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Abstract. Today’s industrial optimisation process for aircraft struc-
tures does not consider flight control systems. In this paper a method to
couple flight control systems with aerostructural design in the scope of
optimisation is presented. Further, an overview on necessary methodical
enhancements coming with controller integration is given. The integra-
tion is demonstrated on a flexible aircraft model. A generic pitch con-
troller is coupled with the aeroelastic solver. It is demonstrated how a
simple disturbance of a trimmed state can be controlled and how critical
time steps can be detected. Wing skin composite layers are sized with
the selected loads. Structural responses from the controlled system are
compared to those of the uncontrolled system for both the baseline and
the optimised model.
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1 Introduction

In modern aircraft industry the dimensions of structural components can be sized
using multidisciplinary design optimisation (MDO) in consideration of aeroelas-
tic but not flight control system (FCS) related demands. For highly flexible
aircraft, the loads commanded by a respective flight control system and result-
ing from aero-structural coupling effects affect the final design. Main bottleneck
is that in the state of the art structural optimisation process, transient effects are
considered by means of pre-calculated static load cases, only. The consideration
of transient controller effects during optimisation runs, means a potential reduc-
tion of final control design complexity. Current research in the field of aeroser-
voelasticity mainly is subjected to analysis capabilities. A good overview on the
basics of aeroservoelasticity without further discussions on industrial optimisa-
tion is given by Tewari in [1]. Karpel et al. apply a simple controller to a gust
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load case in [2]. In [3] design optimisation considering aeroservoelastic demands
is presented by Haghighat et al. for aircraft wing structures, using beam mod-
elling. Wildschek et al. present an integrated control and optimisation method
working on wing beam and shell models in [4]. Important discussions on aspects
of unsteady aerodynamic methods is given by Kier in [5]. Structural notch filter
optimisation is demonstrated for a combat aircraft by Luber in [6]. This paper
focusses on structural optimisation of composite materials for full scale indus-
trial models under consideration of both aeroelastic and control system demands.
For this purpose the optimisation capabilities of the Airbus in-house MDO tool
LAGRANGE are extended and applied for a representative use case. The aeroe-
lastic analysis, used for structural optimisations, is enhanced by an interface for
flight control systems and is further coupled to a dynamic structural solver.

2 Components of Classical Aircraft Structural
Optimisation in Consideration of Aeroelasticity

Before enhancing the current aircraft structural sizing process, a general under-
standing of its main ingredients must given. The two main components can be
identified as the mathematical formulation of the optimisation problem itself,
and the system equations of the underlying analysis.

2.1 Mathematical Formulation of the Optimisation Problem

In general, a mathematical optimisation problem is formulated such that an
objective function f is to be optimised (minimised or maximised) while certain
inequality or equality constraint functions g or h shall meet pre-given conditions
by variation of a set of design variables x, which need to be selected from feasible
ranges given by respective lower and upper limits z;; and x; ,:

ngn{ﬂx>

g(x) > 0,h(x) =0,Vz; € [z”,xw]} (1)

Equation (1) is formulated as a minimisation problem. It shall be noted, that
inequality constraints g are formulated such that a design is considered to be
feasible for positive values of the constraint function (g(z) > 0), in this paper.
The classical engineering optimisation problem in aeronautic applications aims
to reduce aircraft mass, while assuring structural integrity by variation of struc-
ture related variables. Structural integrity is achieved when stressing variables as
mechanical strain or stress values (e and o) remain under allowable values, which
depend on the chosen material and a respective failure criterion. Physical vari-
ables as cross sectional areas, sheet thicknesses, ply angles and ply thicknesses
for composite materials are grouped into sets of design variables x in order to
study the effect of how changing their values affect the structural response of a
given system:

x

min{m(a)

6§6all7$l§$§$u} (2)
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In practical applications the objective and constraint functions, and the
design variables will be standardised in Eq. (2), before handing them to a numer-
ical optimiser.

2.2 Equations of Aeroelasticity

For the applications in this paper, the physical base for an optimisation of aircraft
structures is given in the governing equations of aeroelasticity. The key point
there is the interconnection between structural mechanics and aerodynamics.
The interaction between the mechanical and the aerodynamic model is mainly
represented by the bi-directional exchange of aerodynamic loads and the induced
structural displacements. A deformed structure affects the resulting loads, and
the resulting loads again affect the resulting structural deformation, see Fig. 1.

Mechanics - dynamics
Aerodynamic Loads

Structural Structural Displacements Aero-

Fig. 1. Aeroelastic interconnection

In this paper, the interconnection is summarised in the aeroelastic equations
of motion, based on the work of Rodden and Love [8]:

(K —qQ) - u+M-ii=qQy uz + P (3)
where

— K and M are the structural stiffness and mass matrices

— ¢ is the dynamic pressure

— @ and @, are aerodynamic stiffness matrices

— u and 4 are the structural displacements and accelerations
P is the additional external loading

— u, are aerodynamic degrees of freedom

The aerodynamic stiffness matrices @ and @, result from aerodynamic forces
being transferred into the structural domain using the infinite plate spline the-
ory [9]. Aerodynamic degrees of freedom in u, are mainly angles of attack and
control surface deflections. Rigid body motions of a free flying, unclamped struc-
ture are considered by an inertia relief approach and represented through the
accelerations 1.
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3 Coupled Analysis of Aerostructural Dynamics
and Control System

A critical step to the consideration of control system inputs in the optimisation
process is to couple a controller to the aeroelastic analysis. Therefore, basics
on general control system design need to be discussed. Hereafter, the physical
interface to aeroelasticity is explained.

3.1 Basics on Control System Modelling

Control systems can be used when a dynamic system shall maintain a given or
reach a desired state. One task of a flight controller is to improve the dynamics
of eigenmodes and rigid body movements. This is mainly achieved by actively
damping the respective modes through control parameters [10]. The dynamic
system to be controlled is referred to as “plant” G. “Open loop” control means
commanding inputs u. for a specific plant without receiving feedback on how
the command changed the plant behaviour. When feeding back outputs y of the
plant to generate inputs for the controller C, a “closed loop” control system is
generated, see Fig. 2. The plant output is compared with a pre-defined, desired
output w (“setpoint”) which results in a control error e forwarded as controller
input. The controller thus monitors the plant and is enabled to actively manip-
ulate its dynamic behaviour.

Controller Plant

Fig. 2. Closed loop control

From the system modelling point of view it can be noted:
— The control error e(t) w.r.t. the a dynamic setpoint w(t) states as
e(t) = w(t) —y(t) (4)

— The controller C' is a time-dependent function with e(¢) being the function
input and the control command u.(t) being the function output:

C:e(t) — uc(t) (5)

— The plant G is a time-dependent function with w.(t) being the function input
and the system response y(t) being the function-output:

G :uc(t) — y(t) (6)
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Of main importance is to quickly reach and maintain a small control error.
To measure the quality of a controller for a given task, the integrated absolute
error I AF is suggested:

T
TAE = | |e(t)|dt (7)
/

Considering the absolute value of e over the time interval to study (¢ € [0,T])
prevents that positive and negative parts in e cancel each other out. TAE can
be used to compare different control systems: The smaller TAFE, the better the
control task is fulfilled.

3.2 Controlling Components of Aeroelasticity

Main variables in flight control are the aircraft elevator deflections n for the
longitudinal axis and the aircraft ailerons and rudder £ and { for the lateral
axis [10]. For aircraft systems, the general commands described in Sect. 3.1 are
control surface commands 7., & and (., which are forwarded to an actuation
system, initiating the respective physical control surface deflections. From the
methodical point of view the control surface deflections represent the interface
between flight controller and aeroelastic analysis. The command is applied as an
input to the aeroelastic analysis by means of u, in Eq. (3) and therefore results
in an aerostructural deformation resulting from the initiated aeroelastic loading:

Pel+Pad+Prbm:Pw+Pewt (8)

with

the elastic load component P,y = K - u

— the splined aerodynamic load component P,y = —q@ - u

— the rigid body mode load component P4, = M - i

the additional aerodynamic load component P, = qQ - u,
— additional, external load component P,,;

The primary effect of a control surface deflection can be seen in a change
in Prpm, which leads to a rigid body mode acceleration. From the structural
dynamics point of view, both the elastification given with P.; and the rigid body
mode acceleration given with P, can be considered by a respective solver,
already. Therefore the remaining aeroelastic components in Eq. (8) hold a special
meaning w.r.t. a dynamic solution:

Pezt,d:_ ad+P:r+Pea:t (9)

The dynamic structural solution in this paper is provided by a generalized
alpha method [7]. It solves the general system equation

M-ii+D i+ K-u= P (10)
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The aerostructural load components, presented in Eq. (9) are now forwarded
as externally applied loads Fe,:q for each time step of the generalised alpha
solver. A critical component here, is the damping matrix D. The Rayleigh damp-
ing model which simply states D to be a linear combination of stiffness and mass
matrix K and M, shall be given as an example to capture damping effects in
the system:

D= O[lM + O(QK (11)

The dynamic solution provides elastic deformations u, velocities v = 4 and
accelerations a = ©¥. This set of system responses provides variables which are
fed back as controller inputs after comparison with the respective set value w.
For rate control, rotational velocities are selected as variables to be controlled.
The approach presented to couple the different analyses is summarised by the
process flow in Fig. 3.

Transient Aeroservoelastic Model

jr——== Transient AcroelasticModel _ __ _ _ _ _ _ _ |
| setpoint | I 1

| |
[ | | m——————————— |

| I | | Direct Aeroelasticity } | :

--r—— - -—_-—--- - ——— I

e |1 L Lo I Lyl

Il Flight | Control | Iyl Aero- | | structural | |_’| Structural | ! R
| Control I_' surface | dynamics | | Elasticity || Dynamics (A7 g

I system I Actuator i | Y \ | Dy |

([ St (I N B S PR ¥ ¥ I Y

| : 1 I !

I | - — —_————— J | |

| | I S a1

| |

| |

| ; ‘ |

| Control  Control Surface Fluid Structure Load Plant |

| Command Deflection Interaction Application Response|

Fig. 3. Process flow of transient aeroservoelastic analysis

4 Respecting Control System Commands in the
Optimisation Process

The introduction of a FCS increases the amount of data generated through the
analysis step. It therefore necessitates a method to detect and select structurally
critical time steps in order to reduce numerical costs.

Detection of Structurally Critical Time Steps. For a model with n struc-
tural constraints g; and m time steps, the total number of constraints for opti-
misation was n - m. LAGRANGE provides an enveloping tool that gathers all
constraints in a matrix g;; (¢ € [1,n] and j € [1,m]). The most critical time
steps are subsequently selected based on the lowest constraint values. As a result,
loads for those time steps along with the affected elements (see Fig. 4) are stored
externally such that they can directly be used in a following optimisation run.
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Fig. 4. Detecting structurally critical elements

Data and Process Flow. With the capability to detect critical time steps and
respective critical structural components from the coupled analysis sizing optimi-
sation tasks using controlled loads can now be solved. The resulting optimised
design must critically be re-analysed and studied. Design modifications often
lead to significant changes in the system behaviour, not expected beforehand.
The sequential process is shown in Fig. 5.

Transient Critical Load
. R Structural R .
Aeroservoelastic > Case Obtimisation > Re-Analysis
Model Selection P

Fig. 5. Current optimisation process using a transient aeroservoelastic analysis

5 Application to a Highly Elastic Aircraft Configuration

In the following, an aircraft configuration will be presented which is mainly
designed by aeroelastic effects. It is therefore a good example to demonstrate
the application of a rate control mechanism in system analysis and the intercon-
nection of aeroelasticity and control system in industrial optimisation.

5.1 The OptiMALE Aircraft Model

The aircraft model being studied is a medium altitude long endurance (MALE)
configuration called “OptiMALE”. The finite element model consists of approxi-
mately 31.000 structural grid-points, which results in 186.000 structural degrees
of freedom. Both aluminium and composite materials are considered for the
structural components. The main elements being studied in this paper are wing
skin elements, which are all made out of composite material with varying num-
bers of layers. The OptiMALE is a very flexible configuration with a structural
mass of 8.5¢ and a span from tip to tip of approximately 28m. The aerodynamic
model is based on the doublet lattice method [11]. The aerodynamic surfaces are
discretised into 2800 aerodynamic boxes. For the fluid structure interaction the
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Fig. 6. The OptiMALE aircraft model

infinite plate spline theory is applied [9]. The flight state being studied in this
paper is given by a mach-number of 0.4 and an altitude of 10.000m. A geometric
representation of the OptiMALE structural model can be seen in Fig. 6.

5.2 Disturbance and Control

The use case to demonstrate optimisation with an aeroservoelastic analysis, rep-
resents the OptiMALE being disturbed by an external load from its originally
trimmed, steady state. The tasks are to improve the dynamics of re-gaining the
steady state by application of a simple pitch controller and to reduce mass by
structural optimisation. The OptiMALE is trimmed, using Eq. (3). The result-
ing state is used as initial condition in a structural dynamic calculation. As an
artificial, external disturbance, a distributed load is applied for the time range
of [3s,3.7s] resulting in a pitch. The amount of this disturbance is 40% of the
structural weight.

Side note: The area of validity for the aerodynamic model is limited. For high
angles of attack, the doublet lattice approach can not be considered as valid any
more. Further, the assumption of quasi-steady states was made in the aeroe-
lastic solution. Therefore a data base, generated from runs with high-fidelity
aerodynamic tools, was consulted through the runs to detect violations of these
assumptions.

A simple pitch controller is now applied to reduce the energy from the elastic
oscillations resulting from the disturbance. The pitch controller is tracking the
pitch rate g (t) (rotational velocity about y-axis) of the aircraft. As a response
to an undesired pitch rate, the controller commands an elevator deflection 7(t),
such that a counteracting pitch moment is applied to the aircraft. The control

task is to maintain the pitch rate gx(t) at a setpoint value of ggp 0

e(t) = gsp — qx(t) (12)
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The pitch control system is given as a time-discrete proportional-integral-
derivative (PID-) controller. The gains k,, k;, kq were design w.r.t. a satisfactory
T AE-value: .
uc(t) = kpe(t) + ki / e(T)dr + kqé(t) (13)
0

Figure 7 shows the dynamic system responses when no controller is applied. In
the strain plots, the strain values are normalised w.r.t. the peaks of the uncon-
trolled system. Figure 8 shows the system responses with the selected controller
in the loop.
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5.3 The Engineering Optimisation Problem

With the given pitch controller and the resulting controlled loads, composite
layers in the wing of the OptiMALE shall be sized. According to Egs. (1) and
(2), the optimisation problem physically states as follows:

— Objective function f: Overall structural mass

— Design variables x: Approx. 600 design variables grouping ply thickness values
in composite elements, distributed over the aircraft wings

— Constraint functions g: Strain values in up to 40 layers of 5110 composite
elements close to the wing root section are constrained according to their
maximum allowable values.

It must be noted that the potential mass saving is limited, as only wing
composite elements shall be varied. Mass affected by the selected design variables
is 4% of the overall mass, only. The optimisation procedure selected to solve this
task is a classical sequential linear programming (SLP) algorithm.

5.4 Structural Optimisation Results

First, the wing composites are sized for the open loop response. From the opti-
misation run in Fig.9 it can be seen, that the final mass is achieved after few
optimisation iterations. The maximum constraint violation and the number of
active constraints, show that the optimiser has significant problems in converging
to a design. The constant change in constraints while maintaining the structural
mass after few iterations can be explained by a thickness-increase of composite
layers in the root area and a reduction in the tip area of the wing. From a phys-
ical point of view this is a plausible result as the main bending moment acts in
the wing root area, where the structure must thus be stiffened the most. The
responses of the re-analysed system is depicted in Fig. 10.

Objective Function 12000 Number of active constraints Maximum Violation
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1.000 10000 O Sy
0.995) 5|/
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Fig. 9. Objective function, number of active constraints and maximum constraint vio-
lation over the optimisation run without active controller

In the second run, the closed loop response is used for sizing the wing com-
posite layers. With loads manipulated by the control system, the optimisation
runs become smoother, as can be seen in Fig. 11. This is mainly due to the fact



Aeroservoelastic Aircraft Optimisation 1395

upper root strain - XX Layer 1 CoG displacement - Z

. 111 IA oo .
0.0 900-

A

0.6 “100 \/

& e ) 5 6 T

5 5 7 o 5 1 i 2 3 @ G 5 1
Time Time
CoG rotation angle - Y left wing tip displacement - Z

N9993999 - Y N5225202-Z

Displacement

Standardised Element Strain [-|

Displacement
3

Rotation (degrees)

e

5
Time

Fig. 10. Response of the optimised system without active controller
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violation over the optimisation run with active controller

that the structure does not experience the same amount of stressing input as
without the control system. The secondary effect of load reduction by application
of the simple controller can be studied by comparing the strain components in
Figs. 7 and 8. A reduction of approximately 50% can be spotted. This positively
affects the optimisation runs, as the optimiser finds a feasible design within few
iterations. Figure 12 depicts the response of the optimised system with active
controller.

For both re-analyses, the experienced strains of the optimised system are
higher, compared to the original ones. This is an expected result as during the
optimisation layer thicknesses in the composite elements are reduced for the
purpose of mass reduction. With less material to carry the external load, the
resulting internal strains increase.
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6 Conclusion

This paper presented a method to couple flight control systems to the industrial
MDO process. An overview on aeroelastic components from the current opti-
misation process was given. Load components from the aeroelastic equations of
motion were used to manipulate the solution process of structural dynamics.
For this purpose FCS commands were applied as control surface deflections to
the aeroelastic solver. It was presented how the resulting aeroservoelastic system
responses may be filtered and serve as a base for engineering optimisation tasks.
The resulting aeroservoelastic process was demonstrated at a generic MALE air-
craft configuration disturbed from a levelled flight. It can be summarised that the
consideration of flight control laws in MDO tasks reduces the loads experienced
by the structure and helps to find better aircraft designs.
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