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Nomenclature
first, second derivatives with respect to non-@lsional timer

assumed, erroneous parameter(s)/variable(s3ctgply, in adaptive theory
pitch displacement angle / angle of attack (rad)

pitch non-dimensionalised nonlinearity paramefers

plunge non-dimensionalised nonlinearity paransefer

weighting matrix used in definition of Lyapunawrfction for adaptive theory
pitch mode damping ratio (-)

plunge mode damping ratio (-)

damping ratio assigned to pitch mode during pdéeement

vector containing model parameters that will ugdeadaptation

ratio of mass of aerofoil section and other iotaparts to the

mass of a cylinder of air with diamet2p, m(c,t/lwb2 O]

non-dimensional plunge displacemeht,b (-)

non-dimensional timetU /b

uncoupled pitch mode natural frequency about elmm’is,JKa/Ia (rad/s)

uncoupled plunge mode natural frequency for n1ags , JKg/m,ot (rad/s)
ratio of a}/ag, (-)
Butterworth low-pass filter cut-off frequencyads)

natural frequency assigned to pitch mode duririg-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 ottmtating parts, per unit span (kgm)
torsional stiffness about rotation axis, per span (kgmA

plunge stiffness, per unit span (kgfns

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

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

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

mpIn / Mg (')
mass matrix
positive definite matrix used in definition of &yunov function for adaptive theory

positive definite matrix used adaptive theory, ¢axised byP

radius of gyration, normalised Ry, Ia/rr}otb2 ()

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)

reduced speed) / bay,

scalar quadratic Lyapunov function used in adegtieory

centre of mass of aerofoil section from rotatiois axormalised byb , S,/Myb (-)



Abbreviations

LCO = limit cycle oscillation

l. Introduction

AEROSPACE engineering is an area that has continoexbe adaptation, rapid growth and innovation in
response to the particular demands and constraiiggg during a given era. Present-day turbofagiress, for
instance, are 90 times more powerful comparedew giredecessors from the 1940s, yet are 70% noetesfficient
[1]. Increased use of lightweight composite matsria recent times has resulted in a reductioniricrat weight.
The main trends of today are in working towards rowpd fuel efficiency, higher speeds, reduced weighd
increased electrification. These trends are dribgnfactors such as the effort to reduce travel $iniacrease
business productivity, and of course the over-aghieed, and ever-growing urgency in tackling eiminss and
moving towards greener technologies. Consequeittly, becoming increasingly important to improve dething
methods and challenge what may be unsound conwentiad 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 nonlineawithin
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 higédigabove.
Papatheou et al. [4] implemented the Receptancenddef5] experimentally on a linear 2 degree-of-fiem
aeroelastic system to successfully increase thigeflspeed by separating pitch and plunge modespuie-
placement. Theoretical work and numerical modeltiage primarily been on controlling smooth and samoth
nonlinear aeroelastic systems by Da Ronch et laf@ Jiffri et al. [7]. More recent experimentavelopments
include measurement of the aeroelastic system’anpeters and open-loop investigations, experimetetsting
conducted on piezo-MFC bimorph actuation for manghiving technology and the development and manurfact

of a flexible wing for aeroelastic testing by Fichet al. [8].



Elsewhere, several publications on the applicatibactive control on aeroelastic systems have appe®f
more relevance to the present work is a seriesubfigations by Strganac and colleagues [9-14], hiclv the
application of active control on aeroelastic systemwith hardening-type structural nonlinearities Haeen
investigated both theoretically also experimentdahyough the use of quasi-steady aeroelastic rmodibkese studies
utilised the feedback linearisation nonlinear cointnethod, in conjunction with LQR control as tleelr control
objective. The authors of the present article amtivated by these findings, and further exploredfeek
linearisation based aeroelastic control, with soratable differences in the overall scheme. Thiglarpresents
experimental results on the closed-loop activerobiaf nonlinear aeroelastic flutter, and therebysto enrich the
knowledge base in nonlinear aeroelasticity, paldity relating to control. The originality of thisork stems from
(a) the real-time use of a low-order numerical madeich enables the inclusion of unsteady aerodyoaffects
(improving model accuracy) in the control process] the ability of the controller to completelyreiihate a fully
developed limit cycle oscillation (LCO), and (bktlise of pole-placement as the linear control dbgcwhich,
although more challenging to implement experiméptdlas advantages over LQR control such as pmgidhe
user more flexibility in adjusting specific dynamparameters, and removing the need to determineoppate
weighting factors that are required in LQR control.

The research presented in this paper extends pewi@rk relating to the 2 degree-of-freedom aestigla
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, wvtidollowed by a detailed description of the lovder numerical
model (8lll) used in conjunction with the experirternwvork. A description of the procedure followetdsetting the
parameters of the numerical model is given in §8pwed by the procedure involved in embedding tienerical
model in the control loop, in 8V. The main reswte then presented in 8VI, prior to the final sattvIl which

draws the main conclusions of this work.

Il. Experimental Setup

The experiments discussed in this paper have bedormed on a 2 degree-of-freedom pitch-plunge fadéro
section mounted in a low-speed wind tunnel at timévérsity of Liverpool (Fig. 1). The dimensions thfe wind

tunnel test section are 1.2 m x 0.4 m x 1.0 m, #dred maximum wind speed achievable in the tunnel is



approximately 18 m/s. An assembly consisting afrgue tube and a set of horizontal and verticklalges support
the aerofoil section in the plunge direction, amelvpent span-wise tilting or bending. A dSPACE réale control
system is utilised for closed-loop control. Theltgpto dSPACE are the voltages from three lasqrlatiement
sensors (two Keyence LK-500 sensors, one micrdepptoNCDT 1402-100 sensor) measuring the vértica
displacement at strategic locations on the aercfpitem, 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 arrangemers,[16] and
actuate a trailing edge flap on the aerofoil. Fpped-sine modal testing of the aeroelastic sys@mLMS
SCADAS lll data acquisition system is employed.sTfacility was utilised for objectives such asvgxifying 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 achieeadil speed range

of the wind tunnel (iii) tuning the parameters loé thumerical model to match those of the experiateystem.
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(d) Tensioned wire design
for plunge nonlinear stiffness

(1) aerofoil vertical suppc

(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



Fig. 2 Measurement locations on aeroelastic system

The aerofoil section has a NACA 0018 profile, wétlchord length of 0.35 m and a span of 1.2 m. égisipped
with a trailing edge flap, located centrally, hayichord-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 beenraipd up to 30 Hz at lower amplitudes). Adjustdbbd springs
provide stiffness to the aerofoil, independentlytire plunge and pitch directions. A structural iogdrity is
incorporated into the system in the form of a handg polynomial stiffness in the plunge degree+ekeiom. This
is achieved by the clamped-clamped tensioned wir@ngement depicted in Fig. 1 (d). The force-disptaent

relationship may be expressed as

Fu =Keh+Kgh®+Kh®, @)

where all coefficientK of the various powers of the plunge tetmare positive. The flap is the only means of
input to the system during closed-loop control, dhds actuated by a mechanically amplified “V-dtac
piezoelectric stack arrangement [15, 16] as degitte=ig. 1 (). The control law computes the reggliaction by
the flap, based on pitch and plunge deflections\atdcities, and also aerodynamic states (addrdssed of the
aerofoil section. Deflections are computed by connlyy basic geometry with the laser sensor readinmereas

velocities are obtained by numerically differeritigtthe displacements. Some filtering of the disptaent signals



is required prior to differentiation; specificallg, second-order Butterworth low-pass filter withaotfrequency 15
Hz is used. The controller then outputs the appat@rvoltage signal from dSPACE, which once amguifiis

directed to the piezo-stacks in the V-stack actatusing rotation of the flap.

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 restrainedwy springs, of stiffnes¥; and K, , and is assumed to have a
horizontal equilibrium position ah = a =0. Structural damping in both degrees of freedomse 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 position

0’( Ka

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 surfageammics and with a linear structural model, is dégd in

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

plunge displacement is positive downward. Hencentbgative sign in front ofC, in eq. (2). Non-dimensional
parameters are defined in the nomenclature. Ngie thiat the above equations are formulated in terimras non—
dimensional time, 7, based on the aerofoil semi—chord and freestrea@eds 7 =tU /b. The prime notation
(+),(+)", used throughout this paper, indicates differ¢iatiewith respect to non-dimensional tinze, instead of the

well-known dot notation which is often used to dendifferentiation with respect to absolute tihe The above
model of the pitch—plunge aerofoil system, withagupropriate model of the aerodynamics, is usetiismwork to
simulate the dynamics of the wind tunnel nonlingarmoelastic test rig. Theoretical detail on thedgnamics used
in this model including its mathematical formulatidhave been derived previously [6]. The end regilan
aeroelastic model that approximates the unsteadydgeamic behaviour using additional state varigblEhe
coupled model consists of 12 state variables, &tith are aerodynamic states required to modelutimeady
aerodynamics as described above, and the remalniviyich are structural states. The trailing—edge fiotation is

used as control input. The state vector (of dir@n4R) is defined as,

x={a a & & w w, w; w, wg wg wy W&T = x={xy X, xl}T, (3)

where the structural states,a’,&,& are pitch deflection and velocity, non-dimensiopilinge displacement
(h/ b) and velocity respectively, the aerodynamic statgsw, are associated with pitch motiom, w, with

plunge motion,ws, W with flap motion andw;,,wg with gusts. Then, the coupled system of equatiaid, the

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

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



where

f4(X) J4
X~ &g

x'=f(x)+gu X — ExXg
X:{Xl Xy - XlZ}T, X3 — & Xy
X3~ ExXg

, u=a, (5)

—&X%g
—&X%10
—&3%1
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f, (x) = 7‘112)("'/‘1,3)(31*'/1 3,3(33"'/1 1,%(51 fy(x)= T 1%ty 1),%3TV :?,(33J§V 1‘2 1
2 +/1315x§ +A50'+ 50" , ) +V3,5X§ +)50 +y50" ,

(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
manuscript. This allows one to setup the numeritadlel starting from the baseline aeroelastic pararsef the

pitch—plunge aerofoil described later on. In thisdal, the input to the system is the flap rotatmgle o . Since
the termsd,d are merely time-derivatives of the input, they mo¢independent o and therefore are not treated
as additional inputs, but rather as time-varyingrdities that are part of the system (hence locatside f (X)).

These quantities may be computed by numerical réiftiation of 6. 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 theregsions for
X, Xy , appearing in [6], and are given by eq. (A2.2) 6Ag.3) respectively in Appendix Al. Gust inputshich
would normally appear in the expressions relatingyt;, 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, so that even whentémsioned
wire is removed, the system remains nonlinear {albea different way) whereas the model, which leets the
freeplay effect, is strictly linear. Thus the résg set of parameters represent a compromise betywaysical
reality and a model that offers a reasonable fibl& 1 contains the finalised parameter valuesrevtie format in
which they are presented follows that used by [18],and many others. A definition of these paramseig also

provided in the Nomenclature section of the presetitle, for the reader’s convenience.

Table 1 Aeroelastic model parameter values

Parameter Value Parameter Value| Parameter Value
w, (rad/s) 29.13955 a -0.32571 {a 0.0115
Iy 0.5 C 0.5428 | M=Mpn/Myot  2.21669
X, 0.021 b (m) 0.175 Be, 1085.62
a} (rad/s) 24.64246 /
ILI 30 ﬁ{s ’ ﬁa’s !180’5 0
(linear/nonlinear) 26.41656
17} 0.84567 /
s 0.0175

(linear/nonlinear) 0.90655




The non-dimensional nonlinearity coefﬁcienﬁ%&.,6}5,,5},3,,86,5 are derived from eq. (1), knowing the semi-

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

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

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

linear stiffness that increaseég (and thereforew ) in the underlying linear behaviour of the nonénsystem.

A. Measurement of parameters
A combination of methods was employed during adtjois of the aeroelastic system’s parameters. \Glofe
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 providestunal

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 rotétigg, ) was measured via a static moments test with iticl 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 axsq,,agr,r(,,,,l%3 were computed from

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

B. Tuning of measured parameters

The responses simulated using the measured paragrfeteboth linear and nonlinear cases were coatpaith
the respective measured responses from the adgroegstem. Although a good match was obtainedaxgected
discrepancies between the respective responsesolveeeved. The overall tuning objective in thisecass to make
adjustments to the measured parameters so asuceréiiec 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 wasiexd out, and a given parameter varied at any tone. A
qualitative summary of the trends identified froniststudy may be found in Appendix A4. During iafttuning

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



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 dampirnipsawith
airspeed was simulated, and subsequently compaitedive actual values obtained through modal te3tspped
sine modal testing was performed between speedsl 45 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@end case an
electromagnetic shaker was used instead of the litapoth cases, the displacements at points #1#an@Fig. 2)
were chosen as outputs. FRF data was post-procassadract 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 lmaarities in the connection between the nose -atatk actuator

and the flap.
ST T 5 T iteh
4 ‘ pitc
"""" plunge
AR --LFs
\;3 e flap
8 Bt e o flap
BEE TR EE RS TS W | < shaker
) ! ! } 11 |+ shaker
0 5 10 15 20
air speed (m/s) air speed (m/s)

Fig. 4 Variation of ayy and 7 with airspeed.

Nonlinear case - Time domain response

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

an initial condition of& = 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 (a) Simulated and (b) Measured aeroelastgystem steady-state

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

An LCO is reached once the transient motions haeayed. The simulated result (a) may be compartdtie
response from the aeroelastic system (b). Sincechliagacteristics of the LCO are not dependent eninitial
conditions (provided that, as in the present cageadditional equilibrium states exist), the LC@pense from the
aeroelastic system is recorded once the transietibmhas decayed. It can be seen that the fundaime@O
frequency, approximately 4.3 Hz, is in very clogee@ment between the simulation and the aeroelggiem. The

phase portrait diagram for the aeroelastic systednsamulated LCO responses are compared in Fig. 6.

experimental
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Fig. 6 Phase portrait of physical states at U = 155/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 free-play effs in the aeroelastic system — absent in the ricahesimulation —

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 4 structural states maphiained from direct measurement of pitch and géyrand their
time derivatives. The remaining 8 aerodynamic statay not be measured directly; it therefore beconeeessary to
acquire them by other means. In the present whikabjective is fulfilled by embedding the numatimodel in the
experimental control loop and utilising it to geaterin real time the aerodynamic states. The meddlap deflection
angle — i.e. the physical implementation of theuirip the aeroelastic system - is directed to thbezlded numerical
model, which then generates in real-time the fAlsiate vector. The first 4 entries of this veetadre. the structural
states — are then replaced by the measured vaugsdte a “hybrid” state vector which is the basiswhich the
control input is computed. The hybrid vector isrtlied back into the embedded numerical model (alitiy the flap
deflection angle) which allows computation of thates vector at the next time step. It is noteworthgt the
implementation of the embedded numerical modehéndcheme described here is similar to an openébsprver
design.

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 doesnaogessarily

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 Buttenimvtipass 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 comapeelocities.

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

The embedded numerical model generates the fulk stector X based on knowledge of the measured
structural statey — 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 vectd , 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 /taun
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 akxstic system and related simulation results filoennumerical
model and are presented. Open-loop results frorerfteedded numerical model are discussed initidligwed 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 §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 bethettncases forxs, Xg, Xg. The most likely cause for the
mismatch observed in the case %f is the asymmetry in the plunge displacement LC@h wespect to the zero

position (this can be observed in Fig. 5(b) in &kove). In Xy, 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 wtieis 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, ada@ads are not considered in this work.

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

linearisation implemented, prior to which a vemdion of the stability of the internal dynamicsegried out.

Pitch linearisation internal dynamics

The stability of the internal dynamics resultingrfr pitch linearisation is verified by studying thiability 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 syst Evaluated
about a given equilibrium point, stability propesdiof the point may be revealed from the eigengahfethe
Jacobian [19]. 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 negatieal parts

indicating asymptotic stability.

-0.042723537810  -0.262637592121  -0.04550000000 15619146610 -0.300000000000

-0.139300000000  -1.802000000000  -0.04550000000 15619146610 -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,heaary, 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 sasps for{, =0.3, where the controller is

switched on at exactly 3 seconds.

1t P .. __|—measured | 0.01F i ‘ ‘ —measured |,
—_ ! =-=controller ON| ~ =-=controller ON|
) I L g !
) f & | |
S | ' | | |
= =) 0 | | | |
2 5 l l ‘ l
o iyt -EEYEY S S | | | | |
| | | | | |
| | | | | |
e =
— predicted | 0.0} ---- oo I- - - - - --|—predicted |
—_ =-=controller ON|, ~ | =-=controller ON|,
=3 S
[) | | RS | |
e
. — =, 1 1
2 | | 2
Q- B R s B R I R =
| | |
: : . -0.01
6 7 8 2

time (s) time (s)

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 5 seconds. Repeatability af #tbove behaviour was verified by carrying out shene test
multiple times and ensuring a consistent outcomehé simulated responses shown in the bottomdfdifg. 9, the
effect of the Butterworth low-pass filters has beeduded for consistency when comparing with ekpental

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 theponse 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 plentp obtain respective velocities etc. Also, it wasfirmed using
offine numerical simulations that the phase delagsulting from filtering of signals required forumerical
differentiation etc. played a small, but signifitamle in causing this discrepancy. Another majourse of
discrepancy could be attributed to the mismatchvéen the tuned and actual system parameters,ingsidt the
dynamics not being cancelled out completely ase@esConsequently, complete uncoupling of the pitciion from
the remaining dynamics is not achieved; this ifeotéd in the nature of the measured pitch motibieres content
from multiple modes of vibration is evident. Howevene may conclude from inspecting the actualedesop
response that the extent of this problem is notgseat as to prevent the present control method foming

implemented with satisfactory effectiveness. The finotion during the above control run is preseimesdg. 10.

2 iiiiiiiiii \77777\ 77777777777777 | 2 iiiiiiiiii \77777\ 77777777777777 |
=) ! | | —measured |, > i | | — predicted |
S i 1~~~ —----|=-controller ON|| & 1}----- - |- __.___|=-=controller ON|
c | c | | | | |
o | o | | | | |
= 0 =0
S | S | | | | |
o | | o E | | | | |
o-1 | | o-1----- ----- R T S s
g i | | g E | | | | |
Y- | | | | Y- | | | | |

-2 1 L L L L | -2 1 L L L L |

2 3 4 5 6 7 8 2 3 4 5 6 7 8

time (s) time (s)

Fig. 10 Flap motion for closed-loop control of aevelastic system for{g = 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 mrealsand simulated cases evident from Fig. 10. Weroteason
may be attributed to the correction factor employedaking into account the (span-wise) length toé 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 freeypkffects in the V-stack and also in the flap fts€learly, 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 mmi@b6 of

LCO amplitude) respectively, from the moment thatodller is switched on.

-e-plunge|

12,,,,&,4‘ ,,,,,,,,,,,, L 77777 4‘ 77777 —e—pitch J
> | | |

| | | |

| | | |

decay time (s)

|
| |
0 0.2 0.4 0.6 0.8 1 1.2
assigned pitch damping ratio

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 controléieti to suppress LCO. However, as seen in Fig.
11, for {5 >0.12, the LCO is suppressed completely. It is intengstd note that the rate of decrease in decay time
between around.12<{y < 0.z is much higher than for subsequent values. It ekserved during the experiment
that for higher values of  the flap actuator motion consisted of higher atagé high frequency components, and
therefore operated in a more arduous regime as aeawith smaller{c, . Therefore, given the above trend in the

decay time variation, it is appropriate to assiglamping value approximately betwe@r2< {r < 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 jine
nonlinearity parameters, but also the parametessriliéng the linear part of the aeroelastic systéhe gain matrix

I" (see Appendix Al) was chosen to be diagonal, ndtthoss of generality. At each time step of thewation, 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 (L®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 extentadiptation on the closed-loop response, a glategbtation
parameter (i.e. a scalar multiple of the matiix 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 standardifaekl linearisation, i.e. with no adaptation.

Since the parameters of the aeroelastic model bega identified and tuned with respect to an aedpef 15
m/s, and the controller is therefore designedtlite speed ideally, it is of interest to investigtte performance of
the adaptive controller at other speeds. With dhigctive in mind, closed-loop tests were run aess 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 us¢de standard
linearisation case discussed above) would be auread how well or otherwise the adaptive controperforms.

The resulting closed-loop responses are plottédgnl?2.

| 1 |—*=13 m/s | 1 |—==13 m/s
7] P U I |-e-15m/s up I |- |-e-15 m/s|
s °-16 m/s ©-16 m/s

Decay time (s) - Pitch
Decay time (s) - Plunge

2 1 2
scalar global multiplier scalar global multiplier

Fig. 12 Variation of decay time in closed-loop rggnse with

global adaptation multiplier, at speeds U = 13, 156 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 optinalue of the global adaptation parameter exigtere the
decay time reaches a minimum. This optimum valgesam be seen in Fig. 12, is dependent on theegids@and
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 duedglecting effects such friction and free-play livegrities in the
aeroelastic system. A typical time history plot thie parameters is shown in Fig. 13, where the gn¢age

difference of each parameter with respect to itglnvalue 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 opdh@meters have no significance as far as satgsthi@ 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 nawar active control on a 2 degree-of-freedom piticimge
aeroelastic system have been presented in thig.pBpe nonlinear controller was based on input-otufpedback
linearisation, with the pitch deflection chosentlas output. In the single-input-single-output cohtonfiguration
pursued throughout this work, the input to the akastic system was realised through the defleatioa control
surface located at the trailing edge of the aekofdie function of the controller was twofold: (&) cancel the
system dynamics and thereby isolate the pitch mpt@md (b) to assign the linear dynamics of pitabitiom via
pole-placement. The online integration of a turmg-brder aeroelastic numerical model during contrdbled the
estimation of aerodynamic states that characténseinsteady aeroelastic behaviour (often negldotesimplicity
and results in loss of accuracy), required in Y&hesis of the controller. The use of pole-placeinas the linear
control objective, as opposed to LQR control usegrievious related work cited earlier, increases sbope of
action by the user on the controlled response.

Results from implementing the feedback linearisatiased controller on the open-loop aeroelastitesys
while undergoing LCO, demonstrate the effectivengfsshe controller in completely eliminating vibi@at and
bringing the system to rest within an acceptaltetperiod. Adjustment of parameters in the polegizent part of
the controller was shown to result in improvemefndecay times, indicating both controller effectiess and good
control authority over the system. Further reductio decay times was made possible through theusiaoh of
adaptivity within the feedback linearisation schertewas found that an optimum value of a globahmtdtion
parameter exists - which depends on the air spesdere the response decay time reaches a minimurenWsed
with a global adaptation parameter close to theémaph value, the adaptively controlled closed-logsponse
decayed more rapidly than in the standard feedtiaekrisation case. Experimental results comparetl with
those generated from the offline numerical modahivst cases. In the instances where discrepan@ss lvigher
than expected, valid explanations based on pracacesiderations were arrived at.

The successful inclusion of the online numericaldeioin the control loop demonstrates the possjbitit

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 pmrhance. 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 intcaghmication 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 knowledgée nonlinear 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 as209, A recent
publication [21] attempts to illustrate the applica of input-output linearisation in second-orédasto-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 repeatedfferntiated, 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 theber 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 implemted, the result is a decoupling of the entirehpdegree of
freedom from the remainder of the system. This kgsabne to effectivelyewrite the dynamics of this now
decoupled pitch subsystem, for instance via paeghent by assigning a desired damping ratio amdraia

frequency.

a. Feedback linearisation - Pitch

For the aeroelastic model considered in this wpitch 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



Z,

' 0 1
{2}{% -kZHZl}’ k=dfa, k=Xada (A1.1)

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

By adjusting the gain,, K, , the desired natural frequenay, o, and damping ratio/, of the (now isolated)

pitch degree of freedom may be placed.

Internal dynamics

In the process described above, the input perfames 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 contsotoncerned, it is necessary to ensure stalufitthe internal

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

derivation of the internal dynamics expressionpfeed by the final equations for the zero dynamity 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 isrnar 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 paramgtar is
addressed through employment of adaptation withim feedback linearisation scheme developed aboke. T
approach is outlined in many texts, for exampleANtsgg and Nield [22]. Following the same sequencstebs for

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



(A1.2)

o' :[ZT Ass /73’5], rT:[xT X3 x53]

where the tilde describes the difference betweeratitual and assumed value of a given quantity.,Ni@fining a

scalar quadratic Lyapunov function as

Y% :%zT Pz+—;(~)TF'16, P=P' -0, TI=I">0, (A1.3)

where “~ "denotes positive-definiteness, and differentiativith respect to time, and combining with (ALl.2yes
V=17" (AfP+PAy ) z+0" (r‘lé+rbTPz). (AL.4)
If the parameter error update refleis set as
6 =-TI'rb Pz, Q:—(AI,P+PAC,), Q> 0, (A1.5)

the second term in eq. (A1.4) will vanish, andsiensured tha¥ <0 [23]. Now, from the definitiord =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 upcdateé that would ensure a decreasing Lyapunov functkin3)

is obtained as



0=Trb'Pz. (AL.7)

In this equationI" acts as a gain matrix for the parameter updags.rébor the 14-state model of the present work,

the dimensions of the quantities in the above éguare

0 = T r bT P z
) (AL1.8)

(14x7) (14x14) (14} (1x2) (2 2 (2 )

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

values of the parameters.

A2 Coefficient terms occurring in model definition

The coefficients of the coupled aeroelastic modielt is used in this work are detailed below. Thenge
P, — P4 C—Cyy dg—d,, occurring below, and all dependent terms and essjisas are given in [6]. The term

is redefined here as

=m+—, m= pin , (A21)
“ U

as the original definition in [6] is incorrect. The, y coefficients in eq. (6) of 8ll are given below. The

coefficients are



A=(pds+pLe), A.=(Patps)d, A7(pdspPs) A 7(PdEpPp)
As=(pds+pLy), Ae=(PdgtpPsd, A~(PdoPs) A5(Pd FPC o

Ao =(pdi*tPL1), A= (PdatPs 1), AT(Pd 3PC)s

(A2.2)
/]12=(F’10'14+ pzclzl)v A7Pd s A35PGs A 15P%h s A5=PLs1,
1(2pds _ 1 2pds _ 1( 2pds

Ag=—— - PCs |, Ay =—— -P,Cy |, Ay =—— - P.Cy |

5 7111( rj P2 5] & 7211[ rf P2Cs & Py rj P2Cs
and they coefficients are

n=(pds*pLe). V.=(pgd+ps)., y-(pdsprs) vr(pdtpa)

Vs =(pPd7+pes), Ve=(Psegtpsd. v~(Pde¢ps) Va(Pd #pPG o

Yo=(PdntPL1), Vi=(P81# PG}, Vir(Pd 3Py )s (A2.3)

y12=(p3d14+ szlA)’ VimPdys V3zPGs V15P% 4 Vas= PLsi-

1(2pd 1 2pyd 1( 2pd
Vaz_a[ F:?)za_p&a} Vo*z__[ p325_p4C5J’ Vyz__(#_p&y}
a

A3 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®+Kh®, (A3.1)

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

equation and re-arranging terms,



Fu =K +K E8+K 8% where Ke=Keb, Kg =K b® , K =K b (A3.2)

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

stiffness, viz.,

. K K R
Fo = K{5+R—‘(353+K—‘%£5J = Ry =Re(E+8,848.8). (A3.3)
: £

A similar approach can be used to define the piethted termsg3, , 5, .

A4 Trends identified when varying modal parameters

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

parameters, described in §1V.B, is presented inerab

Table 2 Effect of varying model parameters

i LCO amp. LCO

utter

speed g “hia < S & a fra
r decr compressedincr. falling rate  slightly  steepness incr incr

2 a " horizontally wrt airspeed affected incr. ’ ’

K]

©

5 hed lightly

o . . stretche S

8 %z incr. stretched horizontally horizontally ~ affected decr. decr.
H  decr. compressed horizontally steepness incr. indecr. decr.
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