
Academic Editors: Spiros Pantelakis,

Andreas Strohmayer and Gustavo

Alonso

Published: 17 April 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Proceeding Paper

Continuous Movable Layout Parameterisation for Gust
Load Alleviation †

Stefan de Boer * , Jurij Sodja and Roeland De Breuker

Department of Aerospace Structures and Materials, Delft University of Technology, Kluyverweg 1,
2629 HS Delft, The Netherlands; j.sodja@tudelft.nl (J.S.); r.debreuker@tudelft.nl (R.D.B.)
* Correspondence: s.deboer-2@tudelft.nl
† Presented at the 15th EASN International Conference, Madrid, Spain, 14–17 October 2025.

Abstract

This paper extends the continuous movable parameterisation framework to allow for the
consideration of gust load alleviation in the movable layout optimisation process. A finite
impulse response filter was introduced to model the feed-forward controller and allow for
the dynamic response of the movables. The extended framework was demonstrated using
an ultra-high-aspect-ratio cantilever wing aircraft model. The optimisation reduced the root
bending moment by 46% when both the wing movables and horizontal tailplane were used,
and by 14% when only the wing movables were available. The optimisation positioned the
movables to satisfy the handling qualities constraint, while having the largest effect on the
root bending moment. Finally, the results show that the framework can be efficiently used
to explore the movable layout design space.

Keywords: movables; doublet lattice method; B-spline; aeroelasticity

1. Introduction
The current drive for reduced and improved fuel efficiency pushes new aircraft designs

towards lighter, more flexible designs. The increased flexibility can degrade the aircraft’s
performance if not managed properly. One way to account for the flexibility is the use of
multifunctional movables [1], which combine attitude and trajectory control with load and
aerodynamic performance control. This idea is not new, with such systems having been in
development since the 1970s, as shown by the review paper by Regan and Jutte [2].

Current research [3–5] shows successful applications of multifunctional movables to
reduce fuel burn or reduce manoeuvre and gust loads. However, these works considered
wings with internal fuel storage, which limits the design space available to the wing
movables. The consideration of novel fuels changes the storage requirements. For example,
when considering hydrogen, fuel cannot be stored in the wing anymore. Because there
are no internal fuel tanks, such wings expand the structural and geometric design space
available to trailing edge (TE) movables.

For the efficient exploration of the increased design space, we have previously devel-
oped a continuous movable parameterisation framework [6]. In this paper, we extend the
capability of the framework to include gust load alleviation (GLA) within the movable
layout optimisation process.
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2. Methodology
This section describes the methodology used to implement the GLA capability inside

the continuous movable parameterisation framework. First, the continuous movable
parameterisation is briefly introduced. This is followed by a discussion on the changes
made to the framework to include the GLA capability.

2.1. Continuous Movable Parameterisation

The goal of this section is to introduce the reader to the previously developed continu-
ous movable parameterisation framework [6]. The framework utilises the doublet lattice
method (DLM) to model the aerodynamics. The forces generated using DLM consist of
three components. They are the steady aerodynamic forces, Pa, s

k , the gust aerodynamic
force, Pa, g

k , and the unsteady aerodynamic forces, Pa, us
k [7], which are summed together to

create the total aerodynamic forces seen by the aircraft:

Pa
k = Pa, s

k + Pa, g
k + Pa, us

k . (1)

Pa, s
k is calculated using the free-stream dynamic pressure, q∞, the aerodynamic integration

matrix, Skj, the aerodynamic influence coefficient, AIC, and the downwash vector, wj,
as follows:

Pa, s
k = q∞SkjAICsteady(wj,rbm + wj,cs + wj,uf + wj,u̇f + wj,cam

)
. (2)

The different downwash contributions are the rigid body motion, wj,rbm, movables, wj,cs,
flexible deformation, wj,uf, flexible motion wj,u̇f, and the camber, wj,cam.

Considering both the steady and unsteady downwash components in Equations (1)
and (2), one can write the aerodynamic forces due to control surfaces, Pa, cs

k , as follows:

Pa, cs
k = q∞SkjAICwj,cs. (3)

The downwash due to control surface deflection, wj,cs in Equation (3), contains both the
steady and unsteady downwash components. Furthermore, as AIC and Skj are functions
of the panel discretisation, and q∞ is a function of the flight point, Pa, cs

k is proportional
to wj,cs.

To describe wj,cs, our novel methodology uses a B-spline surface

wcs(x, y) =
m

∑
i=0

n

∑
l=0

Ni,p(x)Nl,q(y)pi,l (4)

which uses the B-spline control points, pi,l , and the B-spline basis functions of degree p and
q, Ni.p(x), Nl.q(y), that are generated using the Cox-de Boor recursion formula [8].

The downwash distribution can be optimised to meet the specified objective. This
distribution can then be interpreted as the intended movable position and deflection angle.

2.2. Gust Load Alleviation

To accommodate the inclusion of a CS25 1 − cos gust, the framework needs to be
expanded, as in this case, the aircraft experiences time-dependent loading. Hence, the
movables need to be able to provide a dynamic response. The dynamic response can
be achieved in two ways. First, one could directly prescribe the motion of each control
surface. This results in a high number of design variables, as one needs to provide the
movable position at each timestep, which is different for each gust length. Secondly, one
could include a controller in the simulation loop, where the controller parameters can be
optimised to provide maximum load alleviation for any gust length. The inclusion of a GLA
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controller is preferred due to the lower number of design variables necessary, and to ensure
that the movable motion can be achieved in reality. Multiple types of controllers exist,
such as a feedback controller, shown in Figure 1a, which updates the movable deflection
based on the system response. Another example is a feed-forward controller, shown in
Figure 1b, which uses a reference signal, such as the angle of attack (AoA), to pass the
required movable deflection to the aeroelastic model. The inclusion of a controller into the
aeroelastic plant creates a control co-design problem, as both the controller parameters and
the downwash values need to be determined.

Aeroelastic

Plant

Disturbance

Response

(a)

Aeroelastic

Plant

Disturbance

Response
Reference

signal

(b)

Figure 1. Different controller options. (a) Feedback controller. (b) Feed-forward controller.

In this case, the decision was taken to use a feed-forward controller that uses the AoA
probe as the reference signal. This probe is always present on large transports. According to
current research, the ability to use a feed-forward controller becomes increasingly beneficial
with developments in LIDAR gust detection [9], which enables the aircraft to prepare for
gust encounters at an even earlier stage.

To represent the feed-forward controller, we use a digital finite impulse response
(FIR) filter. The coefficients of the FIR filter allow us to represent any controller behaviour.
One benefit of the FIR filter is that it can never become unstable, provided the coefficients
are bounded and small changes in the coefficients result in small changes in the filter’s
response [10,11].

To model the FIR filter, one uses the z-transfer function of the FIR filter as follows [11]:

HFIR(z) =
N

∑
n=1

hn−1z−n+1 (5)

with h being part of the FIR filter coefficient vector, h, and being one of the design vari-
ables available to the optimiser. Furthermore, N indicates the number of FIR coefficients,
and z the z-transform variable. The z-transform is the discrete time equivalent of the
Laplace transform.

Rewriting Equation (5) as an input–output relation and performing the inverse z-
transform results in the following discrete time input–output relation [11]:

δ(k) =
N+1

∑
n=0

hnα(k − n). (6)

In Equation (6), δ(k) is the discrete time output, and α(k − n) indicates the (k − n) time-
delayed discrete angle of attack measurement, which is the reference signal.

The architecture in Figure 2a illustrates the process described above, as it creates a dis-
crete time sampled signal that is then multiplied by the corresponding FIR coefficients. The
response of the multiplication is summed together to create a discrete time filter response.
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(a)

Aeroelastic
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Figure 2. Feed-forward controller implementation. (a) FIR filter implementation. Adapted from
Wildscheck [10]. (b) FIR filter control scheme. Adapted from Binder et al. [5].

For the implementation inside the framework, illustrated in Figure 2b, the vertical gust
velocity is measured using the AoA probe, and the corresponding AoA is passed towards
the FIR filters, with the downwash delayed by tc seconds to account for the computation
time of the controller, after which it is applied to the aeroelastic model. It should be noted
that because the CS25 1 − cos gust is included as a one-dimensional gust profile, the AoA
measurement at the probe is uniform along the span. Furthermore, the time delays in
the primary and secondary paths are dependent on the position of the centre of pressure
of each DLM panel and the flight speed. In the secondary path, instead of the absolute
position, the distance between the AoA probe and the movable region is used.

3. Application
To demonstrate the implementation of the GLA capability in the continuous movable

parametrisation framework, an ultra-high-aspect-ratio cantilever wing with an aspect ratio
of 19 and a span of 64.5 m is used. It is modelled as a free-flying aircraft; hence, we have
loads due to the aircraft’s flexibility and its rigid body motion. An overview of the model
is shown in Figure 3a.

(a)

Spanwise position
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ho
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w
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e 

po
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n

(b)

Figure 3. Aircraft model and movable region. (a) Isometric view of the aircraft model. (b) Movable
region. Dots indicate spanwise position of the B-spline control point grid on the movable leading
edge (blue) and trailing edge (red).

During the optimisation process, a single flight point at a Mach number M = 0.78 and
an altitude of FL300, approximately 10 km, is considered. The movable region available
for the optimiser is shown in Figure 3b. The B-spline is generated on a 20 % chord fraction
along the TE using seven spanwise control points.

4. Optimisation Problem
The optimisation problem considered is written as follows:

min
D

(∆Mx,c) such that Cloads . . . C∆wj are satisfied. (7)
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The objective function is the ∆Mx,c, which is the largest difference between the root bending
moment (RBM) at 1 g trim and the RBM seen during the gust encounter. The loads at
the wing root were taken, as this is one of the main drivers that are considered during
wing sizing [4]. The ∆ of the RBM was taken, because if ∆Mx,c = 0, the aircraft feels no
perturbation during the gust encounter, hence ensuring that the loads remain constant.
The design variables, D, available to minimise the ∆Mx,c, are the FIR filter coefficients and
the downwash at the B-spline control points. An overview of the different constraints
considered is given in Table 1.

Table 1. Constraint overview.

ID Value

Cloads Pc, l ≤ Pc ≤ Pc, u

Cdefl.


0 ≤ wj,flap ≤ 0.55

−0.4 ≤ wj,aileron ≤ 0.4
−0.4 ≤ wj,flaperon ≤ 0.55

Cp p ≥ 15 ◦/s
CAoA −10◦ ≤AoA≤ 10◦

Cη −15◦ ≤ η ≤ 15◦

C∆wj max
(∣∣∣wGLA

j

∣∣∣)− max
(∣∣∣wHQ

j

∣∣∣) ≤ 0

The constraints in Table 1 consist of a set of limit loads, Pc,l, Pc,u, determined using a
set of extreme manoeuvres. A set of deflection limits for the flap, wj,flap, aileron, wj,aileron,
and the summation of the flap and aileron in the flaperon. Furthermore, the roll rate
constraint, Cp, is necessary to ensure that certification requirements concerning handling
qualities (HQ) are met, and the angle of attack constraint, CAoA, and elevator deflection
angle constraint, Cη , ensure that the lift performance is not overestimated. Finally, the
downwash coupling constraint, C∆wj , is the coupling constraint between the GLA and
HQ analyses.

As the ∆Mx,c is minimised in Equation (7), the largest ∆Mx,c needs to be determined.
This is done through analysing six open-loop gust encounters with gust gradients varying
from 9 m to 107 m. The RBM corresponding to these simulations is shown in Figure 4.
When the loads are compared to the 1 g trim loads, the largest ∆Mx,c is found for a 75 m
gust gradient, with this serving as an input for the GLA optimisation process.
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Figure 4. Open-loop wing root bending moment for different gust gradients.

5. Results
This section describes the results obtained using the optimisation framework. First,

Section 5.1 presents the GLA results using the horizontal tailplane (HTP) and the wing
movables, after which Section 5.2 shows the results using only the wing movables. Fi-
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nally, Section 5.3 presents and discusses the effect of adding movable rate limits on
GLA performance.

5.1. GLA Movable Layout Using HTP and Wing Movables

In the first optimisation, the GLA controller was applied to the HTP and the downwash
control points on the wing. Figure 5a shows the downwash distribution on the right wing
corresponding to a right roll. Hence, it is in line with expectations that the movables show
an upward deflection. The downwash distribution in Figure 5a shows that the downwash
is centred between 10 and 15 m semi-span, allowing for the HQ requirements to be met.
This downwash location is also used by the wing movables during GLA.

The root loads seen during the reference and GLA case are plotted in Figure 5b. The
use of the HTP and wing movables shows a large reduction in the shear force and bending
moment, with these loads showing a small amount of perturbation compared to the 1 g
trim loads. The 1 g trim loads can be seen in Figure 5b at time = 0 s. Comparing the
shear force and bending moment to the open-loop response, the optimised FIR filter and
downwash distribution reduce the shear force by 43% and the bending moment by 46%.
For the torsional moment, a reduction of 35% was found.
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Figure 5. HQ-GLA optimisation results using the wing movables and the HTP. (a) Downwash
distribution on the right wing for a right roll. (b) Loads seen during gust encounter.

Investigating the HTP deflection during the gust encounter, a deflection range of 10°
was found. The largest upward and downward downwash values, presented in Figure 6a,
are found to be equivalent to a deflection range of 6°. Hence, it can be concluded that the
largest contributing factor to the reduction of ∆Mx,c is the HTP.
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Figure 6. GLA downwash and downwash load distributions showing largest downwash values,
and load generated due to applied downwash during gust encounter. (a) GLA with HTP and wing
movables. (b) GLA using wing movables only.
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5.2. GLA Using Wing Movables

Because the results of the optimisation using the wing movables and the HTP found
that the HTP is the main contributor to reducing root bending moments seen during the
gust encounter, an optimisation of the movable layout using only the wing movables has
also been performed. Figure 7a shows the downwash distribution for a right roll. Here, two
movable regions appear. The first region, positioned around the 5 m semi-span, is deflected
to its maximum value to ensure the HQ requirements are met. The second movable region,
between 20 and approximately 30 m semi-span, has a lower amount of downwash applied,
ensuring that the moment arm required for rolling is sufficiently large. This region also
controls the lift in the tip region, helping the total lift to get as close as possible to the 1 g
trim lift during the gust encounter.
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Figure 7. HQ-GLA optimisation results using only the wing movables. (a) Downwash distribution
on the right wing for a right roll. (b) Loads seen during gust encounter.

The root loads seen during the gust encounter are plotted in Figure 7b, which shows
a reduction in the shear force and bending moment. Compared to the open-loop gust
encounter, the shear force is reduced by 16%, whereas the bending moment is reduced
by 14%. However, it can also be concluded that using the wing movables causes an
increase in the torsional moment, which was found to increase by 15% compared to the
open-loop response.

The increase in torsional moment at the wing root is caused by the large variations in
downwash in the inboard movable region, shown in Figure 6b, as well as the large chord of
the movables in this region. The inboard downwash is used to actively control the AoA
of the aircraft, which allows for the reduction in the RBM. This behaviour is expected, as
keeping the AoA as close as possible to the 1 g trim case results in the smallest perturbations
experienced by the aircraft.

5.3. Effect of Rate Limits

The results presented in the previous subsections were obtained without considering
rate limits. As a preliminary study, the effect of rate limits has been considered using the
optimised FIR coefficients of the wing-only case.

The rate limit applied to the wing movables was 50 °/s, which is a typical value for
GLA applications [12]. Rate-limiting the optimised wing-only downwash distribution
showed that a maximum RBM reduction of only 3% could be achieved, compared to the
14% reduction without the rate limits. Because of the large difference in achievable RBM
reduction, the effect of rate limits on the movable layout must be studied when optimising
the positions of the different movables.
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6. Conclusions
The work presented in this paper demonstrates the successful extension of gust load

alleviation (GLA) to the novel movable parameterisation methodology. The extended
methodology has been applied to an ultra-high-aspect-ratio cantilever wing, demonstrating
the framework’s ability to explore the movable positioning design space.

Two GLA configurations have been studied. The first investigated the effect of using
the horizontal tailplane (HTP) and the wing movables for GLA. The second configuration
considered GLA performance using only the wing movables. Using the combined capability
of the HTP and wing movables allowed for a 46% reduction in the root bending moment
(RBM) compared to the open-loop response. It was found that the HTP made a significant
contribution to the RBM reduction, as it enabled the aircraft to prepare for gust encounters.
Hence, the effect of using only the wing movable was investigated, and an RBM reduction
of 14% was found, showing that using the HTP allowed for a 32 percentage points larger
RBM reduction.

Future work will involve coupling the handling qualities (HQ)-GLA optimisation
framework to the existing HQ–manoeuvre load alleviation (MLA) framework, allowing for
the study of combined manoeuvre and gust loads on the optimised movable layout. The
effect of different rate limits on the wing and tail movables also needs to be investigated,
as the rate limit has a large effect on the achievable RBM reduction. Finally, the effect of
different types of unconventional planforms, such as strut-braced wings or Prandtl-Planes,
on the movable layout can be investigated.
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