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Methodology to Develop Nonlinear State-Space Models for

Active Control of Transonic Aeroelastic Phenomena

Srikanth Vasudevan *, Xuerui Wang ' and Roeland De Breuker*
Delft University of Technology, Delft, The Netherlands

This paper aims to develop a reduced-order modelling methodology for nonlinear, unsteady,
aerodynamic loads for active control transonic aeroelastic instabilities. To this end, a NACA0012
airfoil equipped with a flap is chosen as the test configuration. The aim here is to understand
the interaction between the transonic shock dynamics and flap actuation at various amplitudes
and frequencies. The high-fidelity simulations are carried out for two angles of attack, i.e.
a = 0.0°,4.0°. It is found that transonic buffet characteristics significantly change with airfoil
geometry. Additionally, the flap is seen to be ineffective in the separated flow regions, thereby
making the C;-f slopes highly nonlinear. However, increasing the frequencies of flap oscillations,
increases flap effectiveness, increases control over buffet motion and moves towards linear lift
responses. Furthermore, we also evaluate the performance of several Bayesian Filters that are
crucial in the state-estimation process of the active control of nonlinear systems. It is observed
that nonlinear filters such as Unscented Karman Filter perform better than the traditional
linear Kalman Filter as system response to flap actuation becomes nonlinear in the presence of

separated boundary layer.

I. Nomenclature

A = amplitude of oscillation

C = chord

F.G = functions for spatial nonlinear transformation

H = time-dependent nonlinear function describing latent-space dynamics
h heave (m)

a = angle-of-attack / pitch (degrees)

B = flap angle (degrees)

Mye,Che, Kue = aeroelastic mass, damping and stiffness matrices

F,(t) = unsteady aerodynamic force vector

X U, 2, WV, X, w§m> , wl@ = State-Estimation model parameters

A,B,H,P,S,K State-Estimation model matrices

KF, EKF, UKF,PF = Linear and Nonlinear Bayesian Filters

CFD, FEM = Computational Fluid Dynamics, Finite-Element Methods
AIC = Aerodynamic Influence Coeflicients

GVT = Ground Vibration Tests

uRANS Unsteady Reynolds Averaged Navier Stokes

LES = Large Eddy Simulations

DNS = Direct Numerical Simulations
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I1. Introduction

ACTIVE control of aeroelastic systems in the transonic regime presents itself as one of the most challenging topics
with rich and complex physics that is yet to be fully understood. The aerodynamic flow field is inherently unsteady
and nonlinear in this regime due to the presence of shock waves that exhibit dynamic motion. In addition, the structure
could exhibit linear or nonlinear responses based on its stiffness and aspect ratio. This leads to a premature onset of
instability in such coupled systems [[1]. Thus, active control is imperative. Today, aircraft fly in the transonic dip without
control. Owing to the differences in the dimensionality of each of these subsystems, design of efficient active control
systems for such scenarios is not a trivial task.

In transonic flows over airfoils, the presence of partial supersonic bubbles makes the flow field neutrally stable, thus
susceptible to instabilities such as the self-sustained limit cycle oscillations of the shock due to minor changes in the
flow conditions [2]]. This is termed as transonic buffeting [3H6]. As numerical models introduce marginal errors that
could lead to drastically different long-term responses of such nonlinear systems, wind tunnel experiments should form
the ground truth. However, limited wind tunnel data exists in literature due to challenging high operational costs of
transonic wind tunnels.

In aeroservoelasticity (ASE), numerical models of the aircraft are developed via superposition of eigenmodes, as seen
with the FLEXOP [7] and NASA X-56 [I8] demonstrators. Dimensionality reduction is then performed on these large
order systems [9H11]], leading to low-order temporal state-space models. For active control, state-space representations
are preferred due to their ability to incorporate nonlinearities, real-time adjustments to system responses, and superior
disturbance rejection. However, since the classical aeroelastic problem is based on potential flow theory [12], the
aforementioned nonlinear flow physics is missing.

Due to these limitations, we often rely on numerical simulations of the partial differential equations to obtain the
spatio-temporal flow field. In particular, for unsteady transonic flows over airfoils, most commonly used CFD methods are
unsteady Reynolds Averaged Navier-Stokes (URANS), Detached-Eddy Simulations (DES) and Large Eddy Simulations
(LES). In an abstract sense, these methods are analogous to low-pass filters of the wind tunnel tests with increasing
cut-off frequencies. Although, numerical techniques such as shock capturing [13] and shock-fitting methods [[14]]
based on Euler equations do exist, they fail to explain the origins of these instabilities from a theoretical perspective.
The existence of a boundary layer is necessary to capture the interactions at the shock-foot that leads to the buffet.
Additionally, one must also evaluate what fidelity of the aforementioned CFD methods is sufficient to capture the
phenomenon of interest accurately. Reduced-Order Modelling (ROM) therefore requires a trade-off between accuracy
and computational cost.

One approach is to use existing high-fidelity data to lower the computational overhead while generating the ROM. In
aeroelasticity, CFD-based correction of the Aerodynamic Influence Coefficients (AIC) of potential flow codes and
Ground Vibration Test (GVT) based Finite-Element (FE) model correction [7]] and other CFD-based ROMs [15-18]] are
common instances of these data-driven techniques. In the recent past, with the rise in popularity of machine-learning
algorithms [[19-21]], purely data-driven approaches are being developed, whose major limitation comes from the
requirement of extensive amounts of data. However, Bayesian approaches are increasing being utilised for time-series
forecasting [22, 23] and will be crucial in paving new avenues of research. It is interesting to observe that the fundamental
building blocks of many machine learning algorithms are statistical tools that can be derived from first principles. Active
control can also be viewed as a time-series forecasting task. Bayesian approaches play a crucial role in these procedures
to infer the model dynamics, termed as state estimation.

It is, therefore, evident that in order to achieve fast and accurate predictions, combining both physics-based and
data-based simulations is key. This ensures analytical and numerical tracability. Thus, the ideal optimisation strategy is
to maximise the physics-based part by developing representative low-order analytical models [24] which can then be
cast into a nonlinear state-space form. Furthermore, a data-driven strategy to include additional parametric effects into
the low-order model will improve accuracy. This is illustrated in the Figure[T|below.
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Analytical 2"-Order Differential Equations
Aim: Determine a mathematical model that explains the global instability.

Theoretical Framework

Engineering Framework

High-Fidelity Coupled Aeroservoelastic Simulations

Data-Driven Bayesian Statistical Models
Aim: Determine a parametric effect of the chaotic boundary layer on shock dynamics

Fig. 1 Methodology to solve the transonic aeroelastic problem.

In this work, we study the nonlinear effects of the flap actuation on the shock dynamics using high fidelity simulations
and evaluate its effectiveness. Futhermore, we evaluate the ability of nonlinear control algorithms to estimate the hidden
states of the nonlinear system from data. This study contributes in part towards the generation of nonlinear state-space
models for active-control of transonic aeroelastic systems.

This paper is structured as follows: Section [[II|briefly illustrates the methodologies that will be adopted for the numerical
models summarised above. Section [IV|presents and discusses the obtained results and their implications. Finally,
section [V]|presents the major conclusions.

I11. Details of the Transonic Simulations and State Estimation Methods

This section presents the numerical settings that were used for the high fidelity transonic simulations in [[Il.A] The
mathematical background for the control algorithms are presented in[[IL.B]in detail.

A. High Fidelity Problem Description

Without loss of generality, a NACAO0O012 airfoil has been chosen as the airfoil geometry for the current study. The aim
is to study the possibility of controlling the shock motion via active control methods. To this end, the chosen airfoil
is equipped with a flap of length 0.2¢ at the trailing edge with an airfoil-flap gap of x, = 5 mm as shown in Figure
a, B, x(t) are the angle of attack, flap deflection angle and shock location respectively. 8 has a positive deflection
downwards. An unstructured mesh grid, shown in Figure[2b]is used for this study due to the complexities involved with
structured dynamic meshes [25]], especially around the small gap region between the airfoil and the flap. In addition, a
realistic CFD simulation over complex geometries such as 3D wing structures are often carried out using unstructured
meshes.
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(a) Airfoil-flap geometry illustrating the gap xg = 5 mm. (b) Unstructured mesh with refinement around the gap.

Fig. 2 Geometry and mesh description of the uRANS simulation at M = 0.82.

Ansys Fluent 2024R2 was used for the flow simulations in this work. Table([T]briefly summarises the settings used for
the dynamic unsteady simulations over the airfoil-flap geometry. The settings are consistent with our previous related
work [24]]

Table 1 CFD Simulation Settings (adapted from [24]).

Property Definition

Bounding Box 15X x 10X (X is the airfoil chord)

Mesh Domain Unstructured mesh with ~ 1.0 x 10 nodes
Airfoil geometry NACA0012,¢c=1.0m,ly =0.2¢,a =0.0°, 4.0°
Flow settings Spalart Allaramas uRANS model, M = 0.82

The simulations in this work can be classified into two major test cases, i.e. (a) @ = 0.0°, (b) @ = 4.0°. Each test case
further consists of 2 amplitudes of flap oscillations, i.e (a) AS = +5.0°, (b) AS = +10.0°. Thus, a total of four temporal
unsteady simulations were carried out for this study. The prescribed unsteady flap oscillation is purely sinusoidal and
has the form B¢ (f) = Bo sin(wT). The total simulation time was ¢t = 6.5s with Az = 0.001s Additionally, after every 2
seconds, the flap oscillation frequency was increased according to the list f(Hz) = {0, 1, 10,20} for all amplitudes.

B. State Estimation using Nonlinear Bayesian Filters

Bayesian Filters are control frameworks for estimating the states of a dynamical system. They are built on a probabilistic
approach to iteratively update the beliefs about the system behaviour from the most recent measurement data. This
section presents the mathematical formulation of the Bayesian Filter. For the sake of brevity, only the algorithmic steps
are provided here. For the detailed derivations, interested readers are referred to [26, [27]. For implementation, python
library FilterPy [28] can be used. To begin with, we will look at the Kalman Filter.

Consider the state-space representation of the system is being modelled as :
State Equation: x; = Axy_; + Buy + wy,

Measurement Equation:  z; = Hxy + vy,

where:
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* X, : State vector at time k,

* ug: Control input,

¢ 7;: Measurement vector,

¢ A: State transition matrix,

¢ B: Control matrix,

¢ H: Observation matrix,

e wy: Process noise (wx ~ N(0,Q)),

¢ vi: Measurement noise (v ~ N (0, R)).

1. The predictor-corrector algorithm

The filter predicts the next state and the error covariance:
Predicted State: )A(k|k_1 = Aﬁk—l\k—l + Bug,

Predicted Covariance:  Pyj_1 = APx_1,1AT + Q.
Where, £ k-1 and Py |k—1 are the conditional predictions of the state and the covariance given previous measurements.
In the next iteration, when a new measurement is received, the filter performs a correction often referred to as the Update
step:

1) Compute the Kalman Gain:
Ky = Py H™ (HP; HT +R) ™.

2) Update the State Estimate:
Rijk = Rejp—1 + Ky (2 — Hgppem1) -

3) Update the Covariance:
Pk = (I - KiH) Prejge—s.

Similarly, £ and Pk|k are the conditional updates of the state and the covariance given predicted values. Ky is the

Kalman Gain, which is a measure of how much the predicted values must be adjusted.

2. Unscented Kalman Filter

The Unscented Kalman Filter (UKF) extends the aforementioned algorithm to handle nonlinearities by approximating
the state distribution a sampling procedure that is termed as unscented transform. Due to this reason, UKF is more
efficient than the Extended Kalman Filter (EKF) which computes the gradient at each prediction step.

The algorithm begins with the Sigma Point (y; x—1) selection to approximate the state distribution.
Xik-1 = Re—1jk-1+ 4/ (n + /UPk—l\k—li,
where n is the state dimension and A is the scaling parameter:
Next, is the prediction step :
1) Propagate each sigma point:

Xiklk=1 = f (Xik—1,Uk).

2) Compute the predicted mean and covariance:

N _ (m)
Xk|lk-1 = Wi Xik|k-1s
i

Pyjk-1 = ZWEC) (ikik—1 = Rejk-1) (Yikie-1 = Kepe—1) " +Q.
i
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wl(m) and Wl@ are the weights for computing the mean and covariance.

Finally, the update step is given as:
1) Propagate sigma points ({) through the measurement function:

Cik = h(xikik-1)-

2) Compute the predicted measurement mean (Z) and covariance (S):
2 = Z Wl(m),(i,b
i

Sk = Z WI(C) (i — 2i) (Lo — ;)" +R.
i
3) Compute the cross-covariance (Py):

Py = Z wi (k=1 = Raqi-t) (G —2) "
i

4) Update state (X) and covariance (P):
Ky = szslzl,

Rejke = X1 + K (2 — 21)

Prii = Prji—1 — KieSi K

IV. Results and Discussions

Section[IV.A] presents the high-fidelity results for transonic simulations around NACA0012 for two angles of attack at
M =0.82,i.e « = 0.0° and a = 4.0°. For each angle of attack, flap oscillations of varying amplitudes and frequencies
are prescribed. The results presented in this section forms the ground truth for downstream processing of the effect
of flap oscillations on the shock motion. Furthermore, Section [[V.B|evaluates the performance of the data-driven
methodology proposed in Section [lII.B

A. Effect of Sinusoidal Flap Oscillations on Shock Dynamics

The unsteady flow field obtained for the geometry presented in Section [[II. Aillustrates the complex dynamics associated
with transonic flows. In particular, this paper adapts the NACAO0012 profile from the authors’ previous work [24] to
include a flap of length 0.2c. This introduces a small gap of Smm between the airfoil and the flap. Interestingly, this
inturn has resulted in a drop in the buffet frequency from previously obtained value of 25 Hz at @ = 4.0° [24]. As
expected, for @ = 0.0°, no shock buffet occurs as the design point M = 0.82, @ = 0.0° lies within the aerodynamic buffet
boundary and thus the shock is stable. The design point M = 0.82, @ = 4.0° was chosen as this was found to be at buffet
boundary for the NACAO0012 airfoil [29].

Figure [3| presents snapshots of the representative pressure coefficient, C,, of the unsteady flow field for the two test
cases. The distinctive feature of the @ = 0.0° test case is the presence of symmetric supersonic bubbles on either side of
the airfoil, giving rise to interesting dynamics when there exists a relative motion of these shock locations.

In contrast, the @ = 4.0° case shown on the right exhibits a consistent supersonic region only on the suction side. In
particular, this test case of M = 0.82, @ = 4.0° is chosen here as several studies have found this to be the crucial point
where a transition to self-sustained oscillation of the flow occurs [29].
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Cp Contour: M = 0.82, a = Odeg, Current Time: 1.590s Cp Contour: M = 0.82, a = 4deg, Current Time: 1.590s

1.415 1.415
1.132 1.132
0.849 0.849
0.567 0.567
0.284 0.284
0.001 0.001
-0.282 —0.282
—-0.565 —0.565
—0.847 —0.847
-1.130 -1.130

Fig. 3 Representative contour plots of the transonic pressure coefficient for the two test cases: (Left) @ = 0.0°
(Right) @ = 4.0°.

Figure [ presents the unsteady variation in the lift coefficient for the two test cases in response to prescribed sinusoidal
flap oscillations of varying amplitudes and frequencies. By comparing lift variations from # = 0 s to # = 2 s (steady-state
response with no flap deflection), we can observe the transition to the self-sustained oscillation, i.e. shock buffeting, as
we move from @ = 0° to @ = 4°. In addition, we also observe a mean negative c; for @ = 0.0°. This is observed to be a
result of unequal strengths of supersonic bubbles having a relative motion.

Time domain response for sinusoidal flap actuation

— a=0°,3=5°
— a=0°8=10°
0.6 1 — a=4° =5
—_— a=4° =107

0.8

0.4

0.2

Gi[-]

0.0

-0.2 4

—0.4 4

—0.6 A

Time [s]

Fig. 4 Unsteady variation of the transonic lift coefficient for prescribed flap oscillation amplitudes and
frequencies.

In figure E fromt = 2 stot = 4s, the flap frequency is fg = 1 Hz. For a = 0.0°, the flap is observed to have
effectiveness for both positive and negative deflection angles, although not equal. This is attributed to the relative
strengths of the moving shocks on either side. For @ = 4.0°, the flap is observed to be effective only for a part of the
cycle for both amplitudes. This is expected as the flap now operates partially within the separated boundary layer, whose
height extends from the suction-side shock foot location to the trailing edge location in the vertical direction. Next,
between t = 4 s and t = 6 s, the flap frequency is increased to fg = 10 Hz. This frequency is chosen to understand
the energy transfer mechanism between a prescribed oscillation close to the the natural buffet frequency f;, = 12 Hz.
Particularly, for the @ = 0.0° case, an interesting pattern is observed. This is because, the shock oscillates about two
locations, one on the main airfoil and the other on the flap. This could be explained in terms of the gap that exists in the
geometry, which acts as a natural barrier for the shock motion. Additionally, from ¢ = 6 s, we also plot the response of
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the transonic flow field to a flap oscillation frequency of fg = 20 Hz. In this period, the variation in the lift coeflicient is
a direct function of the prescribed flap oscillations, indicating that the flap is in control of the shock dynamics.

Y — L = 9
1.00 fg=1Hz 1.00 f3=10Hz 1.00 fs =20 Hz

0.75 4 0.75 4 0.75 4

0.50 4 0.50 4 0.50 4
0.25 1 0.25 0.25 /

L 000 L 0004 L 0004
O b) <

‘ _ = | © '
—0.25 4 —0.25 4 —0.25 4

—0.50 4 —0.50 4 —0.50 o

—0.75 4 —0.75 4 —0.75

~1.00 . . . . . ~1.00 . : - : - ~1.00
-6 5 6

(a) B = £5°: (left) f = 1 Hz, (middle) fz = 10 Hz (right) f3 = 20 Hz.

fa=1Hz fz =10 Hz
1.00 1.00
0.75 0.75
0.50 0.50
0.25 0.25
L 000 L 0004
&) &)
~0.25 ~0.25
~0.50 ~0.50
 A=0° 3—10° e a=0°.3=10°
o075 a=0°,5=10 —oT5 a=0°,3=10
— a=4°3=10° — a=4°,3=10°
~1.00 1 : - - - ~1.00 1= - - - -
—10 -5 0 5 10 -10 -5 0 5 10

3] Bl
(b) B = +10°: (left) fﬁ =1 Hz, (right) fﬁ =10 Hz.

Fig. 5 Effect of flap amplitude on coefficient of lift: (a) 8 = £5° (b) g = £10°.

Figure [5]depicts the variation in the lift response as a function of flap angle 8. The subplots in Figure [5a present the
effect of flap frequency fg for 8 = +5° amplitude. For @ = 0.0°, the lift response is independent of the flap oscillation
frequency. However, for @ = 4.0°, increasing the flap frequency, increases the effectiveness of the flap. In particular,
once the flap frequency exceeds a set threshold, the shock motion is fully controlled by the flap motion. This is a direct
correlation with the amount of time the flap moves within the separated boundary layer. Similarly, Figure [5b] presents
the frequency effects for 8 = +10°. Here, it is interesting to note that for & = 0.0°, the C;-g slope is no longer 0. The
higher amplitude tends to exceed the boundary layer thickness, thereby making the flap effective. However, one can
also observe the magnified effects of the boundary layer in @ = 4.0° case. Once again, the flap is not effective in the
separated region.

1. Angle of Attack

Increasing the angle of attack increases the lift response but also increases the separated boundary layer, thereby making
the flap ineffective upto certain actuation angles. While for & = 0.0°, the flap is symmetrically effective. Additionally
for @ = 0.0° between # = 0 s and ¢ = 4 s with no flap actuation, a slight negative C; is obtained. This is attributed to the
relative shock position on either side.

2. Amplitude Effects
Increasing the amplitude of oscillations, increases the effectiveness of the flap, but also enhances the boundary layer
effects at lower frequencies as the flap is immersed in the separated layer for a larger part of the cycle.
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B. Performance of Bayesian Filters in Nonlinear State Estimation for Active Control

As seen in the previous section, the response of the aerodynamic system to the sinusoidal flap deflection is significantly
nonlinear. In this section, we discuss the performance of Bayesian filters in the nonlinear state estimation process. In
order to actively control a system, we need to measure a certain parameter, determine the relation between the measured
parameter and the system state, and finally, develop closed-loop control laws that actively alter the dynamics of the
states. For this, a crucial precusor is the state-estimation process, where the goal is to identify the hidden states, which
are often functions of the measurement data. In particular, we compare the traditional Kalman Filter (KF) against the
Unscented Kalman Filter (UKF). While both belong to the class of Bayesian Filters, the former assumes and formulates
all probabilities to be Linear Gaussians. The latter is a nonlinear filter.

In order to simplify the problem, we present a test case as follows: we assume that there exists a direct correlation
between the unsteady lift coefficient C;(¢) and the shock location x(¢), which is often unknown and might be thought of
as the hidden state. For this study, we consider the unsteady lift responses obtained in the previous section to be the
measurement data as well as the hidden states. Thereby making the estimated states to be the same as the unsteady lift.
In this manner, we can directly compare the convergence of the various filters towards the nonlinear lift while measuring
the mean and variance of the dataset.

Performance Evaluation of Nonlinear State Estimation for f, = 1 Hz

0.7 — 1Hz response
064 — KF estimated state
—— UKEF estimated state

0.4 4

Ci[-

0.3 1
0.2 1
0.1 4

0.0 T T T T T T T

Performance Evaluation of Nonlinear State Estimation for f, = 10 Hz

0.7 4/ —— 10Hz response
0.6 4 — KF estimated state

—— UKF estimated state / A N\ A /\ /\ \ ‘\ A A K A A A & A

0.4+

Ci[-]

0.3 \ \
0.2 4

0.1 A

0.0 T T T T T T T

Performance Evaluation of Nonlinear State Estimation for f, = 20 Hz

0.7 4 = 20Hz response
0.6 1 —— KF estimated state

——— UKF estimated state
0.5 1

0.4 1

Ci[-]

0.3 1

0.2 4

0.1+
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0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Time [s]

Fig. 6 Performance evaluation of nonlinear filters in state estimation.



Downloaded by Technische Universiteit Delft on January 6, 2025 | http://arc.aiaa.org | DOI: 10.2514/6.2025-0623

Figure@ shows the performance of the Kalman Filter (KF) and Unscented Kalman Filter (UKF) for various frequency
ranges. The state equation is assumed to be similar to a second order system due to the presence of sinusoidal oscillations.
Due to the assumption of equivalence of hidden and measurements states, the measurement equation is straightforward.
The parameters of the system dynamics matrix are representative and are tuned to obtain accurate estimates. It is
interesting to note that the state estimation capabilities of the Kalman filter improves as the frequency of flap oscillation
increases. This confirms our previous observation that the system response becomes linear as the flap spends less time
in the separated region. This is also expected from the Kalman filter as it is primarily a linear gaussian filter. For fg =1
Hz case on the top, the estimated state is incorrect due to presence of extreme nonlinearities. The flap is essentially
ineffective for half the cycle.

Figure [0] also presents the improved predictions from the Unscented Kalman Filter (UKF) in green. The major
improvement is seen in the most nonlinear low-frequency range. However, predictions for the high-frequency oscillations
are comparable with those from Kalman filters. In the future, other non-linear filters will be further evaluated, such as
the Particle Filter (PF).

V. Conclusions and Recommendations

In this work, we conduct a study on the effectivenes of flap actuation in controlling the shock motion. To this end, we
obtain the unsteady lift responses to dynamic flap actuation in transonic conditions of M = 0.82 at angles @ = 0.0° and
4.0° over a NACAO0012 airfoil via uRANS simulations using ANSYS Fluent.

The unsteady lift obtained from the high-fidelity simulations exhibit interesting dynamics with flap actuation direction,
amplitudes and frequencies. The dynamic responses obtained here are different from our previous work due to the
inclusion of the a flap with a gap of 5 mm from the main airfoil. From an aerodynamic standpoint, this change in
geometry makes a significant change in the buffet frequency. From all the test cases analysed, the following effects can
be observed:
1) Increasing the angle of attack, increases the lift response but also increases the separated boundary layer, thereby
making the flap ineffective upto certain actuation angles. While for @ = 0.0°, the flap is symmetrically effective.
2) Increasing the amplitude of oscillations, increases the effectiveness of the flap, but also amplifies the effect of the
boundary layer at lower frequencies as the flap is immersed in the separated layer for a larger part of the cycle.

Furthermore, for non-linear filtering techniques, the following points are observed:
1) Bayesian filters are effective statistical tools for determining the nonlinear dynamics of complex systems.
2) A linear Kalman Filter, although ubiquitous, suffers from nonconvergence when nonlinearities are present.
3) The nonlinear Unscented Kalman Filter (UKF) out-performs the linear filter in all the cases.
4) For high frequency flap oscillations, both the filters have superior performance in terms of accurate identification
of the hidden states as the system becomes linear. This is also an important conclusion for control law development
for such systems.

10



Downloaded by Technische Universiteit Delft on January 6, 2025 | http://arc.aiaa.org | DOI: 10.2514/6.2025-0623

VI. Future Work

Unsteady excitations of Identification of parametric Casting into nonlinear Evaluation of ROM
associated degrees-of-freedom nonlinear differential state-space system of performance in detecting the
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Fig.7 Envisioned nonlinear reduced order modelling procedure.

Figure[7]illustrates the procedure that will be followed to develop the nonlinear aerodynamic reduced order model. It
is known that the aeroelastic flutter is a type of a Hopf bifurcation. Thus, the input excitation signals that form the
training dataset are oscillatory and include a wide range of frequencies. By obtaining a latent-space representation of
the unsteady aerodynamic loads, one can determine the nonlinear evolution of the states of the system. Next, we obtain
an augmented nonlinear state-space model that couples the fluid states to the structural states. Ideally, the obtained
state-space matrices are time-dependent and hence the Jacobian (gradient) matrix is expected to be a function of time.
Finally, we look at the open loop transonic flutter predictions of the reduced order model and compare them to the
high-fidelity aero-structural simulations.
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