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Abstract: Today’s advanced aircraft designs with respect to new materials and high aspect
ratio wings demand for improved control algorithms solving specific issues arising from the
new technologies. In this paper, a multiple-model adaptive gust load alleviation control system
for a two-degree-of-freedom aerofoil model and a flexible demonstrator aircraft is discussed to
augment aircraft of increased vulnerability to gust encounter. Multiple-model adaptive control
provides the possibility to improve the performance when a crucial change in system parameters
is expected. For the two example cases sets of discrete mass conditions are defined representing
various fuel levels. Gust load alleviation controllers are synthesised for each mass case and
compared to a reference controller robustly synthesised over the entire range of mass properties.
Subsequently, a minimum amount of controllers necessary to achieve the performance benefit
of multiple-model adaptive control is selected.

1 INTRODUCTION

The fuel costs account for the greatest portion of the operating costs of today’s aircraft. That is
why fuel efficiency is one of the most relevant aspects of new aircraft designs [1]. Lightweight
wing structures and higher aspect ratios hold a crucial potential to enhance the fuel efficiency
and make flying more economic. However, the wings tend to be more flexible which makes
unstable phenomena like flutter more likely to occur and increases the demand for active flut-
ter suppression (AFS) [2]. Furthermore, these aircraft are more vulnerable to loads caused by
manoeuvres and gusts [3, 4]. Active manoeuvre load alleviation (MLA), like demonstrated in
Refs. [5,6], decreases the wing loads during manoeuvres. In constrast, with active gust load al-
leviation (GLA) the loads due to gust encounter can be reduced [7–10]. The synthesis of MLA
or GLA controllers, however, is demanding as structurally more efficient aircraft lack a clear
separation of rigid body and flexible modes [4].
Within the Horizon 2020 project Flight Phase Adaptive Aero-Servo-Elastic aircraft Design
methods (FliPASED) secondary control systems for flexible aircraft, e.g. active GLA, are syn-
thesised and tested on the demonstrator aircraft depicted in Figure 1 [11]. Further details on the
modelling, primary and secondary flight control synthesis and flight testing of the demonstrator
aircraft can be found in Refs. [13–17]. For the synthesis of a GLA controller aeroelastic mod-
els are generated. Often these are linearised state-space systems defined at specific operating
points within the flight envelope [7, 9, 10, 18]. However, significant changes in system parame-
ters may not be adequately covered by a linearised model and therefore the controller might not
be robust [19]. Adaptive control techniques offer the possibility to adapt the controller to the
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Figure 1: FliPASED demonstrator aircraft [12].

prevailing flight conditions during the aircraft’s operation and ensure optimal performance over
a large range of operational conditions [19]. The simplest form of an adaptive control technique
is gain-scheduling where a change in parameters, e.g. airspeed, is measured and used to adapt
the controller by means of interpolation within a grid of controllers [19]. There exists quite a
rich literature on gain-scheduling techniques applied to flight control problems [20–22]. It is
necessary for gain-scheduling that the scheduling parameter is directly measurable. However,
the system dynamics might also change due to parameters which cannot be easily measured. In
this paper, the deviation in mass distribution, which depends on the fuel level, is followed. Es-
pecially when tanks are located in the wings, a variation of the flexible mode shapes is the con-
sequence [23]. Besides, deviations could also be provoked by uncertainties due to unmodelled
dynamics or non-linearities in aerodynamic parameters, mass, damping and stiffness matrices
and many more. In any of the mentioned cases the system behaviour needs to be somehow
estimated. Indirect adaptive control allows to estimate the current plant parameters with respect
to the onboard measurements. The identified parameters then lead to the controller gains. For
the estimation of the plant parameters, however, the excitation of the system needs to be rich
enough in its spectrum to guarantee convergence of the parameters [19]. Direct model refer-
ence adaptive control (MRAC) requires a reference model providing the desired system output.
The difference between the real system measurements and the reference model outputs yields a
residual used for control gain update [19]. A major limitation of direct MRAC is its sensitivity
to process and sensor noise in the presence of unmodelled dynamics [24]. For multiple-model
adaptive control (MMAC), illustrated in Figure 2, the deviation in the system p(t) is covered by
N discrete intermediate models. By means of estimators the model that represents the plant be-
haviour best is then identified. Subsequently, MMAC switches to the corresponding controller.
Generally, there exist several scientific studies on MMAC [19, 23, 25–27].
As the mass distribution cannot be directly measured, but its deviation over time is approxi-
mately known, in this paper, the focus is on MMAC. The main question addressed is “How to
select the discrete mass models?”. The model estimation and switching of controllers will be
part of further research. To answer the question on model selection the gust loads of an aero-
foil model and of the FliPASED demonstrator aircraft are examined with respect to a changing
mass distribution caused by fuel consumption. For the selection of suitable models Refs. [28,29]
propose to look at the steady state outputs of the system over the regarded range of parameter
changes. Thus, a set of linear models following a piecewise linear trend in the output variables
can be identified. In Ref. [30] the answer is linked to the control synthesis itself as the ν-gap
metric of closed-loop systems with respect to different mass cases is analysed. Ref. [27] follows
an even more pragmatic approach. Finely gridding the range of parameters and synthesising a
controller for each parameter value a maximum achievable performance with MMAC is pro-
vided. Subsequently, it is decided on how the number of models and corresponding controllers
can be reduced without dropping below a performance bound. In this paper, the approach from
Ref. [27] is slightly adapted for the selection of the mass cases for GLA control. The GLA
control synthesis is defined as an optimisation problem over a family of gust encounters, like in
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Figure 2: MMAC architecture.

Ref. [31].
Firstly, the aeroelastic modelling process is described in section 2. The GLA control synthesis is
depicted in section 3. Finally, section 4 summarises the results of the GLA controller synthesis
and controller selection.

2 MODELLING

Two different models are examined in detail with respect to gust encounter. Firstly, a very
fundamental aerofoil section model is set up, as it allows fast adaption and exhibits a short
simulation and control synthesis time. Secondly, a study on the FliPASED demonstrator aircraft
model is undertaken. For both varying mass properties pm are considered. They are limited to
the compact set

Ωpm = {pm : pm,low ≤ pm ≤ pm,high} (1)

with the lowest and highest mass properties pm,low and pm,high [27]. However, for the subsequent
examinations it is more convenient to use a discrete set

Ω̃pm = {pm,i : pm,low ≤ pm,i ≤ pm,high, ∀i = 1, ..., nm}, Ω̃pm ⊆ Ωpm , (2)
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where pm,i indicates the ith of nm discrete, intermediate mass cases. These mass cases can then
be combined as a sequence of linear time-invariant (LTI) models by

ẋ = A(pm,i)x+B(pm,i)u

y = C(pm,i)x+D(pm,i)u.
(3)

In Equation (3), A(pm,i), B(pm,i), C(pm,i) and D(pm,i) are the mass property dependent state-
space matrices relating the inputs u, states x and outputs y with each other [32].

2.1 Aerofoil Model

The aerofoil model is a two-degree-of-freedom (DOF) model as it allows one translational and
one angular motion, namely heave and pitch [33, 34]. Unsteady aerodynamics are neglected
leading to a steady aerodynamic model. A detailed representation of the aerofoil is illustrated
in Figure 3. The dynamics of the aerofoil describe an equilibrium of forces and moments at the
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Figure 3: Aerofoil model [33, 34].

elastic axi es. The governing equations are[
m mdec
mdec Jα

]
︸ ︷︷ ︸

Maf

[
ḧ
α̈

]
+

[
bh 0
0 bα

]
︸ ︷︷ ︸

Baf

[
ḣ
α̇

]
+

[
kh 0
0 kα

]
︸ ︷︷ ︸

Kaf

[
h
α

]
=

[
−L
M

]
. (4)

As only two DOFs are considered the model is restricted to contributions from the lift force
L and pitching moment M . Due to the applied sign convention upwards acting lift forces are
considered negative. The inertial forces and moments are depicted by the first term on the left
side of Equation (4). They depend on the heaving and pitching accelerations ḧ and α̈, as well
as on the aerofoil mass matrix Maf with mass m, mass moment of inertia Iα and the offset dec
between the centre of gravity and the elastic axis. Multiplying the heaving and pitching velocity
ḣ and α̇ with the matrix Baf , which contains the translational and angular damping values bh
and bα, yields the damping force and moment. The last term on the left side of the equation
represents the force and moment caused by the elasticity of the structure. The translational and
torsional spring stiffness kh and kα, combined in matrix Kaf , linearly map the heaving position
h and the angle of attack α with L and M . The lift and pitching moment are given by

L = ρU2
∞(cr/2)clα

(
α + ḣ/U∞ − del

α̇

U∞

)
+ ρU2

∞(cr/2)clδuδ + ρU∞(cr/2)clαug

M = ρU2
∞(cr/2)2cmα

(
α + ḣ/U∞ − del

α̇

U∞

)
+ ρU2

∞(cr/2)2cmδuδ + ρU∞(cr/2)2cmαug.

(5)
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featuring three different contributions. These comprise aerodynamic effects due to a change in
the states α, ḣ and α̇, the deflection of the control surface uδ and the gust velocity profile ug.
The air density and true airspeed are defined with ρ and U∞. The aerofoil chord length is cr,
while the distance between the elastic axis e and the 1/4-chord point l is del. The aerodynamic
coefficients clα and cmα relate the angle of attack αwith the lift force L and the pitching moment
M , while clδ and cmδ comprise the lift and moment distributions due to the deflection of the
control surface uδ. The moment coefficient cmα is correlated with the lift coefficient clα by

cmα =
del
c
clα. (6)

In terms of gust encounters the loads Ph and Pα acting on the aerofoil are crucial. These depend
on the stiffness forces and moments and are assessed by[

Ph
Pα

]
= −

[
kh 0
0 kα

] [
h
α

]
. (7)

It is referred to the fact that the heaving and pitching loads Ph and Pα are given in a different
coordinate system than L and M . The aerofoil is considered to be a section of the left wing of
an aircraft. Thus, loads acting upwards or anti-clockwise are positive.
Eventually, Equations 4, 5 and 7 can be expressed as an LTI state-space model like in Equation
(3). The aerofoil model is then linearised for decreasing mass m and likewise mass moment of
inertia Jα values representing the fuel loss of the wing tanks. In total 22 different mass cases
are set up. The chosen parameters are displayed in Table 1. The heaving load Ph of the aerofoil

Table 1: Mass cases for the aerofoil model.

Mass Case Mass [kg] Mass Moment of Inertia [kgm2]
1 12.39 0.065
2 12.09 0.063
3 11.79 0.062
4 11.49 0.060
5 11.19 0.059
6 10.89 0.057
7 10.59 0.056
8 10.29 0.054
9 9.99 0.052

10 9.69 0.051
11 9.39 0.049
12 9.09 0.048
13 8.79 0.046
14 8.49 0.045
15 8.19 0.043
16 7.89 0.041
17 7.59 0.040
18 7.29 0.038
19 6.99 0.037
20 6.69 0.035
21 6.39 0.034
22 6.09 0.032
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would mainly contribute to the wing root bending moment (WRBM). Therefore, in this paper
the GLA control synthesis for the aerofoil focuses on the reduction of Ph.

2.2 FliPASED Demonstrator Aircraft Model

An aeroservoelastic model of the FliPASED demonstrator aircraft is set up. The coupling of the
aerodynamics and structural dynamics is its centrepiece. A finite element (FE) model shapes the
structural model which is reduced with the Guyan reduction [35, 36]. The resulting structural
grid is presented in Figure 4 as red points. Subsequently, the equations of motion (EOMs) based

Figure 4: Structural grid and aerodynamic panels of the demonstrator aircraft [10].

on the assumptions listed in Ref. [10] are utilised. On the one hand, the non-linear Newton-Euler
EOM [

mb(V̇b + Ωb × Vb − Tbege)
JbΩ̇b + Ωb × (JbΩb)

]
= ΦT

gbP
ext
g︸ ︷︷ ︸

P ext
b

(8)

represents the rigid body flight mechanics. The translational and angular velocities of the air-
craft are given by Vb and Ωb for the body frame of reference. The vector ge is the gravitational
acceleration transformed by Tbe from the earth fixed to the body fixed frame of reference. The
external loads P ext

g acting on the structural grid points are multiplied with matrix ΦT
gb transfer-

ring them to the rigid body frame of reference [36, 37]. On the other hand, the flexible motion
relies on linear elastic theory with

Mff üf +Bff u̇f +Kffuf = ΦT
gfP

ext
g (t)︸ ︷︷ ︸

P ext
f (t)

, (9)

where the generalised displacement uf and its first and second derivatives u̇f and üf are multi-
plied with the modal mass, damping or stiffness matrices Mff , Bff and Kff . The modal matrix
Φgf on the right-hand side contains the eigenvectors of the structural modes sorted according
to their frequency [37]. Modal truncation is applied to reduce the DOFs for the most relevant
eigenmodes [36].
The external loads P ext

g combine the thrust and aerodynamic loads P eng
g and P aero

g yielding

P ext
g = P eng

g + P aero
g . (10)

The aerodynamic loads are determined with the doublet lattice method (DLM) combining
steady and unsteady aerodynamic effects based on the panel model from Figure 4. As can
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be seen, the lifting surfaces of the demonstrator aircraft are discretised by trapezoidal-shaped
panels which contain doublets at the quarter-chord line. Subsequently, the pressure coefficient
in the reduced frequency domain is determined at the 3/4-chord line j by

∆cpj(k) = Qjj(k)wj(k), (11)

where Qjj(k) is the aerodynamic influence coefficient (AIC) matrix, wj(k) is the downwash
and k is the reduced frequency

k = ω
cr

2U∞
. (12)

In Equation (12) ω depicts the modal frequency, while cr represents the reference chord length.
When k = 0 the pressure coefficient ∆cpj(k = 0) equals the quasi-steady aerodynamic solution
[38].
The downwash wj comprises various contributions yielding

wj = wj,b1 + wj,cs0 + wj,cs1 + wj,f0 + wj,f1 + wj,g1 . (13)

The term wj,b1 depends on the velocity Vb and the angular velocity Ωb and therefore results from
the rigid body motion. The control surface deflections ucs and deflection rates u̇cs result in wj,cs0
and wj,cs1 . The flexible motion defined by the modal deflection uf and its derivative u̇f lead to
wj,f0 and wj,f1 . The contribution wj,g1 is caused by gusts and atmospheric turbulence. Detailed
information on how the contributions are determined is found in Refs. [37, 39].
In order to judge the performance of the demonstrator aircraft augmented by a GLA controller,
the loads at the wing root are of special interest. However, unlike Equation (7) suggests it is
not recommended to recover the loads the same way for the demonstrator aircraft. As modal
truncation was applied earlier for the EOMs, determination of the WRBM Pmx via the stiffness
matrix Kff is inaccurate. Instead the force summation method (FSM) provides the wing root
loads based on

Pmx = Tmxg

P ext
g −Mgg

[
Φgb Φgf

] [üb
üf

]
︸ ︷︷ ︸

P iner
g

 , (14)

with the external and inertial loads P ext
g and P iner

g [37,40]. The mass matrix Mgg is defined with
respect to the structural grid and the rigid body acceleration üb is

üb =

[
V̇b + Ωb × Vb − Tbege

Ω̇b + J−1b (Ωb × (JbΩb))

]
. (15)

Eventually, in Equation (14) the multiplication with matrix Tmxg sums the incremental loads of
all grid points along the wing and transforms them to the loads coordinate system at the wing
root.
Actuator and sensor models complete the aeroservoelastic model used for the synthesis and
analysis of a GLA controller.

For further details on the structural and aerodynamic modelling of the FliPASED demonstrator
aircraft it is referred to Refs. [10, 36, 39].

As for the aerofoil model various mass models are generated which represent different fuel
levels of the wing tanks. The demonstrator aircraft does not really possess tanks in the wings.
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That is why the loss of fuel mass along the wings is mimiced for study purposes. The virtual
wing tanks are depicted in Figure 4 by grey boxes. Each box represents a discretised fuel
mass with the centroid rigidly connected to the closest structural grid point. The mass moment
of inertias are approximated by dividing the mass into four parts, shown as grey points, each
attached to the corner of a section. The size of a section correlates with its mass. As the effect
of a hanged mass on the structural modes increases along the wing span, the section size decays
in a quadratic manner. Furthermore, due to aircraft stability reasons the tank sections are placed
far from the wing roots. For the generation of the different mass cases it is assumed that the
fuel is burnt from the most inner to the most outer section, i.e. bit by bit the section masses
are removed until there is no fuel left. In total 11 mass cases, which are outlined in Table 2,
are generated. Finally, the aeroservoelastic model is linearised for the different mass cases at

Table 2: Mass cases for the demonstrator aircraft.

Mass Case Wing Fuel Mass [kg] Total Mass [kg]
1 17.40 82.42
2 13.62 78.65
3 10.43 75.46
4 7.76 72.79
5 5.56 70.59
6 3.78 68.81
7 2.37 67.40
8 1.32 66.34
9 0.58 65.61

10 0.14 65.17
11 0.00 65.03

U∞ = 39.5 m/s. This leads to a set of state-space models in the form of Equation (3).

2.3 Gust Model

Within the scope of this paper, the atmospheric disturbance is a discrete, vertical 1-cosine gust.
It is defined by the gust zone velocity and acceleration Uz,gust(t) and U̇z,gust(t)

Uz,gust(t) =


Ugust,max

2

(
1− cos

(
π

Hgust
U∞t

))
, if tz,1 ≤ t ≤ tz,end

0, otherwise

U̇z,gust(t) =

−
Ugust,maxπ

2Hgust
U∞sin

(
π

Hgust
U∞t

)
, if tz,1 ≤ t ≤ tz,end

0, otherwise,

(16)

whereUgust,max is the maximum gust intensity andHgust the gust half length [41]. With increasing
time t the aerofoil and aircraft move through the gust from nose to aft, like shown in Figures 3
and 5. For the aerofoil model the forces and moments induced by the gust act on the elastic axis
e. Unsteady aerodynamics are neglected, i.e. the gust zone acceleration U̇z,gust(t) has no effect
and is disregarded. Differences in the forces and moments along the aerofoil caused by the
1-cosine gust profile are neglected as well, resulting in one gust zone over the entire aerofoil.
The aerodynamic model of the demonstrator aircraft is divided in several gust zones like shown
in Figure 5. The gust reaches the centre of a gust zone, depicted by the dashed vertical lines
of the panel model, at time tz,1 and leaves it at time tz,end. All aerodynamic panels between
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Ugust,max

Hgust

Figure 5: 1-cosine gust and aircraft gust zones [10].

the vertical solid lines of a gust zone are affected by the gust velocity observed at the centre.
Namely, within a gust zone the gust velocity is constant. The airdata boom at the nose of the
aircraft is specially treated and considered to be a zone for itself. Thus, changes in the angle
of attack α due to an approaching gust are recognised before the gust hits the aircraft. This
offers the opportunity to use a feedforward path increasing the reaction time [32]. The gust
zone approach is an approximation which saves a lot of computation time, as it groups many
aerodynamic panels into few zones. Furthermore, with ten gust zones it is an accurate enough
implementation for the demonstrator aircraft [42]. The difference in the gust zone velocity of
two neighbouring gust zones is caused by a time delay. The transfer function of a time delay is
defined by

Gz,delay(s) = e−tz,delays, (17)

where tz,delay is the time delay in seconds and s is the Laplace variable [42]. Equation (17) is
approximated by the second-order Padé approximation

Gz,delay(s) ≈
s2 − 6

tz,delay
s+ 12

t2z,delay

s2 + 6
tz,delay

s+ 12
t2z,delay

, (18)

as it is convertable into state-space format and can be used with the set of linearised mass
models [43].

3 GLA CONTROLLER SYNTHESIS

The GLA control synthesis is stated as an optimisation problem which is solved by using the
Multi-Objective Parameter Synthesis (MOPS) tool [44]. Besides the set of multiple-model
adaptive (MMA) GLA controllers, a reference GLA controller is synthesised. This allows to
compare both control architectures and demonstrate the improvement MMAC has to offer.

3.1 Reference GLA Controller

The reference controller K̄GLA uses global control (GC) that is supposed to robustly operate
over the entire set of mass properties Ωpm . In Ref. [27] the robust controller K̄GLA over Ωpm is
therefore entitled global non-adaptive robust compensator. As previously stated, the set Ωpm

is finely gridded resulting in an approximated subset Ω̃pm . Furthermore, for the synthesis of
K̄GLA only the first, last and a few intermediate mass properties of Ω̃pm are regarded, in order
to speed up the synthesis. As the mass models are selected with an incremental change in
pm,i it is assumed that this is a valid approach. The reference controller K̄GLA is then found
through optimising the objective function J(K̄GLA) for the various mass models in parallel. A
comparable approach is more deeply discussed in Ref. [31].
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3.2 Mass Case Specific GLA Controller

Like previously stated, the potential of an MMAC architecture is a significant performance
improvement. In order to investigate this circumstance, for each regarded mass case pm,i ∈ Ω̃pm

a controller KGLA,pm,i
is specifically synthesised. This leads to a set of nk, which is equal to

nm, controllers. The theory is that the finer the set of mass properties Ω̃pm is gridded, i.e. nm
increases, the closer one reaches the optimal possible performance for the chosen controller
architecture and synthesis method over the considered parameter change [27]. Ref. [27] uses
the term fixed non-adaptive robust compensator for the controllers KGLA,pm,i

with nm → ∞.
An admissible trade-off is to choose nm � 1 for a manageable amount of controllers. The
assessment of the objective function J(KGLA,pm,i

) and the constraints c(KGLA,pm,i
) for each

mass case in closed-loop then demonstrates the improvement with respect to the closed-loop
mass models augmented by K̄GLA.

3.3 Synthesis Method

The objective function J(KGLA) and the constraints c(KGLA) are the same for both, the global
GLA controller K̄GLA and the mass case specific set of controllers KGLA,pm,i

. Therefore, in the
following the GLA controller is simply denoted by KGLA. The sought-after control transfer
function from the ny controlled outputs y to the nu controlled inputs u is of the form

KGLA(s) =


k11

∏np−1
i=1 (s− z11,i)∏np

i=1(s− pi)
. . . k1ny

∏np−1
i=1 (s− z1ny ,i)∏np

i=1(s− pi)... . . . ...

knu1

∏np−1
i=1 (s− znu1,i)∏np

i=1(s− pi)
. . . knuny

∏np−1
i=1 (s− znuny ,i)∏np

i=1(s− pi)

 , (19)

where kiuiy and ziuiy ,i with iu = 1, ..., nu and iy = 1, ..., ny are the gains and zeros and pi are
the poles to be defined [32]. The order of the numerator is np− 1 and therefore smaller than the
order of the denominator np. Thereby, the controller transfer functionKGLA(s) is strictly proper
and guarantees a high frequency roll-off in the control action [10]. To simplify the optimisation
problem the poles and zeros of Equation (19) are grouped in conjugate complex pairs

ziuiy ,i/i+1 = −ζiuiy ,iωn,iuiy ,i ± ωn,iuiy ,i
√

1− ζ2iuiy ,i i = 1, 3, . . . , np − 3

ziuiy ,np−1 = −ωn,iuiy ,np−1

pi/i+1 = −ζiωn,i ± ωn,i
√

1− ζ2i i = 1, 3, . . . , np − 1

(20)

except for one real zero ziuiy ,np−1 for even np. For both the aerofoil (np = 4) and the demonstra-
tor aircraft (np = 8) this is the case. Thus, only the gains kiuiy , the natural frequencies ωn,i and
ωn,iuiy ,i and the damping ratios ζi and ζiuiy ,i have to be determined. Furthermore, the feasible
values of all damping ratios ζ is restricted to values between 0 and 1. The controller then only
features poles and zeros that are in the left half plane.

Primary goal of the GLA control synthesis is to reduce the WRBM. Therefore, a family of gust
encounters featuring ngust different gust half lengths Hgust,i is simulated. With respect to the
open-loop loads the closed-loop loads are to be minimised. The objective function is

J(KGLA) = min
KGLA

max
i,t

(Px,CL,i(t)
2)

max
i,t

(Px,OL,i(t)2)
, i = 1, 2, . . . , ngust, (21)
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with Px,CL,i(t) and Px,OL,i(t) being the closed-loop and open-loop time simulations for the ith

gust half length. Dependent on the aforementioned examples, the considered loads will either
be Ph or Pmx. In Equation (21), the loads are squared in order to penalise high negative and
positive values equally. Therefore, an optimal controllerKGLA minimises the maximum squared
loads of the closed-loop system with respect to the open-loop system.
Besides the objective function, constraints are defined to exclude infeasible solutions to the
optimisation problem. The first constraint limits the relative difference between the closed-loop
and the open-loop transfer function GCL(KGLA) and GOL from gust input ug to load output
Px,CL and Px,OL, respectively. This is especially wanted in low frequencies, so that the GLA
controller does not affect the flight dynamics, and in high frequencies for little control action.
These requirements yield the constraint

ce(KGLA) = || 1

emax
We1We2 (GCL(KGLA)−GOL) /GOL||∞ ≤ 1. (22)

The weighting functions We1 and We2 put emphasis on very low and very high frequencies for
which a maximum relative difference can be defined with emax [10]. It is 0.05 for the GLA
controller synthesis for the aerofoil and 0.1 for the demonstrator aircraft. Equation (22) is
separated in two constraints for the aerofoil model. This is necessary as the GLA control for
the aerofoil is meant to happen in a quite narrow frequency band and the separation of the
requirements for low and high frequencies is numerically more convenient.
Moreover, the closed-loop system needs to be stable. That is why the closed-loop pole featuring
the smallest damping ratio is restricted to be in the left half plane with a lower bound bζ . The
second constraint therefore is

cζ(KGLA) = ζCL,min(KGLA) ≥ bζ ≥ 0. (23)

For the aerofoil and the FliPASED demonstrator aircraft the safety bound is chosen as bζ = 0.01.
Lastly, a constraint is put on the relation between the closed-loop and open-loop maximum root
mean square (RMS) of all gust simulations [45]. This demands a certain decay rate for the
closed-loop loads Px,CL,i(t) after a gust encounter. This constraint is given by

crms(KGLA) =
max
i

(
1
nend

∑nend
k=1 Px,CL,i(tk, KGLA)2

)
max
i

(
1
nend

∑nend
k=1 Px,OL,i(tk)2

) ≤ b2rms ≤ 1, i = 1, . . . , ngust. (24)

The upper bound brms limits the closed-loop RMS. For the aerofoil example brms is equal to 1,
while for the FliPASED demonstrator aircraft it is 0.98.

The optimisation is performed with a genetic algorithm, that is followed by a pattern search for
the last iterations [44, 46, 47].
Firstly, the global robust K̄GLA is synthesised over all mass cases. The resulting controller
K̄GLA is used as an initial guess for the optimisation of the first considered mass case with mass
properties pm,1 = pm,high. The optimal controller of mass case pm,i then represents the initial
controller estimation for the subsequent mass case pm,i+1. Thereby, the optimisation is started
with promising control parameters as the mass changes are small.

As stated above, for all aerofoil mass models a true airspeed U∞ = 10 m/s is assumed. The
outputs fed to the controller are the states y = x =

[
h α ḣ α̇

]T
. Based on these signals the

controller then generates a control surface deflection u = uδ.
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The true airspeed for the demonstrator aircraft is fixed to U∞ = 39.5 m/s, i.e. an indicated
airspeed of UIAS = 38 m/s. The measurements and control inputs for the GLA control are
depicted in Figure 6 where the relevant control surfaces and inertial measurement units (IMUs)
are highlighted in green and red, respectively. The GLA controller processes the αmeasurement

α

uail uail

uelevuelev

az,fu
q

az,wl az,wr

Figure 6: Demonstrator aircraft with IMUs (red) and control surfaces (green) for GLA control [48].

of the air data boom at the nose, the pitch rate q and the vertical accelerations az,fu, az,wl and
az,wr of the IMUs in the fuselage and on the left and right wing. The controller calculates
commanded deflections to the most outer ailerons of the wings uail and the elevators uelev. Thus,
one deflection signal uail connected to both ailerons and one deflection signal uelev connected
to all four elevators are fed to the control surfaces. This combination of signals is valid as the
aircraft is nearly symmetric and only vertical gust encounters are considered. For the synthesis
of the GLA controllers it is decided to exclude unsteady gust aerodynamics, however they are
taken into account for the subsequent analysis.

4 ANALYSIS OF THE MMA GLA CONTROL ARCHITECTURE

In the analysis of the GLA control application, the focus is on the comparison of the system
performance of the open-loop system compared to the closed-loop system with the global robust
controller K̄GLA and with the mass case specific controllers KGLA,pm,i

. The performance is
measured based on the square root of the objective function value, i.e. the relative reduction of
the absolute loads. Furthermore, the constraints must not be violated. To unify their assessment
Equations (23) and (24) are transformed to constraints which need to be less or equal to 1, which
is already the case for ce in Equation (22). Thus, only the worst case value of the constraints is
of relevance yielding

cmax = max
(
ce(KGLA), 1 + bζ − cζ(KGLA),

crms(KGLA)

b2rms

)
≤ 1. (25)

The analysis of the models with mass properties pm,i ∈ Ω̃pm then provides information on which
mass cases are specifically relevant for MMAC.
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4.1 GLA Controller Analysis for the Aerofoil Model

For the aerofoil model 22 mass cases are considered. In Figure 7 the loads Ph for a family of
different gust half lenghtsHgust between 1 and 5 m are simulated for mass case 1, 11 and 22. The
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Figure 7: Open- and closed-loop gust simulations of the aerofoil for Hgust = 1m to 5m.

left column represents the open-loop system, while the middle and right column depict Ph for
the closed-loop system with the global controller K̄GLA and the mass case specific controllers
KGLA,pm,i

, respectively. For all considered mass cases a reduction of the maximum absolute
loads in closed-loop can be recognised, which is higher for the MMA GLA than for the global
GLA. From mass case 1 to mass case 22 the performance improvement even intensifies for
MMAC. In the upper part of Figure 8 the actual improvement relative to the open-loop case is
depicted over all 22 mass cases. While the GC, depicted in blue, offers a more or less mass
independent load reduction of approximately 4 %, the MMAC architecture, in green, clearly
exhibits a performance benefit of 7 % up to 13 % over the mass cases. The lower part of Figure 8
shows the maximum constraint cmax which should be less or equal to one. Higher values indicate
that at least one constraint has been violated. As it can be seen, this is the case for some mass
cases with MMAC due to a tight constraint ce for high frequencies. As the frequency band for
GLA control is narrow, which leads to high order weighting functions We1 and We2, the genetic
algorithm has difficulties to cope with the optimisation problem. Generally, genetic algorithms
are not very appropriate for constrained optimisation problems, which is why constraints might
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Figure 8: Performance assessment and controller selection for the aerofoil model.

be violated [49]. Nevertheless, based on the controllers KGLA,pm,i
and Figure 8 a decision can

be made which controllers to choose as a minimum and still benefit from the performance
improvement of MMAC. In an analysis each controller KGLA,pm,i

is connected to the various
mass case models and their performance and constraint violation is assessed. It is found that
controllers synthesised for mass case 1, 4, 7, 11, 12, 18 and 22 provide an appropriate set of
GLA controllers. The operating point of the set of controllers with respect to mass is shown in
red in Figure 8. Thus, for the range of the nm = 22 mass cases a selection of nk = 7 controllers
is sufficient. For some mass cases, like e.g. 14, the chosen controller lead to an even better
performance than the one especially synthesised for the dedicated mass case. This shows that
the optimisation problem is highly non-convex and that even the global optimsation might not
lead to the optimal solution. The selection of controllers is mainly driven by the violation of
constraint ce, i.e. as soon as a selected controller causes the closed-loop system to not fulfil the
constraint for a specific mass case, a more convenient controller needs to be selected. However,
mass case 22 cannot be kept within the constraints with any of the synthesised controllers. This
is also challenging for mass cases 9 to 13. For each a controller can be found which keeps cmax

at least nearly to 1. However, for intermediate mass properties the constraint ce would definitely
be violated.

4.2 GLA Controller Analysis for the FliPASED Demonstrator Aircraft

As for the aerofoil model, GLA controllers for the 11 mass cases from Table 2 are synthe-
sised for GC and MMAC. The resulting time simulations for mass cases 1, 5 and 11 are given in
Figure 9. As can be seen, the negative WRBM loads Pmx are especially large. Like for the aero-
foil, the MMAC architecture also demonstrates its performance benefits for the demonstrator
aircraft. The relative improvement increases over the mass cases. In Figure 10 the performance
relative to the open-loop case is displayed. Like for the aerofoil, the GC features a more or less
constant load reduction of 10 %, while the MMAC architecture clearly offers a performance
benefit with increasing mass case of approximately 20 % load reduction. It can be seen that the
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Figure 9: Open- and closed-loop gust simulations of the demonstrator aircraft for Hgust = 4m to 25m.

constraint cmax is less sensitive than for the aerofoil and nk = 4 controllers from mass cases 1,
3, 6 and 9 can be found fulfilling the requirements. As well as for the aerofoil, the performance
with MMAC can even be exceeded with the four selected controller around mass case 8.

5 CONCLUSION AND OUTLOOK

Aeroelastic models are set up for a two-degree-of-freedom aerofoil model and the FliPASED
demonstrator aircraft. In order to imitate the fuel consumption within flight a set of models with
changing mass properties is defined. GLA control is then performed for the set of models and
the benefit of an MMAC over a GC architecture is illustrated. The gust loads for both, the aero-
foil model and the FliPASED demonstrator aircraft, can be further improved with MMAC. For
the aerofoil the reduction of loads with a GC amounts approximately 4 %, while with MMAC it
is enhanced to 7 % up to 13 %. GC applied to the demonstrator aircraft offers a load reduction
of 10 %. For MMAC it roughly equals the performance of the GC for the first mass cases and
reaches a maximum of more or less 20 %. Based on the analysis performed a minimum number
of controllers for MMAC is selected, which is 7 for the aerofoil and 4 for the demonstrator
aircraft. A next step would involve the identification of the mass case that represents the current
state of the system best and the switching to the corresponding controller. The optimisation
problem could be further simplified featuring less parameters, as it is highly non-convex and
even the chosen genetic algorithm has difficulties to find the optimal solution. Finally, robust-
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Figure 10: Performance assessment and controller selection for the demonstrator aircraft.

ness, which is not proven in this paper, has to be guaranteed. Subsequent to the synthesis of the
GLA controllers an anti-optimisation for the given objective function and constraints could be
performed to find the worst case scenario with respect to uncertainties in the modelling. This
kind of robustness analysis has been documented in Ref. [50].
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