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1 Introduction

The development of different kissbf Unmanned Aerial Vehicle@JAV) brought to an
increment of employment of such platforms both in military and civil applications. While
in civil applications the range is usually limitezlthe presence of a pilot in Line Oyt
(LOS) for airworthiness requiremeg)t the unconstraned use of UAVs in military
scenarios brought to ®nd the range of control to a Beyond Line Qi (BLOS)
satellite communicationAnyway, in vision of airworthiness improvement, also for civil
applications the BLOS control has to be considefée.remote controlof a BLOS UAV
introducessome complexities that will be presented in this work, in particular due to the
latency of thesignal and to the need of handerto switch fromLOS controlto BLOS

and vice versa.

In this work will be discussed thegblematic of the UA navigation for the remote
management in vision of a BLOS capability showing the research expedeve®ped

in collaboration with Alenia Aermacchiocusing onthe solution adopted for increasing

the navigation automations and thetem interoperabilityThe first section presenan
overview of suctproblems ad the guideline followedo provide a relevansolution. The
second sectioexhibitsthe effective implementation of the studied cases orAtaeia
Aermacchi Sky-Y UAV focusng on the navigation issue®uring the navigation
functions development a large use of simulators occurred: one Matlab® model and one
Simulink® simulator have been developed for this purpose, then the proper Alenia
Aermacchi Skyy flight simulator has ben usedefore the RIG testdn the last parof

this work some results ofuch simulationsare presented by showing some significant
case®f navigation test done with the different tools mentioned above

2 The UAV

The UAV: Unmanned Aerial Vehick represent a great growing sector of the aeronautic
both military and civil since the last ten years of the XX century. This has been possible
thanks to the technologies rapid development as electconmiponents miniaturization,

high calculation capability, gbal position systems, that, thanks to the mass diffusion,
have strongly reduced the costs permitting the growth of many research actijities [
Today almost all the kind of configurations have been considerethe unmanned
aircrafts: fixed wing, rotorcraft, seaplane, balloons, propeller engine, turbine propulsion,
electric motor, single engine, multi engine, etc. Many configuration with the same
purpose: to perform the so called Dull, Dirty and Dangerowsions, all situations in
which the pilot onboard is not recommended. The so fast growing up of the UAV
technology has not been supported from so much fast development of regulations for the
UAVs employment, fact that represents a limitation speciallytiercivil applications
anyway theexperimentationin civil field is usually possible in segregated airspaces
waiting for a future integration with the civil air traffic



Different classifications of UAV can be made, thigy 1 shows the subdivision of
UAV respect to the aerial vehicles, while kg 2 is tabled the UVS International
classification for UAV based on the range, altitude, endurance, and maximuofftake
weight(MTOW).

— Vehicle I
Ballistic Powered
r : r ! 1
Unguided Guided Guided Unguided
Bullet Free Fall ICBM amart ‘ Sin! le
Shell Bomb omb Rocket
Unmalnned Manlned
f . 1 I . 1
Expendable Recoverable Expendable Recoverable
—1— —Ll— ! -
Remote Automatic Remote Automatic Kamikaze Con\_rentlonal
Control Control Control Control Aircraft
1 1 1 [ Current
Guided Cruise [ rRPv | [ Drone | Definition
Missile Issile Of a UAV
Fig 1 UAV subdivision respect to the aerial vehiclgg [
Category Acronym | Operative | Operative | Endurance | MTOW
range [km] Altitude [h] [kal
[m]
Tactical UAV
Nano d <1 100 <1 < 0,0250
Micro € <10 250 1 <5
Mini Mini <10 150- 300 <2 <30
Close Range CR 10- 30 3000 2-4 150
Short Range SR 30-70 3000 3-6 200
Medium Range | MR 70- 200 5000 6-10 1250
Medium Range | MRE > 500 8000 10-18 1250
Endurance
Low Altitude LADP > 250 50-9000 |0,5-1 350
Deep
Penetration
Low Altitude LALE > 500 3000 >24 <30
Long Endurance
Medium MALE > 500 14000 24-48 1500
Altitude Long
Endurance
Strategic UAV
High Altitude HALE > 2000 20000 24-48 12000
Long Endurance
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Special purpose

UAV

Unmanned UCAV 1500 10000 2 10000

combat aerial

vehicle

Lethal LETH 300 4000 3-4 250

Decoy DEC 071 500 5000 <4 250

Stratospheric STRATO | > 2000 >20000 & | >48 Thd
< 30000

Exol EXO Thd < 30000 Thd Thd

stratospehric

Space SPACE Thd Thd Thd Thd

Fig 2 UVSinternational UAV classificatior8].

2.1 UAV history

The story of UAV starts prior to that of the invention of the aircraft with the use of
unmannedalloons for military use. The earliest recorded use of such a vehicles occurred
on August 22, 1849, during the Austrians attack of Venice where these unmanned
balloons were loaded with explosivpY. The use of unmanned badins carried with
explosive with a time dropping mechanism was recorded also in 1863 during the
American Civil War, although the vehicle control was not possible.

Fig 3 American Civil War balloon bomber.

In 1883 Douglas Archibdl was the first in taking aerial photography tmpunting a
camera on a kite. A similar system was used in 1898 as a surveillance method during the
SpaniskAmerican war. The first radioontrolled UAV appeared in 1917 thanks to a gyro
stabilizer system fostraight flight, it was thought for military purpodmut, despite
several flight tests, it was never used in real operations. In 1935 in Britain was built the
Queenradio controlled airplane and after that Qaeen BedRC biplane were built in

great numbeand used as targets.

11



Fig 4 Queen Been.

The same use were made by the U.S. Army with the RC aircrafts built by the Radioplane
Company: in 1935 the first prototype, tR€-1, as military target was demonstrated; then,
after twofollowing versions, in 1940 th&P-4 won an army contract and became the
RadioplaneOQ-2. After this a large number of remotely controlled aircraft have been
developed and used in the following years, mainly for military purposes.

Fig 5 RP-1.

In the early years a large use of UAV has been done by the army and many UAV have
been developed for civil purposes.

12



Fig 6 Global Hawk.

Since the 1995 the General atomics Global Hawk HALE UAV has been largslybys

the US army starting with the first deploy in the Balkans, then in Iraq, and after that in
Afghanistan. In the same years made the first flight also the MALE UAV Predator,
alwaysmanufacturedby the General Atomics, for monitoring and fighting pugsos

Fig 7 Predator.

Continuing in the military field, a great number of mini UAV have been developed, to be
used by the marines as portable low cost strategic survey platformsw range
mi ssions def i nerdowmnod etritblg hceorhndrl®d[ or 6 a

Fig 8 ScanEagle.

Also in Italy the aeronautic industry research started the UAV study, and in 2005 the
Alenia Aeronautica Sk technological demonstrator made the first flight.

13



Fig 9 SkyX.

Then the Alenia Aermacchi research continued wiginogpeller MALE UAV: the SkyY,
that,as part of the SMAT projedt, would be testedbr civil applications.

For civil applications in fact the UAVs can be used & wide number of purposes:
agriculture, pipeline monitoring, border patrol, telecommunication, urban photography,
fire detection, search and rescue, etc. One of the reason for using unmanned vehicles for
this kind ofoperationss themissionrepetitiveness, but, at the same time, without man on
board, the need of landing for crew resalisoavoided. So that started a field of research
on very long endurance UAV mainly for monitoring purposes. Such research leaded in
the 1980s in the solar powered UAlvelopmenfor increasing the endurancASA
developed the Helios HALE UAV intended to have a night and day continuous flight by
storing energy during the day with photovoltaic solar aelgintedover the wing. One
technological demonstrator was budss follower of 10 years of previous research and
prototypes, but in June 2003 crashed for a structural fa#jire

Fig 10 Helios.

Also in Europe the study of this kind of UAV occurred and betwker200 and the 2003
the European Program Heliplat run the study of a 73m wingbj#drE stratospheric
platform, of whichthe Poltecnico di Torino manufactured a scaled prototygeerform
the structural test{y].
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Fig 11 Heliplat.

Then a shorter wingspan solar UAMave been designed as the 2005 Solong which
realized a 48 hours continuous flight over the Colorado desert by using both solar cells
and thermals from the desert. In 2005 the QinetiQ develdipe Zephyr that in 2008
performed the world record of 82 hours continuous flight at an altitude of 61000 ft.

Fig 12 Zephyr.

This kind of UAV, flying at stratospheric altitudes and cavgihigh distances, requires a
commurication system with beyond line of sight capability, and so an high automated
navigation system as well as the military UAVs to adopt in far foreign landscapes. So that
the satellte communication and the integration of satellite -ldd¢tabegan to be
consdered for the UAV management.

3 Satellites

In this contest satellites are defined as artificial object placed into orbit around the Earth
by the manSince the first artificial satellite, the Sputnik I, was launched in 1957 from the
Soviet Union, thousandf satellites have been launched into orbit from more than fifty
nations. Satellites are used for many purposes both military andaowimunications,

Earth observation, navigation, weather anéaesh.
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Fig 13 Communication satellite

Many different classificationsan be done according tlifferent satellite characteristics.
The altitude classification includes:

e Low Earth orbit (LEO): Geocentric orbits ranging in altitude froni O
2000km.

e Medium Earth orbit(MEO): Geocentric orbits ranging in altitude from
2,000km to just below geosynchronous orbit at 35,KB86 Also known as an
intermediate circular orhit

e High Earth orbit (HEO): Geocentric orbits above the altitude of
geosynchronous orbit 35,78&6.

HEO are also called Geasionary Earth Orbit, this means that the satellite angular
velocity is the same of the earth, so the satellite would always be over the same point of
the earth. This allows constant coverage of the same area and eliminates blackout periods
typical of theother type of satellites. However their high altitude causes a long signal
delay: a signal from the ground that has to reach the satellite and come back, has to cover
a distance of 72,000 km.

LEO type reduces transmission times as compared to HEO. ltdsheualso used to

cover a polar region, which the HEO cannot do. However, since it is not geostationary,
the earth stations need to track the motion of the satellite with their anf8hnas

MEO type have characteristic in theddle of the two mentioned above.

To cover simultaneously every point on the earth a constellation is required, so that a
series of satellites would cewall the desired zones andéadternately pass over the target
zone.
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Fig 14 Keplerian orbit elements.

3.1 Satellite and UAV

Satellites and UAV have been often discussed together for many reasons. From one hand
because a UAV branch involved some functions usually provided by satellites, like global
monitoring and communication; bumainly because of the satellite use for the UAV
managementn the UAV field the use of satelliwccurred athe beginning for navigation
purposesthe GPS then, in the last years, for communicatida control vehicles and
payload when the direct lirfialls out of the range.

The following two suksections willbriefly introduce these two functions.

GPS

The Global Positioning Systen{GPS) is a spaekased radigositioning and time
transfer system. In the past decade, GPS has grown into a glolalputtiiding space
basedPositioning, Navigation and TimindNowadays GPS provides a global coverage
and is owned and operated by the U.S. Government. The GPS service isvayone
broadcast (like FM radio), with an unlimited number of u§gys

It is constituted by the satellites that compose the constellation, each of them transmits
continuously its ranging signal including the navigation messHije |

Fig 15 presents the GPS satellites constellation with the relative planar projection
referenced to the epoch of July 1st, 1993 UU@Giyersal Time Coordinatgs
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Fig 15 GPS constellation.

A proper use of the signals broadcast bgrg GPS satellite allow the users to estimate
instantaneously and in real time Resition Velocity and Timeon the Earth surface (or in
flight). Such information, known as ephemeris, are showngri6.

My Mean Anomaly at Reference Time
An Mean Motion Difference From Computed Value
e Eccentricity
\a':A Square Root of the Semi-Major Axis
Q Longitude of Ascending Node of Orbit Plane at Weekly Epoch
ip Inclination Angle at Reference Time
() Argument of Perigee
!3_ Rate of Right Ascension
IDOT Rate of Inclination Angle
Cye Amplitude of the Cosine Harmonic Correction Term to the Argument of Latitude
Ce Amplitude of the Sine Harmonic Correction Term to the Argument of Latitude
Che Amplitude of the Cosine Harmonic Correction Term to the Orbit Radius
Cy Amplitude of the Sine Harmonic Correction Term to the Orbit Radius
Cic Amplitude of the Cosine Harmonic Correction Term to the Angle of Inclination
Cy Amplitude of the Sine Harmonic Correction Term to the Angle of Inclination
toe Reference Time Ephemeris (reference paragraph 20.3.4.5)
IODE Issue of Data (Ephemeris)

Fig 16 Ephemeris data.

GPS utilizes theTime-of-Arrival concept in order to determine the user position: it
consists of the measure of the time for a signal transmitted by a satellite at a known
location to reach a user receiver.idtime is then multiplied by the speed of light to
obtain the distance between the receiver and the satellite. By measuring the propagation
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time of signals broadcast from multiple satellites at known locations, it is possible to
determine the receiver paen [10].
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Fig 17 orbit in Earth-fixed frame.

Satellite communication

In satellite communication the information transmitted by a source use the satellite as a
relay to reach the receiver. This isedsin UAV to increase the range of control beyond
the line of sight. The signal, which is a modulated beam, is received by the satellite
amplified and then sent back to the receivBypically this happens, in UAV, bi
directionally between the control stat and the unmanned aircraft.

The satellite main component for communication are antenna and transponder. The
antenna receives the original signal from the Earth transmittisgurceand retransmit

this signal to the receiveModern satellite uses hilg gain antennas (f@ntennagain see
section4.2.2 pointing towards the area they are providing the service.

The transpondetilters and translates the signals received fieanthand then redirects
them to the transmittingntenna on boardd large number of transpondef@ven more

than 24)are usually carried on communication satellitesdéiver multiple channels
(carriers)of communication at the same tiry&j.

In the nextsectionwill be presented an overview of the ddiak communication basic
principles where the antenbahavioris described as well as the satellite frequency bands
(section4.3).

4 Data-Link

The datdink represents the connection between thHet pn the control station and the
aerial vehicle, for the command and control and for the payload management and video
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transmission. To understand how does it work and what are the characteristics ef a data
link communication signal is necessary to untierd the electromagnetic wave
propagation in the radio frequency band.

4.1 The electric communication

The electric communication consists in the transmission of information, in form of
electric signal, between two points separated by a certain distance fdrneaiton in the
telecommunication field is intended as an electric signal representing sounds, images, or
simply codified impulses. One of the fundamental characteristics of the information type
is the frequency band in whias bounded. The bound defindéise signal quality: an
acoustic signal is understandable also if its electric signal is bounded in a range of 300 Hz
and 3400 Hz, anyway the characteristic that results altered is the tone (the signal intensity)
due to the modification of the harmonicsanvhich the signal can be dividgtl].

The scheme ofFig 18 represents the block diagram of the electromagnetic signal
transmission and reception.

Signal
Modulator

Receiver

Demodulator

Fig 18 Transmitter and receiver block diagram.

In the Amplifier module the electric signal representing the information is introduced. But
since the amplitude (tension, current, power) is low, the signal is first amplified, then
modulated in amplitude, frequenoy phase from the Modulator, and so propagated in the
field that separates the two points. During the propagation anyway the information
degades, it is so necessary to-amplify the signal before demodulate it. After the
propagation the received signalsults also affected by new components not present in

the original signal known as noise.

The propagation signal power reduction represents the first limitation in the power
transmitted and so received. In first approximationgii@ading osignal of wavelength

> between two points adsfolbwst ance R can be
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(&7)
As the wavelength is the inverse of the frequency with the light speed propagation

constant, can be noted that halving the frequency the signal spreading inéréase o
times.

Between the two points the signal propagates as an electromagnetic wave. Considering
two conductors, insulated between them, applying with a generator a sinusoidal signal of
a certain frequency and power, between the two conductors aricefettl E will be
generated. The electric field will vary in the time at the alimentation frequency and can be
described with a vector in the plane of the two conductors. So that the insulator between
the two conductors is covered by an electric curegrthe same frequency and can be
modeled as a capacity. Such a current generates a magnetid fralthble that can be
modeled with a vector orthogonal to the two conductors plane. The simultaneous
presence of an electric field and a magnetic field gahal each other generates a third
vector orthogonal to the previous two and called Poyinting v&t®he Poyinting vector
express the electromagnetic wave power by defining the instantaneous power density
(E/m?) of the electromagnetic radiation in each point.

Fig 19 Electromagnetic wave propagation.

4.2 Antennas
In the telecommunication field the antennas have the role of the two conductors above
described. The antennas shoulddiate as much power as possible, can be demonstrated

that the power irradiate from a generic dipole is:
2

=y
Wherel is the dipole length, is the effective value of the signal current in the wave body,
andais the signal wavelertly. As can be noted from the above formulation, the antenna
works as a resistor:

P, = RI?

WhereR results to be the radiation resistance: the value that, inserts in series with the
antenna and crossed by the signal current, would dissipate thevs#umseof power
irradiate by the antenna.
In the real case, the antenna does not provide exactly the same power received by the
generator, but it absorb part of the power during its work. Modeling the antenna power
dissipation with a resistance cross hg signal current, called equivalent resistance, the
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overall power required by the generatoPis= P + P; , wherePy is the power disipated.
So that the antenna efficiency is given by:
P;
P; + Py
Such considerations are valid both for transmitting and receiving antennas.

T]:

4.2.1 Directive antennas

In many cases is useful tose omnidirectional antennas to cover all the possible
directions. Anyway, where the receiver position is note, is more convenient to direct the
antenna transmission signal in a specific direction in order to increase the signal power in
that direction ando augment the effective range. A directive antenna produce a radiation
with a particular shape as showrFig 20.

Fig 20 Directive antenna lobe.

The radiation of a directive antenmas a main lobe useful for the transmission and
secondary lobes useless and dissipating energy, but often inevitable.
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Fig 21 Directive antenna lobe in XY plane.

In Fig 21 is described theadiation of a directive antenna in the XY plane. The directivity
is provided by an angle defined as the angle between the main lobe axis and the direction
in which the power intensity is 0.707 times the maximum power.

4.2.2 Antenna gain
The ratio between thpower of an isotropic antenna and a directive one to generate the
same field at a certain distanedong the maximum power directigs called gain.
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Fig 22 Gain calculation geometrical elements.

The gain is defined a6 = %, considering-ig 22:

a=Rsina, b=Rcosa
h=R—-—b=R(1-cosa)
p=Vhi+a? =RVI—Zcosa
So the gain resulte = 2

1-cosa

Being a val ue depend s halfof thedicectivity core, the gainlise
a measure of how directive is the antenna.

4.3 Frequencies
In relation with the frequency and the use, an international classification of the
electromagnetic waves has been done:

A radio band for civil applications:

1-10 kHz VLF (very low frequency)

10-100 kHz LF (low frequency)

100-1000 kHz MF (medium frequency)

1-10 MHz HF (high frequency)

10-100 MHz VHF (very high frequency)

1001000 MHz UHF (ultra high frequency)

1-10 GHz SHF (super high frequency)

10-100 GH EHF(extremely high frequency)
A Military band for radar applications:

1-2 GHz L Band

2-4 GHz S Band

4-8 GHz C Band

8-12 GHz X Band

12-18 GHz Ku Band

1827 GHz K Band

23
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27-40 GHz Ka Band

40-75 (Hz V Band
75110 GHz W Band
110300 GHz mm Band

300-3000 GHz umm Band
A Satellite band:

S Band 17063000 MHz
C Band 37004200 MHz
Kul Band 10.911.75 GHz
Ku2 Band 11.7512.5 GHz
Ku3 Band 12.512.75 GHz
Ka Band 18.020.0 GHz

In Fig 23is shown thalata rateof thebandlisted above positioned according to thage

&
100 Mbps 4 HRDL
E 3 , Ku bands
icrowave li
10 MbpS .............................. SATCOM - DVB
e
TMbps T | wLaN
2,45 Ghz i
100 Kbps + T:s?-u?
10Kbps VIUHF
30 -88/225-400
: : l : : >
100 m 1 Km 10 Km 100 Km 1000 Km

Fig 23 Bard data rateaccording to the range

4.4 Modulation

As seen before the signal to be broadcast consist in a information amplified and
modulated. The modulation consists into impress considerable variation to a radio
frequency wave. Usually a wave called carrier is modulated by varying frequency,
amplitude or pulse duration, with a modulating signal that typically contains the
information to be transmitted. Two type of modulation are used: analog and digital. The
analog modulation is done by an analog modulating signal such a AM and FM radio
diffusion ard the video diffusion, and the pulse modulation. In the digital modulation
instead, the modulator is a sequence of bits as used for the radio telephony of second and
third generation and the satellite broadcasting.
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4.4.1 Pulse modulation

The first modulation ampted was the pulse modulation that actually is still used in the
radar techniques. It consists into the carrier interruption at known intervals. The carrier
amplitude rests constant and the modulate signal assumes value null or maximum (equal
to the carmer one). It grants high ranges and easy signal understandability, but is a slow
communication technique.

4.4.2 Amplitude modulation

It is a technique in which the carrier amplitude by adding the modulator signal containing
the information to send. It is used femcal transmission or high frequency information
messages. The carrigr= A, cos w.t is modulated with the modulator signal, for
examplel + m cos w,,t wheremis the modulation index. The modulated signal results:

AzA)cosa) +;mA) c{osa) + D :+cosa) o))

This is what happens for a pure note, for a more complicated signalpaalanessage, a
Fourier transformation is required.

4.4.3 Frequency modulation

The frequency modulation consist into vary the carrier with the modulator signal
frequency. This technique has to keep into account the band limitations that impose a
limitation in the frequency maximum deviation: at low frequencies this technique cannot
be used. Calledf the frequency deviation anfj, the modulator frequency, the signal
assumes the form:

- (At ) (A )
At) = Al sing co$ f—sma) | Fcosgy sin f—sma) |
L Ul ) L )

the terms inside the round parenthesis are like Besser series bringing infinite lateral lines
at frequencieg, + nf,, andf. — nf,, of amplitude decreasing with the order. This means
that increasing the carrier frequency the signal increase the band.

This modulation has the advantages of increasing the broadcasting efficiency due to the
constant amplitude (the power does depend from the broadcasted signal). Moreover
the transmission is not affected by the weather discharges as them affect only the
amplitude.

4.4.4 Digital modulation

The frequency modulation has many advantages but is not efficient in band compared
with the ampltude modulation due to the increase of the transmitted band respect to the
modulator. the digital modulation solves this problem by converting the signal into a
binary sequence before transmitting. It is anyway completely incompatible with the
analog modiation. This method is less affected by cannel troubles, higher band
efficiency, power efficiency and offers an elevate bit rate. Also in this case the
transmitted signal can be modulated in frequeaayplitude or phase
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4.4.5 Bit error rate

One of the fundanmeal aspects to take under control during the digital modulation is the
rate of the errors on the bits. This is done with the bit error rate, which is the rate at which
the number of errors received over the total bits transmitted. This measure isagnific

of all the radio system efficiency: electronics, antennas, signal path.

4.5 Latency & handling qualities

The dire¢ control of a UAV is strongly affected by the control loop latency. The increase
of latency in a feedback control loop decrease thalisyabf the system until a certain
value of latency would make the system unstable overall &tency of the systenalso
called delay,can bedefinedas the time required by a command to start, execute the
action, and provide a feedbadkor a UAV, itresultsas the sum of many efforts: pilot
reaction time, CS processing time, upliakency, UAV command processing time, UAV
dynamic, downlink latency, CS display latency. The resulting time delay affect the UAV
handling qualities for the direct control.

The effect of time delay in human control have been studied extensively in manned
aircraft for handling qualities investigation and the most common used ratfeg tsas
been defined by CoopétarperFig24. [4]
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Fig 24 The CoopeiHarper rating scale

This scalehas beenused for empirical evaluation of aircraft handling performances
according to thepecifictasks.

The latency value that degrades the corahility is of course dependent from the aircraft
characteristics, anyway is intended thagh values are not compatible with themanual
control The CooperHarper scale is used for manned aircraft, butstirae consideration
can be done for an UAYirectly controlled by the grounded pilot. Respect to a manned
aircraft the UAV adds to the system also the iatalatencyin uplink and downlink.
Considering just this effort to the latency tti@e delay can be easily calculatéithe
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signal propagation in th air is close to the light speedabout 300000 km/sgc
hypnotizing a line of sight (LOS) of 200 krthe sum of uplink and downlink time result

to be about 1.33 mse&]]. So, espect to the others contributése LOS signalatency
doesnot greatlyaffectthe overall delay.

Things are different in case of satellite communication for beyond line of sight (BLOS)
datalinks and will be discussed in timext section

5 Beyond Line Of Sight BLOS)

Since the UAV have been used fgperative missions, specially for military use, where
the operative scenario resulted to be very far from the CS position, the direct link range
started to be a limitation for the UAV control. The solution was find by using satellite
communication for graimg the UAV control also in BLOS cases. The use of satellite
communication for UAV control requires some more considerations respect to the direct
link case Over the band , the maproblem is given by the time of the signal:

A geostationary satellite kaan altitude of about 36000 km, a GS signal travelling at the
speed of light would reach the satellite and come back in about 240Im#as.case the

delay due to the dafank signal pathis not negligible. This means that the UAV control

in full manwal mode is in many case more difficult if not completely unsafe, particularly
during takeoff and landing phase€onsidering a LEO satellite the distance would be
inferior, anyway other problems have to be considered over the signal path distance. A
study about the use of commercial satellite constellations for the Flight Termination
System FTS) BLOS command 12] collected data about the satellite communication
latency due to buffering. Tests made on IRIDIUM satellite netvebidwv the probability

of receiving a the commanded signal in a certain amount ofRig5.

Delay times versus probability
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Fig 25 Probability of receiving the signal in a certain amount of time with IRIDIUM.
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According to this study there is a probability of 96.7% to have a signal packet delay of 4
seconds due to Acquisitieldo acquisition process needed to guarantee data to delivery.
That is not acceptable at all for manual controllability. According to IRIDIUM this
process of guarantee data delivery can be disabled for a data call, anyway a buffering
delay of600 msec is always present.

The delay problenss one reason for going in the direction of increagshe UAVs level
of Automation (LOA) in order to reduce theatkof pilot direct controht least for the
functions affected by controllability delayegradation.

In additionthe LOA increase gives also the advantageeofucing the pilot workload and
bringsthe possibility to manage multiple UAVs at the same time.

Another problem is the need of switch the UAV control from one CS to other CSs. An
example ighe caseof a mission that requirdakeoff in manual mode from a LOS CS,
handover to a BLOS CS to reach the operative scenariohandover to a CS displaced
near the operation area in LOS mode for granting manual control during the mission
operations or for lading. Because of this the hander process is an aspect that need to
be considered.

6 Level Of Automation (LOA)

The way for not be affected from thedaty problems is augment the platform level of
automation and left to the pilot just a role of supervisor monitoring the UAV and
interacting for taking decisions without controlling directly the vehicle in manual mode.

AUTOMATION UCAV SUPERVISOR
PACT  AUTHORITY AUTHORITY

Fig 26 PACT framework
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Different level of automation can be individuai@ad the proposed scales are mame

of the possible is the PACT scale (Pilot Authorization and Control Tas8sin which a

rate from O to 5 is assigned for rkimg the level of automation from no automation (level

0) to full autonomous (level 5). Intermediate levels represent the different demand of
interaction asked to the pilot, the possibility to dsk anadviceto the system (level 1),

the receipt of a stem advicglevel 2), the advise accepiceand action authorization

(level 3), thepossibility to revokean autonomous action (level 4). The increase of UAV
automation overcomes the problem of eail latency and changes the pilot role from an
active ple to a supervision role and his attention can be concentrated to the task instead
of the piloting.

Another scale developed by the US Air Force Research Laboratory is thd &.CLliat

study specify the difference betweéme automation and the autonomy defining the
automation as the capacity to execute programmed functions, and the autonomy as the
capalility to choice a solution.

7 Hand-Over

As seen in sectioh the hanebver baéween two CSs is an issue tonsaler for a BLOS

UAS. An handover occurs any time the command and control should pass from a CS to
another, and this may happens mainly for reasons of range. Not to limit the range of
operations to the LOS of the commandi@§, the control can pass to another CS always

in LOS, adjacent to the range of the previous. This solution can be used for short range
missions if the satellite communication is not implemented. Anyway the use of satellite
communication for BLOS operatieris the best solution for irgasing the range, so the
handover in that case occurs for passing the control from a LOS CS to a BLOS CS and
vice versa, but also for doing the same thing from the same CS and just switching the data
link system. The reasorier not using since the begin a BLOS data link are simply the
need of reducing the delay for the more critical phases where a direct control is or always
required or, in case of more automated systems, provided for back up. Those phases are
usually the tke off, the landing and the active part of the mission. A typical BLOS
mission can start with a manual take off in LOS, then a BLOS control brings the UAV to
the area of operation where a local CS takes the control in LOS for granting the direct
control cgability in case of needs. During thandoverthe control should pass from the

first CS, currently in control, to the second one receiving the control. During this
procedure one of the two CS should always have the control of the UAV, and no
overlappingis permitted to avoid conflicts of command. Both the CS should have the
UAV data in downlink for monitoring the platform.

8 STANAG 4586 for interoperability

Up to now the UASs are typically formed by a UAV and a CS designed to interact each
other as a clogesystem in which the CS speaks with its own UAV but only with it and
vice versa. Type of datiank, communication protocol, message format are proper of that
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system and each UAS has a different protocol. That is a problem for coordinated
operations in wiih more UAS of different kind are used by the same operator. NATO
proposed a solution for this problem in order to have interoperable systems for military
operations, anyway that solution can be adopted also for civil UAVs. For encouraging
interoperability NATO promulgated a standardization, the STANAG 4586, proposing
common references for interfaces, communication protocol and transmitted fiafnes

8.1 STANAG 4586 architecture

The STANAG 4586 describe the system architecture agoup of five elements as
shown inFig 27.

UAV SYSTEM

UAV AIR COMPONENT PAYLOAD ELEMENT

AIR VEHICLE ELEMENT s
Mission

Payload
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Unit Unit
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i Air Data
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(ADT)
T 5]

3

Ground Data
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(GDT)
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RECOVERY |[+—» ELEﬁENT B EXTERNAL
ELEMENT C41 SYSTEMS

¢
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UAV SURFACE COMPONENT2
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Fig 27 STANAG 4586 UAV system eleménd..

The air vehicle element which consist of the airframe, the prigpuésd the avionic unit

for the flight management. The payload element consisting of sensors and recording
systems, or weapons system and control/activation mechanism, or both. Takdata
element consisting of two units, one air data terminal and mmend data terminal (that

can be located also on another air platform). It is described as one unique link but can be
formed by separate independent datks. The UCS element which is the ground
element (but can be located also on another air platfoengrgting, loading and
executing the UAV mission and exchanging information with the various C4l. The launch
and recovery element that incorporate the functionalities of launch for taking off and
recovery for landing. This system present advantages respdoe traditional way of
managing a interoperable system. The current way of having an interoperable system is to
have a so cal |l edFig@&ih whick eaghi UA¥ bas anyirsdiviguat
communication sysim, protocol and messages format with its own UCS, and each UCS
exchanges information with a different C4l, then all the data are provided to a common
tactical node.
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Fig 28 Current UAV system operations examdd].

The STANAG 4586 architecture instead prescribe a configuration for granting a unique
datalink and UCS and common communication protocol between the UAVs and the
UCS and the UACS and the C4l nodes. This would ensure a nedinreahteaction
between the two side of the system, as desirable by an interoperable mission, which a
classical 6stove piped cannot provide.

8.2 Level of interoperability
The STANAG 4586 describe five levels of interoperability (LOI) each one representing a
differentUAS capability:

LOI 1: indirect receipt of UAV related data

LOI 2: direct receipt of ISR/other data

LOI 3: control and monitor of the UAV payload in addition to the LOI 2 capabilities
LOI 4: control and monitoring of the UAV except launch and recovery

LOI 5: LOI 4 capabilities with the inclusion of launch and recovery

If the UAV has more than one payload the LOI 2 and LOI 3 can be different for each
payload.

These interoperability levels are obtainable by the standardization of the UAS
components interfas and the standardization of the interfaces between the UCS and the
C4l systems. The STANAG 4586 provide such standardizations and for enabling the
desired LOI the UAS shall be compliant with existing or new standards for:
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e A data link system(s) that prmes connectivity and interoperability between the
UCS and the AV(s). The data link system(s) shall accommodate legacy as well as
future systems. STANAG 7085, Interoperable Data Links for Imaging Systems,
specifies a data link system that would provide tbguired connectivity and
interoperability. Users that require encryption should reference work being done
for data links by NAFAG Air Group IV and NATO International Military Staff
(IMS) for interoperable encryption standards. A standard for a secoodary i b a ¢ k
upo data I|link for UAV systems requiring
requiring the capability of a STANAG 7085 Data Link is not currently available
and needs to be developed.

e Format for payload/sensor data for transmission to the U@Shé data link
and/or for recording on the dward recording device. STANAG 7023, Air
Reconnaissance Primary Imagery Data Standard, with addition feimamery
sensors, (e.g., Electronic Support Measures (ESM)), STANAG 4545, NATO
Secondary Imagery Fomhh STANAG 4607, NATO GMTI Format, and
STANAG 4609, NATO Digital Motion Imagery Format provide standard formats
for transmitting payload data to the UCS or for storage on tHsoard recording
device.

¢ Recording device for ehoard recording of sensor dai& required, STANAG
7024, Imagery Air Reconnaissance Tape Recorder Standard, and STANAG 4575,
NATO Advanced Data Storage Interface (NADSI), specify standard recording
devices and formats for wideband tape and other advanced media (e.g. solid state,
RAID) recorders, respectively.

e UCS interfaces with the data link system (e.g., DLI); UCS interface with
command and control systems (e.g., CCl); and HCI top level requirements for a
UCS to support the UAV System operators. STANAG 4586 defines the UCS
Architectue and interface requirements.

¢ Although beyond the scope of this STANAG, operational guidelines or standards
that define the minimum level of operator proficiency needed to operate a given
UAV at the desired LOI are also required.

8.3 Functional architecture
The functional architecture of the UCS is showrrig 29 where the system is composed
by:

e Core UCS (CUCS)

e Data Link Interface (DLI)

e Command and Control Interface (CCI)

e Vehicle Specific Module (VSM)

e Command and Corul Interface Specific Module (CCISM)
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Fig 29 UCS functional architecturgl4].

The VSM function is to provides unique/proprietary communication protocols, interface
timing, and data format required lilye respective air vehicles; and also provide a DLI
cation format o6transl
The VSM can be on board, on ground, or both. It has also to provide the UCS DLI
connection to the GDT associated tron STANAG 7085 compliant datak, as for
example satellite communications for BLOS operations, if such alidktéss present.

This module, as proper of a specific air vehicle, is usually provided by the air vehicle

protocol

manufacturer.

and

communi

The CCISM provide a siilar function of the VSM between the UCS and the CA4l.

8.4 Data link interface
The DLI is the interface between the UAV déitik and the CUCS. For establishing the

DLI message set a wide range of UAVs system requirements have been considered. The
DLI role in the AV/UCS concept is shown fg 30 where four vehicles are described.

The firs is an UAV that totally support the DLI interface, so does not need a VSM. The
other three possible configurations are UAVs thatiglyr support the DLI messages and

so require a VSM for the remaining part of the DLI interface functionalities. It is also

possi bl e

to

have

an

UAV

donodt supporting

functionalities to the VSM, but it represents th@éreme case. The second case uses a
VSM on ground between the CUCS and the GDT, the third case brings the VSM on
board between the ADT and the GDT, and the last case presents one VSM on board and
another on ground.
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Fig 30DLI role in the AV/UCS concept4].

8.5 UCS communication and information technology protocol and
standards

The UAV is seen as a terminal element of a network in which the UAV and C4l system

should be able to interoperate. For reactimg a standard protocol for the electronic

exchange of information has been selected: the NATO Command, Control,

Communication (NC3) Technical Architecture (TA), Volume 4, NC3 Standard Profile

(NCSP). This document divided the standards into differeatsar

e User Interface

e Data Management

e Data Interchange

e Graphics

e Communications

e Operating Systems

e Internationalization

e System Management
e Security

e Distributed Computing
e Software Engineering

To achieve interoperability a minimum of standards about interchaage
communications protocols should be implemented:
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For interchange service geographical standards should be granted by using Digital
Geographic Information Exchange Standard (DIGEST Version 1.2a), STANAG
7074:1998; Digital Terrain Elevation Data (DTED) d@geaphic Information Exchange
Standard, STANAG 3809; Digital Feature Analysis Data (DFAD); and World Geodetic
System- 84 (WGS84), Mil-STD-2401.

For communication service the architecture should be compliant to the IP version adopted
by the community in Wich the UCS is integrated, that in néamm is the IPv4. In future

will be replaced by the IP version IPv6 to overcame IPv4 weakness, increase available
address space, and improve security, throughput, latency, error rate and costs.

It should adopt alsthe Transport Control Protocol (TCP), the User Datagram Protocol
(UDP), the Hypertext Transfer Protocol (HTTP), the File Transfer Protocol (FTP), and
the Network Time Protocol (NTP).

9 Sky-Y experimentation purposes

From the previous analysis, for a BLOS WAnanagement, the inease of the cboard
automationand the hanaver capability have to be investigated. Considering the
advantages offered by the STANAG 4586 adoption, the new system should be improved
by the STANAG 4586 compliancé his would increasdehe interoperability between

UAV and CSs, so in vision of a future BLOS management, the-baadcapability and

the multiple platform management would result eadibrreover the STANAG 4586
adoption prescribe the use of contingency routes for theihdsévent management, that
represents an improvement in safety and an increase of the automation level.

The Alenia Aermacchi technological demonstrakdALE UAV: the Sky-Y (Fig 31), has
beenselected as platform gablethis experimentatian




Fig 31 The Skyy MALE UAV

Starting from a LOS remotely controlled UAV, the first step feachingthe BLOS
management has been the improvement of thkoamnd navigatioriunctions to increase

the platform automationsThis imposed the design and deghent of a new navigation
and steering functions. tAthe same time, the new design has been done taking into
account the STANAG 4586 prescription. By imposing the transmission of specific
messages fmat and content in fact, the navigatitumctions design resulted to be
impacted by the STANAG 4586.

For thedevelopment of the software algorithms conceritirggnavigation and steering

large use of the simulator have been ddiee approach used cgigted into generate the
final low level software requirements by implementing high level requirements into a
simulation modelThree steps have been affronted: the modeling of a Matsaiulator

for the steering functions developmeit;Simulink® model mplementation for the
functions evaluation; the real time Skyflight simulator tests fofinal code validation

and lastdevebping phase. Then the functions have bie¢egrated on the real hardware
component and tested, first staalbne and then integred with the other systems.

The validation of the newn-boardnavigationfunctionsbroughtthe UAV to operaten

4D autopilot modewith pilot supervision.These functionalitiesallowing the BLOS
control capabilityhave beeffinally implemented on theraraft for flight tests.

At the beginning, before the experimentation, the-8kyas equipped with a traditional
command and control system] OSdatalink, anda navigation computegproviding both
navigation and surfaces commands. During the flightebgserimentation the nesystem
STANAG 4586 complianhas been placed beside the original one. The old system has
not been removed in ordéo haveat any momenthe possibilty of switching the
command anccontrol to theold consolidatecontrol line congierate safeAs will be
discussed in detail later the switch from one control line to the other is arohanthat
offers many similitude to the LOS to BLOBseandvice-versa for thatreasorhas been
studiedas asignificant test case.

The last studygonsisted intamew advanced functionalitiesvestigationto increaseagain

the LOAIn vision of a future BLOS capability improvement.

9.1 Sky-Y system architecture
The overall architectur@ncluding the consolidated control line) described irfFig 32
The ground segment is composed by a Tactical control Station (FTANAG 4586
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compliantand the Data Link modules (D/L). The TCS is split in two, Remote
Operator StatioffROS) Ground Control Station (GCS) commaating with a dedicate

D/L, which is the traditional command and control line considered safe, and the new
STANAG 4586 compliant ROS TCS communicating by two separate D/L: a Wide Band
Data Link (WBDL) and a Narrow Band Data Link (NBDL).

B  NBDL I
=‘ OBMC I
WBDL

Board Segment
Ground Segment WEDL '
o s e = o

Fig 32 SkyY first stepsystem architecture

The board segment is composed by an On Board Mission Computer (OB&RG@)ging

all the data, the WBDL and NBDL modulerfthe TCS communicatiorthe GCS D/L
module forthe GCS communicatigran Experimetal Flight Control Computer (EFCC),

and the old navigation arflight control computer

The purpose of this configuration is to test the new command line STANAG 4586
compliant. The previous configuration was using the GG®municating with theld
mission computerwhich provided both the navigation calculation and the control law
el aboration for the actuat orthe8TANAGe4686.i o n .
The new system is composed by a OBMC managing the D/L, the sensors, the navigation
calculatian, with STANAG 4586 interfaces and communication protocol. Then a separate
element, the EFCC, is demanded to elaborate the control law for the actuator deflection.
The first step configuratioms composed byoth the systems for safety reasons and
demandn additionthe OBMC to supporthe handover process to switch the command
from the old line to the new one and vice veisayway, in case of failure, the GCS can

at any time take the comandbypassg the OBMC.The exact procedure dfandover

will be discussedh detaillaterin adedicated sectio®.5).
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9.2 The OBMC

The scope of the OBMC is to practice functionalities generally performed by pilot on
ground. These scopes involve mainly the communication among OBMC and the
following subsystem:

FMS: it includesold mission computeractuators and sensors; it controls the
flight, by means of an internal autopilot and provides data coming from on board
equipment (GPS, Radar Altimeter and other integrated sensors).

MMS: it includesMission Manager Equipment, also nam@&8MC; it controls

the Snsor System (SN$nd EFCC in order to manage its functiornalitsing
received commands frof@S.

COMS: The acronym stands for Communications System and includes a
Command & Control Data LinkGCS DL), Wide Band Data Link (WBDL) and
Narrow Band Data Link (NBDL).

SNS: The Sensor System it representedab¥Electro Optical Sensowhich is
connected to OBMC and controlled by TCS for manual operation or by OBMC
for automatic mode.

EFCC: ExperimentaFlight Control Computer. When engaged it send surface
commands (aileron, ruddezlevatorand throttlé to the actuators

DGPS and IRS: provides accurate information about aircraft position, angles,
velocities etc.

Video Encoder: acquire sync informatiom OBMC and provides video stream
from SNS.

The OBMC main tasks are:

To allow piloting the aircraft by TCS using navigation functions present on
OBMC and sensors information coming from EFCC and DGPS/IRS.

To Monitor health status of connected equipmants OBMC itself.

To control communications between tBéectro Optical Sensaandthe Tactical
Control Station and to add automatic procedures to control autonomously the
Electro Optical SensdAutomatics Mode).

9.3 Navigation and Steering

The autonomous waation of the UAV is provided by the two OBM@odules NAV
and Steering. The NAVhoduleis composed by 2 functional blocks Fig 33) providing
the followingfunctions:

The health monitoring

The data exchange withFCS

The Auto Pilot (A/P) Mode determination

The Best Data calculation

The STANAG 4586 interface and data conversion
The navigation sensors management

The Best navigation mode determination
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e The ATOL data calculation

e The navigation data transmission WBDL
e The Lost Link state calculation

e The Phase of Flightetermination

e The FOM evaluation

EFCS Data A/PMode

Manag Handler Determunation
4586 Stanag NAV Sensor

Best NAV NAV Data to
ATOL Data WBDL

Basic Functions

Advanced Functions

Lost Link Calc FOM Evaluation
Deternunation

Steering

Fig 33 Steering and NAYhoduleoverviev.

The Steeringnoduleinstead is asked to manage the waypoint and elaborate the route
flight calcdations. A simplified scheme of the process for providing the autonomous
navigation is exposed irig 34.

Y

Steering
STANAG o Stearing - Command Trac
STANAG Frame conversion Modes: . X Track Distance
: D
4D - Command
Nav To Groundspeed
Lost Link

N /

Fig 34 Navigation data flonconcept

The TCS send and receive navigation dataroanicating with the NAV following the
STANAG 4586 protocol, the NAV operate the data conversion from the STANAG 4586
protocol to the Steering format, collect the sensors data and send all the information to the
Steering partition. The Steeringnodule opeiate the calculations for the required
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navigation mode and send the proper correction to the FCS (always phssugh the
NAV again).

9.3.1 NAV functions
In this section will be described the 12 NAV functional blockEigf33.

9.3.1.1 A/P mode determination
The possible autopilot modes considered for the Ghye:

Basic modes

Pitch & bank

Altitude/heading

Vertical speed/heading

Steering modes

Nav2D: waypoint route navigation with l&tlon from WP attribute, altitude and
speed imposed by the pilot

Nav3D: waypoint route navigation witht & lon and altitude from WP attribute,
speed imposed by the pilot

Nav4D: waypoint route navigation with all the data from WP attribute

Advanced Steering modes

Naw-To: navigation to a loiteWP with altitude, speed and loiter parameters
imposed by the pilotat & lon imposed by the pilot or choose from database
Slave To &nsor: navigation to a@rcularloiter point linked to the sensor footprint
positiony altitude, speed, loiter radius, ditien and offset imposed by the pilot
Lost Link: navigation to a safety loiter point following a contingency roallehe
data taken from WP attribute

The A/P mode is selected from the TCS apart from the Lost Link mode which is
automatically selected frothe OBMC in case of degradation of the sigiidle selection

of a mode transit from the TCS to the NAV in STANAG 4586 format as a combination of
frame values, the NAV is asked to interpret the frames and figure out the correct value of
navigation mode fothe Steering partitionThe STANAG 4586 messages used for the
A/P mode determinatioare:

Message #42 Vehicle Operating Mode CommanHield #4- Select Flight Path
Control mode possible values 2 = Flight Director, 11 = Waypoint, 12 = Loiter, 22
= SlaveTo Sensor, 32 = Pitch/Bank.

Message #43 Vehicle Steering CommandéField #4- Altitude Command Type,
possible values 1 = Altitude, 2 = Vertical Speéeld #7- Heading Command
Type, possible values 1 = Heading.
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e Message #48 Mode Preference Commandield #4 - Altitude Mode, possible

values 0 = Configuration, 2 = Manual/Override. Field-#5peed Mode, possible

values 0 = Configuration, 2 = Manual/Override.

The combination for providing the desired A/P mode is determinate by the following

table Fig 35):

4586 input OBMC data

Altitude
Select Flight Path | Heading Command Altitude | Speed AUTOPILOT
Control Mode Command |Type Mode |Mode MODE
(msg42) Type(msg43) (msg43) |(msg48) (msg48)
32 = Pitch/Bank n/A n/A n/A n/A Pitch/Bank
2 = Flight Director 1-HDG 1-ALT n/A n/A Altitude / HDG
2 = Flight Director 1- HDG 2-VS n/A n/A Vertical
Speed/HDG

11 = Waypoint n/A n/A 2-MAN | 2-MAN NAV2D
11 = Waypoint n/A 1-ALT |O0-CONFR 2-MAN NAV3D
11 = Waypait n/A 1-ALT | O-CONFR O-CONF NAV4D
12 = Loiter n/A n/A n/A n/A Nav o
22 = Slave Toesor n/A n/A n/A n/A Slave To Sens(

Fig 35 A/P mode determination table

9.3.1.2 STANAG 4586 conversiori The route loading

The OBMCNAV moduleSTANAG4586 conversiofunction provide all the conversion
between the Steering and the GS or FCS messages. The Steering utilizes the STANAG
4586 data but in a different format specific to that partition. flinetion in question is

asked to elaorate this conversion and the most importarasgembling data regard the
WPs and route loading.

The Route Loading

The STANAG 4586 route loading is made with the messages series #800. The #800 is
used for the upload demand and brings the informatidheohumber of WPs that will be
transmitted, the #801 is used for specify the route type and tells the OBMC the ID
number of the first WP of the route. Then a sequence of #802 isesafit message
bringing the information datef a single WP of the routeMoreover, for each loiter WP,

an additional #803 message is sent bringing the loiter datking the #802 frame Fig

Fig 36 can be noted that, further the data relative to the WP, as WP Number, Lat, Lon, Alt,
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Speed, e frame marks also thdext Waypoints the ID number of the following WP
(Field 12). This is used by the NAMo generate the route independently from the
messages sequence.

Unique . Data Element Name & -

D Field Description Type Units Range
0802.01 1 Time Stamp Double Seconds See Section 1.7.2
0802.02 2 Vehicle ID Integer 4 None See Section 1.7.5
0802.03 3 Cucsip Integer 4 None See Section 1.7.5
0802.04 4 Waypoint Number Unsigned 2 None 1<x<65535
0802.05 5 Waypoint to Latitude or Double Radians a2 <x< a2

Relative Y
0802.06 6 Waypoint to Longitude or Double Radians mExX<R
Relative X
0802.07 7 Location Type Unsigned 1 | Enumerated | 0 = Absolute
1 = Relative (See
Message #47)
0802.08 8 Waypoint to Altitude Float Metres | -1000 < x < 100000
0802.09 9 Waypoint Altitude Type Unsigned 1 | Enumerated | 0 = Pressure Altitude
Defines altitude type for all - .
altitude related fields in the ! = Baro Altitude
messages for this waypoint. 2=AGL
3=WGS-84
0802.10 10 Waypoint to Speed Float Mps 0 < x < 10000
0802.11 1 Waypoint Speed Type Unsigned 1 | Enumerated | 0 = Indicated
Airspeed
1= True Airspeed
2 = Groundspeed
3 = Arrival Time
0802.12 12 | Next Waypoint Unsigned 2 None 0<x<65535
Next waypoint to fly to when this
waypoint is reached. If value =
0, this is the last waypoint in the
series.
0802.13 13 Contingency Waypoint A Unsigned 2 None 0<x <65535
Waypointto fly to if a
contingency (Type A) requires
abandonment of the current
mission. If value = 0, the AV will
continue with the planned
mission.
0802.14 14 Contingency Waypoint B Unsigned 2 None 0<x<65535
Waypoint to fly to if a
Contingency (Type B) requires
abandonment of the current
mission. If value = 0, the AV will
continue with the planned
mission.
0802.15 15 Arrival Time Double Seconds | See Section 1.7.2
0802.16 16 Turn Type Unsigned 1 | Enumerated | 0 = Short Tum
1 = Flyover

Fig 36 STANAG 4586 extract: message #8@2/ Positon Waypoin{14].

In this way the NAV allocates each message #802 data into a structufegli&é called

New WP Dataand sends this data to the Steering partition in which a specifiidonc
calledNew WP Data Actiorcopesthe data into a free field of tHeouteStore a vector

of structures able to store up to 500 WPs, 250 for the main route and 250 for the
Contingency Routdsee sectiod.3.3.
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New WP Data .Wp_number
type
Jat
Jon
alt
.groundspeed
.sched_time_to
Joiter_radius
Joiter_direction
Joiter_speedloiter_time
Joiter_time
Joiter_type
Joiter_bearing
Joiter_length

Fig 37 New WP Data structure.

Knowing theWaypoint Numbefrom the message #801 and thd&ial WP Numbeifrom

the #3800 the OBMC can understand when the route is finished and no more messages
#802 have to be received. After this the NAV edit ft@nnedRoute a sequence oiVP
Numberforming the main route, by using thiext Waypoininformation of each message
#802.

Route-Store

w
1

445 7.34 3000 95 #

2 445 733 3500 90

7 444 734 4000 95

#2 #7

Planned Route

NN

Fig 38 Example of Rout&tore and Planne®oute for the route generation.

In case of loiter WPs the STANAG 4586 provides a message #803 foretr WP,
Also these messages are not dependent from the receiving sequence thanks to the field #4
Waypoint Numbewhich links the loiter data to the respective WP.

Another conversion operated by the NAV is the interpretation of the messages #43 which
alone can be used for the selection of a WP of the route to impose as destination (Skip
WP function), and together with the message #41 is used for defining th€o\data
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and select that modd@he use of the message #43 for selecting the destination WP is
always used at any route engage independently from the message #300itizUVP
Number It is important to note that these two values have different meanings: in the
message #800 is prescribed the first WP of the route for the route definitios, it i
intended to be the first WP to fly. Whit the message #43 is possible to select another WP
as first WP to fly if necessary without changing the planned route.

9.3.1.3 The Health Management

The Health Management is the function responsible to monitor thectevorking of the
system and eventually report the failure to the ground segment. The module providing
this function is the Health Monitoring module consists of a Failure Detection and a Health
Management sulmodules as shown frig 39.

The Failure Detection is responsible to:

e Detect OBMC internal failures via Builh Tests (BIT)

e Monitor periodically input frames in order to detect silence, CRC errors and Time
Tag Frozen failures

e Monitor avionic equipment BIT iorder to detect avionic systems failures

e Monitor the MIL-STD-1553B avionic bus in order to detect transmission failures.

The Health Management is responsible to:

e Activate and deactivate relevant warning considering the detected failures

e Report relevant waing to GCS

e Report relevant warning to TCS in accordance with the STANAG 4586 standard

e Reply to STANAG 4586 Sulbystem Status Requests (message #1000) and Sub
System Status Detail Requests (message #1001)

Data Link Health Monitoring Bsets;;:inn\g-l' I
Management » e
INE,D L_FOM, F ailure Detection N
WEDL_FOM
> [ OBMC Failure [ Comae [.n.vionic Failure ]
Detection (BIT) X X Detecticn
Jerame_validation, Failure Detection
Avionic BIT Results, _/
GCS_Uplink_FOM I" P — 12
Y Sl de0 rallure Flags [
Input - - ]l Management
Validation (( W
I : Failure Report to .TCS Failure Reportto GCS
Msg#1000 {Reguest), (Stanag 4585 Compliant) MM_Status
Msg#1001 {Detail Request)
Health Management Y,
Msg#1100 (Alart),
MsgE1101 {F’:Epart} N ST » Output
L4 L

Acknowledgement

Management G enerator

Fig 39 Health Managemerarchitecture description.
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9.3.1.4 The EFCS Data handler
The EFCS Data Handler routes theperimental Flight Control Computer commands to
themoduleproviding the surface actuation

9.3.1.5 The NAV Sensor Management

The Navigation Sensor Managemenbovide the sensanformation to the others OBMC
functions by managinthe sensors linked tib. Two sources are provided for the inertial
data and positioning: the AHRS and the INS; while the air data, such the airspeed and
barometric altitude, are provided by the Air ®&ystem (ADSJig 40.

GPS

ADS

INS *

Y

a
>

OBMC

Fig 40 Navigation sensors system architecture.

AHRS

The Attitude and Heading Reference SystedHRS) is a component providing aircraft
attitude, such pitch, rollral heading, thanks tbagnetic sensoin and a software for the
sensor data conversion. In the Skynavigation system it is also provided by a GPS
(secondaryGP§ for the aircraft position detection.

INS

The Inertial Navigation System is made by ir@rtplatform measuring the aircraft
attitude and position. The INS is connected to a DGPS (primary GPS) for the bias error
correction in the aircraft positioning estimation. In case this source is not available or not
valid, the position is elaborated just the INS integrating the inertial platform data. The
INS is also provided to a Kalman Filter to improve the precision.

DGPS

The primary GPS for the SKy navigation is a Differential GPS. The DGPS improves

the traditional GPS precision by acquiringamhation from ground station displaced in
different locations. The ground stations, knowing exactly their position, can estimate the
error between their position measured by the GPS in that moment and the real one; then
the correction is sent to the DGPBnaoving vehicles to improve their position measure
calculation.
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Kalman Filter

The Kalman Filter (KF)is an algorithm used to processtig@ measures to estimate the
inaccuracies. The algorithm has a recursive nature and elaborates the currespdata re
to the previous steps and so produce the statistic optimal estimate of the system state.

9.3.1.6 The Best NAV Mode determination

The OBMC continuously determigghe best source available for navigation, according to
sensors validity.In order to grant gieful degradation of performance in case of failures,
differentmodesare supportedombining the current available sources.

9.3.1.7 The Best Datacalculation
This function provide the A\sensordata selecting the best available soultesed on
thebest navigatin mode.

9.3.1.8 NAV data to WBDL
The OBMC set up the Navigationmessage to WBDL. For each message also
provided the Time Tag as an incremental value and the Validity flags.

9.3.1.9 FOM Evaluation

The OBMC is asked to evaluate the goodness of the received sigoahiputing the
Figure Of Merit (FOM) of both the NBDL and WBDL uplinks.

The FOM calculation considers the numbers of "good" uplink messages #2000 received.
(message #2000 is a Private message: TCS Flight Controls Command).

9.3.1.10Pof Determination

The Phase of Kht determination is used to automatically detect in which of four
possible phasefround, Climb, Approach, Navigatéhe UAV is. The PoF output is
used for the lost link calculationnce the uplink is lost, the lost link state is latched and
the definel actions for that state are executed. The state of the lost link process is
provided in downlink. The transition between lost link states occur until the current state
time-out expires.

9.3.1.11Lost Link Calculation

The Lost Link calculation provide the Lost kirstatus by verifying the uplinks FOM
according to the current Phase of Flight. Different values of NBDL and WBDL uplink
FOM thresholds are set for each Phase of Flight as well as th@utm&he algorithm
rises the Lost Link state in case of both thevr&re below the thresholds and rest below
also after the timeut. The Lost Link state is lowed when at least one FOM returns over
the proper threshold and a TCS recovery command is received.

9.3.1.12ATOL Data

The Auto Landing Data Calculation deternstiee approach and land path on the desired
runway and calculates the UAV divergences respect to that path in order to activate the
FCS corrections.Such algorithm has been implemented Bimulink® for testing
purposes and then has been loaded into the OBMC tamgdéhering flight tests.
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9.3.2 Steering functions

The Steering partition is set of 23 basic functiongroviding a waypoint based route
navigation plus 3 advancéddnctiont onefor the navigation to a specific poi(itlav-To),
one for the snsor slaved naviganh (Slaveto Sensor)andone forthe lost link event
management during the route navigatitm case of basic navigation modes the NAV
send the data directly to the FCS. In case of Steering navigation modegemndently
from the mode selected, the Stewy execute all the calculations aativays output 4
values to the WV for the FCS:

e Command Track = Value of track to keep (if thel'¥ack is zero)

e X-Track = distance of the UAV from the leg (if the leg has to be reached)
e Delta alt = difference betweenethlesired altitude value and the actual

e Command Groundspeed = GS to keep

Then the NAV exclude the Command Groundspeed and/or the Delizald# coming

from the Steering and use the value coming from the iT@® navigation modselected
requires a pilboverride of that attribute (see secti®r8.1.). In this way the Steering

works always as the mode selected was Nav4D, then a manual override of speed occurs in
case of A/P mode = Nav3D, and an override of speed and altitwdese of A/P mode =
Nav2D, NavTo andSteerTo Sensor.

The route navigation is based on the WP loaded irRtheeStorebringing all the WP
data and thé’lannedRoutelisting the sequence of flight of the WPs by reporting their
WP-Number(see sectior®.3.1.9. The route result to be the sequence of the segments
connecting the WP$Fig 41), plus the eventual loiter pattern due to loiter WBese
section9.3.2.1.2.

Legend

OWP

Leg

Fig 41 Route example

The flight path depends from tW¢P-Typeand from the AV position respect to the WP
and leg.For going on with the description is necessary to introdoogesariables used
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by theSteering algorithméFig 42), some are input variables, others are calculated by the
Steering itself

North

Fig 42 Steering variables convention

9.3.2.1 Waypoint Type

The WPs along the route can betbfee different type depending of the path required in
that specific point. Two types are used for definingThen Type one specifics that the
WP is aloiter WP. The WP-Type attribute is loaded irthe RouteStore at the line
corresponding to the relag WP-Number thethree possible values are:

e Fly-By
e Fly-Through
e Loiter

9.3.2.1.1 Turn Type

The AV Position WaypoinrBTANAG 4586frame(#802) as seen beforgsection9.3.1.3,

is responsible to the WP data upload. One of its fields ®ring he o6 Turn Typebo
STANAG 4586 fixes its value to 2 possibEhort TurnandFlyover. To be compliant to

this field the steering partition is asked to command the change of the leg in 2 ways as
shown inFig 43. In order to perform th&hort Turn corresponding to the Steerikiy-By,

the Seering algorithm should calculate tR®ll In Pointas the distance to the WP at

which the change leg command should be done to allow the UAV to join the next leg

with a constat turn radius without oversho(fig 43-b).
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Roll in Point

(a) (b)

Legend

Leg
----- Trajectory
() Flyover WP
O Short Turn WP

Fig 43 Turn Type (a) Fly Over, (b) Short Turn

For this aim thecorrect turn formulation is used takimgto account the actual vehicle
altitude, speed, bank angle, WP direct distance, direct track, and next leg track
Nevertheless as thRoll In Pointdistance calculation can show out a infinite range of
values is opportune to fix a | imitatn on
by putting a maximum threshold. Because of this a leg overshoot is tolerdtedon a
Short TurnWP just in case of the WP is linking two legs forming a too little angle
compared with the vehicle performan¢Egy 44).

/-, Overshoot

Effective Roll #--~
in Point

Roll in Point
calculated

Fig 44 Roll In Point threshold
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The Flyover instead required an easier algorithm that just asks the system if the UAV
position coincides with the WP coordinates by measuring the vehicle distance to the WP
and evaluatingf it results inside a fixed radius used as WP dimension tolerance. This
provides the UAV to fly over the WP and then start the next leg app(Barh3-a). This

results in a great overshoot on the new leg.

It is important to note that whatever tiH@irn Typeis the turn is commanded just by
changing destination WP, it means that all the variables describEd) id2 (except
Actual Trach and the output variables (see satt9.3.2 would be suddenly calculated
respect to the new WP without any transitilsnthe FCS to control the turn with the Sky
Y control laws according to the new variables. 8e $teering partition task io
calculate theright momentfor commanding thehange leg by keeping in account the
FCS behavior in order to obtain a coordinated turn.

The last important consideration is that Eta-Alt is not considered for determinate the
WP acquisition; it means that a change éag occur also if the desired altitude is not
reached.

9.3.2.1.2 Loiter

The Loiter WPs are need some more information respect to the ordinary one. As seen in
section9.3.1.2the STANAG 4586 itself sends an additional mess@#$93) for each

loiter WP of the routeln the Steering partition the loiter attributes are written in the
RouteStoreat the line of theeorrespondingVP together with all the other WP datde
Loiter-Typeprescribed by the STANAG 458&re 3 {or a fixed wingHowver has been
excluded):

e Circular
e Racetrack
e Figure8

All the loiters are intended at constant altitude and sps&bath is also the altitude and
speed of the approaching ledjor each is possible to define thadius the turn
Direction, and the Loiter Time for the Racetrackand Figure8 it is also definible the
Lengthand theBearing

From theFig 45 taken from the STANAG 4586 is possible to see Ratetrackand
Figure8 are described with Bly To Point that ha been interpretated as a loiter pattern
Entry Point For theCircular instead theéentry Pointis not described so the the decision
has been to leave the leg on time for have a smooth joint of the circle.

The exit condition is just the end of theiter Timecountdown (started at the loiter path
entrance). This means that does not exist a fixat Point, or an exit condition as the
number of laps. Of course a pilot command can exit any time the loiter path by selecting a
different destination WP.
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The Stering partition task is to alaborate the loiter data and figure out the way of
producing the right correction to demand the FCS to conduce the UAV along the loiter
path. For theCircular Loiter the solution is easier: entering the loiter the Steering dutpu
of CommandTrack beacomes always tangent to the circle andxtieack becomes the
distance from the circle (s&oute Sectios Loiter Circularin section9.3.2.9.

Loiter Bearing

Radius
True
r
Loiter Nort .
Point
Circle —o—
Loiter Point &
Fly To Point
Figure 8

Race Track
Loiter Length
l ' Loiter Length |

Radius 5
Radius \ Focus
Loiter Point
& Fly To Point »
g Fly ToA Loiter Point
Point

Fig 45 STANAG 4586 loiter patte [14].

For the Racetrack and the Figure8 the solution adopted is more complicated due to the
path shape. A specific Steering function generates new WPs, according to the loiter data,
to recriate the loiter path and permit tHAV to navigate the loiter as a normal routbe

Loiter Path WR dataandEntry Poin WP (always a FlyBy WP) are calculated any time a

loiter nonCircular is near to be flown and stored into a dedicated area ddh&Store

that is overwritten at anlyoiter Path WR generation.

This approach requires the Steering automatic on board replanning of the loiter route, the
initialization of such a route at any lap, and the replanning of the original route after the
loiter completion. Morover also for the loiterapproach and entrance is required a
replanning of a transition route passing through Em&ry Point An example of this
internal replanning for Racetracks shown inFig 46. In the Loiter Path WPs generation

of a Loiter Racetrack6 WPs are generated. 4 WPs &lg-Through WPs and 2 are
navigated as &ircular Loiter for half a circle (sedRoute Sectior= Loiter Curve in
section9.3.2.9. OneEntry Point WP is placed at the first inteal replanningKig 46-b),

then, afrher the first lap, during the second end the following internal replanniggttiye
Point WP disappeard{g 46-c).
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(d)

Legend

O WP © Loiter Path WP
@® LoiterwWP — — Trajectory
O EntryPoint — Leg

Fig 46 Steering Racetrack Loiter path automatieplanning: (a) path before the loiter
leg, (b) Loiter Path WPs generation arsteeringnternal route replanning(c) loiter
path internal replanning without Entry Point for the second and follogviaps, (g loiter
exit withSteering internal @ginal Route re-planning.

The sequence of flight depends on Hwiter Direction, but accordning to the STANAG
4586, theEntry Pointis always on one straight leghis interpretation is due to the loiter
expanation figure of th6& TANAG 4586 the same reportad Fig 45, and becouse of the
absence of a specific field in t#&/ Loiter WaypoinSTANAG 4586 message.

0803.09 9 Loiter Bearing Double Radians D<x<2r
The bearing of the loiter pattern,
referenced to the Loiter Point
(defined in Message #802),
from True North

Fig 47 STANAG 4586 extractnessage #803AV Loiter Waypoint, field #9Loiter
Bearing[14].

Furter the same message shows the raoigesch variable anithe Loiter Bearing(Fig 47)
goes from 0 an dRactrackanttheFigue&havb @ dyrhmetridisbape, a
O to ~ rotation would be suffi E&mnrgPointis Thi s
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prescribed to be just on one side of Racetrackleg and the entrance dhe opposite

side should be obtained by rotating the pa
2 ~ TheFig 48 shows how the same Loiter Racetrack path displacement can be obtained

by addi ng TBeatingjust forehanging thed&mntry Point side positieig 48).

Bearing 0.35 rad Bearing0.35rad + 1

£ £
/ £
! !
/ /

Fig48Entry Point positioning on the same Rac
Loiter Bearing.

For theFigure8path he Entry Pointis set to be at the middle of the figure where the two
straight legs cross each other, so it does not vary withBgeing Otherwise the
replanning mechanism tee same of th®acetrackcase:When the loiter WP is angaged
as a destation WP the Steering calculates thater Path WPs position and generates
the new loiter path route with tHentry Point WP at the same coordinates of the route
Loiter WP (Fig 49-b). After the first lap for althe following laps the Steering replans the
loiter path route without thé&ntry Point (Fig 49-c). When theLoiter Time ends the
Steering replan th@riginal Route(Fig 49-d).

Another point to analyze is thieugure8 Loiter Direction verse. The STANAG 4586
prescribs four values two of which are€lockwiseand CounterClockwise These are
evident for theRacetrack but for theFigure8 having two counterotating circles hasot

be decided a convention. For a Figure8 with bearing 0 the conventional clockwise
direction has been choose as the clockwise direction of the upper circle.
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(d)

Legend

O WP © Loiter Path WP
@® LoiterwWP — — Trajectory
O EntryPoint — Leg

Fig 49 Steering Figure8 Loiter path automatic-ptanning: (a) path bire the loiter leg,
(b) Loiter Path WPs generation and Steering internal routpla@mning,(c) loiter path
internal replanning without Entry Point for the second and following laps,(d) loiter exit
with Steering internal Original Route4@anning.

About the path entrance the first WP after thetry Point results to be dependent from
the verse and from the UAWosition to avoid too high turn angled sectors are
delineated by the crossing legs prolongation for defining the flight ofdecase of
Clockwise Figure8loiter, as shown irrig 50, if the UAV is coming from the sectotsli

or IV the WP following theEntry Point is the number 2; in case of UAV coming from
sector Il the following WP is the number k. case ofCounterClockwiseFigure8loiter
instead(Fig 51), if the UAV is coming from the sectors Il, 11l or IV the WP following the
Entry Pointis the number 4; in case of UAV coming from sector Il the followig is
the number 2.
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Fig 50 WPs sequence at the entrance of a Clockwise Figure8 loiter based from the UAV
sector position.

The solution showed is what has been implemented in the first iteration trial for being as
much as possibl STANAG 4586 compliant. Nevertheless after some simulation flight
trials a different solution in thdRacetrackloiter approach has been preferred and
implemented for having path approach similar to th€ircular one. The new solution

uses the same seddiound out for thd-igure8 casealso for theRacetrack In this case

the Entry Point WP has beenleninated and the loiter path approach results to be: on the
upper curve in case of UAV coming from sector |, on the right straight leg in case of
UAV coming from sector II, on the lower cunia case of UAV coming from secta,

and on the left straight leg in case of UAV coming from sector IV.
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Fig 51 WPs sequence at the entrance of a Cou@leckwise Figure8 loiter based from
the UAV sector posbn.
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Fig 52 Loiter path approachwith no Entry Poinfor Racetrack loites basedonthe UAV
sector position.
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9.3.2.2 Route Sections

The way of navigating a route does not depend only fromMRelype but also from the
position of the UAV respect to the leg or respect to the path section in case of loiter. This
fact is expressed by the Steering varid®teiteSection The RouteSectionis individuate
by the Steering and its value is transparent to the ground segmisnst an internal
variable used for performing correctly the expected trajectory. For doing thidDthe
output variables to the FC&ommand Trackand X-Track are calculated in different
ways. TheRouteSectionpossible values af@

e NoSec

e Straight

e Direct

e Overfly

e Loiter Circular
e Loiter Curve

No Secis usedust for defining an initialization value of the variable when a route is not
present on board. The Steering is not providing any correction to the FCS.

Straight is the value used in case the UA¥shto follow the current leg. This happens
whenthe UAV is inside a cone of %5° respect to the leg with vertex centered on the

WP of destination and distance to the WP greater th@Maadius (Fig 53-White
Aircraft).

__________

1

1

1

1

=
! Direct
1
1
1
1
1]
1
1

+

Fig 53 Straight and Direct Rout&ection conditions.

In this condition the UAV is demanded of reaching the leg and keep that trajectory until
the destination WP. For doing this the Steering output variables arenghis way: the
Command Tracks equal to thd’lanned Track(that is the track of the leg), and tKe
Trackis calculated as the distance between the UAV and th@dbesitive at the right of

the leg) The FCS is programmed to reach the leg by annulling(ifieack with a 45°
approach and, when theTrackis near to zero, to keep t®@mmand Trackthat, in this

case, is the leg trackig 54.
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Straight Condition

Fig 54 Current Leg Section = Straight, Steeringtput variables and Straight Condition.

Direct is the valueused for reaching directly the WP without considering the leg. It
happens when the UAV is outside the coRigg 63-Green Aircraft) or the distance from

the WP is closer than 2Mn this case the Steering output are calculated in the following
way. the Command Trackis equal to theDirect Track which is the track of the
conjunction between the UAV and the WP, and XkErack is fixed to zero in order to
avad the FCS correction of this error. This condition, due to the zero value of-the
Track is interpreted from the FCS as a Straight condition in which the leg has been
acquired, so that the track kept is exactly the commandeHigi5&.

North
A
North

Direct Condition

Fig 55 Current Leg Section = Direct, Steering output variables and Direct Condition.

Overfly is the condition that occurs during the WP acquisition. It is used just for one
computational cycledue to the Sering functions sequenct reinitialize the Steering
variablesatthe following WPvaluesavoiding biased interpretation.

Loiter Circular is the condition used for flying tHeircular loiter WPs.
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Direct Track — 90°

snipey 131107

Fig 56 Leg Section = Loiter {Ccular, Steering output variables.

When the loiter starts the output values to the FCS are calculated as follows: the
Command Tracks calculated as thBirect Track+ 90° in order to require a direction
always parallel to the circle tangent (+GbunterClockwise i if Clockwisg, and aX-

Track calculated as thBirect Rangel Loiter Radiusso that the FCS, correcting the
Trackdistance, asks the UAV to reach and keep the radius didtanbé.

Loiter Curve is used in case oRacetrackand Figure8 loiters. As seen in section
9.3.2.1.2the nonCircular loiters have two straight segment connected to two semicircles.
The straight segments are flied like normal route segments,&@ight mode orDirect
mode according to the cone mechanism, while the semicircles are flied lik®itee
Circular case, but to separate thesese from the Loiter Circular one thissection type

has been calledoiter Curve
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Loiter Curve

Straight

Direct Direct Direct

Straight ik

— . A o --0--

Loiter Curve

Fig 57 Leg Section = Loiter Curvé&traight and Direct in a non Circular loiter.

9.3.2.3 Altitude and Speed

The altitudecommand to the FCS is given as the difference betweddekieWPaltitude
attribute and the current UAV altitude, so is positive in case wilbcind negative in case

of dive.In any case the FCS will command an altitude variation to annul the difference as
soon as possible, that means that the UAV is not asked to follow the line connecting the
two WPs as ramfFig 58). The legs are followed just in the two dimensions. Moreover
the altitude is not considered a requirement for the WP acquisition. The WP acquisition
consider just the two dimensions.

DELTA-ALT

WP Altitude

5 } . -

UAV Altitude

0

Fig 58 Altitude acquisition examel

About the speed the STANAG 4586 message #8U236) prescribe two fields mutually
exclusive:Waypoint to SpeeandArrival Time In the first case the WP brings the value

of speed to keep during the leg of its @isgion, in the second is marked the time at
which is desirable to reach the WP. The STANAG 4586 also prescribe the possibility of
choosing a speed type, but for the Sk¥CS this function has not been implemented and
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only the IAS is accepted. As the 8timg command to the FCS a groundspeed, in case of
WP speed attribute, the Steering should perform the conversion from IAS taki@§

into account the speed and direction of thied. The case ofArrival Time instead
requires an iterative calculation fproviding the exact value of GS to reach on time the
WP. If the required time is in the past the maximum speed is commanded, if is too in the
future the minimum speed is commanded even if not sufficient to retard the arrive, but the
trajectory is not modied with possible retarding patlBoth the speedattribute are
affected by the altitude variation due to the FCS way of managing the climb and the
descent. The FCS in faatnposesthe IAS of climb to 95 ktsregardlessa different
Steering command, and @ase of descent imposes a constant vertical speed Véilise.
behavior affect also the manual speed override in case of 2D adRBMode The
Steering speed calculation for tierival Time accomplishment takes in consideration
this behavior when a diffence of altitude is verifiedThe last consideration about the
Arrival Time attribute is that, as in the STANAG 4586 message is not preshiot a
Attributevalue,result impossible to have a WP without a speed or time value. This means
that is not possibléo have a finalArrival Time for more than one legut all the legs
should have or a time attribute or a speed attribute.

9.3.2.4 Change Destination WP

During the route flight the pilot can intervene to skip one or more WPs or come back to a
previous WPs of theoute by changing destination WR/ith this command a message
#43 start from the TCS to the OBMC and the NAV.DL operate the data interpretation for
extracting theCommanded Waypoinlumber and trigger the Steering partition. A
specific Steering function tad Change DestinatioActionsverify the correctness of the
command checking the presence of the commanded WP inside the route and, in case of
success, operate the change of destination WP. The Rr&¥entPositionis acquired

and connected to the seledtWP with a virtual leg so that the UAV is asked to fly
directly to the new WP in &traightleg section modelhe expected behavior is that the
UAV would start a curve for leaving the current leg and approach the new virtual leg
connecting the selected RMo the UAV position at th€hange Destination Command
time Fig 59 andFig 60.

Change Destination
Command to WP Number 4
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Fig 59 Change Destination Command for skipptwo WPs.

The mesage #43 occurs also during the route engagement.Chhage Destination
function in fact is used automatically any time the UAV has to begin a route navitgation
select the starting WP.

Change Destination
Command to WP Number 1

Fig 60 Change Destination Command faming back to a previous WP.

By default the starting WP is the first WP of the route, but at the engage the pilot can
select any other WP as starting WP. To be noted that the use of this function at the route
engagement imply the approach to the selectd?l aways in aStraight Leg Section

mode due to the virtual leg generation.

9.3.2.5 Tracks calculationi Lambert approximation

For the route navigation is necessary to combine the need of visualize and measure the
route in a twedimensional sheet with the real cadespherical world. This fact affect the
navigation any time drack to a WP and distancebetween two pointhave to be
calculated. For solving this problema subfunction implementing the Lambert
transformationhas been implemented in the Steerparition to be called by all the

others Steering functions needing this calculation.

Lambert projection

The Lambert map is based on a conical projection of the sft@reConsidering a cone

coaxial with the heart axisngent ® the sphere in a pointhetangent parallel projection

is a parallel with the same length of the original dennecting the center of the sphere

with a parallel of latitude G a coaxi al con
Their intersecbn generates a circle, with center on the cones common axe, that
represents the parallel projection on the tangent E@nél.
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Fig 61 Lambert projection.

Unfolding the tangent cone onsheet the parallels will be represented by arcs of circle
with center in the pol&ig 62

Fig 62 Unfolded tangent cone.

The meridian projection from the center of the hearth on the wdhlkee represented by
straight lines converging in the pole and passing on the corresponding meridian in the
tangent point of the cone with the sphere surfagé3.
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Fig 64 Parallel arc of circle calculation.

The tangent parallel is an arc of circle of radtip64:
r =R - coty

with:
r = radius of the tangent parallel cecl
R = radius of the sphere

d = latitude of the tangent parall el
The angle between two meridiank represents the projection of the difference of
| ongi tbatween tipawo meridiammd is calledneridian convergenc€al | ed U t he
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angle of the circle arthe equivalence between the circle arc on the unfolded cone and the
tangent parallel circle is:

a-R-cotanp =2-m-R-cos@

simplifying:
a=2-m-sing

knowing the | ongitude difference o, by i m
2'7T'Sin§0_i
2-m A

itispossible to find out theeridian convergence

0 = AL - sing

Track and distance calculation

For the Sky-Y navigation the previous theory have been uapy time a track or a
distance between two points on the hearth has to be calculated. @2alednd pos2 the
positions (lat & lon) of the two points the cone has been considered tangent to pos2.
Moreover, a the earth is not perfectly spherical, different values for the north and east
radius in thgpos2have been calculated with the WGS84

sin_lat = sin(pos2.lat);
cos_lat = cos(pos2.lat);
east_radius = (WGS84_A * cos_lagdrt(1- WGS84 EPS2 * sin_lat * sin_lat);

north_radius = WGS84_A * (1 WGS84_EPS2) / powl(- WGS8&8_ EPS2 *
sin_lat * sin_lat),1.5

Where WGS84_A ishe major semaxis(637813™T) and WGS84 EPS2 the square of
the eccentricity (0.00669437999018hen the Lambert variables are calculated:

delta_lat = (posl.latpos2.lat);
delta_lon = (posl.lonpos2.lon);
lambert_e = east_radius * delta_lon;
lambert_n = north_rads * delta_lat;
merid_conv = delta_lon sin(pos2.lat);

So if the meridian convergence is zero:
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lamb_x = lambert_e;
lamb_y = lambert_n;
If the meridian convergence is different from zero:
lamb_x = (lambert_e/mgl_conv- lambert_n) *sin(merid_conv);

lamb_y = lambert_e/merid_conv (lambert_e/mad_conv - lambert n) *
cos(merid_conv);

Then for calculating therackand the distance, for example tbeect-Track of the UAV
respect to the destination WP and the corresporidiiregt-Range

If (lambertlambert_x=! 0)

=+

DIRECT_TRACK = RAD_90 - atan(lambert.lambert_y/lambert.lambert_x)
lambert.meridian_conv;

if (lambert.lambert_x >0

DIRECT_TRACK = RAD_270- atan(lambert.lambert_y/lambert.lambert_x) +
lambert.meridian_conv;

Then the if theDirect-Trackresults outside the 0 to 360 deg bound the valaenserted
inside that bounds.

Instead
if (lambert.lambert_y >0
DIRECT_TRACK = RAD_180;
Otherwise
if (lambert.lambert_y <=0
DIRECT_TRACK = RAD_O;

At the end, as the Steering udesect-Track bounded betweernl80 and 180 deg, the
value is converted into this range.

The distance calculation:

DIRECT_RANGE = sgrt(lambert.lambert_y*lambert.lambert_y +
lambert.lambert_x*lambert.lambert_x);
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9.3.3 Advanced Steering functions

9.3.3.1 Direct navigation to a spedic point T Nav-To flight mode.

During a mission flight is sometimes useful to have the possibility of directing the UAV
to loiter on a specific point. For example while the UAV is flying a route if the sensor
operator detects something interestimg particular point the best way for investigating
that point is to bring the UAV to loiter near or over that point. The same function can be
used also to freeze the mission and hold the UAV in a waiting loiter. Because of this the
navigation mode NaV¥o has been introduced. The pilot has the possibility of choosing
the loiter type (circular, racetrack or figure8), the loiter parameters (radius, length,
bearing and direction), the point coordinates (lat & lon), then the altitude and the speed
are imposedvith an override. The Steering function Nav to steer init was designed to
perform the direct steer dfie UAV to the loiter NavTo pointand, if required, to bring

back the UAV to the point of the route from which the route wad Téfe algorithm
generats a virtual leg connecting the UAV present position at the Naeommand time

to the loiter NavTo pointFig 65. The main route is stored in order to beptanned in

case of exit Nafo commandeddemanthg the previous routere-acquisition For the

same reason the UAV present position is acquired and converted intof@ Y&nning

the back to route patithe NavTo function can be activated also starting from a different
navigation mode like the Altitudeleadingor the Vertical Spee#ieading. In such cases

the NavTo exit command is givejust by selecting a different navigatianode

------
oooo
- ~,

l' ‘
H \
Nav-To command H H
| 1
\ |
\ 1
’I

Leg O WP
-------------- Trajectory . Nav-To point

Fig 65 NawvTomode command from route navigation.
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9.3.3.2 Lost Link event managementi Contingency Routes

One of the most criticalities for a UAV is represented by the -tiatasignal. For this
reason both the dink and the dowdink have a redundancy, but in case of lost of both
the uplink signals the AV result to be uncontrollable. The level of automatiothef
platform should be enough to activate an autonomous functiohoséLink event
managementThe level of the datnk signal is measured by the NAV and in case of
value below a prescribed threshold tuestLink navigation mode is activated.

The comrept is to leave temporally the main route and wait for the link recovery. The
SANAG 4586 prescribe the use of Contingency Routes, loaded with the main route, to be
engaged in case of needs as for example the lost link. The STAIS8&approach is to

assign two Contingency WPs to each WP using the proper fields in the AV Position
Waypoint frame (#80Zig 36). This means that each WP of the route can have two
Contingency WPs each one bringing to other WPs having ¢lwea Contingency WPs

and so on. The result is a very wide range of potential routes to be used and concatenate
as in fact the Contingency WPs can bring also to main route WPs or to other Contingency
routes WPsAn example of STANAG 4586 Contingency Routesicept isshown by the
STANAG 4586 itself in a table presenting the WPs number, the Destination WP, and the

Contingency WP. The table presenn | vy

WPs of the Contingency Routes.

ContiAMgemauy WHhRed s ame
for Cont i B@.e Rigg @6 thevidble das been shown underlying in green the
connection between the WPs of the main raand in red the connection between the

Waypoint #1 Waypoint #5

Next Waypoint #2 == Next Waypoint #6

Contingency Waypoint ContingencyWaypoint#zooq

Waypoint #2 l.) Waypoint #6

Next Waypoint #3 == Next Waypoint #200
Contingency Waypoint #200

Waypoint #3 Waypoint #7

Next Waypoint #4 == Next Waypoint #200
Contingency Waypoint #200==

Waypoint #4 U{ waypoint #200 =

Next Waypoint #5 - Next Waypoint #0

Fig 66 STANAG4A586 Contingency Routegample 14).

The routes resulting from this examjlee shownn Fig 67.
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#6

#7

#3
#2

Fig 67 STANAG 4586 Contingency Routegresentation

For the SkyY LostLink management has bearsed just a subase of the wide
possibilities offered by the STANAG 4586 in order to have a more evident separation
bet ween the main route and the conAi hgency
been consideredin the planning phase each main WVP is provided with a
Contingency Route formed only by Contingency WiFg 68).

#4 H#7
#2
#6 #8
#1
#5
#3
Legend

o Route WP — Route Leg
o Contingency WP ——— Contingency

Route Leg
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Fig 68 SkyY Contingency Routes.

So that at any point of the route the UAV would lost the -tiaka the OBMC would
autonomously activate the Lelsink state: the NAVswitch immediately to the Lodtink
Navigation Mode providing &ll 4D UAV control, while the Steering partition 4@arns

the flight path linking the destination WP to the relative ConticgeRoute WPs and
stores the main rouie a local variablgéo beusedin case of link recovery. The last WP

of each Contingency Route is intended to be a loiter. If not a Steering function is called to
set it as circular loiter with default loiter paramestand the same function set to infinite

the loiter time attribute to each last Contingency route. W#s management of The
Contingency Routesesulted to be very useful for bringing the UAV over a safety area
thanks tathe possibility of planning théest flight path to be adopteat any point of the

route That is an improvement of safety respect to a traditional lost link management
made of only one or few contingency WPs for the entire route and helps also in case of
flight test in a civil aerospaceanting the no fly zone avoidance also in case oflinkt

(Fig 69).

#4 #7

#2

#6 #8

#5
#3

Fig 69 Contingency Routes avoiding no fly zones.

In case of link recovery the pilot has the possibility of recoverctntrol. In that case the
proper Steering function #@an the flight path inverting the WPs sequence in order to
navigate back the same Contingency Route and return on the WP of the route at which the

70



main route had been abandoned. At that point therifte replan the main route to
continue the missio(Fig 70).

-
- -~

Lost Link

-----

Link recovered

Fig 70 Lost Link and Link Recovery flight path.

In case of permanent lost of the link, after a certain loiter time on sheCkntingency
route WP, the termination process is engaged.

9.3.3.3 Slave to sensonavigation

UASs conceived for monitoring missions haa® primary goal the images acquisition
respect to the flight patiThese systems have their core in the Mission Sysgtam
equipments usetb accomplish the mission goatsie payloads because of this a new
navigation mode has been developed and introduced for modiffimgconcept of
conducting thaJAV. The most common sensors installednoadium sizdJAVs are the
electroopticals, over the RADARs and the Hyperspectrals.The Slave to Sensor
Navigation defines a set of different navigation and sensor operational modes designed to
slave the aircraft flight to the sensor objectives. This includes fully flight enslavement or
momentary diversions from preplanned routes.

The Saveto Sensor Navigation is conceived for searching or monitoring tasks in zones
where the vehicle is not constrained to fly in assigned corridors. Operatively this mode is
typically used for a free search the operational area with the vehicle slaved to the

sensor observed point, or as diversion from the planned monitoring route if an
opportunity target is detected. It is therefore suitable both for ground and maritime
operations. Examples could be a dsten from a planned oversea ladder patter if a ship

is detected, or the observation of a fire in order to coordinate the firefighting ground team
operations. According to the previous examples, this mode is utilized especially for
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opportunity targets, thare in many case of punctual type and so can be observed with
different sensor mode (e.g. manual, ground stabilized, inertial pointing,letar)y case,

the pilot have theossibility to specifythe UAV range and bearing with respect to the
sensor ainng pointto permit theuseof this modealso in presence @pportunity targets
placed in No Fly Zones (e.g. out of national borders).

r

-
o< D ey
¢ 57

- -
S Ly

Fig 71 Slave To Sensor navigation mode: static target observation example.

Static target

After having identified a point of interest and locked the sensor to the target, the operator
can command the engagement of St@ve toSensor navigation modég 71 position 1

The effect of theSlave ToSensor navigtion is that the aircraft will move to a position of
better observation of the targéig 71 position 2. In particular when the target is distant
from the aircraft, the aircraft will fly a straight line from thieceaft current position to a
definable loiter point close to the target. This loiter pfanver the usual loiter attributéy
defined by providing bearing and distance information from the target. The aircraft will
loiter on the specified point until mew command is issuetf.the previous navigation
mode was a route navigation mode the Stegrartjtion stores the route with the purpose

of re-plan it at the end of the Steer To Sensor mode if required by theipifdrticular

the Steer to Sensor faton, which is the Steering function providing this mode, places a
WP having the coordinate position of the UAV at the time of the Slave To Sensor
engagement in order to-eequire the previous route exactly at the point from which it
had been left.
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Moving target

The principle of flying to a better observation point that is located at a defined distance
and bearing from the target is still applicable also in case of a moving target. In this case
the target location changes continuously and the positidretoiter changes accordingly.

Fig 72 Slave To Sensor navigation mod®ovingtarget observation example.

In Fig 72 position 1 the target is identified and selected. UA¢/ flies towardthe loiter
position identified by a given bearing and distance from the moving target. The aircraft
will continuously change its destination. Because the aircraft speed is higher than the
target speed, the aircraft will eveally reach a loiter posan Fig 72 position2 and enter

a loiter. The centre of the loiter is moving with the target, therefore the aircraft will fly a
circular path with a continuously changing ceriig 72 position 3

9.3.4 STANAG 4586 impact in navigation design

The STANAG 4586 adoption impacted many aspects of the navigation design due to the
different approach respect to the traditional navigation imposed by the STANAG 4586
messages structure.

Onre of the aspectsiainly impacted is the route loading procedurevi®usly the route
definitionwasa separate message respect to the WPs attributes and was just a list of WPs
ID ordered in the sequence of flight. Witlhe STANAG 4586the WPs data messages
containsalso the route definition (sesection9.3.1.9. Therefore a specific software
algorithm had to be generated and allocated in the board sega®®AV function)
allowing the route arrangement in order to make the SABM586 route loading frame
management transparent to the Steering partition. That represented one of the main
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impact of the STANAG 4586 in the board segment respect to a traditional approach, but
the solution figured out just by adding a new specific fiancso that the rest of the
navigation resulted to be not impacted. A similar algorithm was implemented in the
ground segment for showing the route to the pitot the CS navigation screens.

The loiter management is another point that impacted the aml Im@aigation design
specially about the Racetrack and Figure8 that required a specific Steering function
implementation for the pattern generation and a specific flight mode introduction for the
path covering.Beside, respect to the traditional approachh e S TANAG 4586
supplyspeed and altitude attributes of the loiter path different from the attribute of the
approaching legso that represented a little simplification in the Steering design.
Moreover the exit condition for the loiters is just tbédr time without an exit point and

this requires more accuracy during the planning p(eeesectio®.3.2.1.2.

A great reduction in the navigation functions design instead was the speed determination
based on thérrival Time The impossibility of having just onarrival Time WP for

more than one legsée section9.3.2.3 reduced the complexity of the algorithm
calculating the speed because the path to cover prevision over all the legs before th
Arrival WP was not required anymore. Such a function, for its iterative nature due to the
path forecastingRoll In Poins and Overshoots) according to the actual speed (that is also
the output), resulted to beery heavyfrom a computational point aiew. The STANAG

4586 adoption avoid this problem on board bwrging the ground segment of a more
accurate planning phase.

Impacted Traditional STANAG 4586 :
e improvement
area approach modification
Route WPs data separate  Route definition enhanced route dati
. from the Route | enclosed in WPs dat loading flexibility
Loading -
definition messages
Circular loiter only; Racetrack and alternatie loiter
Loiter Different loiter speeq Figure8 loiter added| pattern introduced
management | and altitude attributg ~ Same speed and
altitude of the leg
. : Admitted one Arrivall  Speed or Arrival | More accuracy in the
Arrival Time . : . .
speed Time for more legs Time attribute planning phase
deterriination mandatory for each
WP
Lost Link Two loiter WPs for A Contingency New functionality
all the route Route for each WPs supported
management : .
of the main route | (contingency routes

Fig 73 Summary of the STANAG 4586 impact on the navigation design respect to a
traditional approach L7].

About the Lost Link Contingency management the adoption of this STANAG 4586
functionality impacted both the board and ground segment in the same way of the route
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loading function due to the STANAG 4586 way of conceive of WPs messages for the
routes definitionMoreover the board Steering segment was asked to performitighin

auto replanning during the Lodtink and linkrecovery phases which comported the
development of new functionalities compliant to the STANAG 4586 requirement. The
result was a greatnprovement of the UAV safety capability respect to the previous Lost
Link management made of just two possible loitering WP for all the route.

It is important to note thaometimes during the STANAG 4586 implementation some
limitation of the prescribeffames or in their management came dqutnany caseghat

was due to the early application of the standardization. The navigation function impacted
by the STANAG 4586 discussed in this section instead cannot be considered effective
limitations, but just adifferent approach respect to ttmditional implementation. In
certaincases the solutiohas beerto introducenavigation design changes in order to
arrange data and message management to the STAIS8&G requirement. That was the
case of the route loady procedureand the Contingency Routes management. In other
cases solution has been to increase the planning phase accuracy, as for exdoige the
exit point and the Arrival TimeThe only real limitation found out during the
implementation was theute loading consistency probleabout the loiter WP messages

As seen in sectio®.3.1.2the loiter attributes for doiter WP are provided by an
additional STANAG 4586 message (#803) separate respect to the WP positianesttrib
The link between the two messages is only the WP number present in the loiter data
message that corresponds to the WP number of the respective WP to be set as loiter.
Unfortunately is not present any field in the \Wésitiondata message advising ttoite
building algorithm to waibr notfor a loiter data messadjaked to it As is not prescriber

a forced segence of loading messages or a message of end lgatth@gon board
algorithm should potentially wait forever a possible loiter data mesgssge. if a
sequence is forced, as for example imposing that the loiter data messageslstaydd
follow the respective WP position data, the algorithm will anyway wait for the possible
last WP loiter data messageortunatelya solution for this problemis planned in the
proposed next edition of the STANAG 4588, wherea significant improvemenwill

be made by coveringfeedbacks originated in these early applications of the
StandardizationAbout this problem an additiondield is imposed in the WP position

data message advising if that WP is followed by additional data messayss

The last consideration is that the STANAG 4586 allows ug@0 Private messages
(16000in the futurethird edition [16]) customizable by the user in order to transfer
specific information not prescribed by the standardization. Such messages result to be
very useful in case dtinctions specific for the own platform, but also for cover eventual
STANAG 4586 misleaitig.

9.4 Simulation in Steering developmenand RIG tests

The development of the Steering functions take different steps with large amount of
simulations. In the first phase the functional requirements have been outlined, then the
main work has been the traasbn of these high level requirements into more specific
software requirements. The functional requirements have been split into separated
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functional blocks providing a different action, but cooperating each others for the overall
Steering output determation. This second phase required two steps: first of all the test of
each single function algorithms, then the test of the interaction between all the functions.
As many variables are used and modified by many functions, each single function should
be tured within the order of execution of all the other functidecause of this the use of
Matlab®resulted to be a great effort in the single function development and test, and also
for tuning the right interaction between them.

9.4.1 Matlab® model

A Matlab® modéd of each Steering function was so compiled according to the
requirements and used for testing the algorithms to evaluate and eventually correct the
requirements itself. This iterative process occurred also during the second step, where all
the functions hve been inscribed into a overall Steering simulation always implemented
in Matlab®. To test the overall Steering model in a more accurate and efficient way in
fact, a dynamic iteration process was required. For this reason atteb® model was
introduwces also a basic AV simulator to generate coherent output to give in input to the
Steering modelRig 74). Such a simulator, in a very simplified way, incorporated also the
role of the FCS by reading the Steeringdal output and generating the correction to the

AV position, attitude and speed (Best datakafy 74). The Best data, in addition to the
TCS data (route commands), alimented the Steering model which, at eatioriter
provided the route data (just for display purpose) and the output to FCS, used by the AV
model to update the Best data in an iterative loop. This process granted the evaluation of
all the Steering packet in a dynamic way with a complete set of bgs@mulating the

UAV behavior.

Input

Best data

BEST-ACTUAL-TRACK

BEST-ALTITUDE 3
BEST-BAMNK

BEST-GROUNDSPEED

BEST-PRESENT-

POSITION

J

TCS data

MAV-TO-WP-DATA
MEW- PLANNED-ROUTE —
NEW-WP-DATA
PLANMED-ROUTE-CHG-
oMD

< J

Fig 74 Matlab® Steering Model
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This Phase outlined many particular cases in which the Steering functions resulted to
cooperate in a wrong way and was so a very easy and powerful method foringphe
software requirements. At the end of this phase the Steering functions and their calling
sequence were consolidated.

In Fig 75 andFig 76 is possible to see thesult of aMatlab® simulation in which the
blue lines are the route legs, thdl blue dots are the fithrough WPs, thélue rimmed
dots are the fpby WPs and the red line is the UAV simulated trajectory.

Planned Route LAT LONG ALT

AB 2 oo e bt e e

QAo oooeee e e el O Fly-By WP

3 ‘ : i ® Fly-Through WP
— Leg )
= AV simulated trajectory

I i ] ] |
11 15 12 125 13 135 14 145

Fig 75 Matlab® modelSteering simulation: 2D view of a route navigation.

In the 3D graph(Fig 76) it is possible to note that the altitude is reach with a constant
ramp independent from the inclination of the legs, exactly as thd~@&al correction.
While in the 2D view(Fig 75) is evident that the curves are simulated as a sudden change
of direction without transitiongnywayit is possible to evaluate that the-flyrough WPs

are oveiflown while the flyby are acquired at a certain distance {moltistance).
Always from the 2D graph is possible to see that, mainly after tHeyfwPs, the legs

are not acquired by the UAV simulated trajectory. This is not due t€Cuhent Leg
Sectionval u eDirectd dut it is due to the basic AV simulator FCS model that does not
correct theX-track errors. For the software requirements generation this order of
approximation was enough, but for going on with more accurate tests an improvement in
the UAV and FCS simulation appeared desirable.
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Fig 76 Matlab® model Steering simulatio®D view of a route navigation.

For this reason the following step has been the implementation of the Steering model in
Simulink® in order to have more precise simulation model of the aircraft and,D8
so evaluate the UAV behavior along the route.

9.4.2 Simulink® model

The Simulink® model(see Appendix Byvasrealized for generating a real time simulator
in which the Steering partition would be irfeced with a more realistic flight dynamic
AV model. Also the FCS model was improved to take into account als$-Tmack Six
main blocks have been used for 8ienulink® model(Fig 77).

The UAV Model (red blok of Fig 77) is the AeroSim/Complete Aircraft 6 degree of
freedom model block. It is used to simulate the motion of a standard aircraft by taking in
input the controls commands and providing in output the statbe @tV.

The Flight Ga® Interface (gray block ofig 77) was introduced to use Fly G&ar
Flight Simulator as a graphic interface to the Simulink® model simulation. This results
useful for having a qualitative eation of the AV motion during the route navigation
(Fig 78).

The TCS Command (light green blockk§ 77) is the model of the TCS main command
for the Steering. It prades the WPs data and the route.
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Fig 77 Simulink®Model main blocks.

=2 FlightGear

File View Location Autopilot Weather Equipment ATC/Al Debug Help

Fig 78 Flight Gea® Flight Simulator graphic interfacto the Simulink®model.
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The TCS Dashboard (dark green block F§ 77) is the block used for the main
navigation data visualization as shown kig 79. By using the Simulink® Gauges
BlocksetActiveX Library was possible to reproduce a real aircddshboard with the
altimeter, the artificial horizon, the airspeed indicator, the heading indicator, and the
Track indicatorMoreover additional information useful for the navigation are displayed
like the destination WP coordinates and altitude, the paSition, the altitude error and

the curreeg-section indicationThen also the simulation time has been displayed to
compare the AV performances with the simulation time that result to be different respect
to the real timgusually slower due to thagh computational workload)

|

Simulation Time CD =
Ll
Altitude
NWF Artificial Horizen
Altimeter

e 4’@
: l:l Best Altitude
Best PP

Best Present Position
alt emor
- Altitude Emor
E
cument leg section

=
w

Heading Indicator Track

Fig 79 TCS Dashboar&imulink®block contents.

The FCS blocks (the 6 orange blocksFag 77) are PID controllers used to convert the
Steering output intoarrections to the AV surfaces and throttle. One block is used for the
throttle control according to the required speed. Two blocks are used fongikidinal
control, oneto determinate the ramp according to the altitude error, the other for the
elevato deflection according to the ramp. Three blocks are used for the-thteotional
control one to determinate the track correction to annul th@ck-error, one to merge

the previous output with the planned track and determinate in base to the A\thigac
bank to reach, the last one to convert the required bank into the aileron commands.
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The NAV Steering block (the blue block &g 77) is the module in which the basic
Steering functions have been implemented.

The Simulink® model was developed to have a real time simulation of the Steering
functions alimented by an AV dynamic model. Some tests have been performed with this
tool, but soon became possible to use the Alenia AermacchY Slight simulator which
represented the best solution for conducing accurate. tAstpvay as the Sky
simulator works with the algorithroodified in C from the same software requirements,
the use oSimulink® andMatlab® models occurred also in some succesesases where

the conparison between the C code and Melab® or Simulink® one was required for
debugging purposes

9.4.3 Sky-Y Flight Simulator

The SkyY flight simulator isthe main facility used for the functionality tests and for the
advanced steering functions developméinis formed by a real TCS and a simulated
board segmentvhere the AV model has the Sky dynamic model and the maulated
OBMC has the real NAVAnd Steering software witheinterfacessimulated(Fig 80).

Fig 80 SkyY flight simulator.

In this way was possible to include the steering code inside the complete loop evaluating
the interation between the TCS, the NAthe FCSthe simulated sensors and UAV. In

this ambient was also possiltie test for the first time the STANAG 4586 messages
management taking into consideration also the synchronization of the frame exchanged
between the ground segment and the board segment, and the sequence of transmission of
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