E% University of
OPEN (2" ACCESS BRISTOL

Healy, F., Pontillo, A., Rezgui, D., Cooper, J. E., Kirk, J., Wilson, T., &
Castrichini, A. (2021). Experimental Analysis of the Dynamics of
Flared Folding Wingtips via a Novel Tethered Flight Test. In AIAA
SCITECH 2022 Forum: Session: Flexible Aeroelastic Problems of
Unmanned Air Vehicles of All Scales American Institute of
Aeronautics and Astronautics Inc. (AlAA).
https://doi.org/10.2514/6.2022-1757

Peer reviewed version

Link to published version (if available):
10.2514/6.2022-1757

Link to publication record in Explore Bristol Research
PDF-document

This is the accepted author manuscript (AAM). The final published version (version of record) is available online
via American Institute of Aeronautics and Astronautics at https://doi.org/10.2514/6.2022-1757. Please refer to
any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the

published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/


https://doi.org/10.2514/6.2022-1757
https://doi.org/10.2514/6.2022-1757
https://research-information.bris.ac.uk/en/publications/0d1bfa37-458c-4689-ac78-df6a5cd606d4
https://research-information.bris.ac.uk/en/publications/0d1bfa37-458c-4689-ac78-df6a5cd606d4

I RITONSNX TR S Q> DN TR

Experimental Analysis of the Dynamics of Flared Folding
Wingtips via a Novel Tethered Flight Test

Fintan Healy*, Alessandro Pontillo , Djamel Rezgui* and Jonathan Cooper *
University of Bristol, Bristol, BS8 ITR, UK

James Kirk", Thomas Wilson! and Andrea Castrichini**
Airbus Operations Ltd, Bristol, BS34 700, UK

Recent developments in morphing wing technologies are routinely tested using Unmanned
Aerial vehicles (UAVs) due to their relatively low cost and time to manufacture. However,
atmospheric flight tests limit both the repeatability of the recorded data sets, as well as the
bounds of the flight envelope willing to be explored, due to the risk of destroying the UAV. In
this paper, a novel flight test method is described, which consists of flying a UAV constrained
by a tether, resulting in a steady, controlled, elliptical flight paths. The benefits of such a
method are explored numerically to characterise the static and dynamic testing capabilities of
such a system. This is then followed by an experimental investigation into the behaviour of
semi-aeroelastic hinged (SAH) wingtips, employing the AlbatrossOne remotely piloted vehicle.
The tethered model was used to explore the static effect of angle of attack and sideslip angle on
the both the equilibrium position of the wingtips and the wingtips stability boundary.

I. Nomenclature

= angle of attack

side-slip angle

circulation

damping

fold angle

flare angle

polar angle

cone angle

= UAV thrust magnitude; time constant

= aforce vector

the equivalent force at the centre of mass to produce the same moment about the root of the tether
frequency

acceleration due to gravity

tether length

force component tangential to the x axis in the body frame of reference
force component tangential to the y axis in the body frame of reference
force component tangential to the z axis in the body frame of reference
moment about the x axis in the body frame of reference

= moment about the y axis in the body frame of reference

= amoment vector
= UAV mass
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N = moment about the z axis in the body frame of reference
g = generalised coordinates
V. = velocity

II. Introduction

During flight an aircraft must operate over a range of flight conditions. However, wings are typically designed as a
comprise, achieving sub-optimal performance in each condition. This comprise can by mitigated by the use of shape
morphing technologies, which have received significant research interest in the last few decades [[1} 2l]. Historically,
balancing the added cost, weight and complexity of such mechanisms with there benefits has limited there use to
military applications. However, there has recently been a growing trend to develop such devices for small
[Aerial Vehicles (UAVs)| [} 2], significantly reducing the lead time and associated cost in design, developing and testing
morphing configurations.

When experimentally testing morphing configurations, the variation in static quantities (such as the lift over drag
ratio) can be readily measured using wind tunnel models. However, measuring the effect of these devices on the
dynamic behaviour of an aircraft, or developing control laws, can be a more challenging undertaking in a wind tunnel
environment. A range of mounting strategies can be used to constrain the degrees of freedom of a model in a tunnel,
with Huang and Wang [3] providing a good review of the subject. However, the size of the model is constrained by both
the mounting strategy and the geometry of the working section. More-over the cost and relative scarcity of wind-tunnel
time typically limits the amount of testing that can be conducted.

Therefore the free-flight testing of can be an attractive alternative. In such experiments a model can quickly
be tested in multiple configurations, across a range of flight conditions in a relatively short period of time. However, the
data collected from this form of testing is generally noisy in nature, with the model being exposed to wind, atmospheric
turbulence and the weather. This can make rigorous scientific testing challenging due to the lack of a consistent and
repeatable environment. Additionally, flight test programs are typically conservative in nature and do not push the
bounds of the flight envelope. As the occurrence of any instabilities or adverse nonlinear behaviour could result in the
loss of the entire aircraft, as happened to NASAs Helios prototype [4]].

Another option is to fly a[UAV|whilst constraining some of its degrees of freedom. This can be achieved by attaching
the [UAV]to a tether, rigidly mounted to the ceiling, constraining the[UAV]to a conical trajectory. This solution would
retain many of the benefits of free flight testing, whilst also limiting the risk to the aircraft, and introducing a degree of
consistency, allowing test variables to be controlled and easily compared. The adoption of tethers to constrain flying
objects is not novel. It is in fact commonly used to fly tethered kites for wind power extraction at high altitude [5,6]]. The
dynamics of flying vehicles constrained to a tether has commonalities with the free flying motion. However, coupling
between longitudinal and lateral-directional dynamics is expected. Terink et al. [7]] found that tethered kites show
similarities in the longitudinal dynamics with regular kites, while the constraint introduced by the tether results in a
more severe instability associated to the lateral motion. Also, derivation of the equations of motion for these UAV's can
be found in Ref. [8 9]. The novel method proposed in this paper presents strong similarities with the aforementioned
studies. However, it simply aims to provide a stable and predictable trajectory for a UAV to obtain repeatable test results,
rather than provide an energy recover mechanism.

Due to the significant moment arm between the root and tip of a wing, morphing wingtip devices have received
considerable interest. The current research can generally be split into passive and active solutions, split across 3 major
design motivations: control authority [L0H12], optimising aircraft performance across different flight phases [[13H16],
and load alleviation [17-H21]]. Many of these devices can also be used to reduce the overall span of an aircraft on
the ground, enabling next-generation aircraft configurations, which aim to reduce the lift-induced drag produced by
an airframe by increasing the wingspan, to still use current airport infrastructure. With gate, runway and taxiway
separations currently dictating the maximum span of aircraft [22| 23]].

One such device, the[Flared Folding Wingtip (FFWT)|concept, has received significant research effort [17H20} 24H30].
As illustrated in Fig. [I] this device consists of a folding wingtip in which the hinge line has been rotated so that is is no
longer parallel with the flow, with the angle denoted as the flare angle (A). In this configuration, an increase in the fold
angle (0) produces a decrease in the local[Angle of Attack (AoA)|of the wingtip, and vice versa in the other direction.
Therefore, when an [FFWT]is free to rotate, the fold angle tends to an equilibrium position, defined as the coast angle,
about which the aerodynamic and gravitational moments balance, and the system is statically stable [[18]].

The primary use of an |[FFW'T|is as a passive gust load alleviation device, with both experimental [18, 24] and
numerical simulations [17, (19, 25] highlighting that significant reductions in the peak wing root bending stress can be




achieved during gust and manoeuvre loading, when compared to a fixed wingtip configuration. Further work has aimed
to quantify the effect of FFWT on the handling qualities [20] and roll performance [31] of an aircraft and previous
flight tests have been conducted using the AlbatrossOne[UAV][32], which is shown in Fig[2]and is the test structure
considered within this paper.

This paper is structured into three sections. In the first, the AlbatrossOne model is introduced to provided a concrete
example of a tethered flight test. In the second section, a set of numerical models are developed and then explored to
understand the effect of the tether on both the static and dynamic properties of a[UAV] Then, in the final section, the
results from the AlbastrossOne test program are used to illustrate how both repeatable static and dynamic testing of a
[UAV]can be achieved using the tethered configuration

I11. The AlbatrossOne UAV

This work considers a series of tethered flight tests conducted using the AlbatrossOne small scale flight demonstrator,
which is shown in Fig. 2} This[UAV]has been developed to test the FFWT] concept in free flight. The result of initial
flight tests were presented in [32], along with a detailed explanation of the manufacturing and onboard flight systems,
which will not be reproduced here for brevity. In terms of instrumentation, AlbatrossOne was equipped with: an
[AoA|vane, side-slip angle vane and pitot-static probe on the nose of the aircraft; onboard MEMs accelerometers and
gyroscopes, and a camera situated in the vertical tailplane, which was used to measure the fold angle of both wingtips
via a computer vision algorithm. Figure2]indicates the location of both the [AoA]and side-slip vanes, as well as the
camera. The wing of AlbatrossOne[UAV]is based on a generic short range aircraft, and is approximately 1:14 scale. The
wing can be setup in one of three wingtip configurations:

1) A 2.6m wingspan with no wingtips.

\ Leading Edge

Fig.1 Representation of a flared folding wingtip device, with a flare angle (A) of 20 degrees, at 0 and 45 degrees
fold angle (0)

Folding wingtip VTP Camera
“

AoA and Side Slip Angle vanes

Fig.2 Tethered flight test of the AlbatrossOne model. Copyright ©2021 Airbus



2) A 3.2m wingspan with with a flare angle of 17.5 degrees, connected via a[Semi-Aeroelastic Hinge]
This will be refereed to as the FWT32 configuration herein.

3) A 3.7m wing span with[FFWTs| with a flare angle of 17.5 degrees, connected via a[SAH] This will be refereed to

as the FWT37 configuration herein.

A major upgrade to the AlbatrossOne model since is the inclusion of a[SAH] This device allows the wingtips
to be either: in a "fixed state" where the wingtip is rigidly connected to the inner wing via an actuator ( allowing
the fold angle of the wingtips to be manually adjusted ), or in a "free state" in which the wingtips are free to rotate
about the hinges. A transition between these two states can be triggered at any point in a test by the pilot, allowing the
AlbatrossOne model to simulate all aspects of a gate-to-gate flight. In which the aircraft starts at an airport gate with the
wingtips folded up, taxi’s to the runway and deploys the wingtips prior to ﬂighﬂ It is envisaged that the wingtip would
typically be locked in flight for optimal cruise performance, whilst unlocked during manoeuvres and gust encounters to
alter the dynamic behaviour and reduce peak wing loading.

A series of flight test were performed in the Brabazon Hanger on the Airbus Filton site in which the [JAV] was
tethered to the ceiling via a 23 metre cable. The primary aims of these tests were to:

1) understand the effect of angle of attack and side slip angle on the coast angle of the[FFWTs| up to and beyond the

boundary on stability.

2) test the dynamic release and retrieval of an[FFWT]in flight, and assess its effect on the pitching behaviour of the

[UAV]

3) assess the potential relationship between the constrained and unconstrained aircraft longitudinal and lateral flight

dynamics.

For each test, the[UAV] was launched by somebody running with it in a circular motion, at which point the pilot
engaged the motors and proceeded to fly the[JAV]in a cyclic trajectory, at a target velocity.

Additionally, between the model and the tether was a "roll cage" which could be either "locked" or "free". In the
"locked" state the roll angle of the[UAV]relative to the tether was fixed, and in the "free" state it allowed the [JUAV]to roll
by +30 degrees under the tether, as shown in Fig. 3|

IV. Tethered Flight Test - Numerical Modelling
To explore the static a dynamic properties of an aircraft constrained to a tether, the [Equations of Motion (EoM)|of a
simplified five [Degrees of Freedom (DoF)| system were developed. As shown in Fig. 2] the tether is analogous to a
spherical pendulum, and as such can be defined by: the length of the tether, %; the polar angle, &; and the azimuthal
angle, o, which will be referred to as the cone angle herein. Two reference frames can be defined at the end of the tether,

*A video of an example gate-to-gate flight can be viewed athttps://youtu.be/RISRn5n7enQ [Accessed: 20/10/2021]

Fig. 3 Images of the UAV rolling underneath the tether. Copyright ©2021 Airbus


https://youtu.be/R9SRn5n7enQ

the first is the tether reference frame, in which the z axis is co-linear with the tether, pointing away from the origin, and
the direction of the x axis is defined by the vector cross product ¥ X h, as shown in Fig. [2| The second is the body
reference frame of the aircraft, in which the x axis points out of the nose of the aircraft, within the plane of symmetry of
the aircraft, a z axis perpendicular to the x axis, and also in the plane of symmetry of the aircraft, and a y axis points out
along the starboard wing of the [UAV]

The origin of both the body and tether references frame is at the [Centre of Mass (CoM)] of the [UAV] The rotation
from the tether to the body reference frame is defined using an XZY Euler angle set (u, 8, @). In the case where the
velocity of the aircraft is parallel to the x axis of the tether frame, these angles represent the bank angle, yaw angle and
angle of attack of the model respectively, and when combined with the polar and cone angle, define the generalised
coordinates of the system

i=|¢onpo] (M

The mass and moments of inertia of the aircraft (m, Iy, Iy, I.;) are defined in the body reference frame and the
external forces and moments applied to the UAV (such as aerodynamic forces, which will be derived in the next section)
are defined by the two vectors

N T N T
F=[X+T,Y,Z] M:[L,M,N] )

where X, Y and Z are the axial, lateral and normal aerodynamic force components in the body reference frame; L,
M and N are the rolling, pitching and yawing moments; and 7 is the thrust of the[UAV] which will be assumed to point
along the x axis of the body reference frame. To simplify the[EoM|it was assumed that the effect of the pitch and yawing
moments on the polar and cone angles (¢ and o respectively), as well as there derivatives, is small.

An exact form of the[EoM]of this system were found using the Euler-Lagrange method, utilising the python packages
moyraﬂ and sympy [33]], and were of the form

M (q.q)d - f(q.9) = Z (q.4) 3)

where M is the mass matrix, f is a vector of conservative forces and g is a vector of external forces. The full form of
these terms is shown in appendix A. Using a similar process, a second set of were developed to describe an aircraft
in free flight, with the generalised coordinates

gr = [x,y,z,ﬂ,ﬁ, ¢]T 4)

where the symbols x, y and z represent the location of the origin of the body frame of reference in the global coordinate
system.

A. Aerodynamic Model

The aerodynamic forces acting on the AlbatrossOne [UAV]were modelled using the [Vortex Lattice Method (VLM))|
[34]. In which the main wing and empennage were discretised into a number of vortex ring panels, with a trailing
horseshoe vortex appended to each ring on the trailing edge to satisfy the Kutta condition. The rings of the main wing
were oriented such that the setting angle and jig-shape were accounted for, additionally, the camber of the main wing
was accounted for by applying a uniform rotation to the panels equal in magnitude to the 2D zero-lift-angle of the
chosen airfoil profile.

It is important to realise that the flow field observed from the body frame of reference of the aircraft may be
non-uniform. for example, for a non-zero cone angle, if ais travelling at a constant angular rate (£), then the parts
of the [UAV]further away from the centre of rotation will be rotating faster than parts closer in. To capture this effect an
expression was developed to describe the velocity vector, V at a given position, ¥ in the body reference frame

¥ = Voody (¥, 4> §) (5)

the derivation of which is described in appendix B. This vector represents the local velocity vector at an arbitrary point
in the body reference frame as a function of the generalised coordinates and there first derivatives with respect to time.

Fhttps://pypi.org/project/moyra/ [Accessed: 27/10/2021]



It can therefore be used to define the boundary conditions at each panel within the [VCM] allowing the aerodynamic
forces to be calculated for any value of g and g.

The forces and moments about the centre of mass due to the aerodynamic forces were calculated by summing up the
contributions of each vortex segment, using the vector form of the Joukowski theorem [34]

ﬁi = pFl ([71 X 52) (6)
- N -
F= Z . (7)
i=0
N
M = Z i x F; (8)
i=0

where I'; is the circulation around the i’th vortex segment §1;, 7; is the displacement between the centre of mass and the
i’th vortex segment, U; is the total velocity at the i’th vortex segment, and N is the total number of vortex segments.

V. Numerical Results

A. Static Testing
One of the primary benefits of tethered flight testing compared to free flight testing is the ability to create repeatable
trajectories in which flight parameters such as the velocity, [AoA|and side slip angle can be varied individually. Consider
the case in which a tethered [UAV]is flown at a constant cone angle, attitude and velocity. In this condition the [EoM]
reduce to two algebraic expressions
0=h (—Y sin (B) + Z sin (@) cos (B) + (X + 7) cos (@) cos (ﬁ)) sin (o) )
0 =ghm sin (o) — h*msin (o) cos ()&% — hY cos (B) cos (1)
+hZ (sin (@) sin (B) cos (u) — sin (u) cos (0/)) +(X+71) (sin (@) sin (u) + sin (B) cos (@) cos (,u))
=ghmsin (o) — h*msin (o) cos (o) + hF), (10)

Tension Centrifugal Force

(mh? sin o cos g £2)

’.‘Centrifugal + Gravitational

R (md)

Gravitational force (mg)

Fig. 4 A representation of the forces acting on a tethered UAYV, in the non-inertial reference frame of the
aircraft



where £ is the length of the tether and g is the acceleration due to gravity. Eqn. (9) is simply the statement that the
sum of forces in the direction of travel must equal zero. By rearranging Eqn. (9) we can find an expression for the
required thrust for a given constant-cone-angle manoeuvre

Y tan (B)

=-X+
’ cos (@)

— Ztan (a) (11)

Eqn. (T0) is the summation of torques acting about the rotation axis of the cone angle. With the first term representing
the torque due to gravitational forces, the second the torque due to centrifugal forces and the rest the torque due to
aerodynamic forces acting on the @L which can be rewritten as i F),, where Fy represents an equivalent force acting
through the [CoM] perpendicular to the tether. These forces can also been seen diagrammatically in Fig. @ Eqn. (I0)
indicates that in a constant-cone-angle manoeuvre there is a relationship between the rate of change of the polar angle,
£, and the cone angle, 0. By considering how the local horizontal velocity of the aircraft (V) is related to the rate of
change of the polar angle

|4
= 12
hsino 12)
Equation (I0) can be rearranged as
h (—Fy +gmsin (o)) tan (o
V:\/(ygmu)() "

This relationship is shown in Fig. [5]for a range of tether lengths, at a bank and side slip angle of zero degrees. As a
typical tether test is envisaged to occur indoors, operational cone angles will be some value below 80 degrees (to avoid
hitting the ceiling). Therefore, the length of tether needs to be selected based on the desired flight velocities and the
facilities available to user. The different tether lengths in Fig. [5|represent different scenarios; a two metre tether would
be achievable in most buildings, and would allow for flight speeds up to approximately 7ms~' to be tested; a ten metre
tether would be achievable in most sports halls suited for national competitions and would allow for flight speeds up to
approximately 20ms~'; and a 23 metre tether (such as achieved in the Brabazon Hanger) would allow for test speeds up
around 30ms~!.

In addition to increasing the cone angle, increasing the velocity in a constant-cone-angle manoeuvre also increases
the magnitude of the combined inertial forces experienced at the of the aircraft (the summation of gravitational
and centrifugal forces)

0 0
ma = mTVz = [(-F, + mgsino)sino tano (14)
mg mg

(e8]
o
1
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1
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Tether Length

Cone Angle [deg]
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Load Factor [gravities]
w
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10 m
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Fig.5 The variation in the cone angle and load factor for a constant-cone-angle manoeuvre at varying velocities
and tether lengths, for a bank and side slip angle of zero degrees



where d is the effective acceleration vector experienced by the aircraft. How the magnitude of @ varies with velocity is
shown in Fig. [5] Firstly, note how Eqn. (T4) is independent of the length of the tether, i. Therefore the local acceleration
of a@is only dependent on the cone angle. Secondly, consider the case where F), tends to zero, in such a condition
a must be co-linear with the tension in the tether. Therefore, in the body frame of reference, a constant-cone-angle
manoeuvre is somewhat analogous to a coordinated turn.

To understand how the cone angle and local acceleration vector vary with attitude during a constant-cone-angle
manoeuvre, an iterative process was used coupling the AlbatrossOne VLM model (including fuselage) described in
section[TV.A] with the [EoM| of a tethered aircraft (Eqn. (3)). For a given flight velocity, side slip and bank angle, a
minimisation routine was used to find the cone angle and thrust force required to ensure 57 = phi = 0 in Eqn. . As
shown in in Figs. [6| &[7} this process was executed across a range of velocities, and side slip angles. Figure[6]
shows that the cone angle and load factor are almost independent of the[AoA] which can be explained by considering the
balance of forces about the [CoM]of the as shown in Fig. ] The tension in the tether is not a constant, instead it
can "adapt’ to balance the forces acting through the[CoM| therefore as long as there is some positive tension in the tether,
tension and lift can be exchanged by changing the of the Hence, when constrained to a tether, a[JAV|can be
flown at multiple[AoAk at the same velocity and cone angle.

Figure 7] shows that the cone angle and load factor vary linearly with side slip angle. This effect is primarily due to
the change in F), from two sources. Firstly, at increased side slip angles the fuselage and vertical tail plane produce
increasing amount of side force, and secondly, at non-zero side slip angles the thrust vector has a component that
directly contributes to side-force. The magnitude of the thrust vector also increases with side slip angle to compensate
for both the reduction in the component of thrust in the x direction, and due to the increase in induced drag from the
fuselage and vertical tail plane. It should also be noted that the magnitude of these variations with side slip angle will be
highly dependent on the model being tested, and even Fig. [7]is likely to have under predicted the variations for the
AlbatrossOne model, due to the omission of any sources of drag other than induced drag. However, Fig. [7]highlights
that during static testing the maximum cone angle will be achieved at positive side slip angles, which will most likely
define the maximum speed at which a model can be tested.

In Figs. E] & the term "Grav. Angle" represents the angle between where the local acceleration vector, d, would
point in a coordinated turn, and the actual acceleration vector experienced on the tether. It therefore represents how
closely the loading of a constant-cone-angle manoeuvre represents that of a coordinated turn. Such considerations
would be particularly important when testing flexible [UAVE, as changes in this value will change how the structure
deforms under load.

Another important consideration when operating a[UAV]whilst constrained to a tether is the effect of flow curvature.
As the[UAV]travels through a circular path the flow field observed from the body frame of reference becomes curved.
This variation in velocity is described by Eqn. (3)), which is derived in appendix B. This curvature has been visualised
for two constant-cone-angle manoeuvres in Figs. [§] &[9] using the AlbatrossOne model as a example. These figures
show a variation in the flight velocity of ~ 5% from tip to tip as well as significant variations in both the [AoA| (~ 8 deg)
and side slip angle (~ 4 deg) between the nose and tail of the[UAV] Furthermore, the magnitude of these variations will
be a function of the cone angle. Considering the two extreme cone angles at a constant polar rate, £. Firstly, at a cone
angle of zero degrees the[UAV] will spin about its z axis, meaning there will be zero change in the and a 180 degree
change in side slip angle nose-to-tail. Secondly, at a cone angle of 90 degrees the will rotate about an axis parallel
to the y axis in the body frame of reference. Therefore, there will be zero change in side slip angle and a large change in
the[AoA|nose-to-tail. At cone angles between these two extremes there will be a sliding scale as to whether the flow
field is dominated by a change in the local [AoA]or side slip angle nose-to-tail.

These variations in the local flow field direction present both operational and experimental challenges. From an
operational standing, to ensure the aircraft can be trimmed in pitch during flight, either a large elevator angle must be
achievable, or the setting angle of the empanage must be adjusted to a negative angle. Additionally, the location of flow
measurement devices, such as the turning vanes and pitot-static probe at the nose of AlbatrossOne in Fig. [2] must be
accounted for when accessing the attitude of the model.

From an experimental perspective, this can lead to asymmetries between measurements on either side of the model,
and the location of any points of interest must be accounted for to ensure the correct local flow conditions are predicted.
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B. System Dynamics

To assess the effect of the tether on the dynamics of a[UAV] the[EoMk derived in section[[V] were utilised to calculate
the modal frequencies and dampings about fixed equilibrium positions. In total, three configurations were used:

1) The free-flight[EoM] were used, with the [UAV]in a steady-level-flight condition

2) The tethered [EoM]were used, with the[UAV]in a constant-cone-angle manoeuvre configuration

3) The tethered [EoM] were used, with the[UAV]in a constant-cone-angle manoeuvre configuration. Additionally, the

roll[DoF was locked, replicating locking the roll cage on the AlbatrossOne UAV, as shown in Fig[3|

In all cases, for a given velocity, the [EoM] were linearised about the equilibrium position by calculating an estimate of
the jacobian matrix, J, using a sixth order accurate numerical differentiation scheme, such that

> - b T
$=Jr, i= [q, q] (15)

The modal frequencies and dampings were then estimated by calculating the eigenvalues and vectors of the jacobian
matrix, J. The variation in the eigenvalues for the free-flight case across a range of velocities is shown in the root-locus
plot in Fig. [TI0a]in which each mode has been associated with the canonical aircraft dynamic mode it most closely
represents. Specific frequencies and dampings can also be found in Tab. [1] This particular model was characterised by
an unstable phugoid below 20ms~', an unstable roll subsidence mode below 23ms~!, and a marginally stable dutch roll
mode.

Figure [I0b] shows a comparison between the eigenvalues of both the free and tethered case, with modes three, four,
and five of the tethered case closely resembling the dutch roll, short period and spiral modes of the free case respectively.
In particular the spiral mode was generally unaffected by the tether constraint; the short period mode shows the same
qualitative trend, albeit less stable in the tethered case; and the dutch roll mode seems to be coupled with the short
period mode as it now becomes more stable with velocity.

However, there are significant differences in the first two modes for the tethered and free-free cases. The inclusion
of the tether constrains the vertical motion of a[UAV] and as such primarily effects the longitudinal modes. In particular,
the phugoid mode is significantly affected as it is characterised by an exchange of altitude with velocity. In Fig. the
phugoid mode of the free-flight case has transformed into mode two of the tethered case. Mode two is itself analogous
to a classical mode of a spherical pendulum, namely Airy’s precession [35]. This mode is characterised as an exchange
of cone angle and velocity across a cycle, and hence converts a constant-cone-angle, circular orbit, into an inclined
elliptical orbit. Airy’s precession can be thought of as a constrained phugoid, as the primary mechanism of both modes
is an exchange of kinetic and gravitational potential energy. As outlined in ref. [35]], and also present in this system, the
period of mode two in the tethered case differs from the time taken for a to travel through a polar angle of 360
degrees. As such the inclined elliptical orbit of a[UAV]will precess around the centre of the tether.

The characteristics of the roll subsidence mode in Fig. [[0a] are dramatically different then that of mode one in the
tethered case. In particular, this new mode is now oscillatory and is destabilised with increasing velocity. This new
oscillatory behaviour is due to a coupling between the roll angle of the[JUAV]and the cone angle, as a changing roll angle
will change the magnitude of the force acting perpendicular to the tether.

As shown in Fig. [TT] by locking the roll modes associated with this motion either disappear, such as the spiral
mode, or are significantly altered, such as the third mode which resembles some form of constrained dutch roll motion.
Additionally, the second mode, which is analogous to Airy’s precession, is now unstable across all velocities, with a
period of around five seconds. Indeed for other aircraft configurations the controllability of this mode may be a key
consideration when flying a|[UAV|on a tether.

In conclusion, operating a[UAV]on a tether, particularly with an unlocked roll cage, can provide a good representation
of the lateral stability of a[UAV] In the example of the AlbatrossOne[UAV]there is a distinct mode associated with each of
the 5 classical aircraft dynamic modes, with varying levels of correlation, due to the constraints and couplings imposed
by the tether. Overall, the repeatable environment provided by the tether provides a good opportunity to both assess the
lateral stability of a[UAV]and to tune a dynamic model to provide greater confidence in the free-flight stability of a[UAV]
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Fig. 10 Stability analysis for the free flying and tethered AlbatrossOne model (tether length L = 23 m). In
green the free flying modes.
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v=20 m/s v=26 m/s v=30 m/s

fit e fit ’ fit e
Phugoid 0.08Hz 0.02 | 0.08 Hz 0.06 | 0.08 Hz 0.07
Short period 0.78Hz 047 | 1.06Hz 047 | 1.24Hz 0.46
Dutch roll 049Hz 0.17 | 0.57Hz 0.13 | 0.64Hz 0.12
Roll subsidence | 63 s (U) - 78 s (S) - 47 s (S) -
Spiral 0.14 s (S) - 0.1s(S) - 0.1s(S) -

Table 1 AlbatrossOne stability modes properties at three different velocities. f= frequency, 7 = time constant
for nonoscillatory modes and ¢ = damping. (S) = stable, (U) = unstable.

v=20 m/s v=26 m/s v=30 m/s
Af AL Af AL Af A
3" mode (Dutch roll) -10% -12% | +8%  +15% | +14% +25%
4™ mode (Short period) | +8%  -42% | +11% -42% | +12% -41%
Table 2 Comparison of similar oscillatory modes for the free flying and tethered free roll configurations.

VI. AlbatrossOne Flight Test

This section provides an overview of the results from the tethered testing conducted with the AlbatrossOne model,
as described in section[ITI, and is designed as a test case to highlight some of the capabilities of testing a[UAV| whilst
constrained by a tether.

Figure|12|shows a comparison between the cone angle and loading factors predicted using the constant-cone-angle
assumption developed in section {[V|and those of an example flight test of the AlbatrossOne model. In the experimental
data the cone angle was approximated using the measured bank angle of the internal gyroscope. Between a
velocity of 5 and 16 ms™! there is a good match between the two data sets, with this region representing the time between
launching the model and getting up to the test velocity. Beyond 16 ms™!, a test was conducted in which both the AoA
and the side slip angle were varied significantly, and some dynamcis manouvres were conducted, resulting in larger
variations of all 3 parameters in Fig. Overall, this figure shows that the equation’s derived in section[[V]provide a
good approximation of the achievable flight envelope of a tethered

One of the primary aims of this test program was to develop an understanding as to how the coast angle of both the
left and right folding wingtip (the angle at which the wingtips are statically stable) varied with both[AoA]and side-slip.
To do this the model was flown at a constant speed whilst incrementally varying both the [AoA]and side-slip angle of
the model. This test was repeated for both the FWT32 and FWT37 wingtip configurations, as described in section
Figure[I3]|shows an example variation in side slip and velocity during a test of the FWT32 configuration. The
values in Fig. [13|have been corrected for flow curvature effects so that they represent the side slip angle and
velocity at the of the[UAV] Each test was flown manually and was limited by the battery capacity of the [UAV]
therefore it was difficult to maintain a constant velocity across the entire test matrix, with Fig. [13|showing up to a 15%
variation in speed across the test.

Figure[I5a)shows a comparison between the left and right coast angles for both the FWT32 and FWT37 configurations
across a range of attitudes. Considering first a side slip angle of zero degrees, increasing the [AoA]of the [UAV]increases
the lift produced by the wingtips, therefore the coast angle must increase to reduce the local[AoA]on the wingtip and
maintain the same moment about the hinge, as shown experimentally in Fig. [T5a] Cheung et al. [24] approximated this
change in the local with fold angle as

Aa = — arctan (sin A sin 0) (16)

Therefore if the flare angle of a wingtip was smaller we would expect to see larger coast angles, as a larger fold angle is
required to get the same change in local with the opposite being true for larger flare angles. This variation in
the flare angle can also be achieved by changing the side slip angle of the model, with a positive change in side slip
increasing the effective flare angle of the starboard wingtip and decreasing it on the port wingtip. For a constant[AcA]
this would have the effect of reducing the coast angle of the starboard wingtip and increasing it on the port wingtip, as is
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shown experimentally in Fig. [T5a] With the opposite also being true for negative side slip angles. Additionally, Fig. [T54]
shows that the coast angle of the port wingtip is slightly lower than that of the starboard wingtip at zero side-slip, which
is due to the varying local velocities experienced by each wingtip.

To model this numerically, the [EoM]derived in section[[V]were loosely coupled with an additional [EoM|for each
wingtip

N
o o 2 o =2\ o s
mf|rf—r0(r0~rf)| 0; =7 - Z(erFj)+rf Xmyd 17)
=1

where: the i wingtip is modelled as a point mass m # adisplacement 7y away from the hinge line; F ; is the force from
the j vortex filament which is a displacement 7 '+ from the hinge line and N is the total number of vortex filaments on
the wingtip; a is the inertial acceleration vector experienced by the i wingtip; and 7, is the unit vector in the direction
of the hinge line. All of these terms are defined graphically in Fig. [T4]

By first using the process outlined in section [[V] to calculate the required thrust for a given [UAV] attitude in a
constant-cone-angle manoeuvre, the coast angle of the left and right wingtips can be calculated by finding the fold angle
at which the right-hand-side of Eqn. (I7) is equal to zero. Note that at each step in this minimisation process the vortex
lattice mesh of each wingtip is rotated about the hinge line by the required fold angle, and the aerodynamic influence
matrix recalculated. It is also interesting to note that the local acceleration vector, @, on each wingtip differs due to the
differing centripetal accelerations experienced at different locations on the [JAV]

This process was completed at a range of and side slip angles. To account for the varying velocity in the
experimental data, the flow velocity at each attitude was calculated using a surface fit of the experimental velocities,
such as shown in Fig. [I3] Figure [I3b|shows the resulting numerical variations in coast angle with attitude. These
results are qualitatively similar to those measured experimentally, with an increase in side slip angle increasing the
coast angle of the port wingtip and reducing it on the starboard wingtip. Additionally there is a smaller variation in
coast angles for the FWT37 configuration in both data sets. There are however some key differences between Figs.
[152a) & [15D] Firstly, at zero side slip angle there is a much larger variation in coast angle with[AoA]in the experimental
data. These differences may indicate that the underlying shape of the wing used in the VLM model may be incorrect, in
particular there was significant uncertainty in the twist distribution of the wingtip. Equally, Eqn. (I7) does account for
any bending or twisting of the inner wing, albeit the AlbatrossOne wing was design to be particularly stiff [32].

Secondly, there is a noticeable kink in the experimental data for both wingtip configurations at around +5 degrees
side slip angle. Beyond this kink the coast angle increases more rapidly towards 90 degrees. This effect is not captured
in the numerical model and the cause is currently unclear, although it is presumed to be due to either 3D aerodynamic
effects such as stall on the wingtip or fuselage, or a flaw constant-cone-angle assumption, leading to an under prediction
of the local side-slip angle on the wingtips.

Starboard Wingtip

mf .
vortex ring

Hinge line

ot

Ui

Flow Direction

Fig. 14 A graphical representation of the forces acting on a folding wingtip
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Considering again Eqn. (T6), as the flare angle of a wingtip is reduced the relative change in the local [AoA] with fold
angle will also reduce, until at a flare angle of zero degrees there is no change in the local[AoA] and the wingtip will
become neutrally stable ( when ignoring gravitational forces ). As you further reduce the flare angle the wingtip will
become unstable. Destabilising the wingtip can also be achieved by changing the side slip angle of the aircraft, reducing
the effective flare angle of the hinge. The side slip angle at which the wingtip becomes unstable, which will be called
beta-critical, is an important property to calculate for a[UAV] with[FFWTE. Conti et al. [36] suggested the beta-critical
was equivalent to the flare angle, which is the only current estimation of this value in literature.

In the tests presented in Fig. [T5a]a mechanical stop had been attached to the wingtips, preventing the fold angle
from going above 85 degrees. However, in a later test this ’stop’ was removed, allowing the wingtip to fold on top of the
inner wing if it became unstable, as shown in Fig. [If]- it seems important to note that conducting such a test with the
[UAV]in free-flight would have most likely ended with its destruction. During this test the starboard wingtip became
unstable three times, at an average side slip angle of -8.5 degrees, and the port wingtip became unstable three times, at
an average side slip angle of 10.5 degrees. Both of these estimation of the beta-critical angle are significantly below the
flare angle of the wingtips (17.5 degrees).

The stability boundary of the numerical model could be predicted by looking at the sign of the derivative of Eqn.
(I7) with respect to the fold angle. However, beta-critical angles were found to always be close to the flare angle.
Therefore, this significant reduction in the beta-critical angle is a topic for further discussion, and is believed to emanate
from the same physical phenomena that causes the kink in Fig. [T53] as discussed previously.

More anecdotally, it is envisaged that[FFWTk would typically be locked in flight for optimal cruise performance,
whilst unlocked during manoeuvres and gust encounters to alter the dynamic behaviour and reduce peak wing loading.
Such a system has been integrated into the AlbatrossOne [UAV]and is the so called Semi-Aeroelastic Hinge (SAH).
Flying the[UAV]on the tether provided a good test environment for such a system, with Fig. [T7showing a time history of
the right wingtips fold angle during a wingtip "release and recovery". By testing such a system on the tether the effect on
the aircraft’s dynamics could be assessed, as well as failure conditions, such as if only one wingtip was released. Overall,
testing a[UAV] whilst constrained to a tether provided a good environment for testing system integration, at the level of
the entire[UAV] in a safe and controlled manner. Indeed, the last test conducted with the AlbatrossOne model was of the
parachute recovery system, giving the the team confidence if this system was ever required in a free-flight scenario.

Wingtip has folded up
onto the inner wing

P R

Fig. 16 Images of the UAV at large side-slip angles, with and without a mechanical stop of the wingtips.
Copyright ©2021 Airbus
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VII. Conclusions

This paper presents a novel method for testing a[Unmanned Aerial Vehicle (UAV)|by constraining it motion by use
of a tether, resulting in controlled cyclic and elliptical flight paths. The [Equations of Motion (EoM))|of a simplified,
fiveDegrees of Freedom (DoF)| model of this system are derived herein. The are then used to characterise the
static and dynamic testing capabilities of such a rig, with a particular focus on: a constant-cone-angle manoeuvre in
which the height of the UAV remains constant whilst flight parameters such as the|Angle of Attack (AoA)|and side slip
angle can be varied independently; how the tether changes the dynamic response of the[UAV]and how this relates to the
free-flight modes. Results from such an experiment with the AlbatrossOne[UAV]are also presented, which aimed to
use this novel testing method to characterise the effect of side slip on the equilibrium position of free floating hinged
wingtips, with good correlation found between both experimental and numerical predictions, and experimentally push
the boundaries of the flight envelop to verify the stability boundary of such a device. Conducting such testing in a
free-flight condition would risk destroying the aircraft, and as such tethered flight testing is presented as an attracted
alternative or complement to more traditional techniques of testing [UAV.

Appendix A: Full Form of the Equations of Motion of a Tethered Aircraft
As detailed in section [[V]the final form of the [EoM]of an aircraft constrained by a tether are

M (q.4)d - f (a.4) =& (q.9) (18)
where the mass matrix, M, is defined as
Wmsin® (o) 0 0 0 0
0 h*m 0 0 0
0 0 M3 —1y sin (B) M3s (19)
0 0 —Iyysin(B) Iyy 0
0 0 M35 0 Ly sin? (@) + I cos? (@)
where
M33 = Iy cos® (@) cos? (B) + Iy sin” (B) + I, sin® (@) cos® (B) (20)
(~Lex + Lz) (sin (20 = ) +sin (20 + )
Mss = 7 (21)

the conservative force vector, f, is defined as

h*m sin 20)oé
hm (g — hcos (0')5'2) sin (o)
0 22)
0
0

and the external force vector, g is defined as

—h (—Y sin (B) + Z sin (@) cos (B) + (X + 7) cos (@) cos (,B)) sin (o-)-
82
L cos () cos (B) — M sin (B) + N sin (@) cos (B) (23)
M
—Lsin (@) + N cos (@)
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where

g2 =— Lcos (@) cos (B) + M sin (B) — N sin (@) cos (B) (24)
+h (Y cos (B) cos (1) + Z (sin (@) sin (B) cos (¢) — sin (¢) cos (a))) (25)
+h ((X +7) (sin (@) sin (¢) + sin (B) cos (@) cos (/,l))) (26)

Appendix B: Derivation of the Body Velocity of a Constrained UAV
Given the generalised coordinates, ¢, for a constrained by a tether

T
i=|&o.mp9| @7)
and the definition of the 4x4 homogeneous transformation matrix
Rup ﬁ ab
H,b=| > 28
a 5 ) (28)

which describes the transformation from reference frame a to reference frame b by first translating the origin by the 3x1
vector pp, and then rotating the coordinate system by the 3x3 rotation matrix R,;. The homogeneous transformation
matrix between the spatial frame and the tether frame of reference can be defined as

Hy; = Hgz(§)Hpx (7 - 0)T(0,0, h) (29)

where Hg,, (m) represent the homogeneous transform for the rotation about the n’th axis in the anticlockwise direction
by an angle of m radians, and T'(x, y, z) represents the homogeneous transform for a translation by x, y and z along there
respective axes. Furthermore, the transformation matrix between the spatial frame and the body frame can be defined as

Hyp, = HstHRx(/J)HRz(ﬁ)HRy(a)T(x’ y,2) (30)

The local velocity of a point X;, in the body frame of reference can then be calculated using the notion of the body
velocity, Vf’b 1371
Vb = VO 3, = H Hyp X 31
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