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Abstract

The paper presents a description of the desaionale& deploymentof Unmanned Aerial
System developed by the students of Delhi Technological University, IBARUDA, a
modified Sig Rascal 110 R/C aircraft along with its Ground @brystem is capable of
performing autonomousi@iht & navigation simultaneously gathering actionable surveillance
data using opticatensors The systemncludescommercially available autopilot system,
Piccolo 1l for control & navigation with a custoneid imagery system capable of capturing &
transmitting high definition images of the hostile territory simultaneously processing it to
deliver actionable intelligence. The Ground Control Station (GCS) and the aircraft
communicate in real time to provide ustional awareness and safe and reliable flight.
Modular in design thentiresystem can be brought &dlying state in less than 20 minutes.
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1 Introduction
1.1 Mission Requirement Analysis

In the 10" edition of the Student Unmanned Air Systems (SUAS) Competitienteam is tasketb patrol
hostilearea to provide intelligence, surveillance and reconnaissanceifi®Rpation b US Navy SealsAfter

a 40 minute setup period, the aircraft must takeoff, navigate autonomously through preset waypoints and
provide imagery of targets on the ground. The flight and intelligence gathering must be completed within 40
minutes of takeoff. Aditionally, the UAS has been tasked to reilafprmationfrom a third party Simulated
Remote Intelligence Center (SRIC).

According to the mission requirement key

threshold& objectivesin orderto efficiently allocateé e a ragbusrces.

Parameter

anal ysi s, a

Threshold

Objective

(shape, background color, orientation,
alphanumeric, and alphanumeric color)

Airframe To make a more modular payload bay to| Make tricycle gear for autianding.
reduce cycle time like replacement of Structural reinforcements based o
batteries, easier switching of avionics previ ous Yy e andthis
without removing wings year's flight t

Autonomy During way point navigation and area Dynamic autonomy during all
search. phases of flight, including takeoff

and landing

Imagery Identify any three target characteristics | Identify all five target

characteristics autonomously usin
onboard processing

SRIC information
Acquisition

Acquiring the intelligence data wiith 5
min

Acquiring the intelligence data
within 1 min

Mission Execution

Less than 40 minutes total
Imagery/location/identification provided
at mission conclusion

20 minutes
Imagery/location/identification
provided in real time

Communications

Communicéon rangeupto 1 km

Communication upo 5 km with
redundancy

1.2

Table 1: Key Performance Parameters Chart

Integrated Master Plan Integrated Master Schedule

According to the defined & PerformanceParameted s Irdegrated Master Plan-Integrated Master

Schedule (IMP-IMS) approach was followed tface SUAS 2012. A Master Plan was developed for the year

foll owed by the formulation of a Masdgetres@icdseltdeu!l e t o
whole developmental procesass divided into thee stages.

Analysis: Shortcomings of the previous system were studied, and methods to overcome them were researched.
New design improvements were exploréddMaster Plan was prepared, catering to the KPP requirements and
all developmental processes welecked onthe Master Schedule.

Sub-System Development:Each subsystem was extensivelgstedin lab separately in order to verify its
performance. Ground testing was done to evaluatesgsiiem failure points which were subsequently rectified
before integation.

Integration & Flight test Evaluation: Finally, each sutsystem was imtgrated into the UAS as per thiaster
Schedule. Thorough flight testing was done to identify the behavior and performance of the complete system,
and necessary improvements watade.
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Aircraft Aircraft Fabrication

Autopilot

Integration Buffer Period
Imagery

Development

o _

Table 2: Master Schedule

2 Airframe Design
2.1 Overview

The airframe being used is an overhauled Sig Rascal 110, modified to adag
the system attributes and incredgmyload weight. The elliptical wings bear
strengthened spar and reinforced strut attachment point. The landing gee
been changed to tricycle configuration in contrast to the earlier used
dragger configuration for increased ground stability irdurtakeoffs and
landings. The fuselage has been made wider and longer than the origi
accommodate the batteries and increase payload bay accessibility.
propulsion system consists of a tractor configured Hacker A60 brushless

out runner motor Wich is used in coalition with a 20x10 Nylon propeller. Tk~
motor is powered by two Thunder power-d€ll 5000mAh LiPo batteries
connected in parallel. The structural integrity of the new airframe has been verified themegalground tests
and flighttests.The key Specifications of the air vehicle are listed below.

Parameter Specification

Figure 1: Modified Sig Rascal

Wing Span 110in

Empty Weight 18.7 Ibs

GTOW 24.2 Ibs

Propulsion Hacker A60 20x10 prop
Power 10s 5000mAh Thunder PowerRd
Endurance > 23 ninutes

Stall: Cruis: Max Velocity 21:29:60 knots
Payload Volume 580 cu in

Table 3: Key Specifications
2.2 Design Approach

The team assessed its performance in the | ast yearoés
to be worked upon. Since autonomous take and | anding were the primary
competition, it was decided to shift to tricycle landing gear configuration for increased ground stability at the
times of takeoff and landing. As an inherent problem with the airframe, the wiags be taken off each time

the batteries had to be replaced. So, the battery compartment had to be made readily accessible to decrease the
mean time between flights. To counter the aft C.G. issues which the team faced last year, the entire avionics
systan was planned to move forward itcreasethe static margin and increase the longitudinal stability of the

aircraft. The avionics bay also had to be made more accessible for better system integration which would greatly
reduce the setup time of the air¢raf
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With the problems thus identified, the team marked sdeye system attributespecific to the mission
requirements.

Parameter Objective |
Payload volume >300cuin

Payload weight > 6lbs

Static Margin 5%-20% (positive)
Turnaround Time < 5 minutes

Payload accessibility Increased

Table 4: Design Objectives

2.3 Airframe Development

The team considered other commercially available aerial platforms but none could olestthe mission
requirements. It was decided to stick to the Sig Rascal airfesntiee team had a lot of experience with it and

was satisfied with its stable aerodynamics. As it wa
objectives, it was decided to make a new airframe to suit the requirements.

Design modificabns made to the original fuselage on the Solidworks CAD model were successfully
incorporated in the fuselage during the fabrication phase. The widemsamcoque fuselage structure has
been reinforced using advanced compositethe critical regions. fle battery compartment has been enlarged
and also made accessible with a lockable hinged tog-ier glass has been used to strengthen the motor
mount wall and the battery compartmene structural integrity of the airframe has been verified with 8ver
hours of flight time.

G o

Figure 2: Fabrication Figure 3: Battery Compartment Figure 4: Motor Mount & Nose

Another major modification mad® the airframe is the shift tmicycle landing gear configuration. The nose

landing gear designed has a single wheel supported on both ead®itsjonal spring suspension. The motor
mountfrare pr ovi ded with the motor didnét allow much room
nose gear. Taddresshis, analuminumbracket was custom madedocommodate theose gear and theerve

driven steering mechanism.

The aft CG issue of ehaircraftwas successfully resolved by drawing the aviorsystemscloser to the front
section of the fuselag@he placement of avionics systems was initially decided uSitB which helped in
locaing the CG of the aircraft andhus assistingn computng static margin and imprang the longitudinal
stability of the aircraft. The positioning of the camera housing was optimized to avoid blind zones due to the
landing gearDue to this gimbal was moved further forward. This further improved the statigimair the
aircraft.

The externally accessible switbloard onthe side wall of the fuselage is provided waparate switches for
major avionics subsystems which aidsjuick troubleshooting. The avionics bay aperture jusbhthe wings
provides areasyaccesgo the system in case of minor isspaithout opening the wings.
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2.4 Propulsion System

The earlier used 1.9kW BLDC Hacker motor could not meet the ireni¢fagist reqirements of the air vehicle.
As perthe results obtained from Motocalc, a moteith a 2.4kW power rating was desired to propel the
airplane Based on past experienegth the rugged built and stable performance characterisfiddacker
motors, the 2.6kW BLDC L series eutnner was selected. Using two 10S 5000mAd#Phibatteriesn parallel
and a 20x10 nylon propeller, thestedendurance is more tharb Zninutes. Low vibration leveland minimal
acoustic signaturerereadded advantage.

2.5 Developmental Tests and Modifications

The performance characteristics of different propelleesewanalyzedn a staticEngine Test Rig. Thrust
variations with throttle were studied for 19x10, 19x11, 20x10 and 20x11 propelletiseacarrespondingotor
endurance wasnalyzed Based on these studies, the 20x10 propeller was
chosen.
The original SigRascal airframe suffered a crash due to the failure of the s
attachment point on the fuselage side wall, causing the left wing to snag-in
air. To counter this probleman aluminumstrip was used to connect the stru
attachment point, which effeggly nullified the shearingforce acting orthe
side walls of the fuselage. \
Drop Test was conducted on the new airframe by allowing the fully assembie -

. . . . . Figure 5: Strut Attachment
plane to fall from a height of 6 inchessing dummy load$or simulating the
payload Theairframequaified the test with negligible main landing gear deflection.

The airplane can be assembled in less than 8 minutes. The underbelly and the wing tip section are painted with
bright colors toincrease miehir visibility. With over8 hours of flight time and® successful attempts at auto
takeoffs, the airframe is ready for the competition.

3 Flight Control Systems
3.1 Overview

Learning from previous yearb6s system difficulties at
upgrade the Flight ControlyStem (FCS). This year, the teamusingCloud CapTechnologieé s Pi ccol o |
autopilot, owing to its better user interface, superior sensor integration capability and robust contraleis vis

the previous FCS. An Integration process with timeline wagvised, to enforce a systematic approfurh
incorporation of autopilotThis also helped in detailed description of all the tasks, thus improvingvtreall

resource management.

3.2 Selection criteria

Last yead systempresenteda lot of problems due tthe limited capabilities of theFCS. Some of the major
problems faced in the previous year were
1. Airspeed sensor integration: Default airspeed sensor was not giving reliable readings, so a workaround
was designed to integrad@ externasensor, which mathe system complex and led to unstable
performance.
2. Due to low praessing power ahe Ardupilot MegaAutopilot any improvement and modificati in
the source code was notssible.
3. The controller was not robust, and tuning of the autopitt a tediosi task.

As per the IMP/IMS and budget status, a detailed market research was done to decide upon the best suited FCS
formissionconstr ai nt s. Cloud Capédés Piccolo 11 autopilot w
minimum integration time andobust controllerEasier integration of the FCS allowed the teanadhieve

improvel flight characteristicsconduct more developmental teatsl focus more on the informatigathering

aspect othe mission.




éx{A?D TU
— " — Delhi Technological University

3.3 Sensorsand Peripherals

Piccololl uses a sidegree of freedom inertial measurement unit, global positiosystem, and air pressure
sensors to maintaimgood referencef the aircrafd attitude during flightThe adopilot system interfaces with
the aircraft through the use of a wiring harndged allows a single plug to connect the autopibothe aircraft.
The antennas and pitetatic probeare connected separately. The GPS antennaistedin the frontof the
aircraftwith maximumseparatin from the communicatiorantennas. A combined tBt-Static probeis mounted
240 o the left wings and several inches away from the leading edge wfrtgeo avoid the slipstream of
the propeller. Telemetry from the Piccolo is transmitted ove#he3Hz link to the Cloud Cap ground station.
A half wave antenna is used over quarter wave antasi@lemetry antenria improve its sensitivity

3.4 Integration Timeline
The integration process was divided into steps as per the Master Plan and time was allocated as per the Master
Schedule.

In-Flight Control testing
and evaluation
OctNov,2011 s B

«AVL model « Autopilot soft moun «lateral gain tunin
development *Wiring and layout

*Reading user

manuals : ) «longitudinal gain
« software simulation * Developmental test tuning
Understanding ~xeh|_cle parameter Onboard periphera  Navigation gains
: erification
Autopilot placement
Oct,2011 Dec,2011

3.5 Simulation

Simulation helped in basic understanding acdlimatizationwith the Piccolo Command Cent& CAD model

of modified Sig Rascal 110 was developed on Solidworks, which was used to develop mathematical model of
the aircraft using Athena Vortex Latticdsingthe mathematical modekhicle parametenseregeneragd and
analyzdin Piccolo SimulatarSoftware $mulationfor missionwas carriecbutto tunec o n't r galnd aad t® s
understand the autopilot behavior & limitations in a safe environr@setr 20 hours ofsoftwaresimulation was

carried out to tune all of the loops, except the airspeed ldopiever, these estimated gain values which
showed damped response during simulation when tested in actual flight experiments showed unsatisfactory
results. The mthematical model developed from the cad model was found out to be somewhat inaccurate
resulting in different gain performance in flight situation than simulation.

Bank Loop - Piocolko '2746

3.6 Control Law Tuning =

Dynamic tuning of control law involves
severe risk, therefore all thearameters
were chosen on the basis of software
simulation and engineering estimate from
flight experience.Time response graphs
were carefully examinetb calculate the
error margins for gains in order to keep
tuning process safe An Iterative
approach wa followed in tuning of gains

Bank [deg]

Figure 6: Closed Loop Control Tuning
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under its error marginslime responsgarameterdike rise time, steady state error, maximum overshoot and
settling time fordifferent control loopsvere computedrom the graphs and a stochastic tuning approach was
followed.

3.7 Gimbal Control and Battery Status Plugin
In order to detect the offset targegianbal control plugin was developed to remotely control gimbal positioning
Gimbal could be operated in three modes:

1 Nadir gimbal Values A @
2. Joystick Control joystick value 33217
3. Offset Angle angle 0

pulse 1500000

In Nadir mode gimbalis roll stabilized to point in downward
direction. Joystick control mode provides control through rem| ﬂ JOYSTICK
joystick. The operationmodeis easily switchable either from theI EEENG

buttons on the plugins or buttons on the Extreme 3d pro Joysj|| Avionics 17.4¥

T he plcadgwas degelopedusing Visual Studio 2005 and l Propulsion  33.0V

joystick interfacing was done usingli cr o s o f t B8BK. o=

The graphical user interfasgasd e si gned uQ@TiSDK Figure 7: Gimbal Control Plugin

The Pluginalsoindicatesreal timebattery voltageof the propulsion unit and avionisystemDANGER signal
is displayed whenever the battery level falls below a safe level.

3.8 Search Area Planning

A thorough mathematical analysig|as beendone in order to ensura minimum 15 % overlap between
subsequenimage captureanda complete traveal ofsearch arem minimum time

The focal €ngthd fofécamera is 28 mm aritie size ofthe CCDsensor is 24mm (vertically) X 36 mm
(horizontally). As the sensor size is less than 36 narfocal length multiplied kob1.3 was used.
.. QL
"OQEIWQQ0 ¢ OAI o0 Q

Where, d is size of the film in the direction measured = 36 mm in horizontal direction and 24 mm in

vertical direction

Fis the focal length = 28mm in case of Canon G10

Field Of View (in flight direction). 53.1

Field Of View(Horizontal): 36.9

To perform search operations with overlapping images it cadsulatedthat the minimum distance between
adjacenflights paths should be less than 50 m witle nominalground speebteing25 m/s ata capture rate of 1

image per4 seconds. These values were calculated keeping in mind the FOV of the camera and altitude of the
plane. To get overlapping images with maximum gaegjuality of targets capturedn altitude of 25@eetwas

chosen.

o A ¢ A B 01e A X, (6 51> ( ()N OYORV
0 Q¢ QEIBE@ 0 @NOQ A Q¢ &G a6 Qo6 RIQ -

SRy | o I B o (Y41 { ) o o X O TN
00 Qi dBNQO T Q¢ a0 Qo0 R c w'Q won od NDOH@®NDA ©QQ

Where Vg is ground speed
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ground speed =25m/s
Overlap=52m

I_;:';TE-"" "-"C‘.a;‘l
100m
76
Flying Height=76m m

FPS=1/4 o

Figure 8: Sweep Pattern Analysis

Different sweep pattern were triedring the flight tests andere assessed time basis of followingparameters:

1. Time taken to ceer the wholearea(in minutes)
2. No. of images containing targets /total images captured
3. Different targets captured

After 3flight tests an average was taken and continuous progressive wave pattern was found to be the best
among all the patterns.

Figure 9: Progressive Wave Figure 10: Regular Swee| Figure 11: ProgressiveCircle

Pattern Time taken tocover the | Images containing Different Targets Total
pattern (in min)  (-10 targets (5 points)  Captured (10
points) points)
Progressive wave 5 14 5 70
Regular sweep 4 8 5 50
Progressive circle 7 14 5 50

Table 5 Test observations and evaluation

4 Payload

4.1 Imagery System Design

The missionobjectives requireautonomous detection of scattered targets on the ground in a specified search
area. To achieve this, a roll stabilized camera continuously shoots images during the flight and stores these
images orboard. These images asenultaneouslyransmitted tdhe ground station using aireless link where
theseare processed through a series of algorithms to obtain useful information such as shape and its color,
alphanumeric character and its color, GBBScoordinates of the image and the orientation of the target. The
information obtained is finally displayed on the graphical user interface.
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4.1.1 Design Approach

|l mage Capture and: AThei smageny SpayEkEmad of ®thanaircra

oboaprdocesamd a wi fi rout er. The sdingilteala xd essgniermoal alli sc ohmy
which has been fabricated to provide inverse roll st
during the dad ioghthsertwed st,leatbh aanikredr afst mailcdrhesgaissm4 5 ndreg rsee
command from the autopilot is used to control the gin

Link to GS
o
o
Digital Camera

. == L 4

® Canon . v L

4

|

4

Groove SGHz Router

Figure 12 Onboard Imagery peripherals

Canofi0Ganon G10, the digital c atnmeemn ap eursfeodr nmiend tehxet rpermee
captured i mages had minimal Dblur, very good brightnes
same configuration this year.

/' YSNI wSIljdzANBYS ¢KNBaKz2ftR /' y2yn B2 LISNIASa

2 SAIKGY 50@ 39@

CARSf2F OASsY ~45Degree Hor|{53Degree Horizon
View usi Mgdnm al ens

/' YSNY t I NXYSGSN/Controlled th{Controlled By |i

[ I LJG dzNB { LISSRY 1Cl i ck Per Se(Approximately A€

{ Kdzi 6§ SNJ { LISSR 12000 Max:/ 4000

TabB8Camera Specifications

| mage AcgquTbeéetcaptur ed iomade®s Pame asBie@andd eES wvemsii o o
11. 04 which controls the camera @u@uamdneigmaage $yclketas aj
l i bgphotG® S| ichroardyj.oat €dr mr o nEPB&eVvhizeeembaerdeded i n atshe i ma ¢
EXItFa,gsso that the images acquireducidmgheei mapRred on a
Thesmageés are directly st osriendul a ratnoeaotudsdi ytStDe dC atrad tamed GQGrr
usiang ebuGEdiIWink cr eatRodudbeyr Gr oove

The 201ussBesatBadbrex das onboardhipclowcessoery simwitah to P
| ower hardwar e€ oanprafcihg@uwma tosfiom ghled tbwoa sd sho@mwpvu.ti exr Tabl e

i S tFyRF. 2 NR
Y |l mage Acqui sibtoia(l mage Acqui siti
i mage processing

/[ty 1 GHz Dual CAX e 1GHz ARM-ABort ex
Dt | Y 30MHPowe 5 8 R 540U None
w! ay 1Gb | ow pd»>RweM DD|51MB | ow power

/| 2YYdzyAOFGA2YY |[Et hernet and Wi F|Et hernet

Table Ohboard Processor Comparison Chart
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As cl ear
was nt ake

4.1.2 Image Analysis System

Once the images are

processing |ibrary did not have

crashed frequently. Thi s

fromMotahaas crhiaaht fPaamtckenscseo ra

acquired and
actionable intelligence tiondg htthg udgaBI
good memory manage:l

year the whol e

checi sion to upgr af

transmitted to the

dGheOmpeé lC\,0 dteh €

codeaswas por

templ ates and automatic memory dmamogemsrtabrle®uti nes, t

The i mageapgothasbimeegn descr ibbeddow n

Texture of the ground
flattened using mean shift
segmentation

Original Image

the flowchart

n

Salency Map of the Image

Mask created using
Graph Cut Segmentation

Segmented Imagesing the
mask formed

Histogram of color
distribution in image

Letter Extracted from the
image.

Distance Theta curve for
Shape Recognition

Figure 13: Imagery Analysis Flowchart
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4.1.2.1 Segmentation:

The image captured does nbobs. nAcasesali bppabwahst oc
based manual analysis for detection of salient ob
cut segmentation technique i s i mpl emented which

efficientolregsegmantobfifects from the background.

4.1.2.2 Color Recognition:
A color histogram i s tageg€e€lthaet ehdi gfhoers t e apceha kp oisns ithH ee
color of the shape and the next highestl |Ipebaagkr sin
representing the noise are ignored.

4.1.2.3 Shape Recognition:
Shape recognition d“sapenffoampdoashnwhareialy a ray
contour of the target and the correspoglenrngAdi st a

theta graph is plotted where r is the distance of
the relative distances and angles between these ¢
to robustly recodtgni,zeseméolcygehe,s @aind shapes 1|ike
has the advantage that firstly, it is invariant t

any false positives as a signature based approach

4.1.2.4 Letter Recognition:
Letters are first segmented using the histogram i

on scale and rotation | nikiaggpaancte sl.et tAerd arteacsoedg n iwaisc
i ndividual |l etterms ionfageisf fodr e¢rhte flentt eand 03 ated b
generated using these i mages. The image of the u

space and Ewuhdeirssthoomcae sits cal cul at ed betcwesenoft htehepo
Ei geemct ors of alEl getmet dret weresh iTédenearest to the
unrecognized | etter gives us the | etter in the ta
41.3 GUI
R TR e e L S S
i magesansferred fr,ome =" = — —
easy to use GUI wla s
cross platform 1ibra
i mage taken from the

Coordinates. Using t de
val ues extr aGPtIEMI H r T

focal l ength andt Fee

change Conr@m®awesn t

of t he i mage can =
autonomously analyze :

the right side of th t he

parameters suchanas C!
et c. The omenrnategr wiha
information to remov
submit the data. The submi tAgeeds chaydryaGUli s stored i n

an excel sheet which can | ater be shown to the judges
cue cards

12
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4.2 Simulated Remote Intelligence Center
4.2.1 Overview

This yearés mission statement ent ai Ithe Simblated Reen@tea b i | i t y
Intelligence Center to the ground statiéditer going through the specifications and logon procedures described

in the competition ruledt was inferred that this task could be accomplished ugiWg-Fi repeater or using

wireless network adapter witla router Wi-Fi repeaters being costly and heavier were discarded.
Conventiondly, one would use another routermake the systems independent of each ottiewever, a router

is considerably heavy, and would add more traffic to the 2.4 GHz band. Tsetaméhis problem, it was

decided to add a network switch, that weighs less than a router, and use the samdnfay link to

transmit the file to the Ground Station with minimum changes in the current system. THeabldipter would
connect to the SRICO6s Linksys r out-Eiadaagteucoulchbg passkde mi s s
through the imagery roet which would not be useful at that point of time as the target search would have been
over.This solution actually proved appropriate and reliable during the flight experiments which are described in

T

Wifi Adapter Network Switc 5 Ghz Router

I :

) 4

-] el oL BE

"

=

SRIC Router Ground Station
Figure 15: SRIC Information Flow Diagram

5 Power System Designand Layout of Avionics

The avionics power system has been designed to provide power to the avionics for multiple flights to ord
reduce the turnaround timé power requirements chart was prepared to study the power distribution and to
calculate the @l power required for the system.

Component Voltage level Quantity Total Power

Consumption
(watts)

1 Piccolo 11 12 1 3.6

2 Groove A5 Hn 12 1 4.6

3 Canon G10 7.5 1 5

4 Panda board 5 1 5

5 Netgear 5 1 2.5

6 D-ink 5 port switch 5 1 25

7 Rc receiver and multiplexer 5 1 0.5

8 Flight servogidle) 5 5 4.5

Total Power Requirement 28.2

Table 8 Power Consumption Specifications

The endurance of the propulsion system is 25 minutes which meant that the avionics power system should
sustainthe load for at least 40 minutdbge target endurance being 60 minutes. The avionics is thus powered by

13
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a 4 cell, 3.7Ah Lithium Polymer battery that gives us an endurance of 60 minutes. This particular battery
chemistry has been chosen for its high engogwyeight ratio. The battery power is stepped down to 3 voltage

l evel s: 12V, 5V and 7.5V using Castle Linkds progr
selective operation of various avionics systems and save power during setup.

Consideing that midflight electrical failure can render the aircraft uncontrollable, wire gaugebeam
carefully selected after studying the loads on various conductors. All wires have been now color coded, labeled
and laid out in an organized manner. Theewgauges have been selected as per the 100 circular mils per amp
thumb rule. The area obtained in circular mils was then converted to AWG values using conversion tables and
the next lower valuef the wire gauge was selected

Power System Flight Control System

Servos

==

Battery Elimination
Circuit

Imagery Payload

RC Backup Battery

Battery Elimination |
Circuits
Aswionics Battery i

Figure 16: System Description

Pandaboard

UGS Payload

=]

This year, there is added rgwlancy in actuator power. This helps the safety pilot to land theafainerthe
event of inflight avionics power lossThe actuator power is switches automatically to a backup source, when
the man battery fails

Netgear

Rc Battery

Switch

Rc Receiver
Pandaboard

Piccolo Inside Housing
Router

Camera Gimbal

. Avionics Battery

‘ Propulsion Battery

Figure 17: SystemLayout Using CAD
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Component layout has been changedivi ew of the static margin of the ai
team. All the components that need to be accessed frequently are now moved under the avionics hatch, so that
the need to remove the wings periodically is eliminatedth@detup ime is reduced.

6 Communication Systems

Last yeards communi cati on s yFsowens thatdransniited telgmety fandt wo 2
imagery respectively. Sindgbe RC link was also at the same band, the increased traffic in the 2.4 GHz band

causé a lot of problems with the imagery chanmwethich was the link carrying the most data.

To correct this, this year Imagery link has been moved to the 5 GHz band. Not only does this reduce
interference, but it also gives the imagery link a greater bankwidiis has reduced the image acquisition time

to 3 secondsSince the Piccolo Il has its own Communication link, the need for a separdierbViter has also

been eliminated, thus saving a lot of weight.

7 Ground Station

7.1 Mission Control Centre

MCC conssts of a laptop running Piccolo Commang
Center and other electronic equipment, all retrofitt
into a single case called Portable Ground Statio
Development of Portable ground station grea
reduced the setup time from 30 maith the previous
systemto less than 5 min with thaddedadvantage of
avoiding wire clutter around Gund Station The

modularity of the portable GS ensures that all t
components stay together, and are not left out du
transportation.An additional display screen installe
allows real time mission and flight characteristi
display for spectators and also works as exten@@eg™ N
workspace in case required. This station is also use@to & :
acquire information from SRIC during the mission. Figure 18: Ground Station Case

7.2 Information Gathering station

IGS consists of twdnigh performance laptops running image processing software developed in house. Alternate
images are processed on each laptop which was done to reduce the overall processing time to achieve the whole
mission in 20 min flight time. The images are autonompaslalyzed to present actionable intelligence to the

US Navy Seals.

8 Mission Planning

Mission planning is crucial for a safe and successful flight test day. Detailed and careful planning is necessary
for smooth & comfortable running of flight test.

Flight Mission planning& execution is divided into 4tages according

Preflight In Flight Post Flight

Setting up Flight Ground Station Set up | Attaining flight goals Post flight checklist

goals

Detailing of flight Assembling Airframe Monitoring flight Airframe strictural

plans characteristics verification

Flight Simulation Performing Prédlight Analyzing telemetry data | Post flight DeBriefing
Checklist

Role Briefing & In Safety checlup by Data analysis

Lab Checklist safety officer

Table 9: Mission Planning
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A detailed role allocatio& communication protocol amongst the members is imperative for any successful and
safe mission executiowith minimum time expenditure. With a lot difght tests observations and proper risk
assessment, role of each crew membeslacked down andmproved upon with further flight experience.

8.1 Role Allocation

8.1.1 Flight Director

Being the core decision maker, his responsibility encompadeesoping flight plan, ensuring mission
completion with least amount of risk to personnel and propanty smooth flighoperations. The flight director

is regularly updated by MCC operator about flight characteristics and diagnostic telemetry dadia and
commands MCC operator for any changes in flight plans. He confiithssafety officer and wingman before
taking flightcritical decisions like takeoff, landing or switching to autopilot.

8.1.2 Mission Control Center Operator

The MCC operator [ans and deplog the aircraft for a specifinavigationplan andconstantly observethe

flight characteristics for any possible risk iaih may lead to crash. He alsoresponsible for analyzing all the
diagnostic telemetry data and monitoring all the flight characteristics simultaneously conveying the same to the
flight director at regular intervals of time.

8.1.3 Imagery Operator

Interacts aly with MCC operator for any kind of setup or troubleshooting issues and notify him after setup
completion. His primary task is to analyze all the images for information and check for false positives. Another
important routine task is to retract the ldrefore landing and notify MCC operator after all the images are
retrieved from panda board.

8.1.4 Avionics technician

The avionics techniian switches all the avioni@nd communicates with mission control cerdperatorfor
preflight tests and troubleshootingde checks for any loose connections and excessive heating in the
components.

8.1.5 Airframe technician

The arframe technician is responsible for integration of the air vehicle, structural integrity and ensuring that
everything is tightly fastened to theafme. He also notes down the velocity and direction of wind and conveys
the information to wingman. He also performs all the preflight checks from airframe end.

8.1.6 Wingman

Wingman stays with the pilot during the flight and interacts with him regardingitie. fHe has the authority

to call off the mission in case of an emergency fiasmalo b s er vati on of air cflightt t 6s
director Wingmancloe | y moni t or s rahroughduithe dighs ant eoimraands the safety pilot to
shift to R/C control & soon as any erroneous behaigoobserved which may lead to crash. He also disconnects
battery after landing.

8.1.7 Antenna operator
He points the antenna to aircraft during flight

8.1.8 Safety Officer:

The primary role of the Safety Officex to ensure the safety of the crew, aircraft and the spectators. Considering
that the job entails a rigorous sequence of safety checkpoints, a detailed account of the job is given under the
AiSafetyo.

9 Flight Testing & Evaluation

Flight testing is very crual and themost time consuming phase of the IMP/IMSith progressivelymore
flight testing experienceeamwasable to improve upon the safety rimats, identify and mitigateidden risks,
optimize the communication protocol and professionalize the wimidsion execution procesA. series of
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developmental tests were carried ouvesify the calculatedlight plan parameters, ascertain communication

system robustness and determine i mage acdugoousti on an

flight testing schedule was developed after studying eaclsystbmintegrationplan & masterschedule.

Control Lateral Tuning | Longitudinal Waypoint Auto- Auto
Tuning Tuning Navigation takeoff | Landing
Imagery Camera Optimum Real time code run Buffer Fights
parameters Altitude Sweep pattern analysis
selection selection
SRIC Altitude estimation | Testing and evaluation
F- Flight Day Table 10: Flight Testing Schedule

9.1 Autonomous Navigation

Keeping in mindall the risks associated with autonomous flight, proper flight tesscaede developed that
outlined the procedure to tune the givamnitol loop. Such a procedure was rigorously followed for all the
control loopsFor examplea closed loopbank tuningest cards shown below
I TakeOff and climb to approximately 30@d altitude
Remain in race track pattern and verify avionics functionality
Disable all control loops except Bank Loop
Set Bank angle command to O deg& Engage autopilot ON for 5 seods
Disengage autopilot & bring plane in upward wind position
Set Bank angle command to +10 dsgf Engage autopilot ON for 5 seconds
Disengage autopilot & bring plane in upward wind position
Set Bank angle command to +20 degg Engage autopilot ON fob seconds
Disengage autopilot & bring plane in upward wind position
Set Bank angle command b0 degee& Engage autopilot ON for 5 seconds
Disengage autopilot & bring plane in upward wind position
Set Bank angle command 120 degee& Engage autopiloON for 5 seconds
Disengage autopilot & land the plane

=4 =4 =4 4 4 -4 -4 -4 -4 -4 -4 4

A total of 330 minutes of autonomous flight has been achieved so far. Aircraft has been flown autonomously in
winds of up to 12 knots.
A comparison chart between previous year system & this yeansysis been shown below:

2YGNRE {2a0SY nwmmieadsSy Hoig @ 3G SY

byl 'y3atS ¢2tS|1@eg 5deg

'f GAGdzZRS ¢2f SN} |30 m 2 m

2} @LRAYG ¢NJI O]l A|[Not defined 5 m

 RILISSR ¢2f SNI yO/ Not defined 3m/ s

I dzéie2t 1S hT¥ Not defined 8 s ucctetsesniputls a

Table 11: FCS Parameter Staistics

9.2 Autonomous Takeoff

Autonomous takeoffs has been one of the most challenging tasks according to the fight test crash records
because the chances of failure are higher, and failures from this part of the messtonalised the most
damages. A total of 8 autonomous taifes have been successfully attempted. Initially due to rough airstrip,
ground tracking was madequate which led ttakeoff abortion Subsequent tuning mitigated the error in
tracking. Data fronR/C controlled takeoffs was examined in order to get correct elevator deflection & air speed

at take offs. The analysis proved instrumental in determining correct rotation angles.
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9.3 Optimum Altitude for SRIC Objective

The optimum altitude of loitering ovehe UGS enablesuick link establishment and loiter radius ensures a

reliablecommunications link with the SRIC. The minimum flying altitude was first calculatéallas/s to give
a starting point for experimentation

The minimum radius of turn withdeaatefactor of safetycalculated was0m.Using he GPScoordinate of the

SRIC, and the stated antenna beam wi@@8 degrees), the minimum height to be inside the beam cone at all

times during theorbit was:

5 08 O6BHMID O 0, Q¢ "@ao00 1 & I'Qb NQ0 |
V] € aooono 0 & e E s s
006 QMQUODE "Pa Q

p Wap T

To find out the best height a test was conducted in which the orbit over the simulated UGS was done at different

heights and the time taken to transfer a file was natetl #me. After the test it was found out that the flying at

240feetyielded best results.

Time
Taken
in Sec

10 Safety

Safety is of paramount importance for any UAS operation. The team strictly follows a set of rules to ensure the

safety during operatiaof the mis#on. Theestablishedafety measures have been a result of crash analysis and
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Figure 19: SRIC Altitude Estimation

learningfrom the 21 flight tests conducted this yearhe @fety officer plays a key role and is-iharge of
overall safety of the flight crew members, spectatorsta@dtompéte mission execution.

10.1 Crash Analysis

Learning the hard way is heart wrenching but it has taught the team a crucialadgliglot i.e. importance of
safety. As with any other aviation sector, crashes have led us to find the obscure loopholes in siestesa &
ways to plug them. The team has suffered 3 major crashes. The first one waflighiniding fold due to a
heavy gust. Post flight analysis revealed weakening of thefaelage joint due to modification in the aircraft
to accommodate the gimb&econd crash was on the fourth auto taieattempt. In this attempt the elevator
deflection, during takeff, was increased as a result of which the aircraft pitched heavily beyond its stall angle.

As a consequence, the aircraft crash landed befganiag RC control. Thus the stall angle and maximum

elevator deflection was practically confirmed. In the third crash, pilot experienced a momentary loss of control
surface effectiveness which took the plane into a spin. However at last minute pildilevés jast balance the
aircraft thereby reducing the damage. Post flight analysis showed a loose throttle connection which was held

responsi bl e
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10.2 Role of Safety Officer

Safety officer maintains a checklist to make sure that all the safety checks have been performed. All the safety
proceduresre devised as follows:

Check # 1

The safety officeperforms Air Worthiness Test Procedure (AWTP) as follows:

He confirms that the respective departments have completegtiedlight safety checks.

Airframe Checking of all the mechanical fastenefsthe aircraft, inspection of the surface of win
and fuselage for puncture or other damage, movement of control surfaces, smooth
of motor.

Avionics Checking of RC control test, control surface trims & deflection test, battery voltages,
connections and components, working of individual components.

Flight Working of autopilot bypass switch, pfiight control surface test, GPS heall

Control communication strength, inertial sensors verification, airspeed and altitude verification

Check# 2

Flight Critical Tests:

Wing Tip Test | The aircraft is lifted from the wing tips as a structural test and to check the CG.
Range Test The range of the transmitter is checked on the ground which should be atleast 300ft.

Check # 3

The Go/No-Go criteriaare checked to ensure safe flying environmeBARUDA shall not fly under the
following circumstances:

If there is any precipitation

If there is an approachirtgunderstorm.

If the visibility is less than 2 miles.

If GPS lock fails or communid®n link strengthis less than 80 percent during initial setup.
If there is any perceptible damage during taxiing or other ground operations.

If range test fails beforé00 feet on the primary R/C link with full system operational.

If control surfaces shw glitches.

If winds exceed 13.5 knots.

If another vehicle is in air above the runway

Check # 4

Once the all the above three checks have been performed, the safetyioffioeis the flight director for
readiness for takeff. On clearance for takeoffom flight director he theglears the runway for takeff.

His role during the flight is to observe and ensure safety on ground. Post flight, he runs his safety checks which
includes check for any structural damage incurredaidnics shutdownSafey officer is also responsible to

carry a first aid kit and fire extinguisher.
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10.3 Failure Mode Effect Analysis

Based on past failures and possible risks experienced from several flight tests, a detailed FailurantModes
Effects Analysis (FMEA) approach wamployed to devise Risk Mitigation Protocolkt® followed by flight
crew during flight tests.

Code Blue

Code Yellow: Mission continues; Manual override

Code Red

: Mission continues; Fully autonomous

: Mission fadyEmergency Landing/ Spiral drive

Failure Mode

Telemetry link loss

Indication

Link indicator turns red

on MCC

Image acquisition
system fails

Communication Link
failure or panda board

malfunction

Recycle the router

R/C link failure

Actuator response
time increases

Mission control
computer crashes

Computer hangs or
shuts down

Step 1

If link les than 60% ,
switch to manual and
troubleshoot
communication system

If link between 60%
and 80%,mission
continued

N/A

power, if link
establishes within 3
min, mission
continued

Emergency landg for
imagery troubleshooting

Telemetry link
unreliable ,
emergency
landing, mission
stops for
troubleshooting

Automatically shifted
to RPV using autopilot
link, mission continues

R/C link established ,
mission continues

Shift to R/C
meanwhile backup
computer brought in,
mission continues

Mission control computer
ready, switch to auto,
mission continues

Avionics or
propulsion battery

Indicated on PCC
plugin

disintegration

level unsafe

Motor Continuously falling
cutoff/battery airspeed and/ or
voltage low altitude

Component Falling debris, erratic

behavior

Imagery Termina
Crashes

No output on screen

Battery level below
unsafe level,
approximate flight
time 4 min left
Chances of motor
cutoff, switch to

Battery level below
danger level, Shift to
Manual and emergency
landing

N/A
manual emergency
landing
Emergency Landing; N/A N/A

Mission Calbff
Flight continues;
Backup terminal
brought in

N/A

Unable to hold
altitude/enters in
no fly zone

Switch to manual,

mission continues
Adjust the control law
gains

Altitude or position
error observed on MC(

Table 12: Failure Mode and Effect Analysis Chart

Problem persits,
manual override
mission continues
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11 Conclusion
The 202 competition entry marks the implementationfolfy autononous system n t he teamdéds UAS
first time in 3 yearsSafety,reliability andmodularityweret he main focus of. teamds desi

Through extensive flight tests and mock drilBARUDA has been shown to be a reliable system capable of
flying an autonomous surveillance mission that is both safe andpkigbrmance. Safety amgliability has
been of paramount importance which has been ensured in every agheanigsion

Validated with successful flight tests and over 330
of successfully achieving all the mission regments.

The team is confident about the systembs performance
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