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Abstract

This paper presents an H ., robust control synthesis framework for gust load alleviation of very flexible aircraft
exhibiting geometrically nonlinear structural behaviour. The controller is synthesised on a compact reduced-order
model (ROM) comprising eight degrees of freedom for the unmanned aerial vehicle (UAV) configuration and
nine for the flying-wing, obtained through nonlinear model order reduction of the coupled fluid-structure-flight
dynamics system, and subsequently validated against the full nonlinear model (540 and 1 616 degrees of freedom,
respectively). The control architecture utilises trailing-edge flap deflection as the actuation mechanism and wing-
tip displacement as the regulated performance output, incorporating an input-shaping weighting function K that
governs the trade-off between the degree of structural load alleviation and the associated control effort. Results are
obtained for a Global Hawk-like UAV configuration, demonstrating a 23.15% reduction in peak wing-tip deflection
under discrete gust excitation and a 10.26% reduction in root-mean-square response under stochastic turbulence;
the extensibility of the methodology to a larger, very flexible free-flying-wing platform is also demonstrated. The
methodology establishes that ., controllers designed on low-dimensional ROMs are capable of providing robust
gust load alleviation when deployed on the high-dimensional nonlinear aeroelastic system.
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1. Introduction

Active gust load alleviation (GLA) is of paramount importance for ensuring the structural in-
tegrity, extending the fatigue life, and improving the ride quality of the emerging class of very
flexible aircraft. These platforms, which include high-altitude long-endurance unmanned aerial
vehicles (UAVs), solar-powered aircraft, and high-aspect-ratio flying-wing configurations, are
characterised by large structural deformations that give rise to pronounced coupling between
structural flexibility, unsteady aerodynamic loading, and rigid-body flight dynamics [17,21,22].
In the absence of active control intervention, atmospheric gust encounters can induce substantial
wing-tip deflections that lead to excessive structural loads and may trigger aeroelastic instabili-
ties with potentially catastrophic consequences [14]. The structural failure of the NASA Helios
prototype during a turbulence encounter [17] provided a stark demonstration of the critical need
for effective GLA systems on such platforms, as the combination of large wing deformations
and atmospheric disturbances produced a divergent response that the aircraft’s conventional
autopilot, which lacked any dedicated gust-load-alleviation capability, was unable to arrest.
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Nomenclature

B., B, control and gust input matrices ) trailing-edge flap deflection
K. input-shaping weighting parameter 0 flap angular velocity

m number of retained ROM modes ) flap angular acceleration

n number of full-order DOF v* optimal H ., norm

U control input (¢ in this paper) Ak k-th eigenvalue of the Jacobian
U, control input vector v, ® right, left eigenvector matrices
uy gust disturbance vector DOF degree of freedom

Uso freestream velocity GLA gust load alleviation

w full-order state vector MAC  mean aerodynamic chord

Woxt exogenous input vector NMOR nonlinear model order reduction
X augmented state vector RMS root mean square

zZ reduced-order state vector ROM  reduced-order model

Zperf performance output vector UAV unmanned aerial vehicle

The fundamental difficulty in designing GLA controllers for very flexible aircraft arises
from the intersection of high-dimensional modelling requirements and inherently nonlinear dy-
namics. Full-order coupled models of the aeroelastic-flight dynamic system typically involve
hundreds to thousands of degrees of freedom, a scale at which standard robust control syn-
thesis algorithms become computationally intractable owing to their unfavourable scaling with
system dimension. Reduced-order models (ROMs) provide an effective bridge between these
competing demands: They compress the essential dynamic behaviour of the coupled system
into a compact state-space representation that is amenable to control synthesis, while retaining
the key physical coupling mechanisms that govern the gust response [2,4,24]. The accuracy
of the ROM in representing the input-output behaviour of the full system is therefore a critical
prerequisite for the success of the ROM-based control design approach.

The H., synthesis framework offers a particularly natural formulation for the GLA prob-
lem because it explicitly addresses the worst-case disturbance rejection objective: The resulting
controller minimises the peak gain from the gust disturbance input to the structural response out-
put, thereby providing guaranteed robustness margins against the modelling uncertainties that
inevitably arise from the model reduction process. Prior applications of H ., control to aeroelas-
tic systems have encompassed flutter suppression [5,20] and manoeuvre load control [3]. The
nonlinear dynamic behaviour of aerofoil systems, including the prediction and control of limit-
cycle oscillations, has been investigated both experimentally and numerically in [8]. These
prior studies have demonstrated the viability of robust control approaches for aeroelastic appli-
cations, but a systematic treatment of GLA for geometrically nonlinear flexible aircraft using
ROM-based H., synthesis has been lacking.

In recent years, notable advances have been made in control methodologies for flexible
aircraft. Wang et al. [32] developed a nonlinear modal aeroservoelastic framework for flexi-
ble aircraft, subsequently extended to nonlinear aeroelastic control using model updating tech-
niques [33]. In [31], Waitman and Marcos demonstrated structured H., synthesis for active
flutter suppression of a flexible-wing UAV demonstrator, confirming the practical applicability
of H., methods to flexible platforms in realistic operating conditions. Artola et al. [1] showed
that minimal nonlinear modal descriptions are sufficient for aeroelastic control and estimation
through moving-horizon estimation and model-predictive control strategies. A comprehensive
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treatment of the coupled flight mechanics, aeroelasticity, and control of flexible aircraft is pro-
vided in the monograph by Palacios and Cesnik [19], while a detailed case study of H., and
multi-objective control design for a highly flexible blended-wing-body aircraft is presented in
the book edited by Kozek and Schirrer [12].

The present paper develops a systematic H., GLA design framework that builds upon the
nonlinear model order reduction (NMOR) methodology introduced in [4, 6] and extended to
free-flying aircraft configurations in [25, 26]. The complete aeroservoelastic analysis frame-
work, encompassing the coupling between the structural, aerodynamic, flight dynamic, and
control subsystems, is documented in [24]. A self-contained derivation of the NMOR for-
mulation, including third-order Taylor expansion terms and eigenvector selection criteria, is
presented in the companion paper [27], while the application of the same ROM framework to
rapid worst-case gust identification is demonstrated in [28]. The H., controller is synthesised
on the linearised ROM and subsequently applied to the full nonlinear model to assess its ro-
bustness against the unmodelled nonlinearities that are neglected in the design plant. Two test
configurations of practical relevance are examined: a Global Hawk-like UAV and a very flexi-
ble flying-wing. The role of the input-shaping weighting function in balancing gust alleviation
performance against control effort is also discussed.

2. Aeroelastic model and reduction

2.1. Coupled system

The aeroelastic-flight dynamic model integrates three distinct physical subsystems into a unified
computational framework. The structural dynamics are represented using geometrically-exact
nonlinear beam theory [10, 18], implemented through displacement-based finite elements that
carry six degrees of freedom per node, enabling the accurate representation of the arbitrarily
large displacements and rotations that characterise very flexible structures. The aerodynamic
loading is computed using unsteady strip theory founded on the Theodorsen’s thin-aerofoil
framework [29], with the Wagner [30] and Kiissner [13] indicial functions providing the time-
domain unsteady lift build-up due to aerofoil motion and gust penetration, respectively. The
aerodynamics is modelled as two-dimensional at each spanwise strip; for the low-velocity, in-
compressible regime characteristic of large flexible aircraft this representation is sufficient and
no three-dimensional or compressibility corrections are applied, with equivalent gust and flight-
dynamics studies of such configurations having been reported using the higher-fidelity unsteady
vortex-lattice method [15]. The rigid-body flight dynamics are governed by the Newton-Euler
equations with quaternion-based attitude propagation [25], which avoids the singularity issues
inherent in Euler-angle parametrisations.
The assembled coupled system is expressed in the first-order state-space form as

W = R(Waumud)) (1)

where w € R” is the state vector, organised into aerodynamic, structural, and rigid-body par-
titions, u. denotes the control input (trailing-edge flap deflection), and u, represents the gust
disturbance. This formulation captures the full bidirectional coupling between the subsystems,
which is essential for the correct prediction of the gust response of very flexible aircraft. The
residual R is nonlinear principally through the geometrically-exact structural kinematics, which
retain the arbitrarily large beam displacements and rotations. Although written as a first-order
system, equation (1) is the state-space form of an equivalent second-order system in which
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a configuration-dependent mass matrix multiplies the accelerations and the unsteady aerody-
namics contributes additional acceleration-dependent (apparent-mass) loads; these terms are
embedded in R and carried through to the ROM.
Linearisation of this nonlinear system about the trimmed equilibrium state w, produces the
perturbation equations
w = Aw + B.u. + Byu; + Fy(w), 2)

where A is the Jacobian matrix of the coupled system, B, and B, are the control and gust input
matrices, respectively, and F; gathers the higher-order nonlinear terms that are omitted in the
linear design plant but retained in the validation model.

2.2. Model order reduction

The NMOR procedure [4, 6,25] projects the high-dimensional system onto a compact basis of
m biorthonormal eigenvectors of the Jacobian: Aw ~ ®z, with 7 = I,  producing the
reduced-order equations for the k-th component of the reduced-order state vector z

4 = Mzk+ Y Dyigzizy + f BoAu, + 9 ByAuy, 3)

0]

For the purposes of H, control design, the linear ROM is employed as the design plant, with the
quadratic interaction terms Dy;; set to zero. The nonlinear terms are retained in the validation
model to provide a rigorous assessment of the controller’s robustness against the unmodelled
nonlinearities that the linear design plant does not capture. This deliberate mismatch between
the design plant and the validation model constitutes a stringent test of the controller’s robust-
ness properties. The nonlinear equations are advanced in the time-domain using the implicit
nonlinear Newmark- method, in which the nonlinear residual is iterated to convergence at
each time step [16].

The UAV test case geometry is depicted in Fig. 1 and the eigenvalue spectrum used for
the eigenvector basis selection is presented in Fig. 2. The selection of eigenvalues follows the
physically motivated two-tier strategy: Real eigenvalues near the origin capture the rigid-body

Fig. 1. Surface geometry of the Global Hawk-like UAV; the present aeroelastic model retains the wing
as a root-clamped beam, while the fuselage and empennage shown here are not modelled
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Fig. 2. Variation of the gust mode eigenvalues A of the coupled Jacobian for the UAV with freestream
velocity Uss = {50, 59, 70} m/s

and gust coupling dynamics, while lightly damped complex eigenvalues represent the dominant
structural bending and torsion modes. These real eigenvalues, referred to here as the gust-mode
eigenvalues, lie on the real axis because they originate from the indicial (Wagner-Kiissner)
representation of the unsteady aerodynamics, in which the wake memory is approximated by
a small set of first-order exponential lag states [11, 13,30]. These lag states reproduce the
aperiodic build-up and decay of the circulatory lift that follows a change in incidence or a
gust encounter; being aerodynamic roots that arise from the unsteady aerodynamics alone, and
that are not coupled to the structural inertia, they relax monotonically and therefore possess no
oscillatory (imaginary) part. The lightly damped complex-conjugate eigenvalues, by contrast,
arise from the second-order elastic dynamics of the flexible structure and consequently retain a
finite oscillatory frequency.

While Fig. 2 shows the migration of the real gust-mode eigenvalues with freestream velocity
U+, the complete set of eigenvalues retained in the UAV reduced-order basis is listed in Table 1:
five lightly damped complex structural modes (the first to fourth bending modes and the first
torsion mode), together with three real gust modes.

3. H.o control design

3.1. Control architecture

The GLA control architecture is depicted schematically in Fig. 3. The measurement output
available to the controller is the wing-root bending moment M, which is adopted here as the
feedback signal because it constitutes the standard scalar measurement for gust load alleviation:
It is directly representative of the structural load that the controller seeks to alleviate, and it is
physically realisable with a single sensor—in practice a strain-gauge bridge installed at the wing
root—without requiring distributed sensing along the span. For the configurations considered in
this work, whose gust response is dominated by the first bending mode, the wing-root bending
moment is monotonically related to the wing-tip displacement, so that the two quantities may be
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Table 1. Real and imaginary parts of eigenvalues retained in the eight-mode UAV reduced-order basis at
Uso = 59m/s

Mode Mode shape Real part [Hz] | Imaginary part [Hz]
1 First bending —0.882 1.97
2 Second bending —0.804 9.81
3 First torsion -0.171 14.5
4 Third bending —0.703 21.7
5 Fourth bending —0.604 41.9
6 Gust mode -9.90 0
7 Gust mode -1.01 0
8 Gust mode -1.02 0

used interchangeably as the scalar feedback measurement. The control input is the trailing-edge
flap angular acceleration 5. The trailing-edge flap is distributed over the full span, each beam
element carrying its own control surface whose unsteady aerodynamic effect is represented
through the Theodorsen control-surface terms [29]; all surfaces deflect in unison, so that the
single scalar command ¢ denotes the common flap deflection applied across the wing. The flap
dynamics are represented by a second-order kinematic (double-integrator) actuator model

. 0 1 0 )
Xact = |:O 0:| Xact T |:1:| u, Xact = |:(5:| ) (4)

where u = ¢ is the commanded flap angular acceleration. No physical servo is modelled: The
flap enters the aeroelastic system solely through its unsteady aerodynamic effect, represented
by the Theodorsen control-surface terms [29]. The double integrator is therefore a purely kine-
matic command-shaping device that, by taking the commanded acceleration as the design input,
guarantees that the flap deflection and its rate evolve continuously and yields smooth, physically
realisable command histories without prescribing an arbitrary servo natural frequency or damp-
ing ratio. The control-effort penalty K.u acts directly on the commanded acceleration and,

Fig. 3. Wing deformation under gust loading showing the open-loop (dashed) and closed-loop (solid)
responses; (i is the angle of attack of the free-stream velocity U and 6 is the torsional (twist) rotation
of the wing section
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through the integrator chain, bounds the resulting flap rate and deflection.

3.2. Augmented plant

The linear ROM is augmented with the actuator dynamics to construct the design plant for H
synthesis
x = A, x + B,wWe + Byu, &)

where x = {z, 0, o M is the augmented state vector that encompasses both the aeroelastic ROM
states and the actuator states, wey is the exogenous input representing the gust disturbance, and
the system matrices take the following form:

A THBe; 0 viB, 0
A,=10 0 11, By= 0 , B,= 0], (6)
0 0 0 0 1
where A = diag(Ay, ..., \,,) is the diagonal matrix containing the retained eigenvalues and

e; is the mapping vector that connects the flap angle to the aerodynamic input channel of the
ROM.

3.3. Hoo problem formulation

The generalised plant is assembled following the standard two-port framework for robust con-

trol synthesis
|:Zperf:| 4 |:P11 P12:| |:Wext:| (7)
Ymeas Py Py uw |’
where z. is the performance output vector that the controller seeks to minimise, ymeas is the
measured output vector that is available to the controller for feedback, and P, P15, Poy, Poo
are the four sub-blocks of the generalised plant transfer-function matrix P with the first sub-
script referring to the output (1: Zpers, 2: Ymeas) and the second one to the input (1: Wey, 2: u).

An input-shaping weighting function characterised by the scalar parameter /K is introduced
to penalise the magnitude of the control effort as

C.
Tt = { chj , (8)

where C, is the output matrix that selects the regulated quantity, namely the wing-tip dis-
placement. The H, optimisation then seeks a stabilising controller K (s) that minimises the
closed-loop H ., norm

7= min AP, K)| = minsupa [F(P, K)(jw)], ©)
K stabilising K

where w is the angular frequency, j is the imaginary unit, /; denotes the lower linear fractional
transformation that maps the exogenous input to the performance output through the closed-
loop interconnection, and & is the maximum singular value. The optimal value +* represents
the minimum achievable worst-case amplification from the gust disturbance to the performance
output. The controller is obtained as the optimal H., solution of this problem by means of
the Riccati-based algorithm of Doyle et al. [7], as implemented in the hinfsyn routine of
the MATLAB Robust Control Toolbox; the synthesis performs the ~-iteration that recovers the
minimal v* together with the associated stabilising controller [23, 35].

7
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3.4. Role of the weighting parameter K,

The weighting parameter K. plays a central role in shaping the controller behaviour by gov-
erning the penalty applied to the control effort. Larger values of K. impose a more stringent
penalty on the flap deflection, producing controllers that command smaller actuator motions
at the expense of reduced gust alleviation effectiveness. Conversely, smaller values of K.
permit more aggressive control action, achieving greater load reduction but with potentially
larger flap deflections that may approach actuator saturation limits. The value K. = 1 adopted
throughout this paper is the weighting previously identified as giving the most favourable load-
alleviation/control-effort compromise for this class of problem in the parametric study of [24].
Rather than repeating that optimisation, the present work adopts this established value and con-
centrates on a distinct question: Whether a controller synthesised on the low-order ROM retains
its performance and robustness when deployed on the high-dimensional nonlinear model. It
should be emphasised, however, that the effect of K. on the achieved load-alleviation/control-
effort compromise is case-dependent: The optimal weighting varies with the aircraft configura-
tion, the structural flexibility, the available actuator authority and the gust environment, so the
value identified in [24] cannot be assumed to be universally optimal. The adoption of the single
design point K. = 1 therefore constitutes a limitation of the present study, and a configuration-
specific retuning of K. would be required in a detailed design application.

4. Results
4.1. Global Hawk-like UAV

The UAV configuration features a 17.75-meter semi-span wing discretised using 20 beam ele-
ments, yielding a full-order model with n = 540 degrees of freedom (DOFs) that is reduced to
anm = 8 mode ROM [24,26]. The wing is modelled as a root-clamped cantilever: The fuselage
and empennage are not represented and the root is fully restrained, so this configuration contains
no rigid-body DOFs and the controller acts solely on the elastic gust response. Consistently, the
eight retained modes comprise five lightly damped structural modes (first to fourth bending and
first torsion) and three real gust modes, with no rigid-body modes, see Table 1. The three-view
geometry of the aircraft is shown in Fig. 4. The operating conditions are: freestream velocity
Us = 59mV/s, air density o = 0.0789 kg/m?® corresponding to high altitude, and trim angle of
attack oy = 4°. The static aeroelastic deformation of the wing at this condition is illustrated in
Fig. 5.

The first two wing bending modes, being the lowest-frequency flexible modes, are the most
strongly excited by the predominantly low-frequency content of the gust and are therefore the
primary targets of the GLA controller; their mode shapes are depicted in Fig. 6.

4.1.1. Discrete gust response

The worst-case “1-minus-cosine” discrete gust for this configuration has a duration of approx-
imately 4 s (corresponding to 197 MAC) and a peak velocity equal to 14 % of the freestream
velocity. Fig. 7 presents the closed-loop wing-tip displacement and trailing-edge flap deflection
time histories, compared against the open-loop (uncontrolled) response.

The controller responds to the gust encounter by commanding an initial downward flap rota-
tion, which generates a nose-down pitching moment that partially counteracts the lift increment
induced by the gust. The temporal profile of the flap deflection exhibits a smooth bell-shaped
characteristic, which is consistent with the double-integrator actuator model specified in (4) and
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Y

Fig. 4. Three-view geometry of the Global Hawk-like UAV showing the wing, fuselage, horizontal
stabiliser, and vertical tail

ensures that the commanded motion is physically realisable. The closed-loop wing-tip response
demonstrates both a significant reduction in peak amplitude and an enhanced rate of damping
during the post-gust oscillatory decay, indicating that the controller provides beneficial effects
both during and after the gust encounter. These metrics are quantified in Table 2, which reports
a 23.15% reduction in peak wing-tip deflection at a maximum flap rotation of 9.47°.

6 —
10 elements
5 eeeeaas 15 elements
n 20 elements

° 50 elements

Deformation [m]
w
|

0 | | | 1 |
4 8 12 16 20
Spanwise Position [m]

Fig. 5. Mesh convergence of the static aeroelastic wing deformation of the UAV at the static aeroelastic
equilibrium (Uy, = 59 m/s, ag = 4°) for 10, 15, 20, and 50 beam elements
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(a) (b)

Fig. 6. Structural mode shapes of the UAV wing: (a) first wing bending mode and (b) second wing
bending mode
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Fig. 7. Ho GLA performance under worst-case discrete gust (UAV, K. = 1): (a) wing-tip vertical
displacement and (b) trailing-edge flap deflection. Open loop (solid) and closed loop (dashed)

Table 2. H, GLA performance metrics under discrete gust (UAV, K. = 1)

Metric Open loop | Closed loop (K. = 1)
Wing-tip deflection reduction — -23.15%
Max flap rotation — -9.47°

4.1.2. Stochastic turbulence response

The closed-loop performance under von Karmén continuous turbulence (with turbulence scale
length L,, = 750 m) is presented in Fig. 8. This test case provides a more stringent assessment

10
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Fig. 8. Ho GLA performance under von Karman stochastic turbulence (UAV, K. = 1): (a) wing-tip
vertical displacement and (b) trailing-edge flap deflection. Open loop (solid) and closed loop (dashed)

of the controller than the discrete gust, as the turbulence contains energy distributed across a
broad frequency spectrum.

These turbulence metrics are summarised in Table 3. It should be noted that the discrete-gust
and turbulence results measure different quantities—a peak-amplitude reduction for the deter-
ministic discrete gust and a root-mean-square (RMS) reduction for the stochastic turbulence—
and are therefore not directly comparable, each being the natural metric for its disturbance
type. The smaller RMS reduction under stochastic turbulence (10.26 %) relative to the peak
reduction under the discrete gust (23.15 %) can be attributed to the broadband nature of the von
Kérman frequency spectrum. The ., controller effectively attenuates the disturbance energy
that falls within its design bandwidth, which is determined by the frequency range of the modes
retained in the eight-mode ROM. However, the higher-frequency turbulence components that
excite structural modes beyond the ROM bandwidth are less effectively attenuated by the con-
troller [6]. This interpretation is offered as a plausible explanation rather than a demonstrated
one; confirming it would require a dedicated sensitivity study with progressively larger ROM
bases. Subject to that caveat, improved continuous-turbulence rejection may be achievable
through either a larger ROM basis capturing additional high-frequency modes or a complemen-
tary adaptive control strategy.

4.2. Model convergence and extension

Fig. 9a presents the mesh convergence of the static aeroelastic solution for the very flexible
flying-wing configuration (32-meter span, 16-meter semi-span, n = 1616 DOF, m = 9 ROM

Table 3. H, GLA performance under von Karman turbulence (UAV, K, = 1)

Metric Open loop | Closed loop (K. = 1)
RMS wing-tip deflection | baseline -10.26 %
Max flap rotation — +12.79°

11
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Fig. 9. (a) Mesh convergence of the nonlinear static wing deformation for the very flexible flying-
wing (32-meter span) with increasing number of beam elements, and (b) sample von Karman turbulence
velocity profile

modes), demonstrating that 80 beam elements adequately resolve the nonlinear wing deforma-
tion for this larger platform. In contrast to the cantilever UAYV, the flying-wing is treated as a
free-flying configuration in which the rigid-body degrees of freedom are retained [25], so that
its nine-mode basis comprises four real eigenvalues (associated with the rigid-body and gust
coupling) and five lightly damped complex pairs. This study verifies that the static aeroelastic
solution is spatially converged for this larger and more flexible configuration; it does not by
itself establish the dynamic applicability of the approach, which rests instead on the reduced-
order modelling validated against the nonlinear full-order model. A representative von Karman
turbulence velocity profile employed in the stochastic gust simulations is shown in Fig. 9b.

5. Discussion

The results presented above give rise to several observations regarding the performance and
applicability of the H., GLA framework that merit further discussion.

The robustness of the ROM-based controller design is perhaps the most practically signifi-
cant finding. The H ., controller, synthesised on the eight-mode linear ROM, delivers consistent
and effective load alleviation when applied to the 540-DOF nonlinear full-order model, despite
the substantial model reduction and the deliberate omission of nonlinear terms in the design
plant. This robustness can be attributed to the inherent conservatism embedded within the H
synthesis framework, which accounts for worst-case disturbance amplification across all fre-
quencies and thereby provides implicit robustness against the unmodelled nonlinearities that
are present in the full-order system but absent from the design plant.

The asymmetry between the discrete gust and stochastic turbulence performance warrants
careful interpretation. The controller achieves a 23.15% reduction in peak response under dis-
crete gusts and a 10.26% reduction in RMS response under stochastic turbulence; although these
are distinct metrics and therefore not directly comparable, the difference has a clear physical ex-
planation rooted in the frequency-domain characteristics of the two disturbance types. Although
the “1-minus-cosine” gust is a transient disturbance with a broadband spectrum, the bulk of its

12
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energy is concentrated in a narrow band about the characteristic frequency f, = U /(2H,)
associated with its 2/, spatial wavelength [9], and for the cases considered, this band falls
within the controller bandwidth, enabling effective targeted attenuation. Stochastic turbulence,
by contrast, distributes its energy across a broad frequency spectrum and the controller can
only attenuate the portion of this energy that lies within its bandwidth, which is fundamentally
limited by the frequency range of the retained modes. For applications where stochastic tur-
bulence rejection is of primary importance, adaptive controllers that can adjust their response
characteristics in real time to track the evolving turbulence spectrum may offer superior perfor-
mance [26].

Regarding practical actuator constraints, the maximum flap rotation of approximately 10°
at i, = 1 falls within the typical authority range of trailing-edge control surfaces on UAV plat-
forms. However, the current modelling framework does not incorporate explicit actuator rate
and magnitude saturation limits, nor does it account for hinge moment constraints that may limit
the available control authority in practice. In a detailed design implementation, these constraints
would be addressed through the inclusion of additional weighting functions in the generalised
plant or through the adoption of a mixed Hs/H, formulation that can accommodate hard con-
straints on the control signal.

A further consideration concerns the suppression of the first peak in the wing-root bending
moment, which a purely feedback architecture can only partially attenuate, since the controller
must first sense the gust-induced response before acting. In practice, the first-peak load is
most effectively reduced by feedforward control driven by an upstream gust measurement—
for example, from a nose-mounted flow vane or LiDAR (Light Detection And Ranging)—as
demonstrated for large flexible transport aircraft by Wildschek [34]. Augmenting the present
H.. feedback design with such a feedforward channel is therefore a natural extension of this
work.

The same GLA methodology has been extended to the 32-meter span very flexible flying-
wing configuration (n = 1 616 DOF, m = 9 ROM modes) in [25], where the controller success-
fully reduced wing-tip deflections while maintaining the desired trim flight condition. The mesh
convergence for this configuration is illustrated in Fig. 9a. The significantly larger structural
deformations characteristic of this configuration introduce stronger nonlinear effects; while the
intrinsic robustness margin of the H ., design is expected to accommodate these nonlinearities,
a full quantitative GLA assessment for the flying-wing was not repeated here and is left to future
work.

6. Conclusions

An H, robust control framework for gust load alleviation of very flexible aircraft exhibiting
geometrically nonlinear structural behaviour has been presented and validated. The controller is
synthesised on a compact reduced-order model and assessed against the full nonlinear system to
verify its robustness. The eight-mode ROM-based H, controller achieves a 23.15% reduction
in peak wing-tip deflection under worst-case discrete gust excitation and a 10.26% reduction in
RMS response under stochastic von Karman turbulence, when applied to the 540-DOF nonlin-
ear full-order model. The input-shaping weighting parameter K. provides a systematic single-
parameter mechanism for adjusting the trade-off between structural load alleviation and control
effort; the value K. = 1, previously identified in [24] as the most favourable compromise for
this class of problem, is adopted throughout, noting that its effect is case-dependent and that a
retuning would be required for other configurations or gust environments. Superior alleviation
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performance is obtained for longer-duration discrete gusts whose dominant frequency content
falls within the controller design bandwidth, which is consistent with the frequency-domain in-
terpretation of H ., optimality. The framework has been demonstrated to be directly extensible
to larger and more flexible configurations, including the 1616-DOF flying-wing, as well as to
models employing higher-fidelity aerodynamic representations [2,24]. For applications requir-
ing enhanced stochastic turbulence attenuation, adaptive control strategies offer a promising
complementary approach to the H ., design [26].
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