Capturing nonlinear time-dependent aircraft dynamics
using a wind tunnel manoeuvre rig

Abstract

This paper considers a novel multi-degree-of-freedom dhyoananoeuvre rig,
with the aim of assessing its potential for capturing aftareodel nonlinear time
dependent dynamics in the wind tunnel. The dynamic maneetityicapabilities
are demonstrated via a series of experiments involving aefreoctraft in a closed
section low-speed wind tunnel. A series of open loop expenisishow that the
aircraft model exhibits nonlinear time dependent dynamitis nonlinear be-
haviour manifests itself as limit cycle oscillations thatiease in complexity with
the number of degrees-of-freedom in which the aircraftlswad to move. Two
real-time closed loop control experiments further illagtrthe manoeuvre rig po-
tential: first, using a pitch motion configuration, an expent is conducted to
investigate the limit cycle behaviour in more detail, aliog/the stability prop-
erties of the pitch oscillations to be assessed; secondiggua 5-DOF motion
configuration, the test motion envelope is extended by usitmmpensating feed-
back control law to track the aircraft’'s roll motion. Togeththese experiments
demonstrate the manoeuvre rig potential to reveal aira@itinear and unsteady
phenomena.

Keywords: wind tunnel, dynamic testing, limit cycle oscillationsfuoications,

nonlinear dynamics, aerodynamic hysteresis
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1. Introduction

Since the 1920’s, wind tunnel dynamic testing has been résed as an es-
sential tool for flight dynamics. Ever since, the challengs heen to capture the
behaviour of a model of the aircraft while mounted in the ®innAs an early
example, in 1922, a continuous rotation balance was degdlbp Relf and Lan-
vender at the Royal Aircraft Establishment in the UK, firat fieeasuring rolling
moment|[37] and then both the pitching and yawing momentsidaagular ve-
locity of roll [21]. Another example is the work by Nicolaisend Eikenberry
who measured the static and dynamic aerodynamic charstatenf statically sta-
ble and unstable missiles using two free oscillating rigs;[2egree-of-Freedom
(DOF) pitch motion rig and a 3-DOF roll, pitch and yaw motiag [28]. In
1981, Orlik-Ruckemann presented a review of the existinghtiinnel techniques
for determining dynamic stability parametersi[29], inachglboth unconstrained
models capable of providing thrust in free-flight and, marmemonly, models that
have no thrust capability and hence require constraintselverently, Huang and
Wang presented a summary of the historic development ofrdimiesting tech-
niques and reported the state of the art capabilities of miymavind tunnel rigs
[16], concluding that novel constraining mechanisms tHatethe model to have
multi-DOF motions have the potential to significantly entenapabilities for dy-
namic testing.

Concentrating on captive models, a forced oscillation &g been used at
the 14 x 22 subsonic wind tunnel at NASA Langley Research Center toystud
how unsteady aerodynamicffect aircraft flight dynamics [5] and then to esti-
mate the unsteady aerodynamic parameters [24] of a 10% BeHeXL model.

Using the techniques developed for fighter aircraft, redehas been carried out
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to characterise the non-linear and unsteady aerodyndteitt® of large transport
aircraft in conditions beyond the normal operating envel{i®, 11/ 13} 19, 23,
25,26/ 34, 41]. Modelling of post-stall flight dynamics ampisdynamics of large
transport aeroplanes using data obtained from staticedfooscillation and rotary
balance wind tunnel experiments has been performed by NRSA Moreover,
using static and forced oscillation wind tunnel experinseatmathematical model
which describes the longitudinal dynamics [25] and ther&tdirectional dynam-
ics [26] was produced. Owemsal. provided an overview of the dynamic testing
facilities available at NASA Langley Research Centre [30].

More recently, the lift and drag forces of a generic unmargwdbat air ve-
hicle were characterised using static and forced osahaesting and then com-
pared to CFD results by Cummingsal. working at the Department of Aero-
nautics at the USAF _[9]. In the Central Aerohydrodynamiditoge (TSAGI) in
Russia, wind tunnel experiments were carried out to ingagtithe &ect of icing
on the longitudinal steady and unsteady aerodynamic cteaistecs of an aircraft
model [17]. In the Lu Shijia Laboratory at the Beihang Unsigrin China, the
aerodynamic characteristics of a delta wing at high andiestack were studied
through pitching oscillation experiments in a water chafibig]. In the German-
Dutch Wind Tunnels, a novel dynamic testing rig known as tteelM Positioning
Mechanism (MPM) was developed for standard static tesgnmynd éfect sim-
ulation, manoeuvre simulation and forced oscillationitest The MPM allows
for 6-DOF motions of model aircraft rigidly mounted to a stiand has been used
to identify dynamic derivatives [35] and to simulate comypteanoeuvres of a
X-31 model [36]. It has also allowed the deployment trajeetof rigid bodies

launched from a generic military transport aircraft moddbe identified/|[22] and
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for static and forced oscillation testing of a generic swejosty unmanned com-
bat air vehiclel[39, 46—50]. A rig developed at Cranfield msity allows for
dynamic testing of aircraft models in roll, pitch, yaw andtieal translation and
has been used to study the stability and control charattsrisf a Y12 scale BAe
Hawk model for small amplitude motions [7, 8]. Most of thesehniques are
used for aerodynamic characterisation utilising a redédyivow number of DOF.
This results in a need for complementary wind tunnel tealesdgor multi-DOF
aerodynamic characterisation and flight control law dgwelent and evaluation.
At the University of Bristol (UoB), the ‘manoeuvre rig’ hagén developed
specifically to extend ground testing capabilities ffieetive flight characteristics
prediction, control law design and evaluation and incrdagmd-tunnel testing
productivity. Using the rig, the model is attached via a gaitio an arm which
itself is attached to ground via a second gimbal. It allovesdiicraft model to be
tested in up to five degrees of freedom with motions impartadts own control
surfaces, and with an aerodynamically-driven compensatiot attached to the
rig arm. This unit allows forced oscillation tests and theegmtial for dynamic
compensation of the rig motions so that the model can behay&jnciple, as
if it were in free motion under those DOFs. The resulting ‘gilogl simulation’
allows for the observation of aircraft behaviour, incluglitme influence of non-
linear andor time-dependent aerodynamics such as that responsittlesfonset
of upsetdeparture; and the motion data from such tests — or from domoetions
driven by the rig compensator system — can then be used tp @arparameter
estimation for mathematical model development. A similDGF rig has been
developed at IIT Kanpur to simulate free flight manoeuvres délta-winged air-

craft model in a wind tunnel and to estimate simulation mg@aedmeters|([33]).
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In this paper, using the manoeuvre rig as a case study, wesdisice potential
experimental investigations that such rigs allow and homlinear time dependent
flight dynamics can be observed. After presenting the riglaonddly discussing
its capabilities in Sectiohl 2, we build on previous work afitag aerodynamic
data [31] and characterising the oscillatory longitudipisch and heave motions
of an aircraft model [32] by demonstrating how equilibrialdimit-cycle oscilla-
tions (LCO) in heave and pitch can be identified along withsiygaratrix between
solution types (Sectidd 3). We demonstrate that the robsstaf such oscillations
as further DOFs are added can be investigated and revefothia¢ aircraft model
investigated there is a strong pitch-roll coupling (Set#). Section b discusses
the potential insights than can be gained when 5 DOF are kedband looks at
the use of compensating feedback control laws for traclafignotion. This dis-
cussion is then extended to consider the potential for Usirng measurements to

further enhance its control. Finally, Sectidn 6 providesatoding remarks.

2. Experimental Platform

In discussing the potential of dynamic testing of captivedeis in the wind
tunnel, we select the UoB manoeuvre rig as a case-studyamabtyf and consider
the types of testing that can be conducted, giving some ebearapults. In this
section we introduce the manoeuvre rig and then overviewytes of testing it,
and similar rigs, can be used for and the insights these aander.

Using the manoeuvre rig the aircraft model is supported ofD&OF gimbal,
the model gimbal, which can allow roll, pitch and yaw motioeative to the
gimbal mount. This gimbal is attached to an arm which itselfnounted — via

another 3-DOF gimbal, the arm gimbal — on a fixed verticaltsialted to a rigid
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structure below the tunnel working section floor. This armmigal provides arm
roll, arm pitch and arm yaw (see Figurel 1a). The arm pitch andyaw pro-
vide approximate aircraft heave and aircraft sway moti@stown in Figures
[2d to[2f. Note that due to the finite arm length, the model ginmbaves in an
arc; this contributes kinematic coupling between the rigiams and those of the
aircraft model. The 3-DOF model gimbal sits at the upstreathd the arm (see
Figure[1a), with the rig compensator located at the dowastrend. This gim-
bal connects the arm to the aircraft and allows for aircmalft aircraft pitch and
aircraft yaw, as shown in Figurés]2alid 2c. Whilst both giraliatorporate roll
degrees of freedom, they rotate aboutatient axes: the model body axis for the
arm gimbal and arm longitudinal axis for the arm gimbal; tagdr will make
additional contributions to the roll and yaw componentsotétion in model body
axes. Despite the availability of six rig DOFs, these aresmgred to imbue the
model itself with a maximum of 5 DOFs: there is no unconsedifore-aft model
degree of freedom (its translations in this sense are coergsrof motion along
the spherical surface prescribed by arm rotations in yawpéet). Note that the
gimbals allow for motions about individual axes to be lockedthat the rig can
be configured with DOFs ranging from zero (static) to five.

An approximate BAe Hawk aircraft model was used to carry batexperi-
ments presented in this paper. A representation of the Hasdeirmounted on
the manoeuvre rig can be seen in Fidure 1la. Figure 1b showigtiveen installed
inthe 7 x 5 closed section wind tunnel. A safety cable system can beroéide
in the background: this is used to restrict the rig’s sway la@ave motions.

The 3-DOF arm gimbal angular displacements are measured psiten-

tiometers, while those of the 3-DOF model gimbal and therobisurfaces from
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Figure 1: The University of Bristol's manoeuvre rig: (a) 8B manoeuvre rig schematic and (b)

rig mounted in the 7x 5’ closed section wind tunnel.

the compensator are measured using absolute digital ersco@kee aircraft ori-

entation relative to tunnel (Earth) axes can also be obddoen an inertial mea-
surement unit (IMU) mounted in the aircraft model. The aagudlisplacements
of the aircraft model control surfaces are measured usiegdttentiometers em-

bedded in the servo motors. The characteristics of the m@tﬂnematic
]

() % (b) l (c) I

equations and dynamic model have been reported previ

Figure 2: Manoeuvre rig 6-DOF motions: (a) aircraft roll) @rcraft pitch, (c) aircraft yaw, (d)

aircraft extended roll, (e) aircraft heave and (f) aircsafty.

The rig can be used for various types of testing, which argsdiad for con-
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venience as follows.

Rotational DOFs only; model gimbal free with arm gimbal |ocked:

This can range from 1-DOF to 3-DOF, depending which modebgiraxes
are locked and which are free. Motions are driven by airgreftiel control
surfaces or potentially by an external disturbance suchgastgenerator.
Note that forced-oscillation experiments can be conduass#ag the model
control surfaces to acquire dynamic stability derivatii@s43], as well as

unsteady aerodynamic characteristics [17].

A single-DOF pitch-only test is often a useful starting gdor dynamic
testing: motions reflect the approximate short period madeafconven-
tional aircraft model configuration. Using all 3 DOFs rewehEhaviour

indicative of the ‘fast’ modes (short period, Dutch rollllreubsidence).

Tests can examine stability of the modes and, where rollcangw are
free along with pitch, indicate asymmetry and coupling ofgibudinal with
lateral-directional dynamics. This can be done by ‘flyinge tmodel with
random or specified control surface inputs and recordingdsponses —

so-called ‘physical simulation’.

Aerodynamic models providing dependence of loadsrpa and rotation

rates can be derived using parameter estimation.

Angular rate and stability augmentation controllers canrbplemented,

evaluated and tuned.

If a load cell is incorporated into the rig, between the endhefarm and

the aircraft gimbal mount, then static and dynamic lift if@gents can be

8
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measured about fierent equilibrium (trim) points.

Rotational DOFs only; model gimbal rotational DoFs free with arm gimbal

unlocked inroll:

e The arm and gimbals are designed so that the axis of armantatiroll

passes through the model gimbal centre; therefore, frabisglegree of
freedom, in addition to any of the model-gimbal DOFs, pregién addi-
tional rotation — about the arm axis — and no associatedl#ims of the
model. This does not add any further DOFs over and above thiode
model gimbal but, importantly, the arm can rotate contiralpwhereas the
model-gimbal rotation in roll is constrained by hard lim{ts42’ at zero
pitch angle). Video 01 (see supplementary material) sho3«®&®F exam-
ple experiment in which the aircraft is free to move in roltch, and yaw,
with the motion driven by its control surfaces. The manoeuwig tracks
the roll motion using feedback control to extend the aittgabll motion

envelope.

In this configuration, the rig compensator control surfacas be used to

drive the arm roll (forced rotatigoscillation); alternatively, where model
control surfaces are used to drive model motions, the cosgtenmust be

used to provide for roll responses larger than the model gitirbits. This

is explored in Sectionl5.

Physical simulation, aerodynamic model parameter estimaind control
law evaluation can all be conducted as in the rotation-oedyst (with the

additional option of forced motion in roll via the comper@at Similarly,



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

if a load cell is fitted between the arm and model gimbal thecd@and mo-
ment measurements can be made. An example of this is showdeo G2

(see supplementary material), where the rig is set-up ilD&®%-configura-
tion, i.e. aircraft roll, pitch, yaw and approximate heanel away motions,
with extended rig-roll motion. In this case the aircraft tohsurfaces drive
the motion, while the aerodynamic compensator is used tqeosate the

rig roll dynamics via feedback control.

Rotational and translational DOFs, model and arm gimbals unlocked in at
least one DOF:

The same types of testing as above can be conducted, withr dro¢to'trans-
lational’ DOFs free, namely model heave through arm pitcd arodel sway
through arm yaw. The latter introduce further options fompensator-forced
model motions or rig compensation. Application of rig comga&tion requires
measurement of the reaction force between the aircraft haodethe rig arm (via
a load cell); the ffect of rig geometric constraints, kinematics and inertigd@s
(and in principle also aerodynamic and structural dynajmnghe rig-aircraft dy-
namics are then miminised by feeding back the reaction fiortlee aerodynamic

compensator [27].

e A 2-DOF test with model-gimbal pitch and arm pitch allows asdr ap-
proximation to the short period dynamics of a free aircraftle than rota-
tion only. It also allows for separate estimationaofndq stability deriva-
tives. Furthermore, even without a load cell, static lifads can be esti-
mated through the compensator model when the latter is odwddnce the
system|[15]. When the model is driven by its onboard contrdbses or ex-

cited by an external device such as a gust generator, theszagr can be

10
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used to apply compensation for the influence of the rig on rnoeleaviour

or alternatively to force model motions (e.g. for parametdimmation).

e A 2-DOF test with model-gimbal yaw and arm sway mirrors thewesin

the lateral-directional sense.

¢ All the aforementioned configurations can be combined tmfearious 2-,
3-, 4- and 5-DOF test condition. The more degrees of freedwengo
the system, the more representative the coupling betwewgitlmlinal and
lateral-directional motions and the closer the responsdhdt of a free-
flying model — including the onset of phenomena such as stgthanetry
and upset. As before, the behaviour of the aircraft modelbsaaxplored
by physical simulation and parameter estimation, conas tlesign, etc.

carried out.

Recent applications of the rig have been aimed at asseswnigwvel of in-
teraction between the filerent DOF as nonlinear phenomena appear, exploring
the compensation of roll motion using the aerodynamic camegtor (Figuré_la)
[3], investigating aerodynamic hysteresis utilising adieggck control law to track
the aircraft’'s equilibria [15] and studying thé&ects of geometric constraints on
the coupled rignircraft dynamics by feedback of load cell reaction forcasuze-
ments to the compensator control surfaces [27].

Next, Section§]3 arld 4 present experimental results exgloronlinear time
dependent flight dynamics and how these dynamifferdas diferent DOF con-

figurations are used.
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3. Aircraft Pitch Equilibria and Limit Cycle Oscillations

This section presents results from experiments carrietboexplore the LCO
behaviour in a 1-DOF aircraft pitch configuration. Suchdesin reveal the influ-
ence of complex flow phenomena on longitudinal behaviogtuoting changes in
stability, associated bifurcation phenomena leading t®laDd resulting hystere-
sis dfects. Similar 1-DOF tests have been carried out before [@2g). but this
was prior to the rig refinements which provide more accurad@asurements of
control surface angles and model rotation rates, henceialjpa more thorough
study. Then, building on these results, the investigasoextended with a series
of tests where a feedback control law is used to study thdlisgatharacteristics
of the equilibria and LCO.

Pitch LCO for this aircraft model were first reported by KyRO[, where a
pendulum rig in a 1-DOF pitch motion configuration was usedttaly the dy-
namics of the aircraft model. The LCO behaviour was moddie@avison [12]
using hyperbolic tangent growttecay functions to transition frgto equilibria
and sinusoidal functions to model the shape of the LCO. Sjuzssly, using the
earlier manoeuvre rig configuratH)'m 1-DOF and 2-DOF configurations, analy-
sis and modelling of the LCO behaviour was carried out byifadh using con-
tinuation and bifurcation tools [32]. This involved the idiication of parameters
in an unsteady aerodynamic model, along with a friction nhadeorporated in
the equations of motion so as to provide as close a match afhot the limit

cycle characteristics and bifurcationary structure olesgin the experiments.

This configuration did not provide direct measurements efrtiodel control surfaces and

rotational rates (and the aircraft gimbal was 2-DOF rathent3-DOF).

12



247 More recently, experimental exploration of the LCO behaviosing an up-
«s dated version of the manoeuvre rig was carried out [3]. Tleeperiments were
29 conducted to further explore the lateral-directionaliatéion between the fier-

0 ent degrees of freedom as nonlinear phenomena appear fsstved by Pattin-

s sonet al [31], despite the absence of direct measurements of the lInaddn

m
ail’

252 elevatorsy, and ruddew;y, or rotation rate9m, gm, rm) and to explore roll

3 Motion compensation using the aerodynamic compensatarotsarfaces.

254 All the results presented throughout this paper are froneexgents carried

s OuUt in the 7 x5 closed circuit wind tunnel at the University of Bristol at @

6 Sspeed of 30 ns. It will be shown that the rig refinements and incorporatién

7 feedback control methods provide improved results thanréwipus studies: in

s particular, the fects of unsteady flow phenomena are able to be observed in more
0 detail, including separatrices between stable solutioiseamore complex LCO

260 Structure.

1 3.1. 1-DOF Aircraft Pitch LCO

262 First consider the configuration in which the aircraft issfte move in pitch
3 and the arm is locked in its horizontal position, i.e. the @fDaircraft pitch con-
¢ figuration (Figurd 2b). Figure Ba shows the response of thekHaodel in the
s time domain when the elevator angle demand is ramped sloaty zero to-28°

s and then back to zero. This is a logical first step in this typtesting, where a
27 control surface is used to provide inputs to model motioe: rssponse to a suf-
s ficiently slow ramp-type input can be regarded as quasdgtead the measured
0 results are therefore able to be presented both as timeibgstnd in a less usual
20 format — an experimental bifurcation diagram.

o The elevator respongg, is shown in Figuré 3a(i), with the aircraft pitch angle

13
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6m and the pitch ratey, shown in Figureb 3a(ii) aridd Ba(iii), respectively. Notettha
in this 1-DOF configuratiord,, is the model angle of attack. Five regions where
pitch LCO occur can be identified by studying #hgeandq,, plots, namely in the
periodst ~ 50s,t ~ 100s, 120t <180s, 300« t < 350s and ~ 400s. In
the following discussion the first and fifth of these regionl e referred to as
low @ LCO, and the second, third and fourth regions as bidCO. The aircraft
higha LCO response while in this configuration is presented in tippkementary
video file Video 03.

An alternative way of studying the LCO behaviour is by preésgnthe system
steady state dynamics in the form a bifurcation diagram.eNloat equilibrium

(fixed-point) solutions shown in bifurcation diagrams mayrbegarded as trim

ming points [17]. For an overview on bifurcation theory aislapplication to
aircraft dynamics analysis the reader is referred to Goebah[14], Thompson
and Macmillen (eds.).[45] and Sharregal [42]. Using the data shown in Fig-
ure[3a, the aircraft elevator is taken as the bifurcatioapater. Taking only the
points wherdqqy| < 5°/s, i.e. where the rate can be thought of as approximately
the zero-rate points, an experimental bifurcation diagiaobtained as shown in
Figure 3b. Here, the data points represent stable eqailiodimit cycle minimum

and maximum amplitudes. By applying a smoothing post-msiog lag-free fil-

ter to this data, some of the features of the LCO are easiebderve. This is
shown in Figuré 3c. The filter used here was formulated bygdatekar and it is
based on a 15-point symmetric low-pass digital filter depetbby Spencer [18].

In Figured 3b anfl 3c data in blue represent values correspptwa decreasing
aircraft elevatopy, sweep, while data in red represents values corresponding to

an increasing one. The black solid line represents stabidlatp while the black

14
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Figure 3: 1-DOF aircraft model pitch experimental data:tif@g histories, (b) point cloud bifur-

cation diagram, (c) smoothed bifurcation diagram and (@i structure of bifurcation diagram.
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dashed line represents unstable equilibria; these itigér lines were superim-
posed onto the experimental data to aid its interpretatiora(tempt was made in
this work to determine the unstable solutions experiméptal

The first of these features is a small LCO at l@wver the regior-5° < 63, < -2°
and 3 < 04¢ < 7°, corresponding to those observed arotird50 s and ~ 400 s
in Figure[3&4. The second LCO, the highLCO, can be observed over the re-
gion -22 < 3, < —-10°. Aerodynamic hysteretic behaviour exhibited by the air-
craft model used for this test can be observed over the reg@h < 6, < —16°
and-13 < 6, < -115°. In this region the large amplitude LCO is only ob-
served during the decreasing elevator deflection part degte When studying in
greater detail the plot corresponding to the aircraft @@vimcreasing deflection
in the region-18° < ¢y, < —16°, evidence of an ‘inner’ LCO can be observed.
The characteristics of this LCO are discussed in Sectidn8d?e that the inner
limit cycle might extend further in the pitching up direatidue to hysteresis. It
would be possible to investigate this by switching the expent to a pitch up
ramp at the point where this solution is reached and theaviatig it, but this was
not part of the testing schedule for this study.

Based on the features described before, the likely straatithe bifurcation
diagram is sketched in Figurel3d. The sketch shows five fesitistable equilibria
in solid black line, unstable equilibria in dashed blaclelistable LCO branches
in solid green line (at low and high), high @ unstable LCO branches in dashed
green line and a stable inner branch also in solid green line.

The two LCO regions — one arourtl= 5° (low a) and the other starting
atg = 15° (high @) — have been reported before [12) 20, 32]. However, a new

feature has been identified here: the results suggest thieeze of an inner LCO
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within the hysteretic region of the higla LCO. The hysteresis phenomena in
this region were studied in_[15] and found to be associated am asymmetric
separated flow structure on the wings. It was shownlin [1],dsfihg at non-
zero model yaw angles, that this hysteretic behaviour iagwesd over a range of
sideslip angles (although their extent does vary notiggatilis suggests that the
existence of these structures is robust to the flow conditoori their characteritics
are dependent on them. The lan.CO, on the other hand, disappears for larger
sideslip conditions, indicating that it may be linked toda$ longitudinal stability
due to shadowing of the tailplane. Results from a similar ves with non-zero

rig yaw angles will be shown in Sectién 4.1.

3.2. 1-DOF Aircraft Pitch: Equilibria & LCO Sability

To investigate the characteristics of the LCO in more detad to demonstrate
the manoeuvre rig’s capabilities for aircraft control laes@yn and aerodynamic
modelling, a series of closed loop tests using the Hawk modghlled on the
manoeuvre rig in a 1-DOF model pitch configuration were pentxd. In these
tests, the Hawk model elevator was used as the control Variah feedback
control law implemented in Simulifkwas used to both set the nominal pitch
angle and then stabilise the aircraft pitch motion. A simiteethod to the one
presented here was used by Gan@l [15] to track the equilibria of pitch-only
dynamics. In this work, the test is used to reveal the morgxexri CO structures
and the stability characteristics of both the equilibrid &&€0. The design of this
feedback control law is summarised as follows.

In a 1-DOF pitch configuration, the aircraft angle of attagkis equal to the

17



345

346

347

348

349

350

351

352

353

354

355

356

357

aircraft pitch angl@,, and the aircraft pitch dynamics can be described by

(M3, + 1) G = - f (Chn) — MLz, SINEm)+ "
E,ovzsmanc:M (B> Cm» 05) + W (t)

wheremy, is the aircraft model mass§, is the (small) vertical fiset of the model
centre of gravity (CG) from the gimbal centre of rotatidy,is the pitch moment
of inertia of the model about its C@} the pitch accelerationf (g.,) the model
gimbal pitch friction,g the acceleration due to gravigythe air densityy the wind
speedS,, andc,, the aircraft model wing reference area and mean aerodynamic
chord respectivelyCy the aerodynamic pitching moment d¢beient andw (t) the
moment contribution due to wind tunnel turbulence.

Additionally, considering the aerodynamic pitching momeoficient as a

combination of linearly independent functions, gives

CM (em, Oms, 6$e) = CMo (Qm) + Cqu (em, cIm) + CM(;QE (em, 6Qe) (2)

Here,Cuw,, andCMég capture the dependence@y; on g, andsy, respectively.

Then, by collecting terms, equatidd (1) can be reformulated

(M3, + 1yy) Gm = 9 (Om) + N (B, Gr) + U (O, 65) + W (1) (3)

where
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. 1 — .
Stlf‘fness{ gOm) = §,oVZSmcmCM0 (Om) — MmQL,, SINEm)
. 1 _
Damplng{ h(6m, Om) = Epv2smcmC,v|qm (Oms Om) — f (Am)
Control input{ U (6, Oge) = %pVZSmc_mCMSQ (6m, Ige)

By substitutingg,, = 0 andq,, = 0 into equation[(3) and neglecting any wind

tunnel turbulence, the equilibria of the system can be esga as

U(6m, 65) = — 9(6m) 4)

where the over bar indicates equilibrium values. Frbim (4ait be deduced that,
in the absence of external perturbations, any given atroratiel elevator deflec-
tion results in an equilibrium aircraft pitch angle.

Hence, tracking of the equilibria is achieved by definingdbetrol law

U (Om, 05e) = U(85%) + Ky Grm (5)

wheredT. is the aircraft model elevator deflection demand. The tegrgy, in
equation [(5) #ectively acts as a damper, wilfy, chosen experimentally such
that any external perturbation isfiaiently damped out.

Using the control law defined ifl(5) and wikh, = 0.1 N m /rad, the stability
characteristics of the equilibria, in the regions covetagh the inner and outer
higha LCO, were studied using a total of eleven nominal elevatsitgms within
—21° < 67 < —12°. Results for two of these tests are presented in detaiMeitb

by a discussion of all the tests.
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Figurel4a shows the aircraft model 1-DOF pitch limit cyclpptession time
histories and phase portraits for a nominal ianleﬁngz —-15°. Subfigure$ 4ai to
[4aiii show the time histories for the aircraft model elevapitch angle and pitch
rate, respectively. Three sections are of interest: firgt thie controller € a pitch
LCO can be observed in the regieB.6 s< t < 0s. The controller is switched on
and the LCO is suppressed using the elevator in the regiont0s 7.4 s. Lastly,
in the region 74 s<t < 164s the controller is switchedfioand both the pitch
angle and pitch rate start increasing until they reach th® Li@dicating that the
equilibrium point is unstable.

Figured 4hiv td davi show the aircraft model pitch angle aibchpate phase
portraits for time segments8.6 s<t < -1.6s,34s<t<74sand As<t<164s,
respectively. A fully developed pitch LCO can be observe#igure[4aiv, with
the magnitudes of the pitch angle and pitch rate ranging b¥ex 6,, < 25" and
—-86°/s < gm < 76°/s, respectively. Figuie #4avi shows the controller succdlgsf
suppressing the pitch LCO, and the aircraft maintainingatsition atd,, ~ 18.6°.
Figure[4avii, shows the controller switcheé and the system returning to the
pitch LCO, indicating that the equilibrium point is unstabl

In a similar fashion, Figure_ 4b shows the aircraft model 1AgiXch limit cy-
cle suppression time histories and phase portraits for amadmput ofSQe ~ -175°.
At the beginning of this test the controller is switchdtiand the nominal elevator
deflection is held constant. Then a series of step inputscanenanded to the air-
craft elevator to act as perturbations to the system. Theactexistics of the first
and last step inputs areyy, ~ 4° andAt ~ 0.3 s andAdy, ~ 4° andAt ~ 1.7 s, re-
spectively. The time histories for the aircraft model etevgpitch angle and pitch

rate are shown in Figuré€sl4biltal4biii.
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With the controller switched 6, both the pitch angle and pitch rate remain
bounded around the equilibrium point indicating that theildgrium point is sta-
ble, see Figurds 4bli, 4biii andUbiv. Thentat 26 s, an elevator step input acting
as a perturbation is applied and the system oscillates drthenequilibrium but
the oscillation is damped down. Figure 4bv shows the coardimg phase plane
representation for this perturbation and a small orbit carsden, suggesting an
inner LCO. Five additional step inputs are applied with amiesults. From this,
we conclude that this inner LCO is unstable.

At t ~ 655 a step input with the same amplitude is applied over &iaig-
ration and the system transitions to a stable outer pitch Li&@@ure[4bvi shows
the aircraft model pitch angle and pitch rate phase port@itesponding to this
perturbation.

The results from this experiment suggest that in the regfofy,ex 20°, the
aircraft model has at least three solutions: a stable dqjwifn point, a unstable
inner LCO and a stable outer LCO.

Similar results were obtained for the remaining elevatanimal positions.
An additional test was carried out in which a slow ramp injputhte aircraft ele-
vator was commanded while the LCO-suppressing controberactive. This test
allowed the equilibrium points for fierent elevator deflections to be obtained ex-
perimentally. The data is presented in the form of a bifuocadiagram in Figure
using the aircraft elevator as the bifurcation paramétee experimentally ob-
tained equilibria are shown (red ‘x’ markers) along with malty computed stable
equilibria (solid black line) and unstable equilibria (Hed black line). It can be
observed that the controller successfully tracked thelibgiai, except for the re-

giondy, ~ 16°. The equilibrium points are unstable in two regiord’ < 5y, < 0°
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Figure 4: Aircraft model 1-DOF pitch limit cycle suppressitime histories and phase portraits:

(a) nominal input, ~ —15" and (b) nominal inpud?, ~ —17.5°.

22



422

423

424

425

426

427

428

429

430

431

432

433

434

and-17 < 65, < —11°. Around these regions pitch LCO have been found. In the
region-22 < 63, < —12°, the stable LCO (black line with+" markers) can be
seen in Figurél5. Lastly, in the regiefl9 < 6y, < —16°, the unstable LCO is
shown as a dashed black line with’ ‘markers. Note that these unstable LCO
represent the boundary that separates the equilibria fnerstable LCO, i.e. the

separatrix of the system.

40 w
_ LCOs on RHS
g —
5, 30| 2 not investigated
() “u
250 \. || » Experimental equilibria (Closed loop)
@© o - -Computed unstable equilibria
S 4l — Computed stable equilibria
O
3 10t T {]-+-Experimental unstable LCO (Open loop)
= ——Experimental stable LCO (Open loop
@©
S o
3

-10¢ ‘ ‘ » ‘

-30 -20 -10 0

Aircraft elevator [deg]

Figure 5: 1-DOF aircraft model pitch experimental bifurcatdiagram.

The results presented in this section show that the coetrsliccessfully sup-
pressed the LCO behaviour in the 1-DOF aircraft model pitqieement. The
all-moving tailplane was able to provide the necessaryrobpbwer to achieve
this (the flow over the tailplane is not stalled in this higlykerof-attack region).
By virtue of this technique, the stability characteristoéghe aircraft’s equilibria
and LCO were determined and the inner unstable LCO has beetfidd for this

model for the first time. From a fluid dynamics point of viewe ttauses behind
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the observed LCO behaviour are not entirely understood mipossible that two
flow breakdown structures are involved at high angle of &ftacta similar vein
to the variation in lift hysteresis for the delta wing model[b1]: PIV experi-
ments in a water tunnel tests suggested this behaviour Wesdado a dual-core
leading-edge vortex phenomenon.

Whilst the application here is the sub-scale approximatek-trcraft model,
the technique can be applied to any wind tunnel model whichdtauated con-
trol effectors, thus enabling similar studies of stability and eisded dynamical
structure to be revealed experimentally. The approach eaxtended to exploit
the potential of ‘control-based continuation’: a techmdor tracking the solu-
tions and bifurcations of nonlinear experiments. It aimadbieve the equivalent
of numerical continuation but applied to a physical expenity through the use
of ‘minimally invasive’ feedback control schemes — see [B8]an explanation
of the method and [44] for an example of an application to waegoelastic re-
sponses in a wind tunnel. A simplified implementation of tieishnique on the
Hawk model mounted on the manoeuvre rig has revealed additemmplexity

in its hysteretic behaviour [15].

4. Robustness of LCOsto Additional DOFs

Releasing additional degrees of freedom in the manoeugrallows for the
study of interaction of longitudinal phenomena, such adithi¢ cycles and hys-
teresis discussed in the previous section, with lateraletional dynamics. This
is especially important at higher angles of attack whedfecés of nonlinearity
typically become relevant and asymmetric responses to gfrimeonditions can

occur: it is frequently the case that the development of staln aircraft results
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in roll andor yaw when no lateral-directional inputs are given.

Here, to explore the interaction of the Hawk longitudinal@ Gehaviour with
its lateral-directional dynamics and its evolution afetent degrees of freedom
are freed up, a series of multi-DOF tests was performed. dJdiffierent combi-
nations of model pitch, model yaw, model roll, arm roll ancharaw degrees of
freedom as appropriate, inputs to the Hawk model elevatdider and ailerons
were used to drive the motion of the model. These experirheggalts are pre-
sented in three parts: firstly a 2-DOF configuration usingdineraft pitch and
yaw DOF is presented, secondly two further 2-DOF configarej one using the
aircraft model pitch and roll DOF and another using the aftanodel pitch and
arm roll DOF are considered; finally a 4-DOF (no heave) coméigon is tested
where compensation of roll motion using the aerodynamicpmator is used to

keep the model gimbal roll angle as close as possible to zero.

4.1. 2-DOF Aircraft Pitch & Yaw

For the 2-DOF aircraft pitch and aircraft yaw experimentg fiifferent con-
stantinputs to the aircraft elevator were applied, nai®ly= [-2, -5, -10, —15, -20[°,
with a slow ramp applied to the aircraft rudder over the ran8® < 6,4 < 39".

Using the time history data from this experiment, 2-DOF ta&tion diagrams
were obtained following the procedure described in Se@idn The aircraft rud-
der was used as the bifurcation parameter and each airtaadtter input setting
was treated as an independent data set. The diagradis felf{—2°, -5°, -10°, -15°, -20°],
are shown in Figures 6a [ol6e, respectively. The blue lineesgmts a sweep of
decreasing aircraft ruddefy,, while the red line represents an increasing one.

The black dashed lines represent the system’s approximatiéeia. These were
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computed by taking an average of the values corresponditigtdecreasing air-
craft rudders)y, sweep in each case, represented by the blue lines.

The analysis of the nonlinear phenomena for this experinseditvided into
two: the low and highy LCO regions. The 2-DOF bifurcation diagrams for the
first region are shown in Figurés]6a dnd 6b. These show thdbther LCO
persists throughout the range of tesggd(unlike in the tests with dierentmodel
yaw angles —not shown here [1]). Figlre 6b shows a small amaglioscillation in
yaw angle for 3 < 644 < 27°. This suggests that the shadowing of the horizontal
tail by the wingfuselage, proposed in Sectionl3.1 as the cause of the low-afigl
attack LCO, may alsoftect the fin in this region, indicating a lack of symmetry.
Figured 6k[ 6d and 6e coincide with the high.CO region. In contrast with the
low a LCO region, strong interaction between the pitch and yawadyios can
be observed. This interaction can be better observed inré@iwhich shows a
phase portrait fosy, = —15°, —6° < 61,44 < 3°. This phase portrait was produced
using data from the segment between the vertical dasheslihinéigure 6d. The
time history for this region shows that the number of orbitshee LCO pitch
component is twice that of the LCO yaw component which intisghat the pitch

component has double the frequency of the yawing motion.

4.2. 2-DOF Aircraft Pitch & Roll

A series of 2-DOF aircraft roll and pitch experiments wagsiedrout to study
coupled pitch-roll interaction in the regions where LCO é&abur appears. Two
configurations were studied, one encompassing the airclatind pitch DOFs

and a second one using the aircraft pitch and the arm roll DOFs
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4.2.1. 2-DOF Aircraft Pitch & Aircraft Roll

In this experiment a slow ramp-and-hold input to the aitoeédvator was ap-
plied and the aircraft roll and pitch motion responses wecerded. It was found
that atd,, ~ 15°, the roll-pitch interaction caused the aircraft to reaahghysical
limits of the roll gimbal (approximately38°). As a consequence a reduced range
of pitch motions is presented here.

Figure 7a shows the time histories for this experiment, withaircraft model
elevator deflection, roll angle, pitch angle, roll rate arndtprate shown in Figures
[7ai to[7av, respectively. Note that the range of elevatouting less here than
in Section[ 3.1l due to the roll gimbal mechanical limits beregched at more
negative elevator settings. In this Figure a pitch LCO atowan be seen in the
regions 35x t < 75s and 340s t < 380 s, with a maximum rate of 54s. In
the region 150 t < 2305, it can be observed that the aircraft experiences roll
oscillations and reaches the roll gimbal limits. When threraft elevator angle
starts increasing dt~ 250s, the roll oscillations begin to damp down and the
aircraft roll angle goes back to a steady state boundedlify < ¢, < 10°.

The point at which the lowe LCO appears, at~ 35s, and disappears, at
t ~ 380s, is at a higher pitch amplitude than in the 1-DOF casesaadcompa-
nied by an d@set in average roll angle. This negative roll angle persistsugh
the LCO and after exiting the LCO at higheri.e. a roll asymmetry exists for all
pitch angles above approx.5°. Its existence appears to be linked to the bifurca-
tion giving rise to the LCO, with zero roll angle at lower aeglof attack (before
the tailplane becomes immersed in the wing-fuselage waldcaaoll dfset when
it isimmersed and when it emerges below the wake at higher

Figure[7b shows a smoothed experimental 2-DOF bifurcatiagredm ob-
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tained following the procedure described in Secfiod 3.1 xglugling the data
points that correspond to motions where the aircraft reagheoll gimbal limits.
In this diagram the aircraft elevator is the bifurcationgmaeter. In Figuré_7bii
the ‘jump’ in roll angle that was observed in Figlre 7a (at iHapf bifurcation
point at which the lowa LCO is borne) is evident — &, ~ 1° when the aircraft
model is pitching up andg, ~ 2° when pitching down. The roll angle is then
more constant at pitch angles above the olsCO (observed in Figurle Thi in the
region-2° < 6y, < 3°), although there are changes in value at higher

Figure[7t shows a detailed view of the time histories for 24@s< 254 s.
Roll oscillations can be observed while the elevator deflacis held constant,
which suggest there may exist periodic solutions in thigoreg Using the data
shown in Figurd_7c, a phase portrait diagram was construsesel Figuré_7d).
While the phase portrait shows almost no excitation of therait pitch dynamics,
several orbits can be observed in the roll motion plot, satige the possibility
that roll oscillations may drive the onset of the pitch dstibns observed when
the gimbal roll DOF was locked.

The results from this experiment confirm the existence dfpibth interac-
tion. They suggest that the roll oscillation may delay theegof pitch oscillations
to highera, although the fact that the roll motion hits the gimbal lisnihakes it

difficult to reach definite conclusions in this respect.

4.2.2. 2-DOF Aircraft Pitch & Arm Roll

Whilst the above results highlight the potential benefitadiag a roll DOF,
i.e. to explore longitudinal-lateral interaction, theg@ldemonstrated the limita-
tion of relying on an aircraft-mounted gimbal with angulanstraints. Here, a

2-DOF aircratft pitch and roll experiment was carried outimikar fashion to the
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Figure 7: 2-DOF aircraft model roll and pitch experimenf time histories, (b) bifurcation dia-

gram, (c) time histories detailed view and (d) phase pdrdiagram.
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one presented in the previous subsection except that relblveined through the
arm gimbal roll rather than the model gimbal: the arm gimbiaves unlimited
motion. A slow ramp input to the aircraft elevator was applénd the aircraft
pitch and arm roll motion responses were recorded.

To account for the fiset between the Hawk model CG and the arm gimbal
roll axis, the aircraft roll motion was computed using aneexted Kalman filter
(EKF) applied to signals from the IMU mounted on the aircratidel. Note that
the influence of this fiset is assumed to be negligible when considering rig heave
and sway as it is very small (approx. 14 mm).

Figured 8hi, tg 8av show the time histories of the aircraftlei@levator de-
flection, the aircraft roll angle, pitch angle, roll rate goitch rate, respectively.
Two LCO can be observed at low and highin the regions 655t < 130s,
680s<t<760s, 200 t<330s and 5005 t < 620s, respectively. This is
consistent with the experimental results presented ini@etB and 41, except
that the onset of the higla LCO is delayed to a higher angle of attack (approx.
20°). These LCO are easier to study using the 2-DOF arm roll amdadi pitch
smoothed bifurcation diagram shown in Fighré 8b. The bétion diagram was
obtained using the same data processing method as desiriBedtion 3,11 and
using the aircraft elevator as the bifurcation parameter.

The low and highw LCO can be observed in Figurel8bi in the regies < 5y, < 3°
and -9.5° < 63, < —23, respectively. In Figur€ 8bii, it can be observed that
the roll angle decreases proportionally with the aircrédvator in the regions
3’ < 0y, < 107 and-9° < &g, < —3°, suggesting lateral dynamics asymmetry. This
behaviour is similar to that observed in the aircraft pitonftgguration presented

in Sectior 4.2.]1. The roll angle does appear to vary more #ithobetween these
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two regions, which coincides with the onset of the leiCO, without the discrete
‘jlump’ evident in Figuré 7b.

The higha LCO is preceded by oscillations in roll in the region delieditoy
-12° < 63, < —9°, suggesting that roll oscillations may induce the onsetitchp
oscillations. It is also noticeable that there is an inaegagoll angle amplitude
when the LCO dies out at higher(dg, < —21°).
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Figure 8: 2-DOF arm roll and aircraft pitch experiment: (@a)& histories and (b) bifurcation

diagram.

When compared with the 1-DOF aircraft pitch experiment tvaints are

sss Worth noting. Firstly, the lone LCO seems to be completely driven by lon-
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gitudinal dfects. Secondly, the roll-pitch interaction in the high CO is strong
enough to change the shape of the hysteretic behaviournréioundsg, = —10°
to —12°), almost to the point of making it disappear. This suggéwsds in this re-
gion, the onset of the pitch oscillations may be induced leyrtl dynamics.

The results from this experiment indicate that there isngtnmll-pitch inter-
action throughout the test space. This interaction is ofeskin the form of arm
roll deflection. Given the inertia and pendulurtieet of the arm, this arm roll
deflection suggests the existence of significant rolling mois induced by the
aircraft on the rig arm. Clearly, this configuration has tieadvantage of the air-
craft model dynamic response being modified by tfieats of arm inertia and the
offset of the rig CG from the roll axis. Whilst this can be accewlnfor in pro-
cessing results, it does preclude correct physical sinomatf an aircraft model
that has no constraints on motion in its degrees of freedomth® other hand,
when testing under the approximate free-to-roll condgidiorded by the model
gimbal roll DOF, the envelope within which physical simidait could be carried
out is constrained by the roll gimbal limits (as seen in Sed#.2.1). In the case
of the Hawk model, if it were free to roll without gimbal linsiand without rig in-
ertial dfects, itis likely that the roll-pitch interaction would k& more complex
behaviour such as wing rock giod wing drop. Therefore, in the next section, we
exploit the rig compensator to attempt to eliminate the erflee of the rig arm on

the model roll dynamics.

5. Compensation of Rig Dynamics

A 4-DOF experiment was carried out to study the open loop\daehaof the

aircraft model in a multi-DOF configuration where only thenagimbal pitch DOF
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was locked, such that the aircraft is unable to heave. Itveehwer able to pitch,
yaw, roll (both via the aircraft and the arm gimbals) and sviayhis experiment, a
flight control stick was used to manually control the airtealierons and elevator.
The rig arm roll motion was controlled via the aerodynamiaoteol surfaces on
the compensator (referred to as compensator ailerons)g ascontrol law with
feedback of model roll rate and roll angle relative to the.afime control objective
was to track the aircraft’s roll motion, keeping the modehbal roll angle as close
as possible to zero. Here, the model gimbal roll DOF, withatg inertial load,
can be thought of as allowing for fast aircraft roll dynamwasile the arm roll
DOF allows slow dynamics over the full 36@ange.

Figure[9 shows the aircraft model motion time historieshvpiinels ai to aiii
showing the control inputs and the rest the aircraft modeionovariables. The

control inputs consist of:
e compensator aileron deflection (actively controlleq), Figure[9ai,
e aircraft model aileron deflectiody;,, Figure[9aii and
e aircraft model elevator deflectiodf,, Figure[Qaiii.
The aircraft model motion variables are:
e roll rate, pm, Figure[9aiv,
e pitch rate,gm,, Figure9av,
e yaw rater,, Figure 9avi,

e angle of attackg, (blue solid line), and pitch anglé,, (red dashed line),

shown in Figuré Gauvii,
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e angle of sideslips, (blue solid line), and yaw anglé,, (red dashed line),

shown in Figuré auviii,
e roll angle,¢m, shown in Figuré Saix and
e aircraft gimbal roll anglegy, shown in Figuré Sax.

Figure[9b shows a magnification[of|9a. The aircraft angledtatk and sideslip
were computedf®-line using the arm gimbal angles, the model gimbal anglés an
the aircraft rotational rates. The equations used to coeningise can be found in
Araujo-Estrada [1].

With the aircraft in an initial trimmed state, the aircraléator is slowly de-
creased to increase the aircraft angle of attack (see K@@ and 9avii). Two
segments are of interest. Firstly, in the region2ts< 15, the lowx pitch LCO
previously identified can be observed (Figures 9av[amd Paini keeping with
the previous 2-DOF tests (Sectidn 4), there seems to beilititraction between
the aircraft pitch motion and the remaining DOFs, for whiichet histories show
relatively small magnitude changes.

Secondly, more complex behaviour involving all the DOFsloambserved in
the region 19x t < 30s. Att ~ 19s, an increase in the rolling moment and side
force is experienced by the aircraft (manifested viagheand ¢, time histories
in FiguregQhviii an@Qaix). A manual input &, is applied to correcpn, (Figure
[Qdii). After this,dy, is decreased further and the system seems to track the equi-
libria. Att=~ 25s, the aircraft accelerates in rgl}, causing a fast change in the
gimbal roll anglegy. This rapid change in the dynamics is easier to observe in
Figured 9bix an@ 9bx. As a consequence, the compensatosraldeflect (Fig-

ure[9bi), allowinge,| > 100 (Figure 9bix), without reaching the gimbal physical
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limits (Figure[9bx). Att ~ 26.8 s, the aircraft accelerates once more in roll and a
sharp change iny is observed. The compensator ailerons deflect to compensate
the roll motion, allowing the aircraft to complete two ro#volutions (Figures
[@di and 9hix), before the aircraft ultimately reaches tmelgil mechanical limits
(Figure[9bx). Finally, the aircraft aileron and elevataclstinputs are released,
and the system returns to a trimmed state.

The results from this experiment confirm that there is ndgjginteraction
between the aircraft pitch motion and the other DOFs in tlnedoLCO. Also,
in the region corresponding to the previously identifiechhig-CO, complex be-
haviour involving all DOF is observed and the motion resgoissdominated by
the lateral-directional dynamics. Further insight inte tbll asymmetries respon-
sible for the onset of the high-LCO has been developed in a separate study of
the Hawk model equilibria, using a ‘minimally invasive’ flfleack controller, in
a different multi-DOF test [15]. Lastly by controlling the armlrela the com-
pensator the allowable model roll was increased substigritiefore the roll rate
results in stops being reached.

This 4-DOF test demonstrates the added capability of arhtremlking com-
pensation in revealing coupled responses of an aircrafeim@dcomplementary
compensation strategy, proposed by Navaratna et. al [Blizes a load cell in-
corporated in the rig just below the model gimbal and aimgtiuce the influence
of the arm dynamics on the aircraft model motions by feediackithe reaction
force between the aircraft and the rig arm to the aerodynaongpensator. Sim-
ulation results indicate that by using this approach, therait model dynamics
does more closely match equivalent free flight behaviounveosrous modes of

motion.
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Where two lines are plotted, the first listed in the label mteld as a solid line.
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6. Concluding Remarks

In this paper, the potential of gaining new insights interdft behaviour us-
ing novel wind tunnel manoeuvre rigs is examined. Poss#ésgérig regimes are
discussed and, using an approximate BAe Hawk wind tunnekemedample re-
sults and associated insights are presented. Specificaltire Hawk model, both
open and closed loop tests are used to reveal nonlinearibenavhich manifests
itself as LCO and were observed in all testing configurations

By releasing the manoeuvre rig DOFs incrementally in opep Experiments
it was possible to observe the evolution of complex dynaral@viour. First, a 1-
DOF pitch test allowed two main regions where pitch LCO appehe identified:
one around = 5° (low @) and another starting at= 15° (higha). These results
are in agreement with those previously presented by Kylg [2@vison [12] and
Pattinson![32]. Additionally, the LCO structure was foumdbie more complex
than previous tests had suggested, with evidence of an ii@@rwithin the high
a LCO region. Application of a feedback controller in a 1-DOfeatel pitch
configuration allowed the stability characteristics oftinedel equilibriaand LCO
to be assessed and allowed the inner unstable LCO withinigineehLCO to be
identified.

When a 2-DOF aircraft pitch and yaw configuration was use@# found that
the lowa LCO was dominated by pitch motions. The higth.CO region is more
complex: both pitch and yaw motions are present with thehpitimponent hav-
ing twice the frequency of the yaw component. A strong rdittpinteraction in
the higha LCO was identified using 2-DOF results from both the aircralitand
pitch and the aircraft pitch and arm roll. As a result of thghhioll rates induced

by this coupling, limitations arising from motions exceasgligimbal mechanical
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limits were evident in the case where the model roll gimbad waed. When the
arm roll DOF was deployed instead, revealing the magnitddbeorolling mo-
ment being exerted by the aircraft model on the arm, the itngfaarm inertia and
offset CG on the model responses was also highlighted. Thdsaatibn issues
justified the deployment of the rig compensator surfacesderao allow uncon-
strained model roll motions whilst minimizing rigfects. This was demonstrated
in the last of the experiments reported in the paper, in wiggdback control
to the compensator ailerons was implemented in a 4-DOFgitah-yaw-sway)
configuration. This confirmed the strong roll-pitch coupglicharacteristics and
allowed the roll testing envelope to increase. Howeverntioglel did ultimately
reach its gimbal mechanical limits, thus indicating that #ircraft roll dynamics
are faster than that of the rig arm so that compensation wiafsihypachieved in
this case.

For the Hawk model, the experimental results presented frergde a new
perspective on the nature of what was previously considirdz a pitch-only
LCO in the higha region, shedding light on the interaction between the lanRgi
dinal and lateral-directional dynamics where the LCO appea

More generally, the experiments reported in this paperaleve capacity of
this novel type of wind tunnel dynamic test rig to physicalignulate the motions
of an air vehicle in multiple degrees of freedom, and to usmepnd closed-loop
testing to reveal insights into the responses arising fromlinear and unsteady
aerodynamic #ects, including evaluation of stability and hysteresisrumena.
The nature of this type of rig, where the aircraft model moti® driven by its
own control surfaces, is seen to be particularly well suitestudies of complex

or counter-intuitive behaviours such as in the initiatidramcraft upsetoss-of-
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control scenarios. Future application of this techniquedde used to enhance:
flight characteristics modelling, to develop and evaluatkne system identifi-
cation techniques [40], to extract stability derivativascombination with Ma-
chine Learning methods [43] or to validate CFD simulatiohaavel aircraft in
subsonic regimes |[6]; and for design and evaluation of flogntrol laws, like

Machine Learning-based attitude controllers for fixedgWwmnRVs [4].
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