Experimental nonlinear control for flutter suppression

In a nonlinear aeroelastic system
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Experimental implementation of input-output feedbad linearisation in controlling the
dynamics of a nonlinear pitch-plunge aeroelastic sgem is presented. The control objective
is to linearise the system dynamics and assign tlpoles of the pitch mode of the resulting
linear system. The implementation (a) addresses espmentally the general case where
feedback linearisation based control is applied usg as the output a degree-of-freedom other
than that where the physical nonlinearity is locatd, using a single trailing-edge control
surface, to stabilise the entire system, (b) incla$ the unsteady effects of the aerofoil’'s
aerodynamic behaviour, (c) includes the embeddingfaa tuned numerical model of the
aeroelastic system into the control scheme in reéime and (d) uses pole-placement as the
linear control objective, providing the user with fexibility in determining the nature of the
controlled response. When implemented experimental) the controller is capable of not only
delaying the onset of LCO (Limit Cycle Oscillation) but also successfully eliminating a
previously established LCO. The assignment of highdevels of damping results in notable
reductions in LCO decay times in the closed-loop sBponse, indicating good controllability of
the aeroelastic system and also effectiveness oétpole-placement objective. The closed-loop

response is further improved by incorporating adapation so that assumed system
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parameters are updated with time. The use of an ophum adaptation parameter results in

reduced response decay times.

Nomenclature

(+),(s)" = first, second derivatives with respect to nonfisional timer
(7), (~) = assumed, erroneous parameter(s)/variable(s)ataglg, in adaptive theory
a = pitch displacement angle / angle of attack (rad)
ﬁa3vﬂas = pitch non-dimensionalised nonlinearity parameters
,353”355 = plunge non-dimensionalised nonlinearity paransefgr
r = weighting matrix used in definition of Lyapunawriction for adaptive theory
¢, = pitch mode damping ratio (-)
s = plunge mode damping ratio (-)
{a = damping ratio assigned to pitch mode during pddesement
0 = vector containing model parameters that will ugdeadaptation
H = ratio of mass of aerofoil section and other intaparts to the

mass of a cylinder of air with diametgl, n}ot/lzub2 )

'3 = non-dimensional plunge displacement,b (-)

r = non-dimensional timetU /b

W, = uncoupled pitch mode natural frequency about @;Iasdiis,m (rad/s)
0 = uncoupled plunge mode natural frequency for ntaigs , m (rad/s)
@ = ratio of &}/ay, (-)

. = Butterworth low-pass filter cut-off frequencyady/s)

@y c. = natural frequency assigned to pitch mode durisig-placement



non-dimensional distance between semi-chord &stieaxis (-)
semi-chord of aerofoil section (m)

non-dimensional distance between semi-chord antta surface hinge line (-)
torsional damping coefficient about rotation axisr unit span

plunge damping coefficient, per unit span

lift and pitch moment coefficients

damping matrix

plunge displacement (m)

moments of inertia of aerofoil section and oftedating parts, per unit span (kgm)
torsional stiffness about rotation axis, per span (kgmA

plunge stiffness, per unit span (kgAns

plunge nonlinear stiffness coefficients, per wpian (kg/ms?, kg/nts?)

mass of aerofoil section and other parts undarggpiunge, per unit span (kg/m)

mass of aerofoil section and other rotating paes unit span (kg/m)

mpln/mrot (')
mass matrix
positive definite matrix used in definition of &gunov function for adaptive theory

positive definite matrix used adaptive theory, ¢oaised byP

radius of gyration, normalised Ry, Ia/motb2 )

span of aerofoil section (m)

static moments of aerofoil section and otherthoggparts, with respect to
rotation axis, per unit span (kg)

time (s)

freestream speed (m/s)



u* = reduced speed) / ba,
\% = scalar quadratic Lyapunov function used in adagtieory
Xy = centre of mass of aerofoil section from rotatiois axormalised byo , S,/Myb (-)

l. Introduction

AEROSPACE engineering is an area that has continoexke adaptation, rapid growth and innovation in
response to the particular demands and constrariggg during a given era. Present-day turbofagires, for
instance, are 90 times more powerful comparedéi pgredecessors from the 1940s, yet are 70% noefeefficient
[1]. Increased use of lightweight composite matsria recent times has resulted in a reductioniricrat weight.
The main trends of today are in working towards riovpd fuel efficiency, higher speeds, reduced weighd
increased electrification. These trends are dribgnfactors such as the effort to reduce travel $inacrease
business productivity, and of course the over-aighieed, and ever-growing urgency in tackling eimiss and
moving towards greener technologies. Consequeittlyg, becoming increasingly important to improve datiing
methods and challenge what may be unsound conwentad simplifications made in the past, either the
pragmatism or lack of suitable methods to handée dbmplexity of problems that would otherwise havisen.
Nonlinearity is one such area, whose effects amom@ég increasingly evident as we move along tleads
described above. Detailed literature reviews oflinearity in aeroelasticity were carried out by Dalet al. [2]
and Lee et al. [3].

The present work gains motivation by the need fatearer understanding of the role of nonlineawishin
aeroelasticity. Specifically, this paper relatesh® active control of nonlinear aeroelastic syste®ver the past few
years, research conducted at the University of ipiwel has been aimed at addressing the need higédtigabove.
Papatheou et al. [4] implemented the Receptancédnddef5] experimentally on a linear two degree-@fefdom
aeroelastic system to successfully increase thitefflspeed by separating pitch and plunge modespoia-
placement. Theoretical work and numerical modellage primarily been on controlling smooth and samoth
nonlinear aeroelastic systems by Da Ronch et phrj@ Jiffri et al. [7]. A sliding mode controlleras developed by
Wei and Mottershead [8] based upon passivity pplesi to ensure a positive rate of energy dissipaiiothe
presence of bounded nonlinearity uncertainty. Kealge of the functional form of the nonlinearity wast

required and the method was shown to be robusttaded input disturbance and measurement noises Moent



experimental developments include measurement &f &eroelastic system’s parameters and open-loop
investigations, experimental testing conducted iem@MFC bimorph actuation for morphing wing teclogy and
the development and manufacture of a flexible viorgaeroelastic testing by Fichera et al. [9].

Elsewhere, several publications on the applicatibactive control on aeroelastic systems have appe®f
particular importance is a series of collectionpoblications [10-12] on research conducted unkderBenchmark
Active Control Technology (BACT) project at NASA hgley Research Centre, with involvement from a neind$
leading universities and aerospace-related compafhee project focused on a two-degree-of-freeditahnplunge
aerofoil, and studied the effects of unsteady agrachics and active control methods. Frampton €13].designed
and investigated experimentally an LQG compendatoL.CO (limit cycle oscillation) suppression anttieasing
of the flutter boundary of a three-degree-of-freedtypical section with freeplay in the flap restayistiffness.
Although the controller was applied successfullyatnonlinear dynamical system, the control desigs bhased on
the linear typical section with no freeplay. Kellkard Joshi [14] presented a passivity-based cdetrdésign for
non-passive linear, time-invariant systems. Thexestigated different methods of passification apgliad this
controller design approach to the BACT wing (linearodel. Mukhopadhyay [15] developed a transonigtdt
suppression control law using a unified LQG andnmmawr method. The control algorithm was successfidbied
experimentally on the BACT rig, proving to be albdeincrease the closed-loop flutter dynamic presdayr over
50% up to the wind-tunnel upper limit. Prasanth &mehra [16] studied active control of nonlinear Geatastic
systems based on energy flow. The design technigees applied to a numerical nonlinear versionhef BACT
wind-tunnel model. The main limitation of this appch lies in the need to gain access to generaligkatities
and/or displacements for feedback. Xing and Sirigt] fleveloped a new adaptive control law for that@ of
nonlinear aeroelastic systems using only outpudtfaek based on backstepping design techniques. géréyrmed
numerical simulations on a two degree-of-freedorstesy with a polynomial nonlinearity in the pitchffsiess.
Bendiksen [18] adopted a more general view of tleehlanism of flutter, as compared to the classiea]uency
coalescence description. The general interpretatiased on a nonlinear aerodynamic work functidedining the
flutter subspace, provided the basis for a cordpgroach that is based on altering a critical dastie mode, as
opposed to the traditional approach of frequenpasaion. In [19], Haley and Soloway developed negalised
predictive controller (GPC) for flutter suppressi@md implemented this in both simulation and expent. The

controller was based on minimising a cost funciiovolving predicted responses of the system and etstrol



effort. In the simulation case, a linear modelltd BACT wing was used. The effectiveness of therodar was

illustrated by application in both simulation arxperiment, to successfully suppress flutter in bedbes, for the
flight conditions considered. Waszak [20] presentieel development, simulation and experimental ngstf a

robust MIMO multi-variable control law using traily edge and upper-spoiler controllers to suppies®f, in the

presence of uncertainty. It was found that the irvaltiable controller performed successfully in prgssing flutter
- notwithstanding minor difficulties arising fronractical implementation issues - and had supetiabilgy and

performance robustness compared to SISO control.

Also related to the BACT model — not part of thélexions [10-12] mentioned earlier - is the wdnk Mason
et al. [21, 22], where a methodology was develdpedesigning robust multirate controllers. Apptica of such a
multirate controller for flutter suppression, baseda representative linear numerical model (indgdinsteady
aerodynamics), was demonstrated on the BACT wirige advantage of multi-rate designs is that althotingh
design of the controller is more complex, the nunmddeeal-time computations and/or hardware is oedu

The concept of so-called ‘fly-by-feel’ was estabéd in a series of papers by Suryakumar and hisagples
[23-25]. They departed from the conventional mduded approach that makes use of kinematic statbsas the
aircraft angle of attack, instead using criticatoglynamic flow features (CAFFI), in particular theading edge
stagnation point (LESP), the position of which asnmeasurable by using distributed hot-film sens8Stsyakumar
et al. [23] derived a simple model relating thegattion point to the lift of an aerofoil undergoingsteady
manoeuvres. The application of the model in fluttentrol is described in detail in [25], where gopaach,
guaranteed to be dissipative, was developed baséitecaerodynamic work done on a nonlinear wingicec The
analysis does not require knowledge of the freeastr and structural dynamics and the transition febale to
unstable regions does not necessarily imply thstexce of flutter, but provides the conditions unahich flutter
could possibly occur. A spanwise-distributed, ccaled sensing and control architecture using |eedd feedback
and the low-order controller [25] is described amglemented in [24].

Of more relevance to the present work is a seffigaiblications by Strganac and colleagues [26-Biljvhich
the application of active control on aeroelastistegns with hardening-type structural nonlinearities been
investigated both theoretically and also experimntthrough the use of quasi-steady aeroelastidets. These
studies utilised the feedback linearisation nomineontrol method, in conjunction with LQR conted the linear

control objective. The authors of the present rtéze motivated by these findings, and furtherl@gfeedback



linearisation based aeroelastic control, with soratble differences in the overall scheme. Thiglarpresents
experimental results on the closed-loop activerobmatf nonlinear aeroelastic flutter, and therebysto enrich the
knowledge base in nonlinear aeroelasticity, paldity relating to control. The originality of thisork stems from
(i) experimental demonstration of stabilisation gmie placement in an under-actuated two-degrefreagidom

aerofoil system by feedback linearisation usingngle control surface; whereas, this has been goeeously for

the special case when the output is chosen at ahee slegree of freedom as the nonlinearity — so tet
nonlinearity is cancelled exactly — in this reséattte general case is considered when the degrieeeafom at the
nonlinearity is not available for measurement (lt&sy in the zero-dynamics being nonlinear), fig¢ real-time use
of a low-order numerical model which enables thdusion of unsteady aerodynamic effects (improvwingdel

accuracy) in the control process, and the abilitthe controller to completely eliminate a fullyvadoped LCO, and
(i) the use of pole-placement as the linear aantbjective, which, although more challenging toplement
experimentally, has advantages over LQR controh sasproviding the user more flexibility in adjustispecific
dynamic parameters, and removing the need to diterappropriate weighting factors that are requiredQR

control. The advantage of obtaining aerodynamiddaadirectly through the aeroelastic responsenestioned in
(i) above, is that no changes or modificationsatoexperimental aeroelastic apparatus are needeasuvement
sensors are widely used and non-intrusive. Moresigdlly, this approach goes in the direction of eduleg a
reduced order model in real-time to monitor quasdiof interest on the airframe, specifically farsgloads [32].
An alternative to the indirect approach is thatgmsed, for example, in [25], mentioned above.

The research presented in this paper extends previork relating to the two degree-of-freedom alasiE
system at the University of Liverpool mentioned addNumerical simulations of closed-loop controégented in
[6] are implemented experimentally, utilising prewsly obtained experimental measurements and aygn-I
results. 8ll describes the experimental setup, wtidollowed by a detailed description of the lovder numerical
model (8lll) used in conjunction with the experirtedrnwvork. A description of the procedure followetdsetting the
parameters of the numerical model is given in §8pwed by the procedure involved in embedding ienerical
model in the control loop, in 8V. The main reswdte then presented in §VI, prior to the final s@ttV/Il which

draws the main conclusions of this work.



Il. Experimental Setup

The experiments discussed in this paper have bedarmed on a two degree-of-freedom pitch-plungefad
section mounted in a low-speed wind tunnel at timévérsity of Liverpool (Fig. 1). The dimensions thie wind
tunnel test section are 1.2 m x 0.4 m x 1.0 m, #re maximum wind speed achievable in the tunnel is
approximately 18 m/s. An assembly consisting afrgue tube and a set of horizontal and vertickldges support
the aerofoil section in the plunge direction, amelvpnt span-wise tilting or bending. A dSPACE réale control
system is utilised for closed-loop control. Theltgpto dSPACE are the voltages from three lasqylatiement
sensors (two Keyence LK-500 sensors, one micrdeepptoNCDT 1402-100 sensor) measuring the vértica
displacement at strategic locations on the aercfgitem, as depicted in Fig. 2. The output from ASP is
amplified by two Khron Hite 7500 wideband power diffgrs, to drive a twin piezo-stack arrangemerg,[34] and
actuate a trailing edge flap on the aerofoil. Fmpped-sine modal testing of the aeroelastic sys@mLMS
SCADAS lll data acquisition system is employed.sTfacility was utilised for objectives such asvgrifying that
the flexible modes of the aeroelastic system abestantially higher in frequency than those of tlieelpplunge
modes (ii) choosing the pitch and plunge stiffnesaech that flutter is induced within the achieeadl speed range

of the wind tunnel (iii) tuning the parameters leé thumerical model to match those of the experiaiesystem.
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(d) Tensioned wire design

(c) Wind tunnel test section — view 3 (RHS) for plunge nonlinear stiffness

(1) aerofoil vertical suppa

(2) housing

(3) aerofoil section

(4) trailing edge control surface

(5) plunge spring - linear

(6) laser displacement sensors

(7) torsion bar

(8) pitch spring

(9) plunge spring - nonlinear

(10) piezo-stack actuators
(located inside (4) )

(e) V-stack trailing edge flap actuator

Fig. 1 Aeroelastic system experimental setup
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Fig. 2 Measurement locations on aeroelastic system

The aerofoil section has a NACA 0018 profile, witlchord length of 0.35 m and a span of 1.2 m. égigipped
with a trailing edge flap, located centrally, hayithord-wise and span-wise dimensions 25% and 8&8pectively,
with respect to aerofoil chord and span. The flagapable of rotating approximately +5°, up to adwadth of
approximately 15 Hz (although the flap has beerraipd up to 30 Hz at lower amplitudes). Adjustdbbd springs
provide stiffness to the aerofoil, independentlytire plunge and pitch directions. A structural ioedrity is
incorporated into the system in the form of a handg polynomial stiffness in the plunge degreetekeiom. This
is achieved by the clamped-clamped tensioned wir@ngement depicted in Fig. 1 (d). The force-dispiaent

relationship may be expressed as

Fy =Kegh+Keh®+Kh®, @)

where all stiffness coefficientk,, Ke, Ke, of the various powers of the plunge tetmare positive, and are readily

measured via a static force/displacement test.flEpeis the only means of input to the system dyGtosed-loop
control, and it is actuated by a mechanically afigali “V-stack” piezoelectric stack arrangement [3l] as
depicted in Fig. 1 (e). The control law computes tequired action by the flap, based on pitch ahshge
deflections and velocities, and also aerodynamatest (addressed later) of the aerofoil sectionlebgbns are

computed by combining basic geometry with the lasensor readings, whereas velocities are obtained b



numerically differentiating the displacements. Sofitiering of the displacement signals is requirpdor to
differentiation; specifically, a second-order Butterth low-pass filter with cutoff frequency 15 Hgz used. The
controller then outputs the appropriate voltageaigrom dSPACE, which once amplified, is directedhe piezo-

stacks in the V-stack actuator, causing rotatiothefflap.

Il Unsteady Aeroelastic Numerical Model
In this section a twelve-state numerical modelrespnted with four structural and eight aerodynastates. The

aerofoil section shown in Fig. 3 has two degreefreddom that define the motion about a referenastie axis

(e.a.). The plunge deflection is denotednbyositive downward, and is the angle of attack about the elastic axis,
positive with nose up. The motion is restrainedwey springs, of stiffnes¥; and K, , and is assumed to have a
horizontal equilibrium position ah = @ =0 . Structural damping in both degrees of freedomiss included in the

system. A trailing-edge flap, which is assumed teassin this study, is used in combination withaative control

system as the input to the aeroelastic system.

undeformed positic
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Fig. 3 Schematic of a two-degree of freedom aerastic system;

the wind velocity is to the right and horizontal

The motion of the system, without control surfagaaimics and with a linear structural model, is dégsd [35]

in non—dimensional form by
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The lift coefficient,C, , is defined positive upward according to the usigh convention in aerodynamics. The

plunge displacement is positive downward; hencertbgative sign in front ofC, in eq. (2). Non-dimensional
parameters are defined in the nomenclature. Ngie thiat the above equations are formulated in terimas non—
dimensional time, T, based on the aerofoil semi—chord and freestreaeeds 7 =tU /b. The prime notation
(+),(+)", used throughout this paper, indicates differdistiawith respect to non-dimensional tinte, instead of

the well-known dot notation which is often useditmote differentiation with respect to absoluteetim The above
model of the pitch—plunge aerofoil system, withagapropriate model of the aerodynamics, is usediswork to
simulate the dynamics of the wind tunnel nonlingarmelastic test rig. Theoretical detail on thedgnamics used
in this model including its mathematical formulatidiave been derived previously [6]. The end re@ilan
aeroelastic model that approximates the unsteadydgeamic behaviour using additional state varigblEhe
coupled model consists of 12 state variables, e§fthich are aerodynamic states required to mtuelunsteady
aerodynamics as described above, and the remdmimngvhich are structural states. The trailing—etlgp rotation

is used as control input. The state vector (of disien 12) is defined as,
, , T T
x={a a & & w w, wy w, Wsg wg W, w = x={x; X, -+ X}, (3)

where the structural stateg,a’,&,& are pitch deflection and velocity, non-dimensiophiinge displacement
(h/ b) and velocity respectively, the aerodynamic statgsw, are associated with pitch motioms, W, with

plunge motion,Ws, Wg with flap motion andw;, Wy with gusts. Then, the coupled system of equatiwit, the

dependence on non-dimensional tifieomitted for brevity, may be cast in the nonlinstate-space form

X' =f (x)+gu, (4)



where

X, 0
fz(x) 92
X4 0
fa (x) Y4
) X~ €1Xs 0
x'=f(x)+gu X — E,X 0
B L f(x)= X_;XG 95| 4| u=a, (5)
X={x X - X} 3~ E1X7
X3 = EoXg 0
~&X0 1
—E3%q1 0
~E4%2 L 0]

f,(x)= 7~£12X+/]1,3X31+/] 3,3(33"‘/1 1,§51 f,(x)= 7 %ty 1),(331'}/ 3§§'§y X?, 1
? +/]3,5Xg+/]55'+/]5’5" , ! +V3,5Xg+ya“5'+yo”5"

(6)
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The term f (X) is a nonlinear function of the state vectsr, and u represents the flap rotatiod . The

coefficients of the above aeroelastic system ataildd partly in [6] and partly in the Appendix thie end of this
paper. This allows one to setup the numerical metieting from the baseline aeroelastic parametetise pitch—

plunge aerofoil described later on. In this modeg input to the system is the flap rotation angle Since the
terms J,J are merely time-derivatives of the input, they mo¢ independent o8 and therefore are not treated as
additional inputs, but rather as time-varying qit@s that are part of the system (hence locatsthénf (X)).

These quantities may be computed by numerical réifteation of 5. It was found in simulation that their effect
was small and in experimental practice they gasge tb undesirable amplification of noise resultinghigh

frequency components in the flap motion. They terms arise from the linear combinations in thpregsions for
X5, Xy , appearing in [6], and are given by eq. (A2.2) éA8.3) respectively in Appendix A2. Gust inputshieh
would normally appear in the expressions relatinggt, X;,, have not been considered in this work. Thussthte

variables X, X1, will remain identically zero in all simulation ngés presented in this paper.



V. Numerical Model Parameters

This section explains the procedure by which theamaters describing the dynamical behaviour of the
aeroelastic system were determined for reproductibrthis behaviour in the numerical model. The veld
parameters of the numerical model (described i) @lére set to the values measured/acquired frondwinnel
tests. Subsequently, fine tuning of these parame&tas performed such that the discrepancy betwetmthe linear
and nonlinear dynamic behaviour of the numericatleh@nd the aeroelastic system was minimised. &helting
model is a simplification of the more complicatddypical system, not least in that the actuatiothefflap by the
V-stack actuator is known to possess a degreeeepfay and Coulomb friction (see Appendix A3), Batteven
when the tensioned wire is removed, the system iresmreonlinear (albeit in a different way) wherehs tmodel,
which neglects the freeplay effect, is strictlye@m. Thus the resulting set of parameters repres@oimpromise
between physical reality and a model that offereasonable fit. Table 1 contains the finalised petar values,
where the format in which they are presented fddldlat used by [36, 37] and many others. A deinitof these

parameters is also provided in the Nomenclaturgaseof the present article, for the reader’s canerce.

Table 1 Aeroelastic model parameter values

Parameter Value Parameter Value Parameter Value
w, (rad/s) 29.13955 a -0.32571 {a 0.0115
f 0.5 c 05428 M=Mpn/Myot  2.21669
X, 0.021 b (m) 0.175 Be, 1085.62
o (rad/s) 24.64246 /
/1 30 ﬁfs !180’3 !180’5 0
(linear/nonlinear) 26.41656
o 0.84567 /
s 0.0175

(linear/nonlinear)  0.90655




The non-dimensional nonlinearity Coefficien/t’z}a.,6}&_),,[7’03,,6’0,5 are derived from eq. (1), knowing the semi-

chordb (see Appendix A3). The different values fef (and @) in the linear and nonlinear cases arises from the

tensioned wire design of the nonlinear structutiffiness described in 8Il. When the tensioned visrattached to

the aerofoil, in addition to the nonlinear termgoaponent of linear stiffness is also introdudeds this additional

linear stiffness that increaseg (and thereforew ) in the underlying linear behaviour of the nontingystem.

A. Measurement of parameters
A combination of methods was employed during adtjois of the aeroelastic system’s parameters. \&lofe
stiffness in the pitch and plunge directions wereasured from static force/displacement tests, dicty the

nonlinear plunge stiffness. Modal tests performeith wpitch and plunge constrained in turn provideatunal

frequencies and damping ratios’a(,Zg) for pitch and plunge motion. Estimation of theie mass and pitch

moment of inertia was achieved by combining theurstfrequencies with the stiffness values measw®d
explained above. The mass undergoing pure rot&ig, ) was measured via a static moments test with itice p
spring disconnected. This value, combined withglimge mass enabled computation of the plunge/jpitabs ratio

m. The static moments test was also used to comgut€uantities such atsua,ag,rg,,ﬁg3 were computed from

the various measurements described thus far. Ristasuch as, c,b were obtained by direct measurement.

B. Tuning of measured parameters

The responses simulated using the measured parairfeteboth linear and nonlinear cases were coatpaith
the respective measured responses from the adioagstem. Although a good match was obtainedxaected
discrepancies between the respective responsesolyeeeved. The overall tuning objective in thisecams to make
adjustments to the measured parameters so asuceréiic model/aeroelastic system discrepanciesitalie linear
and nonlinear cases. A sensitivity study was uiadtert to understand the effect on the responsergingaa given
parameter. A series of numerical simulations wasiedh out, and a given parameter varied at any tome. A
gualitative summary of the trends identified fromiststudy may be found in Appendix A5. During iaittuning

attempts, it was noted that some of the requiresnemtre conflicting, therefore a compromise betweatisfying



linear and nonlinear response matching was requiree final tuned set of parameters was decided @pae such

a good balance was deemed to have been achieved.

C. Comparing performance of tuned numerical model withaeroelastic system

Linear case - Freguency domain tests

In the absence of the tensioned-wire nonlineatitg, variation of natural frequencies and dampinpsawith
airspeed was simulated, and subsequently compaitedive actual values obtained through modal te3tspped
sine modal testing was performed between speedsl A45 m/s, at intervals of 1 m/s in most casé® fEsting
was performed in two configurations; in the firsise the flap was used as the input, whereas isdt@nd case an
electromagnetic shaker was used instead of the litapoth cases, the displacements at points #1#an@ig. 2)
were chosen as outputs. FRF data was post-processadract the natural frequencies and dampingsaFig. 4
compares the results between simulation and expetinThe predicted linear flutter speed (LFS) is429m/s,
marked by the vertical dashed line. Evidently, ¢hisr a small but noticeable discrepancy betweensuared and
predicted damping values, especially for the pitedde. This can be attributed largely to the faet the finalised
parameter set seeks to represent a complicatedcphys/stem by a simplified model that, among nwusr
uncertainties, neglects freeplay and frictional lm@arities in the connection between the nose -atatk actuator

and the flap.

~N I
ES |
3 " | L | o flap
R W | * shaker
2 } } } 11 |+ shaker
0 5 10 15 20
air speed (m/s) air speed (m/s)

Fig. 4 Variation of ay and 7 with airspeed.

Nonlinear case - Time domain response

With the tensioned-wire nonlinearity included, teroelastic system is simulated at an airspee8 af/$ under

an initial condition ofé = 0.05, with all other states set to zero. Fig. 5 shdvesresulting time-domain response of

the physical states, in the physical domain.
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Fig. 5 Simulated and Measured aeroelastic systerteady-state

open-loop response of physical states at U = 15 m/s

An LCO is reached once the transient motions haeayed. The simulated result may be compared Wéh t
actual response from the aeroelastic system. Shceharacteristics of the LCO are not dependertherinitial
conditions (provided that, as in the present cageadditional equilibrium states exist), the LC@pense from the
aeroelastic system is recorded once the transientomhas decayed. Fourier analysis on the LCO omresp
provided the fundamental oscillation frequency a434Hz and 4.40 Hz for the simulated and experialbnt
measured cases respectively, which shows very @gseement. The phase portrait diagram for theedastic

system and simulated LCO responses are compaféd.i6.

pitch velocity (deg/s)
plunge velocity (mm/s)

0
pitch (deg) plunge (mm)

Fig. 6 Phase portrait of physical states at U = 1&/s.



It is evident from the above figures that therg@®d agreement between the aeroelastic systemhantliied
numerical model, notwithstanding the apparent preseof additional harmonics in the experimentattpiphase
portrait plot. Again, frictional and freeplay effedn the aeroelastic system — absent in the nealesimulation —

would partly contribute to the discrepancies obséin Fig. 6.

V.  Embedding Numerical Model in the Aeroelastic SystenControl Loop

The control laws that will be applied in the aeastit system in this work are to be synthesisea fitee 12-state
numerical model described in 8lll. When implementée state-feedback controller will require accessll 12
states in real-time. The four structural states tepbtained from direct measurement of pitch dadge, and their
time derivatives. The remaining eight aerodynaniates may not be measured directly; it thereforeobmes
necessary to acquire them by other means. In trsept work, this objective is fulfilled by embedglithe numerical
model in the experimental control loop and utilgsinto generate in real time the aerodynamic stafbe measured
flap deflection angle — i.e. the physical implenagioh of the input to the aeroelastic system -iieatied to the
embedded numerical model, which then generatesahtime the full 12-state vector. The first fountrges of this
vector — i.e. the structural states — are theraogl by the measured values to create a “hybradé stector which is
the basis on which the control input is computelae Tiybrid vector is then fed back into the embeduaterical
model (along with the flap deflection angle) whallows computation of the state vector at the tiex¢ step.

Fig. 7 depicts a simplified schematic of the cdnstrategy adopted in this work. An explanation tbé
purpose/function of each block is now presentecgretit should be noted that the numbering doesneogssarily

reflect the sequence of steps.
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Fig. 7 Schematic of control strategy

The displacements at points #1, #2 and #3 fronthtee laser displacement sensors (Fig. 2) are irgad
dSPACE, and passed through second-order Buttenimvtpass filters to remove noise.

The displacements at points #1 and #2 are convémtedpitch angle (rad) and non-dimensional plunge
&, then differentiated with respect to time to cotepeelocities.

The flap rotation angled is computed through knowledge of pitch angle, gturisplacement and the
displacement at point #3.

The embedded numerical model generates the fulk stector X based on knowledge of the measured

structural statesq — X, and also the actual flap rotati@n.

The aerodynamic stateg — X, are picked from the full state vect®r generated by the embedded numerical
model.
Once the measured structural staxgs X, are combined with the numerical aerodynamic states X;, to

form the new “hybrid” state vectdx , the artificial inputs ([6]) are computed
The actual, nonlinear input is computed

The output from dSPACE is sent to the piezoeleetttaator of the flap to effect the required ratati



The time step between measurements is 0.001 secohish is determined by the data acquisition /toan
system (in this case dSPACE). Thus, the embeddedrcal model and, in fact, the entire control |atgpicted in
Fig. 7 are evaluated once every 0.001 seconds tiffesinterval is adequately small to ensure a ¢mwariation of

the state variables that are computed by the ntbdaligh numerical integration.

VI. Results

In this section, experimental results from the akstic system and related simulation results filoennumerical
model are presented. Open-loop results from theeddd#rl numerical model are discussed initially,ofe#d by
closed-loop results with the nonlinear controlleplemented. Predictions from numerical simulatiarescompared

with experimental measurements.

A. Open loop system — embedded model

A comparison between the open-loop response dftthetural states of the aeroelastic system anduheerical
model was carried out in 8§IV.C earlier. It is redevto also compare the aerodynamic states geddrgtine online,
embedded numerical model with those obtained freamotiline simulation using the numerical model. §hi

comparison is made in Fig. 8.

1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time (s) time (s)

Fig. 8 Aerodynamic states at U = 15 m/s.



It can be seen that there is good agreement bethetdncases forxs, Xg, Xg. The most likely cause for the
mismatch observed in the case Xf is the asymmetry in the plunge displacement LC@ wéspect to the zero

position (this can be observed in Fig. 5(b) in &kove). In Xg, X, the reason for the result from the offline

numerical model being zero is the zero deflectingle of the flap (uncontrolled case). However ialitg, there

will always be some rotation of the flap (even wlieis not actuated) due to freeplay effects, hetheenon-zero
response in the case of the real-time embedded Imesigonse. The final two aerodynamic statgg X;, (not

shown here) are exactly zero in both cases, ad@ads are not considered in this work.

B. Closed loop system
In this section, one examines the behaviour of dp&tem with the nonlinear controller based on feeldb

linearisation implemented, prior to which a veudfion of the stability of the internal dynamicsesried out.

Pitch linearisation internal dynamics

The stability of the internal dynamics resultingrfr pitch linearisation is verified by studying tétability of the
zero dynamics (see [6]). Time-domain simulationshef zero dynamics are carried out repeatedly, withndom
set of initial conditions each time. In all casedl, 10 states of the zero dynamics decay to zerdicating
asymptotically stable behaviour. It is of inter&ststudy the dynamics of the underlying linear eyst Evaluated
about a given equilibrium point, stability propediof the point may be revealed from the eigengahiethe
Jacobian [38]. In the present case, it can be oded from inspection that the origin is an equilibr point of the
zero dynamics. The eigenvalues of the Jacobiaruated at the origin, given below, all have negatiz@ parts

indicating asymptotic stability.

-0.042723537810 -0.262637592121 -0.04550000000 15610146610 -0.300000000000

-0.139300000000 -1.802000000000 -0.04550000000 15610146610 -0.300000000000

Since the internal dynamics have been verifiedefisgostable, one may proceed with pitch outputdiisation.



Pole-placement via feedback linearisation

Firstly, it is necessary to establish a control.dimthe present case, it would be appropriateippsess the LCO
response by eliminating the underlying nonlineasitin the system. This aim may be achieved by appls
controller that provides linearising feedback taaa out the nonlinear behaviour of the system.

As for the linear part of the controller, it is g to modify the dynamics of the controlled pisiib-system by
applying pole-placement. Specifically, the poleeglment objective in the present exercise is toeeme the
damping in the pitch system, which should now,heaadry, be decoupled from the overall aeroelastitesy as a
result of the linearising feedback (provided actrnamodelling of the system parameters, includinglinearity

parameters). With the system undergoing LCO, thdrober was implemented with a desired value @& fitch
damping ratio { ) specified. Fig. 9 shows the pitch and plunge easps for{y =0.3, where the controller is

switched on at exactly three seconds.
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Fig. 9 Closed-loop response of aeroelastic systéon {c = 0.3, at U = 15 m/s.

It is evident that once activated, the controlleccessfully suppresses the LCO and drives the msgpto the
origin in just under five seconds. Repeatabilitytted above behaviour was verified by carrying o same test
multiple times and ensuring a consistent outcoméhé simulated responses shown in the bottomdfdifg. 9, the
effect of the Butterworth low-pass filters has beeduded for consistency when comparing with exkpental

measurements. A comparison of the measured respuwitsethe predicted ones — where the controllectsvated at



the same point along a given cycle as in the exparial case, for consistency in comparison - yitlds in the latter
case, significantly less time is required for thsponse to decay. A variety of reasons may be wqiéted for the
discrepancy, such as the loss of accuracy duringpatation of pitch and plunge deflections, intrditut of noise
during numerical differentiation of pitch and plen¢p obtain respective velocities. Also, it was foomed using
offine numerical simulations that the phase delagsulting from filtering of signals required forumerical
differentiation played a small, but significanteah causing this discrepancy. Another major soofcdiscrepancy
could be attributed to the mismatch between thedusnd actual system parameters, resulting in yhardics not
being cancelled out completely as desired. Consglyuecomplete uncoupling of the pitch motion frote
remaining dynamics is not achieved,; this is refiddn the nature of the measured pitch motion whergent from
multiple modes of vibration is evident. Howevergeamay conclude from inspecting the actual closeg-l@sponse
that the extent of this problem is not so greatogsrevent the present control method from beinglémented with

satisfactory effectiveness. The flap motion dutimgabove control run is presented in Fig. 10.

2ro-r o I R s —r— i 2r--- o e R s vpr— i
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c | c | | | | |
o | o | | | | |
= 0 =0
S | S | | | | |
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Y- | | | | Y- | | | | |
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time (s) time (s)

Fig. 10 Flap motion for closed-loop control of aeelastic system for{c| =0.3, at U = 15 m/s.

Accurate measurement of the flap deflection propadicularly challenging, due to the multiple dirsemal
parameters involved in its computation based oplaiement readings measured at the three strdbegitions. This
partially explains the discrepancy between the nregisand simulated cases evident from Fig. 10. Aeroteason
may be attributed to the correction factor employedaking into account the (span-wise) length loé tontrol
surface, which is not full-span as in the numenabel. Another issue that is clear from Fig. 1thesasymmetry in
the motion of the flap, most likely due to freepkffects in the V-stack and also in the flap its€liearly, the above

issues concerning the flap motion will also affibet quality of the closed-loop response (Fig. 9).



The closed-loop control exercise was repeated aktienes for different damping ratios. Fig. 11 slsothe
variation of decay time as a function of assignathping ratio{y , where decay time has been defined as the time

for the pitch and plunge response magnitudes taydéx 0.02° £1.5% of LCO amplitude) and 0.1 mm1@6 of

LCO amplitude) respectively, from the moment thaetodaller is switched on.
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Fig. 11 Variation of decay time in closed-loop rggnse with

assigned pitch damping ratio, at U = 15 m/s.

For values of{~ ranging from zero to around 0.11, the controldiefl to suppress LCO. However, as seen in Fig.
11, for {g >0.12, the LCO is suppressed completely. It is intengsto note that the rate of decrease in decay time
between around.12< { < 0.z is much higher than for subsequent values. It etserved during the experiment
that for higher values ofy the flap actuator motion consisted of higher atagé high frequency components, and
therefore operated in a more arduous regime as amuwith smaller{y . Therefore, given the above trend in the

decay time variation, it is appropriate to assiglamping value approximately betwe8i2< {y < 0.4.

Adaptive feedback linearisation

The closed-loop experiments carried out above wepeated with adaptation of the model parametetaded,
so as to account for errors in the assumed parasndtiote that adaptation was carried out for nat jihe
nonlinearity parameters, but also the parametessriéng the linear part of the aeroelastic systéhe gain matrix

I" (see Appendix Al) was chosen to be diagonal, nithoss of generality. At each time step of theudation, the



updated values of the model parameters were usegplace the parameters used in the controllecki|6) in Fig.
7, 8V). The parameters of the embedded model (ki®KkFig. 7, 8V), on the other hand, were keptstant at their
initial set of values. This is because the adagtieery, which does not require convergence optrameters to the
actual values for the closed-loop response to deragro, only applies to the controller.

In order to investigate the effect of the extentadaptation on the closed-loop response, a glategbtation
parameter (i.e. a scalar multiple of the mafkix was employed. By increasing or decreasing theevaf this global
parameter, the level of adaptation could be corerghi controlled for different runs of the experimbe For
example, a zero value would result in standardidaeki linearisation, i.e. with no adaptation.

Since the parameters of the aeroelastic model bega identified and tuned with respect to an aedpaf 15
m/s, and the controller is therefore designedtite speed ideally, it is of interest to investigtte performance of
the adaptive controller at other speeds. With dbigctive in mind, closed-loop tests were run aesjs 13, 15 and
16 m/s, each for a range of values of the globalasanultiple of I'. It may be reasonably asserted that the time
required for the pitch and plunge responses toydracceptable tolerance levels (same limits use¢de standard
linearisation case discussed above) would be auread how well or otherwise the adaptive controperforms.

The resulting closed-loop responses are plottédgnl12.
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Fig. 12 Variation of decay time in closed-loop rggnse with

global adaptation multiplier, at speeds U = 13, 15,6 m/s.



At the lowest speed U = 13 m/s, the decay time setenstay more or less constant for values of tbbaj
adaptation parameter of 0 to 3. Thus, no clearlasion may be drawn with this result. Howeversitvident, from
considering speeds 15 m/s and 16 m/s that an optiwalue of the global adaptation parameter exigtere the
decay time reaches a minimum. This optimum valgegam be seen in Fig. 12, is dependent on theegidsand
more importantly is not equal to zero (0 being tiem-adaptive, standard feedback linearisation cade) latter
signifies that there is clearly some benefit in @ying adaptation, not only at speeds other than fibr which the
controller is designed, but for the design spesdlfitalso. Specifically, the adaptive controllemgensates the
effects of parameter error, including errors duaéglecting effects such as friction and freeplagplimearities in
the aeroelastic system. A typical time history dlmt the parameters is shown in Fig. 13, where gbentage

difference of each parameter with respect to itginvalue is plotted.
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Fig. 13 Percentage difference of parameters (wrhitial values) in

close-loop response (with adaptation) for a partidar condition

It is evident that certain parameters differ sigifitly from their initial values. However, it sHdbe noted that

this poses no problem, as the actual values obdh@meters have no significance as far as satggthi@ conditions



for the continuous decrease of the Lyapunov functlescribed in eq. (A1.3) — which in turn ensurggmptotic

stability of the closed-loop response - is concérne

VII. Conclusions

Experimental findings from the application of nowdar active control on a two degree-of-freedomhpgiltinge
aeroelastic system have been presented in thig.pBpe nonlinear controller was based on input-oufpedback
linearisation, with the pitch deflection chosenthe output, as opposed to the plunge displaceméetrevthe
nonlinearity in the system arises from. This re=ililin the zero-dynamics being nonlinear, and tioeeeh more
careful consideration of its stability was requiréa the single-input-single-output control configtion pursued
throughout this work, the input to the aeroelasiistem was realised through the deflection of arobsurface
located at the trailing edge of the aerofoil. Thedtion of the controller was twofold: (a) to cahtiee system
dynamics and thereby isolate the pitch motion, @5)dto assign the linear dynamics of pitch motioa pole-
placement. The online integration of a tuned lowesraeroelastic numerical model during control é&thithe
estimation of aerodynamic states that characténiseinsteady aeroelastic behaviour (often negldotesimplicity
and results in loss of accuracy), required in §&tesis of the controller. The use of pole-placeinas the linear
control objective, as opposed to LQR (Linear QutkdrRegulator) control used in previous related kvoited
earlier, increases the scope of action by the ais¢he controlled response.

Results from implementing the feedback linearisatimsed controller on the open-loop aeroelastitesys
while undergoing limit cycle oscillation, demonsé&ahe effectiveness of the controller in completiminating
vibration and bringing the system to rest withinateptable time period. Adjustment of parameterthé pole-
placement part of the controller was shown to tesuimprovement of decay times, indicating botmtcoller
effectiveness and good control authority over tiigtean. Further reduction in decay times was madssiplke
through the inclusion of adaptivity within the féatk linearisation scheme. It was found that aimopn value of
a global adaptation parameter exists - which dep@mdthe air speed — where the response decayréaches a
minimum. When used with a global adaptation paramekose to the optimum value, the adaptively culled
closed-loop response decayed more rapidly thahenstandard feedback linearisation case. Experaheasults
compared well with those generated from the offlmenerical model in most cases. In the instancesrevh

discrepancies were higher than expected, validaggtions based on practical considerations weneedrat.



The successful inclusion of the online numericaldeioin the control loop demonstrates the possybitit
incorporating complex system dynamics in the schemtéch might otherwise either be impossible to
measure/estimate or too complex to warrant impleéatiem. Further improvement of model tuning — ahdréby
minimisation of discrepancies between simulatiod experiment — is likely to improve controller parhance. The
authors of this paper are encouraged by the resbttsned from this work, and envisage opportusitie progress
these methods further. It is hoped that this pagietulates further discussion and research intcafh@ication of

nonlinear control methods — by no means restritiddedback linearisation — in aeroelasticity.

Appendices

Al Feedback Linearisation with Pole-Placement

Feedback linearisation is a well-known nonlineantod method by which one may exactly linearise the
dynamics of a nonlinear system, through knowledgéenonlinear properties, and using a represigstatodel of
the system. Single-input-single-output (SISO) andtirnput-multi-output (MIMO) configurations of kb input-
state and input-output linearisation are possible method is well documented in texts such as398, A recent
publication [40] attempts to illustrate the applica of input-output linearisation in second-oredasto-mechanical
systems, such as the present one. A brief exptanafithe underlying theory of SISO input-outputelarisation is
now presented.

A model output is designated, which is repeatedfferkntiated, until the input term arises in theaf
expression. The number of times the output fundias to be differentiated before the input termeapp is known
as therelative degree of the system. When this number is less than theher of state variables in the model, the
system is only partially linearised and the remagnilynamics of the system, known asithternal dynamics, need
to be assessed for stability. The present worksasl SISO input-output feedback linearisation i@ tlesign of a
controller for pitch output regulation. When implented, the result is a decoupling of the entirehpidegree of
freedom from the remainder of the system. This kmsabne to effectivelyewrite the dynamics of this now
decoupled pitch subsystem, for instance via pakeghent by assigning a desired damping ratio amdraia

frequency.



a. Feedback linearisation - Pitch

For the aeroelastic model considered in this wpitich motion is chosen as the scalar outgut The equations

pertaining to the linearisation of the pitch motimay be found in [6]. The final result of the prsesés the closed-
loop system

-k Ky ](z,

A 0 1
{Z}Z{ HZl}’ klz‘%z,CLv Ko=24q ah o (Al.1)

which describes only the pitch motion, and is catgdy decoupled from the remaining dynamics ofgystem.

By adjusting the gaing, k,, the desired natural frequeney, o and damping ratioc of the (now isolated)

pitch degree of freedom may be placed.
Internal dynamics

In the process described above, the input perfomes tasks simultaneously: cancellation of the syste
dynamics and implementation of the linear contegjuirement (in the present case pole-placemeng .lifkarised
dynamics given by equation (Al.1) describe onlyt pdithe overall 12-state system. Although one Isbially deal
with (A1.1), as far as applying the desired conisotoncerned, it is necessary to ensure stalufitthe internal

dynamics described above. This is achieved by exagithe so-calledero dynamics, obtained by setting to zero
the controlled co-ordinates (in the present c@gez,) in the internal dynamics. For the present systéma

derivation of the internal dynamics expressionipfeed by the final equations for the zero dynamitwsy be found
in [6]. By simulating the zero-dynamics (which a@nlinear for the present system) and ensuring #tebility, one

may decide whether or not feedback linearisatioritfe chosen output is feasible.

b. Adaptive feedback linearisation - Pitch

The theory discussed in the above section reliedthenimplicit assumption that the parameters used i
simulation described accurately the physical systenother words, it was assumed that there isrnor detween
the estimated simulation parameters used to destirib physical model, and the exact parameter salascribing
the actual system which are unknown. In this sactthe above assumption is removed, and parametar is

addressed through employment of adaptation withm feedback linearisation scheme developed aboke. T



approach is outlined in many texts, for exampléNggg and Nield [41]. Following the same sequencstes for

the error-free case, but now incorporating errto the model parameters, it can be shown thatAgl] becomes

. ~7 z 0 1 0
z=A4z+0'rb, zZ= , Ag = , b= ,
22 _kl _k2 1

ﬁT:[iT Ass /73’5], r :I:XT x5 x%]

(A1.2)

where the tilde describes the difference betweeratitual and assumed value of a given quantity.,Niefining a

scalar quadratic Lyapunov function as
\Y; :%ZT Pz+%6TF_1(§, P=P' -0, TI=I">0, (A1.3)
where “~ "denotes positive-definiteness, and differentiativith respect to time, and combining with (ALl.2yes
V=17 (ALP+PAy)z+0" (r‘1§+rbTPz). (AL.4)
If the parameter error update reéeis set as
0=-Ttb'Pz, Q=-(ALP+PAy), Q=0 (A1.5)

the second term in eq. (A1.4) will vanish, andsiensured tha¥ <0 [42]. Now, from the definitiond =0 -0 (i.e.

error = actual — assumed), and knowing that thesheector of paramete® is constant, it is seen that

0=0-0=-0. (A1.6)



Substituting into eq. (A1.5), the parameter updateé that would ensure a decreasing Lyapunov functkin3)

is obtained as

0 =Irb"Pz. (AL.7)

In this equation I’ acts as a gain matrix for the parameter updags.ré&bor the 14-state model of the present work,

the dimensions of the quantities in the above éouaire

o = T r b’ P z
. (A1.8)
(14x1) (14x14) (143 (1x2) (2 2 (2 )

The use of the above parameter update law duriagctimtrol procedure will ensure asymptotic stapitif the
closed-loop response in the presence of parametanseNote that this does not require knowledgehef actual

values of the parameters.

A2 Coefficient terms occurring in model definition

The coefficients of the coupled aeroelastic modtielt tis used in this work are detailed below. Thenge
P, = P4, C;—Cyqy4 d—dy, occurring below, and all dependent terms and exsjwas are given in [6]. The termy

is redefined here as

Co=m+=, m=—~2" (A2.1)

as the original definition in [6] is incorrect. The, y coefficients in eq. (6) of &Il are given below. The

coefficients are



A=(pds*tpLe), A,=(pdtpPed, As=(Pde¢pPs) A F(PdspPc)
As=(pds+pLy), Ae=(PdetPsd, A~(PdoPs) A5(Pd FPC )

A =(pdy+pL1), A= (Pd1#P6 1} A1T(Pd 3P,

(A2.2)
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and they coefficients are
vi=(pds*tpee), Vo=(pd+psd, ys(pPdepra) Vvr(pdipa)
¥s=(pd7+pes), Ve=(Pdstped. y=(Pd¢pc) Vye(pPd tpPalo
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A3 Frequency-domain tests of aileron flap-actuator

An important consideration in active control is tilode played by the actuator’'s own dynamics in deieing
the closed-loop dynamics of the entire plant. st is raised, for example in [43], where thehaus use partial
pole placement with the Receptance Method [5] smlthe poles of the actuator, in addition to thafsthe plant,
SO as to stabilise the entire system. To this #rskcomes necessary to assess the dynamics atthator being
used, and make a judgement on how these dynamig®enacorporated into the overall active contciieame.

Frequency response tests at zero airflow showeda@eant peak in the vicinity of 15 Hz when the atziu (V-
stack plus flap) was installed within the aerofeith global plunge and pitch degrees of freedomst@ined by
polystyrene blocks. Ardelean et al. [44] found soreant natural frequency at 21 Hz for a similatesys but with

the fixture-end of the V-stack rigidly constraindthe resonant peak described here is of negligibteern in this



work, as the range of actuator operational fregiesnduring closed-loop control was from 0 to theQ.€equency
of approximately 4Hz.

The following figures show the experimentally measuFRF for the flap motion, where the FRF is taken
between the flap tip motion and voltage suppliethtopiezo-stacks driving the flap. All tests wpsformed with
pitch and plunge degrees of freedom restraineceasridbed above, even with the non-zero airspedsl fEse FRFs
were performed at various excitation levels, sdacadetect any nonlinearity in the flap. Tests ategi excitation
amplitudes were repeated to ensure a consistecomet each time. As can be seen in Figure 14 (e)rdbonant
peak which starts at around 17 Hz decreases tondr@@ Hz when the excitation amplitude is subsadigti
increased (more than doubled, in this case). THev&Bies in the legend correspond to different ealof a global
multiplier of the excitation voltage profile. Thui$,is evident that the flap suffers from a softeninonlinearity.
Also, it is seen that the constant level of the RiREhe operational range (0-4Hz) is slightly diffet for different
levels of excitation. These nonlinear effects amestdered to be the result of observed freepldhetonnection of

the actuator nose to the flap.
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Figure 14 - FRFs for different excitation levels: ¢) zero airspeed, (b) 15 m/s airspeed



When the FRF is carried out at 15 m/s — the speadiah the closed-loop experiments in this workswearried
out — it is evident from Figure 14 (b) that the oarity is greatly suppressed. The resonant peakains at
approximately 19 Hz regardless of the excitatiomele(unless a substantially higher increase in takon is
introduced), and the change in amplitude ratilvatidower frequencies is decreased compared withahzairspeed
case. At the lower frequencies of the 15 m/s cBggufe 14 (b)), note that although there is a medda difference
in amplitude ratio for different excitation levelsis corresponds to a 2.5x increase in the ei@itaamplitude
(across all frequencies), and is considered nbetsignificant. Consequently, a constant gain veasl o represent
the flap dynamics during control. Figure 15 compahe time-history of the commanded and actual $oneal) flap
rotation angles at (a) zero and (b) 15 m/s airspeadthe zero airspeed case, with the aerofoiéstt the controller
was activated and a perturbation was then suppbethe aerofoil, causing subsequent rotation of fiap.
Evidently, there is very good agreement betweencttramanded and actual flap rotations. At 15 m/swshin
Figure 15 (b), the open loop system was alloweestablish an LCO prior to the activation of thetcolter at three
seconds. It can be seen that there is a discrefmtoyeen the two signals in the beginning, justhascontroller is
switched on, which is expected due to inertial @ffdprior to three seconds, although the flap tgmies the same
LCO motion as the aerofoil, it is stationary relatito the aerofoil). This discrepancy is shortdivé can be seen

that the commanded and actual flap rotations cgevshortly afterwards.
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Figure 15 — comparison of commanded and actual flaptation: (a) zero airspeed, (b) 15 m/s airspeed

A4 Derivation of the non-dimensional nonlinearity paraneters
The polynomial hardening nonlinearity in the plurtggree of freedom considered in this work wasrgineeq.

(1), repeated here for the reader’s convenience.



Fu =Keh+Kgh®+K h®, (A4.1)

Now, by definition of the non-dimensional plungefldetion, h=¢b, and substituting this into the above

eqguation and re-arranging terms,
Fy =K &+ Kégﬁ + R&Es, where K, =Kb R& =Kgb®, Kgs =Kg b (A4.2)

The non-dimensional3 terms are obtained by normalising the above egpmeswith respect to the linear

stiffness, viz.,

. K K R
Fy =Ke¢ (E + K‘% & +K_5555J = F, =K (g+ B+ /35555). (A4.3)
é é

A similar approach can be used to define the piethted termss3, , B, .

A5 Trends identified when varying modal parameters

A description of the trends identified during tlensitivity study pertaining to the numerical aeastic model’s

parameters, described in 8IV.B, is presented irerab

Table 2 Effect of varying model parameters

Flutt LCO amp. LCO
utter

speed g Cha < Ca g a frg.
o compressedincr. falling rate  slightly steepness . .

% fo decr. horizontally  wrt airspeed affected incr. incr. incr.
o

2 _

Q X, incr. stretched horizontally stretched — slightly decr. decr.

horizontally affected



H  decr. compressed horizontally steepness incr. indecr. decr.
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