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Research motivation

NASA's Helios (https://www.nasa.gov/centers/dryden/news/ResearchUpdate/Helios/)

What are the main challenges? Proposed solutions
@ Increased flexibility @ Geom. nonlinear models
e Fast/real-time control and o Low-order NL struct +
estimation in the NL regime ROM L aero

@ MPC/MHE + mult. shooting
+ analytical sensitivities
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1Del Carre A. et al., “SHARPYy: A dynamic aeroelastic simulation toolbox for very flexible aircraft & wind turbines”, JOSS 4/12
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Realistic Aeroelasticity Sim. Host: SHARPy!

Structure Aerodynamics
Displacement-based GEBT?

wen (3} + (Gl D)

{90} = (Gl 50}

@ M is the mass matrix

@ Q are the discrete forces

@ n; € R® are the flexible DOFs expressed
in a body-attached frame

@ 3 =[v,w] € RO are the rigid-body
velocities

2 del Carre, A. et. al., “Nonlinear Response of a Very Flexible Aircraft Under Lateral Gust”, IFASD 2019 4/12
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Realistic Aeroelasticity Sim. Host: SHARPy!

Structure Aerodynamics
Displacement-based GEBT? Unsteady Vortex Lattice
3
M(ﬂ) {"7} { %yr(nv n, B)} Method
gyr(rl’ n, B)

fA(xn+1 n+1) = gA(XAa UA)
+ { stlf(n)} { ext(n’ 7, B, X)} yA = hA(XA’”A)
ext(n’ 777 Ba X) r
b
rw {gb}
xXp =< - L up =1

@ M is the mass matrix A My A &
&w

@ Q are the discrete forces

@ n; € R® are the flexible DOFs expressed
in a body-attached frame

@ 3 =[v,w] € RO are the rigid-body
velocities

3Katz J. and Plotkin A., “Low-Speed Aerodynamics”, Cambridge Aerospace Series 4/12
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Realistic Aeroelasticity Sim. Host: SHARPy!

Structure
Displacement-based GEBT?

wen (3} + (Gl D)

+{ snf(n)} { Q2 (n, 1, B, x)}

ext(n’ 777 Ba X)
@ M is the mass matrix
@ Q are the discrete forces

@ n; € R® are the flexible DOFs expressed
in a body-attached frame

@ 3 =[v,w] € RO are the rigid-body
velocities

3Katz J. and Plotkin A.,

Aerodynamics
Unsteady Vortex Lattice
Method?®

{ fA(xn+1 n+1) = gA(XAa UA)
yA = hA(XAvuA)
My
_ ) Tw _ {§b}
MEYE [ TG
&w

MER))

“Low-Speed Aerodynamics”, Cambridge Aerospace Series
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Realistic Aeroelasticity Sim. Host: SHARPy!

Structure Aerodynamics
Displacement-based GEBT? Unsteady Vortex Lattice

M(n){ﬁ} {QEZEZ Z g;} Method3
(%)= {0 )
Xa =

o} e
. L oua=143
@ M is the mass matrix My &b
3

{ fA(xn+1 n+1) _gA(XAauA)
yA = hA(XAvuA)

I

@ Q@ are the discrete forces

@ n; c R® are the flexible DOFs expressed
in a body-attached frame

@ 3 =[v,w] € RO are the rigid-body
velocities

Nonlinear discrete-time system

(]

@ Non-penetration BCs — I

@ Steady forces: Joukowsky thm.
o

Unsteady forces: Bernoulli
I ——
3Katz J. and Plotkin A., “Low-Speed Aerodynamics”, Cambridge Aerospace Series 4/12
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lHodges, D. H., “Geometrically Exact, Intrinsic Theory for Dynamics of Curved and Twisted Anisotropic Beams”, AIAAJ 5/12
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Structure Aerodynamics

Intrinsic nonlinear beam equations®

Mx%1—xy—E xo+L1(x1) Mx1+La(x2) Cxo=F e
C)-(2—X3+ETX1—£1T(X1)CX2:0

@ Intrinsic? 15 order der. (0) (o)
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Internal aeroelastic model for control

Structure Aerodynamics

Intrinsic nonlinear beam equations®

Mx%1—xy—E xo+L1(x1) Mx1+La(x2) Cxo=F e
C)-(2—X3+ETX1—£1T(X1)CX2:0

@ Nonlinear? Quadratic

lHodges, D. H., “Geometrically Exact, Intrinsic Theory for Dynamics of Curved and Twisted Anisotropic Beams”, AIAAJ 5/12
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Internal aeroelastic model for control

Structure Aerodynamics

Intrinsic nonlinear beam equations®

Mx%1—xy—E xo+L1(x1) Mx1+La(x2) Cxo=F e
C)-(2—X3+ETX1—£1T(X1)CX2:0

Modal-based finite-dim. system 2
@ Compute LNMs ¢y;(5s), p;(s)

@ Assume approx. solutions
xi(s,t) = D ¢1(s)qy (1)
xa(s, t) = Z D2i(s) (1)
@ Galerkin projection

q:Wq+N(q)q+[ o } qz[gj

2Wynn, A. et al., “An energy-preserving description of nonlinear beam vibrations in modalcoordinates”, JSV 5/12
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Internal aeroelastic model for control

Structure Aerodynamics
Intrinsic nonlinear beam equations® Linearised UVLM3

@ Frozen geometry and wake

Mx%1—xy—E xo+L1(x1) Mx1+La(x2) Cxo=F e (constant AICs)

C)-(2—X{l—‘,-ETX]_—£1T (Xl)CXQZO

Modal-based finite-dim. system 2
@ Compute LNMs ¢y;(5s), p;(s)

@ Assume approx. solutions
xi(s,t) = Z¢1j(5)qu(f)
xa(s, t) = Z D2i(s) (1)
@ Galerkin projection

q:Wq+N(q)q+[ o } qz[gj

3 Maraniello, S. et al., “State-Space Realizations and Internal Balancing in Potential-Flow Aerodynamics with...” AIAAJ 5/12
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@ Frozen geometry and wake
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Cxo—x{+E T x1—L] (x1)Cx2=0 @ Discrete-time LTI system
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Modal-based finite-dim. system 2
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@ Assume approx. solutions
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Internal aeroelastic model for control

Structure Aerodynamics
Intrinsic nonlinear beam equations® Linearised UVLM3
. @ Frozen geometry and wake
MX1—X’2—EX2+L‘,1(X1)MX1+£2(X2)CX2:fe (constant A|CS)
Cxo—x1+E " x1—L] (x1)Cx2=0 @ Discrete-time LTI system
Modal-based finite-dim. system 2 { SxL = ASx? + Bou?,
@ Compute LNMs ¢y;(s), ¢,;(s) oy = Coxj +duy
@ Assume approx. solutions ols
dxp = 0w Su) = o8p
xi(s, ) = Y by;(s)qj(t) AT YA, (0 AT \oé;
srn-1

xa(s, t) = Z¢2j(5)q2j(t)
@ Galerkin projection

v 1] ]

3 Maraniello, S. et al., “State-Space Realizations and Internal Balancing in Potential-Flow Aerodynamics with...” AIAAJ 5/12
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Structure Aerodynamics
Intrinsic nonlinear beam equations® Linearised UVLM3
. @ Frozen geometry and wake
MX1—X’2—EX2+L‘,1(X1)MX1+£2(X2)CX2:fe (constant A|CS)
Cxo—x1+E " x1—L] (x1)Cx2=0 @ Discrete-time LTI system
Modal-based finite-dim. system 2 { SxL = ASx? + Bou?,
@ Compute LNMs ¢y;(s), ¢,;(s) oy = Coxj +duy
@ Assume approx. solutions ols
sxa— ) OTw sun — 155
xi(s, ) = Y by;(s)qj(t) A=Y awsr, (0 YA T o€l
srn-1

xa(s, t) = Z D2i(s) (1)
@ Projection of 8y”?, u” into

@ Galerkin projection modal space ¢

v 1] ]

3 Maraniello, S. et al., “State-Space Realizations and Internal Balancing in Potential-Flow Aerodynamics with...” AIAAJ 5/12
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Internal aeroelastic model for control

Structure Aerodynamics
Intrinsic nonlinear beam equations® Linearised UVLM3
) @ Frozen geometry and wake
MX1—X’2—EX2+£,1(X1)MX1+£2(X2)CX2:fe (constant A|CS)
Cxo—x1+E " x1—L] (x1)Cx2=0 @ Discrete-time LTI system
Modal-based finite-dim. system 2 { SxL = ASx? + Bou?,
n _ n n
@ Compute LNMs ¢y;(s), ¢,;(s) oy = Coxj +duy
@ Assume approx. solutions ols
dxp = 0w duf = o8y
xi(s, ) = Y by;(s)qj(t) AT YA, (0 AT \oé;
srn-1
xa(s, t) = Z¢2j(5)q2j(t)
@ Projection of 8y”?, u” into
@ Galerkin projection modal space ¢
: n q: @ Krylov-based time-norm.
=Wq+ N + , = y
q q+ N(q)q { 0 } q [02} ROM*

4 Goizueta, N. et al., “Parametric Krylov-Based Model Reduction for Aeroelastic Systems,” 2021 SciTech Forum 5/12
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Estimation/control strategies

NMHE NMPC

Nonlinear dynamics

Estimation/control by repeatedly solving open-loop optimal control problems
s.t. dynamics & input/states constraints

Multiple shooting, SQP, analytical sensitivities

k

k
al SHARPy | —Y — — _______ .

Il |
- [ -,
Tape !
wk P
MPC - [mke | ke L kL
! qae | uk=Ne, uk=1;
1 i -==
' Goe, U, W !
1
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Pazy wing, a very flexible clamped wing test case.

|/

Image and data extracted from “Moving Forward with the Aeroelastic Prediction Workshop 3" presentation from
NASA's Large Deflection Group

Geometry Materials
@ Chord: 100 mm @ Main spar: Aluminium 7075
: i'i):’(:i:hs;(:zAmOOlS @ Clamp base: Nylon, PA12
@ Wing-tip loading beam @ Cover: Foil (Oralight)

I ——
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Pazy wing, a very flexible clamped wing test case.

7 e Coriflex

@ A compelling flutter suppr. case: 2 different control mechanisms

920

C

Velocity, m/s

50 A

40

st Torsion + 2nd OOP Bending

. 15t Torsion + 1st 0OP Bending ‘

Flutter Region

1.0°

Flutter Region

3.0

0.0

T l.‘ T T T T
0.1 0.2 0.3 0.4 0.5 0.6
Span-normalised wing tip vertical displacement, -

Stability analysis
on deformed
equilibrium point

Extracted from Goizueta,

N., Wynn, A., Palacios, R.,
Drachinksy, A., and Raveh,

D. E., “Flutter predictions
for very flexible wing wind
tunnel test,”2021 AIAA
SciTech Forum
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Numerical examples |

Pazy wing, a very flexible clamped wing test case.

@ A compelling flutter suppr. case: direct actuation
0.2

wing tip z-coord [m]

flap deflection § [deg]
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Numerical examples |

Pazy wing, a very flexible clamped wing test case.

@ A compelling flutter suppr. case: nonlinear stability leverage
0.2

wing tip z-coord [m]

flap deflection § [deg]
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High-Altitude Long-Endurance concept very flexible aircraft

_L%
%

10m

Image and data extracted from Deskos, G., del Carre, A., and Palacios,
R.,"Assessment of Low-Altitude Atmospheric Turbulence Models for Aircraft
Aeroelasticity,” Journal of Fluids and Structures, 2020.

Weight: 78.25kg,
50kg payload

AN=32

Flight velocity:
10 — 15m/s

1 Propeller
T-tail tailplane:

rudder and
all-moving elevator
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Numerical examples |l

High-Altitude Long-Endurance concept very flexible aircraft
@ Stabilisation after 50% payload drop. Open-loop results

20

T T T 20
——U (SHARPy)
a (SHARPy)
0 (SHARPy) /
L ——— Uy (modal) /
15 a (modal) 115
6 (modal) /

time [s]
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Numerical examples |l

High-Altitude Long-Endurance concept very flexible aircraft

@ Stabilisation after 50% payload drop. Closed-loop results

U lm/s]

> v & o o

>

Estimated payload m; [kg]

0 5 10 15
time s’
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Numerical examples Il

Data-driven improvements on the internal models: y = 37 O(x)
@ Gravitational model

@ Aerodynamic model
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Numerical examples Il

Data-driven improvements on the internal models: y = 37 O(x)

e Gravitational model — Reduce size (avoids comp. of
rotations)

@ Aerodynamic model — Improve accuracy (drag, dynamic
pressure)

9/12
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Numerical examples Il

Data-driven improvements on the internal models: y = 3" ©(x)
e Gravitational model
@ Aerodynamic model

Lasso regression: X = (x*,--+ ,x™) € R™"™ Y = (y',... y™) e R'*"
@ Quadratic models

@ Physics-constrained

1 1

1 nd

X]. X1

. T 2 Xi Xﬁd
min [|[Y — 8 0(X)[2 + AlBll, ©O(X) = 5
i ()7 )
X1X2 deXZd
(2 (e 2
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Numerical examples Il

Data-driven improvements on the internal models: y = 3" ©(x)
e Gravitational model
@ Aerodynamic model

Lasso regression: X = (x*,--+ ,x™) € R™"™ Y = (y',... y™) e R'*"
@ Quadratic models — Consistency, analytical manipulation

@ Physics-constrained — Trim, stability [Schlegel & Noack, 2015]

1 1

1 nd

X1 Xl

. T 2 X,i, X,'}d
min[|[Y =8 O(X)2+ AlIBll, ©(X)=| & ... oy
5 04 (4%
1% X1dX2d
(xn, )2 (X::d)2
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Numerical examples Il

Data-driven improvements on the internal models: y = 37 O(x)

@ Open-loop improvements: payload drop release

20

‘
U (SHARPy)
o (SHARPy)
f 0 (SHARPY)
15 / U (modal ROM) [ 15
o (modal ROM)

0 (modal ROM)
U (modal fit)

o (modal fit) |
6 (modal fit)

Ulm/s)

0
25 30
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Numerical examples Il

Data-driven improvements on the internal models: y = 37 O(x)

@ Open-loop improvements: elevator deflection

0 5 10 15 20 25 30
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Numerical examples Il

Data-driven improvements on the internal models: y = 37 O(x)
@ Open-loop improvements:

e Effect on MPC/MHE closed-loop performance:
improved estimation, inconclusive effect on control

9/12
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Concluding remarks

Summary of research achievements
@ Nonlinear low-order internal models for control
@ Application of data-driven methods in aeroelasticity modelling

@ Application examples of the framework with novel
nonlinear-exploiting control mechanisms

@ Framework opens the door to real-time nonlinear control of
very flexible aircraft.
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@ M. Artola et al., “Aeroelastic Control and Estimation with a Minimal Nonlinear Modal Description”, AIAA
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@ M. Artola et al., “Modal-Based Nonlinear Model Predictive Control for 3D Very Flexible Structures”, IEEE
Transactions on Automatic Control, Vol. 67, Num. 5.

Conference

@ M. Artola et al., “A Nonlinear Modal-Based Framework for Low Computational Cost Optimal Control of
3D Very Flexible Structures”, 2019 18th European Control Conference (ECC), Naples, Italy, Jun 2019, pp.
3836-3841.
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Thesis submitted only yesterday. Awaiting for viva date.

Future employment prospects

Interested in R&D Engineering positions in the industry
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