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Abstract: A novel active flutter control, or damping augmentation, method for civil aircraft
is presented. The approach leverages the link between the acceleration sensitivity of second-
order systems and the damping ratio of their modes to express minimum damping constraints
as frequency-domain criteria. This enables the use of modern, robust frequency-domain con-
trol design techniques, thereby taking advantage of their advanced capabilities while explicitly
incorporating damping-related constraints. A similar approach was proposed in the past, using
the transfer function from a (indirect) perturbation on the mode generalized acceleration to the
generalized velocity of that mode. The advantage of using the acceleration sensitivity over the
acceleration-to-velocity transfer function is explained. The application example, based on the
DLR F-25 configuration, shows the practicality of the new approach. A structured synthesis is
used, which allows comparing this new approach to the input/output blending approach by us-
ing a similar controller structure. The ability to use the method on models with a large number
of modes (more than 50), many damping constraints, with robustness margin constraints, and
minimizing the actuator activity (only optimization criterion) is demonstrated. The input/output
blending method, even in its recently published relaxed version, does not seem suitable for such
cases, whereas the proposed method is applicable for industry-scale problems. The properties
and differences between the proposed method and already established approaches for damping
augmentation / flutter control are summarized at the end.

1 INTRODUCTION

The drive toward lightweight structures and high—aspect-ratio wings improves aerodynamic
efficiency but inherently reduces structural stiffness, leading to diminished flutter margins. Ac-
tive Flutter Control (AFC) is therefore a promising enabler for such configurations. Research
on AFC has a long history, dating back to the 1960s, and has been successfully demonstrated on
free-flying aircraft. [[1] provides a comprehensive overview. However, AFC is still not accepted
for certification. In this work, the term active flutter controller is mostly used as it seems to
be the most generic one, but other terms are also often used, such as damping augmentation or
active flutter suppression.
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One of the earliest approaches to actively damp flexible modes of a structure was to use col-
locate actuators and sensors and to apply a force in opposite direction of the local structural
velocity, also known as Direct Velocity Feedback (DVF), to introduce an artificial local viscous
damping. Such an approach was adopted and successful for the B-1 bomber to dampen the fuse-
lage bending at the cockpit station [2,3]. However, a DVF approach affects multiple aeroelastic
modes, and can consider only one collocated actuator and sensor pair at a time. Modern civil
aircraft feature several control surfaces and, possibly, a large number of sensors. Furthermore,
the actuators and sensors may be at different locations.

Input/output blending for Modal Velocity Feedback (MVF) [4] addresses these challenges by
1solating individual modes through linear combinations of inputs and outputs. This AFC method
yields very condensed controllers and can be designed to only affect the damping of a single
mode. If the damping of multiple modes is to be augmented, multiple decoupled feedback con-
trollers are designed. The inclusion of decoupling constraints tends to yield controllers with
large gains and thus with excessive actuator effort. When the considered modes have very sim-
ilar mode shapes, this effect is particularly pronounced. The consequences are low robustness
margins and loss of damping effectiveness when the excitations (e.g. due to turbulence), com-
bined with these larges gains, drive the actuators to their limits. Furthermore, the number of
aeroelastic modes that can be considered in the design process is limited by the number of ac-
tuators and sensors, even if the method from [5]] partly relaxes this limitation. This is a major
drawback for industrial applications where the number of effective actuators is small compared
to the number of aeroelastic modes to consider. As it will be shown later, a significant number
of aeroelastic modes also have fairly close frequencies such that a filter-based decoupling does
not seem suitable.

Optimal control approaches (LQR / LQG) were investigated by, for example, NASA in the
1970s — 1990s, see e.g., [[6]. The controllers yielded a damping augmentation with low ac-
tuator effort. However, one drawback of optimal control design approaches is that they offer
no a-priori guarantee of robustness in case of output feedback, especially since in practice a
state estimator (typically a Kalman filter in the LQG scheme) is required. The fine tuning of
LQ controllers for large systems is also very difficult, such that scaling-up such approaches to
industry-size problems does not seem practical.

Many of the problems or criteria in aeroservoelasticity are linked to specific modes (e.g., their
damping) or can be linked to specific frequency ranges (e.g., critical gust lengths). For the
latter, expressing the requirements in terms of frequency-domain specifications seems a rather
obvious choice. It is however less obvious that modal-like specifications (e.g., damping ob-
jectives/constraints) can be expressed in the frequency-domain. In the case of aircraft flexible
modes, as for other generalized second-order systems, a connection between the modal proper-
ties and specific transfer functions, such as the acceleration sensitivity function, can be made.
This connection was already made and used in [7-9]]. It was further used for space applications,
such as satellites which also have a number of low-damped flexible modes [10-12].

Whilst it does not seem that the acceleration sensitivity function was already used for flutter
control, a related transfer function was used in [13[]. In [13]], a full-order robust ., controller
synthesis process was proposed in which the damping of insufficiently damped modes is aug-
mented by penalizing their modal velocity output in the synthesis. With this approach, the flutter
speed of a small, unmanned flexible aircraft was extended from 33.3 m/s to 42.5 m/s. Compared
to the acceleration sensitivity function case use in the present work, the authors of [[13]] use the
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modal velocity instead of the modal acceleration as output of the transfer function. The input of
the transfer function used in [[13]] is also not directly a perturbation on the modal acceleration,
but control surface deflections. The control surface deflections correlate well with the modal
accelerations but excite several modes at once. The consequences of these differences will be
detailed later in section In the methodology proposed in the present paper, the use of the
acceleration sensitivity function is preferred, but very good results can also be obtained with the
approach used in [13].

Another significant difference with the work from [13] is that multi-channel/model structured
synthesis (e.g., see [14,/15]) is used in this work instead of the more classical full-order H.,
synthesis used in [13]. This provides significantly more flexibility in the definition of the ob-
jectives and constraints. Another major advantage is that the controller structure can be chosen
with gain-scheduling and implementation constraints in mind. Thereby, the controller order can
be defined a-priori such that a possible controller reduction step is not required. This, however,
comes at the cost of increased computational time and the possibility of multiple local minima
since the controller synthesis optimization problem is non-convex. In the authors’ opinion and
experience, however, the benefits of the structured synthesis outweigh the disadvantages.

Structured synthesis has been used for flutter control in [16] and [17]. In [16], the control design
problem was a fairly classical mixed-sensitivity design. The approach used in [17]] appears to be
at the crossroads of [[13]] and the method proposed in this work. The focus of [17] lies, however,
on the co-design structure-controller process and used a very simple model as example. Some of
the templates and transfer function shown in [17, for example Fig. 5] resemble the second-order
template on acceleration sensitivity (SOTAS) problems used in [[7,/9]. Unlike in the previous
literature using the acceleration sensitivity function, only the damping ratio is of interest in
the methodology proposed in this work. This means that simple upper bounds on the H .-
norm of the acceleration sensitivity function can be used: no frequency-domain template nor
weighting function is needed. The damping-related criteria are optimization constraints and the
only objective is to minimize the actuator activity to reduce actuator wear and to avoid, as much
as possible, actuator saturation.

The paper is structured as follows. Section [2|first describes the application example considered
in this paper. One of its modes becomes unstable for increasing airspeed. Section[3|describes the
methods employed to stabilize that mode with minimal actuator activity while meeting stability
robustness requirements. Section [4] presents the results obtained and attempts a comparison
with the input/output blending concept [4} 5, 18]]. Both methods have quite different properties
and limitations, such that it is difficult to define a test case that allows a fair comparison. Finally,
section [5] presents the conclusions and provides a condensed comparison between the method
proposed in this work and the ones from [13]] and [4].

2 FLUTTER CONTROL APPLICATION

The DLR-F25 is a short-medium range aircraft configuration developed as a common research
benchmark, representing features typical of next-generation aircraft concepts [19]]. In this study,
the DLR-F25 TWISTO04 configuration, described by Streitenberger & Feldwisch [20] is em-
ployed. The method proposed in the following will be used to increase to delay the flutter onset
and increase the damping of the modes of this configuration.

The primary structure of the aircraft is displayed in Fig.[Tal The mass configuration considered
corresponds to the aircraft delivery weight plus maximum fuel load. The aerodynamic design
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shape used for subsequent CFD grid generation is illustrated in Fig. [Ib] To reduce computa-
tional time, pylons are omitted and the engines are modeled as a flow-through nacelle.

(a) Finite element model. (b) Aerodynamic shape for CFD com-
putation.

Figure 1: DLR-F25 models.

The geometry displayed in Fig. |1blis discretized by about 2.3 - 10° quadrilaterals and 5.0 - 103
triangles. The spherical farfield has a distance of about 20 times the aircraft semi-span. The
computational domain is discretized with tetrahedron and the boundary layer is resolved only on
the wing wet surface using hexahedron and prism elements. The remaining walls are modeled
as Euler wall boundary conditions. This wall modeling approach enabled a reduction in CFD
grid size without affecting the predicted flutter behavior [21]]. In total, the CFD grid comprises
about 4.7 - 10° nodes.

The finite element model is used to compute the aircraft mass and stiffness along with the
structural eigenvectors, which are then employed to generalize the aeroelastic equations of mo-
tion. A (viscous) damping of the structure of 1.5% is assumed. The eigenvectors are further
interpolated using splines to the CFD surface grid via radial basis functions to permit the char-
acterization of the Generalized Aerodynamic Forces (GAFs). In total, 46 modes were included,
consisting of the roll and pitch modes along with the first 44 flexible modes. This was found to
be sufficient to accurately capture the flutter behavior. The pitch mode and the first two flexible
modes, which were interpolated onto the CFD surface using splines, are shown in Fig. 2]
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Pitch mode. 15t flexible mode. 274 flexible mode.

Figure 2: Example of structural eigenvectors splined to the CFD surface.

For the results presented in this work, the flight dynamics of the F25 were computed at a Mach
number of 0.78. To compute the GAFs which describe the unsteady aerodynamic flow resulting
from structural motion, control surface deflections and gust encounters, a linearized frequency-
domain RANS CFD [22] was employed. The GAFs are then interpolated via the Loewner
framework [23),24] to yield a rational realization that can be included in the equations of motion,
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thereby allowing them to be arranged in state space form. The resulting state space models are

used to compute the poles of the aeroelastic system shown over varying Equivalent Air Speed
(EAS) in Figure 3]

Certification requirements demand a minimum (viscous) damping of 1.5% of the aircraft’s
aeroelastic modes up to the dive velocity (not defined here) if 1.5% damping of the structure
is assumed, see [25, AMC25.629]). The damping of the structure itself (1.5%) is marked as a
dashed line. Poles with less than 22% damping, marked as a dashed-dotted line, are categorized
as low-damped poles and will be constrained to a damping lower bound. Note, that the 22%
damping bound for categorization is an application-specific selection. These low-damped poles
are indicated with colored circles, and all other as gray circles in Fig.[3]

For the considered mass case and flight conditions, the aircraft encounters flutter at EAS ~
216 m/s. Flutter results mainly from the interaction of the second anti-symmetric wing bending
(structural) mode with the anti-symmetric wing torsion (structural) mode, the latter leading to
a significant engine motion. A fuselage lateral bending (structural) mode is also participating.
The flutter mechanism, i.e., aeroelastic mode, is displayed in Fig. EL
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Figure 3: Map of the F25 models aeroelastic poles over varying Equivalent Air Speed (EAS).

The damping of this mode is later artificially increased with the AFC. The aircraft is equipped
with four multi-functional flaps on the main wing and an elevator at the horizontal tailplane that
can be used to mitigate the flutter behavior. The ailerons on the left and right wing-half, noted
0y and 61 respectively, are mixed to define symmetric (0, }") and anti-symmetric (9, 2)") de-
flections. The elevators are only deflected symmetrically. The rudder is also defined in the
aerodynamic mesh, but not used. The aircraft is instrumented with several uniaxial accelerome-

ters that are positioned throughout the airframe to measure the local vertical acceleration. These
signals are available for feedback purposes.

Figure [5|shows both locations and notations of the control surfaces and sensors considered. All
trailing edge sensors are labeled for the wing and the horizontal stabilizer (aZ%T ). However,

the respective leading edge sensor (aEéE) is also considered to measure the local bending and

torsion acceleration. The location of the leading-edge sensors is illustrated using the outermost
sensor on the left wing a;}L E as an example.
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Figure 4: Flutter mechanism of the DLR-F25 at Mach=0.78 for the considered mass case.
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Figure 5: Sensor and control surface positions throughout the airframe.

The actuators to drive the control surfaces are modeled as second-order systems with a natu-
ral frequency of w, = 43rad/s and a relative damping of ( = 0.68. The actuator and sensor
dynamics are coupled with the aeroelastic equations of motion to provide the state space real-
ization of the aeroservoelastic plant to be controlled. The final state space models comprise 789
states, which are reduced to 130 states for controller design using a combination of balanced
and modal reduction techniques. The flap deflections are commanded via the previously defined
symmetrical and anti-symmetrical commands. Thus the following commanded flap deflections
are available as an input:

W= [0, 0.1 cmds 9a2.cmd> a.3.emds Oad.emds Oa 1 emds 9a,2.cnd> O 3 cmd Oat cmal ey
Finally, the trailing and leading edge sensors are mixed at the respective wing and horizontal
tailplane sections to measure the local symmetric bending (ai%), the local symmetric torsion
(a5H), the local anti-symmetric bending (a2'?), and the local anti-symmetric torsion (a2 ). The
sensors on the engine are mixed to measure the symmetric bending aj{g’Eng and anti-symmetric
bending aa’%ng only, as there is only one sensor available instead of a sensor pair. In total there

V4

are 34 mixed measurement outputs y (not shown here for conciseness, see later in [Fig. 13).

6
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With this sensor and actuator setup, the damping of the flutter mode can be increased. The
methods employed for designing suitable controllers are presented in the next section.

3 METHODS

This section presents a new method for flutter controller design. The first subsection, |3.1] out-
lines a way to link the damping of weakly damped modes of generalized second-order systems
(which the isolated aeroelastic modes of an aeroelastic systems can usually be considered to be)
to a frequency-domain transfer function norm, and compares it to a relatively similar approach
used in [[13]]. In both cases (approaches from [13]] and from this work), a transformation of the
linear time-invariant state-space model (LTI SSM) is required to define the transfer functions
whose norm is used to define the mode-damping objectives / constraints. Said transformation is
outlined later in subsection[3.2.3] It allows the LTT SSM to be extended with new inputs and out-
puts of the transfer function that are related to the damping of the weakly damped mode. These
inputs and outputs are then employed in the controller design, presented in subsection [3.2] to
impose mode-specific damping-lower-bound constraints (subsection [3.2.3).

3.1 Quantifying Damping in the Frequency Domain

A LTI SSM in real Jordan normal form [26]] describing an aeroelastic system with n, control
inputs, n, sensor outputs, and ny states is defined as

A, 0 | B,
G:|—| = | — . (2)
y 0 Ani Bni u
C, C,| O

The system G consists of n; oscillating modes. Modes with real poles (not oscillating) are
omitted here as they are not of interest for damping constraints. Each of the aeroelastic modes
M; (i € [1,n]) is thus defined by a second-order LTI SSM

i i 0 1 bi; 7
Mi: | i | = M| = | —wii —2Gwai| by, T 3)
Vi u Cy i C2,i 0 u

based on its modal deflection, velocity and acceleration 7, 7);, 7);, relative damping (;, and natural
angular frequency wy, ;. The state transformation used to achieve this realization is described in
subsection The relative damping of each mode (; is directly related to the H ., norm of the
transfer function from a modal acceleration disturbance 7;™ to the modal velocity 7;°"" (cf. [[13]))
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Figure [6a] and [6b] show the relations between the 7., norm of the acceleration-to-velocity /
acceleration sensitivity, and the damping (as well as natural angular frequency) of an oscillating
mode. The fact that the link between damping ratio and the H., norm of the transfer from
modal acceleration to modal velocity depends on the modes natural angular frequency can well
be seen in This dependency is not present with the acceleration sensitivity function, cf.

IF1g. 6b
Wn i Wn i
g 10+ 1 |inrad/s g 10} in rad/s
- -
3 2 5] 2
S5t ] 5 S5t 5
N =10 oy —10
0L | - —20 0L | | —20
1072 107! 10° 1072 107! 10°
Mode damping (; Mode damping (;
a) Accel.-to-velocity sensitivity (7™ — ;01 (b) Acceleration sensitivity (7;™ — 7;°"
y y Ui y (n n

Figure 6: H., norm of Acceleration-to-Velocity and Acceleration Sensitivity over mode damping of a generic
second order system.

Indeed, the H..-norm of the acceleration-to-velocity transfer function rather correlated with the
real part of the modes eigenvalue. This is illustrated in where the H..-norm is repre-
sented as contour levels for a second-order system. The real part of the eigenvalue correlates
strongly with the relative damping for very low damped modes for any given mode frequency.
However, the relationship is not constant for different mode frequencies and a slight change in
frequency can occur with the addition of the flutter controller. The fact that the contour levels
of H..-norm for the (unweighted) acceleration sensitivity of a second-order system correspond

to the iso-damping lines is illustrated in

H,, norm in dB H,, norm in dB
10 . 10
60 30
40 20
S 5 S 5
& 20 &
0 10
0 20 0
-10 -5 0 -10 -5
R(p) R(p)
(a) Accel.-to-velocity sensitivity (b) Acceleration sensitivity

Figure 7: ‘H ., norm of Acceleration-to-Velocity and Acceleration Sensitivity depending on the pole position of a
generic second order system. Lines are of constant H ., norm.

This difference is the main motivation for using the acceleration sensitivity to implement min-
imum damping constraints in the proposed method. This is a pure constraint on the mode
dampinﬂ and no correction with the mode frequency is needed.

! Assuming that the closed-loop transfer function is also in the shape of a second order high-pass filter.
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3.2 Multi-Objective Control Design

The MATLAB systune framework [27] is used in this paper for solving the controller syn-
thesis problem. Multiple control objectives can be defined based on the #/H., norms of
the plants transfer functions. Furthermore, the framework allows for structured control law
synthesis. That is, the control designer defines a closed-loop structure with fixed-order control
elements and the tunable elements are then optimized to meet frequency-domain tuning require-
ments. The closed-loop synthesis setup is shown in illustrating the control architecture
used for defining the tuning requirements. For now, a generic controller K is employed to ar-
tificially increase the damping of insufficiently damped aeroelastic modes of the plant G. This
section focuses on the tuning objectives and constraints. The selected controller structure is

presented in |subsection 3.

Wi Z
Wnspecs G Znspecs
u y
X, X,
f K ||

Figure 8: Closed-loop active flutter control system for automated tuning.

The Analysis Points X, and Xy, cf. [Fig. 8 are employed during the tuning process to
impose closed-loop stability robustness margins. Analysis Points are used as inputs and
outputs at the given location in the closed-loop, without actually modifying the model. In the

signal flow direction, an Analysis Point first outputs the signal and then allows an input
to be added.

A series of exogenous inputs w; (i € [1, ngpecs]]) and outputs z; (i € [[1, ngpecs]]) can be de-
fined/added to the tuning problem. The corresponding transfer functions 7, ., (i € [1, Nspecs])
are then used to specify control design objectives (soft requirements) or constraints (hard re-
quirements). These tuning requirements are defined using either the Hs or the H ., nor of
each of these (weighted or unweighted) transfer functions. For example, to minimize the con-
troller gain an 7, criterion on the actuator activity is defined as the objective, whereas the
damping lower bound constraints are ., constraints on the acceleration sensitivity function of
the considered modes.

Additional hard requirements are applied on the stability robustness (5 dB|40 deg multi-loop
disk margin [29] on all inputs or all outputs simultaneously) and on the closed-loop damping
of the aeroelastic modes. The lower bound on the closed-loop damping is the maximum of
the viscous structural and open-loop damping max{(rg, Cor;} such that the damping of the
residual modes is maintained while the damping of the flutter mode is increased.

In total there are three types of tuning requirements for the flutter controller, which are sum-
marized in [Tab. 1| and explained in the following. The two first are defined once for the whole
system, whereas the third one is repeated for each of the low-damped modes.

’Interpretations and more information on the H5/H.o, norms can be found in [28]

9
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Table 1: Controller tuning goals

Number Aim Type Location Target
Cost function (systune soft requirement)
Minimize
#l Actuator Effort Ha Tasbue 0
Constraints (systune hard requirements)
Feedback . . Xu, Xy
>
#2 Stability Margin Disk Margin (separately) = 5 dB[40deg

1
Damping Lower

< )
#3 Bound (for each Hoo Tﬁiin_>ﬁiout 2CLB,i\/ 1 - CﬁB,i

aeroelastic mode) (LB = max{(rE,, CoLi)

3.2.1 Actuator Effort

Active flutter control systems must avoid excessive use of the actuators since control surface
actuators are subject to nonlinear constraints in position, velocity, and acceleration. These
physical limits imply that excessive control demands can drive actuators into saturation, where
the commanded response can no longer be tracked. This may lead to a significant degradation in
closed-loop stability and performance. In the context of flutter control, this risk is pronounced
because controllers designed to stabilize specific structural modes are inherently sensitive to
mode-aligned disturbances. For example, if the flutter controller is designed to increase the
damping of a symmetric wing bending mode, vertical turbulence may induce high-frequency
and high-amplitude control demands, potentially causing actuator rate saturation. Excessive
actuator usage may further cause a series of undesired effects an especially increased actuator
wear which results in higher maintenance cost. It would also lead to increased energy consump-
tion and some drag increase.

To address these concerns, the actuator effort is minimized by defining it as the cost function.
The actuator effort can be quantified by a transfer function from an excitation of the flutter con-
troller to the rates of all actuators. As the flutter controller is designed to increase the damping
of insufficiently damped aeroelastic modes, the choice of inputs depends on the shape of these
modes. For the application case considered, where the flutter mode is anti-symmetric, all possi-
ble anti-symmetric aileron deflection commands are used as a surrogate excitation (exogenous
input wy ). The vector d of anti-symmetric aileron deflection commands is:

d :[ asym sasym gasym asym }T . (6)

a,l,cmd a,2,cmd a,3,cmd a,4,cmd
The corresponding exogenous output z; is defined a the vector of actuator deflection rates d,.:

6act = [5e7 6L 53;,27 5L 525,47 5R 65,27 55,37 65,4i| : (7)

a,l? a’37 3,317

The objective function is therefore: rr%n Tgs... ()2

10
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3.2.2 Stability margins

Stability margin requirements are applied to provide robustness against system uncertainties.
Classical stability margins are measures of variations in gain or phase that can be tolerated
whilst maintaining closed-loop stability [29]. Classical gain and phase margins G M |PM of at
least 5dB|40 deg are specified at the Analysis Points X, and Xy in To further
ensure robustness against simultaneous variations in gain and phase, disk margins for simulta-
neous variation of all inputs or all outputs are employed in the tuning process instead of classical
margins for single loops.

The classical margin specification is translated to an unskewed disk with radius
a=2max{(GM —1)/(GM + 1),tan(PM/2)} , (8)

which serves as a lower bound on the disk margin of the corresponding multi-input multi-output
(MIMO) loop. The latter is defined as 1/ (|]|D1(I — L(s))(I + L(s))"'D||s), where L(s)
denotes the open-loop transfer function (recall the Analysis Point description), and D(s)
denotes a static diagonal scaling matrix which compensates for differences in signal magnitudes
[27,29]. These stability margin requirements are realized using the tuningGoal .Margin
requirement (feature of the systune framework).

3.2.3 Damping Lower Bound

The closed-loop damping of each of the njy low-damped mode is constrained to a lower bound

(LB, using the H ., norm of the acceleration sensitivity, cf. The damping lower
bound constraint is defined either by the damping of the structure itself or by the mode’s open-

loop damping, whichever is greater:

Vi € [1, 4], Cup,i = max ((pg,i, Cori) - )

This yields the H., norm constraints:

1
2 (i /1 — (Pp;

Note that, due to the feedback controller being able to introduce cross-coupling between modes,
the employed transfer functions could no longer be equivalent to a second-order system, which
may lead to a (limited) violation of the damping lower bound constraint. This should be checked
afterwards and possibly corrected with slight tightening of the constraint.

Vi € [1,ma], [|Tm—sjoulloc < (10)

The input and output to the acceleration sensitivity function (respectively acceleration-to-velocity
transfer function) of an aeroelastic mode may not be available for a given LTI SSM. In order
to add these inputs and outputs, the same state transformation as for the Input/Ouput Blending
method [4] is applied (largely the same as in [5]). The system G is in real Jordan normal form,
recall This state space representation is obtained through a state transformation based on
the eigenvectors of the system, see [4,26]. The system G consists of n; conjugate complex pole
pairs p; = R(p;) & v/ —13(p;), with i € [1, n;]). The response of each individual mode is hence
described through

11
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§R(Pi) S(pi) gfe(bi)T
= —%(pi) §R<pi) -9 Bi)T
R(E) (&) 0

(1)

o | I
341

=<
[@F

While the states of these second-order systems have no intuitive physical meaning they can be
transformed into the physical realization characterized by the relative damping ¢, = —R(pi) /wn.is
and natural angular frequency wy; = |p;

Ul Ui 0 1 b1T,i T
Mi: | | = M| = | —wii —2Gwni | by T (12)
i u C1,i Coji 0 u
through a similarity transformation x; = Ti X; = Ti [ f}i]T. The transformation matrices
suitable for this purpose are given by
- R(pi) sin(@) — S(ps) cos(p) — sin(e)
Ti(¢) = , (13)
S(ps) sin(¢) + R(ps) cos(¢) — cos(¢)

which is parametrized over the state transformation angle ¢ € R [26]], cf; also [4~]. All possible
similarity transformations yield a system matrix which is unique A; = T, *(¢)A;T;(¢) for all
¢. However, the input and output matrices following from this similarity transformation

=T | D | [ ewl®) enl) | = | RE@) @) | Tie)

R(by)"
—S(by)"

(14)
are not unique, but depend on ¢. Note that the similarity transformation matrix is periodic
Vke€Z, Ti(p) = Ti(¢ + km). The state transformation is carried out for each mode with the

optimal state transformation angle ¢*
o arg(rbnax(|]027i(¢) by (0)|]2(2v/wn (M) ) (15)

This is the state transformation with the largest blending efficiency (refer to [4] for more infor-
mation). Lastly, the inputs and outputs to the acceleration sensitivity (7™ and 7;°"") are added
to the LTI SSM for each aeroelastic mode, recall by adding the corresponding columns
and rows to the LTI SSM: The B-Matrix of each mode is extended by [0 1], thereby adding an
input to the generalized acceleration of each mode 7j™. The C-Matrix is extended by the second
row of the modes A; matrix, which yields new outputs of the generalized acceleration of each
mode 7j°"* (same process as shown already in [9] and subsequent work using the acceleration
sensitivity function). This leads to the structure of Eq.[I6), when considering multiple modes
at once. For simplificity, in this equation, the acceleration sensitivity function is defined for all
modes in this equation. In practice, if the damping lower bounds are only defined for a subset
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of the modes, not all rows and columns will be needed. Note that providing 7°"* as an output is
very straightforward as it is also a state (simply add the whole A; matrix to the C-Matrix)

o] [0 1 0 0 0...00 b, T[] m]
i —w2; —2Ciwn1 0 0 1...0] by, m
T 0 0 0 1 0...0| bf, M
Ty | = 0 0 —wh . — 260 Wnn; |0 ... 1| by T, (16)
fiout —wi, —2Cwn 0 0 ijin
: : : . : : Lo.xn; | Onysxn, :
Uﬁ?t 0 0 _w121,ni —2(n;Wn,n; 77;1111
A | c11 C2,1 .. Clpy Co.n; Onyxn; | Onyxn, 1 L @

3.3 Controller Structure

The controller structure is based on that of the input/output blending approach, see [4]], which
will make it easier to compare the two methods. Any other feedback controller structure could
be used as well. The controller structure from [4] is a proportional feedback controller which
linearly combines the inputs and outputs, yielding just n, + n, controller parameters. The con-
troller from [4] consists of unit-length input and output blending vectors, and a single-input
single-output (SISO) feedback gain A. The feedback gain is replaced in this work by a tun-
able dynamic SISO controller Ky, to assign the controller a bandwidth, and to expand the
design flexibility during optimization. Kgy,, consists of a gain ), a non-tunable band-pass filter

Fgpr(s),

2 2

FBPF(S) = ) (17)

2 2
s2 + Cupwups + wip 2 + (LpwLps + Wip

and a tunable SISO state space system Fi,p($) with six tunable states 7 tyne = 6. This structure
was chosen to ensure a band-pass behavior of the flutter controller. Figure [9]shows the structure
of the flutter control system. The input/output blending vectors, k, and k, respectively, are

W1 Zq
. H
Wnspecs G Znspecs
u y
== > »
f- |
Xu XY
________________________________ |
1
A 1
: Kdyn :
! 1
1
< < T
Ky [« Fiune(s) [«— Fgpr(s) |« A ky ==
1
! 1

I o o o o e - = = - - - - - - - ———

Figure 9: Closed-loop active flutter control system for automated tuning. Controller structure based on In-
put/Output blending controller [4]], extended with dynamic (tunable) filters.

tunable vectors of appropriate size. The blending vectors as well as the dynamic elements of
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Kyn are normalized to a resonance magnitude of 0 dB after the controller synthesis, such that
the feedback gain is defined by A at the resonance frequency of Kgy,. The band-pass filter
damping constants (zrp and (;p are set to 1/+/2 for all controllers presented in the next section.

4 TESTS AND RESULTS ON APPLICATION EXAMPLE

The presented methods are used to synthesize a structured H,/#H ., controller for the exemplary
aircraft introduced in section 2] with the controller structure described in subsection The
high-pass bandwidth is set to wyp = 10rad/s and the low-pass bandwidth to wrp = 80rad/s
such that the filter has a large magnitude at the flutter modes frequency. The tunable filter can
alter the dynamic behavior though if deemed beneficial for meeting the tuning requirements.

Furthermore, to demonstrate the advantages of this approach, the resulting controller is com-
pared to two benchmark controllers designed with the Input/Output Blending Method for Modal
Velocity Feedback from [4]] (extended by a band-pass filter). Their design is outlined in the fol-
lowing subsection, .1 and more detailed information on the band-pass filter for the benchmark
controllers can be found at the very end of this section in subsection 4.3

4.1 Benchmark Controllers

The benchmark controllers also have the structure of The input and output blending
vectors, k, and ky respectively, are optimized for maximum observability / controllability of
the primary mode. The primary mode is the one whose damping is artificially increased by the
feedback controller. For the given example, the primary mode is the flutter mode. The feedback
gain is selected such that the flutter mode meets the minimum damping requirement of 1.5%.
The tunable filter is set to Fiyne(s) = 1.

The controller bandwidth is still limited by the band-pass filter Fgpr(s). The second-order
band-pass filter ensures that the controller is primarily active at the frequency of the flutter
mode. The specific bandwidth of both benchmark controllers is selected to minimize their
actuator usage, refer to Through the band-pass filter, the controller has little
effect on high-frequency and low-frequency modes, and the stability robustness margins are
improved.

The evolution of the poles with this first benchmark controller is visualized in Im-
provements in mode damping are visualized as green arrows, and a damping degradation as
red arrows. The damping of the flutter mode is increased to 1.5%, but the damping of some
of the other modes is reduced. In order to mitigate an adverse damping reduction of residual
modes, the method employed for computing the benchmark controllers [4]] allows for designing
blending controllers in a decoupled way, i.e., the controller can be designed such that it has no
influence on the selected residual modes.

This first controller was designed with no decoupling constraint. Indeed, some of the modes
were strongly affected, see red/green arrows in In an attempt to prevent the damping
reduction on the mode affected with the lowest damping, an additional decoupling constraint
was added for this mode. The results obtained with this second benchmark controller are shown
in [Fig. 11| The decoupling constraint is indicated with the yellow square. It was satisfied (no
impact of the controller on this mode), but at the expense of even more damping reduction on
many of the residual modes, see red/green arrows in Note, that this mode was se-
lected as the resulting coupling with other modes does not lead to a damping decrease of lightly
damped modes, but shows the effect of a decoupling constraint on other modes, the actuator
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Figure 10: Open-loop (OL) and Closed-loop (CL) poles of first benchmark controller (without decoupling con-
straints). Controller poles not shown to ease the comparison.
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Figure 11:

Open-loop (OL) and Closed-loop (CL) poles of second benchmark controller (with one decoupling

constraints). Controller poles not shown to ease the comparison. Decoupling constraint imposed on a
single mode, highlighted with a yellow square.

activity and stability robustness margins. The decoupling constraint is applied by projecting the
input blending vector into the nullspace of the input vector of the selected residual mode.
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4.2 Comparison of controller characteristics

For the structured Hs/H, controller (tuned with the method proposed in this work), damping
lower bound constraints based on the acceleration sensitivity are applied on all low-damped
modes, as described in subsection [3.2.3] The flutter (or primary) mode needs to be damped to
at least 1.5%, while the other low-damped modes need to remain as damped as in the open-loop

case. No constraint was set on the other modes (those having a damping of at least 22% in
open-loop).

100~ ‘ | | N
\\\ \ OL Poles
80 + T K ] CL Poles
@ ~,. : i - ¢=15%
§= N ‘ —=(=22%
~ 60 el o % 1 1 |— ¢ increase
A \\\ “ — ( decrease
g 40 + = 2 <~\"\ . \ 7 Damping
& - £ \\\ - Lower
20 - _ : ¥ \\\' ‘\ 4 Bound
“Se \ Constraint
O L L L -1’ \~\“
-25 -20 -15 -10 -5 0

R(p) in rad/s

Figure 12: Open-loop (OL) and Closed-loop (CL) poles of structured H2/H oo controller. Controller poles not
shown to ease the comparison. Damping Lower Bound (DLB) constraints based on Acceleration Sen-
sitivity are imposed on all modes with less than 22% OL damping. DLB is either the damping of the
structure itself (1.5%) or the open-loop damping, whichever is greater.

The damping of the low-damped modes (less than 22% OL damping) is largely maintained or
increased, see Minimal decrease can be observed for a few modes, which correspond to
cases in which the modes were not perfectly decoupled and so the link between modal specifica-
tion and H, norm of the acceleration sensitivity function is not perfect. Overall, the proposed
method gives significantly more control of the change in pole location than the input/output
blending method on such a system with numerous modes considered at once. Note that the
damping of the flutter mode is increased far beyond 1.5%. This behavior is caused by the other

tuning requirements, i.e., either to meet the stability robustness requirement or to minimize the
actuator activity.

Furthermore, note that the proposed method would allow setting damping lower bounds to val-
ues that are smaller than the open-loop damping of the corresponding modes, such that the
control design algorithm could potentially trade the damping of residual modes for lower ac-
tuator activity. This option was not attempted in this application, as it would have made the
comparison with the input/output blending more difficult.
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4.2.1 Dynamic and static controller elements

Figure [[3] visualizes the values of the blending vectors for all three controllers. All controllers
primarily use the anti-symmetric signals as the flutter mode is anti-symmetric in shape. Fig-
ure [I4]shows the magnitude of the frequency response of Ky, for the three controllers. Some-
what surprisingly, the magnitude of the structured H,/#H., controller drops off at much lower
frequency than the frequency of the flutter mode (29 rad/s), even though the non-tunable filter
has a high-pass bandwidth of 10 rad/s.
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Figure 14: Bode magnitude response of Kgqyy, for the structured Ho /M~ and benchmark controllers.
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4.2.2 Actuator usage

Figure [T5] shows a comparison of the actuator usage of the controller synthesized with the
proposed method and the benchmark controllers in the time-domain, both for a noise excitation
through the third anti-symmetric aileron in[Fig. T5aor through the fourth anti-symmetric aileron
in|Fig. 15b| The excitation signal is adopted from the von Karman turbulence template in
AMC25.341b]. These inputs were selected for excitation because all controllers have large
entries in k,, for at least one of these control surfaces.
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(a) Anti-symmetric deflection of aileron 3 (b) Anti-symmetric deflection of aileron 4

Figure 15: Time domain actuator usage for a dynamic anti-symmetric deflection of aileron 3 or aileron 4. Deflec-
tion rate of these actuators elevated as they are used for excitation.

For the most part, the excitation of the third aileron for the case in respectively the
fourth aileron for [Fig. 15b] are the direct consequence of the excitation. The activity of the
other control surfaces is significantly lower with the structure H,/H., controller except for the
second aileron, with is uses more than benchmark controllers.

Figure [I6] shows a comparison of the actuator usage of the controller synthesized with the
proposed method and the benchmark controllers in the frequency-domain, both for an excitation
through the third anti-symmetric aileron or through the fourth anti-symmetric aileron
The observations made in the time domain can also be clearly seen in the frequency
responses.
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While the three controllers employ a different control strategy, the structured Hy/H ., controller
uses the actuators the least (regarding their deflection rates).
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Figure 16: Frequency-domain actuator usage for a dynamic anti-symmetric deflection of aileron 3 or aileron 4.
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4.3 Effect of Band-Pass Filter Bandwidth on Benchmark Controller Behavior

The band-pass filter Fpr(s) is tuned such that the actuator activity is minimized and the sta-
bility robustness margins are maximized. Figure |17 visualizes the actuator effort and stability
robustness margins for varying band-pass bandwidths of the benchmark controllers. For com-
parison, the respective values for the structured #5 /H. o, controller are also shown. Its band-pass
filter bandwidth is not altered. The actuator activity, measured by the 2-norm of Ty_,5 . is nor-
malized to that of the structured #H5/H ., controller.
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Figure 17: Parameter study of the band-pass-filter bandwidth for the controller regarding actuator usage and sta-
bility robustness margins.

The benchmark controllers have minimal actuator activity for a band-pass filter bandwidth cen-
tered around 28 rad/s (very close to that of the flutter / primary mode). The selected values of the
band-pass filter parameters of the respective controller are summarized in Note that an
increase of the feedback gain yields lower disk margins and increased actuator activity for both
benchmark controllers. Overall, the controller designed with the new method outperforms those

Table 2: Fppr(s) parameters

Controller WHP WLP

Structured Ha /H oo 10 80

Benchmark without decoupling 28 28

Benchmark with decoupling 28 28

designed with the Input/Output Blending Method presented in [4] regarding the actuator activ-
ity. Furthermore, the multi-loop disk margins are doubled with the new method, see[Fig. 17] and
the damping of all aeroelastic modes is maintained or increased, recall Applying this
large amount of mode damping constraints would not be possible with the decoupling approach
of [4]] without violating actuator effort and stability robustness requirements.
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5 CONCLUSIONS AND GENERAL SIGNIFICANCE

A new approach for designing active flutter controllers using the acceleration sensitivity func-
tion to specify damping lower bound constraints was presented. The proposed method focuses
on minimizing the actuator activity (only optimization objective) under these damping con-
straints as well as robustness stability constraints. The method can certainly be extended in
many ways and can be applied to even larger problems (e.g., with more system uncertainties
and considering gain scheduling). In this work, the focus has rather been put on comparing this
approach with prior work in active flutter control/suppression. In particular, the input/output
blending approach from [4,|18]] and the robust modal control approach from [|13]] are two inter-
esting approaches for this comparison.

The comparison with [4} 18] is interesting, as this approach also focused heavily on preventing
adverse coupling with the residual modes (i.e., the ones that the flutter controller is not supposed
to affect in damping). The constraints based on the acceleration sensitivity function can be used
to avoid destabilizing the residual modes. As already discussed in great detail by the authors
in [5], enforcing a perfect decoupling with the residual modes goes rather beyond the actual
requirements for the design of a flutter controller and it makes sense to relax the decoupling
constraints. The input/output blending is mathematically elegant and understanding this concept
is recommended for any designer of flutter controllers because it shows very well the connection
between mode shapes and the modal observability and controllability. However, scaling up this
concept to complex aircraft configurations seems hardly possible as the constraints can only
be applied to a limited number of modes, depending on the number of actuators and sensors
available for flutter control. Controlling to which extent other modes are impacted is difficult
even with the approach from [5]. Guidelines for including dynamic filters are provided in [|18]]
as mean for designing dynamic controllers, but it seems that it will hardly be as powerful as the
frequency-domain design techniques as proposed in [[13]] and the present work.

The comparison with [[13] is interesting because both methods share the core idea of using
the link between specific transfer function norms and the damping of the second-order modes.
Actually, the selected transfer functions are very similar and differ largely in the chosen output:
the exogenous output being the modal velocity in [13], and in the present work the modal
acceleration. For the proposed method, the control synthesis is performed with a structured
Hs/Ho scheme. This allows the design of a reduced order controller and to use a multi-
channel design with an H, objective function, disk margins, and numerous H ., constraints for
the modal damping constraints. A more classical full-order H ., control design scheme was used
in [13]]. The choice of the transfer function for the damping constraints/objectives and the robust
control technique are two relatively unrelated differences, such that a number of variations of
both methods could be made.

With all the imperfections that such a comparison may present, Table [3] attempts to give a
summary of the main differences in properties between the active flutter control approaches
from [4], from [|13]], and from this work.

The systune framework, used for synthesizing the structured #H,/H., controller, employs a
non-smooth optimization technique [[15]. This can handle systems with more than 100 states
efficiently and effectively. The low-order controller may, however, correspond to a local opti-
mum. Hence, it is common practice to restart the control synthesis with random initial values
to try to achieve a solution closer to the global optimum. This can lead to a large controller
synthesis computational time. The synthesis of the structured H,/H., controller had a runtime
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of multiple hours on consumer-grade laptop, while the synthesis of the benchmark controllers
with the method from [4]] takes only milliseconds.

Table 3: Comparison of the considered active flutter control methods (‘good’: green, ‘neutral’: orange, ‘bad’: red).

Category

Input/Output
Blending for Modal
Velocity Feedback
(MVF) [4]

Acceleration-to-
velocity-based modal
full-order H .
synthesis [[13[]

Proposed method:
Actuator-friendly
acceleration-
sensitivity-based
modal structured
Ho/H synthesis

Controller synthesis
computational effort

Very low (mostly
linear algebra)

Medium (full-order
H . synthesis,

High (synthesis takes
long and may require
several starts with

Controller type

typically O(nl)) different initial
conditions)
Proportional blending
feedback (can be Dynamic blending

changed, but could
become rapidly
complicated)

Full-order output
feedback

feedback (structure
can be changed easily)

Tunable controller
parameters

Ny +ny +1

(ny + nx)(ny + nx)

Ty +ny+ (nx,tune +1 ) 2

Control activity

High, when
decoupling constraints
are applied

Can be low (combined
designed with other
objectives, depends on
tuning)

As low as possible for
given damping /
robustness constraints
(only objective)

Stability Robustness
Margins measured by
multi-loop Disk

Not controlled a
priori. Expected fairly
low when decoupling

constraints are

High (Robustness
considered through
input disturbance, DM

As high as physically
possible given other
constraints: DM can
be directly specified

Margins (DM) ol not directly specified) e r—
. Damp e 1nc'11rectly Damping directly
Type of decoupling No change of pole constrained via upper

constraint for residual
aeroelastic modes

location (neither in
damping or frequency)

bound on real part of
the modes pole
(velocity sensitivity)

constrained by a lower
bound, (acceleration
sensitivity)

Number of residual
aeroelastic modes that
can be considered

Ny — 2 ny — 2
or

2 2

Arbitrary, as long as
the problem is
feasible.

Arbitrary, as long as
the problem is
feasible.

The structured Hs/H o controller is tuned for a single plant only in this work. It could also be
tuned and evaluated with multiple plants at once. This is especially interesting for considering
variations in parameters that are not part of the gain scheduling. For example, usually the
mass distribution cannot be measured reliably and would not be used for gain scheduling: the
controller has to provide the desired level of damping regardless of the mass distribution.
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A similar scheme to the one presented in [30] could be used to schedule the gains over the
flight points (these parameters can be measured reliably) to further reduce the actuator usage.
Considering multiple plants in the controller design instead of a single one is straightforward
with systune. If the set of models sufficiently covers system variations / uncertainties (mass
distribution, mode shape, operating point) one could also relax the damping requirement from
(Lp,i = max ((rr,i, CoL,) to (i = Crr,; (or some intermediate value) to potentially reduce the
actuator usage further.
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