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Abstract
Although various tools (e.gWind tunnels, Professional-grade CFD packages,
Industrial Grade Flight Simulators, etc.) for aid in the development of fixed-wing
UAV/UASS exists, the associated high costs and skills requirements stunt adequate
development work for many students, researclaas even prospective businesses. The
aim of this thesisherefore, is to present investigations of effective modelling
techniques, improvement of simulation fidelity, exploration and demonstration of
alternative simulation and modelling approaches. The approach taken in conducting all
the relevant work factored in the use of free and openly available tools and code to
provide solutions for higher fidelity simulation anbdelling without reliance on the
traditional expensive methods. MATLAB/Simulink has been utilized to develop a 12
state, 6 degrees of freedom simulation. A scaled down Remote Control model aircraft
(FMS SkyTrainer 182) and a widely used commerciattwftshelf (COTS) simulator
(X-Plane) was used to demonstrate alternative modelling techniques. Techniques to
improve X-3ODQHYV PRGHOOLQJ DQG VLPXODWLRQ ILGHOLV
demonstrated. Processes for improving aerodynamic lift-modelling ifgoutse
MATLAB/Simulink codes are outlined. Application of the free and open source XFLR5
program for supplying better aerodynamic/stability/control data for modelling is
demonstrated. The work undertaken in all the aforementioned areas collectively
establish an approach to simulation and modelling of small scale fixed-wing
UAVSs/UASSs that improves simulation fidelity without the reliance on expensive

facilities or software solutions.
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1 Introduction

From the moment the Wright brothers realised the-lmreydue dream of mankind to

fly, humanity has come up with countless mutations of¢lésation of that dream. Not
only did mankind learn how to make a craft take flight like a tirdwe alsolearned a

lot of different ways to do so while simultaneously finding new reasons to do so. In that
guest, we ended up designing crafts rangiogfhelicopters all the way to spacecratft.
Besides learning to move ourselves from one point on this planet to another, with that

knowledge, we managed to put man on the moon.

Despite it being seemingly counterintuitive, humanity has simultaneously edeaim
severing the bond between people and these flying mackinesanity wagjuick to

realise a range of advantages of flying machines that didn't require being manned.
However, until the recent advances made in the electronics/computer industry, hot muc
could be done about this dream. Moore's law came to the rescue of humanity, and
finally the necessary hardware for such automation became available. This started the
quest to developmallUnmanned Aerial Vehicles (UAV)/Unmanned Aerial Systems
(UAS), lealing to the present day where we discovered a wide range of applications
ranging from hobbyists flying them recreationally to military and scientific research

applications.

As the global market for UAVs keeps growing, the demand for better and more
improved systems is growing too. One efficient way to meet that demand is through the
optimisation of existing technology to synthesise a new one. While this approach has
resulted in wide scale development for muitior UAVS, the same doesn't hold troe f
fixed-wing designs. Despite being efficient fliers that are capable of outclassing multi
rotor designs in range, endurance and payload capacity, etc., their development and
adoption has suffered through a range of complications that require the atténtio
researchers in the field. While the development cytlegular fixedwing aircraftis

well studied and understood, much of the methods and tools utilised creates problems
with accessibility Thatrequires the identification of areas where such im@ntents are

possible.



1.1 Context
Despite considerable progress made in the autonomous system developmeste rim
times, there is an obvious asymmetry in the adoption of fixed designs. While
multi-rotor designs have been adopted widely and in large exsidy various interest
groups (recreational, commercial, scientific community, military, etc.), the same cannot
be stated for fixedving designs. Even for the academic/research focused demographics,
who are in a relatively better position for developmeotk, it is significantly harder to
work on fixedwing designs. The following are some majballenges
x Problems with Flight Tests.
x Control Systems implementation problem.
x Lack of much needed available data on various Aerodynamic and
Stability/Control paameters.
x Inapplicability of existing research methods/procedures to small autonomous
platforms.
x High demand on developer skills due to interdisciplinary nature of the systems.
x High demand offinancialresources due to the expensive nature of various

traditional tools and methods in the Aerospace industry.

The core problem can be better appreciated by considering the difference in the ease of
testing of both fixedving and multirotor designs. In prinple, a multirotor drone can

EH IORZQ RQ D UHVHDUFKHUTY GHVNWRS LI QHHGHG 6
system as various system configurations are being tested before any outdoor fully
autonomous flight tests are considered. The situationded-fving designs is

dramatically different. Unlike muHiotors, fixedwing designs generally need to be in a
constant state of motion while maintaining certain orientations in space to avoid a stall

potentialy resulting in thedestruction of the platfon.

The flying characteristics will depend on the aerodynamic behaviour of the aircraft
which is not known prior to the test flights and data collection. Even if an attempt is
made to use traditional teflight procedures to obtain this data, the lackkifled test
pilots combined with the hardship of carrying out tests dedifprehumancontrolled
aircraftwith typical control methods adds agherrisk of potential failure. These

problems are exacerbated by the typical s@stoated control surfaceovements that



these fixeewings rely on. There may be no practical way of providing all the desired
control inputs during the test fligehould the control authority be outside of the input
range availableThe consideration of environmental factag (wind) which affect the
dynamic behaviour of smadicale UAVs much more than ftdcale humaipiloted

aircraft only serves to complicate the process further.

Traditional experimental means and procedures for estimating much needed
aerodynamic datae(g.Wind Tunnels) are both expensive and inaccessible for many.

Not only are these resources difficult to access and utilise by prospective researchers in
the developed world, they are often unavailable entirely in many parts of the world that
are economicajlless advanced here are computationtiiid dynamics (CFD)

simulation methodsas an alternative bthis isboth resource and skiltkevelopment

intensive.

Thedevelopment of such aircrathereforeyequires a highly intedisciplinary

approach. As a result, specialisation in every relevant domain is not a reasonable
presupposition. This means that while it is possible to explore relevant literature to
develop a research methodology, it may ultimapetywe unfeasible for many potential
researchers and developers. While the development of more accurate and sophisticated
tools and methods serves to aid in the work undertaken by existing researchers, it does
little to recruit more minds from a wide ranggfields of interests to contribute to the

overall development and utilisation of such fixgshg platforms.

While there exists various means of modelling and simulation methods which can help
address these problems greatly, these models and simsittte@nselves rely on

advance knowledge of the previously mentioned aircraft parameters for good fidelity.
All these aforementioned challenges require the exploration and development of
methodological processes that are better suited for small autonomxexhgiing

aircraft. It creates a demand to find alternatives to the traditional approaches that can

address these problems in ways that do not reduce accessibility.



1.2 Aims and Objectives

The primary aim of this research is to explore and develop accessithieds for
modelling and simulation of fixediing UAVs. The success of this study relies on the
following objectives that need to be satisfied:

x Comprehensive literature review on modelling & simulation and
analytical/computational methods for obtainingaglgmnamic, stability & control
parameters of fixeaving aircratft.

x Utilise common and widely available software and hardware tools for
simulation/modelling work with an emphasis on free/ogenrce solutions.

X Explore and appragsindependent simulation ancbdelling tools.

x Identify the limitations of each tool/method andwa#opimproved solutions to
overcome any transformation, formatting or integration issues.

x Construct muiple and independent modedshulations of a target smadtale
fixed-wing airframe.

x Conduct a range of appropriate tests on the models to aid in the creation of
aerodynamic and stability/control datasfetr the target airframe.

X Integrate the discrete and distinct toahgthods and techniques into a
methodology that can be followedl convert readily available smatale fixed
wing aircraftinto highfidelity models/simulations.

x Testfly the physical fixeewing target airframe to obtairalidationdatato tune

the simulation models

1.3 Contribution of the work

This work develops more accessible and systematic way of modelling and simulating
smallscale fixedawing Autonomous Aerial Vehicles. Traditional means of aerospace
modelling & simulation are reviewed and the challenges of applying them to such
smallscalevehicles are highgjhted. Existent alternative solutions are reviewed for their
limitations and advantages. A methodical approach, emphasising the use of simpler
tools and techniques, free/Opsource software, custom code, common and widely
used software platformstc., isproposed to address the aims and objectives of this

research work.



The challenge of unavailable geometric/inertial modelling data for such readily
available smalkcale airframes has been addressed with a systematic measurement
approach relying on these ofsimple and accessibteols and techniques. This research
shows that the techniques applied do not have any significant impact on the subsequent
important modelling and simulation work. The unavailability of essential low Reynolds
number aerodynamigata has been tackled with an approach involving the utilisation of
free/opensource software (e.g. XFLR5) and ppsbcessing techniques leading to the
creation of useful aerodynamic datas&he data obtained proved useful for
stability/control analys which enables better control system design. This way of
obtaining the data also permits flow visualisations informing performance/safety
analysis which replaces the requirementafaiind tunnel testing phase. The systematic
process of starting with thmeasurements of the smatlale airframe and ending with
invaluable aerodynamic/stability & control/performansedocumented and

demonstrated within this research in detail.

Challenges regarding the lack of integration/documentation of various common
simulation platforms are addressed in this research. The application of these tools, for
accurate modelling & simulation dfeflight dynamics and performanoé such small

scale airframes is not well documented in the published literature. This resieawsh
thatby following the specific steps taken to address the identified limitations, it is
indeed possible to transform a popular simulation platform foistidle aircraft (e.g. X
Plane) into a useful platform for high fidelisgynallscale fixedwing vehicle

development. With further development and integration of freely available parameter
estimation code, it is shown that conventional flight tests can be conducted on this high
fidelity model,yielding key stability performance characteristics of sheallscale

aircraft prior to any highiisk airframe hardwar#ight test Part of this work also led to

the validation of freely available software tools for performance prediction of typical

power plant and propeller combinations.

The afoementionedanalysis and data habeen utilised to demonstrate the
development of 42 state 6 degresf freedom MATLAB/Simulink simulation of a
target airframe, leveraging freely availabenplates and their extensidn this

research, a systematic process ofgraéng the aerodynamic and stability/control



characteristics oh smallscale fixedwing aircraft into a widely usegimulation

platform (e.g. MATLAB/Simulink) is demonstrated via the ussiafiple ancaccessible
software packages ardsociatedustom oding. The difficulty of representing the
differing aerodynamic behaviour of random airframes, requiring their uniqgue modelling
parameters, has been resolved. A method has been developed to allow for aerodynamic
data of any target airframe to basilyported into the developed MATLAB/Simulink
environmentThe challenges of accurate visualisation of complex airframes and its
impact on the simulation architecture and/or ¢@stebeen resolved. Alternative
techniques have been developedtercomehe challengeof complex airframe
visualisation without the use of the existing resource intensive simulation visualisation
tools. This has been successfully tested with the developed simulation environment,
demonstrating full functionalityand thus eliminating thneed focompleXexpensive

simulation architecture.

The suite of simulation/modelling tools and techniques outlined in this thesis
collectively comprise aomprehensive methodology for the modelling & simulation of
smallscale fixedawing Autonomous Aegal Vehicles.Furthermore, this method

addresses thehallenge of accessible and kmwst solutions to develop
simulation/modelling tools that are freely available to be used by researchers operating
both professionally and recreationally. At the timevating, there exists no such

published methodology.

1.4 Publication

Khan, M., Alboul, L. and Paotts, J., 2020, May. Development of Tools and Methods for
Autonomous Fixedving UAV Research. In UKRAS20 ConferenceS RERWYV LQWR W
UHDO ZRUOG  ppBBIHERSRQUKRRAS Network.



2 Literature Review

2.1 Fixed-Wing UAV Dynamic Modelling

In principle, the stability and control of fixeding UAV/UAS platforms are no

different than that of the manned aircrafts. The difference primarily lies in the @ay th
principles are implemented. Considering the fact that a UAS platform may even be fully
autonomous, without any human guidance, the stability and control issues then become
perhaps the most important aspect of the UAS. Any progress in this matter ageessit
grasping the dynamic behaviour of the UAS platform. In the following subsections,
known and effective methods of derivation and implementation of such models from the

literature are explored.

2.1.1 Coordinate Systems

The position and orientation of tla@craft needs to be represented within the simulation
unambiguously. Any attempt at such localisation and description of state highlights the
importance of reference frames and methods of conversion between two different

frames.

BODY AXIS STABILITY AXIS WIND AXIS

NOTE: G, # Lift

Figure 2.1 Three traditional axis systems (based on Raymer et al. [1][2])



Although thereareno issues with usingustomcoordinates systems, the traditionally

used systems, such as in Fig@rg, haveproven to be useful in many different contexts.
Virtually all mathematical tools presented throughout the literature that's at our disposal
will end up referring to one of these traditional systems. There are three most common

axis-systems used for airdtanalysis L]:

Types Details

Body Axis System The body axis system is perhaps the most intuitive one. T
X axis runs along the fuselage while the Z axis points
upwards. Lift being generated perpendicular to the wing
direction results in inducing pradhs with this systemt].
That's due to the lift/drag direction variation with the angle
attack of the aircraft.

Wind Axis System This system tries to resolve the shortcoming of the Body 4
System by orienting the X axis with the direction of the
relative wind. One inherent problem of the system is that
yawing makes the airplane unsymmetrical about tie X

plane [L].

Stability Axis System | This system is a compromise between the former two whg
the symmetry is preserved by not making the X axis offse
the yaw angle despite the same alignment as the Wind A
System.

Table 2-1 Comparison of traditional axis -systems

The calculations for the aerodynamic forces and moments acting on the aircraft are done
relative to a frame of reference. The motion of the aircraft itself, based on Newtonian
equations, are captured relative to a frame of retereAny on board sensors such as

GPS, Airspeed Sensors, etc. operate within their own reference frames. Any higher level
control inputs (flight course, loiter, etc.) will presuppose its own reference frame. Due

to the types of shortcomings pointed outtia above table, no one coordinate frame is

used as the standard basis for all calculations. Instead, whenever information is to be
shared between modules of the simulation with different reference frames, matrix
rotation and translation is utilised tora@rt from one frame to the other. This approach
resolves the issues arising from inconsistent reference frames while exploiting

MATLAB 6LPXOLQNYY HDVH ZLWK PDWUL[ PDQLSXODWLRQ



2.1.2 Rotation Matrices

0_ 1.1 0 .
kK°=k P, i°
Figure 2.2 Rotation of frames based on [3][4]

The two different frames (Frame 1 and Frame 2) depictédyure 2.2are considered
for the derivation of rotation matrice8][4]. Frame 1 islefinedby E&*and G'and
Frame 2 iglefinedby E&°and G. The point P, which is a vector depicted by the red
line, can be represented in either frames as depictéidune 2.2 The relationship
between these unit basis vectoBd*, G' & & and G) can be represented thghu
rotation matrices. For example, we may derive the value’ as follows[3]

L5 L 4,°L4 [Eq.2.1]
In the above equatiofEq. 2.1), 43stands for the following rotation matrix that takes us

from Frame 1 to Frame 2:

L.'a ece@ v [Eq.2.2]
4 eFecd ..'a ri
r r S

The righthand rotation about the y and x axis are represented in a similar fa3hasn [

follows:
..'a r Feca [Eq.2.3]
42 er s rooi
ecea T ‘a
S r r [Eq.24]
4 & ‘a  ecal
r Fecea ‘a



These righhand rotation (ofd matricegEq. 2.3-2.4) are utilised to keep the vector P
constant while shifting to a new coordinate frame. Rotation matrices can also be utilised

to rotate vectors within a fixed frame of reference.

-0 4

J

k° i
;0

Figure 2.3 Rotation of vectors within a reference frame  based on [3]

Similar determinations can be achieved via theHafid rotation of a vector about an
axis. For example, iRigure 2.3 the vector p can be rotated about Bexis within the
frame. The components of vectors p and g can be defined as {8J@Ws

L.."aEOQ; [Eq.2.5]
LL mLe<¢aEOG:;(Q
r
M... ® [Eq.2.6]
ML mMe < 0 g
r
Based on the trigonometric identitied, [the vector p is expressed as follows:

L...'a... "8 FLecoaec® [Eq.2.7]
LL mLecad..."8 EL... &% <*Q
r

The vector {EQ.2.7) can be obtained via a ldftand rotation of the vector g about the
G'axis. This implies that it can express the relationship between the components of
these two vectors by using the same rotation ma#gx §sed to go from Frame 1 to
Frame 2But due to a rotation aroundet G axis in the reverse direction, the traose
of the rotation matriXEq. 2.8) is used instead].

k4,50  eF s <?a B 2 i’ 1F 28]

r r S
This expresses the relatiship between p and q as shawrEquation2.9.

LL k4,50 M [Eq.2.9]
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captured within the simulation in the form otdirectional rotation othe aircraft about

every axis. Operationally, it can be expected to have misalighnments between the

aircraft's frame, the direction of incoming wind and onboard sensors. All of that can

have further misalignment of their respective frames with any mapfoisgdidance

and navigation. The complexity arising from that can be resolved via this technique of
matrix rotatiofi3][4][5][6] . Such use of rotation matrix in the literature by Beard et al.

allow for a good solution to the problems of reference framesusrtered in the

development of appropriate flight simulation modelling of fixeidg platforms as

detailed in the subsequent sections.

2.1.3 Reference Frames used for simulations

Figure 2.4 Depiction of curved earth and spinning earth (left) and flat and stationary earth (right)

For the sake of simplicity, certain assumptions are made before defining the Reference
Frames used in the simulat[8h Two such noteworthy assumptions are:

x Flat Earth: Assumption of zero curvature of the surface of the Earth over the

operational range of the simulated aircraft.

x Stationary Earth: Assumption that the Earth itself is not spinning.
On top of reducing mathematical modelling complexity and computational resources
required for the simulation, this frees up resources to be allocated to other factors that
impact the overal accuracy and precision of any guidance, navigation and coktrol tas
In practice, engineering limitations can render many highly accurate mathematical
models not only useless but a waste of resources. For example, proper modelling of the
effect of wind[7]and accurate estimation of states that cannot be measured/degctl

sideslip)[8][9] is going to impact the fidelity of the simulation to a disproportionately

11



higher degree than the curvature of the Earth or it's spin. Considering engineering
limitations, errors in measurement, errors in estimations and stochasdicelated
factorg10][11][12], it seems unjustified to devote resources to modelling factors whose
impact on the overall mission is going to be relatively insignifacnt and buried within the

noise of the other mentioned uncertainties.

Coordinate
Systems

| 1 1 | 1
Inertial Vehicle Body Fram;d Stability Wind Framg
Frame (Y il Frame (( ©) ((9 Frame (¥ )

B \ehiclel
Frame (€9

B \ehicle-2
Frame ((¢§

Figure 2.5 Tree depicting coordinate systems and their relationships

As illustrated in the above picture, a range of different coordinate systems have been
considered from the literaturg][3][4][5] and utilised fothe construction of the

simulation. Via matrix rotation and translations, it is possible to derive and/or deduce
one frame from another by following simple matrix operations (rotation & translation).
This allows for easier handling of the operations witil\TLAB /Simulink. Once the
necessary rotation matrices are defined, they can be used as functions anywhere within

the simulation.
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2.1.3.1 Inertial Frame

it(north)

F! >
j*(east)

N
k(down)
Figure 2.6 Inertial frame based on [3]

This is the coordinatsystem originating on a fixed point on earth withlighned to
the north andlijaligned to the east directions. Ti&axis points vertically down into
the theoratic center of the earth (down). The Inertial Frap§eg the most intuitive and
generally found as the most widely used coordinate system due to it's
simplicity[3][4][5] .

2.1.3.2 Vehicle Frame

1¥(north)

j¥(east)

FU
e

k¥ (down)

Figure 2.7 Vehicle Frame based on [3]

The Vehicle Frame (% can be derived from the Inertial Fne(( ‘)F simply by placing
the origin of the frame at the center of mass/center of gravity of the ajigi{«f[].
However, for possible misalignment, it can be rotated to have the axis of the aircraft

align with the axis of this fram@]. Which is shown in the next two frames.
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2.1.3.3 Vehicle -1 Frame

i¥(north)

Figure 2.8 Vehicle -1 Frame based on [3]

Vehicle-1 Frame ( ¢ is deduced from the Vehicle Framg®(, by rotating theEaxis
until it coincideswith the heading §) of the aircraft such thaE%oints out the nose of
the aircraft while F° points out the starboard wirig][4][5]. Since this rotation is about
the vertical axis,&° remains unchanged fror@ except for it's label. This
transformation is a right hand rotation and is done via the use of the same rotation
matrix (Eq. 2.10) shown as follows:

ASS L AEDD=J @ KP=MBANKBAE?RBAE?HA(N=IA [Eqg.2.10]

The notation format her@e from Beard & McLain (2012) ange the subscripiy to
indicate the desired fnae to rotate and the superscriBtindicates the frame to which
should be rotate[8]. Which in this case is a right hand rotation from the Vehicle Frame
to the Vehiclel Frame. The magnitude of the rotation is the quarditis such the

rotation matrix(Eq.2.11) can be easily derived to be as follows.

, L@ eced Y [Eq.2.11]
4°:8; L eF o<od  ...‘® ri
r r s
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2.1.3.4 Vehicle -2 Frame

s
Figure 2.9 Vehicle -2 Frame based on [3]
The Vehicle2 Frame ( ¢9) is derived similarly from the Vehicl& Frame( ¢ by
rotating (¢° E\ WKH S LW BK ThiQrdtatidn takes place about tF&axis such
that 8 still coincides with FF2after the rotation and continues to point the starboard

wing as beforg3][4][5]. For this case, a similar approach as before and uset#tion

matrix in Equatior2.12.

..'a r Feca [Eq.2.12]
488 L e r s rooi
ecoy T ‘a

2.1.3.5 Body Frame

|
|
|
|
|
|
|
|
i b

Figure 2.10 Body Frame based on [3]
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The Body Frame (f) is derived from the Vehicle frame (( ¢9) via a right hand
rotation through the roll angl&[3]. The rotation makesﬁf’pass through the starboard
wing and G@pendicular to that (pointing down) while maintaining the origin at the

center of mass/center of gravity. The rotation mg#iy. 2.13) for this is as follows

[[3][41[5]].

i S r r [Eq.2.13
A%:6; L @ O e
r Feced ..°0

Vehicle Vehicle-1 Vehicle-2
Frame Frame Frame

Figure 2.11 Transformation of Vehicle to Body frames through Rotation Matrices

One of the strengths of this breakdown of frame to frame transition is that it explains the
transition from ( %o (C?n a more intelligible manner. This is because the sequence of
rotations involved to go fron{ %o (éinclude the rotations described by the matrices

used to go from( %o (**and (¢*o (¢®. Following the general conventiod][5][6],

therefae the frames may be transformed frqfio ( ©[3] throuch the following

rotation matrix in Equatio.14.

i S r r .'a r Fe<ea ...'®@ o<
49:0&®, L .8 e<Bier s rieFeced ...'@ ri
r Feced ...'@®@ eced LA r r S

[Eq.2.14]

After the matrix multiplication, thigields the same rotation mitas found in the
literature[3][4][5][6] and can be expressad shown in Equatio®.15.

49:0 88 ;
LA 'e R TR Fecoa
Lececeq... @F ... @e<cod ecofecoqecedE ... ‘@ ...°0 ecef. . ‘a&j
@<y 'O Eeceieced . ‘@ecqecedFece) .. ‘' ...‘G..‘4
[Eq.2.15
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In the Methodology and Results sections, the underlying mathematical models and
simulation details for the aerodynamic forces and resulting moments are shared. Those

calculations are carried out on the StabilitgrRe (( .

2.1.3.6 Stability Frame:

Y kb

PE
Figure 2.12 Stability Frame based on [3]
The Stability Frame (¥ is derived from the Body Frame ? by rotating about thef®
axig3]. Instead of using a right handtation, a left hand rotation is utilised to
accomade the need for the angle of attactq be defined as a positive rotation about
P E¥rom this new framB][4][5]. As stated earlier, this frame is important as the
alignment of the airspeadbctor (& and E&xis allows for the aerodynamic calculations
to be carried out. Therefore the Htinded rotation matrix is utilis¢d] and write

down the rotation matri}n Equation2.16.

] N S PV [Eq.2.16]
48U, Le r s r i
FecU r ...'W
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2.1.3.7 Wind Frame:

L kS =k

Figure 2.13 Wind Frame based on [3]
In later chapters, the modelling of the sglg and the aircraft's dynamic responses
relative to the oncoming airflow are discussed. This is an important consideration and
was modelled to factor in and capture the sideways travel or translation afitheai
as it attempts to move forward. The angular displacement of the headinglifside
angle) there is referredtoas 7KLV QHFHVVLWDWHY WKH WUDQVLW|
( (¥ to the Wind Frame(®) and it can be achieved with ease via atrlgand rotation
about the vertical3®*L G axis by the amount [3][4][5]. Therefore the rotation matrix

is asshown in Equatior2.17.

) S [Eq.2.17]
45> L eFece> > i
r r S
Rp(a) RY(B)

Stability

Frame

Figure 2.14 Transformation of Body to Wind Frame through Rotation Matrices

Similar to the the transitional process of Vehicle Fraffefo Body Frame (‘3, the

Stability Frame( % in this case can be used as a step to the conversion of the Body

18



Frame(( ©:into the Wind Frame( ®). That once again yields the same rotation matrix

as within the literaturg3][4][5] (Eq.2.18)for such conversions.

) P IR o SR Y N G P Y [Eq.2.18]
48 =&, L eFece> ... '> ri€e 1 s r i
r r s FeclU 1 ...'W

After the matrix multiplication, the rotatiamatrix can be written as Equati@i9[3].

) LR e ecel [Eqg.2.19]
48::é>;LeF°<0>,_,‘L;J . Fecesecoli
FeceU r e

This not only allows for a frame conversion from the Body Frame to the Wind Frame,
the same matrix and use of it's transpagky, ;! can be used to convert frames the other

way around if needed.

2.2 Aerodynamic Characteristics

Wind Tunnel
Testing

Analytical I
Prediction |

Flight Testing

Aerodynamic
Characteristic

Aerodynamic
Characteristic
Aerodynamic
Characteristic

Figure 2.15 Three approaches to the derivation of aerodynamic characteristics

UAS
Geometry

It is possible to deduce the parameters needed for the aerodynamic characteristics of the
UAS platform through multiple method$3][14]. Methods such as WinTunnel

Testing and Flight Testing of the actual UAS platform can provide valuable data at the
cost of a lot otechnical expertiseggsources and tim{@5][16][17]. As such, for this

research, the Analytical Prediction route was explored for conveni®afteiare

packages like the USAF Digital DATCOM , XFLR5 anePfaneenable, at the very

least, some working estimation for these paramgt&fl9]. Once the stability and

control derivatives are obtained, a more accurate MATLAB/Simulink model can be

created.
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2.3 MATLAB vehicle system modelling

Equations of
Motion
Forces &
Moments
Atmosphere

Actuators
Dynamics
Sensor
Modelling

Figure 2.16 Components of usual vehicle system modelling

The identified modules of the overall system design can be easily realised through the
XVH RI WKH $HURV S D FHMXMIOABFIUHNWEE. EORFNV LQ

phi, theta, psi
phi theta,psi
omega|—————»( )
»{F, M) omega

W,(I'Ed.l'ﬁ] p|omega v omega_dot ——— : )]

omega_dot

o Fat DoMbe[ ()

DCMbea

F du jdt | ot
g xol—— ()
e
»|F_ (N
WD)

X_Z_(m) -l XeFe

8 (rad) | theta

U w {mis) L Ab » -

o
Go—w—a B M N-m) Ab
M o alpha, beta |- ————————#{_ 6 )

2, "
A_A(mis?) | AxAz alpha beta

alpha_dot, beta_dat

300F to 6D0OF alpha_dot,beta_dot

Figure 2.17 3 degree -of-freedom Euler block [20]

A block such as the one portrayed above can be easily utilised to analyse the
longitudinal stability characteristics of the UAS as it allows us to implement the
equations of motions of the UAS platform. As long as the aircraft is stable, there is no
reason why itannot be extended to implement a 6 DOF (6 Degrees of Freedom)
system. These blocks however require that Digital DATCOM or some other means of

supplying the stability and control derivative are ustj[R1].
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Figure 2.18 Integration of aerodynamic block and other blocks [20]
Digital DATCOM block integrated with Aerodynamic Forces and Moments bld}s [
In a very similar manner, Simulink allows us to model the other aforementioned
modules of the systemush as the actuators, sensors and atmosphere as depicted in the

following image.

Figure 2.19 Depiction of actuator modelling implemented  using Aerospace Blockset [20]

Simulink block integration foactuators, environment and sensor modellg@ [
While these functionalities of MATLAB/Simulink are widely used, they come at a
premium and are not as accessible to those under financial constraint. However, the

standard package does include the abilitmtmel similar blocks with similar
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functionality by the use of MATLAB functioblocks and S-unction blockg22][23]. It

is possible to create these blocks and run them both compiled or interpreted. The S
function blocks also have promising potential béadbr integration with existing code
written in the C languag4]. The downside to this approach is that it requires that the
researcher provide the underlying mathematical models and setup all other block related
configurations themselves. This higjtits the need for proper mathematical modelling
discussed in the next section.

2.4 Mathematical Modelling

While applcation of the simulation toolslescribed in the Methods and Results
sections) for the constructions of the various models of the FMS d@@{tairframe)
requires a mixed approach, it is important to understand the underlying mathematical
modelling and their theoretic foundation. Accurate dynamic modelling of a UAS
platforms demands appropriate insight into the structural and aerodynamic
chaacteristics of the platform. There are three popular approaches to such modelling
[25] and they are:

X Firstprinciple modelling

x Grey-box modelling

x Black-box modelling
Due to the reason that blabkx modelling doesn't provide enough insight into the
system, only the former two modelling techniques are considered. Thgriirsiple,
aka the whitebox, modelling system takes into consideration the inertial, aerodynamic,
and structural propertig25]. The most popular systematic approaches knowrhare t
Lagrangian and NewteBuler methodsZ6][ 27]of achieving this. However, this
approach can be very detailed and therefore-tioresuming. One drawback of the
reliance on this approach alone is that validation can become very difficult as certain
aerodynanic parameters may not be easily obtained with accugjy2[7]. This
problem can be addressed through @yey modelling where we exploit actual
experimental data to derive accurate parameters for the specific UAS platform (FMS
182) [25]. This type of mdelling has gained popularity in controller design approaches
due to its accuracyf].
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flight test experimentation and as such the research appraachelyfirst on the First

principle modelling and only improve on that with Gileyx modelling once

appropriate levels of simulation testsd actuaflight tests are completed. Until that

stage is reachethols discussed earlier, such)Xa$lane remainthe substitute for any

such flight tests.

2.5 Various modelling considerations

The equations of motion for the UAS platform can be arrived at from the Newtonian
laws of motion. The second law implies that the resultant forces on the platform can be
equated to the derivative of its momentuf: [
i @ .. [Eq.2.20]
I (L E)]iS ;
Where F is force, m is mass and v is spiay 2.20). Similarly the resultant moment

on the UAS platform can be stated as the time derivative of the angular momghtum [
] @* [Eq.2.21]
| L —
/ @ P
Where M is the moment and H is the angular momerfiom2.21). At this point, if
certain assumptions about things like:
x Symmetry Plane of the UAS
x Constant mass of the UAS
X Rigidity of the UAS platform
x Inertial reference plane

can bemade, we may derive the important rotation matrix equgkogn2.22) which
helps us transform between axis systems while providing us with the body angular

velocities of the UAS]9].

s r FOEJa [Eq.2.22]
4L a ?KOOGOEJO?K
rr FOEJG?KOOG?K

2 66 [Eq.2.23]
e3i L 4N®
4 36
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This is done in the same spirit as detailed in the section describing the Coordinate
Frames. R is the transformation matrix whife D @aBe the Euler angld&q. 2.23).
Derivations of the force and moment equations based on these principles are presented
in the following sections. It is important to note that due to the reasoning provided in the
section describing the Coordinate Systems usedintgertantto get theaxis systems

and any translation between the systems right. Not to mention that depending on the

number of degrees of freedothe representation of these equations may change.

Once the determination of the parameters are made, methodological appoaaches
exploited to determine the State Space models for the B@E31L][32] leading to the
potentialdevelopment of autonomous guidance, navigation and control systems for the

fixed-wing airplane.

2.5.1 Longitudinal State Space Model

The Roskam method may beed B3] to generate the perturbation equations under the
assumption of straight and level flighd@. M &7L Néwith the following set of
equations (EqR.24) as:
@L FCa..'¥fEE::QE:(,QE: UE:
75sUF 75880 FC & <& E < QE < UE < UE <, 8 <
all 1 ,QE/{,QE/ UE/{ UE/ {E/ saE/ |

[Eq.2.24]
This can be ravritten in the State Space formatsmwn in Equatio2.25.
s r rr @
r :7sF<g r r. B
fr FI ¢ s rJ fMS
r r r s a6
i:éE:ié X r FC...‘#E,DQ I,: o
LTS < /s F <4 FCecoig KerEA<DK%?
VeElj, | EI;j /4 r N i N
I r S r ca 1,0
[Eq.2.25]

As long as the dimensional derivatives for our UAS platform (FMS 182) are known,
they can be entered into the above equations and this should permit further utilisation of

these models for the future development work for the autonomous control.
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2.5.2 Lateral State Space Model

In a similar fashion to the determination of the State Space format for the longitudinal

case, the Roskam meth[88] can be followed where the dynamics can be represented

with the following set of equations (E2.26) as shown below for steady and level flight
(LL 6% LA 64 NL 8@ NL 37

7sUE 7588 Co...' B E; UE;30% ;:0%; UE; G
OF #837L . UE .6 ;0. U E. §
3F 61 0 UEO; UE0;6%E 0580 U EO,

Bi Bi
#3 L — =JO% L —
d te % Ti
[Eq.2.26]
Just as before, this may be transformed to the StateeSprmat (Eq2.27).
(s oror #§n’|‘6
Tr S r I 0%
Troor 75 r (g
F&E r r sdpN®
1; : r .ré E:!'_ ! YF)U
1 I\IO. ~ r r ~
L +. : : AfjE! . M h
T4 C... ’qf?, ) 1aF751|(‘|UJ | ’YN%
Oz r 0 EOj 0 oN jo 0,0
[Eq.2.27]

As required for the longitudinal case, if substitutionhef dimensional derivatives into

the above equation is done, the lateral State Space model for the targetifigddAS

(FMS 182) can be obtainedowever, there are some key factors of consideration

which leads to producing some drawbacks for the State Space method. They are as

follows:

X
X
X

Such State Space madlileg is simplified linear modéng.

The coupling effects between the longitudinal and lateral dynamics are ignored.
Rotation of the earth is ignored due to the use of the HEax#éd BodyFixed
coordinate system [43].

The linearizabn may force an assumption of constant thrust.

If full state outputs are not available, simulation of any navigation mode may
become impossible.
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2.6 Parameter Estimation

Parameter Identification/Parameter Estimation involves the methods used for the
estimaton of stability/control derivatives and behaviours from flight da&{ R7][34].
9DULRXV GLITHUHQW PHWKRGY UDQJLQJ IURP JMOOLVW
WR .OLHQYV F33BB6YErl[BXtd/thdfi@ltV/Ied to the more systematic

approaches widely adopted today. Further developed approaches emerged from the

works of Baek 39] who successfully derived the parameters of a Jetstream in the 90s.
While the methods typically used were developed for processing data from actual test
flights of fixedwing full-scale aircraft, there is nothing in principle that would st®p

use for the small scale fixaging UAV like the FMS 182 (the target airframe).

Many of these available approaches have resulted in establishing a field of stady of
own. The complications and complexity involved results in hardship in successfully
implementing them. A simpler approach is considered by M{iBéhto determine
mathematical models from flight data. The two following parametric mgiel.28
2.29)for analysis of longitudinal dynamic modes of fixethg aircraft can be obtained
from Mullen [34].

e M S Eq.2.28
dan_qé |aCPMCEE, ® [Eq.2.28
@ T ThT Q \T/ [Eq.2.29

f%'-flé\éé\ivl'\ﬁfp'ffl

a6 r r s a |

The first model is for the reduced form of longitudinal state space model of the short
period mode of the aircrafivhile the larger model underneath is the full order form

[34]. The terms u, wg and aare forward velocity, vertical velocity, pitch rate and pitch
angle. The dot accent implies the time derivative of these paramBigtbe elevator
deflection. The remaining parameters are all stability derivatives in dimensional form.
While the apprach is simpler, basic understanding of flight dynamics is presupposed as
the process of starting with flight data and ending with the above equations populated
with estimations has steps that if not performed properly will render the results
unreliable. Adling to that is the fact that ultimately these methods are analytical

approximations and will have their own degree of uncertainties involved.
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Although the example MATLAB implementations of this simplified version are written
in old MATLAB format and wee not meant to readily accept the data from modern
external simulation platforms (eg-Rane), the MATLAB implementation is promising

for potential development to make it work for the purpose of this research.

2.7 Mathematical models for MATLAB/Simulink im  plementation

The approach to modelling all the Forces and Moments acting on the aircraft discussed
earlier is too simplistic for producing simulations with reasonable degree of fidelity.
Luckily, there exists sufficient amount of derivations of ¢élgeiations discussed earlier

in the forms that are more usable in MATLAB/Simulink modelling. The following
derivation of useful mathematical models are standard published sets of equations and
formulations used for the kinematics and dynamics modellinxedving aircraft
[2][3][41[30][33][50] [5Y[52[53|[54][ 55][56][57]. This derivation based on the

literature is presented in the following subsections relating to the mathematical

modelling.
2.7.1 Aerodynamic Forces and Moments
The forces and moments acting theaerofoilare based on the dynamic pressure

(—Z 6&9 acting on theerdoil. These forces and moments are measured at the

aerodynamic center of tlaerdoil.

S, Eq.2.30

(s s €8°5% (=a-250
S, Eq.2.31

(caod = 68°5% (-2
[Eq.2.37]

S, 6
| L~ é8°5%

The derivation proceg8] starts from the general expressions for aerodynamic lift, drag
and momenfEq.2.30-2.32). S represents the platm area of the wingerdoil,

% %{ % are nordimensional aerodynamic coefficients and c represents the mean
chord of theaerofolil [3] These forces and moments are then broken down to their

longitudinal and lateral components and modelled appropriately.
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2.7.2 Longitudinal Forces and Moments

The d/namic behaviour and motion of the UAV in the pitch plane is a factor of the
longitudinal component of the aerodynamic forces & moments acting on it.
YXQFWLRQDOO\ WKH DQJOH RI DWWDFN . (BgossFK UDW
on to havehe greatest impact on the dynamics of the UAV on this pEwven though

these equations are ntinear in nature, we are able to arrive at a linear approximation
XQGHU WKH SUHVXSSRVLWLRQ RI PDLQWDLQLQJ WKH D
the arflow over theaerobil remains attached and is lamina#4]. The general first

order Taylor series approximation of these equations can therefore be wr[8gn as

o . ? ’ Eq.2.33

(rudey é%°54 E % UE %,—5 ME %, (5 [Eq.2.33]
S X ? " . 0

(xa0d- ¢ €&°5, E %, UE %, — ME % (h [Eq.2.34]
S ) ? " . 0

| L—té&)65’:tP/g’ E % UE%U?ME% _(h [Eq.2.35]

The %, %.and % are merely the respective lift, drag and pitching moment

coefficients for the condition wherd L ML Uy L r. The factor6$ is introduced into
|

the equation to simply make the g term dimensiorl&gsdn this Taylor series

approximation representati¢iq. 2.33-2.35), within the literature, the terms dealing

ZLWK . DQG T DUH FODVVHG DV WKH VWDBA® LW\ GHULY
referred to as the control derivatives. The fixeidg in use as our target platform

excludes extremmanoeuvresr acrobatic dynamics and as such the flight envelope

only includes steady and stable flight mechanics. As such, within the relevant flight
envelop, this linearization approach with the assumption of low angle of attack can be
argued to capture the dynamsiof the UAV appropriately. Therefore almost all

complications of modelling from unsteady airfltaghaviourcan be ignored except for

the stall characteristid8].

2.7.3 Lateral Forces and moments

[Eq.2.36]

[Eq.2.37]
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J L—:" 6&°5 94 Ud aNapd}; [Eq.2.38)

The aerodynamic forces and moments acting on the UAV on the lateral plane are
responsible for both rotational and translational motions along that [R5 7]. The
VLGHVOLS UROO UDWH S \D¥=U@vate th&primdiy OHUR Q
and most significant contributof3] to these forces and momerits Equations2.36-

2.38, Brepresents the lateral aerodynamic forces acting on the[BJAVhe moments

arising from roll is represented witkhnd the Jrepresents the moments arising from the

yaw. In the same manner as before, the equations are ling@jiz&tis results inhe

type of formulation presented later in the methods section.

2.7.4 Propulsive Forces & Moments
(69 L 2122082282 acamcaoPancand [Eq.2.39

Beard et a[3]. utilise the following derivation of the formulation forodelling of the
forces and moments caused by the power plant. In order tafsirtii@ modelling
process of the thrust generated by the propeller and the associated torque, the following
are assumed:
X The trust produced by the propellers acts only aloadtdy axis of the UAV.
x The propeller is perfectly efficient.

In Equation2.39, (g, represents the thrust produced by the propeller acting along the

body axis. 5; 5 5 is the area that the propeller sweeps out ¥g; is an aerodynamic
coeffident of the propeller and they are both constants. These values need to be
measured or estimated by analytical means. This translates to the determination of the
thrust force by the difference in air pressure ahead of and behind the propeller
(%acae800F 232cag0a) URP % HUQRXOJNEETY HTXDWLRQV >
%5mcaoba B 68° (Fa-240

S, Eqg.2.41
2aeaccaplbia E_t €8540 ¢ [Fq ]
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The 8 s (igrm(Eq. 2.40-2.41) stands for the velocity of the air right aftee propeller
has acted on it. It can be further simplifi&tt). 2.42) by ignoring the complications of

any transient response and therefore arriving at the following lexgaessior3].

8eile Gacakd [Eq.242]
2.7.5 Gravity
r [Eq.243
BLer i
e
B L 498 [Eq.2.44]

Modelling of gravitational forces has the simplest f¢&hwhere previously stated
rotation matrices are utilised to convert from one frame to ar(ddueR.43-2.44) while
retaining the basic descripti@s the product of mass and gravitational acceleration on

earth.

2.7.6 Moments modelling

H [Eq.2.45]
g I LIKIAIJRQGaaxiaoKIAIRQraprEd KIAIJR®ssu,
J

As done for the forces, the same approach totsgether the combined mamts
acting on the UAV is taken (E.45-2.46). Therefore, we can express the total

moments as follow3].

, , > > . )
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1 . > > . . N
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[Eq.2.46]
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2.7.7 Dynamics and Kinematics

La - Q [Eq.2.47]
—@%_L@i L 4§ HRI
@R, S

Via the use of rotation matrices, position values and the veleettyrs of the airframe
are relatedEq.2.47). The formulation then becomess®wn in Equatio2.48[3].

Lo
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[Eq.248]

The same type of formulation can be used forttigp), pitch (@), r (yaw) rates and

their derivatives. This is shown in more detail in the section describing the Simulink
modelling methods. More details on thé@sdividual derivations are available from the
source literatur@2-4][30][33][51-58]. There are variations and different formulations.
Since the templates from R. W. Beard and T. W. McLain were used for the Simulink
work, the derivations and formulationsepented by them are highlighted for
pertinenceThe formulations they present are also highly useful for transcribing to code,

which is a necessity for modelling and simulation work.

2.8 Aerodynamics, Stability and Control Parameters

Modelling process of aXed-wing aircraft relies on accurate information on various
parameters about the aircraft relatingtsaerodynamics and stability characteristics in
general. This is evident from the large number of such parameters the previously
mentioned sections anathematical modelling and Aerospace Blockset (Simu[2®)

demand from the researcher.

There are various methods of System Identification which can greatly aid in this
process. The two general types are the parametric anpdanametric typesg9]. Since
this research focuses on model building, the parametric type is of great utility. This

works by using actual flight test data alongside a known model of the system. There are
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various different types of such identification techniques which specialibesam/non

linear systems, time/frequency domains, all the way from white to black box models
[60][61][62). The Parameter Estimation/Identification discussed earlier is a subset of
this field. Although these existing techniques are effective and us#ulLivV QW DO ZD\"
feasible to rely on them faarious reasons. As stated previously, these methods rely on
actual measurefight data p9-62] which may not be available. Small scale fix&ihg
aircraft like the target airframe used for this research oper&eyinolds number

regimes where the dynamics can be very differeg{$4]. This highlights the

importance of obtaining aerodynamic daiathe smaHscale platform which is

therefore guaranteed to behave differently at the expecteRégwolds numbetanges

of below around 500k [64] he inertial properties can also significantly impact the

ability to test the aircraft itself and proeidhe expected inputs.

The general pattern of application of these methods follows the following theme
[59][63][66]:

Prepare Aircraft for flight test

Conduct Flight Test under specific constraints

Provide very specific sets of inputs (to excite spedficamic modes)
Record Flight Data

Process Flight Data

Iteratively Improve the model

X X X X X X

This of course translates to certain limitations of special importance to this research.
One of the limitations is that the researcher must have the aircraft already been
modelled (eg. SimulinkX-Plane/etq. Alternatively, it presupposes access to fixed

wing platforms that already are flightady and have proper control systems in place
both to safely fly and conduct the series of flight tests necessary for System
Identification. This strongly implies and argues for the necessity of preliminary models.
One way to mitigate these problems is via the use of computational methods and tools
discussed in the next subsections. It should also be noted here that in theory it is
possible to extract many of these parameters from wind tunnel testing. That however is
an expensive and resource intensive metb6fiWwhich may not even be available to

most researcheend prospective researcharsund the world.
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28.1 CFD

Computational Fld Dynamics exploits modern computer systems and their processing
power to numerically analyse fluid flow problems based on simulation of the fluid and
interacting mediumsgl7]. There are a range wfdustrialgradeCFD software packages
such as Star CCMMsys/SolidWorks, etccapable of handling Aerodynamic

simulationg 68][69][70], across a range of test conditions (airspeed, deifatynolds
number etc.). Tools like them can be exploited to get the aerodynamic parameters for
improved modellingHowever, they suffer from a range of practical issues such as:

x Traditional CFD packages are likely to be expensive.

x Their successful operations presuppose a great degree of knowledge of Fluid
Dynamics.

X This is a specialization field and most researchenslatk the required skills
or number of years required to attain them.

Considering the fact that the test results obtained from these computational means will
eventually need to be juxtaposed against the results obtained from flight tests,
alternative angimpler CFDcode may prove to be more cost effective and less resource
intensive. The XFoil code developed by Mark Drela for MIT is an example of such a
tool where 2D panel codes are used alongside boundary layer codesofoil analysis
[71]. The opersource software package XFLRB] implements the XFoil and allows
for aerodynamic and stability/control analysis based on 3D panel dhéth and
Lifting Line Theory[73][74].

2.8.1.1 XFLR5

187.855
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252.521

284.855
317.188
349.521
381.855

- 1321800 ¢ a-=

= 4936466 g/’ - L
6.659 y - 0.

= 216,000 m W/ - 10.110

= 193178 m = -6

= oleee = 0081
7.414 n =

1533

Root-Tip Sweep =  -1.483° XCG = 60.359
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Mesh elements = 823 "

Figure 2.20 An aircra ft performanc e test visualisation from XFLR5
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:)/5 1V SRWHQWLDO IORZ PHWKRG XVH DOORZV IRU IDV
on most average modern computers. It utilises the vicious boundary layer models from
XFoil along with its panel solverd}]. As Shafer et alfb] concludes and confirms, the
method used in XFLR5 is capable of similar solutions to that of the more sophisticated
approaches in CFD for low angle of attacks. Considering that the target airframe is
meant to operate at steady levaiffii situations throughout most of the flight envelop,
this makes it the most cost effective approach to estimating the necessary parameters.

XFLR5 is capable of exploiting the XFOIL code frdoil analysis and even

predicting stability/controtierivatives (crucial for the modellingy5][76]. The benefit

from such useful features is however limited by the effort put into creating a large
number of reasonably accurate models necessary for such applications. Another
potential problem source is theck of fuselage modelling. While it is possible to model
the fuselage of the plane for aerodynamic analysis, the solver method needs the wings
and fuselage to be separated to avoid erroneous outputs. This means that adding the

fuselage to the model redescthe accuracy of the simulations.

The data generated by XFLR5 are however both useful for the type of
MATLAB/Simulink model discussed earlier and the widely available commercial

simulators like the ones discussed in the next subsection.

2.8.2 Flight Simulator s

The most widely used commercial flight simulators foeegsh application are-Rlane
[77] and FlightGeaf78]. FlightGear relies on the users to provide the models for
visualisation while XPlane simulates its own Flight Models. Therefon@dellingin
FlightGeamay beused as an external visualizer for a MATLAB/Simulink simulation
but cannot be considered as an independent simulation by itself. As sudtiljtibg of

X-Plane for research application aiscussedn Chapter 2.8.2.2

2.8.2.1 Comparison of Simulation Solutions

Accessibility of any given simulation platform is likely to impact its utilisation by

prospective researchers and interested parties. In the light afdhgiarison of various
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different solutions is presentedTiable 22. Thecomparison is based on the following

criteria:

X X X X

Cost of the hardware
Cost of the software
Level of expertise needed
Simulation Fidelity

Free MATLAB | MATLAB+ | X-Plane | FlightGear | Industri
Software al
Hardware L M M M M H
cost
Software L M M-H L-M L H
Cost
Expertise H M M L-M M M-H
Fidelity L-H M-H M-H M-H L-H H

Table 2-2 Comparison of the most popular flight simulator platforms for research (L =low, M =
medium, H= high)

In the above table, 6 different means of simulations are comp2okdnns 27

represent the 6 plausible solutions. Column 2 (Free software) represents a setup where
every module of the simulation platform is coded from scratch in a programming
language€.g. C++). Column 3 represents the utilisation of MATLAB/Simulink basic
package while column 4 (MATLAB+) represents the same package with premium add
ons[20]. Columns 5 and 6 represent the widely used simulation solutions discussed
earlier while the finatolumn (Industrial) represents the useudfessional/industrial

simulation solutions such as the Merlin [86].

Due to the variability in the absolute costs of these solutions, they are compared on a
relative scale ranging from low to highs Table 22 shows, there is no straight forward
answer to the problem of platform choice. But general patterns do aid in the process of
elimination based on the most important criteria. For example, the lowest cost is for the
free software based custom coded simutasiolution and the highest cost is for the
Industrial solutions. The high cost of such industrial simulation solutions already rules it
out as a preferred solution. While the custom coded free software based on is desirable
in terms of cost, thexpertisghigh skills) required for its development makes it
inaccessible for a wide range of researchers/interested parties. In the light of that, the

Table 23 ispresented to compare the remaining solutions.
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MATLAB/ MATLAB/Simulink X-Plane FlightGear
Simulink (with premium add-ons
such as Aerospace
Blockse?)
RAM 8 GB 8GB 16-24 GB RAM or more | 6-8 GB
Processor | Any Intel or AMD Any Intel or AMD x86:64 | Intel Core i5 6600K at 3.5 A quad core
x86-64 processor with processor with four Ghzor faster processor with ~
four logical cores and| logical cores andVX2 2 GHz each, 64
AVX2 instruction set | instruction set support bit architecture
support
Graphics | No specific graphics | No specific graphics card| A DirectX 12-capable 10242048MB of
card is required. is required. video card fromNVIDIA, | dedicated DDR3+
AMD or Intel with at least| (DDR5 preferred)
4 GB VRAM (GeForce | VRAM (i.e. 512
GTX 1070 or better or Mb VRAM
similar from AMD) minimum)
Cost Medium High Low Low
(relative)
Table 2-3 A comparison of the more accessible simulation platforms based on [20][77][78]

While FlightGear is the lowest cost platform, it still requires external flight models
driving its simulation. XPlane offers its independent flight modelneratio andis

relatively inexpensiveWhile MATLAB/Simulink offers additional premium packages

that can speed up the development process, it ends up increasing the software cost for
the end user. The basic MATLAB/Simulink package however ofiendar

functiorality as long as the end user writes custom code for it. As such two independent
simulation solutions can be constructed by using basic MATLAB/Simulink and X

Plane.

2.8.2.2 X-Plane:

X-Plane is a flight simulation software package that utilises the Blade Element Theory
for predicting aircraft behaviour basedttve geometry andesofoil data [77]. It was
originally designed with the intention of simulating flights of commercial/regikad
aircraft. As a result, the simulation comes-paekaged with a collection of good

models of such planes. What madé’Mane so popular for research application is that it

allows the users to go beyond simulating just the default stock of aircraft.

As developer tools, »Plane offers the applicationsaRe Maker and Airfoil Maker

[79]. Plane Maker is used to define the aircraft geometric specifications along with
various system specifications. Airfoil Maker is used to generate aerodynamic data base
on specificaerofoilshape for specifiReynolds numberegimes. While the default
collection ofaerofoilfiles (.afl format) cover a ladf the standard NACAerofoils[80]

used in aviation, it lacks appropri&eynolds numberanges. But in principleny
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aerofoilfile can be interpolated with custom data to make up for this lack of lower
Reynolds numbeaerofoilfiles. The simulator is also capable of exporting flight data to
text files or sends them over a network if needed. It can use the netwiakinges to

both send and receive data.

These features are what led to its extensive use in the research community for
applications such as MWHUAYV simulations B1], Autopilot simulationsandController

test platform 82, Softwareln-The-Loop simubtions [83], Perbrmance and Stability
testing[8 @ HWF 2YHU WKH \HDUV LWYV SURYHQ XVHIXO
developed a set of software tools to interact with the simulator via various different
programming platforms3p]. Despite all the greautility, there are various challenges

while modelling in XPlane. Below are some tife important ones considered.

X While the Plane Maker application allows for custom designs, its user interface
and various limitations were developed with full scaleraftan mind. As such,
the smaller the target aircraft becomes, the harder it becomes to model it in X
Plane.

x The lack of lowReynolds numbeserofoilsmeans that accurateodelling
cannot be expected fromRlane unless a way is found to create cusierofoil
files.

X The standard set of data that is shown in the data export window for flight data
recording does not have any means of exporting all data. It lists only the ones it
does while X3ODQHTV PHPRU\ KROGV DG GabMldd&sQD O XVH
SGDWDUR | " BDWKRXW ILQGLQJ PHDQV WR UHDG WKH\
sampling frequency, the type of parameter estimation work described earlier
becomes unreliable.

X 7TKH RXWSXW IURP 3GDWDUHI" LV OLPLWHG WR WKH
problems with samplinée.g. If high frequency data is required). This is also a
problem if the data must be evenly spaced as no two frames require exactly the
same time to render in-Rlane.

It is not uncommon to find publications on small autonomoyisdlplatforms that

utilised X-Plane for demonstration of the developed systems. However, many of these
publications focus on the system element and ignore the modelling fidelity issues of the
small UAVs. Which is appropriate for proof of the conceptsdpexplored but does

little to standardise a reliable way to appropriately capture the flight dynamics of the
small UAV.
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However, compared to the higind and expensive @it simulators such as Merlin

[86], X-Plane still allows the greatest amount of itetity and development

opportunity to the highest number of potential researchers at the lowest price. All the
aforementioned benefits makeP{ane the ideal candidate for the development of an
independent simulation (besides MATLAB/Simulink) as longhesnentioned

challenges are addressed adequately.
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Figure 3.1 An overview of the proposed methodology

The methodology undertaken for this work follows a specific workflow that is detailed
in the following subsectiongheabove block diagrant{gure 3.} is an illustration of

the proposed workflow undertaken for this research. The process starts with
detemination of an appropriate airframa@d relevankey measurements (Chapter 3.1).
This then aids in the creation of all the XFLR5 models detailed in Chapter-B2n
models detailed in Chapter 3.3 and MATLAB/Simulink models detailed in Chapter 3.4.
In the subsequent parts of the process, simulations taie ls@sed on these models and
flight tests are proposed. Based onRBaeameter Estimation principles discussed in the
literature review (Chapter 2.6), a method of extracting useful parameters fregn the
flight tests is proposed and utilised (Chapter 3.3.14 & #4257). As the dashed lines

in the diagram show, these outputs can then be utilised to improve the ribdels.a
simplified overview of the overall methodology and the details are tourl in the
subsequent chapters. The outputs, utilitiesahdntagesmitations of these methods
are detailed in Chapters 4 and 5.

3.1.1 Target Airframe

For the purpose of this investigation, various different fixaéag platforms were
considered. For athe undertaken modelling and simulation work and proposed flight
tests, a target fixeding platform needed to be acquired. The following are some of the
important considerations made in that selection process.

X The aircraft configuration be Fixed Wing
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X

X

Theaircraft must be capable of carrying anylmyard autopilot system along
with the sensors (ex. GPS, IMU, Sonar, Camera, etc.)

The aircraft must be light and small enough to be easily transported or be
worked on during various phases of the project.

The design configuration of the aircraft be as stable of a design as possible. The
study could have been done using unstable designs too. However, doing that
may result in unnecessary system complexity and/or increased risks in real
world flying tests.

Reasonhbly priced

Accessible Data Sheets

The mathematical tools discussed in the chapters involving the dynamic modelling of

the UAS along with modelling and simulation tools considered made the finalisation of

the UAS platform as the obvious first thing to do tlee initialising the modelling and

simulation work.The FMS SkyTrainer 182 [Ivas selected as the best candidate.

Figure 3.2 FMS 182 (aircraft used for this research)
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This target airframe is based ort@essna 182] and is meant for RC Model flying.

The following tablg1] shows the specifications of this model plane.

Wingspan 1410mm / 55.5in
Length 1100mm / 43.3in
Flying Weight 15209

Power System

3536-KV850 Brushless Motor

Speed Control

40A ESCwith XT60 Connector

Propeller / EDF

11x6 Three Blade Propeller

Servos

9gx 6

Landing Gear

Fixed main gear with steerable nose

Required Battery

3 Cell 11.1V 2200 to 2600mAh 25C LiP
with XT60 Connector

Required Radio 5 Channel
Rudder Yes

Flaps Yes
Ailerons Yes

Lights Yes

Hinge Type Foam
Material EPO Foam

Table 3-1 Available data on the FMS 182 [1]

Given that the manufacturers (FMS in this case) and the vendors retailing such units are
targeting RC flying enthusiasts who simply wish to fly the aircraft recreationally, the

data made available on the model is inadequate for modelling and simulaposgur

Even the basic specifications presented above didn't remain the same following certain

modifications and inclusions made to the fuselage of the aircraft.

46



Figure 3.3 The red lines in the picture inte  rsect at the recommended C.G. position

There were model seats and a pilot inside the cockpit where the recomme@ded C
(60mm from leading edge of the wing) is meant to be. While being appropriate for

model flyers, this was determined to be extra weigttamnsuch considered for
removal.

Figure 3.4 Removal of the dummy pilot from the cockpit
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Figure 3.5 Use of methyl salicylate for removal process

There were also concerns about any extra space needed for Flight Controllers,
peripheralspn-boardsensors, batteries etc. Placing them at a distance from the CG line
shown in the image creates undesired moments about the CG. It is therefore
advantageout not only get rid of extra mass, but also create usable space in that
region. These installations were removed carefully via the use of a screwdriver, Methyl
Salicylate and cotton buds. The surgical spirit (Methyl Salicylate) was used to gradually
softenthe Hotmelt adhesive by repeatedly applying it on the glued edges with a cotton
bud. The process takes a while but eventually all unnecessary components were

removed by it.
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Figure 3.6 Space freed inside the cockpit of the FMS 182 for avionics

As seen in the above image, this process resulted in a reasonable amount of space being
freed up for any other electronics the airplane may have to carry when in an

autonomous mission. The remdveomponents were not weighed because all

necessary measurements for the aircraft was done in detail for a different configuration

as detailed in the following sections.

3.1.2 Geometric and Inertial Measurements of the Target Airframe

The aircraft and #components were measured both while fully assembled and
dismantled. In the absence of adequate and accurate data on the parameters of our
interest, the following methods were used to aid in the X3~aRd XPlane modelling

process

3.1.2.1 Component Measurement:

The aircraft was sectioned off into the following major components:

Horizontal Stabiliser
Vertical Stabiliser 1
Vertical Stabiliser 2

Main Wing

Fuselage

Motor (including the mount)
Propeller (including the mount)
Left Landing Gear

Right Landing Gear

Front Landing Gear

Wing Struts

Radio Receiver

X X X X X X X X X X X X
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XFLR5 and XPlaneg[3][4] uses different means and information for their respective
modelling processes. As such, the measurement process was carried out such that we
may derive an appropriate dataset on this @aer aircraft that may aid in the

modelling process. The following details the processes used. It should be noted that the
Vertical Stabilizer has been split into two projections (Vertical Stabilizer 1 & Vertical
Stabilizer 2) because of different setsraddelling simplification techniques that were
needed to model this aircraft appropriately in different platforms.

3.1.2.1.1 Main Wing

Figure 3.7 FMS 182 Main Wing

The main wing is composed of two geometrically symmetric\waifys that meet on
the midpoint of the fuselage. Both sections produced identical measurements for all

parameters of interest and as such only one wing information is presented.

Figure 3.8 FMS 182 starboard wing bottom side

The right wing (starboard) was weighed on a digital scale to be 134 grams. It should be
noted that this weight includes the weight of the two 9 grams servo installatens. A
such, the weight of this wing was recorded as 116 grams.
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Figure 3.9 Use of tracing to record wing geometry

Using a square block for alignment, the wing tip profile was traced onto an A4 sheet of

paper and measured. From the outer section of the wing, the sweep was measured to be

4 degrees with a protractor. The tip chord was obtained from the tracing by megasuri
with a ruler and found to be 137 mm. The wing offset was calcwathdEquation3. 1

KBBOAP [Eq.3.1
— f- JAN
f.'OSAAUCHL—\:D:HlBOL:;J
.| KBBOAP
- I YIWE utt;

KBB QAR ztll

Important positions in the wing were marked and their positions from the wing tip and
root were measured using a measuring tape and a triangle. Thevingdkvith zero

taper) spans 322 mm from the centreline (wing root). This also implies that thedaperi
point starts at 322 mm from the wing root. The inboard servo (left in the picture) has
been measured to 159 mm from the wing root (120 mm for the other wing), 110 mm
from the leading edge of the wing and positioned 5 mm below the chord. The outboard
sewno (right in the picture) has been measured to be 372 mm away from the centreline
(wing root), 100 mm from the leading edge of the wing and in the plane of the root
chord (z=0). Part of the innsection of this wing that covers the fuselage is 73mm in

span.
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Figure 3.10 Measuring and marking the specific locations of components on the wing

Following the same methods as before, the inner wing geometry was measured with a
ruler after tracing it on to an Agheet of paper via the use of markers and a square

block. The wing root chord was measured to be 210 mm and the flap was measured to
be positioned 163 mm from the leading edge (77.619% of the chord). The flap was also
measured to b&7 mm from the trailingdge starting at 73 mm from theentreline

(wing root) and ending 320 mm from tbentreling(wing root). The aileron starts from

168 mm measured from the leading edge of the wing (80% of the chord). Measured
from the trailing edge, it starts at 42 mmnofa thecentreline it's 323 mm and ends 671

mm from thecentre(wing root).
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Figure 3.11 Control surface deflection measurement with protractor

The aileron and flap deflections were both measured at 15 degrees. For the flap, this
deflection only happens in the downward direction (+15 degrees) and for the aileron it
happens in both directions (+ antl5 degrees). To obtain these control surface

deflection angles, the protractor was first vertically aligned to the bottom of the wing (as
a reference point) and subsequently translated until it lined up its reference point with

the deflective surfaces.

Figure 3.12 Measurement of wing section for  aerofoil determination

Figure 3.13 Wing thickness measurement using callipers
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Figure 3.14 Root chord measurement

With a calliper, markers and measuring tape, a maximum camber of 2 mm (equating to
1% of the chord length) at the 20% interval along the chord line (210 mm) was
measured. Maximum thickness of the wing section was measured tbBen#8. This
equates to around 14% of theoed length. By standard NACAdigit aerofoil

designation conventioj®], this identifies it as a NACA 12laerofoil

This process of using simple tools and methods were used to measure every relevant
detail ofthe FMS 182. The techniques used for all other specific components measured
are well illustrated and explained in the Appendix (Chapter 7.5.1). The following

sections summarise the measurements obtained for the components.

3.1.2.1.2 Vertical Stabiliser 1 & 2

Vertical Stabiliser 1 Vertical Stabiliser 2
Span (mm) 195 Root chord (mm) 360
Root chord (mmRef. chord | 174127.39 | Tip Chord (mm) 242
Tip Chord (mm) 86 Max thickness (mm) 21.82
Ref. Max thickness (mm) 15.28 Relative sweep (degrees) 37.5
Offset 149.6 Total sweep (degrees) 88.5
Foil Designation NACA 0012
Total Vertical Stabiliser weight 25
(grams)
Rudder
Distance from wing root 70
(mm)
Distance from wing tip (mm) 43
Span (mm) 195
Tip Chord (mm) 86
Trailing tip location (mm) 822
Leading edge location (mm) 586.37
Offset 149.629
Foil Designation NACA 0012

Table 3-2 Vertical Stabiliser measurements summary
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3.1.2.1.3 Main Wing

Right wing weight with 2 servos | 134 | Wing sectioncovering fuselage| 73

(grams) (mm)

servo weight (grams) 9 Wing root chord (mm) 210

Right wing weight w/o servos 116 | Flap position from leading edg{ 163

(grams) (mm)

Sweep from outer section 4 Flap position from trailing edgg 47

(degrees) (mm)

Tip chord (mm) 137 | Flap starting point from root 73
(mm)

Offset (mm) 26.78 | Flap ending point from root 320

2 (mm)

Inner wing span (mm) 322 | Aileron starting point from 168
L.E.(mm)

Tapering point from root (mm) 322 | Aileron starting point from T.E 42
(mm)

Inboard servdrom root (mm) 159 | Aileron start location from root| 323
(mm)

Inboard servo from leading edge 110 | Aileron end location from root | 671

(mm) (mm)

Inboard servdoelowchord (mm) 5 Aileron deflection (degrees) 15

Outboard servo from root (mm) | 372 | Flapdeflection (degrees) 15

Outboard servo from leading ed¢ 100 | Wing foil designation NACA

(mm) 1214

Outboard servo from chord(mm), 0O

Table 3-3 Main Wing measurement summary

3.1.2.1.4 Fuselage

Total Weight (grams)

649

(mm)

Centreof gravity location from nose | 316.75

Nose offset (mm)

204

C.G. located aft of wing reference | 112.75

(mm)

Diameter (m) 0.159
Height (m) 0.185
Width (m) 0.137
Length (m) 0.944

Table 3-4 Fuselage measurement summary
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3.1.2.1.5 Radio receiver and Motor:

Radio Receiver Weight (grams) 16
Motor (including mount) weight (grams) 186
Motor x-C.G. behind nose (mm) 45
Motor position xy-z (mm) 204-0-0

Table 3-5 Measured data for the receiver and motor

3.1.2.1.6 Propeller

The following table summarises the measurements taken for the propeller.

Propeller Weight (grams) 36
Position from nose (mm) 15
Position ahead of wing (mm) 219
Position fromx-axis (mm) 0

Position below wing tip (mm) 75

Table 3-6 Propeller measurement summary

3.1.2.1.7 Landing Gears

Left landing gear

Left Landing Gear Weight (grams| 47

Front landing gear

Right Landing Gear Weight 41 | Weight 37
(grams) (grams)

C.G. positions of Right Landing Gear | C.G. position
X (mm) 125 | x (mm) 100
y (mm) 142.5 | y (mm) 0
z (mm) 200 |z (mm) 200

Table 3-7 Landing Gears measurement summary

3.1.2.1.8 Wing Struts

Weight (grams) 25
C.G. positions

Left strut xposition (mm) 25

Left strut yposition (mm) 190

Left strut zposition (mm) 77.5

Table 3-8 Wing struts measurements summary

Similar measurement techniques as shown previously were utilised to measure all

relevant physical detail of the FMS 182. The tables provided here only summarises the
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key measurements in the absence of the context and the actual techniques used to obtain

them. Those details are documented in full detail in the Appendix (Chapter 7.5)
3.2 XFLR5 Methods

3.2.1 Aerofoil Creation

To investigate the aerodynamic behaviour of our model in XFLRSeh&oilshad to

be identified as previously shovamd modelled. The three primary foils were the

NACA 1214 (main wing), NACA 0010 (horizontal stabiliser) and NACA 0012 (vertical
stabiliser). These primary foils had to be modified to model the representative foils over
the sections of the modelled surfaed®ere various control surfaces exist. As such, the
following individualfoils were necessary and generated.

NACA 1214 FMS

NACA 1214 FMS 15 deg aileron down
NACA 1214 FMS 15 deg aileron up
NACA 1214 FMS 15 deg flap down
NACA 1214 FMS 0 aileron

NACA 0010 FMs

NACA 0010 FMS down

NACA 0010 FMS up

NACA 0010 FMS 0 elevator

NACA 0012 FMS

NACA 0012 FMS Root down
NACA 0012 FMS Root up

NACA 0012 FMS Tip down

NACA 0012 FMS Tip up

NACA 0012 FMS 0 Root Rudder
NACA 0012 FMS 0 Tip Rudder

X X X X X X X X X X X X X X X X

All the aerofoilswere generated with initial assignment of 200 panels and Global
Refinement was used to ensure even panel distribution prior to analysis as it aids the

solver.
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3.2.1.1 Main Wing Aerofoils :

Figure 3.15 NACA 1214 FMS aerofoil

The standard NACA 1214 was used for the main wing section. However, due to the
existence of the ailerons and flaps, additional modified foils were generated to capture

the changed aerodynamic properties of based on control surface deflections.

Figure 3.16 NACA 1214 FMS 15 degrees aileron down aerofoll

Based on the measurements, the foil representing the section over the aileron was
modified to represent a maximum control surface deflection of 15 degrees at the

previously measured hinge positions (expressed in terms of percentage of the chord).
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Figure 3.17 NACA 1214 FMS 15 degrees aileron up aerofoll
The same was done for the aileron's hinge positions and deflection in the opposite

direction (represented witll5 degrees). An extra version of the foilsagenerated for

the flaps with a downward deflection of 15 degrees but different hinge locations.

Figure 3.18 NACA 1214 FMS 15 degrees flaps down aerofoil
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3.2.1.2 Horizontal Stabiliser Aerofolils
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Figure 3.19 NACA 0010 FMS aerofoil

Basd on the measurementise standard NACA 001&erofoilwas used for the
symmetrical horizontal stabiliser. However, therofoilneeded modifications to
represent the control gace deflections of the elevator. As such, two further variant

foils were created to represent the positive and negative maximum deflections.

Figure 3.20 NACA 0010 FMS 15 degrees elevator up aerofoll

Basedon the previous measurementse NACA 0010 foil was modified to have the
appropriate hinge position for the elevator along with a 15 degree upward deflection.
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Figure 3.21 NACA 0010 FMS 15 degrees elevator down aerofoil
The same procedure was followed for the foil representation for the downward
deflection of the elevator control surface. Since the deflection angle was the same but in
the opposite direction, the same magnitude of 15 degrees wawitiséae sign

inverted to match XFLR5's conventions.
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3.2.1.3 Vertical Stabiliser Aerofoils :
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Figure 3.22 NACA 0012 FMS aerofoil
Based on th previous measurmentie symmetrical aefoil for the verticalstabiliser
was created as the standard NACA ®0Ihe representation of the akibwith both
positive and negative control surface deflection was handitsetitly for this
particular asofoil. This is due to the fact that the vertical offset of tleist®n creates a
situation where the hinge's rootrordinate no longer coincides with the tip x

coordinate. That led to the following modelling choices.
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Figure 3.23 NACA 0012 FMS 15 degrees down up aerofoil

Figure 3.24 NACA 0012 FMS 15 degrees root up aerofoll

Based on the previous measurements of the root section of the vertical stabiliser, the
hinge position was used toeate a two variants ofdéhaeofoil to be used for the
stabiliser's root. Positive and negative 15 degrees were assigned as the maximum

deflection angles for these surfaces.
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Figure 3.25 NACA 0012 FMS 15 degrees tip up aerofoll

Figure 3.26 NACA 0012 FMS 15 degrees tip up aerofoil

The same process was used to generate the two foil variants needed to represent the
aerofoilsection at the tip of the vertical stabiliser. The sameipesand negative 15
degrees of maximum control surface deflection was used. 3 extra foils with control
surfaces defined but at zero deflection needed to be modelled for the control tests but
their geometry were identical to that of the stan@emefoils(NACA 1214, 0012 and
0010). As such, they are not presented here. The following presents a summary of the

aerofoilparameters.

Name Thickness (%) at (%) Camber (%) at (%) Points TE Flap (°) TE XHinge TE YHinge LE Flap (°) LE XHinge |[LE YHinge
1 NACA 0018 FMS 10.00 30.43 -0.07  0.80 200 0.00 .80 0.08 .80 .60 0.00
2 |NACA 0010 FMS © elevator 10.00 30.03 -0.07  0.00 200 0.00 49.70 50.00 .00 .00 0.00
3 |NACA 0010 FMS down 10.00 30.03 -0.07  0.00 202 15.00 49.70 50.00 .00 .00 0.08
4 [NACA 0010 FMS up 10.00 30.43 -0.07  0.80 203 -15.00 49.70 50.00 .00 .00 0.08
5 |NACA 0012 FMS 12.00 29.73 0.07  0.00 200 0.00 8.00 0.00 8.00 8.00 0.00
6 [NACA 0012 FMS @ root rudder 12.00 30.53 -0.07  0.00 202 0.00 40.80 50.00 8.00 8.00 0.00
7 [NACA 0012 FMS © Tip rudder 12.00 30.53 -0.07  0.00 202 .00 50.00 50.00 .00 8.00 0.00
8 [NACA 0012 FMS Root down 12.00 29.73 0.07  0.80 202 15.00 40.80 50.00 .80 .60 0.00
9 |NACA 0012 FMS Root up 12.00 29.73 0.07  0.80 202 -15.00 40.80 50.00 .80 .60 0.00
16 NACA 0012 FMS Tip down 12.00 29.73 0.07  0.00 203 15.00 50.00 50.00 .00 .00 0.00
11 NACA 0012 FMS Tip up 12.00 29.73 0.07  0.00 203 -15.00 50.00 50.00 .00 .00 0.08
12 NACA 1214 FMS 14.00 30.03 1.00 20.42 200 0.00 .00 0.00 .00 .00 0.08
13 NACA 1214 FMS @ aileron 14.00 29.83 1.00 20.22 202 0.00 80.00 50.00 8.00 8.00 0.00
14 NACA 1214 FMS 15 deg aileron down 14.00 30.03 1.00 20.42 203 15.00 80.00 50.00 8.00 8.00 0.00
15 NACA 1214 FMS 15 deg aileron up 14.00 30.03 1.00 20.42 202 -15.00 80.00 50.00 .00 8.00 0.00
16 NACA 1214 FMS 15 deg flap down 14.00 30.03 1.0 20.42 204 15.00 77.62 50.00 .80 .60 0.00

Table 3-9 Summary of all aerofoils created for the FMS 182 XFLR5 model
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3.2.2 Aerofoil 2D Analysis

Figure 3.27 An example of the large number of r  esults from aerofoil analysis

To obtain all the necessary aerodynamic data on the ideradredoilsand all of their
variants that were created, a 2D analysis of thesefoilswere conducted. The
following methods were utilised to understand and interpret the XFLR5 outputs:

x Aerofoil Polars: For the range dReynolds numbearand angle of attack,
associated aerodynamic parameters were calculated. Within XFLR5, these sets
of parameters for a particulaerofoilare referred to as their polar objects. Once
these polar objects are generated and assigned to indigehoébils further
analysis of 3D sections and entire models benefit from this dataset. Initially a
Reynolds numberange of 50,000 to 500,000 was used due to expected
operational range found in the literatué [However, it was experimentally
discovered that ceitasections of thaerofoilscan have a loc&eynolds
numbemwhich is far above/below that range. Therefore, separate sets of polars
were generated to patch those regions and ensure higher degree of simulation
fidelity.
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x Filling in the gapsin data se:

[=] Blevatortest1L.0G 1 \
Span pos = -0.51 m, Re = 12422616, Ccl = -0.12 is outside the flight envelope o
Span pos = -0.47 m, Re = 13043485, Cl = -0.13 is outside the flight envelope
114 Span pos = -0.43 m, Re = 13628270, €l = -0.13 is outside the flight envelope
115 Span pos = -0.39 m, Re = 14142988, €l = -0.13 is outside the flight envelope
116 Span pos = -0.36 m, Re = 14557723, Cl = -0.13 is outside the flight envelope
117 Span pos = -0.34 m, Re = 14848375, Cl = -0.13 is outside the flight envelope
118 Span pos = -0.32 m, Re = 14998049, Cl = -0.13 is outside the flight envelope
119 Span pos = -0.32 m, Re = 15036020, ¢l = -0.13 is outside the flight envelope
120 Span pos = -0.32 m, Re = 15036020, Cl = -0.13 is outside the flight envelope
121 Span pos = -0.31 m, PRe = 15036020, Cl = -0.13 is outside the flight envelope -
Normal text file length: 15,491 lines:336 Ln:1 Col:1 Pos:1 Unix (LF) UTF-8 INS

Figure 3.28 XFLR5 solver problems for lack of data points

TheFigure 3.28hows a typical problem encountered while attempting to perform
viscoug3D analysis on thaerofoilfor performance and stability/control
simulations. These problem areas had to be checked for every simulation run for
every foil/model configuration to ensure simulation integrity and thus appropriate
sets of new foil data were generated such that thelaiion results have a higher

degree of fidelity.

3.2.3 Plane Modelling

'LWK WMHKUHRIRDHWWDWHG DQG WKHLU " YLVFRXV DQDO\VL
PRGHOV ZHUH FUHDWHG LQ ;5/5 IRU WKH IROORZLQJ D

¥ Performance Analysis: This is where variouss@ross a range of parameters
of interest were conducted to obtain estimation of aerodynamic performance of the
model variantgliscussed in the Results section

¥ Stability Analysis: This is where static and dynamic tests were performed to
obtain usefuktability parameters based on model varigigsussed in the Results
section

¥ Control Analysis: This is where dynamic responses to control inputs were
simulated to obtain useful control parameters based on model vaignissed in the

Resultssection

63



3.2.3.1 Modelling Components

For modelling considerations, the aircraft was sectioned off into multiple components
that were modelled individually and assembled as complete model variants. The
following major components were modelled as 3D surfaces:

¥ Main Wing

¥ Horizontal Stabiliser

T Vertical Stabiliser

The following contributors to the aircraft mass, moment and inertia were modelled as
point masses:

Fuselage

Wing Struts

Wing Connector Tube

Propeller + Propeller Mount

Motor +Motor Mount +Propeller Shaft

Landing Gears

Battery

H + H+ H+ H+ +H +H +H

Servos

7KH IXVHODJH JHRPHWU\ ZDV QRW PRGHOOHG DV D 'V
methods introducing numerical problems in the sohgtiwhen a fuselage is added, it

3D representation was left out oetmodelling. However, to improve the fidelity of the
dynamic modelling, various other components were all modelled as point masses along

with the fuselage based on pi@ys measurements.

3.2.3.2 Base Model and variants

For all the various performance, stabilityd control tests conducted, a range of models

in different configurations were created.

3.2.3.2.1 Base Model (FMS 182b)
The base model comprises of the main wing, horizontal and vertical stabilisers along

with all the point masses.
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3.2.3.2.1.1Main Wing

y (mm) chord (mm) offset (mm) dihedral(®)

twist(®) foil X-panels

X-dist Y-panels

1

2 322.000 210.000 0.000 0.0 0.00NACA 1214 FMS 13Cosine 13Cosine
3 705.000 137.000 0.000 0.00NACA 1214 FMS

Figure 3.29 Modelling of the main wing of the FMS 182
The main wing for the base model was modelled with 13 panels in x and y directions.
The foil selected was the NACA 1214 standard foil. The panel distribution was done

such that the panel concentration is higher in the regions of intersections where the
geametry changes.

3.2.3.2.1.2 Horizontal Stabiliser

¥ (mm) chord (mm) offset (mm) dihedral(®) twist (") foil H-panels X-dist ¥-panels ¥-dist
Fl o0.000 1659.000 0.000 0.0 0.00NRCA 0010 EMS TUniform TUniform
2 225.000 103.000 31.903 0.00NRCA 0010 FM3

Figure 3.30 Modelling of the Horizontal stabiliser of the FMS 182

The generated NACA 0010 foil was assigned to the created horizontal stabiliser section
(with 7 x andy panels with uniform distribution).
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3.2.3.2.1.3Vertical Stabiliser

y (mm) chord (mm) offset (mm) dihedral(®) twist (7) foil H-panels H-dist ¥-panels ¥-dist
|:| 0.000 174.000 0.000 0.0 0.00NACA 0012 FM3 TUniform TCosine
2 195.000 86.000 1458.629 0.00NACA 0012 FM3

Figure 3.31 Modelling of the Vertical Stabiliser of the FMS 182

The vertical stabiliser was modelled in a similar way except that the NACA 0012

aerofoilwas used instead.

Figure 3.32 Complete base model (FMS 182b)

3.2.3.2.2 FMS 182b Flap
A flapped variant of the base model was modelled to aid in the subsequent analysis. The

only section change for the flagagh model was the wing.
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¥ (mm) chord (mm) offset (mm) dihedral(®) twist (") foil X-panels X-dist Y-panels T-dist

ITI 0.000 210.000 0.000 1.6 0.00NACR 1214 FMS 13Coaine 7-Sine
2 73.000 210.000 0.000 1.6 0.00NACA 1214 FMS 13Cosine 3-Sine
3 73.000 210.000 0.000 1.6 0.00NACA 1214 FM3 15 deg flap do 13Cosine 2-3ine
4 320.000 210.000 0.000 1.6 0.00NACAR 1214 FMS 15 deg flap do 13Cosine 1-5ine
5. 320.000 210.000 0.000 1.6 0.00NACR 1214 FMS 13Cosine 1-5ine
& 322.000 210.000 0.000 0.0 0.00NACR 1214 FMS 13Coaine TCosine
7 322.000 210.000 0.000 0.0 0.00NACR 1214 FMS 13Coaine 6Cosine
g 705.000 137.000 0.000 0.00NACA 1214 FMS
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Figure 3.33 Modelling of the flapped version of the FMS 182

Multiple separate sections had to be defined for the flaps to section of the wing in a way
where the solvers know the cldsundary between sections and can model the airflow
above those regions appropriately. There were some panel density related problems
leading to instability and therefore appropriate panels were selected to avoid the
crashes. The version of taerofoilNACA 1214 with the flap modelled was used for

the region of the wing where the flaps sit.

Figure 3.34 Completed model variant of the FMS 182b with full flap deflection.

3.2.3.2.3 FMS 182b Aileron Down/Up
The base maal was altered to create two variants with positive and negative aileron

deflections.
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¥ (mm) chord (mm) offset (mm) dihedral(®) twist (") foil X-panels H-dist Y-panels T-dist
H 0.000 210.000 0.000 1.6 0.00NACR 1214 FMS 13Cesine 13-5ine
2z 322.000 210.000 0.000 0.0 0.00NACA 1214 FM3 13Cosine 1Cosine
3 322.000 210.000 0.000 0.0 0.00NRCA 1214 FM5 15 deg aileron 13Cosine 13Cosine
4 705.000 137.000 0.000 0.00NACR 1214 FMS 15 deg ailercn

Figure 3.35 Model variant with positive aileron deflection (aileron down)

¥ (mm) chord (mm) offset (mm) dihedral(®) twist(®) foil H-panels H-dist T-panels ¥-dist
H 0.000 210.000 0.000 1.6 0.00NACR 1214 FMS 13Cosine 13-5ine
2 322.000 210.000 0.000 0.0 0.00NMACE 1214 FM3 13Cosine 1Cosine
3 322.000 210.000 0.000 0.0 0.00NACA 1214 FMS 15 deg aileron 13Cosine 13Co3aine
4 705.000 137.000 0.000 0.00HACA 1214 FMS 15 deg aileron

B
=
=

Figure 3.36 Model variant with positive aileron deflection (aileron up)

Both the variants were created in similar ways utilising the NACA 1214 deflected foils

previously generated for the ailerons. Separate sections to representrtms aviere

created and these foils were assigned. In case of the flaps, the symmetrical option was

valid. However, in case of ailerons, the right and the left had to be assigruédils

separately to account for their opposing deflection directions.
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Figure 3.37 FMS 182b Aileron down

Figure 3.38 FMS 182b Aileron up
3.2.3.2.4 FMS 182b Elevator Down/Up

Two additional model variants were created to represent the basewitbdgositive
and negative elevator deflections.

¥ (mm) chord (mm) offset (mm) dihedral(®) twist (°) foil H-panels X-dist Y-panels Y-dist
H 0.000 169.000 0.000 0.0 0.00NACR 0010 FMS down TOniform 7Uniform
2 225.000 103.000 31.903 0.00NACE 0010 FMS down

Figure 3.39 Modelling full positive deflection of elevator
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¥ (mm) chord (mm) offset (mm) dihedral(®) twist(®) foil X-panels X-dist
1 0.000 165.000 0.000 0.0 0.00NRCR 0010 FMS up TUniform

2 225.000 103.000 31.903 0.00NRCR 0010 FMS up

Y-panels

T-dist

TUniform

Figure 3.40 Modelling full negative deflection of the elevator

The same process as before as followed except for the use of the NACA 0010 foil

variants with the deflection modelled.

3.2.3.2.5 FMS 182b Elevator Down/Up full

Figure 3.41 Complete FMS 182b Elevator Down model

Figure 3.42 Complete FMS 182b Elevator Up model

70



3.2.3.2.6 FMS 182b Rudder Down/Up
Two additional model variants were generated to represent the base model with the

rudde deflections.

0.000 174.000 0.000 0.0 0.00NACA 0012 FMS Roct down TUniform TCosine

¥ (mm) chord (mm) offset (mm) dihedral(®) twist(®) foil X-panels X-dist ¥-panels ¥-dist
1
2 195.000 86.000 149.629 0.00NACA 0012 FMS Tip down

Figure 3.43 Modelling FMS rudder deflection downward

¥ (mm) chord (mm) offset (mm) dihedral(®) twist(®) foil X-panels H-dist T-panels Y-dist

m 0.000 174.000 0.000 0.0 0.00NACA 0012 FMS Root up TUniform 7Cosine

2 195.000 26.000 149.629 0.00NACA 0012 FMS Tip up

Figure 3.44 Modelling FMS rudder deflection upward

The same process as before was utilised except for the use of didfereiatlsthat

were previously generated. An important difference in the modelling of the rudtder is
use of differenterofoilvariants for the root and the tip. The reason thisleé¢o be
modelled this way is due to the hinge positions at the root and the tip having different x
values. As such, separate seta@fofoilsrepresenting the difference in hinge location

were used to improve the modelling accuracy.
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Figure 3.45 FMS 182b Rudder Down model

Figure 3.46 FMS 182b Rudder Up model

3.2.3.2.7 FMS 182b SC0/SCO Flap
For the stability and control tests performed, two additional model vafisiksand

without flaps) needed to be created to account for the way XFLR5 performs these tests.

Figure 3.47 FMS 182b SCO Wing design
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¥ (mm) chord (mm) offset {mm) dihedral(®) twist (°) foil X-panels X-dist ¥-panels ¥-dist

m 0.000 210.000 0.000 1.6 0.00NACR 1214 FM3 13Cosine 13-3ine
2 322.000 210.000 0.000 0.0 0.00NACR 1214 FMS 13Cosine 1Cosine
3 322.000 210.000 0.000 0.0 0.00HACR 1214 FMS 0 aileron 13Coaine 13Coaine
4 705.000 137.000 0.000 0.00MACR 1214 FM5 0 aileron
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¥ (mm) chord (mm) offset (mm) dihedral(®) twist (°) foil H-panels X-dist T-panels ¥-dist

FI 0.000 210.000 0.000 1.6 0.00NACA 1214 FM3 13Cosine 7-Sine
2 73.000 210.000 0.000 1.8 0.00NRCA 1214 FMS 13Cosine 3-Sine
3 73.000 210.000 0.000 1.6 0.00NACR 1214 FMS 15 deg flap do 13Cosaine 2-5ine
4 320.000 210.000 0.000 1.8 0.00NMACA 1214 FMS 15 deg flap do 13Cosine 1-Sine
5 320.000 210.000 0.000 0.0 0.00NACR 1214 FM3 13Cosine 1Cosine
[ 322.000 210.000 0.000 0.0 0.00NACR 1214 FMS 13Coaine 1Coaine
7 322.000 210.000 0.o000 0.d 0.00NMACR 1214 FM5S 0 aileron 13Cosine 13Cosine
g 705.000 137.000 0.000 0.00NACR 1214 FMS 0 aileron

Figure 3.48 FMS 182 SCO Flap Wing design

In this case, all the control surfaces had to be defined in one single model. However,
another separate identical variant for the flapped configuration had to be created. For
these two variants, complete new setaerfoilhad to be generated and configured to
have all the hinge positions in the right places but the deflection set to 0.

¥ (mm) chord (mm) offset (mm) dihedral(®) twist(®) foil X-panels X-dist Y-panels T-dist
H 0.000 169.000 0.000 0.0 0.00NACR 0010 FMS 0 elevator TUniform TUniform
2 225.000 103.000 31.903 0.00NACR 0010 FMS 0 elevator

R

Figure 3.49 FMS 182 SCO0/SCO Flap Horizontal Stabiliser model
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¥ (mm) chord (mm) offset (mm) dihedral(®)  twist(®) foil X-panels X-dist ¥-panels T-dist
H 0.000 174.000 0.000 0.0 0.00NACA 0012 FMS 0 root rudder 7Uniform 7Cosine

2 195.000 86.000 149.629 0.00NACA 0012 FMS 0 Tip rudder

———m —m

Figure 3.50 FMS 182 SCO0/S0 Flap Vertical Stabiliser model

The horizontal and vertical stabilisers were modelled as before for both variants except
with the zero deflection NACA foils.

3.2.3.2.8 FMS 182b SC0/SCO Flap full

!

Figure 3.51 Complete FMS 182b SCO model
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Figure 3.52 Complete FMS 182b SCO Flap model

3.2.3.3 Inertial Considerations

Accurate modelling of the dynamic responses and behaviour of the FMS 182 required
various inertial factors and their inclusion in the model. While it is possible to use the
entire aircraft's weight as the sole quantity for weight, significant improveméms t
modelling can be achieved through carefully placing individual point masses where they
really are located. The individual moments created by all these masses can therefore
contribute to a much more accurate analydi® following images depict theomt

mass distributions. For the individual labels of the point masses, Figure3.8&%7

should be consulted as reading them all from the XFLR5 screenshots without some

overlap is impossible to avoid.

. W i~

Figure 3.53 Distribution of point masses for inertial modelling of the FMS 182 b (front view)
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Figure 3.54 FMS 182b Point mass distribution side view  (excluding stabiliser)

All the manufacturing andssembling errors found in the measurement phase of the
project have been previously documented. These masses were modelled in the
simulation based on that data set which already captured problems such as uneven
weight distribution or asymmetric load fromisplaced servo location or landing hear

with different weights. The individual masses and location of all the physical
components were used for this. The main wing needed additional point masses for the

additional point masses it coiria (see Figure 3.57
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Figure 3.55 FMS 182b point mass distribution top view

Figure 3.56 FMS 182b full inertial model
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Mass (g) X (mm) ¥ (mm) Z (mm) Description
1 9.000 110.000 159.000 0.000 Right Flap-Servo
2 3.000 100.000 365.000 0.000 Right Rileron-Serwo
3 9.000 110.000 -120.000 0.000 Left Flap-Servo
4 9.000 100.000 -365.000 0.000 Left Aileron-Servo
5 23.000 &2.000 a.000 0.000 Wing Connector Tube

Figure 3.57 Point mass distribution on wings

Mass (g} X (mm) Yy (mm) z (mm) Description
1 36.000 -219.000 0.000 -75.000 Propeller + Propeller Mount
2 186.000 -159.000 0.000 =75.000 Motor + Motor Mount + Propeller Shaft
3 411.000 112.750 0.000 -75.000 Fuselage (including 2 aft-servos)
4 25.000 25.000 130.000 -77.500 Right Wing Strut
5 25.000 25.000 -150.000 -77.500 Left Wing Strut
a 37.000 -100.000 0.000 -200.000 Hose Landing Gear
7 41.000 125.000 142.500 -200.000 Right Landing Gear
g 47.000 125.000 -142.500 -200.000 Left Landing Gear
9 16&.800 10.000 3.000 -75.000 Lipo Battery

Figure 3.58 Point mass distribution within the fuselage

3.2.4 Performance Analysis

In order to obtain the results shovater in the thesighe fdlowing 8 variants of the
model were used.

FMS 182b

FMS 182b Flaps Down
FMS 182b Aileron Down
FMS 182b Aileron Up
FMS 182b Elevator Down
FMS 182b Elevator Up
FMS 182b Rudder Down
FMS 182b Rudder Up

X X X X X X X X

Types of tests performed:

x Type 1: A fixed speed was assigned with a free stream velocity. The sideslip
angle is set to 0. The Analysis method was set to Ring Vortex (VLM2). The
polars fromaerofoilanalysis was available so viscous analysis was setup based
on interpolation of that data. Tiheertial properties of the modelgereused.
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Instead of the wing planform area, the projected wing planform area orythe x
plane was used. The density and sp#fexbund was set to sea level. This test
was later utilised to estimate pitch stability derivatives due to the limitation of
the program.

x Type 2: This is the test where fixed lift was used instead of fixed speed. Most
performance and stability analysidied on this. The setup is similar to that of
Type 1. However, in this case, the program solves for flight conditions for every
angle of attack where the resulting lift matches the weight of the aircratft.

3.2.4.1 Performance Analysis Visualisation

3D Visualisaions of various important aerodynamic parameters and phenomenon
across the defined range of alpk20(to +20) were generated within XFLR5 based on
the previously mentioned 2D analysis and performance tests. It was discovered during
the test that while XFR5 is capable of conducting full 3D panel tests for specific
geometric sectiong@], the software fails to generate accurate predictions when these
sections are all brought together for an overall output. As such, to reduce error and
allow for the simulatin of interactions between sections, the 3D panelling is converted

to 2D for this analysis.

Figure 3.59 2D panelling (left) and 3D panelling (right)

Nevertheless, the modelled sections were put through2itnd 3D analysis to obtain
a sense for the magnitude of difference caused by this change. The following graphs

summarize the test results.
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Figure 3.60 Performance results comparison between 2D panels (gr een) and 3D panel (red)

As it can be seen from the above summary, the difference in performance prediction for
virtually all relevant parameters of interest is low enough for this to not render the
subsequent analysis unreliable.

3.2.5 Prerequisites for Stabili ty Analysis

Figure 3.61 FMS 182b SCO (left) and FMS 182b SCO Flap (right)

7KH WZR DGGLWLRQDO YDULDQWY ZHUH WHVWHG IRU C
DQG &2* YDULDWLRQV
)06 E 6& 7KLV YDULDQWYV LV WKH FRPELQHG YHU"
IODSV 7KH RWKHU GLIIHUHQFH LV WKDW WKLV PRGHO
DHURPRIGMOOHG EXW ZLWKRXW DQ\ GHIOHFWLRQ DQJO|
)06 E 6& |ODSBBIGLIFEWVLY LGHQWLFDO WR WKH SU
WKH IODSV IXOO\ GHIOHFWHG

7KHVH DUH WKH VDPH PRGHO YDULDQWYV WKDW DUH XV
DORQJ ZLWK WKH RWKHU PRGHOV
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3.2.5.1 Stability and Control Tests:

The following are thetability test results for the Stability test base models (with and
without flaps). The modes tested are illustrated below. The numbering system inside the
images represent arbitrary time with where low to high is in the same direction as the
forward direstion of time. The animations cannot be captured well in paper however the
following images are provided for referentrethe following imageshowing the

observed dynamic modes of the FMS 182 numbers are chronologi@abitrary time

samples.

Figure 3.62 Short period pitching mode
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Figure 3.63 Phugoid mode

Figure 3.64 Roll damping

Figure 3.65 Spiral mode
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Figure 3.66 Dutch Roll

A range of stability tests were conducted on the models to check for both static and
dynamic stability in both longitudinal arateral planesTo obtain the results presented
in the results sectioBhapter 4.1he following tests were conducted using the T7 test in
XFLR5 (Mix 3D panels/VLM2):

X Standard stability test where the aircraft's responses were measured for a small
disturkance.

x Stability test for an incremental range of masses.
x Stability test for an incremental range of GGG positions.

x Control tests for a range of control surface deflections for the ailerons, elevator
and rudder.

X The previous test on both flapped and-flapped model variants.

3.2.5.1.1 Considerations for the tests:

Mass range: The range chosen for all mass altering experiments were started from the
base model mass of 1371.3 grams and 50 grams were added to it at t66CoG

location until a maximum mass of 1921.8 grams. The same masses were used for both
the model variants used.

Centre of Gravity range: For all experiments involving a shift in ti@entreof

Gravity, different ranges were picked for the flapped andflagpped model variants.

The following tables provide a guide to these ranges.
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Static Margin (%) | X CG
0 105.599
5 95.9401
10 86.2812
15 76.6223
20 66.9634

23.42 60.364

25 57.3045
30 47.6456
35 37.9867
40 28.3278
45 18.6689
50 9.01

Table 3-10 Static margin and C.G. ranges for FMS 182b SCO

| Static Margin (%) | X _CG
0 112.381
5 102.7221
10 93.0632
15 83.4043
20 73.7454
25 64.0865
26.93 60.364
30 54.4276
35 44,7687
40 35.1098
45 25.4509
50 15.792
55 6.1311

Table 3-11 Static margin and C.G. ranges for FMS 182b SCO  Flap

Control Surface Deflections:Since all the control surfaces of the FMS 182 showed a
maximum deflection of 15 degrees, all control tests were done with appropriate gains to
reflect a positive control surface deflection of 15 degrees and a negative deflection of 15
degrees. The only egption is the flap, which only has the +15 degrees. As a result, for
the control surfaces (not the flap), a total of 31 control points were tested for with 1

degree increments.

Post Processing of test results:
Once the modelling and tests parametersabuset and the tests are run, XFLR5 dumps
certain outputs intds log file. For the post processing, generally the log files of XFLR5

are checked and relevant outputs are obtained from them.
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Figure 3.67 Sample test results from stability test conducted in XFLR5
These logs are available in text format. The amount of data generated by these tests
results in log files sizes that simply cannot be processed manually. For every control

point of every model vaaint, the data has to be manually obtained from the logs.

Figure 3.68 MATLAB code excerpt for the import function for handling XFLR5 data
Since the log files are availi@bin text format, MATLAB code (se&ppendix)was
written to aid in importing all these logs into MATLAB. The MATLAB code imports
the log files into MATLAB and performs a range of operations to look for all the

defined parameters within the log files and arrange them into tables.

Figure 3.69 Sample processed data table from Stability/Control Test
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The MATLAB code generates the CSV files which provide the data tables for a given
model in a given configuration in a given test (under a givererahgontrol points). In

the results sections, many of the data tables are processed versions of these data tables
generated by MATLAB.

3.3 X-Plane Modelling Method

Figure 3.70 FMS 182 fuselage modelling in X -Plane

The modelling process in-Rlane(X-Plane 10xtarts with prior knowledge of the target
airframe that is to be modelled. In this research, the important physical and geometric
characteristics ahe FMS SkyTrainer 182nodel pland1] wererecorded. Although, it
should be noted here that certain modifications to the default airframe was made.
However, that does not alter the methods used to construct an accitiaieeXnodel

of the airframe. The key parameters relgtio the airframe geometry and mass has

been obtained both through the manufacturer's product specification sheet and physical
measurements. That data has been used to construgelamé& model of the plane. The
software XFLRY3] was also greatly utiligkin improving the aerodynamic modelling

within X-Plang[4] (discussed in detail later).
The following components were modelled using Plane Maker:

" Fuselage

" Wings

" Horizontal Stabiliser
" Vertical Stabiliser

" Landing Gears
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" Wing Struts
Propeller
Propeller Spinne

3.3.1 Fuselage modelling process

The construction process is initiated using the Plane Maker software. The mesh design

for the fuselage is handled by the following three subsections:

Section
Top/Bottom
" Front/Back

Figure 3.71 Fuselage modelling settings for FMS 182 in Plane Maker
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Figure 3.72 Fuselage wire mesh of the FMS 182 Plane Maker model

Plane Maker does not allow for import of 3D modelstfios process. Although it is

possible to alter existing plane models fromO DQHTYV VHOHFWLRQ IURP Z
Maker, the lack of any scaling feature means that small aircraft on the scale of the target
airframe must be modelled from scratch. As such,., &8 FDQ EH VHHK Q QWDKH
in the above image&0 cross sections were defined to represent the fuselage of the

aircraft.

Figure 3.73 Fuselage positioning in Plane Maker modelling space
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Since thdarget airframe has a fuselage, unlike various designs that rely on only a flying
wing, the checkbox in Body Location tab is ticked. All the parameters found in this
subsection were set by default to zero because we want our model's datum to start from
where the nose of the aircraft is located. The longitudinal, lateral and vertical arm
parameters specify the location in 3D space where the tip/nose of the fuselage is
located. As such, these numbers were set according to the previous measurements. The
targetairframe is symmetrical ant$ traditionalfuselage design do@est require the

design to be rotated in any of its axis by any amount. As such, the offsets for heading,

pitch and roll were set to zero.

Figure 3.74 Fuselage construction parameters for the FMS 182 Plane Maker model

The subsection titled BODY DATA contains the 4 editable parameters shown in the
above picture. The number of stations represents the number of slices of cross sections
needed toapresent the geometry of the aircraft (fuselage) with. The idea is that from

the nose to the tail of the fuselage, the varying shape of the fuselage can be represented
with discrete crossectional points (Stations). 20 such Stations were used. The number
of sides/radii stands for the number of points that define eachsgosen. These

points are there to capture how the shape of a given-seasional point curves from

the top to the bottom of the fuselage (viewed from the front). We have used 9 such
points. Since the target airframe is symmetrical, our esesonal designs need only
consider one side and Plane Maker will automatically mirror this design to generate the
completeaerofoilshape. The parameter "body radius” represents the maximum wid

of the fuselage (set to 0.32 feet). This number is used to constrain the size of the boxes

representing the individual stations. Since we are entering data about half the cross
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section and then mirroring it due to symmetry, instead of diameter, weleotise
radius of the circle originating at the centre of the fuselage at the point of maximum
width of the fuselage geometry. The body drag coefficient is set to 0.081 instead of the

default value based on calculations made available later in this section

Figure 3.75 Body texturing setting

The section titled BODY TEXTURE relates to the purely aesthetic attributes of the
design and makes no functional difference to any of the performance or dynamics of the
design. As such, the default values were left as is.

Figure 3.76 Fuselage sectioned into cross -sections for capturing the 3D shape

Within the cross sections is where a visual preview of the 20 statior$sradd points
selected for the design can be seen. The actual 3D shape is captured in the other two
tabs titled "Top/Bottom" and "Front Back". In the above picture, we see some of the
crosssectional points starting from the tip of the nose of the aidramthe left. The

first parameter on the top row is set based on the distance of that section from the
reference point. The second editable feature is the curve with 9 points itself. These
individual points are manipulated with a mouse to capture the sifapeaerofoil The

last two rows of editable parameters enable selection and moving of the radii points left

right/up-down with respect to the reference point for situations where the use of a
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mouse is less accurate. Despite the process being ratlerstand intimidating, there

are techniques that can be used to make it easier and more accurate.

Figure 3.77 Use of photographs to aid in the process of manipulating the individual station points

The abwoe picture depicts the construction process of the 3D mesh. All the stations that
were defined and all the individual points contained within each station needs to be
manually manipulated to capture the shape of the airframe. Within the tab titled
"Top/Bottom, we get the top, side and bottom view of our design. Plane maker allows
the loading of any Bitmap image to be used as the background for these sections. What
it makes possible to do is to ensure the eeesgional points line up well with the

actual dape of the target airframe. As such, multiple photos of the fuselage was taken

from appropriate views and processed until they were usable for this purpose.
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Figure 3.78 Fuselage front (left) and back wire -meshes for the FMS 182 Plane Maker model

The same process is used for the front and back modelling. The rendering is presented

in the results section.

3.3.2 Wing modelling process

Within the GUI of the Plane Maker software, wing modelling is to be found under the

menu options Standard>Wings. This is the general method of designing a custom wing
where the designer enters geometric data on the wing on one side (left/right) of the
airframe and it is automatically mirrored to the other side. However, this is NOT the
PHWKRG WKDW ZDV XVHG ,QVWHDG WKH VHFWLRQ XQ!
wing. The reason being that distinctly separate modelling allows for better diagnostics
further down the line. Otherwise, tweaking any settings on one side of the craft is
automatically mirrored by Plane Maker and as such no asymmetry can be modelled in
easily. The wing was divided into 8 sections (4 on each side of the airplane). Misc Wing

3 - Misc Wing 10 represent these 8 sections.

Figure 3.79 Misc Wing 3 & 4 settings
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Figure 3.80 Misc Wing 5 & 6 settings

Figure 3.81 Misc Wing 7 & 8 settings

Figure 3.82 Misc Wing 9 & 10 settings

As the above images show, the previously measured geometric data was entered into the
FOIL SPECS section of individualing sections to appropriately position them.

Figure 3.83 Assigning control surfaces (eg. flap) to wing sections

Figure 3.84 Assigning aileron controls to wing sections
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The subsection ELEMENT SPECS allows for appropriate definitions of control surface
placements within individual wing sections (Misc Wing 4/6/810). This is vital to

configure (based on measuremerfts) every wng sectiorbecause the target airframe

KDV FRQWURO VXUIDFHV DLOHURQV DQG IODSV DWWZELC
important to note here that these settings work based on the absolute values entered in
the Control Geometry section. Misc Wings3the section of the wing doubling as the

right-half of the roof of the fuselage. Misc Wing 4 is the inner wing section containing

the flap. Misc Wing 5 is the small slice of the wing between Misc Wing 4 and Misc

Wing 6 (contains the ailerons). This ekpattern is repeated on the left side (port) of

the aircraft.

Figure 3.85 Assignment of custom FMS 182  aerofoils (from XFLR5/MATLAB) to Misc Wing1 -5

Figure 3.86 Assignment of custom FMS 182  aerofoils (from XFLR5/MATLAB) to Misc Wing 6 -10
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For accurate aerodynamic behaviour of the wings, these wing sections need to be
assignedherofoils While X-Plane does have similaerofoils they are unreliable as
they almost always miss data within the operati&teinolds numberanges for such
small aircraft. As such, XFLR5 was utilised to create cusierofoilsfor this target

D L U I U D-Pl&h% yhodel. As it can be seen in the above@navery individual
section had to be provided witha2rofoilfiles with both low and higiReynolds
numbes. X-Plane interpolates between these two ranges to eudrthe overall

aerodynamidehaviour

3.3.3 Aerofoil Creation Process

There exists no documextiton on this process. As such, extensive amounts of trial and

error had to be done to find the following method of succeasfaifoilgeneration.

Figure 3.87 XFLR5 data for the main wing aerofoil creation
The previously generated XFLRrofoilswere utilised for this purpose. Custom
MATLAB code wagwritten to aid in the process. XFLR5 dumps CSV data in a very
specific format and X3 O D @drofdilfiles have to be written in a unique format. As
such two @nctions (importPolars.m & dumpAfl.m) were written to make that process

easier for any number agrofoilsin the future.
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3.3.3.1 importPolars.m

Figure 3.88 MATLAB import process

The custom function importsaW KH GDWD IURP ;)/5 RQWR 0$7/$%fV
stores it as a structure.

Figure 3.89 MATLAB workspace storing relevant XFLR5 data

As it can be seen from the above image, all the relevant values havextraeted from
the XFLR5csvfile and stored in the form of tables that can be then used by the function
dumpAfl.m.

3.3.3.2 dumpAfl.m

Figure 3.90 MATLAB function to create .afl dataset

All this custom function dais to use the imported data (stored as a structure called

polar in the screenshot) to generate a file with the columns that need to be injected on to
an existing XPlaneaerofoilfile. An error check has been built into it. It should always
return O (sescreenshot) if the process was successful. The output of this function looks

like as shown in the following imad€&igure 3.91)
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Figure 3.91 A test sample aerofoil file data output from MATLAB

This is the general procedure followed for every cusaenofoil created for this

research. One of the standard templateseodfoilfiles provided by XPlane (.afl

format) is used for the final steps. The header contains information that is used by the
simulator, some of which need to be altered to match the taegefoil Namely, the
Reynolds numbeaind Aspect Ratio. As they are not labelled in the .afl file header, they
had to be experimentally identified. The rest of the other parameters in the.the@de Q 1 W
interfere with the process and is only relevant if Airfoil Maker is used to edit the

aerofoilfile.

Figure 3.92 X-Plane .afl file headers

The data prepared by the custom MATLAB functions were manually entered into the

aerofoilfile by replacing the existing data.
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Figure 3.93 Padding the aerofoil file with rows of zeros

It was discovered that the modifiadrofoil I LOH G RHYV Q § Wlaad&di tNisZtaye.K ;
On further experimentation, it was found that the total number of lines on that file must

EH 7KLV LV ZK\ WKH WUDLOLQJ 3 " dGnoRHe\ YD O X H
aerofoilfile to make the file have a total number of limegiallingto 740.All the values
IROORZLQJ WKH 3 " SDGGLQJ UH S laétofdi spage WheH Y LV

imported polars can be seen in the results section.

3.3.4 Horizontal & Vertical Stabiliser modelling process

The modelling for these components follows a similar approach to wing modelling. As
such, the details are left out of the main body of the thesis but included within the
Appendix (Chapter 7.5)

3.3.5 Power plant modelling

Figure 3.94 Engine modelling settings in Plane Maker
X-Plane lacks any dedicated way of modelling the type of Brushless DC motor based
engines used for such small fixedng aircraft. As shown in the abouweage(Figure
3.94) various details about generic aviation engines can be entered into the simulator.

However, that would result in very low fidelity modelling. As such, alternative tools
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and methods were employed to determine equivalent values faartdragters that can

be entered into Plane Maker.

Figure 3.95 Scorpion_calc results for FMS 182  power plant setup

Scorpion_Calc v 3.907] was used to estimate the overall power output and RPM
limits. The sdtware is free and has a database of brushless DC motors, propellers and
ESCs all of which makes the process of obtaimisigmationmuch easier. However,
WKLV ZDVQIW XVHG DORQH

Figure 3.96 )06 TV S Rt setup on a test rig
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Figure 3.97 Brushless DC motor mounting (with black masking tape and reflective strip on right)

The Motor, Battery, ESC, Radio receiver and transmitter and propeller were tested in

two different conditions. In the first test, the setup without the propeller was mounted

on a test rig as shown in the above imadesustom attachment plate was necegsar

GXH WR WKH WHVW IDFLOLW\YVY DWWDFKPHQWY QRW IL
reflective tape was placed on the spinning body of the motor. To reduce interference
IURP DQ\ VKLQ\ SDUW RI WKH ERG\ EODFN WDtdd ZzDV X
the reflectie tape was placed on it. A Ratatigital optical tachometg8] was used to

read the readings from the spinning motor in max throttle situation.

Figure 3.98 Power plant test setup with propeller on
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For the second test, the entire setup including the propeller was mounted on the test rig
which was resting on a digital scale. The propeller required to be mounted opposite the

usual direction.

Figure 3.99 Powerplant setup on test rig with propeller and pinner on

A separate attachment was needed to secure the propeller in place along with spinner.
The idea behind the test is to estimate the maximum thrust produced by making the
propeller spin at peak throttle setting.

Figure 3.100 Clamp and optical tachometer
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Given the dangerous nature of operating such propellers under such indoor test
conditions, a metal clamp was used to Hbkltachometer within effective range of the
reflective tape while maintaining a safe distance away from the live test rig.

Figure 3.101 Digital scale zeroed before test
Since the test rig is mounted omyidial scale Figure 3.10}, once the setup was
mounted on the rig, the scale was set to zero to help in the measurement process. All the

recorded test results are documented in the corresponding results section.

3.3.5.1 Propeller Modelling:

Figure 3.102 FMS 182 propeller with masking tape and green markers for measurements

The way Plane Maker allows for propeller modelling is through segmentation of the
aerofoilinto 11 sectiongFigure 3.102from the hub to the tip of a propeller blade. As
shown in the above imagEigure 3.102)white masking tape was used along with a
green marker to create these sections and measurements were taken using a digital

calliper and protractor.
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Figure 3.103 Data table used to calculate X -Plane inputs for the propeller geometry

The data were then entered onto the following table under Prop Geo section.

Figure 3.104 Plane Maker propeller settings

The measured offsets from the long green centreline (running from the hub to the tip) of
the blade were entered into the L.E and T.E offset fields. The incidence angles were set
accordingly. As it can be seen in the abovags there are additional fields (chord,
Mach,A0A, etc.). These fields are not editable and are meant to be used along with the
values on the right to check tMachnumbers for sanity. This was used with varying

inputs on the left to ensure the propell®f LS GRHVQITW JR VXSHUVRQLF ¢
ODNHU GRHVQMTW KDYH D ZzD\ RI SORWWLQJ WKHVH YDO
checked graphically.
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Figure 3.105 Plane Maker Engine and propeller position and settings for FMS 182 model
The actual number of propeller blades, the locations and other relevant parameters were

entered into the same tab (Location) under Engine specs.

3.3.6 Electrical systems and external ligh ts

Figure 3.106 Electrical power settings in Plane Maker

For the battery modelling, a power source had to be defined under Systems/Electrical.

This provides a ceiling of the max power made availablegsyistems. Any error or
FKDQJH RI WKLV QXPEHU LVQTYW FULWLFDO DV WKH PD]
defined in the engine settings based on the results presented in the corresponding

section.
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Figure 3.107 Plane Maker settings for modelling external lightings of the FMS 182 model

The locations of all external LED lights were defined based on the measurements in the

Exterior Lights section under Systems tab.

3.3.7 Propeller Spinner Modelling

Figure 3.108 Propeller spinner modelling for the FMS 182 in Plane Maker

The same method used for fuselage modelling was utilised to create the spinner and
position it appropriately within the modelling space of direraft.

3.3.8 Wheel Fairings Modelling

The wheel fairings were also modelled in by following the same method utilised by the
fuselage and spinner modellirgs such the details of it have been documented only in
the Appendix (Chapter 7.5).
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3.3.9 Control geometry m odelling

Figure 3.109 Control systems settings for FMS 182 in Plane Maker

The dimensions of the control surfaces were entered in the form of chord ratios and
WKHLU PD[ GHIOHFWLRQV LQ GHJUHHYV ZktldH DVVLJQHG
correspond to the Element Spec section of relesamtfoilswhere their locations were

defined.

3.3.10 Landing Gear modelling

Figure 3.110 Landing gear setting for the FMS 182 in Plane Maker
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The landing gear type and location were specified under the Gear Locatidheab.
boxes for fairing had to be ticked as individual fairings were modelled for these landing
gears. All the data entered here are based on measurements of the actual target airplane

(converted and sometimes rounded to different units {Btaxe).

3.3.11 Inertia | modelling

Figure 3.111 Inertial settings in Plane Maker for the FMS 182

The method by which Plane determines the inertial tendencies of the overall aircraft

is based on assuming a uniform density material that is evenly distributed throughout
the area/volume of the aircraft. This approximation results in far less realestii@l
responses. As an attempt at improving this, the inertial tensor obtained from XFLR
modelling which utilised point masses based on actual measured distances and weights

was used.

Figure 3.112 Inertial tensor calculations for X -Plane based on XFLR5 prediction

The Centreof Gravity values obtained from XFLR5 was used here along with the Radii
of Gyration which required conversion from the Inertial Matrix provided by XFLR5 to
the Radii of Gyration (irieet) required by XPlane. In the above picture, |_XFLR5 is

the original inertial tensor obtained from XFLR5. It was first converted from that to the
Radii of Gyration matrix (RoG XFLR5) and the units subsequently converted from

meters to feet to match thaf X-PLANE. It should be noted here that the entry fields in
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Plane Maker does not follow the convention of Feitch-Yaw and instead it requires

the values be entered for Pit¥law-Roll.

3.3.12 Texture Modelling

For accurate visual/aesthetic modelling, te&tmodelling work was carried out and the

details can be found in the Appendix (Chapter 7.5).

3.3.13 X-Plane Flight Tests M ethods

Figure 3.113 Screenshot from flight test of the FMS 182 conducted in X -Plane

As a demonstration of the advantages and functionality of the finished model, various
flights tests were conducted. The following were the test conditions for all these tests:

Sea level altitude

Mean sea level atmospheric conditions

Wind and gust set to zeroinimal.

Aircraft weight kept constant & maximum weight.

7KH IHDWXUH 26DYH 6LWXDWLRQ™ ZzDV XVHG WR UH
identical situations every test.

X The procedure followed for the excitation of individual dynamic modes of the
airplane required the aircraft to be in trimmed level and steady flight. This was
followed by abrupt control input to the elevator and rudder in separate tests.

X X X X X
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Following the flight data extraction and processing methods discussed in the Parameter
Identification methods section, attempts at determining stability derivatives from this
flight data has been made ($&eapter 4.2.) The following section details the

procedure.

3.3.13.1 Importing of flight data from X -Plane:

Live flight data from XPlane was imported io MATLAB via the use of anodified
JavaScripfsee Appendik Even though the sourdavaScripf10] is technically

capable of readingxBODQHYV '5HI PHVVDJHVY IURP WKH PHPRU\
to the code had to carried out to make it work the way IV EHVW VXLWHG IRU
processing method used. By default, JagaScripteads a few parameters from X
B3ODQHYYVY PHPRU\ DQG GXPSV LW RQWR WKH WHUPLQDO
this is useful for live monitoring of the flight daiapeeded to be changed for the data

processing later on.

3.3.13.1.1 UDP.s

TheJavaScriptUDP.js was the end result of the modifications stated in the previous
section. The full codes provided in the Appendi¢Chapter 7.2)The source code in the
Appendix should & consulted to understand the implementation of tiresbfications

The following modifications and extensions were carried out:

x 7TKH ,3 DGGUHVV FKDQJHG WR PDWFK WKH KRVW ,3

x 7TKH VDPSOLQJ UDWH ZDV FKDQJHG IURP WR I R

X ) VLQWURGXWHKE FRGH LV WKH ILOH V\VWHP KDQGC

X 7TKH GDWD VDPSOH FRXOQRWHG HEXI 1IN URGTFRIAMIH R C
XVHG WR FKHFN OLYH GDWD LPSRUW XVLQJ WKH W

X 7TKH RULJLQDO POQYMVE ZR@SRMLWERUW WKH GDWD VW
30DQH LQWR WKH WHUPLQDO 7KDW KDV EHHQ DOW
GDWD LQWR D FVY ILOH IRU ODWHU SURFHVVLQJ D
VFUHHQ WR OHW WKH XVHU NQRZ LW LV ZRUNLQJ

X 3*HQHUDWMHP HOMHUHDWHY D ILOHQDPH DQG FKHFENYV
LW GRHV LW LQFUHPHQWYV WKH FRXQWHU IQDPH,C
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ILOH XVLQJ WKH IQDPH,QGH[ DORQJ ZLWK WKH IQD
WKH FRQYHQWLRRQIROORZPMMG3EHLQGH[ QXPEHU DQG
SFRQVW GUHILIDPHV  ZHUH XVHG W-RB GO MY D @6 PARKA
WKDW ZH ZLVK WR LPSRUW 7KLV LV ZKHY®DHIV\ .
ZRUNLQJ PHPRU\ LV VSHFELILHG

s RQFDWHQDWH LQWR &69 KHDGHU"~ WDNHV DOO W
LQWR D GROPPILWHGH OLQH 7KLV LV ZKDW LV XVHG
LPSRUWHG GDWD :LWKRXW WKLV LW LV GLIILFXOV
SDUDPHWNUNWDNQ &R UXQ LQWR FRQIXVLRQ
SFRQVROH ORJ QDPH6WULQJ ~ ZDV DGGHG WR FKHF
3]V ZULWH)LOH" FUHDWHY WKH DFWXDO GDWD ILOH
WKH ILOH DOUHDG\ H[LVWV LW ZDYOXYH\W RYHUZUL
SFRQVW PHVVDJHV  QHHGHG WR EH PRGLILHG WR C
QHHGHG 3:FRQVW PHVYODD®WNVDUEN2ADR DO®R LQFO.
WKH FRGH IRU LGHQWLILFDWLRQ RI WKH SDUWLFX(
SDUDPHMUHU®LVWHG )OLJKW WLPH YHUWLFDO VSt
8QGHU OHVVDJH UHFHLYHG D YDOXH FRXQWHU ZI
VWULQJ RQ OLQH LQFOXGLQJ WKH FRGH WR ZUL
ZLWKRXW HUDVLQJ WKH SUHYWR XWKGE DW P XWW QmRW
FRPPD ZKLOH WKH VXEVHTXHQW HQWULHV QHHG W
GRQH LQ-OLQK® OLQH WKH VDPH PHWKRG IV ZU
GLIIHUHQW IODJ D WR DSSHQG WKH PHWIIOLUW VWL
PRGLILFDWLRQ LVQYW GRQH WKH ILQDO RXWSXW |
RQO\ RQH URZ RI IOLJKW GDWD WKH ODWHVW RQH
QHZ OLQH DQG SULQW LQ WKH QHZ OLQH ,QVWHDC
VHSDYDWKBV
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Figure 3.114 Screenshot showing the JavaScript in action with FMS 182 X -Plane simulation running

X ILQH- LV XVHG IRU GHEXJJLQJ YLD WKH VDPSOH
RXWSXWV $00 LW GRHV LV RXWSXW WKH FXUUHQV
LPDJH VR WKDW WKH XVHU NQRD\OILWHKOLNVEHHIQQS
VSHFLILFDOOUIRVRDMUWHK®IR/$%TV SLPSRUW WDEO!
ZD\ WKH EXLOW LQ IXQFWLRQDOLW\ RI 0$7/$% FDQ
ZKLOH UHGXFLQJ HUURUV DQG FRQIXVLRQ IURP PL
VWDJHV

3.3.13.1.2 MATLAB import process of flight data

In order for the flight data import process to work, it is required to navigate to the

directory containing th@avaScripaind MATLAB functions written for the taskhe
IXQFWLRQ SUHDGWDEOH" LV XV&eddHe\toti@spanding tesiic LQ Wk
section for more details. A series of flight tests were conducted and the subsequent

dataset were all imported into MATLAB by following the same method.

3.3.13.2 X-Plane Parameter Identification

For the parameter identification, old MATLAB code develope@ranfield University
[11] was used. Although usable, the code itself is very old and has such it was necessary
to rewrite and modify it to work better with current/more recent versions of MATLAB.

The full set of modified code imade available ithe Appendk (Chapter 7.2)As part
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of the extension to the code, a MATLAB scripinScript.m)was written to make all

the discrete pieces of the code to work together for flight data processing. This is the
script that controls the entire process instead of the user having to manually go through
every individual MATLAB code like it was originallgesigned. The first 10 lines of
runScript.m have the control parameters such as switches for turning on/off plots and
calculations, definitions of which dataset to process and what variable to plot for the
initial diagnostics. The most important paramétetcutoffSamplé€. The flight data
alwayscontainsan initial idle period where nothing happens. This idle period is used to
determine the neutral points and zero values to match the requirements of the Pl code
[4][see Appendix for details[The sample nubrer at which the idle period ends and the
test begins is determined using the checkPlot switch (line 2 in the screenshot). This is
ZKDW LQIRUPVY WKH UHVW RI WKH FRGH WR GHWHUPLQI
process is manual and important as st of the code depends on a curceibff

point for reliable operation. Once that sample number has been determined, the
variables checkPlot is set to false, run calc is set to true to enable the actual solver to

execute the rest of the calculation.

3.3.13.2.1 LoadUdpData.m

7KH 0%7/$% VFULSW /RDIGIEBGS'OPMDGR] &KDSWHDV |IRU I]
ZULWWHQ WR DLG LQ WKH ORDGLQJ SURFHVV RI WKH I
FXVWRP IXQFWLRQ FDQ EH FDOOHG ZLWK LROH ¥ LWXRX W
0$7/$%MV ZRUNVSDFH W ZLOO HLWKHU ORDG LW IURP
VSHFLILHG LQ WKH LQSXW DUJXPHQW 7KLV IXQFWLRQ
7KLY VWUXFWXUH FRQWDLQV WDEOHW 4L®%K LD PW VZ KAK-
DOORZV IRU PRUH IOH[LELOLW\ DQG HDVLHU KDQGOLQ.
YDULRXV VRXUFHVY DQG VLPXODWLRQ UXQV

7R ORDG WKH DFWXDO UDZ IOLJKW GDWD FVY ILOHV O
IXQFWLRQ FDOOHGPXGRLYPEXOERUWQ ZDV ZULWHQ EH
0$7/$% IXQFWLRQ *UHDGWDEOH" VKRZQ SUHYLRXVO\ SL
ZRUNVWDWLRQV UXQQLQJ 0$7/$% 7R DYRLG HUURUV D¢
WKLV FXVWRP IXQFWR RMK BDWDPHILWRVMH)Y WAEGILW LQ D (
DGYDQWDJH LV WKDW WKLV FXVWRP FRGH GRKIN QRW LU
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ILUVW DFWLRQ RI WKLV IXQ&BGCR® D VX WIRQ L1 FHS/R/MI\E BB MV
IXQFWLRQ ,W WNQISOHWBN MIKDW LV WKH KHDGHU LQ D\
7KH UHVW Rl WKH IXQFWLRQ SURFHVVHV WKH KHDGHU
EODQN WDEOH DQG DVVLJQV HDFK FROXPQ RI WKH FVY
SXOKHR® WKH KHDGHU 7KH QH[W VWHS LQ WKH SURFH\
WR D FRQVLVWHQW VDPSOLQJ UBMUD B K MWHKU LERRSRIP 8 DWW
> @ 7KLV LV GRQH E\ FDOOLQJ WKH FXVWRP IXQFWLRG

3.3.13.2.2 reprocessDataSet.m

$SSHQGL[ &KDSWHU VKRXOG ERKAHROR X8 WD URMN W K
RZQ FRQWURTKMDAR\DWE QRBRUWDQW Rl ZKLFK EHLQJ UH
UHVDPSOHOHWKRG ZKHUH WKH XVHU FDQ VHW WKH GH\
RI GLIIHUHQW DOJRULWKPV )RU WKH DYDLODEOH IOL
ZDV K] DQG WKH PHWKRG XVHG ZDV OLQHDU 2YHUVI
LVVXHV GXULQJ SWKRF DD F X OW WHEKGES R ZQV WHAWSBILIREH V \
LV WR UHPRYH GXSOLFDWH GDWD SRLQWV XVLQJ WKH
FUHDWHG ZKHQ WKH VLPXODWLRQ YLD/ EBISSANER DWW R M HX
HIHFXWH IURP WKH> L@ROHD WRYUXFKHY QR \GASBGFI R/ HEW
UHPRYHG 1H[W VLPXODWLRQ WLPH LV UHVHW WR JHUF
FRSH ZLWKWRQROPDUWLQJ WLPH ZKLFK LQYDULDEO\ UH
DQGAXRHELVFXVVHG DERYH KRZHN¥RYVIKPSD M HOHF W L G
UHYLHZLQJ SORWV LQ JHQHUDO LW LV EHWWHU IRU W|

$IWHU UHVHWWLQJ WKH WLPH GDWD LQ HDE® VHW DU
UHVDPSOH IXQFWLRQ GLUHFWHG SHU &K R FHR/YW.DR\DU R
DGGLWLRQDO QRLVH DW WKH EHJLQQLQJ DQG HQG RI V
VHEWLRQ GXH WR LQKHUHQW OLPLWDWLRQV LQ WKH C
D YHU\ VKRUW WLPH SHULRG EHQ®Q W D LIMFEKMG] G Z 2K LFKKHF
IXQFWLRQ UHWXUQV WKH UHVDPSOHG DQG WULPPHG G

20FH WKHVH |XQFWIUR@\6 DU WBRPDH &/ E/HIKQI6R Q LRSIWWK
DOORZV WKH HQG XVHU WR FKHFN WK HVE GWWDR| IGGNCH WF
WHKEKRMYVDPSIKHLY LV IROORZHG E\ UXQQLQJ WKH@ FWXDC
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7KH VWDELOLW\ DQDO\WLYV FRGH 3, FRGH GLG QRW FR
IROORZLQJ VFULSW ZDV ZULWWHQ

3.3.13.2.3 ComputeLSS.m

7KLV VFUABW BN WR ZRUN LQ XQLVRQ ZLWK V@KH PRG
VXFK WKDW RQ H[HFXWLRQ DOO WKH QHFHVVDU\ FRPS)
WKH UHVXOWYV RUJDQLVHG DQG VWRUHG LQ 0$7/$% ZRL
VHFEWLRDRRWIPEVEKDSWHU IRU WKH IXO0 FRGH

3.3.13.24 Is_sp &Is_long

7KH SDUDPHWHU HVWLPD@& ICRMBVVS$7FREQ FIRGHPY WKH IRO
VKRUW SHULRGTGHVFULSWLRQ

Ve VS \% T
LR | BER & AT ¢
@ TTll Q T XT

f%'—ﬁ\il\il\éy“\ﬁ/ﬂffl iB
36 r r sr a [

Details on these models are documented in the literature review section. The parameter
estimation code were rewritten to work with current versions of MATLAB and adjusted

wherever necessary for smooth processing.

3.4 Simulink Methods

The MATLAB/Simulink modelling and simulation approach is based on standard
published sets of equations and formulations used for the kinematics and dynamics
modelling of fixedwing aircraft[12-24]. For the actual implementation of these
equations in théorm of a simulation, Beard & Main [13] has been followed. This is

due to the approach relying on creating custom code and Simulink g&iokslink S-
Function and MTLAB Function blocks). Bedr& McLain [13] presents skeletal

template files for their simulation to be constructed and developed by interested parties.

However, this research involved a rangenafdifications to this approachs a result,
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these templates were modified appropriately anhique sixdegrees of freedom
simulation of the FMS 182 was constructed which benefits from:

¥ Utilization of the underlying mathematical modelling referred to earlier.

¥ The customization of coding andligation of standard Simulink blocks.

¥ Not requiring the Aerospace Blocks2g].

T Modularity

Based on thereviously discusseplublished literature, the following sections describe

the mathematical consideratiomsde for the modules of tleenstructed simulation.

3.4.1 Modelling Aerofoil Stall

The lift produced by thaerofoildepends on the lift coefficientf) of that aertoil. In
case of the linear model, the lift coeffici€hig. 3.4) is represented as follows.
%:U; L % E% U [Eq.3.4

We are able to approxima#g asshown in Equatio.5[13]:
e#4 [Eq.3.5
SE¥sE #4xnt;6

0p L

This coefficient is not a constant and is directly linkethie angle of attack of the

aerolRLO . KLOH LQFUHDVLQJ . FDQ LQFUHDVH WKH O
D FHUWDLQ UDQJH RI . %H\RQ GeWwduRivvishhDaDhEHrustWdk H R X\
This behaviouiis modelledoy modifying the lift anddragequaions (in the stability

frame) as shown in Equatio8%-3.7) [13]:

s ) _? " - .
(rude é%65oP/A:U;E%0ta3ME%DLbh [Eq.3.6]

o - ? ’ Eq3.
(xa0d- 7 68254, U; E O/%t—%ME %,  (ph [Eq3.7]

To include the effects of stall ot the method of blendinghe linear tern{Eq. 3.9

with a flatplate term 13] was followed
YurGeogs tOEA<FU.. ‘W [Eq3.§

The realism was captured by the use of the following equabamBeard and McLain

[13], which is used throughout the simulation codg(See next section)
%:U; L ks F é&:Ujo% E% UgE &:U;xOEQf<PU... W2 [Eq.3.§
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The sigmoid function ifcquation3.8 has thecutoff SRLQW DW “. DQG D SRVL\
constant transition rate (M) and can be writteE@sation3.9[13]:
SENAE ? TENXE > [Eq.3.9
'SENE ? iSEANE > .

é:U; L

Both methods have been tested during the construction process of the Simulink
simulation and the nelnear one was used and even developed to include additional
advantages as described in the next subsection. The MATLAB code written to test the

output fran these models have been documented idfpendix(Chapter 7.3)

3.4.1.1 Extension of the sigmoid function utility

As shown previously, the use of the sigmoid function greatly enhances thieesmn
modelling of the aerodynamic behaviour of the modelledairddowever, it can be

difficult to adjust the function variables such that it accurately reflects the aerodynamic
characteristics of the actual platform being modelled. To improve this feature, the
available aerodynamic data from XFLR5 has been used &adh MATLAB to

develop a cunwitting method which is capable of handling XFLR5 data and

processing it to output the appropriate values for the individual variables that define the
sigmoid function and therefore the aerodynamic behaviour of the aifthadtis
accomplished by a set of MATLAB code comprising of two custom functions, one

script and a .sfit file.

Figure 3.115 Loading data from XFLR5 on to MATLAB as Column Vectors
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Figure 3.116 XFLR5 raw data plotted in MATLAB

The process starts with loading the available XFLR5 data from the csv file in the form

of column vectors on to MATLAB workspace. The output type in the import process
must be Column vectors for the rest of the process to work. The graph above depicts the
raw data from XFLR5. Once the data is in the workspace through the generatecurve.m
script, the values for the angle of attack are converted to radians, aspectsettiand

CL is calculated based on that. This is followed by calling the next custom function
3ILW6LIJPD$SOSKD P”

Figure 3.117 Custom equations in curve fitting

The curve fitting tool in MATLAB automaticallgenerates a function of this type but it
needed to be modified. As the initialising setting, the variables alpha and CL were

provide to the curve fitting tool as X and Y data respectively.
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Figure 3.118 Settings for curve fitting

Figure 3.119 Custom function

The custom function CL_alpha.m outputs all the necessary CL values for this process.

Figure 3.120 CL_alpha.m function for sigmoid function

As seen in the above screenshot, this is done by transcribing the previously detailed
sigmoid function equations into MATLAB code such that relevant sets of values for CL

can be computed. This function is calledWyKH 3ILW6LJPD$SOSKD P WR LG
fit. Conditional statements were included in to the function to detect potential mismatch

of units of alpha and automatically correct them (the rest of the code base works with
radians). The custom functio®L_adpha.m”was also incorporated into

fitSigmaAlpha.m in the form of a nested function such that it becomal-smone

function for this job. The results are documented in the corresponding results section.
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3.4.2 Modelling of drag

A similar approach has begaken to model the drag acting on BEMS 182 Two types

of drags are considered, parasitic and induced. Withiexpectedperational
envelope of th&MS 182 VPDOO . WKH LQGXFHG GUDJ DFWLQJ K
proportional to the square of th# force acting on it L3]. The parasitic thg, which

results from the shestress acting on theerofoildue to the airflow over it, is however

taken to be a constaiollowing the convention in the literatujg3], we are already
using % WR UHSUHVHQW WKH G U MérefoRei H LG-R € QW XK QVKH

label for the parasitic drag coefficient and instead label ¥patTherefore the equation

for the drag coefficientEq. 3.10 is modelled as follows
%,:U; L %, E%, U [Eq.3.10

The above model was used for testing linear approximations aeduagon (Eq3.11)
below was used for the ndimear approximatior H 2VZDOGTV HIILFLHQF\ IL
oot L o £ E % Uo’ [Eq.3.11
Y

3.4.3 Modelling of Cm

In the absence of wind tunnel testing or data obtained from actual flight tests, the
pitching moment acting on tHeMS 182 was approximatdeq. 3.12 with the
following linear model 13]:

%:U L % E% U [Eq.3.17

The variables were extractétdm XFLR5 stability test results and the linear model is

presented in the results section.

3.4.4 Simulation Initialisation

The developed Simulink model of the FMS 182 relies on an initialisation process which
loads all important constant parameters for treeiie aircraft. As the separate modules
of the simulation begin to execute their functionality, they use these parameters as

inputs for all their relevant calculations. This model initialisation function is the
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SQ3DUDP P ILOH )RU W¥ehtnlfto@ ithe tanpldteviasPuded: RIQ
parameters are recorded in the format of P.x where x is the parameter.
For example, in this conventidhe constant value of 9.81 meters per second squared is

stored as P.g = 9.81.

Figure 3.121Inertial tensor from the XFLR5 estimations

This method was used to manually impbe data generated by XFLR5 anePXane
simulationgnto Simulinkto create a unique parameters file that is usable with this
simulation. he above screenshot is an example of convention mismwaich

complicates the process since XFLR5 uses3thenatrix instead of?] “and X-Plane

uses Radii of Gyration}However, all such variable naming conventions were carefully
noted and examined toeate the nParam file whose contents are made available in the

results section.

3.4.5 Stability & Control derivatives data

Many of the key stability and control derivatives used for the simulation were obtained
from the XFLR5 and XPlane flight data.

Figure 3.122 XFLRS5 dataset from control tests being processed

120



The general method used was to import the XFLR5 aiftfiaXie data onto a spread
sheet and isolate the values of interest across the range of contrsl(deftection
angle of the control surface). The sources of these data are as follows:

T2/T7-VLM2 test results from XFLR5 (FMS 182b Elevator Up)
T2/T7-VLM2 test results from XFLR5 (FMS 182b Elevator Down)
T7-VLM2 test results from XFLR5 (FMS 182b Rudder)Up
T7-VLM2 test results from XFLR5 (FMS 182b Rudder Down)
T7-VLM2 test results from XFLR5 (FMS 182b Aileron Up)
T7-VLM2 test results from XFLR5 (FMS 182b Aileron down)
Processed flight data from-Rlane flight tests.

X X X X X X X

The control derivatives for the elevatesponses had to be estimated from T2 tests (at 6
degrees alpha)as the other XFLR5 tests consider a zero pitching moment situation
which interferes with the process of determining the derivatives based on elevator input.
Unfortunately the method requirggnipulation of huge amount of datasets. As such,

the keyones are being included in th@gendix (Chapter 7.4nd the rest of the bulk

of the dataset produced will be uploaded online and limkgidn the Appendix

3.4.6 Visualisation Methods

Simulations of ixed-wing UAVs can benefit from the addition of visual outputs to

make the results more humarendly. While it is entirely possible to construct

simulations where the only outputs are either numeric values or those values plotted on
graphs. While theresinothing innately wrong with that simplicity, the lack of any

visual simulation of the aircraft can result in both added diagnostic difficulties and

much needed sanity checks when errors or bugs produce erroneous outputs.

For the purpose of constructittte MATLAB/Simulink simulation of the FMS 182, an
interpreted MATLAB function (drawVehicle.m) has been utilised. This can be obtained
from the skeletal/template filesgeChapter 7.8 This function, when populated with
appropriate code can form thasis of the visual simulation for the aircraft. In every

cycle, it updates the 3 dimensional graphing space with the present orientation of the
vehicle. The 6 parameters of interest to represent the aircraft in 3D space are as follows:

x Inertial North Pogion
x Inertial East Position
X Inertial Down Position
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x Roll Angle
x Pitch Angle
X Yay Angle

Figure 3.123 A simple visualisation based on the vertices and faces method

The first three parameters are thieahslational degrees of freedom (surge, sway &
heave) and the last three parameters are the 3 rotational degrees of {re#dpitch

& yaw). In the imageNorth, East & Down corresponds to Surge, Sway and Heave.
Combined, they go on to describe andtaee the motion of the airaft in all six
degreeof-freedom (6DOF]27]. The appropriate values for these 6 parameters are
computed by the kinematics and rigid body dynami@&[28-30] worked out by the
module of the simulation responsible for the dyi@nealculations. As such, we may
provide them as inputs to tidrawVehicle” function for it to render the current
orientation of the vehicle.

The way the basic template file attempts to do it by defining the aircraft in terms of
vertices and faces. Thiginciple has been exploited to allow for much more complex

geometric designs than the type in shown in the above iffregae 3123.

3.4.6.1 Vertices & Faces Method

The patch comman@y] in MATLAB allows for the construction of 2D surfaces that

can be put together to generate any 3D object. This is done by expressing the target
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object as a combined set of vertices and faces. Every vertex is a point in 3D space that
determinests location and everface is a polygon created from these vertices. With

these points and defined surfaces, MATLAB alldhes rendering 08D objects 81].

The following example of a pyramid shape can be considered as a demonstration of this

technique.

Figure 3.124 Example pyramid in 3D Cartesian space

It can be seethat the shape has 5 points of intersection of lines with the coordinates
stated beside them (in the [X,y,z] formdathe method starts by definitigese vertice

and faces in MATLAB ashown in Appendix (Chapter 7.3p aid with the

visualisation, the surfacesn be colouretbllowing MATLAB $ predefined

conventions 31] and convert the colour information into a matrix (FaceVertexCData)
as follows.This specificcode(Chapter 7.3has some redundancy due to the fact that
MATLAB has 7 predefined colours that can be used without defining the RGB triplets
[31]. But the advantage of doing it this way is that it illustrates how more complex
shadings can be arrivedlat supplying the FaceVertexCData with a matrix containing
the colour information. Once this is done, we can put together all the defined surfaces as
follows. The matrices V and F supply it with the necessary information for the
generation of the surfacdsat are to be put together the matiolours “ provide the
information on the colour of individual surfaces. The resulting output is a 3D shape

resemblingheoriginal drawing.
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Figure 3.125 Rendering of t he 3D pyramid shape

This principle has been used to import complex aircraft geometry right into the

simulation thereby enhanciiig capabilities.

Figure 3.126 MQ-9 Reaper 3D model [32]

There are freelhavailable CAD models32] that were utilised for this purpose. The
results are shown in the corresponding results section. These models generally are

provided in STL files file format33] which form the basis of the geometric data needed
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for the visual radering in simulation space. For testing the limits of such rendering, a
CAD model of the M@ Reaper32] (pictured above) wasbtained anditilised.

The function stlread34] was used to decompose the STL file into the vertexes and
faces (V & F) matricesOnce these matrices are available, the exact same process of
using the patch function can be used to generate the 3D visual representation of this
aircraft within the 3D plot as shown in the corresponding results séCiapter 43.5)

For general visuesation of the simulation during tests, this visualisation method is
handled by the template file drawVehicle.m. Modifications were needed to make it
more modular and accommodate the type of complex visualisation stated here. A
standalone test model indung control input and kinentias block has been uploaded
onlineand theweblink shared in théppendix

3.4.7 Modelling of Forces & Moments

The modelling of all the forces and moments acting on the FMS 182 has been done via
the use of interpreted MATLAB function blocks $imulink [36]. The block intakes the
input from the initialisation function discussed earlier, the control inputs fromli&knu

(elevator, rudder, aileron and throttle) and the state matrix x.

Figure 3.127 Input to the forces_moments function

Figure 3.128 Output from the forces_moments function

As shown in Figure 3.123.128 the imported inputs from the structure P are assigned
to the state matrix and the control inputs (2eglta_e) are assigned to delta(). A serious
of calculations are performed in thikock to finally produce the output for the Force,
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Moments, Airspeed, angle of attack and side slip angle. All the mathematical models
used here are taken from literature (see Literature Revi¢we)equations used for the

calculations are as follows.

Longitudinal forces and moments were modelled based on the following sets of
equationgEqg. 3.13 [13]:

‘W) Fecel F(xaoH

hL B™ ad
F(BUUQ

CRE VR

s ’8)65f>F0/92:U: WERIU e < U?E B %, U ... ‘WE %,:U; PG MEB%, (U WE % 10 - U0l

_e A R R R R R R N R ? N N N N “J

t ¥, U; ... ‘WF %:U; « < U?E BF %, U; ... ‘WF %,:U; PG MEB%, U OF % 10+ U0,
[Eg.3.13

Lateral forces and moments were modelled based on the following sets of equations

(Eq.3.143.16[13]:

S, . > > . . [Eq.3.14

B L—t 68‘365(3{)/9 E% UE (VQ,Jt—&)LE %’t—&)NE %, WE %, L h
S, , > > . . [Eq.3.15

HL—t 6855 >Pp E % UE 0/gjt—&)L E ()/e?t_&)NE %, WE % Wh

S . > > .. .. Eq.3.1
JL—té&)65>d3/3 E % UE‘VgUt—&)LE%Yt—%NE‘Vg.ILbEtVQYLéh [Eq.3.16
The propulsive forces were modelled basedEquatior8.17[13]:

Gacakl? F & [Eq.3.17

S, .
B L_t €%5aRaaf r [
r

The moment caused by the spinning propeller was modelled based on the following
equationgEg. 3.183.19 [13]:
6L FG,:GU;° [Eq.3.18
FG,:G 4;° [Eq.3.19

LN 0
r

The force of gravity (in body frame) was modelled baseBaumation 3.2Q13]:

) FIC +<e [Eqg. 3.20
L elC..aecdi
IC...'a...'d

126



Summation of all forces acting on the FNIS2 was done by separately calculating

these matrices within the interpreted MATLAB function and summing them up.

As shown in the relevant MATLAB cod€hapter7.3), these equations have to be

transcribed to MATLAB conventions following all the correct parameter referencing.
Because these equations are rather large and can be cumbersome to manage while
debugging, they are split into pieces that are calculated sdpdrate¢hey are all

VXPPHG WRJHWKHU LQ WKH HQG WR SDVV WR WKH EOR
been used for the moments calculations based on the stated eqdt#asspeed

vector (in all three axis) has been modelled based daghation3.21[13]:

0 Q QFQ [Eq.3.2]]
8L eRiL eRFR |
Ss SFS:

Themagnitudes ofgs4) D Q @ave been derived from it and the equatigts 3.22
3.24) used are as followfd 3]:

&L ¥QPER®E S8 [Eq.3.22
OL - 5 &2 [Eq.3.23

Q
OL +e25 1 R | [Eq.3.24

¥OP ERS E 530

The same process of transcribing them into MATLAB format and passing the final

results to the output signal has been followed for them.

3.4.8 Dynamic s & Kinematics block

At any given moment during the operational flight envelope oFtf1€ 182 thereis
key information about certain states that we wish to ksasuch, based on Beard and

McLain [13], the following summary is provided.
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State Symbol | Description Symbol
(Derivatives)

Position (North) Lg Inertial Northposition in the inertial LS
frame

Position (East) Ly | Inertial Easposition in the inertial framg Lg

Position (Down) L Inertial down (altitude)position in the L6
inertial frame

Linear velaity (u) u Linear velocity component measured i @
the raxis of the body frame.

Linear velocity (v) v Linear velocity component measured i R6
the jaxis of the body frame.

Linear velocity (w)| w Linear velocity component measured i 6
the kaxis of thebody frame.

Roll 0 Roll angle (vehicle frame) 66

Pitch a Pitch angle (vehicld frame) 36

Yaw o} Yaw angle (vehicle frame) 56

Roll rate p Roll rate measured in theakis of the L6
body frame.

Pitch rate q Pitch rate measured in thaxis ofthe M
body frame.

Yaw rate r Yaw rate measured in theakis of the N6

body frame.

Table 3-12 12 state parameters and their derivations

The Forces ahMoments equation and representations consigemdously need to

work in unison with appropriate kinematics and dynamics modelling to create the

appropriate simulation of the FMS 182. The table above lists the key important state

parameters. Within any given coordinate frantlesse parameters can deculated

from rotations and translatiofit3]. Based orthe formulation discussed in the literature

review, the following expression&q. 3.25 to calculate these parameters have been

used.
LS
elLgi
5
L'a'e
Le. ‘@aeced
Fecea

ecoiecoy ... '@F .. ‘@eced
ecejecoqeced E ... '®...‘®

cce) ... ‘A ‘e a
L 66 ) r ) ' r
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[Eqg.3.25
Both interpreted and®inction blocks can be used to implement them in Simulink
following the exact same procedure used for the Forces & Moments Blacthe
dynamics blockall the derivatives are computed based on the transcribed equations
while usingvariable names consistent with the templates (see Chapter 3.4, first
paragraph)However, insteadf a regular output, all the calculated values are passed on
WR WKH PDWULJ[ 3V\V’ EfdretidixX Mddkd36] VEVeH théMRsR |V
functions provide advantages like described in the literature review section, it does

require a different format of function block creation compared to the previous block.

Figure 3.129 s-function configuration from templates

As shown inFigure 3.129the vector x0 has to be initialized and various other
parameters configured based on how many parameters the block is handling from input
to output. Most of it is auto generated by Simuliekplate that can be used by loading
msfuntmpl_basic.mor Imsfuntmpl.m’ from the command window. In our case the

the values for Forces and three values for Moments were the inputs to the block so the
3VLIHV ,QSXWV™ SDUDPHWHU tlegddtes &6 odtptsEH VHW WR
(sizes.NumContStates & sizes.NumOutputs) were set to 12 to represent the 12 state

parameters this block outputs.
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3.4.9 Data output

A function from the template3S O R W V W D \i¢ ldrgdDeUivelpBt® of thé state
information(see ApendixChapter 7.3of interest was modified and extended to meet
the requirement of this projedhe function uses simple MATLAB functions.ge

subplot) along with persistent variable definitions and handles to create the live
drawing. This code was mdutid with the aim to extend its capabilities and turn it into a

flight data recorder.

Figure 3.130 Modifications to allow for flight test data to be recorded

Within the loop of the graphing functionjable was generated and organised and
VWRUHG LQ PHPRU\ 7KH OLQH 3RIQDPH VSULQWI )OL
added right before the plotting commands and this translates to the creation of a easily
accessible CSV file named based on thigue date and time the simulation

commenced. The results are shared in the corresponding results section.
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4 Results

4.1 XFLR5 Results

4.1.1 Aerofoil Creation Results

The following polars were obtained for therofoilsmodelled and analyse®nly the 3
standard NACA foil polarare shown here for demonstration purpose.vémgants of

the following 3aerofoils(e.g.NACA 1214 FMS 15 deg aileron down) were also used to
generate the same type of polars. Thesampleresultscan be found in the Appendix
(Chapter7.6.1).

Figure 4.1 NACA 1214 FMS (Re 30k to 500Kk)
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Figure 4.2 NACA 0010 FMS (Re 30k to 500k)

Figure 4.3 NACA 0012 FMS (Re 30k to 500k)
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For virtually all the foils analysed, the greatest amount of ch@ngaulence related
variancg was observed at loReynolds numbet This is expected as the transition

from laminar to turbulent flow occurs at fairly loReynolds numbet At higher

Reyndds numberanges, the outputs do not show such high degree of variance. This
reduced amount of variance allowed for sparser polar density in the Rgeolds
numbermrange for the overall analysis without affecting the precision of the interpolation
metod used by XFLR5.

Under some test conditions, the subsequent 3D analysis (for performance, stability and
control tests) indicated locReynolds numbeoutside of the range of the original 2d
analysis. The software interpolates between two gReynotls numbes, and

deliberately avoids extrapolating outside of this range. This is done to avoid unfounded
assumptions lowering the confidence in the simulation results. As such, various other
Reynolds numberanges were needed and included in the dataseistore the integrity

of the subsequent simulations. That resulting extended dataset is too big to be
represented whin the body of this docume(graphically) or added to th&ppendix
(tabular). As a result, they were compiled as CSV files and upldadadonline

reposibry linked inthe Appendix

4.1.2 Plane Modelling Results

Main Wing Magnitude | Units
Wing Span 1410 | mm
Area 0.27 | m"2
Projected Span 1409.75| mm
Projected Area 0.27 | m"2
Mean Geometric Chord 190.17| mm
Mean Aerodynamic 193.18| mm
Chord
Aspect Ratio 7.41
Taper Ratio 1.53
Root to Tip Sweep -1.48 | degrees
VLM Panels 676
3D Panels 1378

Table 4-1 Main wing modelling data for FMS 182
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Horizontal Stabiliser | Magnitude | Units
Wing Span 450 | mm
Area 0.06 | m"2
Projected Span 450 | mm
Projected Area 0.06 | m"2
Mean Geometric Chord 136 | mm
Mean Aerodynamic 138.67| mm
Chord
Aspect Ratio 3.31
Taper Ratio 1.64
Root to Tip Sweep 3.92 | degrees
VLM Panels 98
3D Panels 210

Table 4-2 Horizontal Stabiliser modelling data for FMS 182

Vertical Stabiliser Magnitude | Units
Wing Span 390 | mm
Area 0.03| m"2
Projected Span 390 | mm
Projected Area 0.03| m"2
Mean Geometric Chord 130 | mm
Mean Aerodynamic 134.96| mm
Chord
Aspect Ratio 3
Taper Ratio 2.02
Root to Tip Sweep 33.21| degrees
VLM Panels 49
3D Panels 112

Table 4-3 Vertical Stabiliser modelling data for FMS 182
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4.1.2.1 Inertia:

4.1.2.1.1 Main Wing:
Empty Wing CoG | Magnitude | Units Empty wing Magnitude | Units
Inertia (CoG
Frame)
Wing Mass 232 | grams IXX 0.03 | kg.m"2
X _CoG 82.517| m lyy 0.0005148| kg.m"2
Y_CoG Olm 1zz 0.031| kg.m”"2
Z_CoG 8.063| m Ixz 5.42E06 | kg.m"2
Wing CoG (Total) | magnitude | units Total Inertia (CoG | magnitude | units
Frame)
Total Mass 291 | grams IXX 0.03322| kg.m"2
X_CoG 84.151| mm lyy 0.00054| kg.m"2
Y _CoG 1.206| mm 1zz 0.03375| kg.m"2
Z CoG 6.428| mm IXz 8.48E06 | kg.m"2
Table 4-4 Inertial data for the main wing of the FMS 182
4.1.2.1.2 Horizontal Stabiliser:
Horizontal Magnitude |  Units Total Inertia | Magnitude | Units
Stabiliser (CoG Frame)
CoG (Total)
Total Mass 29 | grams IXX 0.00037| kg.m"2
X_CoG 640.923| mm lyy 0.00003| kg.m”2
Y _CoG 0| mm 1zz 0.000041| kg.m"2
Z CoG -118.09| mm Ixz -8.48E07 | kg.m”2
Table 4-5 Inertial data for the Horizontal Stabiliser of the FMS 182
4.1.2.1.3 Vertical Stabiliser:
Vertical Stabiliser | Magnitude | Units Total Inertia Magnitude |  Units
CoG (Total) (CoG Frame)
Total Mass 25| grams IXX 7.03E05 | kg.m"2
X_CoG 703.775| mm lyy 0.0001213| kg.m”2
Y_CoG 5.10E05 | mm Izz 5.10E05 | kg.m"2
Z CoG -33.678| mm IXz -4.06E05 | kg.m"2

Table 4-6 Inertial data for the Vertical Stabiliser of the FMS 182




4.1.2.1.4 Overall Aircraft Inertia:

Overall CoG | Magnitude | Units Total Inertia | Magnitude | Units
(Total) (CoG Frame)

Total Mass 1321.8| grams IXX 4.12E02 | kg.m"2
X _CoG 60.364| mm lyy 0.03961| kg.m"2
Y_CoG 2.00E03 | mm lzz 7.28E02 | kg.m"2
Z CoG -69.153| mm Ixz -5.70E04 | kg.m"2

Table 4-7 Inertial data on the entire FMS 182 aircraft as a whole

4.1.3 Performance Analysis Polars

Thefollowing sections contain the results from the performance analysis conducted on
the FMS 182 XFLR5 model based on the 2D andouis@nalysis performed earlier.
The analysis is presented in the following form:

The polars obtained for the analysis of thedel without any control surface
deflection modelled (base model).

Comparative analysis of the polars of a particular model variants using the
maximum and minimum control surface deflections along with the base model.
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4.1.3.1 Base Model ( Clean)

The following graphs have been obtained for the base model (FMS 182b).

Figure 4.4 CL (y-axis) vs Alpha (x-axis) for the model

Figure 4.4represents the lift coefficient of the entire model (as referenced to the

projected wing area) against angle of attack. Technically, this includes the contribution

of the horizontal stabiliser. However, that contribution is negligible due to the size of
tKkH HOHYDWRU DQG LWYV DQJOH RI DWWDFN $V VXFK
to this graph. For alpha range of 0 to 10, the relationship between the lift coefficient and
WKH DQJOH RI DWWDFN LV OLQHDU D WtLIsstal0oWR EH HI[S
notable that at 0 degrees, the wing still produces lift (owing to the NACA 1214

D H U R hede&t §amber).
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Figure 4.5 CL (y-axis) vs CD (x-axis) for the model
Figure 4.5epresents the relahship between lift and drag of the model within the
constraint of straight and level flight. This is due to the fact that tRél 22 test
adjusts the airspeed to maintain a level flight. This graph does not include the
contribution of any elevator defigon required to maintain level flight outside of the
trim condition. The profile obtained is consistent with the anticipated relationship trend
Rl & EHLQJ SURSRUWLRQDO WR WKH VTXDUH RI &/ $V
prediction is consiste with expected outcomes. This is indicative of appropriate solver

functioning.
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Figure 4.6 CL/CD (y-axis) against Alpha (x-axis) for the model

Figure 4.6llustrates the aerodynamic efficiency of the model with respeatg straight

and level angle of attacks. As a higher angle of attack is required at lower speed, this
graph serves as an indication of the most efficient operational speed of the naidel (N
accounting for elevator deflection). The alpha at that peak is 5.5 degrees approximately
and this equates to an efficient cruising speed of about 12 meters per second. CL/CD =

17.645.
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Figure 4.7 Cm (y-axis) against Alpha (x-axis) for the model

Figure 4.7shows the relationship of the pitching moment of the model in the current
trim condition for variations in the angle of attack. A negative slope is indicative of a
statically stable aircraft wheseperturbation in the pitch axis results in a countering
moment which corrects the resulting attitude change such that the original attitude is
restored. What is evident on this graph is that in the current horizontal stabiliser
configuration, the model is trim at 2.75 degrees angle of attack (where the curve
crosses the-axis). For this model, this equates to a speed between 17.05 (2.5 degrees

alpha) meters per second and 15.82 meters per second (3 degrees alpha).

4.1.3.2 Flaps

The following graphs represethte performance analysis of the model with the flaps

down compared to the base model.
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Figure 4.8 Comparison of lift performance of FMS 182b (black) and FMS 182b Flaps down (red)

The above Cl vs alpha cuv@-igure 4.8)show that considerable performance gain in
lift is achieved through the flap deflection as the estimated CL per unit of alpha is much
higher for the flapped model. The same linear trend is observed except for the

additional lift provided bythe extra camber resulting from the flap deflection.

Figure 4.9 Comparison of CL against Alpha  of FMS 182b (black) and FMS 182b Flaps down (red)
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The same trend is followed for the ddtag ratio except that the additional drag

resulting from the flap deployment translates the curve horizontally.

Figure 4.10 Comparison of CL/CD against Alpha  of FM'S 182b (black) and FMS 182b Flaps down
(red)

For the comparative aerodynamic efficienEigure 4.10llustrates that the deployment
of the flaps will result in decreased performance (CL/CD 12.142 at alpha 4). This
however is a desirable characteristicidgrcertain phases of flight.¢e landing) where

it is necessary to slow the aircraft down as quickly as possible.
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Figure 4.11 Comparison of Cm against Alpha of FMS 182b (black) and FMS 182b Flaps down ( red)
As the above grapfFigure 4.11shows,application of the flaps resulits a shift of the
curve for thecentreof moment against alpha. The position where the CM is zero moves

to alpha = 3.5 indicating that a higher angle of attack will be needed for the trim
condition.
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4.1.3.3 Ailerons
The following graphs represent the performance analysis of the models with aileron
deflections compared to the base model

Figure 4.12 Comparison of CL against Alpha  of FMS 182b (black) and Aileron Down (red)/Aileron
Up (green) models

As seen in the above figu(Bigure 4.12)applicationof the ailerons resulis a reduced
lift performance of the models. Both the right and the left ailerons produce equal

magnitude of reduction in this performance (in their maximum deflections) and as a
result their curves (red and green) overlap.
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Figure 4.13 Comparison of CL against CD of FMS 182b (black) and Aileron Down (red)/Aileron Up
(green) models

As the above figurérigure 4.13showsapplication of the ailerons resuitsa
horizontal translatin of the lift/drag curve due to the additional drag resulting from

their deflections. Like the previous example, their curves overlap.

Figure 4.14 Comparison of CL/CD against Alpha of FMS 182b (black) and Aileron Down
(red)/Aileron Up (green) models

The same expected overlap of the curves for the aileron deflection models is seen in

Figure 4.14 Compared to the base model, the lift to drag ratio is significantly
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compromised. The mamum L/D is 10.52 at 7.5 alpha (10.98 m/s cruise speed).

Figure 4.15 Comparison of Cm against Alpha  of FMS 182b (black) and Aileron Down (red)/Aileron
Up (green) models

From the Cm/alpha curve, it can $&en that the zero CM (trim condition) moves to
alpha = 3 degrees (16.62 m/s).

Figure 4.16 &RPSDULVRQ RI 2VWZDOG TV HIIL BLAVMS E2iD(Black)@Mi\Kiles@n S K D
Down (red)/Aileron Up (green) mo dels

The above graph@igure 4.16show that the ailerodeflections significantly impact
WKH 2vVZDOGYTV HIILFLHQF\ RI WKH ZLQJ 7KLV LV WR E'lt
drops due to the rise in the induced drag from the tips of the aileronsA(gge P
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Figure 4.17 Comparison of rolling moment (L) against Alpha of FMS 182b (black) and Aileron Down
(red)/Aileron Up (green) models

Figure 4.17llustrates the rolling moments against alpha for the 3 models. As expected,

the base model produces no rolling moment. The full deflection models are projected to
produce 40 Newton meters of rolling moment at O alpha (46.33 m/s). As angle of attack
increases, the airspeed falls and the resulting reduced control effectiveness is reflected

in the graph as decaying moment production by the ailerons.
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Figure 4.18 Comparison of yawing moment ( N) against Alpha of FMS 182b (black) and Aileron
Down (red)/Aileron Up (green) models

The aileron deflection creates asyntricewake from the wing. Whichyhenit impacts

the vertical stabilisegauses an asymmetric response resulting in a yawning moment.
This is shownn the above graptiigure 4.18) While the trend is similar to that of the
rolling moment, the magnitude is significantly low and the direction is reversed. Note
that this excludes the flight dynamic effects of actual roll which may/may not counteract

this disturbance.
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4.1.3.4 Elevator:

Figure 4.19 Comparison of CL against Alpha  of FMS 182b (black) and Elevator Down (red)/Elevator
Up (green) models

The positive deflection (down) of the elevator causes the dmtireontal stabilizer to

produce lift which usually results in a pitching moment and causes a pitch shift of the
aircraft. However, the pitch is held constant for every operating point simulation in this

test, thus the resulting lift is added to the ttfafjenerated by the model. This shifts

WKH FXUYH XSzZDUGYV ZKLOH SUHVHUYLQJ WKH JHQHUD
opposite is observed for the elevator deflection in the opposite direction as the resulting

lift is directed downward and the ndtlW LV VXEWUDFWHG IURP WKH PD
plots are therefore not representative of the actual lift that will be generated by the

model in flight.
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Figure 4.20 Comparison of CL against CD of FMS 182b (black) and Elevator Down (red)/Elevator Up
(green) models

For the lift to drag ratio, additional drag resulting from the application of the elevator

can be seen in the graph represented in the form of a horizontal shift. Unlike the

ailerons, elevatoreflection causes asymmetric changes in total airframe lift and thus
WKH FXUYHV IRU WKH GHIOHFWLRQ PRGHOV GRQYW RY

Figure 4.21 Comparison of CL/CD against Alpha  of FMS 182b (black) and Elevator Down
(red)/Elevator Up (green) models
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The additional drag from the deployment of the control surfaces result in a reduction in
the overall aerodynamic efficiency. For elevator down, L/D max is at alpha 5.5 (I/d 12.1
v=12.1) and for elevator up, L/D max is gbfe 10 (I/d 11.9 v =10.20).

Figure 4.22 Comparison of Cm against Alpha of FMS 182b (black) and Elevator Down (red)/Elevator
Up (green) models

Maximum elevator deflections cause significant pitching mom&hish alter the trim
condition outside the flight envelope of the aircraft. This is good for the control
authority but should be used with care as sustained control input may result in

unsustainable flight attitudes.ge stall) potentially resulting in e@ash.
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of FMS 182b (black) and Elevator Down (red)/Elevator Up

Figure 4.23 Pitching moment comparison
(green) models

For the base model, the incidence of the horizontal stabiliser results in a positive

pitching moment even at 0 alpha but this is counteracted as alpha increases. Due to the

aforementioned addition/subtraction of lift, the curves are phase shifted.

of FMS 182b (black) and Elevator Down (red)/Elevator Up

Figure 4.24 Rolling moment comparison
(green) models

For the rolling moments, one would expect zero across the board as no asymmetric lift
productionisH[SHFWHG +RZHYHU ;)/5 fV LV LPSHUIHFW DQC
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forces and moments. Fortunately, their magnitude is on the scale of a thousand times

smaller and negligible as can be seen on the graph. Therefore it should not impact the

simulation fidelty.

Figure 4.25 Comparison of yawing moment against Alpha of FMS 182b (black) and Elevator Down
(red)/Elevator Up (green) models

For the yawing moments, the satgpe of simulation artefacts ebservedMuch like
the previous issue, their magnitude is on the scale of a thousand times smaller and

negligible as can be seen on the graph. Therefore it should not impact the simulation

fidelity.
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4.1.3.5 Rudder

Figure 4.26 Comparison of CL against Alpha  of FMS 182b (black) and Rudder Down (red)/Rudder
Up (green) models

Application of the rudder causes no noticeable change in the overall lift production of

the models as the above graph shows. The magnitudes are clogk such that the

curves all overlap

Figure 4.27 Comparison of CL against CD  Alpha of FMS 182b (black) and Rudder Down
(red)/Rudder Up (green) models

The lift-drag curve of the models with control surface deflection is shifted in the

horizontal direction due to the added drag resulting from the application of the rudder.
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Otherwise, the save trend is followed by the deflection models when compared to the

base models.

Figure 4.28 Comparison of CL/CD against Alpha  Alpha of FMS 182b (black) and Rudder Down
(red)/Rudder Up (green) models

As can be seen frofigure 4.28the aerodynamic efficiency of the amtt is expected
to drop with the application of the rudder. The L/D ratio falls to 14.28 at alpha 6 and v =
11.61 m/s

Figure 4.29 Comparison of Cm against Alpha  Alpha of FMS 182b (black) and Rudder Down
(red)/Rudder Up (green) models

The additional drag (away from the pitch axis) from the application of the rudder (max

deflections) causes a slight change in the pitching moment as it can be Biggmen
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4.29 This shifts the zero moment trim conditior2tdegrees alpha (v = 18.79 m/s).
Otherwise the desired negative slope of the curve is preserved

Figure 4.30 Comparison of pitching moment (M) against alpha Alpha of FMS 182b (black) and
Rudder Down (red)/Rudder Up (green) models

7KH EDVH PRGHOYfV SLWFKLQJ PRPHQW FXUYH UHVXOW
horizontal stabiliser. The leftward shift of the curve observed for the rudder deflection

models resu#t from the additional oféxis drag.

Figure 4.31 Comparison of rolling moment (L) against Alpha Alpha of FMS 182b (black) and Rudder
Down (red)/Rudder Up (green) models
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As it can be seeRigure 4.3]1thereis no rolling moment for the base model. For the
rudder deflections however, a slight induced rolling moment is observed both above and
below alpha = 3 degrees. This carsken in the following flow visualisation results
section.The rudder deflectiongsult in asymmetric lift production on the horizontal

stabiliser resulting in this slight roll moment.

Figure 4.32 Comparison of yawing moment  (N) against Alpha Alpha of FMS 182b (black) and
Rudder Down ( red)/Rudder Up (green) models

As expected, the largest moment produced by the rutidieictionsare reflected on the
yawning moment curves. They are symmetrical for both the positive and negative
deflections and have the identical magnitude. As witthalldther control surfaces, the
decreased speed at higher alphas result in reduced control authority (production of less

moment).

4.1.4 Performan ce Analysis Visualisation
The following sections present excerpts from the performance analysis conducted on the

geneated model variantsf the FMS 182 in XFLR5
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4.1.4.1 Base Model

The following results show the simulation outputs for the base model for certain areas

of interest under certain conditions of interest.

Figure 4.33 Pressure distribution at O degrees alpha

Figure 4.34 Pressure distribution at 1 degree alpha
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Figure 4.35 Pressure distribution at 10 degrees alpha

As Figure 4.334.35show, the pressure distribution over the aircraft varies with the
angle of attack (from zero to ten). At low angle of attack, the distribution is fairly even.

This trend starts shifting with aneased angle of attack until at high angle of attack the
peak moves to the tip of the wing

Figure 4.36 Lift at O degree alpha
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Figure 4.37 Lift at 10 deg rees alpha

As seenn Figure 4.37 at low angle of attack, the lift produced by the horizontal
stabiliser is in the opposite direction of the lift produce by the main wing. This helps
maintain the pitching moment balance and keeps the aircraft stabéepidh axis. At
higher angles of attack (without any elevator input), the lift direction (horizontal
stabiliser) reverses causing an opposing pitching moment which corrects and restores

the incidence of the airplane.

Figure 4.38 Boundary later at O degree alpha
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Figure 4.39 Boundary later at 10 degree alpha

As it can be seen from the above visualisations of the transition of the flow over the
wing, & lower angle of attack the flow transition from laminar to turbulent happens
closer to the trailing edge. But as the angle of attack is increased, additional turbulence

in the boundary layer leads to the transition point shifting toward the leading edge.

Figure 4.40 Flow streamlines at zero degree alpha
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Figure 4.41 Flow streamlines at 3.5 degrees alpha

Figure 4.42 Flow streamlines at 10 degrees alpha

Figure 4.464.42shows the development of the wing tip vortices as the angle of attack

LV LQFUHDVHG 7KLV UHVXOWYV IURP DQ LQFUHDVH RI V
alpha. The low pressure region on top promotes a suction effect which effectively

causes the gher pressure air from the bottom to s#lip along the bottom surface

(spanwise) and rotate about the wingtip as it gets pulled towards the top surface. The
energy that goes into creation of these vortices is experienced by the aircraft as part of

its overall drag (lift induced drag). Although the amount of this drag remains
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proportional to the amount of lift, the relative size/magnitude of these vortices will

change with variations in the angle of attack.
4.1.4.2 Flaps Down

The following results have been abted from the model variant containing the flaps.
The following visualisations capture the predicted performance for the flight situation

where the flaps are fully deployed.

Figure 4.43 Pressure distribu tion at -3 degrees alpha

Figure 4.44 Pressure distribution at O degrees alpha
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Figure 4.45 Pressure distribution at 10 degrees alpha

As it can be seen frothe pressure distribution visualisation for increasing alpha, the
deployment of the flaps results in significant changes to the pressure distribution over
the wing sections. At low alpha, the highest pressure regions are concentrated around
the flaps. Ths gradient gradually moves toward the leading edge of the wing with
increased alpha until it concentrates at the leading edge of the wing at high angles of
attack.

Figure 4.46 Lift distribution at 0 alpha
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Figure 4.47 Lift distribution at 10 degrees alpha

The above lift distribution visualisations show the expected pattern from low to high

angle of attack when the flaps are fully deployed. It shouldobed that a software bug

results in this visualisation being rendered in the wrong are RZHYHU LWV RQO
back in the xaxis and as such, the output is still meaningful. As it can be seen, the lift
distribution has a greater magnitude in the &@pha while that drops as the angle of

attack is increased. The highest magnitude is observed over the wing section using the

aerofoiland wing modelling for the flaps.

Figure 4.48 Boundary layer at 0 d egrees alpha
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Figure 4.49 Boundary layer at 10 degrees alpha

Figure 4.484.49showsthe movement of the transition point with flaps deployed. As it
can be seen, the same behaviour of the transition point moving from the trailing edge to
the leading edge is observed for increasing angle of attack even with flaps deployed.

Figure 4.50 Flow streamlines at O degrees alpha
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Figure 4.51 Flow streamlines at 10 degrees alpha

Figure 4.504.51shows the disruption caused by the main wing tdrdestreamfor
increasing angle of attack. As it can be seen, there is an increased amount of vortex
formation resulting from the deployment of the flaps. These disruptions are also
observed to interfere with the airflow over the vertical stabiliser. As exqala

previously, this will be associated with increased drag and some instability due to the
transient nature of tip vortices. Inconsistency in the vortex formation may cause
localised stall of the vertical stabiliser resulting in reduced control authbiatyever,

this is expected to be mitigated by the size of the vertical stabiliser/rudder (most of
which is outside of this influence). Therefore the relatively more significant side effect

of any unstable vortices is likely to be oscillations in the yaection.
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4.1.4.3 Aileron Model:

The following results for flow visualisation have been obtained by using the model
variant with the ailerons. Since the results are symmetric, only one configuration is

presented here.

Figure 4.52 Pressure distribution at 0 degrees alpha

Figure 4.53 Pressure distribution at 3 degrees alpha
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Figure 4.54 Pressure distribut ion at 10 degrees alpha.

The resultant pressure distribution shift over the wingsmsistent with expectation
andthe lift distribution simulation results. As alpha is increased, this increased pressure

gradually moves from over the aileron section tahthe leading edge of the wing.

Figure 4.55 Lift distribution at 0.5 degrees alpha
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Figure 4.56 Pressure distribution at 10 degrees alpha

The abovevisualisation(Figure 4.554.56)represents the lift distribution over the main
wing as a function of angle of attack for the model variant with full aileron deflections.
Notable observations are that at lower angle of attack the control surface efesgiien
much greater (owing to the higher airspeed) and results in higher localised lift (over the
ailerons) causing greater rolling moment . This effect is observed to gradually decrease
with increased angle of attack as the airspeed dropscértieeof pressure also shifts
toward the leading edge with the increase in angle of attack. It should be noted that the
spikes observed along the points where the wing sections are visible should be ignored
as this is merely a simulati@rtefactresulting from disontinuities in the panel grid

where two different gridserofoilsections meet.

Figure 4.57 Boundary layer at O degrees(left) and 10 degrees(right) alpha

As Figure 4.57 showaileron deflections at increimg angle of attack still results in the
transition point of the flow over the wing surface shifting. The behaviour of the

transition point is consistent with expectation
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Figure 4.58 Flow streamlines at 0 degrees alpha

Figure 4.59 Flow streamlines at 3 degrees alpha

Figure 4.60 Flow streamlines at 10 degrees alpha
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Figure 4.61 Flow streamlines at 3 degrees alpha (rear view)

As Figure 4.584.61 showsthe application of the ailerons is expected to produce tip
vortices resulting in significant disruption to the stream and additanag. For

increasing angle of attack, there is more unsteady and bigger vortex formation observed.
Even then, at high angle, this disruption to the free stream is not big enough to

significantly interfere with the tailplane.

4.1.4.4 Elevator Down:;

The following results have been obtained based on the three model variants with the

maximum elevator deflection (15 degrees) neutral, upward and downward

Figure 4.62 Pressure distribution for elevator up (left), elevator 0 and elevator down at 2 degrees
alpha
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Figure 4.63 Pressure distribution for elevator up (left), elevator 0 and elevator down at 5 degrees
alpha

Figure 4.64 Pressure distribution for elevator up (left), elevator 0 and elevator down at 9.5 degrees
alpha

As Figure 4.624.64 showthe overall pressure distribution over the elevator section

drops with incrasing angle of attack. However, even at lower angle of attack, elevator

deflections are predicted to increase the resultant pressure distribution in the positive
direction.
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Figure 4.65 Lift distribution fo r elevator centred at 0, 5 and 10 degrees alpha
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Figure 4.66 Lift distribution variation for elevator down at 0, 5 and at 9.5 degrees alpha
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Figure 4.67 Lift distribution of elevator up at 0, 5 and 10 degrees alpha

Figure 4.654.67show the variations in the lift distribution across an increasing range of
angle of attack (25, 9.5 for the base model compared to the elevator up and down
models. In everymage, the top one is low alpha and the bottom one is high alpha. For
the base model, for low angle of attack, the neutral elevator creates a slight pitch up
moment which changes direction by the time the alpha = 5 due to the trim condition of
approximatey 2.75 degrees. This trend is carried forward at 10 degrees where the lift of
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the horizontal stabiliser is more obvious in the visualisation as it has a much greater
magnitude. For the elevator down model, the control authority is great enough such that
in any valid flight condition, significant positive lift is generated by the horizontal
stabiliser. This results in significant pitch down moment. Likewise when the elevator is
deflected in the opposite direction, it has a great enough control authorégdHhe

entire horizontal stabiliser in negative lift throughout the test envelope resulting in a
very consistent pitch up moment. The top image for the elevptmodel contains an
unrealistic prediction (excessive downforce) due to the associatedsfiigad of ~45

m/s which is way outside of any planned operations.

Figure 4.68 Boundary layer transitions for elevator centred , down and up (top to down)

For the base model, the transition point at the bat& stabiliser moves a little bit

toward the leading edge of the section with increasing alpha. However, for the elevator
up/down models, this transition point shifts significantly for increasing alpha. For the
elevator down model, the transition poinbves closer to the centreline until the top
VHFWLRQYV WUDQVLWLRQ SRLQW FURVVHYVY WKDW OLQF
ERWWRP VHFWLRQYV WUDQVLWLRQ SRLQW PRYHV EDFN

up model, at lower angles of atkasimilar transition point behaviour is observed.
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However, at high angle of attack, the transition points for both the top and bottom

surface moves toward the trailing edge.

Figure 4.69 Neutral elevator ( centred ) flow streamlines

Figure 4.70 Elevator down flow streamlines
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Figure 4.71 Elevator up flow streamlines

With the elevator neutral, at different angtésattack, vortex formation is generally
localised to the tips of the wing and is fairly small. However, the predictions based on
the full elevator deflection models show the formation of significant tip vortices at the
tips of the horizontal stabiliserh€& only difference between the two sets of vortices for
the up and down situation is the direction of spin and downwash and lift. This however
does not alter the magnitude of the drag induced

4.1.45 Rudder:

The following results have been obtained by usingribdel variant representing full
rudder deflection at the vertical stabiliser. Since they are symmetric, only one is used for

this illustration

Figure 4.72 Lift distribution without rudder input (leftyand ~ with full rudder (right)

As we see in the above visualisation, the application of the rudder causes a great degree
of change in the lift distribution over the model. The rudder up configuration results in

net positive lift distribution over the surfacetbé vertical stabiliser in the port side.

7KLV LV H[SHFWHG WR OHDG WR D \DZ PRPHQW ,WfV D
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disruption over the potide section of the horizontal stabiliser leads to asymmetric lift
on that section. This causes a smdllmg moment as well as some disruption to the

pitching moment.

Figure 4.73 Flow streamlines (rear view) without(left) and with(right) rudder input .

As the above visualisation of the stream shows, tifjoes are expected to form at
HLWKHU HQGV RI WKH UXGGHU VHFWLRQ 7KLV LV H[SH

Figure 4.74 Rudder input streamlines side view (alpha increasing left to right)

Figure 4.75 Rudder input streamlines top view (alpha increasing left to right)
From the flow visualisation side view, we can see the interference of the stream from
the wing to the vertical stabiliser traveig the rudder section with increasing angle of
attack. The side view unfortunately includes the wing tip vortex so the top view is
presented to show that the rudder section does not experience as much interference from
those additional stream lines seerthe side view. This is advantageous in situations
such as landing where losing rudder authority may become a serious problem.
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Interference in flapped situation:

Figure 4.76 Rudder input streamlines side view (alpha increasing left to right)

Figure 4.77 Rudder input streamlines top view (alpha increasing left to right)

The simulation output including the flaps predicts formation extra vortices of the inside
of the flaps which interfere with the rudder section as showigre 4.764.77.

However, this visualisation does not factor in the presence of the fuselage svhich i
essentially in contact with the flaps and will hinder the formation of such vortices.
Furthermore, the fuselage of the FMS 182 blends smoothly from the trailing edge of the
wing to the vertical stabiliser assuring a relatively smooth airflow in redidat f

operations.

4.1.5 Prerequisites for Stability  Analysis

4.1.6 Mass variation tests

Thegraph (Figure 4.9) showsthe trend for the CL/CD against V for the two variants
with incremental weight increase starting from 1321.8 grams and ending at 1921.8
grams. Theoverall pattern suggests that the flapped model reduces the overall
aerodynamic efficiency (due to the additional drag from flap deployment). Incremental
increase in weight (in this case by 50 gram increments) resulted in shifting the curves

horizontally b the right, increasing the flight speed needed for optimal glide ratio.
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Figure 4.78 Cm against Alpha for both model variants for varying mass of SCO and SCO Flap models

Figure 4.79 CL/CD against alpha for both models for varying mass of SC0O and SCO Flap models
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However, the changes are small enough to be of no concern. The set of curves in Figure
4.78 (FMS 182b SCO Flap) are missing data pointda@gemputation erroiFigure
47VKRZV WKH FKDQJH REVHUYHG LQ WKH SLWFKLQJ PF
weight. For the FMS 182b SCO, the added weight did not create any shift and the trim
condition was at alpha 2.64. For the FMS 182b SCO flapped model, the trim condition

was at alpha 3.72 degrees regardless of the increased weight.

Figure 4.80 Trim velocity variations for change in mass for SCO and SCO Flap models

The above graph (Figure8®) shows the trend observed for the trim velocities for the
mass increasing test. The point of interest is where the curves cross the Y axis (velocity)
as that determines the trim velocities for every situafiaible 48 provide a summary

of the observatio.
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Weight | Trim speed (SCO) | Trim alpha Trim speed Trim alpha

(SCO0) (SCO flapped)| (SCO_flapped)
1321.8 16.7 2.6425 11.6 3.72
1371.8 17.05 2.6425 11.85 3.72
1421.8 17.35 2.6425 12.05 3.72
1471.8 17.65 2.6425 12.25 3.72
1521.8 17.95 2.6425 12.45 3.72
1571.8 18.25 2.6425 12.65 3.72
1621.8 18.55 2.6425 12.85 3.72
1671.8 18.85 2.6425 13.05 3.72
1721.8 19.1 2.6425 13.25 3.72
1771.8 19.4 2.6425 13.45 3.72
1821.8 19.65 2.6425 13.65 3.72
1871.8 19.95 2.6425 13.85 3.72
1921.8 20.2 2.6425 14 3.72

Table 4-8 Variation in trim airspeed for changing mass
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4.1.7 Centre of Gravity (C.G.) variationt ests

The previous two models were used to conduct a similar test but this ticentheof
gravity of the airplane was shifted witls weight held constant. Theentreof gravity
was shifted ints x position by 0% of the static margin up to 50%. Which is from the
neutral point to the 55% of the static margin. For the flapped congitie test was

done up to 55% due to the shiftaantreof lift aft of the baseline.

Figure 4.81 Variation of Cm against Alpha for shifting Centre of Gravity for SCO model

The above graph shows the changes in pitching moment for every unit shiftenthe

of gravity location. As it can be seen, beyond a certain amount, the aircraft fails to trim
(no valid CM=0 situation for alpha). Sdata tabldor details. The generghttern

suggests that measured from the reference point (leading edge of the main wing), the
further out the CG is shifted, the higher the angle of attack needs to be for trimmed
flight and vice versa. However, above a certain distance aft of the refqreimt the

aircraft will fail to find any valid angle of attack for a trim condition. The ideal position
of the static margin is a balance between stability and control authority. If the static
margin is too low, the short period pitching oscillation W&l underdamped and result

in undesirable flying characteristics. If however it is too high for the available control
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authority, it results in excessive control input requirements and in extreme scenarios,

insufficient elevator authority altogether.

Figure 4.82 Variation in V against Cm for shifting C.G for SCO model

Theabove graph shows the changes in airspeed required for level flight against Cm.
The point of interest is the CM=0-@xis) where the &traft is in trim. As it can be

seen, the general trend is that with shifting of the CG location backwards, the trim
velocity goes down until the point where the aircraft fails to trim at @A (N the

table). Seehe following tabldor summary.
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Configuration | COG Static Trim Speed| Trim Alpha
Margin %

sc0 105.599 0| NA NA

sc0 95.9401 5 10.25 7.825
sc0 86.2812 10 12.1 55
sc0 76.6223 15 13.9 4.05
sc0 66.9634 20 15.6 3.1
sc0 60.364 23.42 16.7 2.65
sc0 57.3045 25 17.2 2.475
sc0 47.6456 30 18.7 2.025
sc0 37.9867 35 20.2 1.675
sc0 28.3278 40 215 1.425
sc0 18.6689 45 22.9 1.225
sc0 9.01 50 24 1.05

Table 4-9 Variation in Trim speed and Trim alpha with change in C.G for SCO model

Figure 4.83 Cm against Alpha graph for variation in C.G. for flapped configuration
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The above graph shows the outputs for the flapped configuration for CM vs alpha at
varied CG intervals. The major difference noticed is that the acitetler from the

flaps resultsn trim conditions being available at lower alphas as well as slightlyehigh
lift coefficient from the same alpha. Deploying the flaps shifts the centre of lift back
from the baseline neutral point. With it, the CG is also shifted for the same static
margin, resulting in failure to trim for the 5% position as well as the 0%foBewing

tables for a summary.

Configuration | COG Static Margin %/ Trim Speed| Trim Alpha
scO_flapped 112.381 0| NA NA

scO_flapped 102.7221 5| NA NA

sc0_flapped 93.0632 10 8.50 9.950
sc0_flapped 83.4043 15 9.50 7.400
scO_flapped 73.7454 20 10.50 5.525
sc0_flapped 64.0865 25 11.25 4.075
scO_flapped 60.364 26.93 11.60 3.725
sc0_flapped 54.4276 30 12.20 3.125
scO_flapped 44.7687 35 13.00 2.325
sc0_flapped 35.1098 40 13.75 1.675
scO_flapped 25.4509 45 14.50 1.175
sc0_flapped 15.792 50 15.25 0.750
scO_flapped 6.1331 55 16.00 0.400

Table 4-10 Variation of Trim speed and Trim alpha for shifting C.G.

In the following stability and contraésts the aforementioned results are utilised to
narrow the scope of the investigation as well as inform important and appropriate test

parameters.

4.1.8 Stability Tests

4.1.8.1 Base model (SCO0):

The following results have been obtained for the base model (FMS182b SCO0).
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SPPO:

Figure 4.84 Time response: Forward speed (u) against time (s)

Figure 4.85 Time response : Vertical speed (w) against time  (s)
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Figure 4.86 Time response: Pitch rate (q) against time (s)

Figure 4.87 Time response : Theta (degrees) against time (s)
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Phugoid:

Figure 4.88 Time response : vertical speed (w) against time (s)

Figure 4.89 Time response : Pitch rate (q) against time (s)
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Figure 4.90 Time response : Pitch angle (theta) against time (s)

Figure 4.91 Time response: Forward speed (u) against time
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Roll Damping:

Figure 4.92 Time response : Forward speed (v) against time (s)

Figure 4.93 Time response: Roll rate (p) against time (s)
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Figure 4.94 Time response : Roll angle (phi) against time (s)

Figure 4.95 Time response : Yaw rate (r) against time (s)
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Spiral:

Figure 4.96 Time response : Roll rate (p) against time (s)

Figure 4.97 Time response : Pitch rate (phi) against time (s)
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Figure 4.98 Time response : Yaw rate (r) against time (s)

Figure 4.99 Time response : Lateral speed (v) against time (s)
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Dutch Roll:

Figure 4.100 Time response : Roll rate (p) against time (s)

Figure 4.101 Time response: Roll rate ( phi) against time (s)
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Figure 4.102 Time response : Yaw rate (r) against time (s)

Figure 4.103 Time response: Lateral speed (v) against time (s)
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Root Locus:

Figure 4.104 Root locus for FMS 182b SCO (lateral)

Figure 4.105 Root locus for FMS 182b SCO (longitudinal)
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4.1.8.2 Flapped model (SCO flap):

The model variant (SCO flap) was used to conduct the same stability tests as the
previous section and the results are presented in the Appendix (Chapter 7.6.2). Instead
of repeating isnilar plots, the following subsections compare the stability characteristics
of these two model variants (SCO & SCO flap).

4.1.8.3 Stability Results from mass variation experiments:

Figure 4.106 Changes to Short Period mode for mass variation of both models

The general trend for tighort Period Damping Rati®PDR ) is that with increasing
mass, the damping ration declines for both configurations. As there are no aerodynamic

changes to the tail plane, this tydechange is to be expected.
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Figure 4.107 Changes to phugoid mode for mass variation of both models

Relative to each other, some change in the damping ratios are observed,hargbiel
mode. However, imbsolute terms, it is very small and the aircraft remains stable. In the
flapped situation, there is a slight improvement in the damping ratio, whereas, with

increasing mass, the base model exhibits worsening of the damping.
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Figure 4.108 Changes in Spiral mode from mass variation for both models

With increasing mass, the spiral mode slows down for both configurations

Figure 4.109 Changes to Dutch roll mode for mass variation for both models
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Increasing mass causes fhtchroll mode to be relatively more difficult to be
damped.

4.1.8.4 Stability Results from C .G. variation experim ents

Figure 4.110 Changes to Short Period for C.G. variation for both models

As theCentreof Gravity (CGCoG/C.G) is shifted toward the leading edge of the wing,
the damping ratio drops in magnitude in similar ways for both configuratitovgever,
as the CG is shifted aft of the reference CG point (toward the tail), the damping ratio for

both configuration changes with thmse model showing the greatest amount of change.
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Figure 4.111 Chang es to phugoid mode for C.G. variation for both models

The magnitude dPhugoid darping is increased as the COG is shifted forward of the
reference point and decreased as the COG is moved in the opposite direction. There is a
point between CoG_X 70 and 80 where both configurations share identical damping
ratio.
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Figure 4.112 Changes to spiral model for C.G. variation for both models

Both configurations exhibit a similar pattern of change in spiral mode period where
shifting CG towards the nose tends to increase it while it is reduced WiftemgsCG

away from it.
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Figure 4.113 Changes to Dutch roll mode for C.G. variation for both models
For the base model, the ratio drops as the CG is shifted from the nose toward the tail
until the referene point is reached. Beyond that, shifting the CG further causes the ratio
to increase in magnitude. A similar pattern is observed for the flapped configuration,
however, this change in direction happens before the reference CG point is reached.

4.1.8.5 Stability parameter estimations for SCO and SCO_flap (base model
and flapped model)

Due to the large volume of data generated, the results have been shifted to the Appendix
(Chapter 7.4jor reference and documentatidrney have been utilised for thePane

and Simulink modelling work.

4.1.8.6 Stability Derivatives for altered mass & CoG for base model and
flapped model

Due to the large volume of data generdted the testthe results have been shifted to

the AppendixChaoter 7.4)for reference and documentation.
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4.1.9 Control Test Result

The following results are for both model configurations. The ailerons, elevator and

rudder were deflected from +154b5 with control gains to obtain the following results.

4.1.9.1 Aileron -

Figure 4.114 Rolling moment fluctuation with control gain for both models

The difference between base and flapped is most likely due to different trim airspeed.
As can be seen, the magnitude of the roliimgment per unit deflection is reduced with

the flaps deployed. This is expected as control effectiveness is proportional to dynamic
pressure—z éR). Converting rolling moment (L in Figure 4.4) values to coefficients

(Clin Figure 4.15) removes mostfdhe effects associated with airspeed,

demonstrating that, especially at lower deflections (up to 10 degrees), the control
effectiveness of the ailerons is not only linear, but also identical between configurations.

Beyond 10 degrees a small nonlineaistpbserved, with flaps increasing the control

effectiveness slightly above baseline.
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Figure 4.115 Rolling moment coefficient fluctuation with control gain for both models

All planned operationsf theFMS 182are to be kept at fairly low alpha and control
deflections (<5°), thus predictions for high alpha and deflections are operationally

irrelevant, however they remain important to the analysis.

Figure 4.116 Pitching moment fluctuation with control gain for both models
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Figure 4.117 Yawing moment fluctuation with control gain for both models

Although there areoupled responseshbserved (per unit deflection of the control

surface) for both the Pitching and Yawing moments, it can be seen from the graphs that
their magnitudes are very small. In fact, the pitching moment graph resembles a
VLPXODWLRQ DUWLIDFWdeRelvarftHel€sX khisvisdiciifie\of BédtarQ L W X
FRQWUROODELOLW\ DV WKH DSSOLFDWLRQ RI WKH DLO
forces/moments in the unintended axigassed on the obtained results, the average

PDJQLWXGHV IRU WKH 5R Of@ier@daPdrlButht@dNo DeaS&SsHowh |V FR |
below.

Average Lde Average
Clde
21.93906452 0.322493871

From data obtained for Flappednfiguration:

Average Lde | Average
(N) Clde
9.9171 0.309181
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4.1.9.2 Elevator

Figure 4.118 T7 test result for FMS 182b SCO (T7-VLM2)

Figure 4.119 Cm against alpha T1 test result for FMS 182b and FMS 182b Elevator Up/Down
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As can be seen in Figure 48,17 type anbyses run into a fundamental limitation

when attempting to measure the control derivative of the elevator. A condition for this
type of analysis is flight in pitch trim. As such, adding elevator deflection alters the
parameters (airspeed, alpha) of theahalysis such that trim is maintained, resulting in
a net zero pitching moment which, contradicting the test requirement for an overall
pitching momentXFLRS5 offers a static analysis where airspeed and alpha are fixed.
This is called the type (M1) analysis. The type 1 analysis was configured to match the
trim condition established during the baseline T7 analysis, such that without control
deflection, the overall pitching moment coefficient would be zZEsadegrees of

elevator deflection was applied iitreer direction and the resulting pitclgimoment
change can be seen on (Figurel®)1Forall other control surfaces, it is safe to assume
that the pitching moment derivative is very close to linear. ;Tiougduce analysis time

only the +15 and15 degee deflectionsf the control surfacesere tested.
The plots depicting the rolling moment, pitching moment and yawing moment against

the control gain (T1 test) have been generated and are presented in the Appendix
(Chapter 7.6.3).
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4.1.9.2.1 T1 test results:

Parameter Value Unit
XCP - mm
1124.414
YCP 0.026 mm
ZCP 262.691 | mm
CL 0.08499
CD 0.03327
VCD 0.02124
ICD 0.01204
CX 0.01204
CY 0.00004
Cl 0
Cm 0.51573
ICm 0.51449
VCm 0.00124
Cn -0.00001
ICn -0.00001
VCn 0
Table 4-11 T1 Test results
Elevator down 15 degrees:
Parameter Value Unit
XCP 277.655 mm
YCP 0.004 mm
ZCP -40.111 mm
CL 0.45424
CD 0.03707
VCD 0.0192
ICD 0.01786
CX 0.01786
CY 0.00003
Cl 0
Cm -0.51141
ICm -0.51317
VCm 0.00176
Cn - 0.00001
ICn - 0.00001
VCn 0

Table 4-12 T1 test result for Elevator down 15 degrees
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Cm per degree from 15 degree upward:

15 degrees | per degree
Cm 0.51573 0.034382

Cm per degree from 15 degree downward:

15 degrees | per degree
Cm -0.51141 - 0.03409

Because of how close the values are, the estimation was obtained from their average
magnitude as 0.034238.

4.1.9.3 Rudder

Figure 4.120 Yawing moment coefficient fluctuation with control gain for both models
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The yawing moment coefficient demonstrates high degree of linearity for both
configurations. The base model shows a slightly higher magnitude changatper
deflection.

Figure 4.121 Rolling moment fluctuation with control gain for both models

The simulation outputs for rolling moments shows that there is a slight amount of roll
response to be expected for rudder deflections. Howkseg)ative magnitude is very

small. This undesired coupling seems to be greater with flaps applied.
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Figure 4.122 Pitching moment fluctuation with control gain for both models

Application of the rudder also induces a slight pitching moment (greater in case of the

base model). However the magnitudes areivelgtnegligible.

Figure 4.123 Yawing moment fluctuation with control gain for both models
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As expected, the greatest difference made can be seen in the above graphafemitpe y
moment. Appropriate levelf linearity is maintained for both configurations until 10
degrees of rudder deflection. Beyond that, the magnitude increases rapidly. The
application of flaps is expected to reduce the magnitude of the yaw force generated per

unit deflection of the rudelt compared to the nefapped configuration.
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4.1.9.3.1 Control deflection test results:

Table 4-13 Variation in derivatives for the control gains (SC0)

Based on the data set, the averages were calculafietbas.
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4.1.9.3.2 Flapped

The same tests were conducted on the flapped model variant to allow for sufficient data
to factor in the variations in the derivatives from the use of simulated flaps. However,
that data is not being presented here but is made aeaiitatiie Appendix (Chapter
7.6.3.1).The range of stability and control derivatives obtained here for a variety of
conditions allow for improved modelling and simulation opportunities for the
MATLAB/Simulink model because any future mission altering th@qead and/or CG

can benefit from this analysis and the MATLAB/Simulink can be updated with more

appropriate estimations for these important parameters.

4.2 X-Plane Modelling & Simulation

4.2.1 Aerofoil graphs

The following are the graphs for therofoilfile created by the method described earlier
in the X-Plane methods section. The results were visualised through the Airfoil Maker
V R I W Z D UrdludesvixMXERIane. The horizontal axis represes28 to +20 angle

of attack. In the following screenshots, ffleameters on the left should all be ignored
as they only matter if this file is edited and saved inside Airfoil Maker. The emphasis

should be on the graphs themselves and their identifiers on the bottom left.

For the sake of demonstrating the success of the methods used, only a hayrdfph®f
depictingthe generated foils are being shown here. Thetharow and high (100k &
400k) Reynolds number foils generated for the main wirig.also important to note
that the xaxis on the Airfoil Maker plotss alwaysrange from-20 degrees to + 20

degrees frm the centreline.
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4.2.1.1 Aerofoil polars for FMS 1214 low Reynolds number

Figure 4.124 Aerofoil polar FMS 1214 Re 100k.afl (green = Cl, red = Cd, yellow = Cm)

Figure 4.125 Aerofoil polar FMS 1214 Re 100k.afl (green =Cl, red = Cd, purple =L/D)
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Figure 4.126 Aerofoil FMS 1214 Re 100k.afl foil

4.2.1.2 Aerofoil polars for FMS 1214 high Reynolds number

Figure 4.127 Aerofoil polar FMS 1214 Re 400k.afl (green = Cl, red = Cd, yellow = Cm)
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Figure 4.128 Aerofoil polar FMS 1214 Re 400k.afl (green = Cl, red = Cd, purple = L/D)

For every section of the-Rlane model requiring a custamsrofoil the proposed
methods were utilised arappropriate foils were generated arsgd A range of such

foils that are not shown above are presented in the Appendix (Chapter 7.6.4).

4.2.2 Power plant results

The following are the results obtained from Scorpion_calc and physical testing of the

power plansetup.

4.2.2.1 Scorpion_calc estimations:

In the absence of any propeller loading acting on the motor, based on our setup, the
software predicts a peak max power output of 400 Watts around 50 amp current
supplied.This is reasonably close to the 380 Watts paakgr mentioned in the
datasheet for the FMS Predator 3536850 motor. For the loaded situation, the

following results were obtained
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Figure 4.129 Scorption_calc power output prediction

Figure 4.130 Scorpion_calc result for RPM and power output
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Figure 4.131 Scorpion_cal static test result

The above pictures display the results for static test singfor the setup in mean sea

level conditions. The sustained current of 26.42 amps is close to the datasheet provided
with the motor and the obtained results therefore were used to get an estimation of the
horsepower value needed to be entered into MEker (0.30.4 HP).

4.2.2.2 Physical test results:

While all the parameters obtained from Scorpion_calc could not be checked against the
SRZHU SODQW SK\VLFDO WHVWV LW ZDVQTW D SUREOF
cannot be modelled in-Rlane.
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Figure 4.132 Tachometer reading for static test ( no load)

The static test result produced a peak RPM of 10551. Sciorpion_cal estimated this value
at 9285 (no load test).

Figure 4.133 Tachometer reading for loaded situation

The peak RPM measured for the static test with propeller load was 7508. Scorpion_calc
estimated this value to be 7655. These results that are in reasonable agreement with
each other &what was used to specify the max RPM and engine power (converted to
horsepower) in Plane Maker forRXlane modelling. It should also be noted that the

static thrust of 1451 grafforce is also reasonably close to the 1203 giamre (1.203

kg) measured bthe scale on which the entire setup was mounted.

4.2.3 Component modelling results

The process of calculating the 11 stations with the leading and trailing edge offsets and
individual incidence angles described in the methods section led to reasonably accurate

modelling of the propeller and spinner geometry.

226



Figure 4.134 Propeller and spinner designed in Plane Maker

Figure 4.135 Wing struts and landing gears designed in Plane Maker

The wing struts and landing gear (along with ¢gegs)were modelled based on the

procedure explained in the methods section.
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4.2.4 Finished model

Figure 4.136 Wire-mesh view of the FMS 182 Plane Maker model

Following the procedures outline in the correspondiriglane methods section, the
entire aircraft was successfully modelled in plane maker. The following images show

the finished final model fully textured in Plane Maker.

Figure 4.137 FMS 182 Plane Maker mode | (front view)

Figure 4.138 FMS 182 Plane Maker model (rear view)

Figure 4.139 FMS 182 Plane Maker model ( side view)
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Figure 4.140 FMS 182 Plane Maker model top(left) and bottom(right) views

The modelled aircraft loads successfully into th@ldne environment without any

errors.

Figure 4.141 FMS 182 X-Plane model operating in X -Plane simulation environment.

The following shows the Plane Maker model operating inside tRéaKe simulated
environment with the flight models made visible

Figure 4.142 X-Plane flight model depicting forces on the wings and propellers

229



7KLV LV D YLVXDO ZD\ RI FKHFNLQJ WKH FXUUHQW IOL.
white lines depicted in front of the aircraft are force lines relating to the propeller and
the greerlines on top of the wing are the resultant lift lines.

Figure 4.143 X-Plane flight model depicting airflow

Due to the test flight conditions using a steady environment (no wind), the simulated

airspaces modelled as steady uniform airstream as depicted in the above image.

Figure 4.144 X-Plane flight model depicting flow field and model interaction

The field of simulated air around the vehicle howevesrantts with the modelled

airplane as shown iRigure 4.144The types of forces and moments generated as a
result go on to determine the dynamics of the airplane. The following section shows the
type of aerodynamic data this flight model uses in grapfoca.
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4.2.5 Flight Tests

Figure 4.145 X-Plane flight tests at two different test setups

The completed model was flown around i¥P¥ane both on the Linux based mobile
workstation (ThinkPad W520 runninésPlane 10) and Windows based dedicated X
Plane simulator situation at Sheaf 4114 lab at Sheffield Hallam University. The
following general observations were made:

x The aircraft requires very little taladf runway.

x The throttle needs reduction and persistew inputs for most flight operations
otherwise controllability becomes a problem.

X Most large moments predicted by XFLR5 for full control deflection holds true in
the X-Plane simulation.

x The FMS SkyTrainer 182 model is highly responsive to control mpuhile
this is a good sign of correct modelling for this type of an RC platform, this also
results in hardship for precise manoeuvring.

x The finished model is unstable in roll. Despite tweakingar@foils wing
designs, dihedral, etc., all effortsl&l in getting the aircraft to sustain a
trimmed level flight without eventually rolling. Multiple different test platforms

GLITHUHQW 261V DRGe)YWErt MssedR@ctedk the consistency of

this problem and it proved to not be solvable. ltdtide noted that this
problem is not limited to this model in-Rlane. Various other fulicale fixed
wing aircraft models do exhibit this problem to varying degrees while their real
ZRUOG FRXQWHUSDUWY GRQYW KDYH WoKtheW LQV WD
simulator that is to be factored in until the developers fix the issue.
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4.2.6 MATLAB data import results
The following are the results fnothe methods described earlier.

Figure 4.146 MATLAB data impor t

As stated earlier, the modifications and extensions tdataScriptllowed for flight
datafromX30ODQH WR QRW RQO\ EH FDSWXUHG EXW LPSRU!

memory in the format of a table with headers identifying the parameter type.

Figure 4.147 MATLAB flight data storage in structures

Figure 4.148 Inside one of the MATLAB flight data structures
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As the above images show, the flight testults were all recorded and neatly organised
in MATLAB workspace as data tables with each table containing all the relevant data
from the respective flight test.

4.2.7 Parameter Identification process
As described in the methods section, the runScript.mvllke used to generate the

following outputs for initialisation of the process.

Figure 4.149 Sample of MATLAB resampling result

Figure 4.150 Possible FFT noise in the start of the resampled data
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Figure 4.151 Resampled data showing good fit post processing

As it can be seen from the above images, the resampling process is able to track the
original data set while faithfully interpolating it to provide the data points missing
between every two time step. As discussed in the methods section, the custom scripts

and functions are utilised to resample the dataset and remove unwanted noise.

4.2.7.1 Stability Output Results:
The following results were obtained from the flight test conducted for pitch stability.

The specific dataset used for this one was the one with manual pitch input provided to

the X-Plane model in trimmed level flight to excite the appraigridynamic modes.

Figure 4.152 Stability modes results

The above image shows the short and long period mode results obtained from the flight
test (pitch stability). More detailed breakdown of the resuméire stored in the

MATLAB workspace as show below.
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Figure 4.153 Data and test results stored into MATLAB structures

As shown inFigure 4.153 D VWUXFWXUH LV FUHDWHG ZLWKLQ 0$%°
contains the following results based on the processed flight data.

Figure 4.154Structures within the structures store specific test data set

7KH VWUXFWXUH S\ WHVW5HVXOW ™ FHROGWDKX®G W XWR W\§ U X
information from the reduced order state space short period model while the structure
S30RQJ" VWRUHV WKH LQIRUPDWLRQ RQ WKH ORQJ SHUL

Figure 4.155 Extracted matrices ( A,B,C & D) and the standard errors (seA & seB) stored in MATLAB
structure

Figure 4.156 Extracted matrices ( A,B,C & D) and the standard errors (seA & seB)

Within these structures, there is also-stioictures created (based on the custom scripts)
to store the unprocessed results (Field label: smparately for convenience. TheDA
matrices are the State Matrices and the SeA and SeB matrices containdaedsta

errors.
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Figure 4.157 '"HULYDWLYHV VWRUHG LQVLGH WKH 3UDZ" VWUXFW

4.2.7.2 Result from Is_sp:

rarxxratu SWlvzyvatwy S wd{zuraruy
d%"‘ dFuvx’a‘zwv:{ratvt; Ftvi’swu:we‘fltxr;hEl\/':EdFuwz'«'nwr.vrauryx

XT @

Figure 4.158 '"HULYDWLYHV VWRUHG LQVLGH WKH 3UDZ VWUXFWX

The above are the results from execution of the modified Is_sp function. They are the
resulting State and Input matrices along withgtendard errors in brackdqg. 4.1).

As the standard error estimates are significantly smaller than the corresponding
parameters, it can be safely concluded that the parameter identification process has been
successful. It can be noted that L VSBUR[LPDWHO\ HTXDO WR WKH W

ERWK-®%/&KXBHQH PRGHO DQG WKH ;)/5 PRGHOV

7TKH UXQ6FULSW P ILOH KDG WR E@Q &RGEWAMMER GHRHIWLKHHU
WKH WUDQVIHU IXQFWLRQ 7KH IROORZLQJ DUH WKH 0%

nQDeltaEl =
1.0e+03 *

0 -0.3557 -1.8375
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dQDeltaEl =
1.0000 23.9468 482.1819
th=
Discrete-time OE model: y(t) = [B(z)/F(2)]u(t) + e(t)
B(z) =-5.801 + 5.827 z*-1 - 0.02532 z"-2
F(z)=1-1.125z"1 + 0.127 z"-2
Sample time: 0.02 seconds
Parameterization:
Polynomial orders: nb=3 nf=2 nk=0
Number of free coefficients: 5
Use "polydata”, "getpvec”, "getcov" for parameters and their uncertainties.
Status:
Model modified after estimation.
More information in model's "Report" property.
>> [dnum,dden] = th2tf(th);
[qnum2,qden2] = d2cm(dnum,dden,0.02,'tustin’)

gnum2 =

-513.0295 -0.1551

gden2 =

1.0000 77.5444 9.7695

7KHVH RXWSXWV DUH PHDQW WR SRSXODWH WKH QXPH
WUDQVIHU IXQFWLRQ HTXDWLRQ

3:Q G @E Svp A T«

&AH P:@'L O E t 84i,0F fi,5
3:Q Fws@t{wOF r&wws XT C

&AHPQ'" G EyyawvVOE {§x{w

*LYHQ WKH VL]H DQG VFDOH RI WKH DLUFUDIW LW LV C
QXPEHUV DUH JRRG EDG 2QO\ D SURSHU UHDO IOLJKW
WKHVH QXPEHUV DRUH WKRHEH DKXEXIBIBF\ %HFDXVH RI DO
WR WKH ZzD\ WKH GDWD ZDV REWDLQHG LI WKHY¥H YDO:
;)15 WKRVH YDOXHVY DUH SUHIHUUHG

4.2.7.3 Result from Is_long:

@ Fr&r{rrartu; ta{x{irawrt s&vvvirdavyu Fzduvrratsr, Q tudsvrravzx{
f%Lf Fsdvzrrarrs{zt Fsuusrrrarvuy SI&zZVXadrvs ravusrdrsz i'\i?/pEf Fws sy rawrw in
Ft&avurdrruzx{z Fw@vyrxdrzv, Furayxfréarzr; ravtwaruw " Fwu&uvrra{zy
36 FsavtxRAF sxrarrswz{EwizyWF swraruw sarrrirdruy FtdtrvAF sxrarswy @ Fvai {whv Fsvravrw
[Eq.4.4

%DVHG RQ WKLV REWDLQHG PRGHO WKH IROORZLQJ JU
prediction against the measured data.
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Figure 4.159 X-Plane data(measured) and model predictions for u against time

The processed flight data for the forward velo¢ityexhibited noisyrtefactsrom the
algorithms used to resample it. This can be seen in the form of thickening of the blue
curve in the bove graph. However, the general pattern is still clearly evident and

comparable with the predicted output val(es

Figure 4.160 X-Plane data (measured) and model predictions for w against time
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Figure 4.161 X-Plane data (measured) and model predictions for q against time

Figure 4.162 X-Plane data (measured) and model predictions for rad against time

$V LW FDQ EH VHHQ IURP WKH DERYH SORWY WKH LGH
closely tracks the pattern of the measured dataom the flight test.
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4.2.7.4 Problems encountered:

Figure 4.163 Roll instab ility in X -Plane model

Even though various different flight tests were conducted to excite all possible dynamic
modes of the FMS 182-Rlane model, the aileron trim issue stated earlier made the
obtained flight data unusable until that issue has beervegsds seen in the XFLR5
predictions, there are restoring roll moments that are meant to counter disturbances in
that axis. While the results obtained here for the pitch stability tests have reasonable
agreement with the XFLR5 test results, the roll aaw gtability test results simply

cannot be compared.

$V WKH DERYH JUDSK VKRZV LQVWHDG RI WKH DLUFUD
rolling slightly for a while until at some point when the roll rate increases and the test
condition is compromed. As a result, in the MATLAB/Simulink model, the stability

and control derivatives obtained from XFLRS5 is heavily relied on.

4.3 Simulink Results

4.3.1 Modelling Aerofoil Stall

The sets of equations obtained from the literature that are discussed in the methods
section were tested for the type of outputs. The following are the réduit$/ATLAB
code written to test the output from these modeldkas documented in the Appexdi
(Chapter 7.3)
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Figure 4.164 Linear lift model

As the above figure showthe linear modellinggroducesunrealistic prediction for the

lift coefficient for increasing/decreasing angle of attacks

Figure 4.165 Flat plate model

As it can be seen in the above plot for the equation for the flat plaftgttpéate
equation captures the drastic chasigdift (via a change in%) beyond a certain range
R 1 This is more in line with traditional expectationa#rofoilsas well as the results

obtained from XFLR5 for this research.
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Figure 4.166 Linear (blue), Flat-Plate (red) and combined (yellow) models implemented from
literature(see Chapter 3.4.1)

As the above figure illustrates, the combination of the two models via a sigmoid
function enables us to derive a more realistic model for the lift generation of the
aerofolil It is posibleto manipulate the transition rate (M) to generate profiles (for

% el that matches a particular aib more accurately.

Figure 4.167 Model variations for different transition rates (M)
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As it can be seen in thieend of theabove imagéFigure 4.167)this technique for the
modelling of the lift is not only more realistic, it offers a greater deal of control over the
output.However, such initial test results were not enough to accuratdgl the

behaviour of FMS 182 target airframe. The reason being that the results represent a
polar/curve that is realistic but ndtet realistic representation tbfe polar/curve for the
target airframe. This prompted subsequent development of the nie#diag to the

results in the next subsection.

4.3.2 Extension of the sigmoid function utility

As stated previously, the lift modelling process followed for this model ran into
uncertainties involving the specific aerodynamic behaviour of the target airff@me.
such, further development work (detailed in the methods section) was undertaken to
resolve it.The following are the results from the methods and process described in the

corresponding methods section

Figure 4.168 XFLR5 example data (CL vs alpha) compared to fitted curve (sigmaAlpha)
As the above graph shows, the method can successfully be used for generating the type

of nonlinear behaviour of the lift generated by the aircraft as eldained by the use of

the sigmoid function to blend the flptate approximation equation with the Alamear

one. The process dropped certain data points to generate this smooth approximation but

they are functionally irrelevant as the modelled aitaeameant to maintain angles of

attack that lie well within the bounds of the proper fit.
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Figure 4.169 Sigmoid curve fitting results

Another advantage of this process, as shiowfigure 4.169s that thevalues for the
CLO, CLa, M and alpha0 that would reproduce this model is now known. As such, they
have been incorporated into thefile for the simulation which contains values for all

the constants that are needed for the initialisation of the simulatozess in Simulink.

4.3.3 Modelling of Drag

Both of the models from the literature described in the methods section were tested with
dummy inputs for their suitability.

Figure 4.170 Linear (blue) and Quadratic drag (red) models from literature (Chapter 3.4.1) tested

The simplistic linear model does not produce a curve at all. On top of that inaccuracy, it

falsely predicts negative values féf,under a certain angle of attack, implying that the
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drag is negative within that rangehe nonOLQHDU PRGHOYV RXWSXW EHK
drag profile predicted by XFLR5 and as such this model was used.

4.3.4 Modelling of Cm:

The parameters extracted from XFLR5 anéldne was advantageous in the modelling
of the moment coefficier{see Appendix)Their use resulted in the following curve for
Cm:

Figure 4.171 Simple linear lift model

The behaviour predicted by this linear model based on the FMS 182 ddtasets (
XFLR5 and XPlane) resembles the standard pattern of restoring pitching moment for
increasing alpha&Sample code depicting implementation is made available in the
Appendix (Chapter 7.6.6).

4.3.5 Simulation Initialisation

The following are the list of paragters extracted from XFLR5 andRane alongside
physical measurements of the FMS 182 aircraft. This forms a dataset that is specific to
this aircraft and allows for accurate modelling oHbowever, due to the length of the

actual data table, only a spigt of it is presented here.
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Figure 4.172 Snippet from the bigger parameters file for simulation initialisation

The actuatompletedataset is much bigger and therefore presented in full form only
within the Appendix (Chapter 7.6.7).

4.3.6 Visualisation Results

The following are the results of the attempts to exploit various freely available
MATLAB functions to improve the quality of thasual rendering for the simulation.

As it can be seen from the figure belpthe simplistic rendering shown previously (in

the methods section) can be replaced with a more complex one of a representative
airframe visualisation. This method of geometry amjmg is prone to sizing/scaling
problems as the STL files do not preserve the units of measurement. By converting the
geometric information to the V and F matrices, that problem can be resolved by simply

using linear scaling factors as shown below.
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Figure 4.173 Rendering of the MQ -9 from STL file inside the visualisation module
This allows for correction of the mismatch of the scale between the 3D coordinate
system used in the simulation and that of tieleeed aircraft. Based on the desig
specifications of the M€ aircraft an appropriate scaling factor was used and the V
matrix was scaled down accordingly. The F matrix is kept intact as it merely stores

information on which vertices are to be connedtegbther to form any given triangular
polygon (face/shape).

Figure 4.174 Scaling the rendered aircraft with simple matrix manipulation in MATLAB

As it can be seen from the above imgdkis process allows the import arid

manipulation ocomplex aircraft shape right into the Simulink Environment.
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Figure 4.175 A test of the MQ9 rendering complete with dynamic inputs provided

As the abwe screenshot shows, the method has been tested and shown to work with the
type of Simulation constructed for the FMS 182. While STL files are imported in
MATLAB for various image proessing applications, they are seldom useduch
visualisationrwhendealing with the complexity of mapping a dynamic system's outputs

on to the rendered objects to visualise accurate kinematics. The test put together for the
MQ-9 representative airframe model shows that the method is capable of simulating the
in-flight dynamic responses based on arbitrary inputs and was used to animate the
dynamics of the M€ geometry inside the figure window for visualisation. The

dynamic responses / kinematic outputs of another previously modelled aircraft have
been tested successfullyrfintegration with the three dimensional complex

representative airframe visualisation of the @y following the method described

here and earlier.

4.3.7 Data Output

The data output in the graphical form described in the methods section is shown along
with the simulation output for better context. The following are the results of the
extensions to the code to generate flight data recordings for later use.
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Figure 4.176 Creation and storage of flight test runs

As it can be seen in the above image, every simulation run results in the automatic

creation of flight data for pogirocessing

Figure 4.177 Properly labelled and organised flight test data in CSV format
The end result is that CSV files containing data from every time step of the simulation
is automatically stored in the neatly organised manner as shown in the above image. All
the values arenithe right order and the headers are automatically populated using the

variable names for convenience.
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4.3.8 Complete Simulink Model

Figure 4.178 Screenshot from Simulink of the blocks put together for the simulation of the FMS 182

The individual components of this overall model are explained in the methods section.
The templates mentioned earlier were utilised and modified and extended in

functionality as explained in the methods section. In the above image, from the left are
the control blocks, Forces & Moments block, Dynamics & Kinematics block and the
Visual Output block in order. The control blocks (present from the templates) are just
defaultSimulink slider gains with constants for unit conversion. The black bar is the
multiplexer used to collate the individual signals (elevator/rudder/aileron/throttle inputs)
and pass them to the Forces & Moments block and a Goto block. The Goto block passes
the signals it to the Visual Output block without requiring the physical connections

being shown for convenience. The outputs from the Forces & Moments block the

inputs to the Dynamics & Kinematics block (the Forces and Moments) and the Goto
block labelHG 3 DLUGDWD" ZKLFK DJDLQ LV SDVVHG WR WKF
of the Dynamics & Kinematics block is the input to both the Visual Output and the

Forces & Moments block. The simulation is configured to run on fsted of 0.1

seconds.
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Figure 4.179 Visualisation and plotted variables based on the methods stated earlier (Chapter 3.4.6)

As shown inChapter 4.3.5 anthe above image, the full setup with all modifications
and customisation works aodtputs the 12 state information. The following are some
tests results done to check the responses of this simulation of the FM$h&82.
following are visual outputs from a test conducted with a slight elevator input and
throttle set to 10%. The simulati was left running for a while and the responses

recorded.

Figure 4.180 Visualisation of the aircraft following the approaches detailed in Chapter 3.4.6

From the visual rendering it can clearly be seen that the aircraft is in motion and moving
due North.
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Figure 4.181 Sample outputs from the test for North, East and Down positions

As expected, the graphsrfithe north, east araltitude own) show the changes in the
positions. It is interesting to note that despite no wind present and in the absence of any
aileron or rudder input, the aircraft is drifting gradually east. The graph for altitude
reflects whafflV H[SHFWHG IRU WKH HOHYDWRU LQSXW

Figure 4.182 Sample output from the test showing airspeed, angle of attack and side slip angles

The aircraft seems to have stabilised in forward velocity at aroundsl9mprevious
UXGLPHQWDU\ WHVWYV ZLWK WKH OLQHDU OLIW PRGHOC(
airspeed gets progressively onesmtimated and leads to highly unusual large numbers

which often end up crashing the simulation. The angle of attackwasto have

dropped from the initial condition to the stable run. There is a constant side slip (beta
angle) present throughout the test envelope.
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Figure 4.183 Sample test output showing roll(p), pitch (q) , yaw (r) rates along with the roll, pitch
and yaw angles and delta_e (elevator input)

It can be seen that from the slight elevator input, even though the roll and pitch and their
rates are initially disturbed, they eventually settle. The yaw anerghowever steers

away from the starting point and keeps drifting. Similar drifting problems have been
encountered in the-Rlane flight tests where there was a roll instability. There can be
crosscoupling between roll and yaw due to yaw motion pushing ang imto the

airflow while making the other move away from the airflow. This causes asymmetric

lift production of the left and the right wings leading to a rolling moment.

The MATLAB/Simulink simulation of the FMS 182 however can successfully simulate
the dynamic behaviour of the fixesling plane and provide a foundation for further
development. During the test runs of this simulation setup (based on the parameters
measured in real life or extracted from XFLR&PXane), various shortcomings were

identified which will be discussed in the end of this thesis. But this should not detract
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from the high utility of this platform and future development potentials now that this

testbench has already been created.

4.4 Flight Test

While various simulated flight tes(€hapted.1.34.1.9 &4.2.5)were carried out
within the simulation space of XFIRX-Planeand MATLAB/Simulink (Chapters 4.4
4.3), the work relating to the reatorld flight tests of the physical platform (FMS 182)
remains incompletdue to the COVIBL9 pandemic related restrictiorghis is

addressed in more detail in Chapter 6.2.

5 Discussion

The following subsections are discussions based on the findings in the previous chapter.

They are organised based on topic.

5.1 Measurement Issues

As mentioned in Chapter 3, a fixedng platform (FMS 182) had to lselected for the
proposed resgch Even though the purchase of that aircraft helped in reducing
workload of the alternative process of desigrfiogn scratch, it resulted iohallenges

of measurement

Figure 5.1 Measuring with common hand tools

A digital scale was used for weighing components. Ordinary rules, measuring tape and
callipers were used for measuring length. Angles were measured using a protractor.
They introduced sources of error of their own. ThéoWaing are a summary of

measurement challengescountered:
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x Rounding off error due to measurement accuracy of the tool.

x Parallax error in measurement of distances/angles.

x Difficulties in pinpointing the C.G. location of the modules that required to be
balanced on a poinfThis can be potentially mitigated by suspending the aircraft
from two points along the fuselage and hanging a plumb line from the same
hanger location which points to the cg position.

The measured data obtained from these methods weréoundbd subsequent XFLRS5,
X-Plane and MATLAB/Simulink work. As a result, the data obtained fitoose
simulations and modelling work suffer from modelling errors originating at this
measurement phadeor example, an incorrectly measured C.G. locatica of
component will shift the overall inertial tensor estimation by XFLR5 and thereby
introduce some degree of error into the stability/control resuasarement noises
such as these are unavoidable due to every tool having its finite precision/accuracy.
They can however be improvedingmore sophisticated measurement systems. The
advantage of the method used is that it relies on ordiveg tools whicimake the

process more widely adoptable.

5.2 XFLR5
This freely available and opesource tool proved highleffectivein a number of ways.

It showed the greatest amount of utility in the following workih reference to the
FMS 182

X Obtainingaerofoilanalysis data.

x Construction of model foaerodynamic performance tests.
Construction of moddbr stabilityand control tests.

Creation of customaerofoilfiles for the XPlane simulation model.
Providing inertial, stability and control parameters for botRlIXne and
Simulink models.

X X X

While XFLR5 proved to have great utility, certain features and bugs in titngse

have created problems in the research process. Some of these problems are due to
unclear documentation or mismatch of terminology. For example, XFLRS5 labels all
FRQWURO VXUIDFHVY DV 3IODSV" 7KH XVHU LQWHUIDFH
would benefit from being made more intuitive. Analysis results are not always saved in
the project files unless certain boxes are ticked voluntarily by the user. This resulted in

the need to @eata lot of the analysis.
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The general approach for the XRS5 work was to first create all tteeerofoilsfor the

FMS 182. Thesaerofoilswere subjected to appropriate I®eynolds numbeanalysis.

The dataset created from that were used for the performance analysis. For the
performance analysis, a range of model variants were needed to be created as XFLR5
GRHVQMW DOORZ RQH PRGHO ZLWK PXOWLSOH FRQILJX
neeckd to be assignezkrofoilsspecific to the variane(g.positive aileron deflection).
Inertial modelling based on measured data also needed to be prepared for the Stability
and Control tests. Overall, a large numbea@fofoilsand models needed to beated

and a long list of tests were performed on them. This resulthnge number of

repeated trialsnd an equally largdataset of analysis and results. The software has no
scripting feature and as such virtually every part of this process hadtarwually

repeated and the dataset manually gathered and recorded. This led to the writing of
custom MATLAB functions that are capable of handling @efguisition processing

and storage from XFLR5

Once all the procedures mentioned in Chapter 3 fedleeved and all the models were
generated, the softwa(FLR5) proved its usefulness as detailed in Chapter 4. As
discussed within the results section, all the performance analysis visualisation and
polars were consistent with general expectations. H#inlisy and control analysis
results also showed reasoregimilarities with expectedyhamic behaviour of the
aircraft But these results have to be interpreted in the light of the limitation of the
program. For example, due to the fuselage not beirdghieal, the overall performance
estimations can beonsidered to be ovastimated The stability anatontrol tests
however are not impacted as much by this as the dynamiatesiependermn the

inertial modelling based on point masses (see Chapter 3).

Considering that the FMS 182 is expected to be an autonomous platform carrying
various payloads, the tests involving changing weight and C.G. location produced a
good collection of useful data for any future work on this platform with currently
unknown/undecided payloads. Once the methods shown are followed and thesg dataset
are generated, they can be used to inform model changes in{gdém&and Simulink.

The results obtained from these mass and Gaéations are useful for any future ptan
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involving sensors, controllers, etc. which will inevitably disturb these parameters and
result in altered dynamic responses.

Many of the results obtained from XFLR5 proved useful for improving the modelling
accuracy of both the-Rlane and MATLAB/Simuhk modelling and simulation.

5.3 X-Plane

Despite the limitations, lack of appropriate documentation and uncertainties discussed
earlier in the thesiabout the application of-Rlane for modelling an aircradt such a

small scaleit was possible to succeslficreate an XPlane model of the FMS 182.

This was achieved by taking a mixed approach where the XFLR5 data and custom

MATLAB functions were used to make the model more representative of the FMS 182.

There were a number of challenges that need todhdidifated. Plane Maker was used

to create the model. It lacks any feature to import 3D models of entire designs and the
user needs to manually create the geometry following the methods described earlier in
the thesigChapter 3.3) 7KH S URE O H B td ji\stfieMdiff@wlty in\Wskhg that tool

to generate custogeometrieas shown in the documentation of the construction
PHWKRG ,W GRHVQTW DOORZ XQLYHUVDOO\ FKDQJLQJ
standard of unit of measurement. Furthermore, see imterface itself was designed

with full-scaleaircraft in mind awvarious parametersald to be roundedespite these
drawback, it was possible to successfullpdel the FMS 182 and confirnsitiability

for modelling at this scale.

The default colletion of aerofoilfiles (.afl format) lacked data in the IdReynolds
numbemregime(1073-1075)that an aircraft the size of the FMS 182 is meant to operate
in. This required the development of a process to successfully generatadiofos

files for the FMS 182 (or any other UAV). Already having #&eofoildata from

XFLRS5, the biggest challenge was the lack of documentation on the file format and
structure of theerofoilfiles. The method shown in this thesis to do this and the
subsequerresults were not as straight forward as this documentation nuigbhést In
practice, it required an extensive series of trial and error to understand all the unlabelled
numbers in the .afl file. The data from XFLR5 needed to be imported on to MATLAB,
followed by further posprocessing to interpolate a sample .afl file. Once that was
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ready, the model had to be opened in Plane Maker and théeteftilassigned to the
right element. If it accepted it, then the next test was to load the aircraflsn® and
check. As such, repeated modifications were carried out untlettodoil file was

finally accepted by XPlane simulator as valid. This regdtina satisfactory solution to
the problem of the lack @erofoilsfor aircraft like the FMS 182asdiscussed in the

literature review section.

There were additional challenges faced in the drag modelling of-BPlan€aircraft

model. XPlane expects the zelift drag coefficient to be supplied by the user for
components such as the fuselage, prepslinner and wheel faigs. Although

classical sourcesf estimations for these valyesich as Hoerner et al [1][2][3][4],

were consulted to improve simulation accuracy, it proved unsuccessful. The primary
reason being that most published data ref@&eaynolds numberegimes that are much
higher than the operational range of the FMS 182. As such, to improve the modelling
accuracy, these parameters needed to be calculated based on the recommended
formulations in the previously mentioned sources. Thefitas however required good

estimates of wetted surface areas that are not easily measured.

Figure 5.2 FMS182 fuselage imported to blender

As a result, the model was exported as OBJ format and splitiaplaet free and open
source 3D modelling software Blender [4] to obtain these estimates as sheigari
5.2

Figure 5.3 Analytical estimation of fuselage zero  -lift drag coefficient by various methods
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Various approximation formulas were used with the same variables (per object) to
estimate the zerbft drag coefficient. They all calculate the skin friction drag

coefficient and add it to the badeag of the body to arrive at the final drag coefficient.

The final values used for improving the drag modelling bplxne were 0.081, 0.34,

0.103 for the fuselage, propeller spinner and wheel fairings respectively. This is the best
approximate arrived at and theP{ane simulation results are based on theotifigese

figures. Inthe case of the spinner, the simplifying assumption of no axial rotation was
used because no method of analytically predicting the combined effect of the spin and

forward motion was found.

Although the overall modelling process wasgely successful, there wed#ficulties
experiencedrefer toChapter 4) upon flight testing. Particularly the aircraft having a
tendency to roll and as such fail to stayhatrimmed condition. X3 O D @abflity to

stay in roll trim holdfor certan models was a known issue that has no fixes that could
be applied. Before the results were obtained, a lot of modifications to the simulation
setup and the model itselfenecarried out to isolate the sourcetloé lack of roll trim

hold. A range of testacludingavery unrealistihigh dihedral angle wing settirig

improve stability was carried oltet the roll trim destabilisation still remained

Therefore the less than desirable roll trim function remain unresdtweds still

possible to extracdome flight data for testing out some parameter estimation techniques

as detailed in the Chapter 4.

The etraction of flight data for pogtrocessing and analysisom X-Plane revealed
someconcerns worthy of noté-or example, it was hard to obtaihtake necessary
parameters from the default flight data output menu. As such, alternative means had to
be explored. Originally, the MATLAB code from NASA mentioned in the literature
review was used but it proved cumbersome for the limited hardware cdpacity
simultaneously run both platforn@X-Plane & MATLAB). This required the use a

freely available JavaScript [6] which was modified as shown in the relevant section of
the thesigChapter 3.3)The imported data however reveatetbw sampling frequency

The lack of high enough sampling frequency for the estimatigorithms and

inconsistenframe rates wreobservedA simple Parameter Estimation MATLAB code
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[15] was modified to solve these inconsistencies of sampling rate and freqaency

operate succsfully on the XPlane flight data androduce the results reported.

Despite the challenges, a fully functionalPXane model with good fidelity (accurate
design, custoraerofoils etc.) was produced. It demonstrates the usefulness of the
simulation platform as an independent modelling and simulation platform for-small
scale fixedwing UAVs such aghe FMS 182.

5.4 Simulink

As detailed in the Resulsection, a 1&tate sixdegreeof-freedom Simulink model of

the FMS 182 has been successfully constructed by following the methods detailed
previously in the thesis. Utilisation of pexisting MATLAB template fileglL4] for the

various components of this simulation has not only help&®Q VWU XFW WKLV VLP
transparency and extendibility allowed for a range of modifications in MATLAB code

to further develop the simulation platform. The experimentation result based on the 3D

visualisation module proved useful.

card is required.

video card from
NVIDIA, AMD or Intel
with at least 4 GB
VRAM (GeForce GTX
1070 or better or similar
from AMD)

MATLAB/ X-Plane FlightGear
Simulink
RAM 8 GB 16-24 GB RAM or more | 6-8 GB
Processor | Any Intel or AMD Intel Core i5 6600K at A quad core
x86-64 processor 3.5 ghz or faster processor with ~
with four logical 2 GHz each, 64
cores and AVX2 bit architecture
instruction set
support
Graphics No specific graphics | A DirectX 12-capable 1024-2048MB of

dedicated DDR3+
(DDRS5 preferred)
VRAM (i.e. 512
Mb VRAM
minimum)

Table 5-1 Comparison of hardware requirements for MATLAB/Simulink, X -Plane and

FlightGear [9][10][11]

While L Vpdssible to integrate MATLAB/Simulink with -Rlane/FlightGear type

external simulata for more complex visualisations, it still ends up requiring a lot more
resource than running MATLAB/Simulink alone. While the visualisation technique
makes excellent improved renderings representative of the desired complex airframes

and allows for manumglation of the airframe model using simple matrix manipulation
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techniques, it exhibits certain limitations. The aircraft is rendered by stitching together
many triangles which can end up creating many orders of magnitude difference in the
sizes of the V ah F matrices for both the simplistic and the more complex rendering.
The simplistic representation required 16 vertices and 13 faces while tFerstfired
28830 vertices and 9610 faces. The rendering is not meant to take place in isolation.
Within the smulation framework, it will be connected to a data stream from other
Simulink blocks providing it with updates on position and orientation state values. For
every single update, MATLAB erases the previous rendering and redraws a new
rendering based on théand F matrices. It can therefore be concluded that the
computational demand on the machine running the simulation goes up significantly
when this type of complex shapes are rendered. The function patchslim [12] can be used
alongside stlread [8] to reduseme of this loadThese functions filter out duplicate$

the vertex points and associated faces from the V and F esa#md thus reducing their

size

While not being entirely free afrawbacksthe visualisation method presented here is a
lower-costand less resourdetensive alternative to the more usual methods of complex
visualisation such as-Rlane. No presuppositiomslated to usefamiliarity or expertise

in integration of multiple simulation platforms, exporting of visual data, CAD
processes/packages, etc. are required to utilise this modification. STL files for a range of
fixed-wing aircraft designs are widely available throughout various online CAD
repositoriefe.g. GRABCAD|[13]) .Even in situations where only the 3D model file is
available, there exists various means of exporting that to STL files. The ability to
manipulate the model using simple matrix manipulations allows for better flexibility
compared to using a CAD package. Being able to perform the visualization within the
MATLAB/Simulink environment this way also reduces the need for additional
computers and/or multiple software packagé@sch aredifficult to keep in
synchronisation with the simulation steps. These-kiek problens that may occur in
simulation spaces, pscially RealTime, are outside the scope of this research but well
documented [@]. The potential fotosingsynchronisation however can begnimised

by reducinghe number of software packages/machowaprising the holistic

simulation suite.

261



The stallmodelling usinghe sigmoid function [13], as shown in the literature review

and methods section, allowed for incorporating thelim@ar nature of aerodynamic

forces. There was no existent way prescribedetermine the correct paramesettings

for this model. The method of using teigmoidcurve fitting tool to import the XFLR5

polar for the FMS 182 allowed for better utilisation of the availaBl®dynamiclata
whilefurther LQFUHDVLQJ WKLV 6LPXOTH2 Bmé canb©daitvabsuQ TV | L
the incorporation of automated flight data recording by the use@oflardMATLAB

functions. Thdlight data is nowneatlylabelled,organised and available for any further
analysis. By implementing all the formulations of the models discussed in CRapte

and 3 it was possible to put together the complete simulaticghe FMS 182 without

reliance on the premium blocksets mentioned before.
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6 Conclusions & Future Work

6.1 Conclusions

Within the Introduction and Literature Review sections of this thesis, a range of
concerns relating to the modelling and simulation of sselefixed wing
Autonomous Aerial Vehicles have been discussedulfib the ultimate aim of this
research project, extensive work was conduttiadeetthe stated research objectives.
The challenges of applying the traditional means and methods of aircastlimg and
simulation to such small platforms were studied. Potential solutions were explored
within the context of accessibility of resources asdr/developegexpertise. Th
emphasiss on utilizing and developingothfreely available and custom code. The
limitations of existing simuwtion platforms discussed in thigesis were all addressed
and resolved by this approach. The work undertaken resulted in the creation of multiple
independent models and simulations. Corad with the large@umberof dataset
generated for the target airframe, this cors/antoff-the-shelf RCfixed-wing aircraft
(FMS 182) into a suitable research platfobespitethe methods/tools/techniques
utilisedbeing independenit was found thathey can be integrated intaallective
platformcapable omethodically studying, modelling and simulating snsalhle
Autonomous Aerial Vehicles. Thiswersentry cosinto this multidisciplinary and
often expensive field of research terms of accestobothresources andeveloper

expertise. The following summarises the outcoofale overall research project:

x Deploying a simple suite of measurement tools and techniques utilised during
this research successfully overcame any challenges withsubfidsnctionality
or accuracy throughout the subsequent modelling and simulation work
conducted.
X The range of appropriately loReynolds numbesierodynamic data obtained for
the variousaerofoilsof the FMS 182 allowed for more accurate model creation
within XFLR5 for performance testing. Thus providing a means of predicting
the performance limits of the aircraft long before flight test.
x The flow visualisation outputs from XFLR5 enabled a detastedy of the FMS
TV DHURG\QDPLF SHUIRUPDQFH LQ YDULRXV IOLJ
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requirement for quantitative data output. Vortex formations/interference patterns
informed subsequent modelling and control system design considerations. At
higherangle of attack, for example, significant disruption to the airflow over the
tailplane was observed, which would inform a control systems designer to set
appropriate limits to retain effective control authority throughout the flight
envelop. It could feally replace any requirement for a wind tunnel testing
phase.

The simple but detailed geometric measurements of the FMS 182, combined
with the inertial modelling in XFLR5, provided output estimation of stability
and control derivatives and revealed keyatyic characteristics for a range of
flight configurations without risking the airframe during expensive flight test
campaigns.

Despite the challenges outlined in the Literature Review, a high fidelity model
of the FMS 182 was created inrP{ane through segntial coding solutions and
matrix manipulations to transcribe the XFLR5 dataset infelate formats, in
order to satisfactorily represent the aerodynamic performance of small scale
UAVs.

Successful validation of the propeller gralver planimodelling gproach
suggests the Scorpion_calc simulation tool is a valuable resource capable of
yielding representative performance characteristics of small electric
motors/ESC/battery system combinations typical of those driving small scale
UAVSs, like the FMS 182, whout the need for experimental bench top testing
setups.

Modified freely available Parameter Estimation MATLAB code, was
successfully integrated and tested. Dynamic mode outputs from Simulink
compared very well with identical data traces frorPléne simalations,

verifying state space models of the FMS 182.

Similarly, modified freely available coding coupled with custom MATLAB
functions improved flight data recording and storing processes developed for
System ldentification/Parameter Estimation technsque

Freely available MATLAB/Simulink templates and mathematical models from

the literature were successfully integrated with data output from both XFLR5
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and XPlane to develop a Simulink model of the FMS 182 without the need for
Aerospace Blocksets.

x Additional MATLAB functionality, using the Sigmoid function to represent an
input dataset to model aerodynamic characteristics of any given aircraft, was
integrated to improve the Simulink L P X O Doaphiilies.V

X Integrating standard MATLAB functions anaé&ly available custom functions
with CAD models, a solution for complex aircraft geometry visualisation was
devised, reducing the hardware and software demand of any given simulation
setup.

X Multiple independent models and simulation outputs were createdearerated
from the collective suite of simulation tools developed. Once actual flight test
data becomes available, these models can be further developed and assessed for

their relative advantages and drawbacks.

This research project started with the aihexploring and developing accessible

methods for modelling and simulation of small fixethg UAVS. As such, various
unintended butmpactful restrictions and limitatioriead to be resolvedAs the above

bullet points show, the work undertaken hesulted in promising solutions that might

help reduce some of these limitations of accessibility. Hopefully, this will inspire a
generation of prospective researchers around the world, who are currently held back by
the lack of access to expensive andhsstcated resources, to contribute to this field of

research.
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6.2 Future Work

The outset goals were set with the intension of culminating this research with a flight
test campaign to provide real timeflight data for an analogous airframe. This \ebu
have then provided key validation data to enable the tuning of the simulation based
models, to more optimally represent the performance and response of the target
airframe. However, operating under pandemic restrictions during the final year of this
research, forced the flight test phase to be reluctantly eliminated from the programme.
Many of the following subsections thereforeparticular seek to provide a detailed
outline of the originally proposed flight test programme and the intended simulation
model tuning loopsAlso, the individual sections elucidate how specific modules of the

overall project could be improvegon.

6.2.1 Wind Tunnel Testing

Figure 6.1 An operational Wind Tunnel at Sheffield Hallam University

As discussed within the thesis, the traditional method used for obtaining the
aerodynamic dataset for a given aircraft involves the use of Wind Tunnels.
Computational mean® (g.XFoil/XFLR5) wereutilised for this research work to

generate the necessary aerodynamic data. Although care was taken to rely only on the
range of data that could be validated against published literature, the vast dataset
produced should allow for further validation wosheffield Hallam University has two
operational wind tunnels. They could be utilised to craatefoildataset for validation

and verification of the dataset created through the use of XFDRB.to the

unavailability of experimental data for low Reynolds number (below 500k), wind tunnel

testing results are required for validation of the modéiss however will require the
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manufacture of appropriateing sections. The following are some udef
considerations:

X The test section walls are far enough away to reduce the influence on results

x Achieving appropriate flow Reynodchumbers

x Ensuring the flow remains incompressible

X Blockage area ratio remains less than 10%
Thewind tunnelscould be utilied to then measure the Lift force, Drag force and the
Pitching moment. This should allow for the creation of a new and unique dataset for the
wings considered. It wouldlso be possible to drill pressure tappings inviing section
in order to measure thressurgrofiles The pressure plots from XFLR5 or any further
CFD solutions of the wingsould be compared against the results obtained from this
experimentaprocess for validation. The flight models howelienefit the most from
the lift, drag and moemnt curves. Practical considerations, such as size constraints of the
wind tunnel, may miee this test challenging. Casbould also be taken when selecting
the manufacturing process and material forviireg section such that the boundary
layer behaviours comparable to the material of tiaeget airframe wing to achieve
analogous surface roughneghewing sections should be set up from side to side
(eliminating tip vorticegrom each pangland setting up a near flapanwise, lift
distribution Thisallows for the results to tepproximatelyequivalent to a 2D infinite
wing/aerofoilthat can be converted to the act¥diDUJHW DLUIUDPHYV ZLQJ C
using3UDQGWO TV OLIWL Q JagdddyhamidiekaseR déherdedQdr thisw K H
research &s based on the main wing, horizontal stabiliser and vertical stabiliser, the

foils used for the wind tunnel testing must be the saemnefoils

As explained in the Discussig@hapter 5pf the thesis, the aerodynamic characteristics

of the rotating spinner of the FMS 182 remained unresolved. Such components are
typically present in such smadtale aircraft and not unique to the FIV&® airframe.

Wind tunnel testing can also be utilisiedgenerate useful data for the spinner. Similar

to traditional sphere drag experiments in wind tunnels, the spinner could be mounted on
asting mounsitting in the spinner wake to reduce the interferefbestingcan beset

upto rotate and instrumerdd to measure the torque along with the drag force. Care
should be taken to ensure that the rotational speed and the airflow speed in the tunnel
match that of theelevantsimulaion conditions described in Chapters 3 &T4e data
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obtained from such a peess could be used validatesimple CFD modelling of the
spinner Due to the lack of appropriate published data on such spinning components at
low Reynolds numbers, this wouddlow for validationby theutilisation ofarelatively

inexpensive means obtaining the aforementioned data.

Following this approach, a range of comna@nofoilshapes and spinner sizes could be
tested in the wind tunnel to lead to the creation of a database that could greatly improve
theaerodynamic input accuracy for modediand simulation asimilar smaliscale

aerial vehicles.

6.2.2 Automatic Control

Obtaining real flight data for such small scale vehicles can be challenging. Although
various flight controllers with data loggers are available to log all available data, they
are seldom useful outside the range of the test condition$alfmeing subsectios).

The lack of an otboard skilled pilot and the control limitans imposed on RC pilots
maketraditional test manoeuvres difficult. This is where ghreulation modelgould be
tested in advance with real hardware (HITL) to ascertain limitations arn# the
autopilot code (SITL)

6.2.2.1 Arduino Based Preliminary Test

Figure 6.2 Preliminary Arduino based test setup for the FMS 182

The MATLAB support package for Arduind][allows for bidirectional communication

between the controller and MATLAB. Part of the functionality offers the ability to send
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both digital and PWM signals. 18ie all control surfaces of smaltale aircraftsuch as

the FMS 182are moved using servo motors, this helps in the development of a test bed
to determine the actual physical limits of the installed servos. Two MATLAB scripts
(servo_test.m & sweep_tasi) are provided in the Append{hapter 7.7as examples

of preliminary servo testing. This was then integrated within the existing Simulink
model and XPlane simulation separately. The Arduino board can be initialised from the
parameters file of the Sirhnk model as global variable. Following that, additional

code was added to thefite of the Forces & Moments block of the simulation (see
Appendix), which captured the inputs from the simulator, scaled them based on the
previously mentioned servo testsdgpassed them on to the Arduino to simulate

identical control surface movements in the actual aircraft. For integration vilane,

basic Simulink UDP blocks were utilised to capture the inputs freiflaXe and scale

them before drivinghe servos inhte actual aircraft as before. The custom models and

functions written for them are made available in the Appendix (Chapter 7.7).

Even though this preliminary test method is incompletgiiring debuggingts

usefulness in diagnosing mechanidalitation factors and actual response

characteristics of the control system is very important and thus deserves further
development work. Video recordings of the tests stated here have been documented and
linked to in the AppendixChapter 7.7), whickhows control surface deflection both on

the physical FMS 182 airframe and also P}ane simultaneously in real time

6.2.2.2 Pixhawk/PX4 Integration

Figure 6.3 PX4 X-Plane HITL system architecture [2]
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Pixhawk (cantroller) and PX4 (autopilot softwarf)][3] are both opetsource projects
that are widely utilised in the drone community. Combined, they can offer HITL &
SITL solutions for the simulation and modellingtbé smallscale fixedwing class of
aircraft,suwch as the FMS 182. For the Pixhawk/PX4 platform, a Simulink support
packagd4] exists which allows for integration of Simulink with the architecture of the
PX4. Independent of this, PX4 allows HITL/SITL testing witiPXane via
QGroundControl/MAVLINK|[5][ 6].

Although ths suite of hardware integration wasefly explored during theresent
research, thextentof thecode development womlequiredto successfully integrate
them with the existingimulationsproved too ambitious to deliver within thgailable
time frame It remainsa verypromisingline of developmentsuccessfully integrating
these platformsvould enable rapid testing of any guidance, navigation or control
algorithm both within the simulation environments and subsequentvoell test
flights. This would greatly enhance the usefulness of the Simulink aiirlaXe models

presented here and allow for appropriate preparation of test flights.

6.2.3 State Estimation

For Automatic Flight Control, the controller will rely on a range of sengbrery such
peripheral will suffer from additive noise. This can leath®two following major
issues:
x Noisy Flight Data recordel@ading to degraded quality of analysis.
X Inappropriate responses of the Flight Controller based on noisy data.
For bothof these challenges, there are existent solutions in the foomioe and
offline estimatioralgorithms. The Parameter Identification metipoglsentedn this
thesis is an example of an offline method where the tools and techniques are applied to
existing @mplete flight data. But since the flight data used was obtained from
simulations with no noise, there was no ngedse standarfiters (e.g.Kalman
Filters). Thesame techniques appliedrioisyreal flight data may not remain as
effective. Inthe caseof the online method, the tools and techniques must be deployable

in the flight controller and be capable of rate filtering and estimation. This means
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that the computationalambilities of the flight controllecouldlimit the type of

algorithm impementedf the processing power proved insufficient

In case of the previously mentioned Pixhawk 4 running the PX4 software, a potential
solution for the online estimation is available. Thargation & Control (ECL) library

of the PX4 includes an Extergi&alman Filter implementation for noise filtering and
estimation7]. There however exists no detailed study on the number of possible filter
implementations within PX4ortheir respective resource consumption and accuracy.
While such problems can bedzdssed with better hardwared.improvedsensors,
sophisticated mounting, etc.), that generally results in additional costs. Therefore, the
development of such filters and their implementation on a platform like the PX4 could
potentially result in loweng the overall cost of hardware while improving the

performance of the autopilot system.

6.2.4 Flight Testing

6.2.4.1 Prerequisites

Due to the range of previously discussed limitations imposed while working with such
smallscale aircraft, conventional means lajlit testing methods need to be altered to
suit theunique requirementsf such smalkcale fixedwing platforms. Inight of that,

the following guidelines are proposed as prersitgs to any future flightest

campaigns for a generic target airframe:

x Obtain relevant performance estimates fromsthiee of analysegresentedn
this thesis.

X Generatesimulationmodels and test fly them first in simulated airspace.

x Carry outHITL & SITL development described Chapter 6.2.2.2

x Test custom flightestcode in simulationFor example, testing of a script that
provides automatic control inputs for a specific flight test.

x Ensure adequate instrumentation for data collection (GPS, IMU, Airspeed
Sensorsetc).

x Ensure necessary online/offline State Estiorand data filtering has been
completed
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6.2.4.2 Tests

Thesimulationmodels of the FMS 182 were subjected to a range of tests resulting in
the dataset presented and discussed in this thesis. Multiple different types of flight tests
could be conducted to heimprove the fidelity of these models. It is important to
ensure that the test conditions of the-wgafld flight tests match that of the simulations.
A primary set otests can be summarised as follows.

x Flight tests from trimmed steady flight recordimg tdynamic responses of the
aircraft to control inputs. This follows the same procedure undertaken for the X
Plane simulated flight tests. The processing of the flight data should follow the
same principles described in the Parameter Identification pr{jessscribed
in Chapter 2.6/3.3.13/4.2.This should reveal the key stability & control
characteristics of the aircraft and allow for comparison withstmeilation
models andacilitatetheir improvement.

X Flight tests across the operational envelagdbff, climb, cruise, descent/dive,
landing,etc.) to gather performance data. A comparative analysis would then
identify the specific aspects of the models that require further attention.

X The experiments conducted with variable mass and shiftingetiiee of gravity
(see Chapter 3.2.%) XFLR5 could be replicated in real test flights. It would
require extensive amount of missions flown with identical tests as shown in the
above bullet pointd-or example, if we test for 10 mass variations and 10eentr
of gravity variations, the primary set of tests wotlldnhave to be repeated 10

times for the mass variation and 10 times for the centre of gravity variation.

Details of specific control inputs, manoeuvres and analysis technigues can be found
within existing literature on the subjects of Stability & Control, Aircraft Performance,
System Identification/Parameter Estimation, Flight Tests[&{t0].

6.2.5 XFLR5

The utilisation of XFLR5 resulted in a large amount of data on the mocaadtedoilsof
the FMS 182. While the accuracy of the results are knathin limit, the degree to
which the number of panelsed influences the resultsusknown. Typically in FEA &
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CFD mehods, increasing the number of sdlhproves the accuracy of the results
However, every additionakell adds to the demand of computational resouXXEER5
uses panels instead of cells but the nature of the problem remains the same. Therefore,
the following steps could be taken to determine the optimum number of panels:

X Create a set oherofoilsstarting with the minimum number of panels and ending

with the maximum number of panels allowed.

x Perform analysis on them as described in the Methodology section.

X Import all the data into MATLAB.

x Perform thepanel independena®nvegence study to determine the optimum

number of panels.

There will be a large amount of data from this process. The custom functions written for
this research to handle XFLR5 data in MATLAB could be utilised for this process.

Once thepanel independenamhvergence study isomplete the results should indicate

the point beyond which increasitie QXPEHU RI SDQHOV GRQfW OHDG
difference in the results. While this process is standard practiteifield of CFD[{11-

14], it is both involvedand outside the scope of this research and as such a review of the
most effective ways of conducting this grid/panel refinement study is needed. Such a
study would enable prospective researchers to efficiently utilise their computing power
without sacrifieng modelling accuracy.

6.2.6 GNU Octave

GNU Octave is a programming language environment for scientific compathdt[

is highly compatible with MATLAB While someaspect®f theresearch conducted rely
on Simulink, there are many that only utilises b&4/&TLAB code. All such code
thereforecould be studied and transcribed to the Free & @umemce GNJ Octave thus
eliminatingtherequirementor even the basic MATLAB packag®r groupsinterested

in developing only the XFLR5 & »Plane simulations.
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7 Appendix

Due to the large nunal of datasets generated for this research work, it is not possible to
archivethem all in theAppendix. There are also various digital files that simply cannot
besharedn the text format. As such bulk dfis useful information is presented in an

onlinerepository. This repository can be accessed by visiting:

https://drive.google.com/drive/folders/11SfZQ53BMh9fUEXWBpL3WnqeZnOgkJLH?

usp=sharing

The following subsections of the Appendix document the additional materials not

shown within the main body of this thesis.

7.1 XFLR5

The following MATLAB function was used to import rdeta from XFLRS5 log files onto
MATLAB and output processed CSV files.

importLog.m

function logFile = importLog(fname)
% Parse XFLR5 v6.47 log file to extract longitudinal, lateral and control
% derivatives for each control point of a T7 analysis.
%
% Please verify the value names below if using a different version of XFLR5
%% Values needed
lonDerValues = {'Xu'; 'Xw'"; 'ZU'; 'Zw'"; 'Zq"; 'Mu'"; 'Mw'; 'Mq"; 'Cxu’;...
'Cxa’; 'Czu’; 'CLa’; 'CLqg'; 'Cmu’; 'Cma’; 'Cmd';...
‘Neutral Point position'};
latDerValues = {'YV'; 'Yp'; 'Yr'; 'Lv'; 'Lp"; 'Lr'; 'NV'; 'Np'; 'Nr';...
'CYDb’; 'CYp'; 'CYr; 'Clb'; 'Clp'; 'Clr'; 'Cnb'; 'Cnp'; 'Cnr'};
conDerValues = {'Xde'"; 'Yde'; 'Zde'"; 'Lde"; 'Mde'; 'Nde'; 'CXde';...
'CYde’; 'CZde'; 'CLde"; 'CMde'"; 'CNde'};
%% Read file
fid = fopen(fname,'r"); % fid assigns a file id for the subsegopatations
inStr = fscanf(fid,'%c',inf); % using fscanf to look for ascii characters from the start of the file to
the end.
fid = fclose(fid); % attempting to close the file to be used subsequently
if fid; warning('File did not close properly.’); end %ase there was an error, this should tell
us!
%% Parse file
% Control points
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[~, cpi] = regexp(inStr,'Calculation for control position'); % size of cpi should equal the number
of control points unless something goes wrong
controlPoints =zeros(length(cpi),1);
for i = 1:length(cpi)
controlPoints(i) = sscanf(inStr(cpi(i)+1:cpi(i)+10),'%f"); % skips to the control point and looks
for the floating point number
end
% Longitudinal derivatives
lonDer.controlPoints = controlPoints;
for i =1:length(lonDerValues)
[~, vind] = regexp(inStr,sprintf(' %s',lonDerValues{i})); %creating a set of indices based on the
list of longitudinal variables defined at start
pName = lonDerValues{i}; %temp variable to accomodate special case
if i == lengh(lonDerValues)
pName = 'X_NP'; % in the log the NP has spaces in the name so we process it this way. This
will break if you change the NP bit in the end of long list above.
end
lonDer.(pName) = zeros(length(cpi),1); %preallocating thialarto the size of the control
points
for ii = 1:length(vind)
lonDer.(pName)(ii) = sscanf(inStr(vind(ii)+2:vind(ii)+15),'%f",1); % finds the associated
value and stores it in order
end
end
% Lateral derivatives
% The same as above exctmt the lack of spaces in names allowed for simpler code
latDer.controlPoints = controlPoints;
for i = 1:length(latDerValues)
[~, vind] = regexp(inStr,sprintf(' %s',|atDerValues{i}));
latDer.(latDerValues{i}) = zeros(length(cpi),1);
for ii = 1:length(vind)
latDer.(latDerValues{i})(ii) = sscanf(inStr(vind(ii)+2:vind(ii)+15),'%f",1);
end
end
% Control derivatives
%same as above
conDer.controlPoints = controlPoints;
for i = 1:length(conDerValues)
[~, vind] = regexp(inStr,sprintf(* %s',conDerValues{i}));
conDer.(conDerValues{i}) = zeros(length(cpi),1);
for ii = 1:length(vind)
conDer.(conDerValues{i})(ii) = sscanf(inStr(vind(ii)+2:vind(ii)+15),'%f",1);
end
end
%% Assign t@bles
longitudinalDerivatievs = table; %allocating table objects
lateralDerivatives = table;
controlDerivatives = table;
lonFNames = fieldnames(lonDer); % pulls a list of variable names from the structure
for i = 1:numel(lonFNames)
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longitudinalDerivatievs.(lonFNames{i}) = lonDer.(lonFNames{i}); % the name from the
structure is used here for the name in the final table
end
latFNames = fieldnames(latDer);
for i = 1:numel(latFNames)

lateralDerivatives.(latFNames{i}) = latDetfNames({i});
end
conFNames = fieldnames(conDer);
for i = 1:numel(conFNames)

controlDerivatives.(conFNames({i}) = conDer.(conFNames{i});
end
%% Assign output
logFile.LongitudinalDerivatives = longitudinalDerivatievs;
logFile.LateralDerivatives lateralDerivatives;
logFile.ControlDerivatives = controlDerivatives;
%% Write CSV
[~, fnm, ~] = fileparts(fname); % [~. fnm, ~] is [folder, filename, extension]. So this only grabs
the filename of the inputfile
% This is where you write the tablesmtaining all the extracted parameters and name them
based on the input file name.
% Thiss is where retaining field names pays off, the export function will automatically write the
field names as the top line in the csv file.
writetable(longitudinalDerivagvs,strcat(fnm,’_longitudinal_derivatives.csv'));
writetable(lateralDerivatives,strcat(fnm,'_lateral_derivatives.csv"));
writetable(controlDerivatives,strcat(fnm,’_control_derivatives.csv");
end

7.2 X-Plane

The following MATLAB code (discussed in the thesigre used for the sRlane modelling
and simulation work.

importPolar.m

function outData = importPolars(fname)

% Import polar data dump.

%% Read file in for parsing

fid = fopen(fname,'r’);

vinfo = fgetl(fid); % xflr5 version for posterity

void =fgetl(fid); % Skip empty line

idinfo = fgetl(fid); % Project/foil name string

% Skip some more lines

void = fgetl(fid); void = fgetl(fid); void = fgetl(fid); void = fgetl(fid);
meta0 = fgetl(fid); % Metadata, i.e. Mach, Re, etc.

void =fgetl(fid); % Skip yet another empty line

metal = fgetl(fid); % Variable names

varcnt = fgetl(fid); % Dashes under v. names to determine variable count
clnd =regexp(varcnt,''); % List spaces

varNames = cell([numel(cind),1]);

% Select andsolate variable names
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for i = 1:numel(cind)
if i == numel(cind)
varNames{i} = metal(cind(i)+1:end); % Pull variable names out of metal
else
varNames{i} = metal(cind(i)+1:cind(i-}) % Pull variable names out of metal
end
varNames{i}(varNames{i}=="") = []; % Remove spaces
end
in = fscanf(fid,'%f', [10 inf])'; % Load all data
% in = reshape(in,[numel(in)./numel(varNames), numel(varNames)]);
fid = fclose(fid); % Close file and note error code
if fid; warning('P¢ar file did not close properly'); end % Just in case something went wrong
%% Parse remaining metadata
%Reynolds number
[~, re0] = regexp(metal,'Re =');
rel = regexp(meta0,'Ncrit =');
reStrg = metaO(reO+1:rel);
reStrg(reStrg =="'") = []; Remove spaces
Re = sscanf(reStrg, '%f"); % Pull double out of string
%% Assign output
outData.Re = Re; Reynolds number
for i = 1:numel(varNames)
outData.(varNames{i}) = in(:,i); % All other variables
end
end

dumpAFL.m

function err =dumpAfl(polar,ofname)

% Export data in AFL format for copy/paste
alpha = polar.alpha;

cl = polar.CL;

cd = polar.CD;

cm = polar.Cm;

% dumpTable = [alpha cl cd cm];

fid = fopen(ofname,'w+");

fprintf(fid, '%6.1f %8.5f %8.5f %8\6f, [alpha, cl, cd, cm]);
err = fclose(fid);

end

The following code has been adapted from the free javascript referenced in the thesis.
UPD.js

const PORT = 49000;

/I const HOST ='127.0.0.1";

const HOST ='192.168.0.24"; /1 192.168.0.24

const FREQ = 100; /[l Sample rate requiredThis seems to track the sim's
frame rate

const fs = require('fs"); /[ What-for writing/reading files

let samples = 0; // Data sample counter

/I Generate file name
const fnamePrefix = ‘'udpDump’;
let fnamelndex =0;
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let outFile #namePrefix.concat(’_',fnamelndex,'.csv’);
I/l Check if the file exists and increment the counter if it does
while (fs.existsSync(outFile)) { fnramelndex++; outFile =
fnamePrefix.concat(’_',fnamelndex,’.csv’);}
const dgram = require('dgram’);
const client =dgram.createSocket(‘udp4’);
I/l CSV header, keep in sync with the actual definitions below
const drefNames = [Time_sec',
'P_deg/s',
'‘Q_deg/s',
'R_deg/s',
'Pdot_deg/s"2',
'‘Qdot_deg/s"2',
'Rdot_deg/s"2',
‘Vertical_speed_SI',
‘Altitude_MSL_SI',
'Height_AGL_SI',
‘alpha_deg’,
'IASO_knots',
'IAS1 knots',
‘TAS_SI',
‘Left_aileron_deg’,
'Right_aileron_deg',
‘Elevator_deg',
'Rudder_deg’,
'Roll_deg’,
'Pitch_deg’,
'Yaw_ded'];
/I Concatenate into CSV header
let nameString = drefNames|[0];
for (leti = 1; i < drefNames.length; i++) {
namesString = nameString.concat(',',drefNamesJi]);
}
console.log(namesString); // Print header to console for debugging
fs.writeFile(outFile, nameString.concan(), { flag: 'wt, err =>{}); /I Write header to file
const createMessage = (dref, idx, freq) =>{
/I A dataref request should be 413 bytes long
1{
/I label: null terminated 4 chars (5 bytes), e.g. "RBEF
/I frequency: int (4 bytes)
/I index: int (4 bytes)
/I name. char (400 bytes)
I}
const message = Buffer.alloc(413);
/l Label that tells X Plane that we are asking for datarefs
message.write('(RREF);
/I Frequency that we want X Plane to send theal&imer per sedond)
message.writelnt8(freq, 5);
/l Index: X Plane will respond with this index to let you know what message it is responding
to
message.writelnt8(idx, 9);
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3

/I This is the dataref you are asking for
message.write(dref, 3
return message;

const messages = [

l;
1l
cli

h;

Il 'sim/name/of/dataref’, index, frequency’
/I https://developer.x-plane.com/datarefs/

/Il Flight time
createMessage('sim/time/total_flight_time_sec', 1, FREQ),
/[ Euler rates and derivatives, deg/s & deg/s"2

createMessage('sim/flightmodel/position/P', 1, FREQ), // Roll
createMessage('sim/flightmodel/position/Q’, 1, FREQ), /Il Pitch
createMessage('sim/flightmodel/position/R’, 1, FREQ), Il Yaw

createMessage('sim/flightmodel/position/P_dot', 1, FREQ),
createMessage('sim/flightmodel/position/Q_dot', 1, FREQ),
createMessage('sim/flightmodel/position/R_dot', 1, FREQ),
/I Vertical speed, m/s
createMessage('sim/flightmodel/position/viind', 1, FREQ),
/I Elevation above MSL, m
createMessage('sim/flightmodel/position/elevation’, 1, FREQ),
/l Elevation above groud, m
createMessage('sim/flightmodel/position/y_agl', 1, FREQ),
/I Angle of attack, degrees
createMessaggsim/flightmodel/position/alpha’, 1, FREQ),

I/l Indicated airspeed, kias
createMessage('sim/flightmodel/position/indicated_airspeed’, 1, FREQ),
createMessage('sim/flightmodel/position/indicated_airspeed?2’, 1, FREQ),
/I True airspeed, m/s
createMessage('sim/flightmodel/position/true_airspeed’, 1, FREQ),

Il Ailerons deflection, deg
createMessage('sim/flightmodel/controls/mwing10_ailldef', 1, FREQ),
createMessage('sim/flightmodel/controls/mwing0&illdef', 1, FREQ),
/I Elevator deflection, deg
createMessage('sim/flightmodel/controls/hstabl_elvidef, 1, FREQ),
/I Rudder deflection, deg
createMessage('sim/flightmodel/controls/vstabl rudldef', 1, FREQ),

I/l Roll; pitch; yaw, deg
createMessage('sim/flightmodel/position/true_phi', 1, FREQ),
createMessage('sim/flightmodel/position/true_theta’, 1, FREQ),
createMessage('sim/flightmodel/position/true_psi', 1, FREQ),

[*// Position, orientation
createMessage('sinflightmodel/position/latitude’, 1, FREQ),
createMessage('sim/flightmodel/position/longitude’, 1, FREQ),
createMessage('sim/flightmodel/position/mag_psi', 1, FREQ),*/

/I Add as many as you like (within X Plane's recommended limitation)

"Listen" event handler

ent.on('listening’, () => {
const address = client.address();
console.log("UDP client listening on ${address.address}:${address.port});
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I

"Message received" event handler

client.on('message’, (message, remote) => {

h;

/I Message structure received from X Plane:
1{
/I label: 4 bytes,
/[ 1 byte (for internal use by X Plane)
/I index: 4 bytes
/I value: float 8 bytes x n
I}
/I Read the first 4 bytes. This is the labehthx-plane responds with to indicate
/I what type of data you are receiving. In our case, this should be "RREF". If it is
/I not, ignore the message.
/I The next byte (offset 4) is used by x plane, and not of interest
/I The index (at offset 5) is the index that you specified in the message. To specify
/I which request X Plane is responding to
/I The values start at offset 9. 8 bytes per value. Values will appear in the same order
/I as the requested vales
const label = message.toString('utf8', 0, 4);
if (label '=="RREF") {
console.log('Unknown package. Ignoring";
}else {
/I let idxoffset = 5;
let msgoffset = 9; // Keeping track of where we are in the messagRlxnesent back
let messages = [];
let valnum = 0; Il Value counter
let msgstring = ";
/I RREFs values are floats. They occupy 8 bytes. One message can contain several values,
/l depending on how many yoasked for. Read every value by iterating over message and
/I increasing the offset by 8.
while (msgoffset < message.length) {
/lconst index = message.readFloatLE(idxoffset);
// Decode value
const value mmessage.readFloatLE(msgoffset);
messages.push(value);
/l Append to CSV output line, reconstructed every sample
if (valnum == 0) { msgstring = msgstring.concat(value); }
else { msgstring = msgstg.concat(’,',value); }
/lconsole.log('Value' + valnum +'(' + index + )" + . ' + value);
/lconsole.log(drefNames[valnum] + ": ' + value);
msgoffset += 8; // Double floating point values are made up of 8 bytes
valnum++;
}
/I Append CSV line to output file
fs.writeFile(outFile, msgstring.concat(), { flag: 'a'}, err => {} );
/I Increment sample counter and report in terminal window
samples++;
consolelog('Sample: ' + samples);
// Do something with the values (e.g. emit them over socket.io to a client, or whatever)
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/I This is what actually requests the DREF data frelflaxie, everything else leading up to this
point is setting thingsip in memory
for (leti=0; i < messages.length; i++) {
client.send(messages]i], 0, messages|i].length, PORT, HOST, (err, bytes) =>{
if (err) {
console.log('Error', err)
}else {
console.log("UDP message sent to ${HOST}:${PORT});
}
b:;
}
Data sheet for FMS 3536 KV850 Brushless motor (source:

[nttps://www.aliexpress.com/item/638882178.htmi:

Figure 7.1 FMS Brushless motor datasheet
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Custom attachment for Motor testing:
This custom attachment was made from sheet metal drilled to fit the small motor of
the FMS 182 such that it could be mounted on test rig discussed in the thesis.

Figure 7.2 Custom attachment

Parameter identification code:
loadUDPdata.m

function dataSet = loadUdpData(lddir)
% Scan current or requested directory and load alfitsy from it
if nargin<1
lddir = pwd;
end
filesInDir = dir(Iddir);
find =1];
for i = 1:numel(filesInDir)
if min(ismember('.csv' filesInDir(i).name))
f ind = [f_ind;i];
end
end
if isempty(f_ind)
error('No csv files present’);
end
fnames = cell(numel(f_ind),1);
varNames = fnames;
for i = 1:numel(f_ind)
fnames{i} = filesInDir(f_ind(i)).name;
[~, varNames{i}, ~] = fileparts(fnames{i});
end
for i = 1:numel(fnames)
dataSet.(varNames{i}) = udpDumplmport(fnames{i});
end
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end

reprocessData.m

function newDataSet = reprocessDataSet(oldDataSet)
% This function receives an entire set (made up of multiple CSV files) as
% returned by loadUdpData and reprocesses it so it is compatible with other
% existing code.
%
% Features:
% - Reanove duplicate entries
% - Flag up multiple data sets in the same file [MAYBE]
% - Reset simulation timertot0 =0
% - Resample data to a constant sample rate
%% Control variables
resamplingFrequency = 50; % Hz
dataNames = fieldnames(oldDataSet);
%% Remove duplicates
for i = 1:numel(dataNames)
newDataSet.(dataNames{i}) = unique(oldDataSet.(dataNames{i}),'rows");
end
%% Look for multiple data sets?
%% Reset time to t0 =0
for i = 1:numel(dataNames)
newDataSet.(dataNames{i}).Time_sec = newDataSet.(dataNames{i}).Time_sec
newDataSet.(dataNames{i}).Time_sec(1);
end
%% Resample data
for i = 1:numel(dataNames)
tableFieldNames = oldDataSet.(dataNames{i}).Properties.VariableNames;
resampledTime= cell(size(tableFieldNames));
for j = 1:numel(tableFieldNames)
% Skip resampling time
if strcmpi(tableFieldNames{j},' Time_sec")
continue
end
% Resample and assign to output. Keep note of resampled time for
% later
[newDataSet.(dataNames{i}).(tableFieldNames{j}), resampledTime{j}]...
= resample(oldDataSet.(dataNames{i}).(tableFieldNames{j})....
oldDataSet.(dataNames{i}).Time_sec, resamplingFrequency);
end
% Verify resampled time
for k = 1:numel(resampledTim&)
if ~isequal(resampledTime{i},resampledTime{i+1})
error('Resampling function done a dumb!);
end
end
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end
end

runScript.m

%% Controls
checkPlot false;
runCalc = true;
cutoffSample =502;
generatePlots = false; % Enable plots in Is_long and Is_sp
testToRun = 'pitchStabHoomanHigh';
varToPlot ='Roll_deg’;
%% Load data
dataSet = loadUdpData;
%% Tidy up data
dataSetReprocessedreprocessDataSet(dataSet);
%% Plot check data
if checkPlot
testFig = figure;
testAx = axes;
hold(testAx,'on");
plot(testAx,dataSet.(testToRun).Time_sikataSet.(testToRun).Time_sec(l),...
dataSet.(testToRun).(varToPloRY);
plot(testAx,dataSetReprocessed.(testToRun).Time_sec,...
dataSetReprocessed.(testToRun).(varToPat),’
end
%% Compute longitudinal static stability and phugoid
if runCalc
testResult = computeLSS(dataSetReprocessed.(testToRun),cutoffSample,generatePlots);
%% Transfer function
[NnQDeltaEl,dQDeltaE1]=ss2tf(testResult.sp.A,testResult.sp.B,testResult.sp.C(2,:),testResult.sp.
D(2,),1)
%% TF
z=[dataSetReprocessea§tToRuUN).Q_deg,dataSetReprocessed.(testToRun).Elevator_deq];
nn=[3 2 0];
th=o0e(z,nn,100,0.01,1.6,4096,1);
th=sett(th,0.02);
present(th)
[dnum,dden] = th2tf(th);
[gnum2,qden2] = d2cm(dnum,dden,0.02,'tustin’);
gnum2 = gnum2(2:3); % Get rid of that 2nd order term, it's inconvenient
gnum2
gqden2
end

computeLSS.m
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function stabilityDerivatives = computeLSS(rawDataTable, cutoffSample,generatePlots)
% Compute longitudinal static stability derivasvusing Cranfield method

% (see referenced paper). This is the driving function which should make everything
% else work with the raw data captured frorP¥ane via UDP and reprocessed
% accordingly.

%

% rawDataTable is the data table generated by the ldip@rt function and

% held within the dataSet structs. This should bendsted for the purpose

% of this function.

%

% cutoffSample is the last sample just before the actual test starts. It's

% used by the Cranfield algorithms to establish baseiiees and remove

% zero offsets such that the following code can compute accurate estimates.
%

% The Cranfield code has been modified to work with current matlab (2017b)
% as well as to present neater code, but functionally it should remain

% identical.

pro_spl output = pro_spl(rawDataTable,cutoffSample);

Is_sp_output =Is_sp(pro_spl_output,generatePlots);

pro_lof output = pro_lof(rawDataTable,cutoffSample);

Is_long_output = Is_long(pro_lof_output,generatePlots);
stabilityDerivatives.sp=Is_sp_output;
stabiityDerivatives.long=Is_long_output;

fprintf(1,'Stability output SPh");

damp(Is_sp_output.A);

fprintf(1,'Stability output longn’);

damp(Is_long_output.A);

end

The above code was used with the code from G.J. Mullen as explained in the thesis.
Theoriginal Matlab files are available in the appendix of the source. They need to be
upgradedto more recent MATLAB code manually based on whatever MATLAB
version the above code are to be used witAll the code that was converted is
available in the web litkk provided with the Appendix.

7.3 Simulink

The empty template files utilised for this thesis can be obtained fronBieed &
MClain (2012) reference cited in the thesis. The following are the modifications done for
modularity and development mentioned indfthesis:

MATLAB code for the example Pyramid:

%Pyramid code

clear all

% Physical location of the vertices on the graph
V=[110;110;-1-10;-110; 003];

% Defining the 5 surfaces/faces based on the vertices
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F=[123;143;125;235;8,415];

% colors

red =[1 0 O];

green =[0 1 0];

blue = [0 0 1];

yellow =[1 1 0],

colors = [green; green; green;yellow;red;blue];

%for graph

title('Pyramid’)

xlabel('x") %label for the-axis

ylabel('y") %label for the-gixis

zlabel(*z") %label fothe zaxis

view(50,20) % initial the vieew angle for figure
axis(f3 3;3 34 4]); % axis limiters for xy & z

grid minor %

%This is where it all is put together into one 3D object
patch('Vertices',V,'Faces',F,'FaceVertexCData', colors,'FaceColr', flat

MATLAB function (Geometry.m) to import V & F data for visualisation within the
simulation:

% GEOMETRY INFORMATION : Manipulate this section for your own design
function [V,F,colours] = Geometry

% This is where the location of the vertices are specifige form of

% triplets.

load V.mat %loading the V matrix from the scaleddemorg9.m file

V = V'; %transposing it to match expected form

% If you however have your own geometry and the vertices information, you
% may load them in via:

% V = [triplet 1triplet 2;....]'; % the triplets are the coordinates for

% the points

% define faces as a list of vertices numbered above

load F.mat %loading the F matrix from the scaleddemorg9.m file

F=F,

% If you have your own custom geometry, you can create the Fxhiegre in

% the format:

% F =[triplet;triplet;...so on and on]; % the number of triplets there

% depends on the number of faces your design makes from the vertices

% Color triplets from https://uk.mathworks.com/help/matlab/ref/colorspec.html

yellow = [11 0],
magenta =[1 0 1];
cyan=[011];

red =[1 0 O];
green =[0 1 0];
blue = [0 0 1];
white = [1 1 1];
black = [0 0 0];
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% With these triplets, we can create a matrix (size of F) containing the

% colour information for every face. | am going with jus¢ @olour so | do:

bs = ones(size(F)); % This is just to help the size of the colour matrix match the
expected matrix size

colours = bs.*green;

%If you need specific color definition for every surface, you may follow

%the format:

% colours = ...

% green;... % color corresponding to the first face

% .

% .soonandon

% red;... % color corresponding to the last face

% I

% This matrix needs to match the size of the F matrix.

% If you want to play around with gradients and more complex colouring, look up
vertexcdata https://uk.mathworks.com/help/matlab/ref/patch.html

end

MATLAB code for rendering the 3D aircraft(Render.m):

%This is where carry out the plotting/drawing/renteg via the patch

%function. Use of handle in graphics is presented in Appendix C (Animation in
%Simulink) of Small Unmanned Aircraft Theory & Practice (Beard & McLain
%2012). The sample code has been adapted to fit this particular demo.
function handle Render(V,F,colours,n,e,d,phi,theta,psi,handle)

% this uses the rotate.m file to rotate the geometry

% As shown in this example (http://planning.cs.uiuc.edu/node99.html),

% we first rotate and then translate

V = rotate(V, phi, theta, psi);

% this uses th&anslate.m file to translate the geometry

V = translate(V, n, e, d);

% AXxis transformation

% The second row of R needs modification for this specific STL(eg. mq9.stl)
% as we need to rotate about theaxis. It is set tel 0 O instead of 1 0 O for the
% necessary rotation to match the MATLAB coordinate system.
R=[010;-100;001];

V = R*V; % The V matrix transformed

% During the initialisation, the first drawing is made when the handle

% is empty (empty array passed to handle/see input argurf@ render in the

% if statement for t==0 set to []).

if isempty(handle)

handle = patch('Vertices', V', 'Faces', F,'FaceVertexCData',colours,'FaceColor', ' flat);
% The rendering is done repeatedly for every step in time by simply changing
% the property of the

else

set(handle,'Vertices',V','Faces',F);
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grid on
drawnow
end

end

Function (rotate.m) used for handling rotation of the imported aircraft body from V
& F matrices:

%Use this function to rotate every vertex of the imported STL
%through the 3 axis
function vpoints=rotate(vpoints,phi,theta,psi)
% We are using a right hand rotation. Use appropriate rotation matrices
% here. See details: https://mathworld.wolfram.com/RotationMatrix.html
RollMat = [1 0 0; 0 cos(phi) sin(phi}sih(phi) cos(phi)];
PitchMat = [cos(theta) &in(theta); 0 1 O; sin(theta) 0 cos(theta)];
YawMat = [cos(psi) sin(psi)-Bin(psi) cos(psi) 0; 0 0 1];
%Make your rotation matrix
R = RolIMat*PitchMat*YawMat;
% Make it righthanded
R =R
% Simply multiply vpoints with the above Rotation Matrix (R)
vpoints = R*vpoints;
end

Separate MATLAB function (translate.m) for handling translation of renderings:

% The inputs n,e & d provide the surge/sway/heave translational inputs to

% informwhere in the 3D space the points of the vertices (vpoints) moved to. The
% following function handles that in similar fashion to Beard & McLain.
function vpoints = translate(vpoints,n,e,d)

% The n,e&d inputs are the amounts by which the vpoints need tenivat

% move is to be made from previcupoints to currertvpoints by updating

% it with the n,e&d inputs.

% For a given x y z input, we need to create a matrix that when added to

% the vpoints matrix will represent the new position.

input = [n;e;d]; %0 hese are the n e d values you input through the six

% The dimensions must match so we use repmat

% (https://uk.mathworks.com/help/matlab/ref/repmat.html#d123e1164936) to
% create and match sizes. We can initialise a matrix based on "input” in a

% similaifashion as shown in the Mathworks examples. In the example a 3 by
% 2 matrix is created from a scaler number (10) by repmat(10,3,2). The

% vpoints matrix is 3x28830 size and so should the updatevpoints .

dim2 = size(vpoints,2); % This will give ussaeond dimension of vpoints
updatevpoints = repmat(input,1,dim2);

vpoints = vpoints + updatevpoints; % Just add them to get the current pos.
end

MATLAB Function for visualisation with kinematic inputs (Visualisation.m):

290



Modifications made to work with thenodular functions:
function Visualisation(u,V,F,colours)

n =u(d); % North position
e = u(2); % East position
d = u(3); % Down Position
phi  =u(4); % roll angle
theta = u(5); % pitch angle
psi  =u(6); % yaw angle

t = u(7); % time

% This only applies to the initialisation when the simulation time is

% zero and the rendering and Vertices, Faces and facecolors are

% initialsed.

if t==0

figure,

[Vertices,Faces,facecolors] = Geometry;

render_handle = Render(Vertices,Faces,facecolors,n,e,d,phi,theta,psi,[]);

% Beyond the initialisation period, we just call the following function

% to keep updating the visuals for every simlatstep

else
Render(Vertices,Faces,facecolors,n,e,d,phi,theta,psi,render_handle);
End

Dynamics block (dynamics.m) and Forcéd&ments block can be generated from
the default MATLAB templates for-&inction blocks with the MATLAB format of the
derivation (see Literature) equation outputs being assigned as system output (see
Simulink documentation) and the structure provided in themplate. Sufficient code
modification and enhancement details are already provided within the thesis. The
nParam.m file mentioned in the thesis is entirely constructed out of text file
containing all the mentioned parameters and their values in the fortna

AWXW E u s EAAop X

The only calculation made are the Gamma values used by the equations used for the
simulation which are calculated based on the FMS 182 parameters as shown above.

Scripts such as nGeneratorLMN.m was used to output the specifimidation of the
Moments equations for the block based on FMS 182 parameters (same for Forces) :
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clear

nParam;

syms theta phi Va p g r delta_e delta_a delta_r delta_t alpha beta;
A1=[0.5*P.rho*(Va*Va)*P.S_wing]

A2=]...
P.b*(P.C_ell_0+(P.C_ell_beta*beta)+(P.C_ell_p*(P.b/(2*Va))*p)+(P.C_ell_r*(P.b/(2*Va))*r)+(P.
C_ell_delta_a*delta_a)+(P.C_ell_delta_r*delta_r));...

P.c*(P.C_m_0+(P.C_m_alpha*alpha)+(P.C_m_qg*(P.c/(2*Va))*q)+(P.C_m_delta_e*delta_e));...
P.b*(P.C_n_0+(P.C _Imeta*beta)+(P.C_n_p*(P.b/(2*Va))*p)+(P.C_n_r*(P.b/(2*Va))*r)+(P.C_n_
delta_a*delta_a)+(P.C_n_delta_r*delta_r));...

]
B=]...

-P.k_T_P*(P.k_Omega*delta_t)"2;...9%*(P.k_Omega*delta_t));...

0;...

0;...

]
FinalOld= (A1*A2)+B
Fin=A1*A2
B1=B(1)
Fin(1)=Fin(B(1);
FinalNew=Fin
%Result = FinalOld/FinalNew
% Result: This is the | m n matrix. don't run it like a code
% (69751*Van2*((7239*delta_a)/3125021717*beta)/62500 + (152019*delta_r)/500000
(681240573*p)/(625000000*Va) + (3668218A7625000000*Va)))/200000
% -(69751*Van2*((180443*alpha)/2500000 + (9497*delta_e)/100000 +
(811737081*q)/(12500000000*Va) + 11101993/2500000000))/200000
% (69751*Va’2*((7239*beta)/10000 + (21717*delta_a)/1250Q0239*delta r)/78125 +
(576434331*p)/(6250000000*Va)366821847*r)/(250000000*Va)))/200000
%
%% FMS 182 Imn
-(169995869*Va"2*((20421235782292269867*beta)/46116860184273879040000
(3275879529536456763*delta_a)/7205759403792793600 + (606171*delta_r)/250000000 +
(880084906455860580015549*p)/(1801439850948198400000000*Va)
(58981095085940691798681*r)/(900719925474099200000000*Va)))/1000000000
-(169995869*Va"2*((134289077*alpha)/500000000 +
(21240435541183797159*delta_€)/56294995342131200000 +
(678543851713*q)/(2500B0000000*Va}
82873232097726027061/7205759403792793600000))/12000000000
(169995869*Van2*((30012513*beta)/200000000 + (42291*delta_a)/8000000
(80347948498255921059*delta_r)/720575940379279360000
(1430879189385966561652599*p)/(57646075230342348800000000
(2021236134939*r)/(20000000000000*Va) +
116499600540773428263/11805916207174113034240000))/1000000000

MATLAB code for the sigmoid function demonstration:

clear all
clf

292



P.M =9.471,%50; % This is the transition rate. This determines how q@tRipha) the
airfoil's Cl drops per unit of alpha. It's always a positive constant.

P.alpha0 = 0.2657; %0.4712; % Angle of attack reference condition (initial)
P.C_L_0=0.1064;%0.28; % The value of the lift coefficient when alpha = 0.
P.C_L_alpha = 6.B4%3.45; % Stability derivative: Change in lift coefficient for a unit change in
alpha

alpha = {pi/2:1e-4:pi/2]; % This is just us declaring the range of Alpha for which we wish to do
the following maths and plot later

%This is where we do the maths.tie that we have broken down the
%equations into managable pieces. Please refer back to the original
%equations to see the full picture.

%Calculations to determine the values for the sigmoid function used for
%blending

Sigmaofalphal = 1+ exp(M.*(alphaP.alpha0)) + exp(P.M.*(alpha+P.alpha0));
Sigmaofalpha2a = 1+ exB(M.*(alphaP.alpha0));

Sigmaofalpha2b = 1+ exp(P.M.*(alpha+P.alpha0));

Sigmaofalpha2c = Sigmaofalpha2a.*Sigmaofalpha2b;

Sigmaofalpha = Sigmaofalphal./Sigmaofalpha2c;

%Calculating the valudar lift coefficient variation with alpha for the

%flat plate

Clofflatplate = 2.*sign(alpha).*(sin(alpha).*2).*cos(alpha);

%Calculating the values for lift coefficient variation with alpha for the
%generic linear model

Cloflinear = P.C_L_(P+C_L_alpha.*alpha;

%This is where we blend the two with the sigmoid function

Clofalpha = (ASigmaofalpha).*(Cloflinear) + Sigmaofalpha.*(Clofflatplate);
%This is where we plot the curves:

% The linear model curve represented with '
plot(alpha.*(180./pi),Cloflinear;.")

hold on

% The flafplate model curve represented with"

plot(alpha.*(180./pi), Clofflatplate;)

hold on

% The combined and more realistic model curve represented wlith '
plot(alpha.*(180./pi), Clofalpha)

hold on

title('Cl against Alpha’);

xlabel('Alpha (degrees));

ylabel('Cl");

axis(f45 45-2 2));

CL_alpha.m function:

function CL = CL_alpha(alpha,M,alpha0,CL0,CLa)

sigmaAlpha = @(alpha,M,alpha0)...
(1+exp{M.*(alpha-alpha0))+(exp(M.*(alpha+alphad)))
/

.((.i.+exp(M.*(alpha-alphaO))).*(1+exp(M.*(alpha+a|pha0))));
CL = (sigmaAlpha(alpha,M,alpha0))...
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(CLO+CLa.*alpha)...
+ sigmaAlpha(alpha,M,alpha0)...

.(2..;sign(alpha).*(sin(alpha).’\2).*cos(alpha));
End

fitSigmaAlpha.m

function [fitresult, gof] = fitSigmaAlpha(alpha, CL)
%CREATEFIT(ALPHA,CL)

% Create a fit.

%

% Data for 'sigmaAlpha’ fit:

%  XlInput: alpha

% Y Output: CL

% Output:

% fitresult : a fit object representing the fit.

% gof : structure with goodnessf fit info.

%

% See also FIT, CFIT, SFIT.

% Autegenerated by MATLAB on-221g2021 17:45:31

%% Housekeeping
if max(alpha) > (2*pi) % If alpha exceeds 2pi, it's clearly not in radians
alpha = deg2rad(alpha); % Thenmef@onvert it to radians before this mess gets any worse
end
%% Fit: 'sigmaAlpha’.
[xData, yData] = prepareCurveData( alpha, CL );
% Set up fittype and options.
ft = fittype( 'CL_alpha(alpha,M,alpha0,CL0,CLa);", 'independent’, 'alpha’, 'dependent’, 'CL");
% ft = fittype( 'CL_alpha(alpha,M,alpha0,0.0422,5.2128);', 'independent’, 'alpha’, 'dependent’,
‘CLY);
opts = fitoptions( '‘Method', '‘NonlinearLeastSquares');
opts.Algorithm = 'Levenbesglarquardt’;
opts.Display = 'Off";
opts.MaxFunEvals = 20000;
opts.Maxlter = 5000;
opts.Robust = 'Bisquare’;
opts.StartPoint = [0.0731 5 50 0.5];
% opts.StartPoint = [50 0.5];
% Fit model to data.
[fitresult, gof] = fit( xData, yData, ft, opts );
% Plot fit with data.
figure( 'Name', 'sigmaAlpha’);
h = plot( fitresit, xData, yData );
legend( h, 'CL vs. alpha’, 'sigmaAlpha’, 'Location’, 'NorthEast' );
% Label axes
xlabel alpha
ylabel CL
grid on
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end

%% Nested functions

function CL = CL_alpha(alpha,M,alpha0,CL0,CLa)

% Calculate CL, including sigma

sigmaAlpha @ (alpha,M,alpha0)...
(1+expfM.*(alpha-alpha0))+(exp(M.*(alpha+alpha0))))...
A...
((1+exp{M.*(alpharalpha0))).*(1+exp(M.*(alpha+alpha0))));

CL = (sigmaAlpha(alpha,M,alpha0))...

(CLO+CLa.*alpha)...
+ sigmaAlpha(alpha,M,alpha0)...

.(2..".*sign(alpha).*(sin(alpha).’\2).*cos(alpha));
End

generatecurve.m

% First load the csv as column vectors
% Second set the AR to correct valuie
alpha = deg2rad(alphal);

AR =7.4;

CL = CL.*AR/(AR+2);

[fitOut, gof] = fitSigmaAlpha(alpha,CL)
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7.4 Stability & Control (From XFLR5)
The following pages contain the research data generated from large number of trials for

documentation and reference.
The order of the dataset:

1. Control derivatives from ailerogeflection (base model/SCO)

2. Control derivatives from rudder deflections (base model/SCO0)

3. Dataset used for determining Elevator deflections up related derivatives (base
model/SCO0)

4. Dataset used for determining Elevator deflections down related derivdiass (

model/SCO0)

Lateral stability derivatives for aileron deflection (base model/SCO0)

Longitudinal stability derivatives for aileron deflection (base model/SCO0)

Lateral stability derivates for rudder deflection (base model/SCO)

© N o 0

Longitudinal stabilityderivatives for rudder deflection (base model/SCO0)
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Table 7-1 Control derivatives from stability test for SCO (aileron deflection)
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Table 7-2 Control derivatives from stability test for SCO (rudder deflection)
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Table 7-3 Control derivatives from stability test for SCO (Elevator up model)

299



Table 7-4 Control derivatives from stability test for SCO (Elevator down model)
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Table 7-5 Elevator deflection related stability/control dataset
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Table 7-6 Elevator deflection related stability/control dataset
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Table 7-7 Elevator deflection related stability/control dataset
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Table 7-8 Elevator deflection related stability/control dataset
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Flapped Aileron d#éection result:

Table 7-9 Aileron deflection result for SCO flapped model
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Stability derivatives based on masariation of base model

Table 7-10 Lateral Stability Derivatives

Table 7-11 Longitudinal Stability Derivatives
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Stability Derivatives based on mass variation of flapped model

Table 7-12 Lateral Stability Derivatives

Table 7-13 Longitudinal Stability Derivatives
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Stability Derivatives based on C.G. variation for the base model

Table 7-14 Lateral Stability Derivatives
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Table 7-15 Longitudinal Stability Derivatives
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Stability derivatives based on C.G. variations for base model (flapped)

Table 7-16 lateral Stability Derivatives
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Table 7-17 Longitudinal Stability Derivatives
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Stability parameter estimations for SCO (unformatted):

Inertial properties in body axis
____Inertia- Body Axis CoG Origin_____
Ibxx= 0.04119 kg.m?
Ibyy=" 0.03961 kg.m?
Ibzz=  0.07279 kg.m?
Ibxz=-0.0005709 kg.m?

Inertial properties in stability axis:
___Inertia- Stability Axis CoG Origin

Isxx= 0.0413
Isyy=  0.03961
Iszz= 0.07268

Isxz=-0.001947

Stability Derivatives:

Longitudinal derivatives
Xu= -0.077779 Cxu-0.027774
Xw=  0.37101 Cxa= 0.13248
Zu= -1.513 Czu= 0.0027144
Zw= -14.598 CLa= 5.2128
Zq= -2.3703 CLg=  8.7629
Mu= -0.0027448 CmuH.0050738
Mw= -0.75214 Cma=-1.3903
Mg= -0.76007 Cmqg=-14.546
Neutral Point position= 0.11189 m

Lateral derivatives

Yv= -0.68297 CYb=0.24388
Yp= -0.11873 CYp=.060148
Yr= 0.46919 CYr= 0.23769
Lv=-0.0012401 Clb8.00031412
Lp= -1.401 Clp=-0.50346

Lr= 0.18317 Clr= 0.065824
Nv=  0.42027 Cnb= 0.10645
Np= -0.069516 Cnp= -0.024981
Nr= -0.28302 Cnr=0.10171
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STATE MATRICES:

State matrices
Longitudinal state matrix

-0.0588434 0.280688 0 -9.81
-1.14467 -11.044 15.2614 0
-0.0692877 -18.9863 -19.1867 0
0 0 1 0
Lateral state matrix
-0.516698 -0.0898234 -16.6996 9.81
-0.302982 -33.9193 4.62439 0
5.79077 -0.0478915 -4.01811 0
0 1 0 0

Eigenvalues and vectors:

____Longitudinal modes

Eigenvalue: -15.12+ -16.53i | -15.12+ 16.53i |-0.02282+-0.6397i | -0.02282+ 0.6397i
~ Eigenvector: 1+ pi 1+ O | 1+ 0 | 1+ 0
79.54+ -14.09i | 79.54+ 14.09i }0.04592+0.0003087i | -0.04592+0.0003087i
-36.44+ -82.39i | -36.44+ 82.39i | 0.04183+0.001702i | 0.041@BH1702i
3.811+ 1.282i | 3.8114.282i | -0.004986+ 0.0652i [0.004986+-0.0652i

Lateral modes

Eigenvalue: -33.93+ 0i | -2.302+ -9.705i | -2.302+ 9.705i | 0.07429+ 0Oi
Eigenvector: 1+ Oi | 1+ Oi | Qi+ | 1+ Oi
90.31+ 0i |-0.01877+ 0.07886i |-0.01877+0.07886i | 0.1833+ Oi
-0.04901+ 0i | 0.1027+ 0.5786i | 0.162Q5k786i | 1.413+ Oi
-2.662+ 0i |-0.007259+0.003655i | -0.007259+ 0.003655i | 2.467+ Oi

Phillips formulae:
Phugoid eigenvalue: -0.00110+ 0.63222i
frequency: 0.101 Hz
damping: 0.002
DutchRoll eigenvalue:-2.30455+ 9.68687i
frequency: 1.585 Hz
damping: 0.238
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Stability Parameter estimates for SCO_flap:

____Inertia- Body Axis CoG Origin___
Ibxx= 0.04119 kg.m?
Ibyy= 0.03961 kg.m?
Ibzz=  0.07279 kg.m?
Ibxz=-0.0005709 kg.m?

___Inertia- Stability Axis CoG Origin

Isxx=  0.04138
Isyy=  0.03961
Iszz= 0.0726

Isxz=-0.002514

Longitudinal derivatives
Xu= -0.17252 Cxu=0.089561
Xw=  0.46916 Cxa= 0.24355
Zu= -2.1997 Czu= 0.0057159
Zw= -9.0877 CLa= 4.7177
Zg= -1.4687 CLg=  7.8937
Mu= -0.0033307 Cmu$.0089506
Mw= -0.57844 Cma=-1.5544
Mg= -0.52331 Cmqg=-14.56
Neutral Point psition= 0.12401 m

Lateral derivatives
Yv= -0.46015 CYb=0.23888
Yp= -0.072688 CYp68.053534
Yr= 0.32662 CYr= 0.24055

Lv= 0.0072823 Clb= 0.0026817

Lp= -0.90738 Clp=-0.47398
Lr= 0.20111 Clr=" 0.10506
Nv=  0.28111 Cnb=  0.10352
Np= -0.10143 Cnp=0.05299
Nr= -0.19182 Cnr=0.10021

State matrices

Longitudinal state matrix

-0.130521 0.354937
-1.66414 -6.87521 10.62
-0.0840776 -14.6016 -13.21
0 0 1

Lateral state matrix

0

-0.348125 -0.0549919 -11.4841

-0.0593588 -21.8854 5.03084
3.87424 -0.639409 -2.81641

0 1 0
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____Lomitudinal modes
Eigenvalue: -10.07+ -12.05i | -10.07+ 12.05i |-0.04134+-0.9707i | -
0.04134+ 0.9707i

Eigenvector: 1+ O | 1+ O | 1+ Oi | 1+ 0Oi
35.45+ 3.129i | 35.45-8.129i | -0.09336+0.0008086i | -
0.09336+0.0008086i
-6.947+ -41.16i | -6.947+ 41.16i | 0.09655+ 0.008014i | 0.09655+
0.008014i
2.296+ 1.341i | 2.296-4.341i | -0.01247+ 0.09893i |-0.01247+
0.09893i

___lLateral modes

Eigenvalue: -21.76+ Oi | -1.74+ -6.626i | -1.74+ 6.626i | 0.1856+ Oi

Eigenvector: 1+ i 0 1+ Oi | 1+ O | 1+ Oi
26.59+ 0i |-0.02107+ 0.1353i |-0.02107+-0.1353i | 0.278+ Oi
0.693+ 0i | @36+ 0.5695i | 0.10568.5695i | 1.231+ Oi
-1.222+ 0i |-0.01832+0.00799i | -0.01832+ 0.00799i | 1.497+

Oi

Phillips formulae:
Phugoid eigenvalue: -0.02044+ 0.95341i
frequency: 0.152 Hz
damping: 0.021
DutchRoll eigenvalue:-1.74622+ 6.56260i
frequency: 1.081 Hz
damping: 0.266
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7.5 Methodology Extra
The following content are additional detditelating to the Methodology sectiondt

included within the main body of the thesis but documented here for reference.

7.5.1 Measurements

7.5.2 Horizontal Stabiliser

Figure 7.3 Measurement process for the horizontal stabilizer

The span of the Horizontal Stabilizer was measured with a measuring tape and
determined to be 454 mm. To measure the aerofoil, because it's symmetrical, a
reference chord aneference thickness was needed. As the aerofoil remains the same
throughout the span of the stabiliser, the reference location can be arbitrary as long as
LWV WKH VDPH ZKHQ ERWK FKRUG DQG WKLFNQHVYV
changes, so doéilse thickness gradually decline. Which is why it is important to have a
consistent reference point for this measurenfeméference chord (at approximately

half span of a single elevator unit) was measured to be 140 mm. The reference
maximum thickness dhat same location was measured to be 14 mm (10% of the
reference chord length). It is symmetric and therefore there is no camber. By standard
NACA 4 digit aerofoilconvention [5] this identifies it as a NACA 001derofoil
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Figure 7.4 Thickness measurement for the horizontal stabiliser

Figure 7.5 Use of tracing for measurement

7KH VZHHS DQJOH ZDV PHDVXUHG E\ WUD plagfdrmVKH KR
dimensions on an A4 sheet of paper and measuring the angle using a protractor. It was
measured to be 8 degrees of sweep at the leading edge. The trace was also useful for
obtaining the tip chord. The tip chord was measured to be 103mm. With this

information, the offset at the tip was calculated the following way:

KBBOAP [Eq. 71]
— f- N
[OSAALCHA T rma |
.| KBBOAP
-1z TavHVWy
KBBQARPLrull
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Figure 7.6 Steps in measurement via tracing for the horizontal stabiliser

As shown in the above pictures, the root chord was measured from the trace drawing to
be as 169 mm. A digital scale was used to measure the weight and the horizontal
stabiliser was weighed at 29 grams. The maximum deflection of the control surface was
detemined to be 15 degrees using a protractor.

Figure 7.7 Weighing the horizontal stabiliser on a digital scale

The center of rotation of the elevator was measured with a scale and determined to be

84 mm fromthe leading edge of the horizontal stabiliser and spans the entire length of
the horizontal stabiliser.
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Figure 7.8 Measurement process for elevator dimension

Figure 7.9 Measurement of elevator deflection using a protractor

The maximum elevator deflection was measured using a protractor and recorded as 15
degrees in both directions.

The trailing tip of the Vertical Stabiliser 1 is 85 mm above the refengoice. While

the Horizontal Stabiliser chord is 205mm below the trailing tip of the vertical stab,
which gives it a total vertical offset of a 120 mm below the reference point. Since the
Horizontal Stabiliser is angled slightly downward relative to thegwiery small and

below accuracy of the measuring tools), it was set to 1.5 degrees negative.
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7.5.2.1 Vertical Stabilisers

Figure 7.10 Sectioning of the vertical stabilisers (the red line marks the boundary)
Forease of modelling in both-Rlane and XFLR5, the vertical tail component has been
sectioned off along the red line (as seen in the above image). The primary section (with
the rudder) is referred to as Vertical Stabiliser 1 and the remaining sectiogriede¢d

as Vertical Stabiliser 2.

7.5.2.1.1 Vertical Stabiliser 1
The planform of the vertical stabiliser was measured the same way through the use of a

straight square edge for proper alignment for the line drawings.

Figure 7.11 Measurement process for the vertical tail section
Rules, measuring tapes and a protractor was utilised to measure the necessary

dimensions. The root chord was measured to be 174mm with a ruler and the tip chord

was measuretb be 86 mm.

Figure 7.12 Tracing and measuring the geometry
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For the sweep angle, a protractor was used and it was measured as 37.5 degrees. The
span of the section was measured to be 195 mm. It should be noted that since there is no
mirrored section of thiaerofoil this span is the same as kgtian in the followng

calculation. The offset was measured as follows:

KBBOAP [EQ.7.9]
— f- JAN
frOSAALCHA T oo |
. KBBOAP
— I A
ST

KBB QAR f&xt{ll

Figure 7.13 Use of callipers to take measurements of the vertical stabiliser

Multiple attempts had to be made for this foil both with altered reference chords and
repeated measuremendnth the material being measured and the methods of obtaining
the measurements create inconsistent results. However, the majority of them are more
consistent with the following attemph.reference chord (at approximately 25% span)

was measured to b&71.39 mm with a digital calliper. The reference maximum

thickness at that same location was measured with a digital calliper to Barits.2

(12 % of the reference chord). It is symmetric and has no camber. By standard NACA 4
digit aerofoilconvention [5], thisdentifies it as a NACA 0012erofoil The rudder was
measured to be positioned at 70 mm at the wing root and 43 mm at the wing tip. In the
z-axis, because the tip is 85 mm higher than the reference point, and has a span of 195
mm, that puts it at 110 mivelow the ref point. The trailing tip of the Vertical Stabiliser

1 was measured to be 822 mm behind the reference point. Subtracting the tip chord of
86 mm and the previously calculated offset of 149.629, gives us a leading edge starting
position of 586.3T mm. The rudder deflection was measured with a protractor and

recorded as 15 degrees in both directions.
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Figure 7.14 Measuring rudder root and tip lengths

Figure 7.15 Measuring rudder deflection with a protractor

7.5.2.1.2 Vertical Stabiliser 2

Figure 7.16 Measuring vertical stabiliser 2 dimensions
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The root chord of the Vertical Stabiliser 2 was measured with a measuring tape to be
360 mm with a maximum thickness of 21.82 mm obtained using a digital calliper. This
is a symmetrical aerofoil. It has no camber. Based on the thickness (6% of chorll length
and chord length and based on standard 4 digit Na&afoildesignations [5], it

would be a NACA0006. However, the maximum thickness is in the middle of the
aerofoiland not biased towards the front like a regular NACA foil, which makes it

closer in gemetry to cambeless compressor blades of jet engines. There are multiple
modelling solutions to this with their own challenges. This is implemented very
differently depending on the modelling platform. For example,-RPlahie modelling of

the geometry, itan be modelled as an extension of the fuselage or as a separate section
of the Vertical Stabiliser. Nevertheless, the geometric information on it is documented

for aid in the modelling process.

Figure 7.17 Weighing the vertical stabiliser section on a digital scale

Following a similar approach, the blending between the fuselage and the vertical
stabiliser was measured. The tip chord (top surface) of this extension was measured to
be 242 mm. The relativ@veep between the two sections was 51 degrees. Adding to
that the sweep of the vertical stabiliser (37.5 degrees), we get a total sweep for this
section of 88.5 degrees. The entire section (Vertical Stabiliser 1 + Vertical Stabiliser 2)

was weighed on a gital scale and it's weight was determined to be 25 grams.
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7.5.2.2 Main Wing:

7.5.2.3 Fuselage:

Figure 7.18 Weighing the fuselage on a digital scale
The fuselage was weighed with the motor (including mount), the propeller (including

mount) + radio receiver and 2 internal servos for the elevator and rudder. The total
weight was 649 grams. The CG of the fuselage in the absence of these extra modules
wasmeasured to be 316.75 mm from the nose by balancing the fuselage on a tube until
horizontal and stable as shown in the following sections. Because the nose offset is 204
mm, the CG is located at 112.75 mm aft of the wing reference (@e@@tXFLR5/X
Planemethods) In the vertical axis, it coincides with the propeller axis. This alignment

Is assumed as it cannot be measured easily.

7.5.2.4 Motor (including mount):

Figure 7.19 Weighing the Brushless DC Motor on adi  gital scale
The motor (including the mount) was weighed using a digital scale at 186 grams. The

CG of the motor (including mount has been measured at 45 mm from the nose of the
fuselage). That position is 204 mm ahead of the wing reference point (see XFLR5/X
Plane mdtods [3][4]). Which makes ita total offset of 159mm ahead. For the vertical
axis, it aligns with the propeller axis.
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7.5.2.5 Radio Recelver:

Figure 7.20 Weighing the RC receiver on a digital scale
The radio receier was weighed using a digital scale at 16 grams. Its position is to be

determined based on onboard avionics placements but the main unit is planned on being

situated as close to the CG of the aircraft as possible.

7.5.2.6 Propeller (including mount)

Figure 7.21 Weighing the propeller on a digital scale
The propeller (including the mount) was weighed using a digital scale at 36 grams.

Figure 7.22 Measuring prope ller distance from the wing tip
It's position has been measured to be 15 mm from the nose. It is positioned along the x

axis. It is situated 219 mm ahead of the wing tip and 75 mm below it (propeller axis).
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7.5.2.7 Landing Gears:
The three landing gears were fouio have different masses. As such they are

subdivided into the following three components.

7.5.2.7.1 Left landing gear (port):
The left landing gear was weighed on a digital scale and the reading recorded as 47

grams.

Figure 7.23 Weighing, localising and determining the C.G. of the gear
It's approximate CG was estimated by balancing it on a carbon fibre tube and marking

the position with a marker. The position was adjusted until the landing gear was
horizontal and stable. This position relative to appropriate reference frames were
measured more precisely in the complete assembly as illustrated in the figure. It is
noteworthy to mention that XFLR5 uses the leading edge of the wing-&idneé uses

thenose of the default aircraft as their respective reference points.
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7.5.2.7.2 Right Landing gear (starboard):

Figure 7.24 Weighing and balancing the right landing gear for C.G. determination

The right landing geawvas weighed on a digital scale and the weight was recorded as 41
grams (note: different from the left landing gear). The same technique was used to get
an approximation of the CG location via balancing it on a carbon fibre tube until it's
stable and horintal. The CG position relative to appropriate frames of references were
noted using the same method as shown for the left landing gear.

The CG of the right landing gear was determined to be 125 mm, 142.5 mm from the

centrelineand 200mm vertically down from the wing chord.

7.5.2.7.3 Front Landing Gear:

Figure 7.25 Weighing and determining the C.G. of the front landing gear

The front landing gear was weighed on a digital scale and recorded as 37 grams. The
same balancing technique was utilised to find the CG of this gear. There were
difficulties in finding the exact spot but it is so close to the point shown in the above
image that it was just assumed to be there. The minute difference in the actual CG
position is not going to impact any of the modelling processes or results. It's position

relative to the wing was determined by marking a vertical line on the side of the
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fuselaye (coincides with its axis) and measuring the distance of that line from the wing

tip as shown in the image.

Figure 7.26 Measuring front landing gear location relative to the wing tip

Even though the neswheel is in line with the centre axis of the aircraft, it's centre of
mass is still an important consideration for the modelling because it is offset from the
aircraft's roll, pitch and yaw axis. This translates to moment contribution to all 3
moments ofnertia of the overall aircraft. The location of the front landing gear CG was
determined to be 100mm ahead of the wing, 200 mm below the wing and in line with
the root chord of the wing.

7.5.2.8 Wing struts:

Figure 7.27 Weighing the wing strut
The wing struts are uniform and identical and their CGs are marked (as shown in the

image). They were weighed at 25 grams each (with their attachments included as shown
in the image)Their marked loations were used to find their COG location with respect

to desirable coordinate frames. From the wing reference, the left strut is located at 25
mm from the leading edge, 190 mm from the centreline and 77.5 mm vertically down.
The right strut is locate#5 mm from the leading edgd,90 mm from the centreline

and 77.5 mm vertically down.
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Figure 7.28 Measuring wing strut C.G. position relative to the reference points

7.5.3 Horizontal Stabiliser modelling  process

Figure 7.29 Horizontal stabiliser settings in Plane Maker for the FMS 182 model

For the creation of the Horizontal Stabiliser, the same procedure was used. However,
instead of picking Misc Wings, the default wing setup menus were used and the

appropriate measured values entered as shown in the above image. ELEMENT SPECS

were used tossign control surfaces (elevators) to the section.
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7.5.4 Vertical Stabiliser modelling process

Figure 7.30 Vertical stabiliser settings in Plane Maker for the FMS 182 model

Figure 7.31 Vertical stabiliser 2 settings

The vertical stabiliser was divided into two sections as explained earlier in the target
airframe measurements documentation prof@bkapter 3.1)Based on the previously
recorded measurements, these sections were defined in the same section of Plane Maker
where the Horizontal Stabiliser was defined following identical procedures including

assignment of the control surfaces (rudder) to Vert Stab 1.
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7.5.5 Wheel Fairings Modelling

Figure 7.32 Wheel fairings modelling for the FMS 182 in Plane Maker

The wheel fairings were also modelled in by following the same method utilised by the
fuselage and spinner mdlieg. The same attempt was made for the wing struts but
unfortunately a bug in Plane Maker would not allow for that. As such, they were created
using Misc Wing 1 and Misc Wing 2 with symmetriearofoilsand the rest of the

process was similar to wing melling except that offsets were needed to place them in

the angular fashion they are attached to the aircraft.

7.5.6 Texture Modelling

Figure 7.33 Texture setting for the FMS 182 model

Once the geometry of tlarcraft has been modelled in Plane Maker, Plane Maker can

export a texture map for the various components that form the aircraft. The texture file
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is a Bitmap file with square dimensions. That Bitmap was edited using Gimp image

processing tool and a morealistic looking rendering was therefore created.

7.6 Results Extra

The following are supplementary content based on the Results section of this

thesis.

7.6.1 Aerofoil Polars

Figure 7.34 NACA 1214 FMS 15 deg aileron down
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Figure 7.35 NACA 1214 FMS 15 deg aileron up

Figure 7.36 NACA 0010 FMS down
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Figure 7.37 NACA 0010 FMS up

Figure 7.38 NACA 0012 FMS Root down
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Figure 7.39 NACA 0012 FMS Root up

Figure 7.40 NACA 0012 FMS Tip down
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Figure 7.41 NACA 0011 FMS Tip up

7.6.2 Stability Test Flapped Model

The following results have been obtained based on the flapped version of the base
model(FMS 182b SCO Flap).
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SPPO:

Figure 7.42 Time response : Pitch rate (q) against time (S)

Figure 7.43 Time response: Pitch angle (theta) against time (s)
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Figure 7.44 Time response: Forward speed (u) against time (s)

Figure 7.45 Time response: Vertical speed (w) against time (s)
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Phugoid:

Figure 7.46 Time response: Pitch rate (g) against time (s)

Figure 7.47 Time response: Pitch angle (theta) against time (s)
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Figure 7.48 Time response: Forward speed (u) against time (s)

Figure 7.49 Time response: Vertical speed (w) against time (s)
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Roll Damping:

Figure 7.50 Time response: Roll rate (p) against time (s)

Figure 7.51 Time response: Roll angle (phi) against time (s)
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Figure 7.52 Time response: Yaw rate (r) again st time (s)

Figure 7.53 Time response: Lateral speed (v) against time (s)
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Spiral Mode:

Figure 7.54 Time response: Roll rate (p) against time (s)

Figure 7.55 Time response: Roll angle (phi) against time
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Figure 7.56 Time response: Yaw rate (r) against time (s)

Figure 7.57 Time response : Lateral speed (v) against time (s)
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Dutch Roll:

Figure 7.58 Time response: Roll rate (p) against time (s)

Figure 7.59 Time response: Roll angle (phi) against time(s)
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Figure 7.60 Time response: Yaw rate (r) against time (s)

Figure 7.61 Time response: Lateral speed (v) again st time(s)
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Root locus:

Figure 7.62 Root locus for FMS 182b Flap (lateral)

Figure 7.63 Root locus for FMS 182b Flap (longitudinal)
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7.6.3 Control Test Results

T1 test results of the elevator discussed in Chapter 4.1.9.

Figure 7.64 Rolling moment (L) against control gain
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Figure 7.65 Pitching moment (M) against control gain

Figure 7.66 Yawing moment (N) against control gain
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7.6.3.1 Variation of derivatives (flapped model)

controlPoints

Nde CNde

-15

2.7811 | 0.081272

14

2.6006 | 0.079518

-13

2.4788 |0.078284

-12

2.4056 | 0.077522

-11

2.369 0.077123

-10

2.3575 | 0.076955

2.3611 | 0.076899

2.3724 |0.076871

2.3861 | 0.076818

2.3989 | 0.07671

2.409 0.076541

2.4154 | 0.076318

2.4184 | 0.076066

2.4188 | 0.075827

2.4181 | 0.075651

2.4176 | 0.075586

2.418 0.07565

2.4187 | 0.075824

2.4182 | 0.076061

2.4152 | 0.076311

2.4086 | 0.076533

2.3985 | 0.0767

2.3856 | 0.076806

2.3719 | 0.076859

OO NO|O B WDN ROl

2.3606 | 0.076885

[EY
o

2.357 0.076939

H
|

2.3685 | 0.077107

=
N

2.4051 | 0.077504

[N
w

2.4784 | 0.078264

[EEY
D

2.6003 | 0.079497

15

2.7809 | 0.081251

Table 7-18 Control test result from  -15 to + 15 degrees

Based on the data set the averages:

Average Average
Nde (NM) | Cnde
2.438513 | 0.077166
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7.6.4 Plane Maker Aerofoil Test results

The following are a collection of the cust@arofolsGHVLIJQHG IRU W-KH )06
Plane model via the methods described in the Methodology section of this thesis. Airfoll
Maker has been used to visualise the foil characterigtesxaxis on the plots are

always +f 20 degrees from the centreline.

7.6.4.1 Aerofoil polars for FMS 0010 low Reynolds number :

Figure 7.67 Aerofoil polar FMS 0010 Re 100k.afl (green = Cl, red = Cd, yellow = Cm)
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Figure 7.68 Aerofoil polar FMS 0010 Re 100k.afl (green = Cl, red = Cd, purple = L/D)

Figure 7.69 Aerofoil FMS 0010 Re 100k.afl
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7.6.4.2 Aerofoil polars for FMS 0010 high Reynolds number

Figure 7.70 Aerofoil polar FMS 0010 Re 400k.afl (green = Cl, red = Cd, yellow = Cm)

Figure 7.71 Aerofoil polar FMS 0010 Re 400k.afl (green = ClI, red = Cd, purple = L/D)
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7.6.4.3 Aerofoil Polars for FMS 0012 (root) low  Reynolds number :

Figure 7.72 Aerofoil polar FMS 0012 Root Re 100k.afl (green = Cl, red = Cd, yellow = Cm)
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Figure 7.73 Aerofoil polar FMS 0012 Root Re 100k.afl (green = Cl, red = Cd, purple = L/D)

Figure 7.74 Aerofoil FMS 0012 Root Re 100k.afl
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7.6.4.4 Aerofoil polars for FMS 0012 (root) high Reynolds number

Figure 7.75 Aerofoil polar FMS 0012 Root Re 400k.afl (green = Cl, red = Cd, yellow = Cm)

Figure 7.76 Aerofoil polar FMS 0012 Root Re 400k.afl

356



7.6.4.5 Aerofoil polars for FMS 0012 (tip) low Reynolds number :

Figure 7.77 Aerofoil polar FMS 0012 Tip Re 100k.afl (green = Cl, red = Cd, yellow = Cm)
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Figure 7.78 Aerofoil polar FMS 0012 Tip Re 100k.afl (green = Cl, red = Cd, purple = L/D)

7.6.4.6 Aerofoil polars for FMS 0012 (tip) high Reynolds number:

Figure 7.79 Aerofoil polar FMS 0012 Tip Re 400k.afl (green = Cl, red = Cd, yellow = Cm)
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Figure 7.80 Aerofoil polar FMS 0012 Tip Re 400k.afl (green = Cl, red = Cd, purple = L/D)

7.6.5 Modification of runscript function

Figure 7.81 Addition to the script to calculate the elevator transfer fuctions based on the original

code(see Chapter 3.3.13)

7.6.6 Linear lift code sample

Figure 7.82 Using the XFLR5/X -Plane data to improve modelling accuracy

7.6.7 List of Aircraft Parameters

Parameter

Value

Description

9

9.81

Gravity
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mass 1.322 Takeoff weight of FMS 18]
JX 0.04119 x-component of Inertial Tensor from XFL
Stability Test
Jy 0.03961 y-component of Inertial Tensor from XFL
Stability Test
Jz 0.07279 z-component of Inertial Tensor from XRH
Stability Test
JIxz -0.00057 Crosscoupling of x and z components
Inertial Tensor
Gamma 0.002998 Constant based on thendatrix for moment
calculation
Gammal -0.01416 Constant based on thendatrix for moment
calculation
Gammaz2 0.805732 Constant based on thendatrix for moment
calculation
Gammas3 24.28038 Constant based on thendatrix for moment
calculation
Gamma4 -0.19043 Constant based on thendatrix for moment
calculation
Gammab 0.797778 Constant based on thendatrix for moment
calculation
Gammab -0.01441 Constant based on thendatrix for moment
calculation
Gamma? 0.021817 Constant basedn the Jmatrix for moment
calculation
Gammas8 13.73964 Constant based on thendatrix for moment
calculation
S wing 0.26809 Wing surface area from XFLR5 ar@lxhe
b 1.4097 Wing span based on measuremer
c 0.19318| Mean Aerodynamic Chord from XFLdRisl X
Plane
S prop 0.060207 Propeller Surface Area fromP{ane
rho 1.2682 Density of air at sea levg
k_motor 83.1 Motor constant from Scorpion_ca
k TP 0 Motor constant from Scorpion_ca
k_Omega 0 Motor constant from Scorpion_ca
e 0.9 OswaldEfficiency Factor from XFLI
AR 7.412638 Wing Aspect Ratio from XFLR5 arA@lahe
CcCLO 0.1064 Constant coefficient based MATLAB cu
fitting
C_L_alpha 6.642 Constant coefficient based MATLAB cu
fitting
CLg 8.7629 Constantfrom T2 test oXFLR&At 6 degrees
alpha
C L delta_e -0.69867 Constantfrom T2 test oiXFLR%&t 6 degrees
alpha
CDO 0.02048| Drag coefficient calculated from XFLR#%#xhe
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(profile+viscious+induced dra:

C_D_alpha 0.1265 Drag coefficient linearly approximated fro
the XFLR
CDp 0.0437| Unable to estimate so a placeholder value fr(
Aerosonde UAV was us¢
C D 0 Unable to estimate
C_D_delta_e 0 Unable to estimate
CmoO 0.059535 Moment coefficient constant from XFLF
stability test

C_m_alpha -1.3903| Moment Constant from XFLR5 stability test
C mg -14.546/ Moment Constant from XFLR5 stability test
C_m_delta_e -1.95313 Moment Constant from XFLR5 control te
CYO -2.40E Moment constant from XFLR5 stability te

05

C_Y_beta -0.24388| Moment Constant from XFLR5 stability test
CYop -0.06015| Moment Constant from XFLR5 stability test
CYr 0.23769| Moment Constant from XFLR5 stability test
C_Y delta_a 0.01538| Aileron response constant from XFLR5 con
test
C Y delta r 0.171797| Rudder response constant from XFLR5 cor
test

Cel O 0 Moment constant
C_ell_beta -0.00031| Moment constant (XFLR5 Stability Td3titch
Roll)

Celp -0.49168| Moment constant (XFLR5 Stability Td3titch
Roll)

Cellr 0.065902| Moment constant(XFLR5 Stability Tefiutch
Roll)

C _ell delta_a 0.322494| Moment constant (XFLR5 Stability Tdtitch
Roll)
C _ell delta_r -0.00172| Rudder response constant (XFLR5 Control 1
CnoO 7.00E06 Moment constant from XFLR5 T2 tg
C_n_beta 0.10645| Momentconstant (XFLR5 Stability Te3titch
Roll)

Cnp -0.02498| Moment constant (XFLR5 Stability Td3titch
Roll)

cnr -0.10171] Moment constant (XFLR5 Stability Td3titch
Roll)
C n_delta_a 0.00375| Aileron response constant(XFLR5 Control T
C_n_delta_r -0.0791| Rudder response constant (XFR5 Control T
C_prop 1 Propeller constant assumptio|
M 9.471| Transition rate(stall modelling) from MATLA
curve fitting.

alphaO 0.2657 Constant coefficient based MATLAB cu
fitting
wind_n 0 Placeholder wind initialising valug
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wind_e 0 Placeholder wind initialising valug
wind_d 0 Placeholder wind initialising valug
Va0 10 Arbitrary Initial velocity
pn0O -800 Arbitrary initial position of the FMS 182
simulated space (North

pe0 500 Arbitrary initial position of the FMS 182
simulated space (Eas

pdO -1000 Arbitrary initial position of the FMS 182
simulated space (Downr

uo 10 Arbitrary initial velocity in thexlirection
vO 0 Arbitrary initial velocity in the \irection
w0 0 Arbitrary initial velocity in the-direction
phi0 0 Arbitrary initial roll angle
thetaO 0 Arbitrary initial pitch angle
psiO 0 Arbitrary initial yaw angle
pO0 0 Arbitrary initial roll rate
qo 0 Arbitrary initial pitch rate|
ro 0 Arbitrary initialyaw rate

Table 7-19 FMS 182 MATLAB/Simulink modelling parameters based on XFLR5/X  -Plane dataset

The above table contains all the constants used for the simulation in the form of a

initialisation function. he methods and sources used to generate this datasheet for the

FMS 182 is adequately described in the corresponding methods section.

7.7 Future Work Extra

This is where the additional material referred to in the Future work section is

documented.

7.7.1 Arduino Related

Matlabl code (sweep_test.m) for checking an individual servo with a

sweep test (For FMS 182):

clear all
a = arduino
s = servo(a,'D6")
pos = 0.5;
min_pos = 0.2;
max_pos = 0.9;
incre = 0.01,;
direction = true;
writePosition(s, pos); % sends it to position half
while true

pause(0.02);
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if direction
pos = pos+incre
if pos >= max_pos
direction = false;
end
else pos = pos-incre
if pos <= min_pos
direction = true;
end

end

writePosition(s,pos);
end

Matlab code (servo_test.m) for checking servo:
clear all

a = arduino

s = servo(a,'D6")

for angle = 0:0.02:1
writePosition(s, angle);
current_pos = readPosition(s);
current_pos = current_pos*180;
fprintf('Current motor position is %d degrees\n', current_pos);
pause(0.1);
end

Additional code added in the Forces & Moments block m -file:

%% Code for aileron

map = 30/0.7;

ail_deg = (180/pi)*delta_a;
map_ail = ail_deg/map;
zero_pos = 0.55;

if map_ail ==
map_ail=zero_pos; % zero position of the servo
writePosition(s,map_ail);
elseif map_ail<0
map_ail=zero_pos+map_ail
writePosition(s,map_ail);
else map_ail = zero_pos+map_alil
writePosition(s,map_ail);

end
%% Code for rudder
map2 = 30;

rud_deg = (180/pi)*delta_r;
map_rud = rud_deg/map2;
zero_pos2 = 0.5;
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if map_rud ==
map_rud=zero_pos2; % zero position of the servo
writePosition(s,map_rud);
elseif map_rud<0
map_rud=zero_pos2+map_rud
writePosition(s,map_rud);
else map_rud = zero_pos2+map_rud
writePosition(s,map_rud);
end

X-Plane HITL codes:

% Code for the interpreted function ardu

function [aileron, elevator, rudder, flap] = ardu(uu)

% function [aileron, elevator, rudder] = ardu(aileron,elevator,rudder)
global s

global s_a

global s_e

global s _f

aileron = uu(1);
elevator = uu(2);
rudder = uu(3);
flap = uu(4);

%% For flap
center = 0.5
if flap ==

writePosition(s_f, center);
else

writePosition(s_f,0.9);
end

%% For aileron

map = 2/0.7;
map_ail = aileron/map;
zero_pos = 0.55;

if map_ail ==
map_ail=zero_pos; % zero position of the servo
writePosition(s_a,map_ail);
elseif map_ail<0
map_ail=zero_pos+map_ail
writePosition(s_a,map_ail);
else map_ail = zero_pos+map_alil
writePosition(s_a,map_ail);

end
%% For elevator
map3 = 0.9/2;
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map_elev = elevator*map3;
zero_pos3 = 0.5;

if elevator ==
map_elev = zero_pos3;
writePosition(s_e,map_elev);

elseif elevator <0
map_elev = zero_pos3 + map_eley;
writePosition(s_e,map_elev);

else map_elev = zero_pos3 + map_elev;

writePosition(s_e,map_elev);
end

%% For rudder

map2 = 1/2;
map_rud = rudder*map?2;
zero_pos2 = 0.5;

if rudder ==
map_rud = zero_pos2;
fprintf('map_rud’)
writePosition(s,map_rud);

elseif rudder <0
map_rud = zero_pos2 + map_rud;
fprintf('map_rud’)
writePosition(s,map_rud);
else map_rud = zero_pos2 + map_rud;
fprintf('map_rud’)
writePosition(s,map_rud);
end
end

Custom MATLAB function to import UDP data from X -Plane and extract
them for use:

function [aileron, elevator, rudder, flap] = extract(udp)
% global a

% global s

% a = arduino

% s = servo(a,'D6")

coder.extrinsic('round’);

elevator = udp(2,1); % first packet 2nd value
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elevator = round(elevator,1);

aileron = udp (3,1);
aileron = round(aileron,1);

rudder = udp (4,1);
rudder = round(rudder,1);
rudder = -1*rudder;

flap = udp(6,2);
flap = round(flap,1);

uu = [elevator, aileron, rudder, flap];

end

Figure 7.83 Screenshot of X-Plane HITL Simulink model

366





