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ABSTRACT

The emergence of unmanned aerial vehicles andwbeircreasing performance in terms of speed,
flight altitude, and endurance have led the delati® allowing such aircraft to fly co-jointly with
civilian aircraft. However, due to the absencehs tisual flight regulation channel, not to mentiba
pilot at the aircraft controls, the need for anoaeited collision avoidance system has arisen ipase

few years.

For that we propose to provide a practical solutmequip UAVs with an autonomous sense and avoid
capability and an autonomous collision avoidancgesy, to enable the UAV to fly in a non-segregated

air space safely and meeting the above regulations.

In this research, we have evaluated different typesnechanism to form this collision avoidance

system. The most successful of which concludedatti pstimation and the calculation of nearest point
of approach. During this research, we developealbsion avoidance mechanism that uses vector
algorithms and path estimation methods to incréasesfficiency of the logic system and decrease the

computation time.

In the results of this experiment, we determineat tising few well developed manoeuvres would result
in better avoidance efficiency and would requimaitéed change to the flight path of the unmanned

vehicle and flight parameters.

Manoeuvres such as changing speed or turning prdwtite best options for avoiding incoming aircraft,
while changing altitude was less successful du¢héodanger of flying into a different flight level
(sharing the same altitude levels with other aftgrand due to the limited climb and decent rate

performances of the model unmanned aerial vehize u

More complicated scenarios, such as avoiding nieltgircraft would require a slightly different
strategy, where the algorithm would be based upaidang a flight path of all aircraft at all times,

rather than changing velocity or heading to availliding at a certain point in time.

The main outcome of this experiment, was to prdnad such algorithms (with limited complex theory
behind it) can prove to be a good option for degvavoidance systems and ensuring flight safety for

manned and unmanned aircraft.

Testing was successfully conducted by the studergsimple implementation of the Loss of Separation
algorithm to verify, test and expand the algoriths a pre-preparation for code integration in later

stages.

In this document, we present how we will implemtrg “sense and avoid” algorithm and the logical
decision making system that would provide the UAlWhvihe ability to re-route its current path to a

safer flight course.

Vi
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CHAPTER 1

INTRODUCTION

The evolving capabilities of unmanned aerial vedsqUAVS) have captured the attention of the cwili
field, potentially creating new opportunities andriets for their multitude capacities. Coupled with
military complex’s intention of fielding unmannedrabat aerial vehicles in greater numbers, this has

created a plethora of military and civilian enttasss alike.

Some modern unmanned flying weapons platforms sagpaonventional manned aircraft in terms of
travelling long ranges at high altitudes, and kg time over target. Such performance advantages
have encouraged military leaders and civilian viaites to request that UAVs be allowed access into

international flight routes in order to capitalize their performance and expand their area of dipara

However, limitations in areas such as reliable atistdetection and collision avoidance systems have
restricted the use of UAVs to ground control andhhn intervention in course planning and control, in

addition to the confinement of this type of airttafsegregated air space

As the technology advances enable autonomous lotgigrance missions to be conducted using UAVS,
the human factor of ground control must be elimédatDue to the lack of successful and trustworthy
mechanisms of collision avoidance, UAVs have bestricted into flying in specific air space cordons
by the aviation regulatory authorities, as theyyaeto be convinced that the technology is safeigh

to venture into civilian or commercial airspace.

The greatest challenge to automated flight sysi@ssecially those applied in 4th generation aubegil
and unmanned aerial vehicles) is maintaining a sefgaration between aircraft sharing a defined

volume of air space, a problem commonly known a@nflict Detection and Resolution” (CD&R). [1]

The purpose of this research is to provide detaiéatmation on the design methodology and process,
software design and testing for the collision aaoice program/algorithms of tiéense and Avoid

project.

This document will include descriptions and disemss concerning chosen hardware and software

options that can be used to design and implemealligion avoidance system.
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CHAPTER 2

LITERATURE REVIEW

The concept of UAVs sharing the same airspace\dkaai airliners is causing a great debate in the
aviation industry. Government bodies and aviatiatharities oppose allowing this integration of

airspace to occur for obvious safety concerns.

In their report the US Department of Transportatitarified that the most daunting scenario wouldabe

mid-air collision with a commercial or personalcaift. [2]

Depending on the size and the altitude of the UAAtfprm used for surveillance mission, ground crew
distraction may lead to a disasterous accident. éd@w the recent increases in flight duration, ,size
flight speeds, and altitude of the newer generatiohUAVs would eventually find them included as
transport vehicles. These would almost certaingrshihe same airspace and international flighteout

as piloted passenger aircraft.

This has ultimately raised some concerns in both ahiation transport industry and civil aviation
authorities; these concerns mainly involve fliglatfety factors, namely the possibility of mid air
collision that may occur due to equipment failufethee automatic pilots of UAVS, or the occasional

mishaps that occur due to human error in planriggtfroutes or management of airspace.

Therefore one of the most enduring projects ruwibsly aviation bodies over the past three decades h
revolved around the development of automated cmflisavoidance systems for both manned and

unmanned aircraft.

The requirement is that collision avoidance systemst be able to sense and avoid other aircraffiinvit

the planned operational course in order to prothéesame level of safety as a manned aircraft.

2.1 TheNeed for Collison Avoidance

The dominance of air travel as the most preferredarof travel for business, tourism and commercial
traffic and goods exchange has been one of the distitguishing features of the later part of &' 2
century. This demand spawned multi-national congl@tes that design, build, sell and maintain large
aircraft capable of transporting hundreds of pagsenacross distances of thousands of kilomettes. T
continuous reduction in air transportation cosyehincreased the number of passengers and goods
exchanged between countries, and in turn the nuofb@mmercial travel businesses and therefore the

number of aircraft concurrently flying in the saaiesector. [3]

Unfortunately, this increase in the number of aifthas been coupled with longer flight delays and
longer waiting (or transit) periods at airportssuking in reduced operational efficiencies for the

carriers and airports.
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To counter this problem, the International Civiliaon Organization (ICAO) recommended reducing
the lateral and vertical separation gaps betweeilitiht-paths of different aircraft from 2000ft 1®00
ft. [3]

This measure is intended to maximise the numbeiwiifan aircraft occupying a given volume at any
time. However, this regulation has raised safetpceons within the aviation industry due to the

increased probabilities of mid-air collision.

The reduction in separation distances between afiravould reduce the pilot's response time

considerably, from approximately 45 seconds towed0 seconds.

In most cases the available response time willggraximately 20 seconds, far too short for a human
pilot to identify the danger, estimate the timecofiision, calculate which action to take, and pbay
change the flight path of the aircraft. [4]

To complicate the problem even further, the adeémewer UAV and private aircraft, capable of high-
speed high-altitude flight, has ushered the neednimre comprehensive legislations to better regulat

the airspace. [5]

However, the introduction of automated flight caliers in both civilian aircraft and UAV systems
might present a practical solution to the probl&imen the human response factor can be removed from
the avoidance process, and the aircraft (airlipavate, or UAV) can autonomously detect, assesks an

avoid collision situations.

Mid-air collisions are not a new problem, and dgrithe last decade, several solutions presented
themselves as useful means to detect collisiordclm®ximity dangers and to assist the pilot in
identifying dangerous situations. One of the mastnmonly used systems is the traffic alert and
collision avoidance system (TCAS), which has beseduextensively in civilian aircraft and registered

airliners.

Unfortunately, the high cost and extreme complegggociated with the system renders it impractical

for use with autonomous flight controller systems #or inexperienced private aircraft owners.

2.2 Reduction of Flight Separation

As discussed earlier, ICAO has introduced new w&gris that reduce the nominal altitude separation
from 2,000 feet to 1,000 feet. This increases tmaber of aircraft that can fly in a particular vola of

airspace. [3]

These new regulations became known as the Reduesitdl Separation Minima (RVSM). [6]

RVSM is an aviation term used to describe the rédnof the standard vertical separation from 2,000
feet to 1,000 feet between aircraft flying at levélom FL290 (flight level of 29,000 ft.) to FL410

(41,000 ft.), therefore increasing the number ofraft that can safely fly in a particular volumé o
airspace. [6]
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Historically, standard vertical separation was lg@sthed as 1,000 feet for flight levels betweenIseal
and 29,000ft, 2,000 feet from 29,000ft to 41,0@0ftl 4,000 feet for higher flight levels. This stard

was defined because the pressure altimeter usataft has an accuracy that decreases with @ditu

However, newer altimeters and aircraft avioniciesys can operate more accurately and are more able
to maintain a fixed flight altitude. Therefore iedame apparent that for many modern aircraft the

2,000ft separation was overly cautious and ICAQueed the minimum separation to 1,000ft.

Between 2002 and 2004 RVSM was implemented in nafidkurope, North Africa, Southeast Asia and

North America, and over the North Atlantic and FladDceans.

However, only aircraft with specially certified iatieters and autopilots may fly in RVSM airspace,
other aircraft must fly lower or higher than thespace, or seek special exemption from the

requirements.

One obvious problem is that by reducing the spateden aircraft, RVSM may increase the number of

mid-air collisions and near-collisions.

The NLR (National Aerospace Laboratory in the Ndtels) estimate that the humans in the loop

(pilots and air traffic controllers or ATC) are pamsible for 85% of all air-traffic accidents. [7]

This is mostly due to the fact that the performan€eAir Traffic Management Systems (ATM) is
constrained by the number of aircraft a controian track simultaneously. Increasing the number of
aircraft as per the ICAO recommendations, woultmately increase the workload of ATC personnel

and increases the possibility of catastrophic srraf

ICAQO’s most important recommendation is to autortaie flight controls of an aircraft as much as
possible, and to introduce advanced flight computerauto pilots capable of taking and advising ris

reduction decisions.

2.3 Introduction of Free Flight

A new concept of a flexible and changeable flighthpemerged during the last decade, and has become

known ag-ree Flight.

Intended to replace current air traffic managemasthods, true free flight eliminates the need for
constant ATC command by giving the responsibilitytihie pilot in control. This gives the pilot the
ability to change trajectory in mid-flight. Withehaid of computer systems and/or ATC, pilots wél b
able to make more flight path decisions indepergentAs in most complex systems, distributed,
cooperative decision-making is believed to be neffigient than the centralized control charactetize

by the current mode of air traffic management. [8]

The many benefits achieved by following a freeHtiglan, is that a reduction of 4.5% in flight time
(and eventually fuel use) can be achieved. Thasrisduction of about 500 hours per day in flightd;j

which translates to nearly one million dollars gay in saved costs.
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In addition to this, freeing aircraft from the covéfd paths of a structured routing system woulchenb
safety by distributing aircraft flight paths morédely, lessening the dependency on ATC personril an

ground radar and spreading the aircraft more efiity.

During their research for trajectory conflict saduts, Jardin et al. estimated that for every 300€r-aft

in the air there exist only 40 - 41 collision padiies that might occur. [9]

However, this also indicates that the possibilityaaollision still exists, and the probability obllision
changes depending on atmospheric conditions, kigitpilot experience, efficiency of ATC personnel

and the standards and regulations followed (whetherestic or international flights).

Free flight works by dynamically allocating segnwsenf the airspace to different aircraft at diffdren
times and automatically ensuring the required sejmar between aircraft. However, this requiresltota
reliance on airborne electronic equipment to depestsible collision and, if necessary change path t
avoid a collision [1]. Equipping the pilot with amboard system that can estimate and safely chtarge

flight path would provide an optimum solution tetfiee flight shortcomings.

The strategic real time optimization of flight-restrequires that conflict-free optimal trajectorés
computed on time scales of thirty minutes or mante ithe future. The trajectories computed would
follow a four dimensioned control plan. This isdantrast to the tactical optimization methods where
aircraft resolve conflicts as they arise on a scdl@é0 to 15 minutes, without considering the lange

range consequences on the eventual trajectorylighti flan changes. [5] & [10].

2.4 Introduction of UAVsinto Commercial Use

Piloted aircraft are not the only type of aircrafbmpeting for airspace. The evolution of UAV
technology and the capabilities of unmanned aitcsgtems (UAS) enable such systems to fly at
extremely high altitude and to fly for thousandskiddmetres with operational endurance of more than
40 hours for some systems. This enables them tat fiftitudes and speeds that make them comparable

with manned civilian aircraft.

Another advantage of UAV systems is the low costopErating and maintaining these systems

compared with conventional aircratft.

Such capabilities have contributed to their widembn by the military around the world in various
demanding roles, from signal intelligence, to loagge reconnaissance and extended endurance
weapons platforms. This success in the militarydterscted the interest of civilian markets for igam
applications, including patrol, border control, ffia control, cheap and easily maintainable

communication link stations, and even next genematbmmercial airliners.

However, gaining access to the civilian marketsuieg meeting stringent safety standards and

regulations, in order to operate safely in nonrietstd airspace.

In a report to the US Department of Defence (DOMpjor Weatherington outlined the need for

military and future civilian UAV to follow the fligt rules and regulations set up by the Federaltfrnia

5
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Authority (FAA) for flying in the National Air Spac(NAS) or any civilian/commercial airspace forttha

matter. This includes the need to have an airbsemse and avoid capability. [11]

The National Airspace System (NAS) is the collectiof procedures, regulations, infrastructure,
aircraft, and personnel that compose the nationatamsportation system of the United States. Bimi

bodies exist in the European Union, Asia, and theifle region. However the FAA was selected as an
example due to its support to such UAV flight plaarsd its support to research, NASA, and the

aerospace industry for this purpose.

This report outlined that all category Il aircrafiust comply with article 14 CFR 91.113 these idelu
airliners & HALE UAVs, and that “Sense and Avoidssgm needs to find & avoid traffic conflicts
within £110° Azimuth measured from longitude axilat15° in elevation from the cruise speed level
line”. [12]

Safety is a primary concern to any civilian aviatioperator, and although UAV systems have
performed well in the military sector, the desigmil@sophy behind military systems are different to

those of civilian market aircraft.

Over the years, UAV have excelled at militarizetbsosuch as battlefield surveillance, long enduganc
weapons platforms, and long range reconnaissatiad, which intend to reduce the possibility of $os

of human life (pilots) to enemy ground fire. THere, their design concepts focused on durabiiage

of maintenance on the battlefield, modularity, axabse of operation (so that they can be operated
efficiently with minimal training), where as opdrat costs, system efficiency, and user interfaceewe

less important. [8]

Unfortunately, such design concepts will not sudcée the civilian aerospace industry, as system

efficiency, low cost of operation, and safety relsoare of the utmost importance.

One other important factor is the purpose of op@natvhere a military aircraft (unmanned or opedate
by a pilot) operates primarily as a payload dejvelatform with the payload being weapons, bombs,

reconnaissance pods, electronic jamming equipnresignal intelligence.

Therefore, cost, weight, function, and performamdeUAVs have traditionally been the primary

concerns, but not over all system efficiency. Naltyr given its high-risk missions and experimental
nature, little attention was paid to system redwedss or other design considerations aimed at
increasing reliability, whereas civilian airlinease designed for safety, civilian comfort, reliabévice,

and efficient flying characteristics.

Under certain conditions the current rules goveynimmanned aircraft operation permit UAVs to
perform limited tasks in commercial or civilian gpace, but this permission is granted certificdte o

authorization (COA) for individual singular casasher than as a general authorization. [13]

The process was originally designed for non-routimétary UAV operations in civil airspace. It is
therefore lengthy and insufficient when appliedrtany civil operations, requiring detailed reviewdan

approval by FAA authorities for each individuabfit to be conducted in the NAS.

6
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The issue of a COA to fly in non-segregated airspaould include the evaluation of the following:

« Detailed description of the intended flight opesatincluding the classification of the airspace

to be utilized
* UAV physical characteristics
* Flight performance characteristics
* Method of flying and proposed method to avoid othaffic
e Coordination with ATC procedures
e Communications procedures and systems
* Route and altitude procedures
e Lost link/mission abort procedures
« A statement from the manufacturers and operatotiseofJ AV concerning its airworthiness

The process requires a long lead-time for apprawudl extensive planning prior to a UAV mission. As
an exception process, it also forces a very coasigevapproach to ensuring safety, often limitihg t

area of operation and requiring adherence to aetermined flight path.

2.5 Deficienciesin Current Systems

The principle behind TCAS is a combination of AT&@ar monitoring and an airborne transceiver

module known as TCAS.

TCAS is a radio-based transceiver that broadchstaitcraft identity code, altitude, speed, andiiren

when it is in range of other aircraft transceivels4]

The system is used as a backup or secondary gftens in the cockpit for pilots, to alert them ofya
possible intersections or close proximity flighheéBe alerts are known @affic advisories (TA), and in
the latest generation of TCAS (versions Il & theaatoned I1l1), the system would provide limited
collision avoidance instructions (almost alwaysdolyising a change of altitude). These instructianmes

known asresolution advisories (RA). [14]

The input from the ATC to the pilot concerning chang in altitude, speed and heading, are intended t

provide for avoidance measure against collisions.

However, the provision of TCAS equipment in thelqotof an airliner may not provide enough means
to avoid disaster. During the aftermath of a tragidair collision that claimed the lives of 71
passengers, BFU (the German agency responsiblairfaccident investigations) found that human

factors played a greater role than technical fadtothe collision. [9]

The report from their investigation suggested tkistence of many deficiencies in the combined ATC-

TCAS model, whereby conflicting commands to avket tollision may be issued to the pilot from the
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ATC and the TCAS unit. The collision occurred ewbaugh after the initial RAs, the TCAS units in
both aircraft recognised the worsening situatiod #&sued further urgent instructions to “increase
climb” and “increase descent” just before the s, because the crew of one airliner decided to

follow the ATC instructions rather than trust th€AS system.

Since its inception in the early 1990's, TCAS hasmintended purely as a last line of defence.aiihe
traffic control system, complemented by procedwamnpliance and the maintenance of situational
awareness by aircrew, is the first line of deferitencorporates estimation algorithms designed to
detect if the aircraft is getting into a situatitmat could lead to a collision. It also provides firimary
defences for recovery if a collision is imminerttid only when both the ATC control and recovery

defences fail or are breached that TCAS instrustame followed. [15]

The main operation method of TCAS is dependent emr{o-peer communication via airborne
transponder systems. Each aircraft is equipped witbertified transponder module, which when
interrogated by TCAS or automatic dependent suargie — broadcast systems (ADS-B), broadcasts
the aircraft’s identity code (squawk) and its catraltitude on 1030ME and 1090MH carrier signals
respectively. [7], [4], & [14]

The airborne computer calculates the horizontabhdie to the intruder from the signal response,time
and extracts heading and altitude information fithwe broadcast messages. If the intruding aircsaft i
equipped with a Mode A/C or Mode S transponder, $GZan determine its altitude. The computer
calculates the rate of closure from the respomsediof several signals and calculates the timéeo t

closest point of approach [16]

One of the major limitations of the system is tRéts can only instruct the pilot to climb or descead
avoid a collision (RAs and TAs operate only in thertical plane), with no actual reference to the

required safe altitude.

Although TCAS systems have been successful in ptawg catastrophic collision incidents, they are

large, complex, and expensive to install on aitcadiier than commercial airliners. Helicopters and
private light aircraft are not required to have T&Aystems installed on board. A high percentage of
these aircraft fly without such systems TCAS syst@m their aircraft, and the slow adoption of TCAS

has resulted in the older generation of TCAS bémstalled in aircraft creating incompatibility isesi

(17]

In addition, in some instances TCAS operates inddpeatly of ATC, as there is no direct

communication link between on board TCAS systentsgaound radar. [15]

From an operational perspective, TCAS systemsaelthe fact that the pilot has the necessary skill
evaluate the danger and respond accordingly, réthe@ruse an automated pilot system to take owr an

perform the evasive manoeuvre.

Several tests have shown that TCAS communicaterprame to interference and jamming which could

result in catastrophic events [17]. Furthermorenarous reports have shown that conflicting avoidanc
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instructions have been reported amongst pilotsAn@ personnel when dealing with aircraft in high-

density areas such as airports. [18]

TCAS does not generally issue any RAs if the aftdsaflying at an altitude below 2000ft, but rathe
the regulations mandate that the pilot should dépen ATC personnel and the aircraft’'s altimeter at
that low altitude. [17]

From the above discussion, it is obvious that ohth® major issues is the effect of pilot interanti
with the TCAS instructions, where any delay or ta&n by the pilot could result in catastrophic
errors. This problem is further compounded by tbeasional differences between the ATC personnel

and TCAS instructions, which could affect the pdotaction time significantly.

Another issue to be addressed is the possibility simpler system that can be installed on smater

commercial aircraft to provide the same collisiouter measures available to larger aircraft.

The introduction of ADS-B will provide more accurainformation than TCAS from transponder
returns alone, but ADS-B does not provide RAs. €heshnologies are expected to be complementary

to the already existing ATC system.

Some researchers, airline pilots, ground crew exagmand ATC personnel, believe that this would lea

to even more confusion and increasing of scepticibpilots towards the combined systems. [6]

2.6 Limitationsof TCAS

Since the introduction of TCAS Systems, pilots amdation authorities have identified several
limitations in the operation of TCAS Systems. [1AR], & [19]

Some of these shortcomings can be listed as follows

Dependence on active transponder equipment: TCAS relies upon information received from active

airborne transponders, thus it cannot evaluateaanyaft that does not have matching TCAS units

Limited accuracy: Due to the effects of signal degradation and ieterice, TCAS is incapable of

resolving collision situations accurately

False Traffic and Resolution Advisories: Even under optimum operating conditions, TCAS risaye

false collision danger reports due to deficienaiethe equipment or received data.

Limited Resolution Advice: Even upon providing resolution advisories, TCASmfation is restricted
to single command lines such as: Climb, Adjust MaltSpeed, Descend etehich may prove useless

in attempting to manoeuvre in a constricted airspac

Another important limitation is the dependencyT®@AS on the pilots’ response to the issued RA’s,
whereby TCAS wasn’t designed to communicate diyettlan autopilot system or directly change to

the flight path without human/pilot intervention.

This is unsuitable for UAV operations, due to thek of a human pilot capable of making avoidance
manoeuvres, the concept of re-routing the traffivisories back to the ground monitoring station
9
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(which could be hundreds of kilometres away), wheeteiman ground operator has to assess the danger,
estimate a safe solution, and over-ride the autednedntrols of the UAV to correct the path, is efyw

limited use.

Figure 1 demonstrates how two civilian jets woufg to avoid each other according to TCAS

instructions [4].

FL149 Ad]ust Vertical
Speed” RA

7000 fpm

Figurel - Evading a collision as per TCAS instructions[4]

One of the primary limitations of TCAS is the limit number of resolution advisories that the system
can provide. In the initial version, the system oaly provide traffic advisories (i.e. danger oflision)
however it cannot provide any further details cont®y the relative location of that aircraft noryan

resolution advisories (collision avoidance instinies) to that specific threat.

It is also worthwhile to note, that TCAS is a tregiver-based system. i.e. TCAS will only detect and
classify other aircraft that carry the same vergib@CAS transceivers on board. This greatly lintits
system to operate only on civilian airliners. lcismpletely inadequate for light private aircrafué to
expense and different levels of pilot competenay)l &AVs (due to the absence of pilots) in the
aircraft. [13]

For these reasons many aviation experts considé&STt® be outdated technology for modern day
collision avoidance systems, and although otherenadvanced variations have been developed to
address some of these limitations (such ADS-B)draaced active non-cooperative system is needed
for UAV applications. [15]

The main focus in recent years has shifted to giogiaircraft (whether manned or unmanned) with a

universal (or some standardized form) sense anid aystems.

Sense and avoid systems are based on active andatre detection measures such as radar, syotheti
aperture radar systems (SAR), ADS-B (semi-actiaadi/or optical detection type systems. Each aircraf
is able to scan a volume of airspace and estimahetrie is a collision probability with other aiaft or

objects in that airspace, and is able to providiewke collision avoidance measures.

10
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To enable UAVs to enter national non-restrictedspce, aerospace companies would have to
demonstrate advanced measures to enable groundatr@WwAV autopilots to sense and avoid other

aircraft.

Raytheon'sUniversal Control System™ (UCS) addresses the remote human-machine ini@maby
investigating similar controls from the video-gamindustry. The billions of dollars spent in that®r

have resulted in the development of simple, intajtand instinctive interfaces. [19]

The validating of sense and avoid systems woutnhall AVa to operate more quickly and cheaply by

flying direct routes to their destinations.

Also, Raytheon suggests that such sense and aaiddlogies can be applied to ATC ground crew and
commercial airliners to provide better situatioamlareness and reduce human mistakes that contribute

to approximately 67% of all aerial accidents. [19]

In this project, we shall concentrate on an altévassystem that can be used on UAV and can béyeasi
converted to light aircraft, to compensate for itexperience of amateur pilots and provide thenh wit

resolution advisories even if they are outsideréimge of ATC communications.

11
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CHAPTER 3

Design Specification and Requirements

3.1 System Requirementsand Operational Specifications

Current rules governing UAV integration into cigili airspace, state that the design criteria foA¥ U

must take into account its intrinsic safety, mofleferation, and the environment in which it opesat

Specifically, the rules apply to ti&nse and Avoid (S&A) systems, to be installed on UAVs to provide

them with the ability to detect, evaluate, and dvbnecessary other aircraft in the shared aicepa

According to European Organisation for the Safétgio Navigation (EUROCONTROL), a UAV S&A

system should enable a UAV pilot-in-command to qenf those separation provision and collision
avoidance functions normally undertaken by a pitota manned aircraft, and it should perform a
collision avoidance function autonomously. The S&pstem should achieve an equivalent level of

safety to that of a manned aircraft. [20]

In essence, any S&A system should provide thetglidi detect conflicting traffic in time to perforem
avoidance manoeuvre. The system would then ndigyground crew monitoring the operation of the

UAYV of the conflict and propose a course of actiopass well clear.

In the subsequent event of inaction or absencevefride by the UAV pilot-in-command, the S&A
system would manoeuvre the UAV autonomously (chasgeed, altitude, and heading) to avoid the

conflicting traffic. [21]

Therefore it is paramount that an accurate andiabte collision avoidance system would require the
UAV to navigate, sense, and avoid other aircrathini the planned operational course in order to

provide the same level of safety as a manned-#étircra

In a recent study, NASA in association with the Rigforce and the FAA recognized that in order to
allow unmanned aircraft to fly in unrestricted pase, the specifications for the collision avoidanc

system should follow three basic principles [22]:
* UAV operations should not increase the risk to p#iecraft

« Air Traffic Management and avoidance proceduresishmirror those applicable to manned

aircraft
e The provision of air traffic services to UAVs shddie transparent to Air Traffic Controllers.

Furthermore, EUROCONTROL in cooperation with theA=and other leading aviation authorities has
identified certain operation safety parameterstifier S&A system, whereby the UAV or the pilot-in-
command is responsible for maintaining separatioallaimes, i.e. the UAV must allow for right of

way for other civilian aircraft sharing the samespace. The UAV must also maintain an approximate

12
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distance of 1000ft horizontally or 500ft (approxbelst 150m) vertically between the UAV and other
airspace users. [21]

In the case of the “Sense and Avoid” Project, §stesn specification have been established as fellow
the system specifications of the sense and avaigigtrare to design and develop an airborne cotlisi
avoidance system that relies on a SAR system tctlatrcraft approaching the UAV and to perform a
manoeuvre to avoid colliding with any of these mftand establish a minimum separation of 1000ft
(approximated to 400m) in all directions. This minim separation value allows for errors due to
detection inaccuracies and wind shear effects.

3.2 Regulations Concerning Collision Avoidance Systems

As per the S&A functionality definition, the UAVsumst have a “Detect, Sense and Avoid” system that

allows them to detect and safely change pathsdardp avoid aircraft or other obstructions.

For UAVSs, the FAA states that UAVs operating inial@n airspace must provide an equivalent level
of safety, comparable to the sense and avoid repeints for manned aircraft and in compliance to CFR
91.113 (Code of Federal Regulations humber 91.123).

These specific flight regulations govern the “Rigift Way Rules” for manned aircraft in flight,
specifically the rules that dictate what manoeuvpdsts should follow to avoid a collision and
specifically notifying ATC personnel concerning tbbange in altitude. In particular, the regulation
specifies that an aircraft that is overtaking aaraffing heading in order to avoid a collision, ntush to
the starboard (right) side of its flight direction.

Since the intention of this thesis is to providgraulation for a S&A system that can be appliethath
manned and unmanned aircraft sharing the sameeagregated airspace, it is necessary to follow these

flight rules to allow for homogeneous collision @&lence manoeuvres for all aircraft.

This proposal was confirmed by the adoption of sutlés by NASA throughout their ERAST project
[24], and by Panicker et all [25] in their investimpn of collision avoidance strategies.

These rules were to be adopted by the US Air Forstudies conducted by Major Weatherington (US
Air Force) [11] and the Defence Sciences Study 8¢26] notes on integrating unmanned aircraft into

civilian airspace.

To satisfy the requirements, all UAVs must therefoe able to reliably avoid collisions with allaift

(cooperative and non-cooperative) at all times] [13

The FAA requirements discussed above are deschibeetail in a multitude of documents and sources
for pilot operated aircraft. However, defining “@eplent level of safety” for see-and-avoid is still

unclear. In fact, no specific rules exist for theemtion of UAVS.

However, current regulations and proposals agraefth an equivalency standard, unmanned aircraft
must have a detection range of an azimuth anglel@d degrees and elevation of £30 degrees. In

addition to that, the F38 Committee (the name ef ¢cbmmittee responsible for regulation of future

13
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flight rules for UAVs) has issued further collisiawoidance regulations that state any UAV flyingain
civilian airspace, must be able to respond anddagollision by a separation distance of at lea§ift50
(approximately 150m). [27]

Nevertheless, this could be an insufficient stadd&AA data indicates that most midair collisions

occur in clear daylight conditions when a fastecraift is overtaking a slower aircraft.

Limitations in the rear aircraft detection capdbibf the slower aircraft are part of the causea WAV,
aircraft detection capabilities need not be refstddo forward looking capabilities but can hava6®

degree viewing range depending on sensor type lacdmpent. [27]

3.3 Aim of thisResearch

The current aim of this experiment is to develogl amulate a collision avoidance system for a
medium sized unmanned helicopter called the Srbhis S&A system will interface to the aircraft

flight computer and to the radar module on thehfligeck.

The S&A system will operate as an independentsioli evaluation unit, reducing the processing load
on the main flight computer, and the system witids@varning messages to the flight computer (these
would eventually be transmitted back to the renmlet of the aircraft) to indicate a proximity bida

and with the possible solution to avoid the callisi Furthermore, the S&A system would instruct the

flight computer/autopilot to change course if nti@twas undertaken.

The main goal of the simulated tests is to qudhfy component as worthy for further controlled/texli

flight tests on the aircraft once the airframeiisvarthy.

The test would involve simulating the radar systamg the detection of other aircraft within rande o
the radar. The test would also verify how the asnmk mechanism would calculate whether the paths
of the two aircraft would intersect or if the twivaaaft would be at any point closer to each ottram

the minimum separation distance.

In the case of a possible collision or near mighgahe software would calculate a different pfath
the UAV to undertake.

All of these calculations will use the the motiaquations to provide a more realistic system and UAV

response time to the situation.

The aim of such a simulation is to prove that tieisearch can be used as a building block for more
extensive hardware systems that can be installeekparimental aircraft or full scale UAVs for fueur

airworthiness testing.

3.4 System Architecture

In the heart of the S&A system, lies the logic @egiesponsible for generating the critical decisifon
changing the UAV’s course or speed, or both in prile avoid a collision with another aircraft.

The logic engine should satisfy two conditions:
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« Detecting when a collision becomes a possibilitg ¢lu the predicted separation between the

Snark and the approaching aircraft being less thaminimum allowed safe separation

« Finding the minimum change in velocity and/or flighath to enable the Snark to avoid a

potential collision, while deviating as little asgsible from the original flight plan.

The architecture of the S&A system comprises afgicl unit which will compute the possibility of a
collision with another aircraft and will determittee avoidance action. This unit will communicatehwi

the flight controller unit (or the Autopilot) antd airborne radar unit.

According to the actual physical layout of the eftavionics systems, each of the radar, S&A sgste

and flight controller units will be based in segaraompartments throughout the aircraft.

The main requirement of the project is to encapsulae unmanned helicopter system in a safe-zone
bubble that is 400m in radius, where the intent®provide this buffer zone between the aircraff an

any obstacle in its path.

Figure 2 - Target detection/Safety separation zone
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CHAPTER 4

AIRCRAFT SIMULATION MODELS
41 Point Mass Aircraft Model

In order to achieve a realistic response during gimeulation and testing stages of the collision
avoidance algorithms, a dynamic model for the aftcmust be selected to represent the aircraft's

response and instantaneous velocity and directimwbrs.

The Point Mass aircraft model captures most of the dynamic effemtsountered in civil aviation
aircraft. This type of modelling is very popular time estimation of aircraft performance, and can be

directly implemented in the collision detection anidance algorithms [23].

The main characteristic of tHeoint Mass model is that the aircraft's thrust is directed along thain
velocity vector, and that the aircraft always perfe coordinated manoeuvres. Another advantageeof th
Point Mass model is that at detection ranges under 200 nauticatsrivhere most conflict scenarios
and their resolutions occur) no need exists to asate for the earth’s curvature, nor for any lags

delays induced by its rotation.

This would be extremely beneficial for the simwatipurposes in this project, as there will be nedne
to introduce complex model formulae, and the behavof the aircraft (or UAV in this case) can be

represented by simple Newtonian dynamics as fol[@8%

The aim of this research is to estimate the besgpamse to avoid a collision, where the collision
avoidance unit will operate as a subsystem of lighatfcontroller module (which will automatically
adjust thrust, turning coordinates, acceleratiolues and engine/rotor output power to climb or to

descend).

Vy =V, xSna xCosp

Vy =V, xCosa x Cosf3

V, =V, xSng

Where

Voisthevelocity

V, istheHorizontalVelocity
V, istheForwardVelocity
V, istheVerticalVelocity

Whereq is thehorizontaltravelangleand S is the verticalelevationangleq

Pleaseaefer toFigure4for furtherdetails

Equation 1 - Point-M ass velocity vector equations
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Thus the resulting algorithm can be easily adapietifferent airframes (aircraft types) with litttérect

dependency on aerodynamic performance.

As part of thePoint Mass Model, the use of trajectory parameterisation technigaese key to the
operation of the collision avoidance algorithm. Teth trajectories of all of the individual airdraf

detected by the radar system can be estimated adingted number of parameters.

In this project, we use a simple piecewise lineajettory to approximate the movements of both the
UAV and the other aircraft, during the processitages of the aircraft path trajectories, and dutirey

collision warning estimation and evasion tactics.

However, to simulate a more natural change in thel8s path or velocity, we would need to simulate
the trajectories and aerodynamic performance ofShark. This would achieve smooth and accurate

trajectories and path changes.

42 TheSnark UAV

This research project is intended to provide a ktian model and an applicable software base tmfor

a collision avoidance system for the Snark UAV,abhwill perform as a test aircraft for the system.

The Snark Unmanned Aerial Vehicle was an experiadlamimanned helicopter platform proposed by
TGR Helicorp. It was intended to be a light seaactd rescue, or autonomous rotary aircraft, with

medium-high altitude capabilities and long fliginderrance.

Certain aspects of this platform’s performance elassified, however, we have been allowed to
elaborate that it is an unmanned helicopter/rotaft capable of high altitude/long endurance fljght

with an estimated maximum dash speed of 145 kmatsaacruising speed of 100 knots.

One of the intended operational requirements o #icraft is the ability to fly in integrated giece.

Therefore a collision avoidance system must be ctlliéhe system to enable safe operation.

The collision avoidance system devised in thisgubgan be applied to all platforms of aircraft,nmed
or unmanned. However we shall assume that thealimtiototype of the system (and the simulation
model) will be based on a helicopter platform asthe performance specifications of the Snark UAV,

as it is the initial test aircraft.

4.3 Analysisof Helicopter Flight

An important consideration for this report is hawrhodel the movement of a helicopter in flight, i.e
what are the major flight rules, velocity equatioasd manoeuvre techniques that apply to helicepter

during flight.

From an aerodynamic point of view, helicopters nsodé flight differ a great deal from those of a
standard fixed wing aircraft. Unlike fixed wing eiaft, helicopters do not depend on varying liftctes

acting on the wings, to climb or descend, nor oangfing the flaps, rudder location, or ailerons to
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change direction. Instead, helicopter flight layggépends on the amount of lift force generatedutyn
the rotation of the blades around a central axis.

Helicopters rely on changing the pitch angle of thiating blades to achieve lift forces verticalthe
plane of rotation of the rotors (i.e. normal to tbéating disc drawn by the spinning rotors). Idiéidn,
the forward direction and velocity are directlyateld to the offset angle of the vertical lift fortcethe

vertical axis of the main rotor hub. [23]

A typical helicopter has three separate flight colnnputs. These are the cyclic, the collectiveq ¢he
counter-torque pedals. The cyclic control changespitch of individual rotor blades depending ujten
position as it rotates about the rotor head. Tlsailtes to tilt the rotor disk in a particular diteon,

resulting in the helicopter moving in that directio

The collective control on the other hand changespitch of the rotor blades concurrently regardifss
their position. Therefore, if a collective inputrisgde, all the blades change equally, and thetrissthle

helicopter increasing or decreasing in altitude

However despite having such a complex aerodynanoidein Prouty argued that a helicopter displays
the same flight control responses and behaviotin@se of a fixed wing aircraft when it is travegjiat
speeds in excess of 15kts (or 28km/hour) in forvitigtit. [29], [30]

The mathematical model used throughout this rebeand any collision avoidance measures simulates

the Snark in forward flight thus behaving similattya fixed wing aircraft comparable in size.

A clear requirement for pilots to maintain safgliii is the ability to predict the future trajectafytheir
aircraft far enough ahead that they can stop, turrclimb to avoid a hazard. One such collision

avoidance strategy is to control directly, the apgh velocity to the target. [31]

4.4 Radar System Simulation

To avoid other aircraft it is imperative to detéoé other aircraft flying within a predefined ddten
range, the challenge lies mainly in meeting thdgoarance requirements while keeping cost, size and

weight to a small portion of the total payload lsattUAVs can carry out their intended mission.

During the experimental phase of the ERAST projedt by NASA and Amphitech, Bernier et al
identified that the radar should be able to protiie UAV non-cooperative aircraft detection capapil

with sufficient time to identify, assess and tak&am in accordance with the situation encountej&2]

Throughout the ERAST project, NASA identified titae optimum range of detection is 8 nautical
miles (approx 14.8km). Unfortunately, light airberradar systems that can detect flying aircraft at
distances of hundreds of kilometres do not exitt y#owever, new radar systems, specifically design
for light unmanned aircraft with limited payloadpegity have been designed with dual use as ground

surveillance radars and airborne warning systers.most suitable of these systems include:

« MIiSAR Radar developed by EADS Electronics and aityaused on the German Army’s light
unmanned reconnaissance aircraft (Aladin)
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e Lynx Radar System from Sandia National Laboratories

« OASys Radar System developed by Amphitech and fmedhe evaluation of the NASA
ERAST project

« Unicorn Airborne Warning System from Flight Saf@iychnologies

The Lynx and OASys Systems being the most powexdnl detect targets at distances of 20-30kms,
while the MiSAR and Unicorn units, being lighterdaglesigned for lighter unmanned aerial systems can

detect targets at ranges of approximately 10-12kms.

The first three radar systems operate in the Kubidads with frequencies varying from 15GHz to
35GHz. The compactness of this system dependslyaogetheir design being based on Synthetic
Aperture Radar scanning schemes, which in addiiotheir extremely high frequency signal help
reduce the size and power requirements for thesd¢edwer circuits and component sizes, reducing
overall unit weight [26], [27], and [29].

Over the past few years, multiple experiments idiclg close coordination of air traffic controllers,
FAA, CAA, and EUROCONTROL have shown that the tigep between two approaching civilian
aircraft should be no less than 20 seconds. Thiesgust enough time for the pilot to identify wléhe
threat is, consider the safest action to take, tandomplete that manoeuvre [32]. For two modern
airliners with cruising speeds of approximately K80 this 20 second gap can be calculated to

approximately 6.2 km.

And according to international flight rules, clogispeeds for altitudes below 18,000ft (5.5km) stioul

be approximately 500 knots this in turn would gagproximately 21 seconds to avert a collision. [33]

Furthermore, the radar system threshold revisisaan rate is set to 1 Hz. The rationale behind fast
revisit rates is that, for the purpose of detectimgpssible collision with another aircraft patie target
must have been tracked over two to three scanp&[§22]

From the previous arguments, we shall assume founmanned helicopter design that the maximum
detection range in an unobstructed environmentldhme 10km.

Based on the joint project between NASA, Amphiteahd Scaled Composites, Bernier et al set a
minimum criteria for the radar system required dborne collision detection and avoidance system.
This includes: [32]

Detection Range 10km
Scan Rate 1 sec
Theoretical Scan Zone 360°
Field-of-Regard in Azimuth +110°
Field-of-Regard in Elevation +60°
Probability of Detection > 90%
False Alarm Rate <10%
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Angular Accuracy 1.5°
Range estimation error <76m
Minimum Distance for Detection 5.5km
Minimum Distance for Tracking 5km

Table 1 - Radar system requirements

Unfortunately, the characteristics of the radateyscan vary depending on the version of the preduc

system, the aircraft's power supply, payload capaafithe aircraft, and system cost.

Radar systems are too expensive to be owned by digtraft owners, and their complexity present a
challenge to relatively inexpensive and routinevisarg required for such aircraft, as they can dmty
maintained by specially trained personnel. Thes#ofa prohibit them from being used as a standard
subsystem on light or private aircraft. Even conguiadrairliners do not carry active primary radar
systems on board but rather depend on TCAS, ADSB, air traffic controllers for guidance and

navigation.

However, recent advances in passive and micro g@ifch-array promise to reduce the cost and
complexity of efficient radar systems that cansadlled on light or large aircraft with minimalwper
and processing requirements [34]. One such exaimsptee Unicorn detection system, designed by

Flight Safety Technologies Ltd. [34]

This system is comprised of faceted micro-stripcpatntenna transceivers. These can be grouped
together into sub-arrays to provide a 360° of hmmial (Azimuth) detection and 180° of vertical

(Elevation) detection per sub-array.

& ; Polar Horn
Polar Horn ‘&Q.p 45-deg Horns |‘I

TOF RADAR
ANTERNA
SUBARRAY

BEOTTOM / T
RAD IR Equatorial

ANTENMA
SUBARRAY Homms

Figure 3 - Unicorn micro-strip patch antenna

For this experiment we assume that the detectistesyis of a compound-sensor type (multiple radars

or active arrays positioned around the aircraft) would provide:

« 360° coverage in both azimuth and elevation angledq spherical coverage around the Snark)
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e A detection range of 10km
» A scan rate total detection field of 1 second
« Possibility of detection greater than 90%

* Less than 30m of error value (this error valuesigmificantly less in both the OASys and

MiSAR radar systems)

« Capability of detecting and tracking multiple aaftrup to 5 aircraft.

45 Target Rangeand Tracking
Throughout the mathematical derivations, we shalliane that the radar system operates as follows:

The radar identifies a target R distance away (wétttiical elevation anglg and horizontal angle) and

the radar will also calculate the relative veloafythe target.

We will also assume that the output from the DSRIrastage of the system is: ID,RRy, Rz), (Vx,
Vy, Vz)

That the axis system used throughout this resessbimes that the Snark is traveling horizontabyal
the y-axis. In this axis system the horizontal plas formed by the x and y axes, and the z axis is

perpendicular to that plane.

_.wTravel path

Figure 4 - Representation of coordinate system relative to travel path

In the case of the MISAR radar system, where itvioles just a distance and the angles suggested

above, we could compute the distance and vectopooants using:

Ry, = RxSnaxCosS
R, = RxCosa xCosf
R, =RxSng

Equation 2 - Calculation of range coordinatesin 3D environment

And determine the velocity of the target by caltinthe rate of change in the range vector valBgs
RY! RZ)'

We estimate if there is going to be any collisiomear collision as follows.
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Firstly , a collision is possible if Rs less than R where R is the initial distance at which that target
was detected for the first time, andiRthe subsequent range reading of that targetcéjdhe target is

getting closer to the flight path of the Snark.

Next, calculate if the target is going to nearlyflide with the Snark by using the following set of

equations to predict the future target distance:
CDy =Ryxy -Vx ¥t
CDy =Ry, —Vy xt
CD; =Ry, —V, xt

CD=,/CD2 +CD2 +CD2

CD represents the Collision Distance, whereby dt tistance CD < 400m at some future time t then
there is a collision possibility with that aircraft t seconds. This will be the prime condition fbe

Snark to identify a safe velocity or travel pathtatmid the potential collision.

The detection algorithms and mathematical formalssume a flat-earth model. Also, the 400m listed in
the equations, represents the minimum separatigiardie that should be between the Snark and any
other aircraft at all times. According to the newr@&pean regulation, the separation distance between
aircrafts should be 1000ft, or 334m [4]. We desihf@a a longer safe separation of 400m to allow for
radar inaccuracies as discussed earlier.

The flat earth model was chosen because of thé slmge of detection (10km). Therefore there would
be negligible effect of the effects of the earttusvature on the accuracy of the measurements,hwhic

are required to be compensated for if the radaratien range is larger than 30miles. [35]

Travel Path of J

Anatk .\

Fx

Snatk at Origin

Figure5 - Distance and velocity vector relativeto Snark
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4.6 Aerodynamic Characteristics and Manoeuvring Capabilities

A vector analysis approach is used in the colliwnidance algorithm to determine which action the

Snark should undertake (i.e. change in velocitghanges in altitude and direction) to avoid a slh.

There are many factors that can affect the abdftghe Snark to perform certain manoeuvres. These
may include: altitude (affects the turning ratedirand climbing rates), the load of the aircrafte

nature of the terrain, wind shear, humidity, anel favels.

For software simulation purposes and due to thk& tHcexact technical information regarding the
performance of the Snark, we have conducted theilation with technical specifications of the

Robinson R-44 and Schweizer 300c helicopters, waiehquite similar to the Snark in:
e Overall dimensions (R44)
e Gross Weight (R44)
* Rotor construction, number of blades, and powevaight ratio (Hughes/Schwarz 300c)
* Engine output power and performance (both models)
* Loading factors and effects of carried stores enprformance (R44)
*  Manoeuvring and hovering capabilities, G-ratingsiHes/Schwarz 300c)

Although the R-44 is a civilian helicopter withaihe intended loading flexibility and advanced dasig
metrics of the Snark, the similarity in size, wdigind aerobatic performance is sufficient for the
purposes of this research.

The following represent the performance charadtesisattributed to the Snark during this simulation
[36] & [37]

e Cruising speed is 100kts
e Maximum straight level speed 145kts
* Hovering ceiling with maximum operational load 3,800ft with 17kt cross wind

« Rate of climb with maximum load is 5m/sec for alties below 10000ft and 3m/sec for
altitudes above 10000ft

In addition, the Snark has been designed in acooed#o the Codes of Federal Regulations for Rotor
Aircraft, where it can withstand approximately 1fogward flight acceleration/deceleration forcesl an

approximately +3.5¢g to —1.0g rates of turn accélemgorces.
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4.7 Operational Modes of the Flight Controller unit

The flight controller selected for the UAV is théA¥Navigation AP04/GCSO02 rotorcraft flight control
system. The APO4 autopilot is installed in the dmter and interfaces to the aircraft sensors

(accelerometers, gyroscopes, magnetometers, amelastd dynamic pressures), and a GPS locator. [38]

The GCS02 ground control station relays all UAV commications to UAV Navigation GCS software
both in the downlink and uplink directions. Additilly, the GCS02 can provide a manual control for a

UAV directly from a standard remote control stydggtick connected to the GCS02. [38]

This flight controller was selected due to its dnpdlysical size, minimum power requirements, and
multiple flight modes. This specific flight conttet module is designed to operate aircraft
autonomously and control the heading, airspeeda#titdde according to either a preloaded fligterpl
or to real-time input from the pilot on the groustdtion. Furthermore, the software can be modifeed
allow for in-flight course (heading and altitude)daairspeed changes. In this research it is ensisag
that the main flight computer of the aircraft wile controlled by the instructions from the collisio

avoidance program.

The AP04 autopilot has several operational modég;hware selected depending on the type of mission
and the frequency of command inputs received frbendground station. These include: MANUAL,
DIRECTED, AUTO, FLYTO and HOVER modes.

In the MANUAL mode, the aircraft is operated undidft control of the pilot on the ground station (or

in our case, under the control of the collisionidaace system).

In the DIRECTED mode, the aircraft maintains a ffjealtitude, airspeed, and heading as specifigd b
a manual input from the ground station (or theisiolh avoidance system) and the aircraft would
continue to fly under the specified airspeed, it and heading until they are changed again by the

crew of the ground station.

Under the AUTO mode, the autopilot follows a prédked/preset route, in which the aircraft then will
follow the flight plan that is comprised of sevewdhypoints. Each waypoint specifies a set of flight
parameters for velocity, aircraft heading and adiit. The Snark will fly towards waypoint(n) undie t
specified flight parameters until it reaches thaypoint, and then it will change its flight parasrstif

needed, to those of waypoint(n+1) and so on.

The operator can command the UAV to go to a spetiitation using the FLY TO mode. Once the
UAV reaches the target location, the autopilot siaés to HOLD mode and the UAV will execute a

HOLD pattern around the target location

Of particular interest to this experiment are thé&NMUAL, DIRECTED, and FLYTO modes. A
combination of the MANUAL and DIRECTED modes is dger a more controlled flight plan, where
the program would continuously monitor and upddtte ¢tlimb/descent rates, the airspeed, and the

heading/turn rate of the aircraft.
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The FLYTO mode is used to direct the aircraft ttoaomously fly to a specific way point or location
coordinates. One important feature of the FLYTO &ad that the flight controller operating undesth
mode, may instruct the helicopter to perform highsl@®rt turns, especially when changing heading.
This occurs because the FLYTO mode is usually deedlying on specific paths, and to fly over
specific waypoints, therefore the flight controligould try to fly according to the planned flighath,
and will attempt to deviate the least from it, désg in fuel economy, and better operational

performance.
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CHAPTER 5

AVOIDING A COLLISION

5.1 Calculation of Minimum Separ ation

The collision avoidance process consists of twoomajarts. The first part is the estimation of the
collision possibility with another aircraft, i.estamating if the separation distance between the tw
aircraft is under the 400m safety limit. The secqualt is deducing which collision avoidance

manoeuvre will ensure at least 400m-separationdmivthe two aircraft.

A vector-based approach provides the most accamatns of estimating the path of an aircraft and the
collision/proximity breach possibility because bft path. Vector based algorithms for determining
collision avoidance resolutions are extremely ropasid their performance does not contain any
anomalies as with artificial intelligence basedtsyss. In addition, no collision scenario presemtg a

difficulty to the operation of the algorithm in doast to rule based models. [1]

According to Padfieldt al [31] one important requirement for pilots to maintsafe flight is the ability
to predict the future trajectory of their aircrédt enough ahead so that they can stop, turn mbcto
avoid a hazard. This algorithm satisfies this ctiodias it can almost immediately predict the ftigh

path of an aircraft and therefore be able to inv@kesolution manoeuvre.

A two-dimensional scenario (2D vectors) that demmatss the functionality of this algorithm is

illustrated in Figure 6.

At initial detection, at time zero, an aircraftdstected at a range value of Bnd an incident angle
(point B) as indicated by the figure. It is assumed thatréigar system also outputs the velocity (VAS)

of the aircraft relative to the Snark.

VAS=V -V,

Where \4 is the velocity of the aircraft, ands\s the velocity of the Snark.
The algorithm estimates:

e The closest point of approach for the target (csatipoint Q)

* The value of the minimum distance (d) to the Sraarét the time @) it takes for the aircraft to

reach that point Q.

From a mathematical point of view, the behaviourtttd incoming target aircraft can be modelled

according to its location relative to the Snark.
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Target aircraft 4

.

.* Snark heading (Y-axis)

.

*Q
d . Travel Path of target aircrafv{)
X-axis P
\\\‘
~

Figure 6 - Closest path estimation

To calculate the value of the minimum distance gdjl the time @) until the target is at the nearest

point to the Snark, we perform the following cafdion

A(t) = A, +V, xt

S(t) =S, + Vs xt

WhereK(t) representshelocationof thetargetaircraftat timet

andg(t) representthelocationof theSnarkat timet
TheseparatiorfSP)between th two aircraftis thedifferencebetweenTA(t)and §(t)

SP=A(t) - S(t)
Sp= ('KO +\7Axt) —(§0 +\7S xt)
0SP= (A ~ ) + (Va ~Vg) xt

5.2 Calculation of Timeto Reach Minimum Separation (tg)

The magnitude of the distance between the twoadtrcan be calculated as follows:

[(Ax = S¢) + Vax ~Veo) xt]
Separation(P) =_ |+ [(A, = S¢) + (Vay ~Vey) x1]2
+[(Ay - S) + (Vg ~Vig) xt]?

Squaring both sides of the equation gives:
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[(A=S) + Vax —Vo) Xt
SP = {+[(A =S,) +Vu —Ve) xt]
+[(A, =S,) + (Vay ~Vg) xt]

Differentiate both sides by time, to gives:

| [(Ax = Sx) + (Vax —Vis) xt]?
=1 IA =8+ (Vi ~Ve) <t
+[(A; - 5;) + (Vpp ~Vg) xt]

d SP?
dt

Since the separation value at tirgéstat its minimum value, this derivative at tinagg zero.

%[(Ax = Sy) + (Vax _VSX)XtQ]2

0= +%[(A(—s{)+(vm ~Vgr) ¥t

+2l(A -8,)+ (Vg -V xto]

2[(Ax =Sy ) +(Vax _VSX)xtQ](VAX V)
=47t 2[(A( =S/) +(Vay —Vsy) xtQ](VAY —Vgy) =0
+2(A - $) + (Vg ~Ve) Xt |Vz ~Vep)

Expanding and solving fop Dives:

o= (Ax =Sx)Vax ~Vo ) +(Ay =Sy )Vay ~Ver) +(Az ~S7)Vaz V)
© Vax ~Vex)? +Vay ~Ve)? +(Vaz ~Vg)?

Since all of the calculation is performed with theation of the Snark located at the point of arjgind
the location of the target aircraft is compensdtgdising the values of Range and Azimuth ang)eat

time t:

N Rox Vasx * Rov Vasy +Roz Vag
¢ Vasc® +Vasy® +Vpg®

Equation 3 - Calculation of time to reach minimum separ ation (tg)

5.3 Calculation of Minimum Separ ation

From Equation 3, we can determine the time requisethe aircraft to reach point Q (point of minimum
separation) from its current location. The minimsaparation (d) will occur at the instant when the

vector (d) is perpendicular to the travel pathhef aircraft:
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From this, an formula can be derived to calculaketiver the incoming aircraft will pass through the
400m safe-zone (the virtual bubble surrounding $imark), from Equation 3. Where the minimum

separation distance (d) is:

dy =Ry +Vax Xt,
dy =Ry Vs Xtq
d; =Ry, +Vag Xtg
and

d=4di +d? +d?

Equation 4 - Calculation of separation distance (d)

If the value of the smallest separation distancdeigdess than 400m, the avoidance algorithm will
initiate a request to manoeuvre to adjust the fliggth of the Snark, and increase the separatiba. T

time to collision (§) is the time available for the Snark to complédeavoidance manoeuvre

5.4 Possible Avoidance M anoeuvr es

If the minimum separation distance is less thanrgguired 400m, the S&A system is required to
evaluate the best action to undertake in ordemtoease this distance. Several methods have been

evaluated in the past to provide autonomous collisivoidance mechanisms for robotic applications.

A prime condition of this research was to develgystem that would follow international flight cade
and aviation path changing standards. Accordingy#dl [39], EUROCONTROL has specified 31 rules

to enable the integration of UAVs in European caitkpace/air traffic management systems.

These following rules were discussed in the EUROCORL document [39], and deal directly with

collision avoidance regardless of the type of UAYese general rules are:

« Ensure that introducing UAVs into civil airspace wa not increase the risk of other airspace

operations.
< Air traffic Management will be identical for mannadd unmanned aircraft.
«  Air traffic controllers will handle UAVs in the seamrmanner as manned aircraft.
« Inthe case of data-link failure, UAVs must be dapaf autonomous flight and avoidance.

e The S&A system needs to provide air traffic codtnd with a standard and predictable

avoidance response.
« Unmanned S&A system should provide the same Ievehfety as manned aircraft

Therefore the avoidance manoeuvre has to provisigfeand efficient means of resolving a collision

incident.
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In this research, we have decided to adopt theviatig collision avoidance actions whenever possible

depending on the nature of the collision scenario:

« Change the speed of the unmanned aircraft whilataiaing its heading: This often provides a

safe, accurate, and the most efficient action tmtaim the 400m separation distance.

* Change the direction of the flight path: This aetie used to avoid severe scenarios such as a
head on collision danger or when allowing rightwafy to a faster aircraft. Unfortunately it is

the most taxing in terms of fuel consumption, ar@hoeuvre and path recovery times.

e Changing the flight altitude: this action, may hetable to avoiding collisions when there
exists an incursion in the altitude or vertical@gpion, but it is less likely than the others due

to the slow climb and decent rate of the Snark.

These three actions (or a combination of them)bzaeasily applied to avoid a single or two airctiaét

are on collision paths, as will be discussed andegn in the next few sections.

Signal Processing

Stage \/P

rovides Target identity, spee

and range vectors, Azimuth

4 and Elevation angles

Compute target'’s flight path and
collision possibility including

time to collision

A

Calculate the minimum NO o o
] ) _ Maintain original
separation and estimate if _
flight plan

YES

p
logic engine
(.

Determine avoidance

v manoeuver

Flight Plan

Controller

Figure7 - Logic of collision avoidance algorithm
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5.5 Changing Forward Velocity to Avoid Collision

Varying (either increasing or decreasing) the fooveelocity of the Snark is the easiest and most
convenient method to avoiding collisions, and ithe method that would require the least amount of

change to the original flight plan.

This avoidance manoeuvre operates on the assumitainthe incoming aircraft is travelling in a
straight line path and at a constant velocity. keminore, changing the Snark’s velocity to avoid a
collision (whether that is an increase or decreag#l) cause a transition period, as it is not an

instantaneous change, but would be a gradual change

It can be safely assumed that at speeds in ex¢edskts, the helicopter's flight controls behavereno

like that in a fixed-wing aircraft. [29, 30]

As explained in sections 5.1 — 5.3, the path ofitlkeming aircraft will be nearest to the Snarkt{iate
to) at point Q. To avoid a collision scenario, thgasithm will need to calculate a new velocity fbet

Snark (Vsnew) that will ensure the required separation of 400m.

The mathematical derivation of this is as followe@se refer to Figure 8 for locations, coordinates

variable names):

SP? =R, +V,s Xt [
= 7R, [P+ 2R, oVt + Vs [ 7
Solving for t gives:

(T 2RV (2R, 2V i)~ 4IR, — PP IV, [
2V, [

Equation 5 - Calculation of time to reach new safe speed

In Figure 8, the Anglé(t) represents the angle between the path of tlgettaircraft and the direct
range vector between it and the Snark at timd-@).a collision scenario to materialise the disamant

(D) of the equation must be greater than zero v@fr 400m:

||D=(2ﬁo V] ~ 4R - PV, >0

Equation 6 - Relationship between deter minant D and relative velocity

The reason for this is, a collision scenario betwae incoming aircraft and the Snark occurs when th
straight line trajectory of the incoming aircrafflative to the Snark intersects the 400m circletlim

two dimension model) around the Snark.
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P(t)
L 3
0()
\\ \Q
d <400m .
. Path of Aircraft \4
Vg <4
d>400m After Vs change

Figure 8 - Linear acceleration manoeuvre

The circle represents the imaginary 400m safe-mumeounding the Snark, which no aircraft should
intersect. If the discriminant (D) of the equatiequals 0, then line is tangent to the circle, wHikhe
discriminant (D) is a positive value, i.e. biggbam zero then the line intersects the circle atpaints

as shown in Figure 9. If D is negative then the lilmes not intersect the circle.

Figure9 - Intersection of alineand acircle
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To find the velocity of the Snark that can just i@va collision or when D = 0, we specify the sefiara
value to be 400m in the equation for D and set Daktp zero. From this we can find the time recqiire
for the Snark to reach that speed/Velocity andtitne duration needed for it to travel at that speed

order to avoid collision, this is derived as fol&w
D=0= (R,*V,s)* =(R’ ~P*)xV,¢’
R xV&xcos (6,) = (R’ — P *xV,5

= Ry xcog (6,) = (R, - SP?)

In order for the Snark to maintain a 400m gap (gefene) between its flight path and any approaghin

aircraft at any time, we must ensure that the ddtexnt in must be equal to zero.

Thus the relationship between range and separation

cos’(6,) = (ROZ_—ZSW)

. sP
90 g
SIII( )

Equation 7 - Separation and range asrelated to the offset angle

By definition, the dot product of R and\W s is:

Re (V, -Vo) =|R| x|V, -V |xcos@,)

Re Vax V) + R, (Vay =V,) =y/RE + RZ x[(V =Vis)? + Vi, ~Vs,)? xC0OSE,)
" (Vax =V ) =V and (V5 Vg, ) =V,

= RV, + RV,g =4/R2 +RZ x|V, % +V,o,° xC0SE,)
Squaringoothsidegheequatiorgives:

S:)Z

— =3
RXZ + RYZ

2 2 2 2 2
(RXVASX + RYVASY) = (Rx + RY) x(\/ASX +VASY )X (1_
Expanding and re-arranging the formula above we danve a quadratic equation that relates the
relative position and velocity of the incoming aaft required to just avoid a near collision and

maintain a 400m minimum safe distance.

|| (RVas )2 + (RVj5)? = 2(RV g RV,i5.) ~RB* (V5" +V,u5,”) = O"

Equation 8 - Relationship between relative air craft position to relative air craft speed at minimum

400m separ ation (RB)
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To calculate the forward velocity of the Snark riegd to avoid the collision we solve the equation i

Vasy as the Snark is assumed to maintain its curreadihg, \sx = 0, and \sx is not changed by this
manoeuvre.

Rearranging, gives:
O (Rx2 - RB?) XVAS(Z ~ 2R Vask R)) X Vs +VAS(2(R{2 -RB*) =0

From the above, we can estimate the new forwardcityl for the Snark needed to ensure a 400m-

separation distance (i.e. aircraft is tangent teesp) by solving the above equation foiy, we get:

v _—B++/B?-4AC Y _-B*yVB?-4AC
ASY 2A SY NEW A 2A
Where

A= (R, -RB?)

B=-2(R\V,R/)
C=(R’-RB*Vix

Equation 9 - Calculation of velocity to avoid collision (2D)

Equation 9 gives two values for the forward velpaf the Snark that will set the minimum separation
to 400m and avoid the collision. Collision can beided if the velocity of the Snark is either inesed

or decreased (as Equation 9 yields two valuegytadid low possible speed values).

Which of these values will be selected dependingvhather the Snark can accelerate or decelerate in

time to reach that velocity, or if the velocity uak are within the Snark’s operational capability.

We can expand the universal quadratic formula ¢tudte an altitude consideration, i.e. convertinp it
a 3D case:

(RXVASY)2 + (RXVASZ)2 + (R(VASX)Z + (R(VASZ)Z + (RzVAsx)2 + (RZVAS()Z
- 2( RXVAS( RVVAS() - 2( RXVAS( RZVAQ) - 2( R{VAS( RZVASZ)
- RBZ(VASX2 +VASY2 +VAsz2) =0

Equation 10 - Relationship between relative air craft position to relative air craft speed at

minimum separ ation (including altitude and climb differences)
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Again solving the above equation fog gives:

_ -B++/B?-4AC _ -B++/B2-4AC
VASY_ 2 A :>VSYNEW _VAY_ 2 A

with

A=(R,>+R,”-RB?)

B=-2(R,RV,y +R/R,V,s )

C=(R’*+R,°-RB?V2Z +(R,*+R,*-RB?V2Z -2R,R,V,y V,g

Equation 11 - Calculation of new collision avoidance velocity (3D version)

There will be some cases where an exclusive spaeation manoeuvre will not be sufficient to avaid

collision, and a turning manoeuvre or a changdtitude will be required.

Another solution would be for the Snark to readtoaer stage until it is possible to resume its patte

hovering action is an extension of a slowing dowa stop action.

New path after decreasing

Snark speed

Original path of aircraft

New path after

increasing Snark speed

Figure 10 - Collision avoidance by changing to either alower or a higher travel velocity

35



Airborne Sense and Alert Avoiding a Collision

Request Radar Update

If Range is decreasing

'

Update flight data with
current flight speed,
heading, altitude, and
location

Calculate time to least
separation and find
minimum separation value

4

Calculate required speed
to avoid collision

If the required speed is
»  within maximum and
minimum aircraft speeds

Y

Calculated speed change
value

Submit changes to
flight controller

Else evaluate climbing or
turning

Figure 11 - Block diagram for adjusting speed program
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5.6 Changing Altitude

Another method for avoiding a collision is by chamggthe altitude of the flight path.

By re-forming, Equation 8 in Section 5.5 we carcukdte the 3D velocity at which the Snark would be
on a safe path with 400m minimum separation

(RXVASY )2 + (RXVASZ )2 + (RYVASX )2 + (RYVASZ )2 + (RZVASX )2 + (RZVASY)2

- 2( RXVASX RYVASY ) - 2( RXVASX RzVAsz ) - 2( RYVASY RZVASZ )

- RB? (VAsx2 "'VASY2 +VAszz) =0

Re-arranging the equation and solving the termRfothe separation of flight levels between the two

aircraft), we can obtain a target altitude for flight path to avoid a collision.

—B++/B%- —B++/B%-
R, = BB’ ~4AC = New verticalseparatior B+B’~4AC
2A 2A
where
A=V, +VE,

B=-2(RVpsVag ~ RV Vag)

C=R (Vi +Vig) +R*(Vix +Vig) ~RB (Vi +Vi +Vig) —2(RVas R\Vas,)
and RB =400m

Equation 12 - Safe altitude calculation

Once that flight level is established, we introdaceertical lift (or drop) in the direction of flig this is
achieved in the program through the introductioraaofertical component of the velocity {} to the

component speed.

5.7 Changing the Heading

Performing a change in flight direction of the Snas perhaps the most exhaustive avoidance
manoeuvre that can be performed during flight, eisflg in terms of fuel consumption, deviation from
flight path and mission completion time. Howevdrarging flight path or direction provides the only
chance of resolving head on collisions and someraticenarios where changing the speed (but not

flight direction) will not result in a safe solutidor when the speeds required are too great).

The mathematical analysis of a turning manoeuvrelm seen in Figure 12, where the Snark has to
undertake two turning actions in order to avoidiryle incoming target, passing through key way
points. The first turn is to change its heading y¥vam the incoming aircraft and the second to nesu

its initial heading once a safe separation distdmasebeen achieved.
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One of the conditions requires turning manoeuvithas the action of changing only the forward speed
of the Snark will not ensure a safe flight pathndeit is deemed necessary to change the direcfion
the Snark. As before, the Snark must identify thkie of the minimum distance between the target

airplane and its flight path at the point of intaton (distance d).

Using Equation 4 listed earlier for the calculatioh separation distance, we calculate the initial
separation between the two aircraft. If the sepamatalue is below the 400m safe-limit, and a famva
velocity change cannot avoid a collision we indiathanging the direction of the aircraft. When
initiating a turning manoeuvre, the timing, distarand instantaneous locations of both aircraft rhbast
compared at all times to ensure a safe and acamaeeuvre with minimal adjustment. [31]

g

N

10

i '\ Travel Path of
E ‘\ Aircraft

d

400-d — Q

Horizontal
Offset

WP1

Turning
Radiu

Figure 12 - Turning manoeuvre
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The actual turning or changing direction of thewift is the same, and it is carried after thedaton
of the separation distance (d) and the commandssed to start turning, the collision avoidance

algorithm would need to estimate the turning ragdils rate of turn (ROT), banking angle and velocit

The banking angle and the radius of turn togetleéerdhine the rate at which the aircraft can chatsge
direction and choosing these two values carefudly esult in optimum turn performance and reduced

stress on the airframe. [40]

Prouty [29] argued that the basic aerodynamic bielawf a turning helicopter could be expressed as
exactly that of a conventional fixed wing aircraft the principle of generating lift is the sameboth

fixed-wings and rotating blades. However, the aldé power from the engine of the helicopters (in a
turning manoeuvre) degrades dramatically with theking angle and load factor (G-Load) of that

manoeuvre.

In order for the helicopter to maintain its altieuend speed at a turn (with a banking angle of,868&)

rotor/engine must develop twice as much thrushasraight and level flight. [29] and [30]

Therefore, to achieve optimum turn performance, entimit structural stresses; we propose to use

banking angles between 18° and the optimal 35heffrertical axis of the rotor.

It was decided that the recommended banking amgteughout the avoidance manoeuvre should be
approximately 25 © off the vertical axis of theaoshatft this corresponds to a thrust/engine l@atbf
of 1.066G. [40]

Furthermore, NASA’s ERAST study program has showat the primary factor in displacing an aircraft
is the bank angle. For a given bank angle, the tageired to displace the Snark by approximately 50

feet is independent of the aircraft’s velocity [38}.
The turning manoeuvre can be calculated as follows:
Aerodynamic simulation of a turning aircraft yields
RV
g xtan(@)
Where
R is the radius of curvature of the turn
V is the velocity
g is the acceleration

¢ is the banking angle in Radians
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Further more: the distance covered by the airahafing this manoeuvre is equal to the length of the

curve L
L=Rg¢
And the time to perform the turn is:

t=—
Vv

The Rate of Turn (ROT) is

To estimate the time to reach the midway point (\Wérlthe time around the curve, we can derive the

following formula:

Thedistanceto Midway Point(WP1)is

Midway = Radius- Radiusx Cos(@x CurveTime)

Midway = Radiusx (1- Cos(@x CurveTime)

Midway
Radius

=1-Cos(xCurveTime)

Midway
Radius

Midway
Radius

CosxCurveTimeyF1-

)

0 CurveTime= L xCos™ a-
4

From this derivation, we can calculate the ROTtf@ Snark and the turning radius in the simulation

program according to the following:

2

TurningRadiuss ——
gxtan@)

roT= 9129
Y;

Midway)

CurveTime= 1><cos‘1(1— :
@ Radius

Equation 13 - Calculation of turning radius, rate of turn (ROT) and turn time
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Having estimated the values for the rate of turd amning radius, the collision avoidance algorithm
program can now calculate the values of the lelftthe curve segment and the time that the Snark

requires to complete that turn (i.e. the time nddadeeach the safe point).

However, in maintaining the realistic approachtis,tand from the information gathered concerning
the flight control module used in the aircraft, thigorithm would most likely compare the current

location of the Snark during the manoeuvre to tindd safe waypoint offset to its path.

In the 3D environment, where one can account fgrdifierence in altitude and include it in the fota

separation between the two aircraft and we camasti the horizontal offset distance for follows:

Horizontaltravel= \/ @ow - dy® — dz%)
Midway Point= (Horizontaloffset — originaldx)

Equation 14 - Calculation of horizontal travel distance and midway turning point

Through this approach, the Snark would compar®dation (GPS location in space) with the intent or
waypoint (WP) location.

In the instant the command is given to turn to diqaar direction, the Snark would follow part af
circular path (around the curve drawn by the radiiturn and the angle of turn), at a constant ROT
(calculated above). Until it reaches the midwaynpaat which the Snark would reverse its rate ofi tu

in order to return to the initial Snark heading.

Standards flight rules require that if the trajeiet® of two aircraft travelling in opposite diremtis

approach one another at distances less than 1#@fitboth aircraft must turn right. [25]

However, the operational mode of the Snark duriightf would most certainly be the AUTO flight
mode, whereby a waypoint would be provided to tlght computer and it would automatically select
the heading, banking angle, turning radius, aedstieed while turning.

This forces the Snark to adapt a right turn manmsusven though the target could be more efficjent!
avoided if the Snark turns to the left instead.sTiki because the algorithm is designed to moriier t
Snark surroundings at all time and does not cortimitSnark to a rigid turning scheme where the gafet

situation might change suddenly.

The algorithm would provide the flight controlleitiwvthe following information:
« Heading of waypoint as calculated
e Time around the curved path to reach the saferdista

e X,Y, & Z- coordinates of the waypoints (WP1-5 ae\pous figure)
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The proposed method for this is that the collissenidance algorithm would transmit the locatiortaf
next way point to the flight controller module dstSnark is en-route to it. E.g. on the instant of
detecting a collision scenario, the Snark wouldtstachange its path (turn) away from target, dud
transmit the location (X, Y, & Z-coordinates) of WHn addition to the ROT, radius, manoeuvre time

etc.

Before it reaches WP1; the flight controller thdraeges the heading of the Snark and commits the

Snark to returning to its original heading albe¢igarallel path to its original path.

5.8 Avoiding Multiple Aircraft

In certain cases, the Snark may have to avoid ri@e one aircraft. In circumstances such as flying
near an airport landing strip, or in semi-regulatédlian airspace, the collision avoidance algamit

must be able to cope with such situations.

Although the manoeuvres and counter actions torerswsafe path for the Snark would be the same as
for avoiding a single aircraft, it is necessartiieese measures do not put the Snark in a anllisath

with any other aircraft.

In addition, the Snark would deviate considerabiyrf its original flight path if it avoided each tision
scenario as a separate case, i.e. changed iteaarh time as it detects a collision possibilitthvany
incoming aircraft individually rather than using reocollective approach, the large deviation could

cause considerable losses in both fuel and misisran

Such a collective approach is known as strategit Tame path optimization as opposed to the taktica

real-time path optimization approach when dealititp wdividual collision scenarios [9].

One method indicated by Karhadfal [41] is to determine the most threatening aircrn determine

which of these are with in 3 mile/5km, and caloglatsafe flight path to avoid three of them.

However, this method was assumed for fast UAV aftanith a considerable advantage in speed over
the avoided targets, rather than an unmanned Ipgdico(namely the Snark) flying at a speed
disadvantage. Therefore we modify this technique stit the Snark’s slower speeds, turning

performance, and response to change of path command

Another method was outlined by the US Navy durimgrtexperimenting on unmanned surface vehicles
(USVs). The space and naval warfare systems cémtSan Diego is developing core technologies
required for robust USV operation in a real-worldvieonment, primarily focusing on autonomous

navigation, obstacle avoidance, and path planfigj.

The recommended approach is to use spatial sironl&diestablish a no go area, which the targetavoul

pass through at a specific time.

Once the algorithm calculates a safe point fordary, The avoidance program would calculate the
collision possibility with other aircraft at thabimt, by using the projected location, heading, apeed

of the Snark while traveling to that point and wiieaching that point.

42



Airborne Sense and Alert Avoiding a Collision

Although the working of this method is very similar our proposed idea, however the logic of this
method becomes too complicated for use on a 4Dz(xjyne) when applied in aerial avoidance., due to

the altitude factor and the possibility of targets climbing or descending trajectory.

Furthermore, the original method requires dividihg path area into sectors (squares) such to define
avoidance areas, this can be very complicated dimdeacostly exercise to do in a 3D environment for

aircraft with limited computing capabilities. [42]

Therefore, we propose to use a different methodrevireorder to avoid multiple aircraft, the coldsi
avoidance algorithm will investigate the possipiliof flying to a designated safe point, whereby
reaching that safe point would eliminate all thagkxs of the approaching aircraft.

This approach would require the Snark to fly undee FLYTO flight mode, where it would
automatically determine the type of manoeuvre erréquired change to the current flight parameters
(direction, airspeed, altitude, and heading) ineortd pass through that way point at the requinee.t
This can be made simpler by utilizing the flightntwller's autopilot ability to navigate to

predetermined way points or path points.

This algorithm is based upon avoiding the paththefincoming aircraft at all times rather thanradi
based avoidance algorithm that avoids the incorairggaft only at the critical time of closest apach.
This would simplify the calculation of a single wmnt, by simply converting the paths of the other
aircraft into no-go/keep clear zones that mustumeded at all times.

Once the mathematical model for this conversioobigined, a single safe waypoint can be calculated
by calculating the coordinates of a waypoint tissd®0m (or more) away from the paths of all deticte
aircraft. Furthermore, if two or more of these mft have intersecting paths, then the algorithough

be able to find a safe waypoint from the pointraérsection (refer to Figure 13)

| |
‘“g‘;&

i
Intersection point

\4

Figure 13 - Avoiding two inter secting air craft flight paths

43



Airborne Sense and Alert Avoiding a Collision

As can be seen from the figure above, the SnarKindra safe point at WP once the intersection fpoin
between the flight paths of aircraft 1 and 2 isakilted.

We caluclate the coordinates of intersection pSirds followes:

Assuming that the incoming aircraft maintains aigtnt ling flight path, then the path of aircraft)(can

be calculated as

Py (t) = Py (0) +V, xt

WhereP (t) is the location of the aircraft at time B} (0) is the initial location of the aircraft, and

V, is the velocity vector of the aircraft.

However, to simplify the calculation and, as ddsedi earlier, to eliminate time as a factor in the
avoidance manoeuvre (stay clear of the flight mdthll aircraft at all times) we must eliminate tiirae

(t) term in the equation.

Suppose the flight paths of the two incoming aiftcrgersect as point S. Note that the two aircvaift
not both at this point at the same time.

Then for each aircraft there is a different tinje \ithere

S=P,(0)+V, xt

Therefore, for each aircraft:

Sk =Pxn + Vixnin
Sr =Py + Vwnin

Where Ry and Ry are the components of&
Eliminating Ty

SKVyn =Sy Vixn = PV yn — PrVx
Therefore, for the two aircraft we get:

SxVvi—=SrVxi =PxiVy1 — PriVxu
SxVv2—=SrVx2 = Px2Vy2 — Pr2Vxe

Solving the above simultaneous equations fgrv& get the following:
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(PXlVYl B PY1Vx1)Vx2 B (szvvz B Pvzvxz)vx1

S, =
Vx 2VY1 _VY2V><1
And:
SY — (PXlVYl B PY1VX1)VY2 B (szvvz B PYZVXZ)VYI

Vx 2VY1 _VY2V><1

Once the relative coordinates of the intersectioimtpare identified, calculating the coordinatedair

possible safe waypoints surrounding the intersaqimint can be easily achieved (refer to Figure 14)

The centre of the waypoint occurs along the imagihiae that bisects the angle formed between the
two paths of the aircraft. Therefore a right antgiangle is formed between the distance L along the
bisecting line, the 400m radius perpendicular te giath of the aircraft, and the flight path of the

incoming aircraft.

Figure 14 - Possible waypoint locations and distance along bisecting line L

The distance (L) along the safe line can be caledlas foIIows:L=;0—(()g;
n

Once the distance L is calculated, the locatiothef waypoint can be easily obtained by adding the

coordinates of the intersection point to the camaitis of the point at the end of line L.

Once all of the four waypoints are identified thgosithm then calculates:
e The time required for the Snark to reach each ede¢hwaypoints
e The distance to that waypoint
< If waypoint is also safe for other aircraft
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It is quite probable that the algorithm will find\geral waypoints that will be suitable for avoidiofall

of the flight paths of the incoming aircraft. Ingltase, the algorithm will select one of these payts

to fly to, depending on the distance to the waypdime to reach that waypoint, and the change in
velocity. In this example point WP1 indicated wilie solid line safe zone represents the best ofdion
the Snark.

If the paths of two incoming aircraft are paratheldo not intersect (i.e. the two aircraft are diieg),
the algorithm wills use the turning avoidance pescealculation to find a way point to the left orthe

right of these two aircraft.

The algorithm will evaluate each waypoint accordimghe following criteria:

e The time to reach that waypoint must be equal tiess than the minimum available avoidance
time

* The distance to that waypointyg) is the least amongst all other waypoints (if nipldt safe
points are calculated)

e The velocity required to reach that waypoint muestithin the Snark’s capability

e The waypoint should lie at least 400m away from flight paths of all incoming aircraft

detected thus far and that it does not lie in tihectl path of any aircraft.

« The algorithm selects the waypoint that satisfiesfathe above criteria and requires the least

amount of change in Snark’s airspeed, and the wayfitat takes the least time to reach.

In the example shown above, the Snark would mkslylichoose to fly to point WP1 (if the flight path
and velocities of the targets remain constant} &s the closest point to the Snark’s original kma,

and it requires the least change in velocity arathmy in order to be reached within time.

This approach can be easily adapted to any nunfla@ropaft, where the algorithm would find four eaf
waypoint for each pair of aircraft, starting witiicaaft 1 through aircraft n, where it would estimaf
the two aircraft do intersect, and if they are titemould a suitable waypoint, that is nearer te 8nark

than all of the others, and requires the least amoiuvelocity change to reach.

The number of safe waypoints is estimated at:

numberof waypoints=2xn(n—21), where n is the number of aircraft approachingShark, i.e.

if three aircraft approach the Snark at varioudes)ghen the algorithm can identify 12 safe wapfmoi

that can be flown to.
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Figure 15 - Selecting closest waypoint
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CHAPTER 6

6.1 ARCHITECTURE OF SSMULATION PROGRAM

This chapter describes how the software is stradfuincluding how the Snark is simulated and how it

interfaces with the collision avoidance algorithrithwother parts/functions of the flight control tini

The program is comprised of several sub-progranfarmtions; each function performs a specific task
within a specified time frame or instant. The rea$ar this approach is to ensure that only the main
function controls and modifies any variable specifd that aircraft (for example range, attitude,
elevation and azimuth angles, time to collisior).efthis would ensure a modular approach to thegdesi
of the program and a great deal of flexibility whealling and initiating all of the sub-functions.will

also increase the system’s error handling capisilit
The complete program structure comprises of tHevdhg sub-programs or functions:

Main function: The main function in this program acts as an embddub-routine that interfaces to
the main flight controller code. This sub-routir@ntinuously monitors information from the radartuni
and evaluates if any of the detected aircraft apaaching the Snark. If one or more of those targe
approaching the Snark (i.e. if the range decreages)ll pass on the flight parameters (rangeatigk
airspeed, heading, and detection angles) to thalawee function. The main function can be used to
read GPS data input and identify if the Snark ishencorrect flight plan.

Radar module: The radar module in this program is designed taukite the operation of the radar
called from the main function. The output from tlaglar function comprises of the following for each

detected aircraft and always represents the cuvedues of the aircraft’s data:
e Target range or distance from Snark at time t (R)
e Azimuth angle or horizontal displacement angle fienark headingoj
« Elevation angle or vertical displacement angle fismark heading3{
e Simulated GPS coordinates to indicate the tard@tation in space (TR)
* Simulated GPS coordinates to indicated the Snéwokation in space (SLOC)
e The radar function according to the performancthefMiSAR radar system. [43]

Avoidance module: This source file contains the definitions and rod#hof the functions used by the

collision avoidance algorithm. The output of th@iagance function comprises of:

e Forward airspeed/acceleration, new altitude/climalbe,r and rate of turn if the system is

avoiding one aircraft operating under the MANUALCRRECTED flight control settings.
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e Geospatial location of a safe way point that tharBmcan fly to avoid a collision, if the system
is avoiding multiple aircraft and is restrictedftging under FLYTO mode. The waypoint data
structure contains the coordinates of the waypmilative to the initial position and heading of

the Snark, and the time and velocity required &zinethat waypoint.

Flight controller module: This module contains a representation of the fligintroller used by the
Snark, and it contains data structures of the atiaad original headings and flight paths of thar&n
The function also contains the necessary path ehafgprithms and equations, once the avoidance
function determines that there exists a need togishe heading to avoid a collision. Where thghfli
controller would determine which path to take, mitéurn, direction, and in turn calculate the reszgy

changes to current flight speed in order to reaehataypoint within the specified time frame.

Avoidance Function

Collision Avoidance | (= = = — = = [6] Prompt avoid

System

I
[7] Respond withy

function and check for

collision posshilitv

avoidance :
procedure 1
1
1
1
1
L —— - + 1 nn | === == === 1
Main Function |
[T = | Collision Avoidance [ = = o I[8] Update flight date
i [
: I System : j with new flight path,
[4] Return; : I : velocity, and climb
array of : 1 [1] Prompt Radar [5] Obtain ﬂight: I rate
aircraft 1 :module to scan for data 1 :
: 1 aircraft : I
I : I !
1 : 1 :
I v I v
[3] Obtain flight data FCAI

Radar module| [qe = = = = = = = = = = = .
< Flight controller

module

[2] Update flight data (GPS)

location

Figure 16 - Block processfor subsystem integration
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Figure 16 shows how the modules operate as patteotomplete flight path system. Here the radar
module of the project would be responsible for oatihg and correlating the target data from antsn
located around the aircraft and processes the @& ithto streams of information containing each

detected target’'s range and velocity vectors.

This information is read by the main function arabged to the avoidance algorithm which identifies
possible collisions and calculates a suitable auwié action or actions. The main function then egav

the avoidance information to the flight control t&ys.

6.2 Operation Sequence

Due to the experimental nature of this project #rallack of exact information concerning the radar
unit and flight controller module it is assumedttiiae communication between the three units is

achieved via data structure or variable exchange.
The operational sequence of the simulation progsaas follows:

« The avoidance algorithm/main program would “piray’request information from the radar

unit

e The radar unit would respond by providing a listlud target located in the scan zone, in the
form of an array containing structures. Each obéhstructures contains an ID for the target,
range, elevation and azimuth angles and perhapsityebf the target, if the radar unit contains
an advanced post-scan data processing capabilityth&r option would be that the radar unit

would provide a continuous scan option for thedts@ccording to a preset interval.

e The avoidance algorithm requests an update fronilitite controller concerning the Snark’s
current heading, airspeed, mode of operation (FLYMANUAL, OR DIRECTED), next way

point and the distance to that way point.

* The avoidance algorithm would assess the possiilsion scenario, estimate if there were
any collision or any infringement to the 400m-cleare bubble, and would provide the most

suitable action to take.

e The avoid algorithm would instruct the flight casiter to change the flight path of the Snark in
the case of an imminent collision. This would talke form of a packet of data containing the
following information: coordinates of the new waymto distance to that waypoint from current
locations, time to reach that waypoint, new headimewv airspeed, and rate of turn, time to

perform manoeuvre, and the coordinates of way point

e The flight controller would instigate these changad would update the heading for the radar

system.
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6. Update Heading for Radar

A

Flight
Controller
5. Assess Collision Module
A Scenario and provide i
New Heading, Speed,
Way Points (1 and 2),
ROT and Banking
Angle and the time
allowed to perform the
manoeuvre (tm)

MiSAR Radar
Unit

4. Provide Heading,
Speed, Way Point,
Distance to Way
point, and Mode

\1. Request Data

Collision
‘ Avoidance
- Algorithm /
2. List of Target ID, 3. Request for Current Flight Data
Range, Azimuth, and
Elevation Angles

Figure 17 - Interfacing exchange diagram

6.3 Sdection of Avoidance M anoeuvre

Once the program (namely the separation loss #tgo)yihas detected a collision with a single airtgraf

and no other aircraft exist in the vicinity of ttedar scan, the program applies the following pece

If the number of detected aircraft is just 1, ahdttaircraft is on a collision course, the avoiddton
calculates the least separation and the time athathis least separation distance occurs. Afteaioltg
those values, the avoidance function algorithm canep the three avoidance methods (as discussed in

chapter 5) as to which is the most suitable todtis particular incident.

When the algorithm has identified which of the thrdifferent manoeuvres is most appropriate
(changing speed, or altitude, or turning/changiegding), then the avoidance function initiates that
manoeuvre, and instructs the flight controller medwith the necessary changes to speed, headidg, an
climb rates. Once the danger has passed, the &wodtion algorithms would become inactive again,

and would relinquish control back to the originaitit controller flight plan.

In the case of avoiding multiple targets, the amoik algorithm would add new safe waypoints to the

original flight plan (itself a series of waypoints)
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6.4 Typesand Structure of Exchanged Data Entities
To further expand on the discussion from the previsection, we describe several types of structures
that are used for the specific task for each foncti
6.4.1 Datafrom Radar Unit to Main Function
The information exchange with the radar unit cassi$ acquiring:
< ID: a serial number or identification code uniqueetich detected target
« Range for that target

< Azimuth angle ¢): In conjunction with the range, this indicates thcation of the target in the

X and Y coordinates as relative to the Snark

»  Elevation anglef{): In conjunction with range, this indicates thétatle of the target aircraft,

as compared to that of the Snark
* Relative velocity of aircraft
« Relative heading of aircraft
e Range to aircraft
* Time to collision of that aircraft

The above information is in the form of a data pedlnore specifically a C structure) for each targe
and is passed to the Main function/Collision Aveida function as an array containing the details for

each individual target.

6.4.2 Datafrom Main Program to Collison Avoidance
The main/collision avoidance function comprises sd#veral functions, primarily the collision
assessment and the collision avoidance functibms, it is best to describe the data variables riebge

both functions:

The collision assessment function is where thetiocaand heading of the detected aircraft is aralys
for assessing collision scenarios; the input véemimeeded for this stage are obtained from tharrad

unit and they are:
e TargetID
« Range at current time relevant to the Snark
e Azimuth attitude angle at current time relevanthi® Snark headingt)
« Elevation attitude angle at current time relevarthe Snarkf)

In addition, the collision avoidance function woukhuest current flight data from the flight cotigo

in the aircraft, as to determine the Snark’s curherading and altitude information:
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e Current heading
e Current Snark velocity
e Altitude
¢ Next waypoint
« Time to next waypoint
» Distance to waypoint in relation to the Snark’sreunt location
These data entities are used to determine theabtsh to avoid a collision scenario
6.4.3 Datafrom Collision Avoidance Function to Flight Controller
The collision avoidance function, analyses therimiation collected earlier (by the assessment pad)

generates the most appropriate action to avoidllsioa by changing the flight characteristics bkt

Snark by transmitting a data packet to the fligiitooller containing the following information:
« New heading at the next waypoint (Aircraft Heading)

* New velocity for the Snark to travel at to the nexypoint (Myp) and necessary velocity

change (énance) as will be calculated by the Avoidance Algorithm
« Coordinates of the safe way point (X, y, altitude)
« Time to reach that waypoint from current locatiG )

« Distance to waypoint from current positiong,gi
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CHAPTER 7

TESTING PROCEDURE
7.1 Testing Objectives

In order for the system to function reliably unds#t circumstances, a properly established testing
procedure was followed. This testing procedure udet several separate stages of evaluation
throughout the project’s life span. The testinggedure was arranged to determine the differenbfact

that affect the performance of the system.
These included:
e System accuracy and detection time
« Tracking ability of the algorithm
e System reliability and manoeuvre response timeamodracy of distance and separation.
«  System efficiency and most importantly the religpibf the programme

e Fault/error conditions: i.e. what are the paransetieat would cause the system to halt/crash or
would become inaccurate (example increasing thebeunof targets, speeds, variations in

directions, etc)
e Time of system response
e Adaptability of the system
*  System limitations as to the maximum number ofraftdhat can be avoided safely

The tests conducted through out this experimene lsen designed to investigate the ability of the
program/algorithm to sense, assess, and avoid sibp@<ollision with another aircraft under normal

flight circumstances.

As discussed in earlier chapters, the collisionidamace response of the program is based on tha stri
CFR 91.113 flight rules. Since the algorithm isigeed for the specific purpose of avoiding civilian
aircraft in sanctioned controlled airspace, it $suamed that the test conditions and collision stefa

should be based on these safety standards.

The test scenarios and procedures conducted thoatighis experiment are loosely based upon the
published experiments conducted by NASA duringrtsense and avoid ERAST project [12] & [44].
However, the tests were changed to reflect thesiffce in flight performance between their test
aircraft and our helicopter based platform. Théedinces in speed, climb, and manoeuvring capgbilit
influence the decision making process for the atlgor and the eventual way point path sequence or

action undertaken. Also, tests scenarios evalubte@rilley [23] and the report notes reported by
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Ebdon [45] were also incorporated into the testivagch lists, specifically in head-on collisions and

overtaking scenarios.

7.2 Testing Procedure/Process

From the various discussions in the previous chapthe testing procedure includes the following

scenarios:
* Single target detection scenario
e  Static and moving target
« Constant speed/direction
e Targets flying in intersecting or parallel courses
e Multiple target detection scenarios

Initially, the program was tested using a 2-D eonwinent, where all incoming aircraft are at the same

altitude.

The second phase is to convert the program to ateathe 3-D environment to further assess a rieal li

situation.
The simulation program examined scenarios that niiglencountered by the Snark as follows:
e Program input was the target’s initial range, aridhath angle relative to the Snark

e Target speed and heading were input to the progmmwell, however they were used by a
separate function (Target Path Estimator) to eséintlae target flight path rather than being

used by the detection/avoidance algorithm directly

* Target path estimation would act as the input eosimulated radar system, where it provides

the detection/tracking function with up to dateues of range (R) and azimutb&ngle).

* The main program loop evaluates the varying rargelsconsequently estimates if the tracked
target is on a possible collision course. For eXantpwill monitor if the range to the target is
getting smaller with every update and if the calted separation at closest approach point is

below the minimum safety distance of 400m.

« In the case of a possible collision scenario, th&innprogram would call the collision
estimation function, which would calculate the sped the target; the time to collision, and
minimum separation. It would also act as a finadahto verify the possibility of a collision or

an intrusion in the 400m safe-zone.

» If a collision is predicted, the program would iaie the collision-avoidance logic engine, to

find the best collision avoidance scheme.
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In the initial stages of the project, the MATLABnsilation environment was used to identify and plot
the movement of the Snark and the approachingadircas it was easier to visually identify the

movements and optimize the algorithm.

Initially, a mock system was designed on MATLABathincluded a simple program for testing the
detection algorithm. This was expanded to includeode section that simulated the logic model

statements.

This testing stage was simulated on a desktop ctanmguipped with MATLAB, and did not take

place on the actual single board computer that dvbelused in the final product.

The next stage was to transform the MATLAB simuwlaticode into C language code, to create the

actual C files that were to be incorporated ingbwial aircraft software.

As a preparation for the testing, it was only ledito divide the testing process into the following

sections:

Due to the difference in procedure and the evasianoeuvre response, it is best to divide the tgstin

process into:

e Single target avoidance: where we would test bas@dance techniques, not only ensuring
adequate separation, but also the method and mamugwommands: change of speed,
turning, or climbing for instance. This method dam particularly useful if the UAV is under
the control of a ground operator or MANUAL mode the real time avoidance commands
would alert the ground operator to the collisiomgir and would provide him with safe means

to avoid a collision.

« Multiple target avoidance e multiple target avoicaresting procedure would evaluate the
algorithm under the AUTO/FLYTO flight mode with t#é”04 auto pilot assuming full control
over the UAV flight operations. The main objectigeto provide a safe waypoint rather than

actual flight instructions as per the single tamagidance.
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CHAPTER 8

TEST PERFORMANCE RESULTS

8.1 Singletarget avoidance

The single target avoidance testing procedure csemof providing the trajectory angles of the raific
and Snark to the algorithm. To provide the simalaprogram with the aircraft trajectories, the peog
upon start up would request the speed and headiegah aircraft and the aircraft location relattee

the Snark as described by range and elevationzndith angles.
The values provided to the program are as follows:

* Range to the target aircraft

*  Azimuth detection anglexj

e Elevation detection anglg)X

« Velocity of the target aircraft

e Azimuth heading angle of the aircraff) (felevant to the heading of the Snark (with 0°nigei

forward)

* Elevation heading anglé)( of the aircraft: This determines the climb or thescent of the

aircraft.

Figure 18 - Representation of elevation and azimuth angles
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The results of the testing process are dividedtimee sections, each corresponding to a typiqed tf
avoidance manoeuvre. This simplifies interpretihg tesults, and provides greater insight into the
validity of each avoidance manoeuvre discusseailiee chapters (Namely: changing speed, changing

altitude, and changing the heading).

It is perhaps worthwhile to note that fewer scesmthan expected caused the two aircraft to be less
than 400m apart. This is mainly due to the notitealifference in cruising speeds of the Snark as
compared to fast moving jet aircraft. As a mattefaot, in most cases the flight path of the aiftcvall

harmlessly pass across the Snark’s travel pathseijpiarations larger than 400m.

8.1.1 Resultsof Changing Speed Manoeuvres
As predicted during the algorithm design, avoidangollision via changing the velocity of the Snark
provides the most efficient and simplest meansvimiding a collision. This is confirmed as will be

demonstrated below.
To demonstrate the response of the algorithm,dh@ing collision scenario will be discussed:

The radar detects an aircraft at range of 10knmh @it azimuth angle of -50° (to the left of the &nar
heading) and at the same flight level as the S(iagkzero degrees of elevation angle), with tharén
travelling at 100kts and the aircraft at 500kts

Target Maoving in Comparison to Snark
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Figure 19 - demonstration of target approaching the Snark
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In this scenario, the algorithm detects that thgyeais decreasing with time, thus it initialisesequest
to estimate if the target (at the current trajectmirboth aircraft) will be less than 400m awaynfréhe

Snark. The results of the estimation are as follows

Closest distance of approach (CDA) is 183.55m
« Estimated time to closest approach is 34 seconds

e The algorithm also suggests either to increasespleed to approximately 146kts or to reduce
the speed to approximately 84kts (As per Equatin The calculation estimates that adopting

any of the two values would increase the separdistance to 400m as required.

« However, since the maximum speed of the Snark &kits4 the algorithm would instruct the

flight controller to reduce the speed to the lowaue of 84kts

« Having adopted the new velocity, the Snark woulgune approximately 4 seconds to reach

the safe velocity and an extra second to stalitzpath.

« Please refer to Figures 20 and 21 for a visuakessptation of the manoeuvre, also please note

that the units of X and Y axes are in meters.

Target Moving in- Comparison to Snark
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Figure 20 - Target trajectory after changing Snark velocity
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As can be seen from the figure above, the targetédt just passes at the 400m safe limit. As can b
seen from the figure, this method provides thetlehange to the flight path of the Snark, and can b
extremely effective in congested air traffic, asréhwill be no need to change course and endatiger o

aircraft in the process.

The following table represents a sample of othsesaf this algorithm:

[ o | B | v | @ | cbA | TCA | Tman |Final CDA| Action |
-50 0 120 0 183.55m 32 sec 5sec 400m Reduce V
160 0 -15 0 231.94m 48 sec 6sec 400m  Reduce V
200 0.4 15 0 242m 47sec 3sec 400m Reduce V
-80 0.5 90 0 244m 38sec 3sec 400m Increase V
165 0.45 -12 0 70.17m 47sec 9sec 400m Reduce V
175 -0.45 -5 0 231.4m 48sec 11sec 400m Increase V
160 -0.4 -15 0 242.21 48sec 7sec 400m Reduce V
190 0.5 -10 0 440m N/A N/A 440m N/A
170 0.5 -8 0 98m 48sec 10sec 400m  Increase V
-15 0.45 160 0 307m 32sec 3sec 400m  Reduce V

Table 2 - Test results of velocity change

During these tests, several elevation values wereduced to the algorithm to measure their effects
the working of the algorithm. It was discoveredtthelevation detection angles)(of more than 2°
would result in a no collision scenario (as thétwade separation would be approximately 400m), and
increasing the angle beyond 0.7° would result viery slight change to the Snark’s velocity durihgst

evasion manoeuvre.

The cases shown in Table 2 are not the most seadiision scenarios; however, they are quite varied
and give an impression of the algorithm’s perforograccording to a wide range of approach

trajectories.

In some of the scenarios above, the value N/A sgms a no-avoidance action required, as the

separation between the incoming aircraft and trelSis larger than the 400m safety limit.

8.1.2 Resultsof Altitude Change
Changing the flight level or altitude of the Snadk avoid a collision is the second method to be
considered for the avoidance algorithm. Changiighfllevels is the prime method used for civilian

aircraft to avoid collision under the TCAS system.

However, the slow rate of climb of the Snark (5ro/$er altitudes under 10,000ft and 3m/sec for

altitudes above that) would limit using this method

To demonstrate this, the following simple test ealshow how limited this action is:
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Assume that the radar system detects an aircrafelting at 500kts at a range of 10km, and it is
approaching the Snark from a head on angle= (0° with y = 180°). However, the aircraft path is

slightly above the Snark, and the radar systensteg an elevation angle of 2.3°% 2.3°).

Again, the algorithm detects that the aircraftppr@aching the Snark and analyses its path. Asoofli
scenario is detected, and the aircraft will apphotie Snark to within approximately 366m at time =

32sec.

The avoidance algorithm calculates and estimatas ¢hanging the velocity will not resolve the
situation since the trajectory of the aircraft isedtly opposite to that of the Snark and changimgy
velocity will only change the time at which the legibn would occur rather than the separation betwe
the two trajectories. The output of Equation 1this case would be two negative values, insteddvef

or high positive velocity values.

The algorithm would evaluate changing the altitade solution, by using Equation 12 to calculate tw

altitude values: a higher and lower altitude value.

For the particular collision scenario above, thgpathm will calculate two safe flight levels, 088m

below the altitude of the Snark and one 766m above.

The program will then calculate how long the Snailk take to reach these altitudes depending on the

climb/descent (in relation to the current altitude)

In this case it would take approximately 7 secotwdseach the lower altitude. Therefore the aircraft

would descend to avoid collision.

This however, exposes the limitations of changiligude of the Snark to avoid a collision, where th

time to closest approach (TCA) and the climb/descates are the determining factors.

The following is an expansion on the above scenavlere we kept the same headings, velocity and

trajectories, but have changed the elevation aagie,in turn the safe altitude values.

[ B | CDA | TCA | Alitude Low | Altitude High| Acton | TimetoAlt |
2.1 366.44m 32 -33.58 766.44m Descent 6sec
2 346.99m 32 -51.02 748.98 Descent 10sec
1.8 314.11m 32 -85.89 714.11 Descent 18sec
1.5 261.77m 32 -138.23 661.77m Descent 28sec
1.2 209.5m 32 -190.58 609.42 Descent 36sec

Table 3 - Test results of altitude change

As can be seen, changing the altitude is limiteditoraft approaching (assuming they travel inweelle
trajectory) at an initial elevation angle of detestgreater than 1.2°. The minimum vertical sepanat
that this algorithm can evade is approximately 21Bfse the Snark would not have adequate time to

reach the new altitude.

61



Airborne Sense and Alert Test Performance Result

Other scenarios have been tested, such as aictrafiging altitude and their descending or ascending
trajectories intersecting with the Snark’s trajegidowever changing the velocity of the Snark gi@v
to be the more efficient of the two methods, aneéxtreme cases turning or changing the trajectbry o

the Snark is the most effective means, as desciibd next section.

8.1.3 Resultsof Turning

Changing the heading of the flight path (turning tBnark) is as an effective means to avoiding a
collision whenever varying the velocity of the Snarould not avert the collision. However, it is the

far the most demanding of the three methods destrilt also involves the most complex manoeuvre
structure in terms of direction control and rangéneation, and it is the most dependent of theethre

methods on the UAV’s manoeuvring capabilities aadgrmance.

Factors such as the rate of turn, banking angteeofircraft, and the turning radius must be carsd

for an accurate manoeuvre performance.

Some of these factors can be calculated and sefligtit to vary the turning radius and turning tirog
the process. From Equation 13 and 14, we can seebtith the ROT and the turning radius are
dependent on the value of the banking angle. Therahe accuracy of the turn, i.e. the length ef th
turning curve, and consequently the location of Miglway point and the final horizontal offset

distance, rely directly on the turning radius amel banking angle.

Under normal circumstances in a manned aircraft, whlue of the banking angle can be varied, to
change the value of the ROT, Varying the bankingrofircraft can be selected by the pilot to aaghiev
an optimum ROT and turning radius for a more adeuilght trajectory, however this is not the cage

a fully-autonomous UAV.

In this experiment, we have decided to use a sivlge for the banking angle through out the darati

of the turn. During initial testing of the algonith) it was clear that a banking angle of 25° presziain
optimum solution in terms of turning (and final aegtion accuracy), response time, and load factor (
G-Load) on the airframe [30]& [40]. This argumestdemonstrated in Table 4, as choosing a banking
angle of 25° results in excellent average avoiddimes, more accurate separation values on average,

and tighter turn radius.

However, that increasing the banking angle beyoffdvuld increase the load factor on the airframe,
and would require the engine to increase its oupmuter accordingly to maintain flight altitude and
turning speed. [40] & [46]

These scenarios were conducted with a Snark sped@Qkts, aircraft approaching at 500kts, and

travelling at an angle of 180° opposite the Snark.
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a Bank = 20deg Bank = 22deg Bank =25degd
CDA (m) Time Sec CDA (m) Time sec CDA (m) T sec

0 400.6 20 412.23 28 400.58 16
0.25 4024 22 403.74 22 411.4 24
0.5 401.22 27 418.68 31 409.49 21
0.75 411.14 24 400.07 25 406.76 27
1 400.19 29 408.28 15 405.6 18
1.25 400.31 18 403.64 17 401.52 19
15 406.16 19 401.86 15 408.81 12
1.75 404.41 14 403.2 12 404.13 10
2 402.17 8 400.02 7 412.56 12

Table 4 - Effects of banking angle on turning performance

Further test cases also showed that turning/chgrigm heading is more effective in some severescase
where an aircraft approaches the Snark at alm@st be values, usually within £10° of the y-axigtiod
Snark trajectory. In some of these cases, changitityide is not suitable and the change of speed

needed to over take or allow the aircraft to paseeds the Snark’s performance.

Expanding the test scenarios, we get the followiziges

[ o | B[ v | & ] CDA | Tman |
0 0 180 0 40058m  16sec
1 0O 180 0  4056m  18sec
-1 0O 180 0  4056m  18sec
179 0 0 0  405.6m  18sec
181 0 0 0  405.6m  18sec
175 0 5 0 596.30m  20sec
05 0 180 0  4095m  20sec

Table5 - Turning resultsat various approach angles

The time value (T man) is an indication of the tithat the Snark takes to identify the threat, dateu
the manoeuvre, perform the initial turn to reach thidway point, perform the second turn of the
avoidance manoeuvre, and stabilize the path obitteeaft after ensuring that the final separatisrini

excess of 400m.

The main concern when using this type of avoidanaaoeuvre is to increase the gap between the two
aircraft to more than 400m as quickly as possible@npared to the previous two methods.

This is mostly due to the fact that the ROT andttivaing radius are rather constant due to theegpres
value of the banking angle.

At 25° the ROT is 0.09Rad/sec and this translaies rtate of heading change of 5.09 degrees/ses. Thi

sometime would result in the Snark performing exméniature turning manoeuvres during the
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stabilization part to ensure a separation of astld®0m. We can see that in the case of the target
approaching from an angle of 175° as per Tabledvebas the Snark would turn to the right to avoid
the target, the algorithm would continue evaluatimg two trajectories and it would maintain the rsgu

of the Snark at a distance of 596m rather than 4@9meducing this distance would turn the Snarlk bac
into the aircraft trajectory which is not recommeddas the time remaining is perhaps not suffidient

a second complete turning manoeuvre. The algorittould consider that the separation albeit larger
than required is still considered safe and wouldaoonpromise changing it. The main cause of such an
excessive separation distance is that the combmatf the target speed, heading relative to Snark,
Snark travel path and speed form a unique caseevthertarget remains on a collision course evear aft
the first turn (separation distance is 390m after first avoidance turn), and safe separation ts no
assured until the Snark moves performs a secomihgimanoeuvre to avoid it. Please bear in mind,
that the turning manoeuvre is a last resort, ancbmbination of a turning and velocity change

avoidance manoeuvres would ensure a better separaiue.

Target Maving in Comparison to Snark
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Figure 21 - Representation of a Snark turning manoeuvre
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8.2 Multiple Aircraft Avoidance

To avoid multiple aircraft, the main emphasis @& #igorithm shifts from maintaining a safe pathlehi
performing the simplest manoeuvres, to finding & sa&aypoint and flying to it within the time

constraints defined by the least estimated tineptiision.

As explained in section 5.8, the algorithm estirmdtee relative position of the intersection of the
aircraft and then the best of the four possibles saypoints is estimated. However, the separation

distances at the safe waypoint may (and usuallyidy@xceed the 400m limit.

This extra safety margin is necessary to ensure ttiea algorithm finds a safe waypoint as fast as
possible, and more importantly it reduces the cemipl of the algorithms and programme code and

ensuring a reliable and a safe solution is found.

Clearly, the number of aircraft that appear on théar screen must be limited to a sensible and a

realistic number and assuming that all other direna also obeying standard flight rules.

During the tests conducted by NASA during the ERASSt stages, Wolfe noticed that attempting to
avoid more than 3 aircraft at a time would provéé¢oan extremely demanding task for an autonomous
aircraft operating without the benefit of ATC supp§44]

Therefore, we shall conduct the multiple aircrafbidance test with only 3 aircraft sharing the saxine

space as the Snark.

Also, we will assume that the velocities of theseraft are different to each other, and would have

value between 400kts and 500kts, again simulatitgghaircraft travelling at typical speeds.

Although the algorithm is based on the 3D matherahtquations and includes the altitude and climb

rates of all aircraft involved, it has been resgricto finding waypoints in the horizontal (XY) pka

This is due to the fact that the Snark’s climb iateery low, as demonstrated in previous sectams
test results. It is preferable to fly to a waypaintthe same plane as it is always faster tharbatignto a
waypoint on a different altitude. This would alsmluce the possibility of infringing on differenigiht

levels.

One must consider test scenarios that allow fdiird &ircraft that enters the radars sensing ravigjie
the Snark is performing an avoidance manoeuvres ¢an be quite dangerous if the Snark’s current

avoidance path (or the waypoint) lies in the pdtthe third aircraft.
To demonstrate the working of the algorithm, wesidared the following scenario:

The Snark initially detects two incoming aircraftth at approximately 10kms distance and both dircra
have the same altitude (flight level) as the Snaikh no climb or descent velocity components, the

paths of the two aircraft were as follows:
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Aircraft Azimuth @) Heading 1) Velocity (kts) | Range (km)
1 0° 180° 500 10
2 -50° 120 400 10

Both aircraft are on collision paths, and thétime to collision) is approximately 31 secondsdacraft

1, and 41 seconds for aircraft 2.

The collision avoidance algorithm evaluates thehpat both aircraft, and it determines that a safe
waypoint exists within the time constraints, andttfe safe waypoint location is at x = -400m and-y

389.15m and it is located at a distance of 400.&®%y from the current Snark.

The coordinate values of the waypoint (x, y, andrg) all relative to the intersection point as expd
earlier. The algorithm calculates the total timedach that waypoint as 7.78seconds and as weeean s
in the figure below, that waypoint lies in the lawguadrant of the intersection where it is the esbs

safe waypoint to the Snark’s estimated locatiamifavoidance measures were taken.

Next, the algorithm calculates the heading andamglaequired to reach that waypoint from the cotre
position. Once the heading calculation is perforntled information is passed to the flight controlte
FLYTO mode. The Snark/flight controller would chanigs heading and speed to reach that specific
waypoint. While heading to the designated waypdim, flight controller checks if one of the airdraf
changes its direction, or if the Snark has readhed waypoint. In Figure 22, the blue dotted line
indicates the flight path of aircraft 1 while tredrdotted line indicates the flight path of airtéaf

Figure 22 - Avoiding two air craft
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To add a slight complication to the working of #wenario, we introduced a third aircraft (indicabgd
the green dotted line in Figure 23) that appeartherradar scan, as the Snark is changing its hgadi

reach that waypoint.

The flight path of the third aircraft is as follows

Aircraft Azimuth (@) Heading {) Velocity (kts) | Range (km)

3 1° 180° 450 10

This new aircraft has an approach CPA of 219m amc€A of 34 seconds as compared to the current

Snark speed.

As we can see, the path of the third aircraft woeltder the safe waypoint useless, as it lies tjrac
the path of aircraft 3. This new aircraft would sauhe program functions responsible for checkay t
safety of the current path to indicate that thénpaino longer valid.

Hence the algorithm would repeat the evaluatiorcg@se to seek a new safe waypoint or a safer path,

this time including the path parameter, range a@é Time of aircraft 3.

The paths of aircraft 1 and 3 are parallel, so algorithm cannot calculate any intersection point
however it can find a safe solution (another wagf)ddy repeating the process as above to find @&mor
suitable waypoint. The algorithm calculates fousgible waypoints for each pair of aircraft, i.e& 2,

1 & 3, and 2 & 3 and then the algorithm selectsrttost suitable one. If no safe solution exists gisin
that method, then it uses either the changing speagning avoiding processes to find a new wagpoi
location and a new speed.

In this case, the algorithm estimates that a newpwiat is required. In this case the new waypoint
requires the Snark to adjust its path and adope¢adihg of 81° to avoid a collision with this new

aircraft.

If the paths of two aircraft are parallel and dd imbersect (for example aircraft 1 and aircraft tBe
algorithm uses the turning avoidance process ciloul to find a way point to the left or to thehigpf
these two pairs of aircraft. In this example theypa@nt is one of the four points calculated arotmel
intersection point of aircraft 1 and 2 (please rédeFigure 23). This new waypoint was approximatel
800m away from the intersection point of aircrafarid 2, and it provides the best solution as ihés

closest waypoint to the current location of ther&na

The Snark required approximately 15 seconds toigr@dcollision, calculate a new waypoint, and to

reach this new waypoint.
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Figure 23 - Changing waypoint to avoid a third air craft

It can be seen that this algorithm is ineffectigaiast parallel targets. Therefore it is requireat this
algorithm is used in conjunction with the two paws avoidance processes (namely changing speed and

turning) to ensure a reliable operation.

In some cases, the algorithm will find a suitabbeypoint, but it requires an abrupt change of dioect

in excess of 90°, i.e. the new waypoint requires 8nark to turn almost immediately in mid air.
Although this might be achievable under certairtuwinstances, it would subject the aircraft to high
levels of G-loading (or structural stresses) whigmot preferred. Therefore the waypoints are also
evaluated according to the heading they requireekample if a waypoint requires an excessive chang
of heading it would not be used and a more suitalalgpoint would be used, even if the other waypoint

is further away.

Table 6 contains some further test cases of thibade

[ Arl1 | Ar2 [ Ar3 |dir WP1 (deg)|dwpl (m)| dir WP2 | dwp2 (m) |
(0, 180) = (-50, 120) = (-3,180) -88.4 400.15 -45 1020.8
(0, 180) = (-50, 120) = (3, 180) -88.4 400.15 -45 529.4
(1.5, 180) | (-50, 120) = (-1, 180) 41.43 1000.16
(-80, 80) | (50, -120) = (-4, 180) 0 2511.9 -45 1083.9
(1.5, 180) | (-50, 120) = (-1.5, 180) 41.43 1000.16 -45 1178.6
(1.5, 180) | (0, 120)  (-1.5, 180) -45 195.5 -45 878.2
(1.5, 180) | (0, 120) = (-178, 0) -45 195.5 -45 1050.8
(1.5,90) | (0, 120) @ (-178, 0) -45 565.7

Table 6 - Multiple aircraft test results
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In examining the third test case in Table 1Tabl¢h6, scenario indicates two aircraft approachirg th
Snark at comparable approaches to the firs casepewith aircraft 1 (blue dotted line) flying inpath

approximately 262m to the left of Snark heading.

The algorithm would recognize the collision scemand would calculate a safe way point that would
satisfy both aircraft at the following location: x 661.8m and y = 749.9m and is approximately
1000.16m away from its current location, and theypeént lies at a heading of +41.43° from the 0°

heading of the Snark. The Snark also estimatestthas 31 seconds to reach that waypoint,

Whilst the Snark is heading for that waypoint, waduce aircraft 3 (represented by the green dotte
line) to the scenario. We decided that aircrafs 3lying at a path of -1° of the side, and in opgos

direction to the flight path of the Snark.

The introduction of the new incoming aircraft woydcompt the algorithm to recalculate whether the
current path is safe. And in this case the cumpatth of the Snark (heading towards the initial wagp

of (661.8m, 749.9m) can also provide a safe salufay the new incoming aircraft with no need to

adjust the value of the waypoint, as can be seétigare 24. Thus the algorithm does not provide any

secondary waypoint into Table 6.

wLA

i

Figure 24 - A safe path isprovided by a single waypoint
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DISCUSSION

The test cases described in the previous chapteragi indication of how the program performs under

diverse circumstances.

All of the considered collision scenarios (espdgiahder the single target avoidance) have illurr@da
a known fact, that changing altitude as an avoidaneasure should only be instigated when the atrtic

separation is greater than approximately 280m.

As can be seen from Figure 25 below, the limitechicland descent rate of the Snark limits using this
type of avoidance manoeuvre to targets passingigirahe shaded zones as presented, although the
actual volume of that limit zone would depend oa titajectory angles of the aircraft (if it is inmb or

descent or at an offset horizontal angle).

The values presented in the figure are quoted asgutimat the Snark is travelling at an altitude abo
10,000ft (limiting its climb or descent rate to 3ex), a target detection range of 10km with thgetar
travelling at a speed of 500kts.

[120m

280m

Figure 25 - Safe zones during altitude change manoeuvr es

From this, it is safe to assume that changingualkéitto avoid a collision is perhaps the least used

manoeuvre throughout this experiment, as it cabacotlied on to avoid the more severe cases.

During the single target avoidance, it was quitackhat the two main methods to be used are: athging
velocity and changing heading. The most efficiemthod of the two is varying the velocity of the
Snark and increasing the separation gap betweemvtheircraft. The results show that it is the éasif

the two to deploy, and one can achieve safe dista@paration in less than 10 seconds.

As mentioned earlier, turning/changing heading jtes the Snark with a guaranteed collision

resolution, and a minimum separation distance tdest 400m.
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Both of these methods are flexible and can progidefe flight path even with targets that changé th
approach velocities. In the case of a turning dtlgor, a target has to change its direction intaratity

towards the Snark to cause another collision alarm.

From the test results, we can more or less deterthit TAs caused by targets approaching from head
on or near head on angles (approximately +15°)hef y-axis of the Snark are avoided by turning

manoeuvres, and targets approached from anglesa@irget40° can be resolved via changing velocity.

Some specific cases were noted that can be cresbsee so to speak by the two algorithms. For
example, the case of a target approaching from &ng°with a travel path of -5° (i.e. the target is
approaching the Snark from aft, and its travel gadb a slight offset to the left). In this casethbo
changing the velocity or turning methods can arltiresolve the situation. However, in some cades, t
algorithm requires the Snark to accelerate beytshidnaximum dash speed, and therefore changing

direction is required to guide the Snark to a ggbeint.

It is worthwhile to mention, that the target's spedf approach or the range of detection has a great
effect on the evasion process for a change of speateuvre than for a turning evasion manoeuvre.
Whereby the difference between upper and lowerutatied Snark safe speeds would increase as the

Snark’s distance to the point of closest approahehses.

This is evident in multiple target avoidance, whigreas noticed that increasing the target velotity
beyond 700kts (approximately 1300km/h) would raliijckmit the response of the Snark, and would

reduce the number of possible waypoints.

Initially, the program estimates the path of aliedted aircraft and then the algorithm calculatesfour
safe way points that the Snark can us to avoidlsion. However, we discovered that one or more of
these waypoints (depending on the approach angktseeds of the aircraft involved) will be too far
away for the Snark to reach at its current sped@. digorithm then calculates the velocity needed to
reach that specific waypoint within a time limitued to the least TCA of the two approaching airgraf

i.e. reach that far waypoint before the first @aftreaches minimum distance.

During the testing phase, we noticed that calaudpéi new Snark velocity would ultimately change the
geometry and the distances to that specific wayp@iithout affecting the equivalent values of the
other waypoints). This effect can be attributedht® fact that changing the velocity of the Snarluldo
affect the value of the relative speeds of theraftased in the time and distance estimation égpsit

as explained in section 6.5.

Whereas if we allow the algorithm to calculate avél velocity for the Snark for each waypoint, by
estimating the velocity needed to traverse acrossdistance to waypoint and dividing it by the time
required to reach that waypoint, this can resuteimarkable reductions in the times and travebhdist

to reach previously waypoints that were too far mw@ane example in the case where there are two
aircraft, with one approaching the Snark from aglef 0° (travelling at 180° at a speed of 500kis)

the other approaching the Snark at an angle of @&Velling at an angle of 120° at a speed of 4€§)0k

Initially the algorithm identifies 4 possible sgfeints, but the algorithm excludes one of thent &sat
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a distance 3300m away from the Snark and it woakkd 66 seconds to reach, such that the Snark would
never reach that waypoint in time and the timeetach that waypoint is calculated and it was thgdiar

than the least TCA time of 31seconds.

However, if we increase the velocity of the Snark aecalculate the relative velocity values used
throughout the algorithm, the time taken to redwdt point is reduced from 66 seconds to 31 seconds

while only increasing the velocity from 100kts t@214kts!

It is important to note that certain cases may apgangerous and without a solution while the Sigark
performing a manoeuvre. To fully explain this, gleaconsider the third test case of the multiple
avoidance tests (refer to Table 6). In this cage Shark is required to avoid two incoming aircraft
(aircraft 1 approaching the Snark from a 1.5° hegdingle and it is travelling at 180°, and aircéaft
which approaches the Snark from an angle of -Z0fetling at a heading angle of 120°).

The program calculates the locations of the waygpisnd selects a waypoint that is not on the phth
any incoming aircraft. However, due to the factt e appearance of a third aircraft 16 secones lat
(while the Snark was en route to the initial saf@ypoint to avoid aircraft 1 and 2) had caused the
program to abandon this manoeuvre because the anaadflight path the Snark was undertaking is

dangerous to pursue.

The astonishing fact about this case, was thatttnd aircraft passes to the right of the Snarlain

straight path, and the distance from that pathhto driginal Snark flight path (0° line) was 1464m
Furthermore, the Snark was required to changeod@ation by approximately 660m to the right of the
original path line, as that was the x-coordinatettef waypoint. This still left more than 400m of
separation between the Snark and aircraft 3. Howéve algorithm detected a collision scenario

between the two!

This was attributed to the fact that the algoritbstimated that if the Snark maintained its curoentrse
(while performing a manoeuvre), it would be in angerous situation as aircraft 3 would be heading

towards the Snark (refer to Figure 26) even thatdhd not presented any real danger.

This was remedied by modifying the safety checkcfiom to the algorithm when the Snark is
evaluating the suitability of each waypoint. Thisdified function would estimate the separation
between the Snark and all other aircraft while 8reark is heading to the waypoint (by using the
avoidance velocity and heading), and then it edémahe separation between the Snark and other
aircraft after it reaches the waypoint (by using thiginal Snark velocity and heading but adjustimg

location of the Snark to that of the waypoint).

Having done that, the third aircraft did not prasamy danger once the course was adjusted.
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Figure 26- Path estimation after reaching WP

It is perhaps important to note that whilst it ipr@-requisite to adhere to aviation standard araid
manoeuvres (the CFR 91.113 flight rules); howetherse rules may become impractical when avoiding
multiple aircraft (or multiple obstacles for thaatter). The differences in the applications of UAafsl

manned commercial aircraft would necessitate dafimew rules for low flying UAVs.
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CHAPTER 9

CONCLUSION AND FUTURE WORK

The main objective of this research was to devalvputomated collision avoidance system that can be
installed on an unmanned aircraft to enable itlyauh-assisted into non-regulated airspace. Thekwor
included the simulation of the key parts of thisgwsed system, namely the radar, the flight cdetrol

and the algorithm/collision avoidance unit.

The overall performance of the system has beesfaetdry, and the test results obtained for the
different avoidance actions have demonstrated ttatsoftware design concepts and the avoidance
schemes are correct. The system was tested urftenedt real and exaggerated intrusion conditions,
and under different aircraft travel speeds, at Whie algorithm performed with acceptable resulid a

was able to find a solution for all test cases.

From the results obtained throughout this expertmer conclude that changing the velocity and/or
travel direction of the Snark represent the mofitieht and safest avoidance actions respectively t

resolve single aircraft collision scenarios.

Also, to resolve collision scenarios with up toethraircraft, we showed that flying to specific safe
waypoints is the most suitable option, where thedaive of the algorithm would be to estimate aesaf

set of coordinates or a travel path to stay cléarlonited number of intrusive aircraft.

Although the results of this experiment have bestisfctory thus far, it would prudent to statettha
tests should and must be conducted under reatdifelitions. Furthermore, in order for this system t
gain the proper approval and the design to be diddgor phase 11l testing (select limited commarci

in supervised environments), the system must beifieddo take into account real-time applications,
signal delays, data transfer errors and delays;gssing limitations of hardware modules, and adso t

allow the system to be flexible enough to interfexdifferent flight controller and radar designs.

For future work, we propose that an avionics testesto be purchased, this should include a flight
controller unit, an SBC host for the avoidance exystand a radar system simulator. Almost all ag®ni

systems manufacturers provide such simulatorsraimdrtg solutions, although at high costs.

However this cost can be avoided if a joint ventisréormed with willing avionics manufacturers and

such algorithms eventually be installed on thestegm as an added option.

Perhaps most importantly, we must develop more tioatpd simulation models for target aircraft,
such that we can take into account aircraft tartfgtsare flying in a non-straight path, (turnincceaft)
and aircraft that can vary their travel velocitiail-flight. The purpose of this is to monitor thiéeets

of such occurrences and to evaluate the resuléfaylation errors on performance of the algorithm.
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Applications using UAVs may require them to fly ween multiple obstacles or between buildings and
may even see them travel in swarms for reconnaissan search and rescue purposes, all of these
applications would require the collision avoidaratgorithms to follow more flexible avoidance rules
rather than the rigid CFR 91.113 rules, that weigimeally designed for resolving collision paths fo

civilian aircraft flying on defined paths..
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APPENDICES

This thesis includes a CD that contains all the@gaode for the collision avoidance program (kibth
initial Matlab simulation model and the final siratibn C-code), in addition to schematic diagrant an
some selected results of test cases. To run theggams you will need a computer system equipped

with a Microsoft 2000 or XP, and running on an 8®xBentium class, or AMD class processors.

To run the executables, you will need to have aldbagnvironment for the Matlab files naturally, aand

Borland C++ environment for the simulation C code.

To run the C files, either create a new projectaur8briand IDE or use the existing Borland Projféet

(MultiAvoid.bpr), then compile, build, and finallpin the project.

Once the executable file is running, you will seeadar plot with the UAV in the centre, and an gntr
table on the right. There you can enter the vefpdirection, and azimuth and horizontal angleshef

approaching aircraft.

It is recommended that one tries some of the &st<listed through out this document to acquitilin

expertise with the code then the examiners carsdether cases as they wish.
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