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1 MAIN RESEARCH QUESTION

The drive toward lightweight structures and high—aspect-ratio wings improves aerodynamic ef-
ficiency but inherently reduces structural stiffness, leading to diminished flutter margins. Active
Flutter Suppression (AFS) is therefore a promising enabler for such configurations. However,
the design of AFS controllers is challenging due to the large number of sensor signals, spatially
distributed sensors and actuators, and coupled aeroelastic modes. Input/output blending for
Modal Velocity Feedback (MVF) [1] addresses this challenge by isolating individual modes
through linear combinations of inputs and outputs. This AFS method yields very condensed
controllers and only affects the damping of a single mode. If the damping of multiple modes
is to be augmented, multiple feedback controllers are designed. Such an approach is prone to
yield excessive actuator effor if the considered modes are shaped similarly and, as a conse-
quence, low stability robustness margins. Furthermore, the number of aeroelastic modes that
can be considered in the design process is limited by the number of actuators and sensors. This
is a drawback for industrial application where the number of effective actuators is limited and
a large number of aeroelastic modes must be considered?]

Another promising AFS method is given in [2], where a full-order robust H., controller syn-
thesis process was proposed. The damping of insufficiently damped modes is augmented by
penalizing their modal velocity output in the synthesis. Static weights for actuator effort and
mode damping increase were tuned manually. The main drawback of this method is the us-
age of full-order controllers, which are hard to implement in real-world applications since the
reduced models for control design typically still have more than 50 states.

Overall, the existing approaches for synthesizing controllers which increase the damping of
insufficiently damped modes (less than 3‘7 for speeds below dive velocity), were found to
be difficult to implement for real-world application (full and free flying aircraft across the full
flight envelope) with sufficient stability robustness margins and reasonable use of the actuators
(limited deflections, deflection rates, bandwidth). These drawbacks are summarized in
The proposed method addresses these drawbacks.

ILarge actuator deflections may lead to control surface saturation, especially when AFS is combined with other
control function such as a gust load alleviation system.

There are typically a number of aeroelastic modes in the same frequency range for industry-relevant models.

3CS-25 minimum damping requirement for aeroelastic modes and operating points below dive velocity.
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2 METHOD

A Linear-Time-Invariant State-Space-Model (LTI SSM) of an aeroelastic aircraft is considered
and is expressed in its physical realizatimﬂ with n, inputs, ny, sensor outputs, and n states.
Each of the aeroelastic modes M; is defined by a smaller second-order LTI SSM based on its
modal deflection, velocity and acceleration &;, éi, éi, relative damping (;, and natural angular
frequency wy
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The mode damping is directly related to the H., norm of the transfer function from a modal
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and to the H ., norm of the acceleration sensitivity (cf. [3-5]]) transfer function &m — &ou
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The modal damping was increased in [2] by minimizing the H ., norm of u — éiout, which is

closely related to the the transfer function ém — éiout of equation H since all inputs primarily
act as forces or moments. Because the feedback controller may affect the mode frequency, a
tuning criterion based on the velocity sensitivity does not exclusively constrain mode damping.
One contribution of this paper is to employ the acceleration sensitivity instead to implement
minimum damping constraints for each mode, which is a pure constraint on the mode damping,
see equation . Note that for flutter constraints, the case of underdamped modes, i.e., (; <
1/4/2, is applicable. To this end, inputs and outputs to the modal velocity and acceleration

. out

(Sim, éim and & éiom respectively) are added to the LTI SSM for each mode, cf. equation H ,
by adding the corresponding columns and rows to the B, C, and D matrices.

In this work, the MATLAB systune framework [6] is utilized for solving the controller synthe-
sis problems defined by the proposed tuning method. It allows for structured Hs/H., control
law synthesis, i.e., a control structure with fixed-order control elements can be defined a pri-
ori. The same controller structure as the input/output blending approach [1] is utilized, which
is a minimal controller realization for AFS. It is a proportional feedback controller which lin-
early combines the inputs and outputs, yielding just n, + n, controller parameters. Tuning
requirements are defined using Hs/#H ., norms. Tuning requirements can be classified as either
hard or soft. Soft requirements are minimized subject to hard requirements being met. Hard

4Transformations from arbitrary realization to physical realization will be given in the paper.

2



IFASD-2026-XXX

requirements are applied on stability robustness (6 dB|45° loop-at-a-time) and minimum damp-
ing (max([open-loop damping, 3%])) of aeroelastic modes. A soft requirement is applied on
the turbulence weighted (weighting function from [/]]) wind input to actuator rate, such that
this transfer function is minimized.

3 RESULTS

To demonstrate the method it is applied to a complete aeroservoelastic aircraft model with more
than 1000 states. Models for control design still have 100 states. Designing AFS controllers
with strict decoupling constraints, refer to [1], induce very large control commands for aeroe-
lastic models with mode shapes that are somewhat similar in shape and frequency. This effect
is often hardly visible on simpler geometries and models (e.g. simple wing attached in a wind
tunnel). For this example, we are presently considering to use either the results for the mid-
range aircraft of the Sustainable and Energy-Efficient Aviation (SE?A) Clustelﬂ for which the
results are already available, or the DLR F-25 conﬁguratiorﬂ

The proposed method is compared to a MVF blending controller design with the method pre-
sented in [1]] (decoupling constraints only applied to input blending vector). Both controllers
have the same structure and are designed to increase the damping of the same insufficiently
damped mode from 1.7% to 3%. Figure [I] shows the respective closed-loop responses to a
vertical von Karman turbulence w, of the vertical load factor n,, actuator deflections
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Even though the turbulence leads to &1 g vertical acceleration, the actuator deflections and
rates are well below their respective limits (black lines) with the new method (blue), whereas
the MVF blending controller leads to actuator rate saturation (magenta). The paper will present

more complete analyses of the different controllers, but this time response already shows one
of the key improvements achieved by the new method.

Shttps://www.tu-braunschweig.de/en/se2a
®LFD-based model provided by colleagues of the DLR Institute of Aeroelasticity, on which the method will
be applied early 2026


https://www.tu-braunschweig.de/en/se2a
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Figure 1: Comparison of the flutter controller behavior in the presence of turbulence. Magenta: with the in-
put/output blending method based on Model Velocity Feedback (MVF) from [I]). Light blue: proposed
structured Ho /H oo synthesis with relaxed decoupling constraints. Both controllers are tuned to increase
the damping of the same insufficiently damped mode from 1.7% to 3%.



4 CONCLUSION & GENERAL SIGNIFICANCE

Table [1| shows a comparison of the present method with previous AFS methods. It improves
upon the method presented in [2] regarding real-world applicability since the controller order
is much lower, facilitating implementation, and the tuning procedure is fully automated for one
flight point. Further, the employed damping constraint (based on the acceleration sensitivity) is
more precise, as mode frequency changes do not alter the damping requirement. Overall, it is
found to be well-suited for usage on large/industry-scale aircraft models.
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Table 1: Comparison of AFS methods. Entries rated as *good’ are colored green, 'neutral’ orange, and ’bad’ red.

Category

Blending of 1I/O for
MVF [1]

Robust modal
full-order H, [2]]

Proposed method:
Robust modal
structured H../Ho

Tuning procedure

Semi-Automated
(tradeoff between
damping increase
and actuator effort is
tuned manually)

Semi-Automated
(tradeoff between
damping increase
and actuator effort is
tuned manually)

Automated (as little
control effort as
needed for 3% or
open-loop damping)

Controller synthesis

low (design models

medium (full order

medium (synthesis

aeroelastic modes

computational effort have few states) synthesis) requires restarts)
Controller type (may . .
Proportional Proportional
be changed for each leniting feibads Full-order feedback llendtiig failbask
method)
Tunable controller
Ny + Ty Ty Ty Ny Ny + Ty

parameters

Number of no—9 2

considerable = > | -2 > Arbitrary Arbitrary

Control activity

High, damping
augmentation of
multiple modes by
multiple controllers

Low, damping
augmentation of
multiple modes by
one controller

Low, damping
augmentation of
multiple modes by
one controller

Stability robustness
margins

Low

High, cannot be
constrained in
design process

High, can be
constrained in
design process

Restriction of residual
modes regarding
damping

No decrease (good)
No increase (bad)

No decrease, but
damping can be
traded for changes
in mode frequency
(velocity sensitivity)

No decrease
(acceleration
sensitivity)

Restriction of residual
modes regarding
frequency

No decrease
No increase

Arbitrary

Arbitrary
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