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ABSTRACT

As modern transport aircraft move toward higher aspect ratios, lighter structures, and increased
flexibility, aeroelastic loads induced by atmospheric turbulence increasingly limit performance,
comfort, and structural life. Gust load alleviation (GLA) systems are therefore a key enabling
technology for future aircraft configurations. However, classical model-based control
approaches face growing challenges in capturing the strongly coupled, uncertain, and nonlinear
dynamics of flexible wings. Reinforcement learning (RL) based control offers an alternative
paradigm in which control synthesis relies primarily on input output data rather than explicit
analytical models. In the present work, this data was generated from a linear aeroservoelastic
simulation model, but the same framework naturally extends to data obtained from nonlinear
models or even wind tunnel experiments, providing a promising pathway for progressive
controller refinement as higher fidelity data becomes available. This property is particularly
attractive for active aeroelastic control, where the development of accurate linear models is
often difficult and time consuming.

The central research question addressed in this paper is whether a Soft Actor Critic (SAC)
reinforcement learning controller, trained in simulation, can be safely and effectively
transferred to a physical flexible wing wind tunnel model while respecting real-world actuator,
sensor, and operational constraints.

The experiments were conducted in the DNW-NWB low speed wind tunnel using a modular
composite aeroelastic wing equipped with distributed vertical accelerometers, a multi axis load
cell at the wing root, and up to four trailing edge control surfaces. The load cell provided direct
measurements of aerodynamic forces and bending and torsional moments, enabling quantitative
evaluation of gust load alleviation performance, while the vertical acceleration sensors provided
feedback signals for active GLA. Gust disturbances were generated using a rotating cylinder
gust generator capable of producing sinusoidal excitations in the 6-12 Hz range as well as one-
minus cosine (1-cos) type gusts typically used in certification oriented GLA evaluations. Due
to the limitations of the gust generator, clean one-minus cosine (1-cos) profiles could not be
generated reliably. As a result, the experimental 1-cos data do not allow a conclusive assessment
of controller performance under this excitation, even though simulation results indicate that the
SAC controller can handle ideal 1-cos gusts.

Prior to wind tunnel testing, extensive ground experiments were conducted to identify actuator
and sensor dynamics, including bandwidth, rate and position limits, nonlinearities, and signal
conditioning effects. These experimentally derived models were integrated into the simulation
environment and used to reassess the robustness of the pre-trained SAC controller. Importantly,



the controller itself was not retrained using these updated models, enabling a clear evaluation
of its generalization capability from idealized training conditions to realistic hardware behavior.

The GLA controller was implemented on an ADwin Pro 1l real-time computer and integrated
with a supervisory plant safety layer enforcing actuator and sensor constraints, signal validity
checks, and automatic fallback modes. A dedicated operator control station provided real-time
monitoring, controller enable/disable capability, and synchronized high rate data logging.
Standardized test cards were developed to ensure repeatable execution of open-loop and closed-
loop experiments.

Open-loop measurements were first used to characterize the aeroelastic dynamics of the wing
and to reconstruct bode plots, for frequency domain analysis, from time domain data. Closed-
loop tests were then conducted using SAC controllers configured with one, two, three, and four
active control surfaces. The results, evaluated using both accelerometer responses and load cell
derived root bending and torsional moments, show that gust load alleviation performance
improves as additional actuators are activated, with the most significant gain observed when
moving from one to two actuators. While further actuators provided diminishing returns in peak
load reduction, they enabled a more favorable distribution of control effort, reducing proximity
to actuator rate and position limits. Ground testing identified a physical actuator rate limit of
approximately 700 deg/s, which was subsequently used as a reference for both real and
artificially imposed constraints during wind tunnel operation.

Additional robustness tests were performed by freezing individual actuators during operation
and by imposing artificial rate limits. In these scenarios, the remaining actuators automatically
increased their contribution, allowing the controller to maintain effective gust load alleviation
relative to open-loop behavior, despite reduced control authority. A dedicated scenario also
involved intentionally inverting the signal from a feedback acceleration sensor. The controller
trained under this condition showed complete insensitivity to the signal inversion, preserving
both stability and performance. This highlights the controller’s ability to learn directly from
patterns in the training data, rather than relying on predefined analytical sign conventions.
Higher-intensity gust conditions, generated using two gust generators, further demonstrated that
the SAC controller scaled its response to increased disturbance levels without requiring gain
scheduling.

Overall, the wind tunnel results demonstrate that a reinforcement learning based active gust
load alleviation control system can be safely integrated and operated on a flexible aeroelastic
structure within a rigorous experimental framework. By combining data-driven control
synthesis with systematic controller integration, verification and validation, supervisory safety
layer, and real-time validation using both acceleration and load measurements, this work
provides a credible pathway for applying learning-based control to future flight relevant
aeroelastic systems.



