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ABSTRACT

Regarding the regulation of weakly damped aeroelastic
structures by means of the primary flight controls (PFC),
the present contribution focusses on a sophisticated robust
controller design method, to achieve the required functio-
nality. Generally, the outlined approach is premised on ei-
genstructure assignment. Enhancements promise effective
integration of miscellaneous potentially competing objec-
tive specifications either in time or frequency domain as
well as parametric requirements. Due to the infinitive set
of flight conditions and fuel configurations the underly-
ing aeroservoelastic plant consists of a linear multivariable
multi-model system. Technical feasibility, parametric and
dynamic uncertainties as well as architectural constraints,
e.g. the number of available sensors lead to a robust out-
put feedback controller. Principally the proposed method
is well known from flight control design and modal de-
coupling. But in contrast, the constrained simultaneous ro-
bust eigenvalue stabilisation represents the primary objec-
tive at the current application. Since the intrinsic controller
calculation is implemented as multiobjective optimisation
task, proper optimisation criteria are defined, which incor-
porate the aeroservoelastic performance specifications into
the design procedure. The suitability of the resulting low—
order static output controller is verified by real time simu-
lation for a completely normal and degraded configurati-
on covering a real PFC actuation system hardware—in—the—
loop.
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1 INTRODUCTION

Aeroelastic control can be more challenging than conven-
tional controlled structures problem, in that the dynamics
of the system change dramatically with the flight condi-
tions. It holds the promise of significant improvements
in performance: reducing the ambient vibration level,
increasing the maneuver responsiveness and stabilising
an otherwise unstable system (Dowell 1995).

Considering a commercial aircraft, aerodynamic forces
and moments entail a substantial deformation of the
elastic structures: fuselage, tailplane and wing. Each
incremental change of the structural shape yields a new
aerodynamic state which causes aeroelastic interaction.
Due to the increasing size of transport aircraft, high aspect
ratio and new materials like composites, the spectral gap
between flightmechanical motion and structural modes
decreases continuously (Schuler 1998, Lind and Brenner
1999). Hence, dynamically coupled modes of the flexible
aircraft arise, which can be excited by gust loads as well
as maneuvers and flight mechanical stability augmentation
functions (FIG 1). Neglecting supplementary measures,
these vibratory modes are usually characterised by a weak
damping ratio. The resultant mechanical vibrations reduce
the fatigue life of the structure, impair ride comfort and
structural loads and may lead, under worst conditions, to
a complete loss of the aircraft’s controllability. In order
to solve this problem for light weight structures, much
effort has been spent in the last decade aiming at an
additional functionality of the primary flight control surfa-
ces, to counteract gust and maneuver induced aeroelastic
vibrations. With respect to the changing flight operation
conditions, e.g. speed and fuel mass, the physical para-
meters of the aeroservoelastic plant vary considerably.
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FIG 1: Aeroelastic deformation



Additionally, nonlinearities and neglected dynamics
increase the level of uncertainty. Due to the presence of
parametric and dynamic uncertainties, the active modal
damping augmentation must be distinguished by strong
robustness. Issues of system implementation, e.g. limited
number of sensors, discrete—time realisation, etc. entail
remarkable restrictions to the feedback concept. Meeting
this challenge, a variety of different methodologies have
already been proposed for civil aircraft applications, e.g.
classical Nyquist method plus filtering (Seyffarth 1993),
mixed control (Kubica 1995), i.e. successively modal
flight plus LQ optimal vibration control design, H.. Loop
Shaping control (Schuler 1998), tunable model-based LQ
optimal control (Chiappa et al. 1998), convex synthesis
(Boyd and Barrat 1991, Dardenne 1998), LQG and
u—synthesis (Hanel 2001, Mukhopadhyay et al. 2001) and
application of genetic algorithms (Wu 1999). Since current
vibration control is dominated by norm—weighted optimal
controller design methods, engineers frequently complain
the lack of physical interpretation and compatibility with
the real aircraft system environment, i.e. implementable
time constants, calculation effort of dynamic controllers
etc.. Consequently, a robust low—order static output
feedback simultaneously stabilising the entire set of plant
representatives is expected to grant an effort—performance
ratio with good prospects (Kubica 1995). Indeed, the order
of the output controller need not mandatorily be asso-
ciated with the number of objective modes to be controlled.

Since modal decoupling is a lower level consideration
in this context of active modal control, the problem of
eigenspace specification — (Kubica and Livet 1994)
— has been transformed to a simultaneous robust sta-
bilisation task. Generally, eigenstructure assignment
conserves advantageous properties: control engineers
are familiar with the design procedure, conservation of
physical interpretation, illustrative performance specifi-
cations, analytical synthesis approach, etc.. Synthesising
eigenstructure assignment, Roppenecker’s formula —
(Roppenecker 1990) — and principles from robust para-
meter space design method (Ackermann et al. 1993) lead
to enhanced eigenstructure assignment for simultaneous I'
stabilisation. This modus operandi even covers restrictions
due to the system architecture, system degradation as well
as implementation issues.

This contribution presents the definition of the modified
design procedure and application to a generic aeroser-
voelastic multiple—input multiple—output system (MIMO
system), exemplarily. The paper is organised as follows:
Chapter 2 discusses the proposed controller design method
in brief and focusses on different types of performance spe-
cifications. The conformation of the aeroservoelastic plant
is presented in chapter 3. Additionally the associated basic
properties are outlined. Beyond, the application of this me-
thod to the aeroservoelastic plant as well as the verification
of the closed loop system dynamics are outlined in chapter
4. Concluding remarks finalise this paper.

2 ENHANCED EIGENSTRUCTURE
ASSIGNMENT

Incorporating the basic state—space approach and the idea
of uncertainty and robustness in terms of Ackermann
(Ackermann et al. 1993) into a modern MIMO controller
design method bridges the gap between methodologies for
controller development in the time and frequency domain.
Transparently, both classes of system requirements are in-
tegrated within one design procedure even for large scale
systems. The optimisation core rests upon a constrained
nonlinear programming, denoted as sequential quadratic
programming (SQP). This chapter presents a brief descrip-
tion of the proposed enhanced eigenstructure assignment
method robust output feedback design.

Approach. Assuming the uncertain plant is denoted by
a linear time—invariant multi-model-system with / state—
space representatives

x(t) = A(q)x(t)+B(q)u()

y(o) = C(g)x(t)+D(q)u(r),

Each representative is marked by » states, p inputs and m
outputs. Uncertainties are assumed to be concentrated wi-
thin the bounded uncertainty vector q (Gojny 2001). Fun-
damentally, this approach rests upon Roppenecker’s for-
mula,

x(0) = xp,

2 R = PW !

wherein the static controller gain matrix R results from the
system description of the plant, system matrix A and in-
put matrix B, the desired closed loop eigenvalues Ag;,i =
1...n

T
(A=AriD)™' Bpy

B W =
(A= AgoD) ™" Bp,

and the assigned parameter vectors

@ P = [Pl Pn]'

Since the eigenvalue specifications of the closed loop sy-
stem are completely determined by the desired root loca-
tions Ag;, the parameter vectors p; represent the remaining
degrees of freedom to influence the MIMO plant regarding
further objectives. Due to their direct linkage to the closed
loop eigenvectors vg;

S) pi=Rvw, i=1...n,

these parameter vectors p; are often used to assign a
predeterminated eigenspace. Commonly, this procedure
is denoted as generalised eigenstructure assignment (She
1992, Livet 1995), whereas the assignable eigenspace is
limited by the number of inputs p only.
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FIG 2: Region of eigenvalues I'

Performance specifications. Considering state—space
models, performance requirements can easily be trans-
formed to the closed loop eigenvalue locations in the
complex plane. The active vibration control function
grants all eigenvalues of the current representative to be
always arranged within the specified region I', which is
bounded by a minimum damping dj,, a maximum rise
time Omin = 1/Tmax, and a maximum bandwidth ®max
(FIG 2). Ensuring the specified system dynamics are met
in closed loop by all considered plants is qualified by the
robustness requirement.

In addition to the dynamic performance specification, fur-
ther requirements are considered in terms of norm-based
criteria as e.g. the regulation of small controller gains,
by its weighted absolute value, architectural constraints,
which enables to select particular feedback variables to
obtain an output feedback and power—optimised state or
input—output transitions just like the Riccatti performance
index (Roppenecker 1990).

The goal of the design procedure is to find a controller ma-
trix R, which simultaneously moves the preselected eigen-
values of the entire set of representatives into the desired
pole region I' and minimises the set of performance inde-
Xes.

Design variables and optimisation. Contrary to eigen-
values the demand for eigenvectors and respectively the
parameter vectors can not be clearly determinated, which
formerly aggravated eigenstructure assignment in vibrati-
on control application (Kubica and Livet 1994). The sub-
sequent approach remedies that nuisance limiting only the
absolute value of the parameter vector, i.e. its length. App-
lying (2) to the scaled parameter vectors

(6) p; = ¢ pi, C,’E]R\O,izl,...,n,

yields the resulting controller matrix R, which obviously
is equal to the controller matrix R (3) (Roppenecker 1990).
Hence, restricting the length of the parameter vectors does
not restrict the eigenspace of the closed loop system, but

is necessary for a well conditioned optimisation problem.

The optimisation is carried out by standard functions
from e.g. Matlab’s Optimisation Toolbox. Although
simultaneous performance vector optimisation is standard
implementation, transforming the design task to an less
costly optimisation problem, in which the constrained
minimum of a scalar function is sought for, frequently
suffices regarding the current design task (Follinger
1994, Roppenecker 1990). Hence, the total performance
index results as a linear weighted combination of subinde-
Xes.

Eigenvalues and parameter vectors are chosen as design
variables and arranged as vector L, its length governs the
search space of the optimisation. The constrains are defi-
ned by a set of lower and upper bounds L ~ and Lt re-
ferring to each design variable L. Assuming plants in state
space form, the eigenvalue representation deviates from the
common description

@) 7&172 = -0, tjw,,

which usually implies a damping coefficient d < 1. To en-
large the edge of representable pole configurations for opti-
misation purposes requires a strict real representation even
covering, e.g. d > 1

® 7&172 = —wndtovd?-1.

The corresponding parameter vector are assigned complex
conjugate as well

® pi2= [xl...xp]Tj:j [yl...yp]T

Thus the eigenvalues and parameter vectors form L of
length dim(L) = n(p+1),

(10) L = [ml Op-¢) d ... d

[
2

Xt ... xp.(,,_%) »1 y,,.% s

whereas ¢ denotes the number of complex conjugate root
loci. The upper and lower bounds of the design parameters
are denoted

Lt = |: ®max Omax  dmax dimax
1 ... 1 1 1 ] )
(11)
L~ = |: ®Omin ®min dmin dmin
-1 ... -1 -1 -1 ] )

Whereas their first part arises from the eigenvalue bounds
dI', fundamentally, the parameter vector bounds are set to
1 and —1 respectively (6).

The solver applied to the stated problem rests upon se-
quential quadratic programming, whereas the optimisation
algorithm successively minimises a composed criterion J.
Each iteration loop consists of:



1. Setting start values to the design variables L with
respect to L™, L~ or taking over the previous result.

2. Transforming L into the corresponding eigenvalues
ARL, ... , ARy and parameter vectors p1,..., P

3. Evaluating (2) for a nominal or critical plant

4. Applying the controller R to the remaining plants
and calculating their eigenvalues and parameter vec-
tors

5. Deriving the primary, robust optimisation criteria J g
and further criteria.

6. Valuating the total performance index

Performance specifications and constraints. The pri-
mary optimisation criteria Jg valuates the root loci of the
closed loop systems with respect to the robustness specifi-
cation I' (FIG 2)

1 n
(12) Jr(*i(R),T) = X > Yu-
k=1 i=1

All eigenvalues are rated according to their distance to the
edge of I' (FIG 3). The farer the distance, the higher the
penalty according to

(13) w = |oc—og|+ |de—di],
W Omin < O < Omax
O = Omin Omin > O; ’
L Omax Omax < Of;
(
dri : dmin < dii < dmax
dC = dmin dmin > dki
dimax dmax < dki

oy =

5 £
=}
2,
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FIG 3: Penalty function

Since eigenvalues of the nominal plant are placed within
the desired eigenvalue region as per definition, they do not
contribute to Jg. If a robust stabilising controller exists, the
the primary criteria will be equal zero, Jg = 0. Hence all
n -1 roots are placed within I' simultaneously, either the
algorithm terminates or evaluates further criteria. Additio-
nally, according to the small gain theorem small control-
ler gains rj; naturally increase robustness margins of int-
rinsically stable multi-model systems (Lind and Brenner
1999). In order to consider the absolute values of the resul-
ting static gains coefficients within R, the norm criterion

ﬂ@hzii&-

j=1i=1

is stated to influence the total performance index. With re-
gard to architectural constraints (Roppenecker 1990) pro-
poses a structural performance index, which weights feed-
back coefficients from unavailable states with grave penal-
ties

O N LS 2
sy J = 8jiTji
j=1i=1
gjs,» > 0 for rj;—0
gjsi = 0 otherwise .

Indeed, the assignable space decreases, but often very
small gains rj; < 1 suffice to neglect these feedback si-
gnals. Consequently, even output feedback controller re-
quirements are incorporated in transparent manner. Addi-
tional criteria are presented in (Roppenecker 1990), mo-
reover the outlined design method allows to customise the
proposed criteria, e.g. separated pole region assignment or
classical decoupling. The latter can be easily achieved by
trimming the parameter vector part of the bounding vec-
tors L*,L™ plus introduction of a corresponding valuation
criterion.

3 AEROSERVOELASTIC PLANT

In order to demonstrate the substantial properties of des-
cribed controller design method the underlying aeroservo-
elastic plant is condensed to a transparent analytic format.
Since the modelling technique in itself is not subject of the
current contribution, significant assumptions and prerequi-
sites are collocated in (Gojny 2001). The subsequent chap-
ter mainly focusses on qualitative description, maintaining
an illustrative systematic perception.

3.1 Aeroelastic Model

In practice, aeroservoelastic modelling of distributed
parameter systems entails plants of extensive complexity
from a control theory point of view. Merging aerodyna-
mics, elastomechanics, servohydraulics and control theory
approaches leads to very complicated interactions, which
usually conditions a quite detailed model representative.
To perform any analytical approach, a lumped parameter
estimation is advantageous. Considering this investigation,
the proposed approach is applied to an elementary model
exhibiting some dominant properties, which can be seen



FIG 4: Half span finite element wing model

at current flexible aircraft configurations in vaster shapes.

The aeroelastic subsystem under consideration comprises
a half span finite element wing model (FIG 5) which con-
tains the wing box, the inner and outer engine pylon. The
mass distribution among the element nodes results from an
estimation of the continuously distributed structural mass
Mg, the concentrated masses of the engines Mg, landing
gear and systems. Additionally, arbitrary fueling confi-
gurations are estimated by means of scalable fuel tanks
pi € [0,1],i=1...3(FIG 6)

(16) M = Mg + 2Mg + Y, piMper + - .
i

Aerodynamic forces are applied by means of a quasi—
stationary approach. The aerodynamic coefficients result
from a spanwise polynomial interpolation of measured
pressure distributions (MacKinnon and Stollery 1993).
Thus, supposing a generalised surface deflection d, secti-
ons without controls naturally obtain c¢;5 = ¢,,5 = 0 (Go-
jny 2001). The pressure distribution for each airfoil secti-
on is influenced by the local angle of attack o, possibly,
the control surface deflection 8 and the dynamic pressure
q = 0.5pv2,s with the true airspeed vras. Assuming the
wingspan coordinate y; yields

ot
A7) alynt) = oo(t) +8(,1) — 220 |

VTAS
Altogether, the entire aeroelastic system behaviour is go-

verned by an ordinary second order, linear differential ma-
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FIG 5: Wing geometry
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FIG 6: Spanwise mass distribution

trix equation

(18) Mi+ <D+LDA> 2+ (K+qKy) z = -
VTAS

- = qQuu+Qr(q) zr+ Qr Tk

with zg representing the rigid aircraft motion and Tg the
accumulated engine thrust. The equations of motion for
multi element structures are obtained by applying energy
methods and the Euler-Lagrange formula (Gojny 2001).

3.2 Control Systems

The aeroelastic wing model includes three control surfa-
ces: inboard aileron, outboard aileron and the outboard
spoiler no. 6. Since the ailerons are primary flight control
surfaces, the associated actuation system is assumed to per-
form high reliability and dynamic performance. Based on
robust state control and estimation techniques, high band-
width and improved damping characteristics are achieved,
hence they are well suited for use in active vibration con-
trol of the wing (Gojny and Kliffken 1999). As (Carl 1988)
proposes also the employment of the outer spoiler for a
Load Alleviation Function (LAF) on Airbus A320, spoi-
ler no. 6 is taken in consideration for active control, ad-
ditionally. The corresponding dynamic representatives are
based on physically motivated models, verified with mea-
sured frequency responses of real implemented actuation
systems (Gojny 2001).

3.3 Total Aeroservoelastic System

Finally, the coupled aeroservoelastic model comprises a
finite element wing model, aerodynamics with constant
feedthrough characteristic and three closed loop actuation
system models. Deploying state space model conversion,
the state vector and the input vector reads

T
(19) X = |: z 7 ‘ Winb wout wsp6 ] ,

T
(20) u = [sgnb dout 63"6] ,

with w represents the closed loop actuation system states
and u the command input of every active actuator and
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FIG 7: Generic flight envelope

the spoiler actuation system, respectively. The output vec-
tor y depends on the selected sensor allocation (Hanel
2001, Klett 2002). For this approach, complete observa-
bility is assumed which grants the availability of necessary
state information: vertical displacement and rate as well as
torsion angle and rate, respectively.

Representatives and Operating Points. During a flight
mission the parameters of the aeroservoelastic system
vary considerably. Regarding the flight envelope for a
large transport aircraft, two characteristic operating points
are selected. The corresponding parameter set and state
space models denote the nominal (OP1) and critical (OP2)
representative (FIG 7). As OP1 tags the ordinary cruise
condition, OP2 denotes the highest dynamic pressure
covered by an extended envelope. Naturally, this flight
condition is not enclosed by the aircraft’s flightenvelope,
but structural stability must be shown for an extended en-
velope according to the Joint Airworthiness Requirements
JAR (Joint Aviation Authorities — JAA 1997).

Scrutinising the parameter dependencies of every subsy-
stem leads to two significant influences. The entire aero-
servoelastic system is severely effected by the uncertain
parameters:

e airspeed vras and altitude or the dynamic pressure
g, respectively,

e mass M, mainly effected by the varying fuel mass
Miye).-

Consequently, defining the uncertainty vector (Ackermann
et al. 1993)

CD 4=| vias ¢ My
yields the uncertain multi-model system (1). Considering

the fueling configuration, a fueling vector f is defined,

which addresses the relative filling level in every tank
(FIG 6)

(22) f = [ finb  fmid  fout } ;
fi = [ 100 100 O ] )
L = [ 0 100 100 ] .

The left entry corresponds to the innermost wing tank. Sin-
ce the tanks are usually emptied beginning with the outer-
most tank, the first configuration f; always occurs during
a normal flight mission, whereas f; may only occur due to
a malfunction in the fuel management system. Preceding
investigations reveal the latter to be most critical.

4 MODE CONTROL APPLICATION

Improving modal damping characteristics of an uncertain
MIMO plant family requires a robust control law. Due to
pragmatic realisation aspects, vibration control is aspired
to be realised as a low order compensator. Unfortunately,
each increase in order results in additional closed—loop ei-
genvalues that must be robustly stabilised, too (Ackermann
et al. 1993). Therefore, the subsequent design focusses on
static output feedback R, whereas the outputs represent m
acceleration measurements at predefined locations all over
the wing. The commands of the closed loop actuation sy-
stems u consist of the flight mechanically commanded de-
flections by pilot or auto pilot and the weighed output feed-
back — Ry to augment the structural damping actively. The
current multi-model system comprises four representati-
ves in state—space form, each individual is determined by
different entries of the uncertainty vector q (21).

Plant and constraints. Every aeroservoelastic represen-
tative totally consists of # = 376 + 20 = 396 states (aero-
elastic subsystem and closed loop PFC actuation systems)
and p = 3 inputs (inboard aileron, outboard aileron and
outer spoiler). From preceding investigations result a con-
siderable dominance of the first four low—frequency eigen-

60
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FIG 8: Open loop eigenvalues



modes (Gojny 2001, Klett 2002). Considering the open
loop dynamics in detail, the conjugate complex eigenva-
lues associated to the third mode (FIG 4) reveal a quite
weak damping. The critical root loci display the damping
ratio d € [0.0013,0.0017] for the entire multi-model set
(FIG 8). The entire set of dominant aeroelastic frequencies
are well inclosed within the interval of the controls. By
means of robust state control (Gojny and Kliffken 1999),
the extended bandwidth of the aileron actuation systems
amounts to e.g. fg &~ 12 Hz. Hence, the actuation systems
are capable of operating within a mode control function.
Furthermore, a dual approach is taken into consideration:
Applying the structural performance index to the total mo-
del and optionally, performing model order reduction in
advance plus state controller design afterwards.

Requirements. Regarding the availability of control sur-
faces and actuation systems, the controller design differen-
tiates between normal and degraded condition. In normal
condition all three control surfaces are employed to grant
the specified nominal damping ratio, i.e. to achieve the ei-
genvalue region I'yorm. Assuming a double—failure of one
actuation system leads to degraded conditions. The mini-
mum damping ratio of the controlled system has to amount
at least to a significant residue, say to the half compa-
red to normal condition. Incorporating the outlined scena-
rio yields an additional design constraint, stated by the ei-
genvalue region I'geg (FIG 8). Considering the worst case,
e.g. only the inboard or outboard aileron is available for
the structural damping augmentation, the feedback matrix
structurally yields, according to (20)

* e *
(23) R ¢ 0 -~ 0|, % - =
0O --- 0 0O --- 0

Wherein * represents arbitrary entries (Lunze 1997). Ac-
cording to (12), the adjusted robustness criterion valuates
the root loci with respect to I'¢ey for degraded condition

p-1 )
(24) JD = ZJR(le(R];rdeg)),lzln
Jj=1

Prepending the design objective should be determined qui-
te moderate, the minimum damping specification of the
controlled system is set to at least dpj, = 0.05 regarding
normal condition and dp,j, = 0.025 for degraded conditi-
on, respectively. The maximum bandwidth ®max = 0p/2
results from minimum phase shift requirements of the ac-
tuation systems and beyond a minimum frequency shift of
the aeroelastic eigenvalues (FIG 8). Moreover, this selecti-
on ensures a sufficient performance margin even for degra-
ded actuation system dynamics, e.g. a slight internal leaka-
ge etc.. The dashed line denotes the edge of T ge,.

Optimisation. Fundamentally, the outlined approach ba-
ses on standard implementation, e.g. solver from Matlab
Optimisation Toolbox for constrained performance index

optimisation. The engineer only has to define the weighted
total performance index

T
(25) J:U[JR Jp Iy Js ] :

and corresponding bounds with respect to the design varia-
bles (11). Wherein U either represents a diagonal weighing
matrix for performance vector optimisation or a vector in
case of optimising a scalar performance index, optionally.

Closed loop dynamics. The MIMO controller candidate
R must demonstrate its performance with reference to the
total aeroservoelastic model (n = 396). Despite the dual
design approach (order reduction and state controller de-
sign versus direct design), both operate as output feed-
back (order n = 8) relying on sensor positioning strate-
gies and spillover filtering (Choi and Park 2000). Since
one actuation system model is replaced by a real Airbus
A330/340 inboard aileron actuation system with state con-
trol is incorporated, the verification is performed as real—
time hardware—in—the—loop simulation (Gojny 2001).

Assuming nominal operating conditions, the eigenvalue
analysis confirms the static output controller meeting the
damping augmentation requirement (FIG 9). The desired
pole region I'yorm contains the entire closed loop eigenva-
lue set in consideration of the smallest reachable feedback
gains (25). Remarkable effects can be stated at the poles
which are associated to the critical third and the fourth mo-
de, whereas the remainder of the eigenvalues substantially
remain unaffected.

FIG 10 displays the step response of the wing tip to an
abrupt change in the angle of attack o(¢t) = 1°06(¢).
The figure is subdivided into four parts, the system
response in bending and twist, i.e. vertical displacement
and torsion considering the wing tip section as well
as the surface deflection of the inboard and outboard
aileron, exemplarily. The latter illustrates the necessary
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FIG 9: Closed loop eigenvalues
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amplitudes for compensation due to R. The open loop
signals, which means no active damping augmentation
is present, represent the basis for comparison purposes.
Remarkably, the weakly damped third mode (FIG 8)
proves its dominance, especially regarding the twist curve
and assists not only to vibration stress which finally leads
to structural fatigue failures, but significantly affects the
system stability. The feedback controller improves the clo-
sed loop damping characteristic within a retiring interval
of Ts5¢, = 3 s as expected. Beyond, the MIMO controller
also demonstrates its capability to ensure full functionality
in a degraded condition, even if only one aileron actuation
system is available. Whereas in normal operation both
8" and §°" evince a high ratio of bending compensation,
in degraded condition that only holds for the inboard
aileron in stand alone operation. Obviously, the outboard
aileron controller lane is moderately stronger influenced
by torsional vibration forms. Comparing the normal and
degraded step responses to the open loop dynamics reveals
no significant deterioration of performance, which implies
a slight effect of the outer spoiler only. With respect to the
current example the spoiler may be interpreted as auxiliary
device only, but for further application and functionality
enhancements it holds promising prospects.

Altogether, based on the outlined enhanced eigenstructure
assignment technique, the static MIMO feedback ensures
vibration control even for degraded system configurations.
Generically, the closed loop system is also qualified by ro-

bustness. With regard to the flexible wing, the outlined de-
sign is performed considering normal and degraded perfor-
mance from the outset. Moreover, the proposed procedure
denotes modularity concerning the integration of perfor-
mance specifications and keeps physical insight, e.g. with
reference to the dynamic specifications.

5 CONCLUDING REMARKS

Eigenstructure assignment represents a state of the art con-
troller design method considering the discipline of flight
control. Engineers gained much experience in application,
managing specifications like damping, rise time bandwidth
and decoupling. Unfortunately, the eigenspace specificati-
on meant a serious disadvantage and stated inapplicability
with respect to vibration control tasks. Conserving familiar
engineering parameters and insight even in vibration con-
troller design succeeds in introducing significant modifica-
tions to eigenstructure assignment. The controller synthe-
sis itself is based on Roppenecker’s formula (Roppenecker
1990). By means of multiobjective optimisation, even po-
tentially competing objective specifications are integrated
within one approach,

¢ time domain specifications, e.g. settling time,

e frequency domain specifications, e.g. cut—off fre-
quency,

e dynamic input—output requirements, quadratic i/o
criterion with linear constraints (LQ), dynamic un-
certainties,

e parametric requirements, e.g. minimum gain, uncer-
tainty bounds,

e restrictions due to the system architecture, e.g. quan-
tity and location of sensors, actuators, etc..

The application had been demonstrated successfully
relating to an uncertain aeroservoelastic multiple—input
multiple—output plant. An infinitive set of flight conditi-
ons and fuel configurations of a flexible wing structure
confirms the need for robust control. The set of represen-
tatives was composed of linear multivariable multi-model
systems with the system inputs, inboard and outboard
aileron and the outer spoiler. Emphasis must be placed on
quite moderate design objectives of the active damping
augmentation function, according to the second basic rule
of robust control (Ackermann et al. 1993). Additionally,
the proposed design procedure enables to define different
dynamic characteristics, simultaneously, which was
exemplified by normal and degraded specification. But
could also be utilised to define e.g. flightmechanical and
aeroelastic pole regions for separated robust stabilisation.
In descending order, the total performance index resulted
as a weighted combination of the robustness criterion,
degraded performance criterion, controller norm criterion
and structural criterion. The suitability of the resulting
low—order static output controller had been verified for
the normal and degraded configuration. The performance
of the controlled full scale aeroservoelastic system had



been demonstrated by real time simulation covering a
real PFC actuation system hardware—in—the—loop. Inve-
stigations with respect to structural displacement revealed
a significant damping augmentation regarding external
disturbances as well as self excited vibrations in operative
and even in the degraded system condition.

Active damping augmentation by primary flight control
surfaces could efficiently effect the weakly damped aero-
elastic wing motions, the proposed controller design me-
thod provides promising properties for further challenging
applications. Recent activities address the integration of a
multi-model system of a complete flexible commercial air-
craft into the design and real-time simulation environment.
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NOTATIONS AND ABBREVIATIONS

Variables and parameters.
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dynamic angle of attack
system matrix

input matrix

scalar penalty
aerodynamic derivative
output matrix

stability boundary
control surface deflection
feedthrough matrix
damping matrix

scalar damping ratio
frequency

relative fueling vector
stability region

wing span coordinate
altitude

performance index
stiffness matrix
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design variable

matrix of design variables
number of outputs

mass matrix

Mach number

system order

radian frequency

number of inputs

parameter vector

matrix of parameter vectors
input matrix

vector of uncertain parameters
dynamic pressure

air density

normalised fueling scale factor
feedback gain

feedback matrix

unity step function

complex frequency s = d £ j®
angular displacement at M
time quantity

time interval

thrust matrix

input vector

performance weighing matrix
scalar input

air speed

eigenvector
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state vector
output vector
vertical displacement
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number of system representatives

generalised actuation system states

vector of physical displacement

Indexes.

(Note: The listed symbols may be used as lower as well as

upper index.)

- -] lower boundary

+ -] upper boundary

max [—] maximum

min [—] minimum

0 -] initial

5% -] settling time

o -] angle of attack

A -] aerodynamic

¢ -] command

) -] control surface

deg -] degraded condition

D -] dive

d [—] disturbance

e -] example

E -] engine

inb -] inboard

! -] lift

/ -] local wing coordinates

m -] momentum

mid [—] mid

norm -] normal condition

N -] norm-based

out [—] outboard

R -] closed loop, robust

R -] rigid

S -] structural

S -] local aileron coordinates

SP6 -] outer spoiler

u [—] input

z -] vertical displacement

Abbreviations.

ACT active control technology

EAS equivalent air speed

I/0 input—output

LAF load alleviation function

LQ quadratic performance function with
linear constraints

LQG linear quadratic gaussian

PFC primary flight control

MIMO multiple input multiple output

SQP sequential quadratic programming

TAS true air speed
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