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Abstract

The mitigation of gust-induced loads requires powerful actuators, which come at the expense of additional
mass and cost. This creates a fundamental trade-off: while more capable actuators improve load alleviation,
they also increase structural weight and system complexity. To address this challenge, this paper investigates
how actuator limitations affect the achievable performance of active gust load alleviation for high-aspect-ratio
wings. In order to quantify this dependency, an optimization-based method is developed to estimate the upper
bound of achievable load reduction by directly optimizing control surface deflections in response to standardized
gust excitations. The method is applied to an aeroelastic simulation model of the Flexop demonstrator aircraft,
targeting minimization of the wing root bending moment. To reflect realistic actuator behavior, the optimization
includes constraints on deflection, deflection rate, and deflection acceleration, as well as hinge moment and
hinge power limitations, which in turn influence weight and cost of the actuation system. Results demonstrate
that these actuator constraints strongly affect the attainable load reduction, defining critical trade-off analysis for
actuator design. The findings provide valuable insights for early stage assessment of structural load reduction
potential and support co-design studies of future aircraft configurations.
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1. INTRODUCTION

The pursuit of sustainable aviation has intensified
research into high-aspect-ratio wing configurations,
as they promise improved aerodynamic efficiency and
reduced fuel consumption. However, slender wings
introduce new challenges due to their increased
structural flexibility, which amplifies aeroelastic phe-
nomena such as flutter and gust-induced loads [1].
Atmospheric disturbances can cause significant struc-
tural stresses, necessitating larger safety margins
and heavier wing structures, which counteract the
efficiency gains of high-aspect-ratio designs.

Active Gust Load Alleviation (GLA) has emerged as
a promising approach to mitigate these structural
loads. By exploiting fast responding control surfaces
in combination with modern control algorithms, GLA
strategies aim to reduce loads at critical cross sec-
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tions like the wing root, thereby enabling lighter and
more efficient wing designs. Several studies [2—4]
have demonstrated the potential of active GLA sys-
tems to reduce gust induced loads. However, these
investigations typically assume given actuator speci-
fications, where often only a limited set of constraints
is considered.

While GLA relies on capable actuators, practical
systems face strict limits on deflection, deflection rate,
and acceleration, as well as hinge-moment (HM) and
hinge-power (HP). Such constraints directly bound
the achievable load reduction and often dominate
the sizing of the actuation system. At the same time,
actuators add to aircraft mass, complexity, and cost.
Hence, they are not only performance limiting but
also design drivers that must be balanced against
the potential benefits of active load alleviation. This
strong interdependency between achievable GLA
performance and actuator characteristics motivates a
co-design perspective, where actuation is considered
jointly with aerodynamics, structures, and control.

While the importance of actuator constraints is widely
recognized, different control strategies have been
proposed to incorporate them into the control law.
Approaches include detuning of controller gains,
which avoids saturation at the expense of perfor-
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mance, control allocation methods that distribute
virtual commands across multiple actuators while
respecting individual limits [5]. Model Predictive
Control (MPC) offers a predictive framework that
inherently incorporates actuator constraints, but its
reliance on simplified models for real-time feasibility
limits applicability to flexible aircraft with complex
dynamics [6-8]. At the same time, a systematic
assessment of actuation system design drivers such
as maximum deflection, deflection rate, acceleration,
HM, and HP within a co-design framework remains
limited. These actuation system design drivers not
only affect weight and cost but also achievable GLA
performance. This paper contributes to filling this
gap by presenting an optimization-based framework
that evaluates the upper bound of achievable GLA
performance under various actuator constraints.

Direct Transcription (DT) [9], also known as optimal
open-loop control, is an established method in nu-
merical optimal control in which a continuous control
problem is transformed into a finite-dimensional op-
timization problem. The system states as well as
control inputs and outputs are discretized at pre-
defined grid points along the time horizon, with the
control inputs serving as the optimization decision
variables. The underlying system dynamics are then
enforced through constraints, which ensure consis-
tency between successive time steps. In this paper,
the direct transcription problem is formulated as a
quadratic program, which is then efficiently solved
using standard solvers [10].

The remainder of this paper is structured as follows:
Section 2 details the optimization-based methodology
for estimating GLA performance, with subsections on
the objective function, actuator constraints, overall
problem formulation, and necessary numerical ad-
justments for robustly solving it. Section 3 describes
the modeling aspects, including the aeroelastic model
of the Flexop demonstrator, the gust representation
and the system representation in discrete-time. Sec-
tion 4 presents and discusses the numerical results
for different actuator constraint scenarios. Finally,
Section 5 concludes the paper with a summary of
the main findings and their implications for future
co-design studies.

2. GUST LOAD ALLEVIATION PERFORMANCE
ESTIMATION

To trade off GLA performance and actuator system
cost/mass, a dedicated estimation framework is re-
quired for an efficient and accurate GLA performance
estimation under actuation constraints. The approach
developed here formulates an optimization problem
that determines the upper bound of achievable load
reduction while incorporating relevant actuation sys-
tem design drivers as constraints.
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2.1. Discrete-time System Representation

The suggested methodology for GLA performance es-
timation builds on discrete-time Linear-Time-Invariant
(LTI) state-space representation of the considered air-
craft

’ x(k+ 1) = Ax(k) + Byu(k) + Bud(k)
W ) = Cxth) + Dyu(k) + D,A(K)

At each discrete time step £ = 0,1,..., N — 1, with
time horizon N, the system is described by the in-
put vector u(k) € RP, the output vector y(k) € R9,
the disturbance vector d(k) € R", and the state vec-
tor x(k) € R™, where p, ¢, and m denote the num-
ber of system inputs, outputs, and states, respectively.
The matrices A, [B, By], C, and [D, Dy are the
state, input, output, and feedthrough matrix, respec-
tively. Their dimensions are given by the length of the
input, output, disturbance, and state vectors. For opti-
mization purposes, we also consider the stacked tra-
jectories of inputs and outputs over the finite horizon
N:

T

T eRrPV,

(N -7

-
o y(N=D)T] ereY,
This distinction clarifies that u(k) and y(k) represent
samples at time &, while U and Y are the stacked tra-
jectories over the horizon.

2.2. Objective Function

The GLA performance estimation problem is posed
as an optimization task with the objective of minimiz-
ing critical structural loads. To penalize both peak and
accumulated effects, these discrete-time signals are
squared and weighted over the time horizon. Hence,
the objective function is

(3) J = (Yload)TWI (Yload)a

where Y),,q stacks the discrete-time load signals at
selected cross sections and the weighting matrix W
is introduced to balance competing load channels.

2.3. Actuation System Design Drivers as Con-
straints

The following constraints are incorporated into the
Quadratic Program (QP) formulation to ensure the
control commands are physically realizable. In other
words, actuator design drivers are implemented as
constraints to be considered when evaluating the
effectiveness of GLA, where linear constraints are
introduced with C and quadratic constraints with O.
+ (C) Deflection Limitation
Bounds the maximum and minimum physical deflec-
tion angles of the control surfaces. It ensures that
the control inputs calculated by the optimizer do not
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yield a position beyond the mechanical limits of the
actuators.

+ (C2) Deflection Rate Limitation
Limits the maximum speed at which the ailerons
can move. It originates from fundamental actuator
design parameters such as available drive torque,
linkage, rotor inertia, hydraulic flow capacity, and
mechanical transmission characteristics. All of
these parameters depend on the actuator archi-
tecture. Together, these factors define the highest
achievable deflection rate. Note that while upper
and lower deflection limits may differ, the deflection
rate limit is generally the same in both directions.
This is also the case for the deflection acceleration
described next.

+ (Cs) Deflection Acceleration Limitation
Places a bound on the acceleration of the control
surfaces. While often implicitly handled by rate lim-
its, explicitly including acceleration limits can pre-
vent high-frequency commands. This constraint will
only be implemented for physical plausibility and is
not subject to further examination.

+ (C4) Hinge Moment (HM) Limitation
Limits the torque or moment acting at the hinge of
the aileron.

« (Q;) Hinge Power (HP) Limitation
Limits the power required to drive the aileron actua-
tor. The HP is defined as the product of the HM and
the deflection rate. Since the HM itself is a function
of the control input, multiplying it with the deflection
rate (also depending on the input) yields a term that
is quadratic in the input. Therefore, this constraint
naturally takes the form of a quadratic constraint.

2.4. Problem Formulation

Computing the stacked system output time series Y in
arecursive manner from the discrete-time model given
in Section 2.1 allows formulating a QP with the control
input time series U as optimization variables. Com-
bining the objective function introduced in Section 2.2
and the constraints introduced in Section 2.3 yields
the QP

(4) )
minimize 5UTHU +f'U
subjecttoa; U <b;, i=12,..,n;
UTQU+qU<r, j=12..n

The Hessian matrix H and the linear term f are
derived from the objective function defined in Sec-
tion 2.2 following the procedure described in the
Appendix. The QP considers n; linear constraints
and n; quadratic constraints, where the vector
a; € RPN and matrix Q; € RP-V*P'N are derived
in a similar way to H and f. The objective function
in Eq. 4 is convex, as its Hessian matrix H is pos-
itive semi-definite. In the absence of the quadratic
constraints, the formulation reduces to a convex QP,
which can be efficiently solved using interior-point
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methods [11]. The inclusion of the HP constraint
transforms the problem into a non-convex QP. This
necessitates more advanced solution techniques, for
which mixed-integer programming as implemented in
the Gurobi optimization toolbox [12] is employed.

2.5. Additional Aspects

In addition to the constraints listed above, residual
control surface deflections must be addressed. With-
out further measures, the optimization may yield a
new trim setting, leaving the control surfaces at a
non-zero deflection even after the gust event. Hence,
it must be ensured that the control surfaces should
return to zero once the gust encounter has ended
and oscillations have settled. To achieve this “return-
to-zero” behavior without affecting GLA performance
during the event itself, a sigmoid time-varying weight-
ing is introduced. This weighting gradually increases
towards the end of the time horizon, penalizing late
control deflections while leaving the initial response
unaffected.

The weighting factor w(k) is defined as

Wiinal — Winitial

(5) w(k) = winitial + 14 e Blk-05)

where winitia) and wiing are the initial and final weights,
B > 0 controls the steepness of the transition.

The resulting diagonal weighting matrix is

(6) W = diag(w(0),w(1),...,w(N — 1))

when considering only a single control input, other-
wise the diagonal elements need to be repeated. Fi-
nally, W is added to the original Hessian H to obtain
the weighted Hessian

(7) Hy =H+W.

Furthermore, a small regularization term eI, with e > 0
a small scalar and I the identity matrix, is added sep-
arately to Hyy, to improve numerical conditioning with-
out affecting the optimization results.

3. MODELING

3.1. Nonlinear Aeroelastic Model

The aeroelastic simulation model used in this study
is based on the Flexop UAV demonstrator shown
in FIG 1, a high—aspect-ratio research aircraft de-
veloped by the German Aerospace Center within
the Horizon 2020 Flexop project [13]. The project
pursued the improvement of aircraft efficiency and
performance through aeroelastically tailored wing
design combined with active control systems, en-
abling lighter and more flexible wings with flutter
suppression and GLA. The aerodynamic loads acting
on the aircraft are modeled using the Doublet Lattice
Method (DLM) [14] together with a Rational Func-
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tion Approximation (RFA) [15], while the structural
dynamics are represented by a finite element model
and subsequent modal order reduction, following the
integrated modeling approach described in [16]. De-
tailed descriptions of the Flexop flutter demonstrator
modeling are provided in [17,18].

Tail2R
TaillR

Tail2L
TaillL

Throttle

3 Airbrakel
GearR, WingiL.
WheelbrakeR

0 Gearl,
Wheelbrakel

WingdL

FIG 1. Flexop model and control surfaces [19]

Building on this aeroelastic simulation model, atten-
tion is given to the ailerons of the Flexop UAV, as their
physical limitations directly constrain the achievable
control performance. The maximum deflection is re-
stricted to a range of +25°, while the rate of deflec-
tion is limited to +545°/s. These bounds ensure that
both the magnitude and the rate of actuator motion re-
main within physically feasible limits. Further restric-
tions arise from thermal and power considerations. As
detailed models of these effects are beyond the scope
of this work, the constraints are introduced directly into
the developed framework.

Since the provided simulation model is nonlinear, it
is first linearized around a trim point. The linearized
model contains 502 states, which are subsequently
reduced to 40 states by applying balanced truncation.
This reduction preserves the dominant input-output
behavior while significantly lowering the computa-
tional complexity of the optimization. In a next step,
the reduced-order model is discretized using the
zero-order hold method with a sampling time of 6ms
yielding the model structure given in Eq. 1.

In the present application, the input vector u(k) =
u; ,(k) consists of the commanded deflection rate
of the outer aileron pair, and the disturbance input
d(k) = dgust(k) is the gust disturbance introduced
in Section 3.2. Here, the deflection rate is selected
as an input, from which the deflection and deflection
acceleration are computed by using an integrator
and derivative approximation (high-pass filter), re-
spectively. All three signals together are then fed
into the aeroelastic model as they contribute to the
aerodynamic loads acting on the control surfaces and
hence its hinge moments. Choosing the deflection
rate as the actual control input allows minimizing nu-
merical inaccuracies caused by repeated numerical
differentiation or integration.

The output vector y(k) = [ywrem yHm ¥s(k) yz(k)] "
is composed of all signals required for the evaluation
of the objective function and the constraints. In this
study, the wing root bending moment (WRBM) ywram
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and the HM gy are selected as the primary outputs
of interest. Additional outputs include the aileron
deflection y;(k) and deflection acceleration y;(k),
since these quantities are computed internally and
are subject to actuator constraints. For HP compu-
tations, the HM yum (k) is multiplied by the deflection
rate u; , (k).

3.2. Gust Model

In this study, atmospheric disturbances are repre-
sented using a 1-cosine gust profile adapted from
the European Aviation Safety Agency Certification
Specification (CS-25) [20], given as:

U, \%
ot — Lt [1 ~cos (WTAS f)] ,
2 gust

where Uy, denotes the maximum gust intensity,
Hg,s: the gust half-length, and Vrag the true air-
speed during the encounter. Following Schuhmann’s
approach [21], only the critical gust length is consid-
ered, assuming that this is the most critical load case.

In the aeroelastic simulation model, the gust input
dgust represents a symmetric gust acting at the nose
of the aircraft, which is then delayed according to
the flight speed to the wings and tail. To ensure
consistent load distribution, all control surfaces are
deflected symmetrically with respect to the aircraft’s
longitudinal axis.

4. RESULTS AND DISCUSSION

The balance between GLA performance, expressed
in terms of WRBM reduction, and the required actu-
ator capabilities is analyzed using the performance
estimation framework introduced in Section 2, ap-
plied to the Flexop demonstrator model described in
Section 3. The numerical results are organized by
actuator design drivers discussed in Section 2.3, with
the overarching objective of minimizing the WRBM
through active GLA. The following discussion high-
lights the impact of different actuator limitations, as
outlined in Section 2.3, and compares their influence
on achievable load reduction and actuator behavior.

4.1. Aileron Deflection and Deflection Rate Limi-
tation

This section investigates the influence of maximum
aileron deflection and deflection rate on GLA perfor-
mance. Both constraints are systematically reduced
in increments of 5%, and the resulting effects on
optimal aileron motion and WRBM are evaluated.
The outcomes are shown in FIG 2, which compares
optimized aileron deflections and the corresponding
WRBM for deflection limits (left) and deflection rate
limits (right). For the relative constraint level, 100%
indicates a fully constrained aileron motion, whereas
0% corresponds to the nominal actuator limits intro-
duced in Section 3. The grey-shaded area in the
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background indicates the 1-cosine gust input at the 100
nose of the aircraft. As expected, tighter limits de- < —_—25°
crease performance, where limiting aileron deflection < 80| — 20°
is more performance-restricting compared to limiting % e 15°
deflection rate. The decay rate or settling time are X  go| 10°
similarly affected by the imposed constraints. % 5°
g wf
Constraint Level (%) Constraint Level (%) g
0 20 40 60 80 100 0 20 40 60 80 100 (Z=3 20 -
| 5 o Y R N ) D s
0.5 0 50 100 150 200 250 300 35
0.5 ] o
. g 0 Aileron rate limit (deg/s)
_'1 *0";’ ] FIG 3. Pareto fronts for varying deflection limits
0 02040608 1 0 02040608 1

Time [s] Time [s]

4.2. Hinge Moment (HM) and Hinge Power (HP)
(b) Optimal aileron deflec- Limitation
tions with rate limitations

(a) Optimal aileron deflec-
tions with deflection

e s
imitations In the second study, the allowable HM and HP

are systematically reduced in increments of 5% to
quantify their influence on load reduction and the
required aileron deflection. The results are shown in

0 ‘ = FIG 4, where optimized aileron deflections and the
—0.5 \/ corresponding WRBM for HM (left) and HP (right) are
_ | | | J _ | | | J compared.
0 02040608 1 0 02040608 1
Time [s] Time [s] Constraint Level (%) Constraint Level in (%)
0 20 40 60 80 100 0 20 40 60 80 100
(c) WRBM with deflection lim- (d) WRBM with rate limita- -j::j -j:j
itations tions 1 1
FIG 2. Optimal aileron deflections and GLA perfor- 0.5 . 0.5 .
mance for varying deflection and deflection rate 0 0
limits —-0.5 - —0.5 s
-1 -1
0 02040608 1 0 02040608 1
In addition, Pareto fronts are generated to illustrate the Time [s] Time [s]

attainable WRBM reduction as a function of maximum
deflection and deflection rate. The results plotted in  (a) Optimal aileron deflec- (b) Optimal aileron deflec-

FIG 3 confirm that the achievable load reduction is tions with HM limitations tions with HP limitations
strongly governed by the maximum deflection limit. It
can further be seen that the influence of the deflec- l— 1
tion rate constraint becomes more pronounced as the 0.5
maximum deflection increases, since at low rates the 0 \ .
full deflection range cannot be exploited effectively. 05 \/
— | | | _ | | |
0 02040608 1 0 02040608 1
Time [s] Time [s]

(c) WRBM with HM limitations (d) WRBM with HP limitations

FIG 4. Optimal aileron deflections and GLA perfor-
mance for varying hinge moment and hinge
power limitations

It can be seen that a stricter HM limitation prompts a
more direct and immediate control surface reaction
to a gust (FIG 4a), as the actuator must instantly
compensate for the aerodynamically induced mo-
ments. This behavior leads to a decaying oscillatory
motion of the ailerons. In contrast, the HP constraint
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regulates this effect more effectively (FIG 4b), result-
ing in reduced sensitivity to gusts. This improved
performance arises from the inherent flexibility of the
power constraint, which allows a trade-off between
actuation speed and HM. As a result, the HP con-
straint naturally promotes a more balanced actuation
strategy, which proves more effective for mitigating
overall gust loads.

100 T T T T

80

60

40

Hinge Moment
20 |-| === Hinge Power .

WRBM reduction (%)

0 20 40 60 80
Limitation (%)

FIG 5. WRBM over time with increasing Hinge-Moment
limitation

To provide a broader perspective on these trade-offs,
FIG 5 presents a Pareto front comparison between HM
and HP limitations. It is evident that the power con-
straint enables a larger overall reduction in WRBM,
whereas the HM constraint leads to a faster decay of
the reduction potential. For actuator design, this im-
plies that tight HM limits impose stronger restrictions
on achievable GLA than equally restrictive HP limits.
From a design perspective, lower allowable HM values
therefore constrain GLA performance more severely
than comparable HP limits, underscoring the stronger
coupling between HM capacity and load reduction po-
tential.

5. CONCLUSION & OUTLOOK

The presented study has demonstrated that the
proposed optimization-based framework enables a
systematic and efficient identification of trade-offs
between actuator design drivers and achievable
load reduction. The underlying quadratic program
formulation ensures the optimization remains com-
putationally tractable. While only a single gust case
was analyzed, the approach can readily be extended
to a variety of additional load scenarios. Similarly,
the study was limited to the outer aileron pair. An
extension to further control surfaces would also al-
low the assessment of redistribution effects, which
were deliberately not the focus here but could be
addressed in future investigations. In this sense, the
work provides valuable insights to support co-design
studies of future aircraft configurations.
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APPENDIX

Deriving H and f from discretized LTI system
The dynamics of the discrete-time LTI system are
given by

(8) x(k+1) = Ax(k) + Bu(k),
9) y(k) = Cx(k) + Du(k).

From repeated substitution of the state equation, we
obtain

i—1
x(k +1i) = A'x(k) + Y _ A" " Bu(k + j),
j=0
N.

(10)

1=1

geeey

Stacking these relations yields the lifted state predic-
tion

x(k+1)
L | x(B+2
(11) X:S$X(0)+SUU7X: . >
x(k+ N)
where
(12)
A B 0 0
A2 AB B o0
Sxi . 5 Su:
AN AN-1B AN2B ... B

Similarly, using y(k+1i) = Cx(k+i)+Du(k+i—1),
we obtain the lifted output prediction

y(k+1)
yv(k+2)
(13) Y=0,x(k)+0,1, Y £ ( ) ,
y(k+ N)
with
CA
CA?
(14) O, = . ; 0, = CSu+Dbar»
CAN

and Dy, is the block-diagonal Toeplitz matrix contain-
ing D on the current-input position of each output step

(15) Dbar:
0 0 --- D
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The cost is formulated as

u(k)
u(k+1)
(16) J(U) = :
uk+N-1)
Inserting eq. 13 in eq. 16 results in

J(U) = (0,U) " (0,U)

(17) =uU'(0,0,)U + 20,U.

Thus the QP in the form mingy UTHU + fTU has

(18) H = 0/0,, f =20, (0.xy).
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