolution of soaring bindsnf the aspect of wing loading is the magnificent
frigatebird, which has the lowest wing loading amduirds (Figure 4 (a)). It was a mystery for a |dimge
how they spend their time at sea until altitudeadsft the individual frigatebirds have been colldchy
altimeter (data were sent to the ground by sateal#gnsmitter for analysis)[15]. From the dataais bhecome
clear that these birds are continuously on the Wixigure 4 (b)), day and night during their foragitnip.
The curious morphology of these birds is well addpb the use of very weak thermals that develay ov
tropical waters in regions affected by trade witwhkich blow around the Equator from east to westgn
during the night. By circling slowly day and nightgh on thermals, these birds very efficientlyafge over
tropical waters in which prey is scarce. Their ager climbing speed in thermals is very low (average
climbing rate: 0.40m/s, maximum: 3.3m/s) as therttads are weak in this area. The price of this very
efficient thermalling wing is that these birds havéow speed; the average cross country grounddsplee
these birds is only around 10km/h.
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Figure 4. (a) Magnificent frigatebird Fregata magnificens)(b) Altitude data collected during a two
day long period, while the bird was foraging anérgpsome time in its nest (green bars). Black bar
indicates hours of darkness (left-bottom panelyittmtal flight path of two frigatebirds (blue, lding
male; red, incubating female) measured by satebitemetry during foraging, Green box indicates the
colony nest (right upper panel). Courtesy of O. €bla[15]. Reproduced with permission, © 2003
Nature Publishing Group.

Here we would like to mention that albatrosses fewadved in the other direction of extreme wingdivey.
Very high wing loading makes birds able to expthi energy from wind gradients by a different sugri
method, called dynamic soaring, and fly great dista over the sea close to the surface [16].

3. Optimal soaring strategy
It was a great improvement in the history of gligliwhen Paul B. MacCready published his theory about

soaring flight optimisation [17, 18]. Before thehtivation, he also won the gliding world champioipsim
1956.



3.1 MacCready'’s speed to fly theory

The main idea is that sailplane pilots should ddjlusir gliding speed to the expected thermal cliate
according to their own polar curve. It can be shdhat for every expected climb rate there is omg o
optimal gliding speed on the polar curve.

The main concept of the MacCready theory is théofohg (assuming still air, where no instantaneous
vertical air motion has to be taken into accoutttg glider tries to optimize its cross country shesnd
therefore its goal is to cover a given distabggin as short a time as possible. During the fligdth from

A (top of the previous thermal, which is the starfimint of a gliding optimisation segment from thigtt)

to B (top of the next thermal), it first glides frafnto the next thermal and then lifts in it. Wheauitives to

B it has to be at the same height as at the stgwbing. Thus, it intends to minimize the quantitiyng) Lag
[y -V, I(Vy Veimb)], Wherevy, V= p(vy) are the gliding horizontal and vertical velocitip§) indicates
the polar curve, and,,, denotes the climbing rate in the thermal (see Eidu¢a)). We find the minimum
of Lag [L/vyy - V» /(W Vaims)] Where its derivative is equal to zero and the seaterivative is positive.
Solving this equation we obtain a relationship leswthe optimal, andveimp .

Vi dvxy

p(vxy) _Vclimb _ dp(vxy)

This equation expresses that the optimatan be obtained by drawing a line from the poipt, (along
the vertical axis) tangent to timwv,) polar curve and reading the correspondiggvalue (Figure 5). We
will refer to MacCready's theory later as "optinsalaring strategy”.

3.2 Comparing bird and human soaring strategies

The first study that investigated if there is aopection between thermal strength and bird’s gtjdipeed
between the thermals studied Marsh harriers inhgontisrael by radar and they found positive catieh
[19].

More recently, the optimal soaring strategy of ®iethd competition pilots have been compared [9 Th
was the first time that continuous trajectoriesadiring birds have been recorded by GPS devicgarg-L,
Figure 3 (b), see also the supplementary moviel.[P@regrine falconHalco peregrinusand white stork
(Ciconia ciconid, birds specialized for flying great distances, ravanvestigated. Circling radius
measurement method of this study has been discbs$exk, now we give more details about that resear
Peregrine falcons use thermals during foragingto sip to a suitable height from where they caopsfor
the prey. Even though they are able to migrate d@@&y with soaring technique [21], scanning a large
area for a shorter time period is more advantagebthuarefore presumably falcons can benefit frormhéig
Cross country speed.

For the comparison of the optimal soaring stratgyirds and pilots, GPS flight data of human mEilatere
also collected. These days, the only way to vexifinpletion of a task at a cross country flying cetitjpn

is by submitting a GPS track log. At competitioniets start from one place and have to fly alonguate
determined by turning points. The objective ise¢aah the goal as soon as possible, or if it is 8ride
(e.g.,the weather is not good enough to complete the),taskily as far as possible along the route. A
different type of competition is the online contestere pilots fly individually and upload their GR@ck

logs to the webpage of the contest. This way ftigherformed at different places and dates can be
compared by a pre-defined algorithm, evaluatingof@gst others) the length and average cross country
speed of the flight. The detailed data about huitots have been collected from paraglider and hang
glider contests, where the pilots are aiming atighest speed possible to win the competition.



The flight of a falcon has been compared with tfght of top hang glider and paraglider pilots netiag
the optimal flight strategy (Figure 5). Hang glidaots seem to adjust their gliding speed closeghe
theoretically optimal. Paraglider pilots use somatwvlower horizontal gliding speed than the optimal
(points are more scattered to the left of the ogtiourve). This can be interpreted by taking intocant
that paragliders’ glide ratio is worse than thahahg gliders, so they choose a lower speed tamzgaithe
risk of not reaching the next thermal before lagdiim addition, paragliders have lower stabilityhigher
speeds, so in some situations, pilots do not agyi@dymaximum speed for safety reasons. Falcons seem
adjust their flight to the actual weather condiicaccording to the MacCready theory as well. Thssit
happens, evolving flight strategies of birds andhhn calculations lead to virtually the same outcohte
answer the original question, it seems that thagskdpecies which can benefit from it, instinctivelpply
the “speed to fly theory” that was originally cdlted and described by Paul MacCready, and siraeith

widely used by pilots in thermal soaring.
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Figure 5. Soaring strategy plot of various flyers. Squaresotke data points measured in the wind tunnel
that the polar curve was fitted to (solid line lz fower part). From the polar curve the optimedtegy
curve (solid line in the upper part) is calculabydusing the MacCready theory. The dashed anddlotte
lines illustrate this process. The dashed lineswshangent lines to the polar curve from points
corresponding to different climb rates represemtedhe positive part of thgaxis. Dotted lines indicate
for each dashed line the corresponding climb mathé thermal lift and the optimal horizontal vetgc
for gliding between the thermals. Circles denot dkieraged climb rate versus the measured averaged
gliding horizontal velocity (one circle for onedtit). Triangles indicate the averaged gliding hamial
speed as a function of the sinking velocig). Peregrine Falcon. Gray curves show the effeqinlar
curve (including flapping flight during the glidingarts) and the corresponding optimal strategyeurv
(b) Flight data for hang glider and)(two paraglider pilots achieving the third and finst two places in
the online world contest (OLC), respectively. Cesst of Akos et al. [9]. Reproduced with permission,
© 2008 PNAS.

4, Soaring UAV's: advances and challenges

Small UAVs have payload restrictions and can chrey/energy for only a short amount of time. Howeve
several researchers have already demonstratedhiriasions and real applications that not just biadsl
manned gliders, but also UAVs are able to explpitrafts to increase their endurance and save eneogy
example, theoretical calculations by NASA are vamymising as they showed that an UAV with a nominal
endurance of 2 hours could fly a maximum of 14 bawging updrafts in good weather conditions [22].



In this fourth part we will provide an overview ekisting research on different thermal exploitation
strategies of UAVs both in simulations (and chalkesm of simulations like creation of a realisticrthal
model and simple but effective flight control ségies) and applications on real platforms. Theailyje of
these investigations is to find the center of tlermal in a circling maneuver and maximize theliftetver
the searching path inside the thermal. Thermalagtgtion methods have to work effectively in ditfet
thermals, like wide, narrow, etc.

In the final section we will demonstrate how theliidn of noise (that imitates turbulence) to théstng
thermal models (and thus approximating real thesnmabre accurately) changes the effectiveness of
thermal exploitation strategies. Two different, GiR8ependent strategies will be compared in a therm
model with perturbation: the simplest commonly usedtegy and a new one that was inspired by the
falcon’s flight.

4.1 Review of previous simulations
John Wharington was the first who proposed an autamus soaring simulation for UAVs in 1998 [23]. In
this work he gave a framework of updraft modeliagWAYV soaring strategy simulations.

Thermals are turbulent airflows, so accurate nuraemimulation of the airflow in the thermal updraf
would be very difficult and would require a lot ebmputation power. Instead of this complicated
simulation he used a very simplified thermal motlaked on measurements and theoretical calculatlans
this model the thermal is a circle or ellipsoid péh vertical tube, usually with Gaussian vertiogbeity
distribution. In later simulations others used vesiynilar, quadratic function shaped [24] or radius
dependent [13] thermal vertical velocity distritounts.

First he tested a strategy that is well known amglider pilots, based on the rules of the famous
competition glider pilot, Helmut Reichmann [25].8d® rules are the following:

1. If climb improves, decrease bank angle

2. If climb deteriorates, increase bank angle

3. If climb remains constant, keep the bank angtestant

A simple strategy based on the rules above worketd efficiently in simulations. But as Wharington
demonstrated in his work, this rough method is siveplified and other methods that account for the
thermal profile and the influence of variometeroesrcould be more effective. He developed a guielanc
algorithm using reinforcement learning and a nebesled thermal center locator for the optimal
autonomous exploitation of the thermals. The thémeater locator part of the algorithm had the same
function in the simulation as the following centyirule that pilots apply during thermalling in atifoh to

the Reichmann rules. During the last completedecititey memorize their heading when the lift was th
strongest. Then they try to move the circle towdhaslift (away from the sink which is usually dretother
side). This method is based on their sense of @tien (practically by noting a landmark over tHane’s
nose where the lift was strongest) [26]. Howeveha¥ihgton's algorithm with the neural-based thermal
center locator was too time consuming for real tonéboard applications.

Stephane Doncieux and his colleagues developedngostrategy by using evolutionary algorithm to
optimize the connection weights in a neural netwi@K]. Altitude gain during the allotted evaluation
period was used as fitness function. The inputmatars of the neural network were the vertical cigjo
roll and pitch angle of the glider. The outputstleé network controlled the elevator and the rudidehe
plane. In simulations this strategy was succedsfuteal thermals, modeled similarly to those msgd by
Wharington [22].



4.2 Realisations of Autonomous soaring

Two different successful thermal exploitation stgaés have been programmed into UAV in reality.rBot
strategies’ centring method is fully or partiallgded on position information-coupled updraft datéected

in the past, which could be the key feature ofrtlseiccess. Simpler strategies that rely on insteias
updraft measurements have been tried out in re@&y; but the authors suggest themselves that @ mo
elaborate strategy is most probably necessaratl tind stay near the center of a thermal.

The first successful soaring UAV was developed BYSKW during the Autonomous Soaring Project at
Dryden Flight Research Center [29]. Michael Allevda team of engineers programmed a small UAV (a
4.27m wingspan, 6.8kg motor-glider called Cloud fgvéiee Figure 6) to detect whether it is in anrafid
and use that updraft by circling. During the projge UAV flew 17 times, gained an average altitode
173m in 23 updrafts, and ascended 844m in onegstimrmal. In one flight of this project the UAVdatl

60 minutes to its endurance by soaring autonomously

Most recently even more successful thermal locating guidance algorithms have been designed and
implemented at the North Carolina State Univeraitg the U.S. Naval Research Laboratory by Daniel J.
Edwards [30, 31]. The UAV in this project took pirthe Cal Valley Soaring Race in May of 2009 wehe

it beated humans in a head-to-head cross-countmpetition and covered over 113km. In another flight
stayed aloft for over 5.3hr.

Figure 6. Allen from NASA Dryden Research Center launchesaiag UAV (Cloud Swift) by hand.
Courtesy of Carla Thomas, NASA Photo. Reproducedt permission, © 2005 NASA Dryden Flight
Research Center Photo Collection.

In NASA’'s Autonomous Soaring Project the algorithmere run in real-time on board as part of the
autopilot hardware of the Cloud Swift. First thaltgdt velocity was calculated from the aircraft’stion to
determine if the plane was in an updraft and tonege the location and strength of the thermas #asy to

see that the aircraft's growing altitude (and thewgng potential energy¥;..) is connected to the updraft
velocity. As the kinetic energyK, . ) of an aircraft can be converted into potentiargy (imagine a fast
moving aircraft turning upwards and slowing dowtie kinetic energy of the plane should also bertake
into account. The total energ¥e(,.,) of the aircraft is the sum of instantaneous pidéand kinetic energy
values, calculated as follows:

Ere =mgh,



1
EE:EmW,

Eon = Epc +E

total KE?
wherem denotes the masg,refers to the acceleration due to gravitys the altitude, an¥ indicates the
velocity.

The derivative of the plane’s total enerdgl ) gives the total energy rate that is inherentlypted to the
updraft velocity (to give the net updraft velodhge aircraft sink rate had to be added to the nredsiotal
energy rate). The second derivative of the platatad energy (energy acceleration) gives infornraibout
changes of the updraft velocity used in Allen’sdstas one input parameter for the controller. Tinectl
effect of the energy acceleration on the contral ba interpreted as the application of Reichmanesru
described above.

Additionally, to find the core of the thermal masdiably, a Gaussian thermal model (described dhoas
also fitted to the last two circles of the flighath logged by the GPS in the following way. Windswa
calculated from the drift of the thermal and wam#lated from the trajectory to get almost neatles (in
other words data was transformed from the earthdioate system to a coordinate system that wasrdyif
with the thermal). The location of the thermal’'swtse was calculated from an updraft weighted awerag
using the expression:

_— ZIatEE2 ZlonEE2

th = zEz ZEZ

HerePy=[lat,q lon,q is the calculated location of the center of themaft,lat andlon are the coordinates of

the GPS position and is the corresponding calculated total energy fatéhat position. Using this
estimated updraft center there remain two paraméebat are needed to describe the thermal, thendier
strength, and the characteristic radilihe maximum velocity of the thermal was estimasadply by
adding 10% to the measured maximum updraft. Thausadf the thermal was calculated by using an
iterative fit to an assumed Gaussian shaped theveréical velocity profile. Based on the locationda
radius information of the fitted thermal model #rether input parameters were determined for the
controller (position error, velocity error, and trsteady-state turn rate) in addition to the energy
acceleration. These four input parameters weredttmeive an appropriate circling turn-rate commasd
an output parameter for the autopilot.

The soaring strategy of the UAV programmed by Diahi&dwards has two main differences compared to
Allen’s implementation that was described in deghibve: the implementation was off-board and inetud
an improved method for thermal location estimatibime on board autopilot received the desired higlell
commands with 1Hz via radio connection from a distaptop.

Allen’s thermal center location algorithm was ugethe research by Daniel J. Edwards as a staoting,

but since higher computational power was availdole to the off-board system than before, Wharirigton
(see above) neural network based method was abgraéted into the final solution. The main idea wWest

the center of the thermal has to be searched oidafnodes in the vicinity of the initial thermeénter
(calculated by Allen’s modified center of mass noelth The positions and updraft data of the fligathp
was calculated and logged. Wind was calculated ugyaging the wind data that was provided by the
autopilot, after which drift correction and thetial thermal center was calculated similarly to grevious
work. The usual Gaussian thermal model was usexlaidard linear regression method was appliedr(afte



transforming the thermal model to log space) tawate how well the measured data correlated vhigh t
possible thermals with different centers (in thede® around the calculated initial thermal centéhe
thermal allocated to the node with the best caiiavas chosen as the thermal center. Figure Wslkioe
difference between Allen’s and Edwards’ thermalteefocation methods.
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Figure 7. Comparison of the two different thermal centerreation methods. The figure shows the GPS
logged flight path of the UAV and the correspondowdour codedE values. The main difference is
that the newer method (Edwards’) makes it posdibléocate the thermal center outside of the area
covered by the measured data. Allen’s method etdrthe thermal center always somewhere inside the
area of measurements, while Edwards’ method pldisethermal center into a location that would yield

concentric rings of similaE values. Courtesy of Daniel J. Edwards [30]. Repoed with permission,
© 2008 American Institute of Aeronautics and Astuofics.

Gliding speed has also been optimised in this rehassing MacCreadys’ speed to fly theory, to iasee
cross-country performance.

4.3 The idea of a soaring flock of UAVs

The idea of a soaring flock of UAVs was first prepd by John Wharington. A soaring flock (several
UAVs together) would be even more efficient in theloitation of the natural energy of thermals tlaan
single UAV. The flock could cover larger areas thge, searching for the best thermal, and withaadi
connection they could share their knowledge witbheather. With this strategy they could minimize th
time spent circling in thermals by choosing thatl member’s thermal that was found to be the gish
Cross country soaring competition pilots widely lgphis strategy. They are continuously watchinghea
other and change their thermal for the other @lothe (or a bird’s one), if the other seems to heiight
faster. Additionally, a combination of UAVs withfflirent aerodynamic properties in one flock woudd/dn
the advantage that the ,faster” ones with betfetdidrag ratio could search for thermals and cisj@ver a
large area, whereas the ,slower” ones with theitgbdf exploiting weak updrafts could stay more
efficiently in one place if needed and directly gothe thermal or observation point which has been
discovered by the “faster” ones.

4.4 Simulations of GPS independent thermal expiloitastrategies in turbulent thermals

A flock of UAVs is theoretically capable of estaltling wireless networks between multiple groundsise
relying only on local communication with immediateighbours and sensors that provide heading, speed,
altitude and angular velocities instead of GPS.[®]ch UAV networks can play an important role in
disaster mitigation. Projects in which UAVs arelfuihdependent, so they do not rely on any external
positioning system have motivated the ongoing craijrey research project of Laboratory of Intelligen



Systems, Ecole Polytechnique Fédérale de Laus@nSe EPFL) and Department of Biological Physics,
Eo6tvos University (ELTE) to develop GPS free sagugiiidance methods for UAVs to exploit thermals.

As we described above, both thermal exploitatioatsgies implemented into real applications used
position information-coupled updraft data collectedhe past (the plane was “mapping the thernifal)
the thermal center calculation. But as we have ge#re simulation part, very simple strategiesewihich

do not rely on previously collected data and tteneethey do not use position information either.

However, all of the above simulations [13, 23, B#de use of very simple thermal models. We aim at
demonstrating how the efficiency of the simplesategy, the so-called “Reichmann rules” (see thailde

of the strategy above) changes depending on thm#henodel. Therefore, we modified the thermal niode
[24] to include turbulence in the form of an adulital 3D noise. Random values selected from theviake
[-1;1] with uniform distribution were assigned tdlaee-dimensional set of mesh points and smoodkiid

a Gaussian filter, see Figure 8 in an analogy eéontlty turbulence was accounted for in a dynamacisg
simulation [33].

The velocity profile of the thermal( = (w,,w,,w,) the local air velocity vector at positi¢r, y,z)) in
the vertical direction was defined as a quadraticfion:

W, (% Y,2) =0, w,(X,Y,2) =0, w,(X,Y,2) = max@"™ [{L-

0 =30

where w™ the maximal velocity value at the center of therthal which is at positior{X,, y,) andr is

the radius of the thermal. The velocity of theleifwith noise (v = (W, ,W,,W,) ) was calculated as:

W () =w,(r) iy L&, (r),
w, (r) =w, (1) [ £, (r),
w, (r) = w,(r) [+ LE, (),

where 77 defines the strength of the local perturbationteeg(r) = (<, (r), &, (r),<,(r)) at position

r =(x,Y,2). For§(r) random numbers were generated from the inter¢all]} with uniform distribution

in a set of mesh points of a finite cubic grid & %50 x 100. A Gaussian averaging (three-dimergion
Gaussian function wite=2, thus the length scale of the perturbation efdh flow was 2 m) was used to
smooth the noise (with periodic boundary conditioff)e local perturbatior§(r) was calculated as the

weighted average of the values in the eight neigtibg grid points, where the weights were definedhe
inverse of the distances. The horizontal componehthe velocity of the airflow with noise have mea
values of zero and their strengths are proportiohttie local strength of the updraft.

It should be noted that to prove the efficiency aofstrategy more realistic simulation with a more
sophisticated environmental model is needed sud¢hea®ryden Gust Model [34]. Here we want to show
the effect of wind turbulence on the performanca sfrategy in a simple way, and investigation oiae
realistic model will be a subject of a further stud

Matlab simulation of the Sky-Sailor project [24,, 35, 37] (wingspan 3,2 m, weight 2.4 kg, wing area
0.776 ), was used as a basis of our simulation. Figusadwvs the trajectories of the plane in thermal
without noise and with noise. From the plots it denseen how the noise of the thermal misleads the



strategy that easily found the thermal center m simple thermal model. The height gained durirg th
same amount of time both as the function of tunhcgeand the thermal radius were studied. The
effectiveness of the strategy was found to decréasgrowing noise and decreasing radius (see)later
These results inspired us to try out another venple GPS independent method that relies not jast o
actual measured updraft data but also memorizesisesl previous updraft information (and therefoegy m
be less effected by thermal turbulence).
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Figure 8. Two-dimensional section of the thermal modet25 m), with quadratic vertical velocity
distribution and additional random 3D noise ie13. The quadratic vertical velocity distribution thie
thermal is noted with black line. The shape ofghmothing Gaussian function fer2 m can be seen in
the lower right corner.
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Figure 9. Analysis of RR thermal exploitation strategy in laertmal model without and with
perturbation. Trajectory (green line) of the thelimg simulated UAV in a thermal tube<200 m) (a)
without perturbation#=0) and (b) with perturbatiory£€2). Red cones indicate the local air velocity.

Insets in the upper right corners show the top \0éthe same trajectories.



Thermal exploitation strategy of birds has not begstematically compared to those used by pilots or
UAVS, so it is not known if birds are more (or lpssccessful in soaring, and to judge this quedtictmer
research would be required. But the concept thetrrial exploitation strategy of birds is very efiot,
perhaps even more efficient than pilots’ practishi¢h can also be very complex and hard to be destr
fully, see above in 4.1) is supported by the oletérm of pilots that birds usually circle in theremf the
thermal. Typically, if a pilot sees a bird nearbythe same thermal, usually it is worthwhile to mdis
circle towards to the bird's flight path. It is ndear how birds solve this task. It is possiblat ttney apply
some method similar to the Reichmann rules (abawe)they may also be actively mapping the thermal
somehow as in the strategies described above.tBgteims less likely that birds could reconstrueirth
flight path in the earth reference frame for mapgpihe thermal as GPS could do and compare it to an
imagined drifting thermal, especially when they ardigh altitude.

GPS logged flight path (Figure 3 (b) and supplem@sninovies [20]) of the peregrine falcon, from wdér
can be seen that falcon changes his circling dinedtequently and thus shifts the center of aglduring
thermalling, motivated us to try out a very simgleection changing (DC) strategy (Figure 10) basely
on heading and updraft information of the UAV (riong only magnetometer and pressure sensor) and
compare it to Reichmann rules (Figure 11). Dirattitbange is a technigue that is sometimes alsomsed
pilots during centring and makes it possible tdtshe center of the circling path (by two radiihike flying
on a smoothly changing trajectory. This strategginsilar to the strategies implemented in real impgibns
from the point that the thermal center calculafbased on updraft information collected in thetgghe
plane is “mapping the thermal”), in contrast to RIR strategy where instantaneous updraft informato
used. The controller works in the following wayetheading and the corresponding updraft valueggdd
with fixed sampling rate for one complete circléeatthe circling direction of the plane was changEuke

heading vectors1(¢) are weighted with the third power of the updr&ft and the sum of these vectors
over one complete circle2@z change in heading directiop) gives the direction of the expected thermal
centerD,, :

D, =5 n(g) E*.
$=0

When the plane’s heading gets closdXg during the next circle, the plane changes circtiivgction. The

disadvantage of using only magnetometer data tshkaplane has to fly in neat circles to be ablddcide
which direction it should shift its circle, and hadfly at least one complete circle. The advantageapared
to GPS based methods is that this may require eeduomputation power as the wind elimination step
could be skipped (since the magnetometer is alfingrwith the thermal). For simplicity the plarflies
with constant circling radius in this simulationdais forced to change direction after every congplgicle

when the plane’s heading is closelly, (this can be improved by implementing variablelaug radius,

and the possibility to only shift the center of tiecle with a fraction of the radius towards thieedtion of

the thermal center instead of a direction changte, the strategy). As we can see in Figure 1 (b)DIC
strategy was more effective and stable (smalleratiewn) in thermals with perturbation<2) for smaller
radius values (100-200m), but it can be also skanRR strategy is the winner for bigger thermas0¢
300m) where searching the thermal center with tlerbethod starts to be less effective. Figure 11 (a)
shows performance of the two strategies as thaimof noise. Fromy=0 (no perturbation at all) tg=2

DC seems a little bit more effective, but for higlvalues (2-3.5) the ratio of crash is higher fag thC
strategy which can be attributed to the fact thetnging the direction of the plane is more riskywany
turbulent thermals.
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Figure 11. Comparison of the simplest thermal exploitatioratglgy, the so-called “Reichmann rules”
(RR, red dots and solid curve), and the simplectiva changing strategy (DC, green squares and
dashed line) in thermal model with perturbationr Each data point the simulation has been run for 5
randomly generated turbulent thermals. The greearsg (DC strategy, see details in the text) add re
dots (RR strategy) note the mean value of the &ilsition runs in different thermals, and the staddar
deviation is also shown. The lines at the lowet paticate the ratio of crash. (a) Height gainedirty
200 s long simulation as the function of noigg for r=200. (b) Height gained during 200 s long
simulation as the function of the thermal radigs¢r »=2.



Conclusion

Thermal soaring is a form of flight that saves mustergy for birds, pilots and UAVs by exploiting
nature’s energy present in the form of thermalghknfirst part we reviewed research on soaringshin

the context of their gliding performance and th@eatelence of this performance on the ways the birds’
wings can be swept. We also discussed the questitime relation of the boundary layer usage and the
soaring flight trajectory parameters (like circlimgadius) to the wing parameters. Recent research
investigating the GPS logged flight path of penegifialcon showed that falcons do apply the “spedtyt
theory, well known and widely applied by glidindqgté to optimise their cross country soaring flight

In the next part, an overview on state-of-the-amutations and real applications of thermal exphojt
strategies of UAVs were described. The two sudakegperimental projects on soaring UAVsS, NASA's
Autonomous Soaring Project by Michel Allen and ajgct by North Carolina State University and th&U.
Naval Research Laboratory by Daniel J. Edwards weseribed in detail and compared.

We pointed out that the thermal model commonly ugesimulations is oversimplified compared to real
thermals, and a systematic analysis of thermaloggpilon strategies in simulations could be usddul
searching their weaknesses. A more sophisticatedntd model including a 3D noise as imitation of
turbulence was introduced. It was presented howeffextiveness of the simplest thermal exploitation
strategy, the so-called Reichmann rules decreasegmwing turbulence and decreasing thermal adiu

Finally, possible future work on soaring birds aiha further improving the thermal exploitation ahjity

of UAVs, and ideas on GPS independent thermal éafilon strategies were discussed. One simple
strategy (inspired by GPS logged trajectory ofdak), in which circling direction changes are pnéseas
simulated in Matlab. This direction changing stggtewhich actively “maps” the thermal by using past
updraft information coupled to heading data, wangared to the applied Reichmann rules which rely on
instantaneous updraft measurement. For differatiisaand turbulence values different strategiesewer
found to be better. Therefore, we suggest thainabination of these two or similar strategies cdutda
possible solution for achieving GPS independenttialing UAVs in the future.

Anatomical features of birds, for example feathstsis at the wing tip between primary featherq [@8
tails that can be moved separately from the wil3$§ fnay also play an important role in their eniéab
thermal exploiting talent. Unfortunately the abda&eourable features are not available for manmaidgsv
today. Application of research on morphing wingsildoalso be advantageous in the design of soaring
UAVs [6, 40]. Further research on the role of timque features of a bird wing in thermal explaitatcan

be useful to improve the wings of soaring UAVs #melthermal guidance methods for optimal soaring.
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