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Abstract This paper presents aeroservoelastic investigations for the STEMME S15
prototype using a methodology of modelling the flexible aircraft dynamics in the
time domain. The effects of the flexibility in the closed-loop stability according to
the sensor positioning are discussed, for a pitch and a yaw damper. The modelling of
the flexible dynamics is based on the mean axes approximation, without consider-
ing the inertial coupling between the rigid-body and the elastic degrees of freedom.
The structural dynamics is linearly represented in modal coordinates. To determine
the incremental aerodynamics due to elastic deformations,an unsteady strip theory
formulation in the time domain is used, considering the exponential representation
of the Wagner function and the resulting stripwise aerodynamic lag states. Span-
wise correction to account for three-dimensional effects at the wing tip based on the
quasi-steady circulation distribution was applied. The validation of the open-loop
flexible aircraft simulations with flight test results are also presented.

1 Introduction

The use of aircraft control associated with aeroelasticity, or the inclusion of aeroelas-
tic effects on the aircraft control design, gave rise to a newterminology, frequently
used in the last years in aeronautical engineering: Aeroservoelasticity. In the edi-
torial of a special issue of the AIAA Journal of Aircraft about the Active Flexible
Wing Program [5], Noll and Eastep [4] outlined the increasing importance of aeroe-
lasticity and aeroservoelasticity in the vehicle conceptual and preliminary design
process. Nowadays aeroservoelastic stability analyses are required for clearance of
flight control laws either if the control laws are designed for influencing aeroelastic
behaviour, such as flutter suppression functions, or if theyare designed for manual
or automatic flight control of the aircraft. Complex models of the flexible aircraft
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2 Flávio Silvestre

dynamics that integrate CFD (computational fluid dynamics)and FEM (finite ele-
ment method) codes have been developed for open-loop and closed-loop simulation
and analysis, but they require very much computing time. Moreover, the complexity
of CFD/FEM models still hampers their usage in flight controlsystem design [13].

Even in major aircraft industries, integrated aeroelasticmodels are still only ap-
plied for flight control validation, and not in the flight control system development.
A schematic flow chart representing the industrial flight control law design process
is shown in ref. [10], based on Fielding and Luckner [7] considerations, indicat-
ing that aeroservoelastic analyses are carried out only after the off-line design. The
costs associated with these methods are also very high, inhibiting their application
by small aircraft industries. According to Krüger [9], it is (also) necessary to offer
faster and cheaper processes for the stability analysis of small, sport class of aircraft.

In this scenario, simpler but still reliable models for aeroservoelastic applica-
tions are desired. To fulfil these demands, a novel methodology for modelling the
dynamics of slightly flexible, high-aspect-ratio aircraftin the time domain has been
developed by Silvestre [16]. The objective of this paper is to demonstrate how the
effects of the flexibility can be taken into account in flight control law design using
this methodology. For this, the examples of a yaw damper and apitch damper for
the STEMME S15 are considered, and the effects of the flexibility according to the
angular rates sensor position are demonstrated. In section2 the methodology is pre-
sented; section 3 details the S15; subsequently the validation of the methodology is
commented on in section 4; the aeroservoelastic investigations are discussed in sec-
tion 5, and finally the most important points are summarised in section 6 completing
the scope of this paper.

2 The Flexible Dynamics Model

Within the project LAPAZ a non-linear high-fidelity flight simulation model for
the rigid aircraft, the motor glider STEMME S15, was built upin MATLAB R©

Simulink environment at TUB, as described by Meyer-Brügelin [15]. This complete
and complex model involves the six-degrees-of-freedom equations of motion with
quaternion based attitude calculation, considering the earth’s rotation and defining
the earth as an ellipsoid. Not only the body flight dynamics was modelled, but also
the dynamics of various systems composing the aircraft, thepower plant dynamics,
the dynamics of all actuators for all control surfaces and for the engine, the landing
gear and the nose wheel actuation, and the dynamics of all sensors installed on the
aircraft that are used for generating inputs to the flight control system. The model is
also equipped with a terrain model, necessary to validate the flight control laws at
low level flight. The aircraft is considered as a rigid body.
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Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 3

The calculation of “rigid-body”1 aerodynamic forces and moments is based on
parameter identification, assuming the aerodynamic force and moment coefficients
to be represented by parametric polynomial equations. The equations have a maxi-
mal polynomial rank of three and contain cross coupling terms up to second order.
The parameters have been estimated from flight test results utilizing parameter iden-
tification methods. For the concerned aircraft class an extensive flight test campaign
was conducted, involving 16 different manoeuvre types which have been realised
in 16 different reference flight conditions. Overall, approximately 40 GB of data
was generated, analysed and evaluated by Meyer-Brügel [15]. The most important
variables of the identified non-linear aerodynamic model are the angle of attack,
sideslip angle, angular rates, aerodynamic control surfaces deflections and motor
rotation. The model takes also into account ground effect and stall.

Fig. 1 Flying flexible aircraft,
and the inertial and mean axes
reference frames.
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To account for the aeroelasticity, a methodology was developed by Silvestre [16]
to extend the rigid-body simulation model. This methodology is based on the equa-
tions of motion for slightly flexible aircraft, derived at the reference system of the
so called mean axes, as explained in ref. [3]. The mean axes are defined as a float-
ing reference frame where the linear and angular momenta caused by elastic de-
formations vanish [2]. For slightly flexible aircraft, small structural displacements
can be assumed, and linearised mean axes constraints can be applied instead. Using
the modal approach to model the structural dynamics, the linearised mean axes are
found to lay at the centre of gravity (CG) of the undeformed structure, as in Fig. 1.

Applying Lagrangian mechanics, the use of the modal approach and the practical
mean axes constraints lead to the final equations of motion ofthe flexible aircraft.
These equations are formally the rigid-body equations of motion, supplemented by

1 “Rigid-body” aerodynamics refers to the aerodynamic forces and moments resulting from global
change of the aircraft state, regardless the changes causedby the flexible displacements.
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4 Flávio Silvestre

the differential equations of the structural dynamics in modal coordinates (the modal
amplitudes). The hypothesis of small elastic displacements results in no inertial cou-
pling among the flight dynamics and the structural dynamics.The only coupling is
of an aerodynamic nature.

The unsteady incremental aerodynamic forces and moments are modelled using
the incompressible potential theory. Jones’ exponential approximation of the Wag-
ner function [1] is used to model the circulatory contribution in the time domain.
The strip theory is applied, and the quasi-steady circulation distribution is used to
account for three-dimensional effects. Working withne elastic modes in the model,
which may be determined in a ground vibration test or calculated using a finite-
element model of the aircraft structure, each elastic mode is linearised at the elastic
axis (EA) of the lifting surface, as shown in Fig. 2.

Fig. 2 Approximation of the
elastic modal shapes at the
elastic axis by equivalent
displacement and torsion:
(a) representation of the k-th
modal shape on the LBRF; (b)
cross sectiony j .
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Considering both the non-circulatory (NC) and the circulatory (C) contributions,
the incremental aerodynamic forcesFA |B(G) and momentsMA |B(G) can be written
as:

FA |B(G) (t) = ρ(t)FA η̈ηη(t)η̈ηη(t)
+ρ(t)V(t)FA η̇ηη (t)η̇ηη(t)
+ρ(t)V2(t)FAηηη (t)ηηη(t)
+ρ(t)V(t)FAλλλ (t)(λλλ 1(t)+λλλ 2(t)) , (1)
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Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 5

MA |B(G) (t) = ρ(t)MA η̈ηη (t)η̈ηη(t)
+ρ(t)V(t)MA η̇ηη(t)η̇ηη(t)
+ρ(t)V2(t)MAηηη(t)ηηη(t)
+ρ(t)V(t)MAλλλ (t)(λλλ1(t)+λλλ2(t)) . (2)

The generalised force at thek-th elastic mode can be similarly put into the form:

Qη k(t) = ρ(t)Qηkη̈ηη (t)η̈ηη(t)

+ρ(t)V(t)Qη kη̇ηη (t)η̇ηη(t)

+ρ(t)V2(t)Qη kηηη(t)ηηη(t)

+ρ(t)V(t)Qη kλλλ (t)(λλλ 111(t)+λλλ 222(t)) . (3)

whereinρ is the air density,V is the true airspeed,ηηη is the vector of the modal
amplitudes,λλλ 111 andλλλ 222 are the vectors of the stripwise first and second lag states,
according to the exponential approximation of the Wagner function. The twelve ma-
trix coefficients in Equations (1), (2) and (3) are determined in ref. [16]

The equations of motion of the flexible aircraft are summarised in the following.
The matrices used in Equations from (5) to (7) are defined according to Tab. 1.

• Equations of the flight dynamics:

V̇
∣

∣

B(G) (t) =− ωωω |B(G) (t)× V|B(G) (t)+TB(G)I(t) G|I +
1
m Fext

∣

∣

B(G) (t)

ω̇ωω |B(G) (t) =−J−1(ωωω |B(G) (t)×
(

J ωωω |B(G) (t)
))

+ J−1 Mext
∣

∣

B(G) (t), (4)

wherein Fext|B(G) and Mext|B(G) are the external (propulsion and aerodynamic)
forces and moments acting over the aircraft, including the forces and moments
caused by the aircraft elasticity;G|I is the gravity acceleration vector(

[

0 0 g
]T

),
m is the aircraft mass andJ is the aircraft inertia matrix;TB(G)I is the transformation
matrix from the inertial to the global body reference frame;V|B(G) and ωωω |B(G) are
respectively the aircraft linear and angular velocities relative to the inertial reference
system but written on the global body reference frame.

• Equations of the structural dynamics:

ThAT1.4

632



6 Flávio Silvestre

[

η̇ηη(t)
η̈ηη(t)

]

=

[

0ne×ne Ine×ne

ΠΠΠ1(t) ΠΠΠ2(t)

][

ηηη(t)
η̇ηη(t)

]

+

[

0ne×ne

ΠΠΠ3(t)

]

(λλλ 1(t)+λλλ 2(t))

+

[

0ne×ne

ΠΠΠ4(t)

]

Xstate(t)+

[

0ne×ne

ΠΠΠ5(t)

]

ucontrol(t). (5)

The matricesΠΠΠ1, ΠΠΠ2, ΠΠΠ 3, ΠΠΠ4 andΠΠΠ5 are defined as:

ΠΠΠ1(t) =
[

µµµ −ρ(t)Qηηη
(NC)
η̈ηη (t)

]−1[

−µµµωωω2
n+ρ(t)V2(t)

(

Qηηη
(NC)
ηηη (t)+Qηηη

(C)
ηηη (t)

)]

ΠΠΠ2(t) =
[

µµµ −ρ(t)Qηηη
(NC)
η̈ηη (t)

]−1[

−2µµµξξξωωωn+ρ(t)V(t)
(

Qηηη
(NC)
η̇ηη (t)+Qηηη

(C)
η̇ηη (t)

)]

ΠΠΠ3(t) =
[

µµµ −ρ(t)Qηηη
(NC)
η̈ηη (t)

]−1
ρ(t)V(t)Qηηη

(NC)
λλλ (t)

ΠΠΠ4(t) =
[

µµµ −ρ(t)Qηηη
(NC)
η̈ηη (t)

]−1 1
2

ρ(t)V2(t)Sc̄Qηηη
(QS)
Xstate

(t)

ΠΠΠ5(t) =
[

µµµ −ρ(t)Qηηη
(NC)
η̈ηη (t)

]−1 1
2

ρ(t)V2(t)Sc̄Qηηη
(QS)
ucontrol

(t). (6)

In the latter Equations (5) and (6),Ine×ne and0ne×ne are respectively the identity
and the null matrices of orderne; Qηηη

(QS)
Xstate

andQηηη
(QS)
ucontrol

are respectively the contri-
bution of the aircraft state and the deflection of the controlsurfaces to the elastic
generalised loads, which were assumed to be quasi-stationary in this work. They
are calculated with quasi-steady aerodynamics and the strip theory, as in ref. [11].
The elements of the state vectorXstate are the aircraft angle of attackα, sideslip
angleβ , and the non-dimensional (divided by the factorV/

(

c̄
2

)

) angular rates ¯p,
q̄, and ¯r; the elements of the control vectorucontrol are the deflection of the control
surfaces: aileron, elevator, flaps, and rudder. Refer to ref. [11] for the expressions of
the structural stability derivatives inQηηη

(QS)
Xstate

andQηηη
(QS)
ucontrol

.

• Equations of the aerodynamic lag states:

λ̇λλ 1(t) = 2V(t)a1ccc−1λλλ 1(t)+A1ẇ f
3/4(t)

λ̇λλ 2(t) = 2V(t)a2ccc−1λλλ 2(t)+A2ẇ f
3/4(t), (7)

wherein ẇ f
3/4(t) is the vector collecting the stripwise accelerations at thethree-

quarter-chord, which can be determined with the time derivative of the spanwise
downwash at the three-quarter-chord, calculated in Eq. (8). It is a function of the
modal amplitudes, velocities and accelerations, as well asthe aircraft velocity:

wf
3/4(y j , t) = ϕϕϕEA(y j)η̇ηη(t)−V(t)γγγEA(y j)ηηη(t)+

(

x3/4j
− xEA j

)

γγγEA(y j)η̇ηη(t)

=
[

ϕϕϕEA(y j)+
(

x3/4j
− xEA j

)

γγγEA(y j)
]

η̇ηη(t)−V(t)γγγEA(y j)ηηη(t), (8)
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Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 7

whereinϕϕϕEA andγγγEA are respectively the vectors equivalent displacement and tor-
sion at the lifting surface’s elastic axis of all consideredelastic modes.

Table 1 Matrix definitions in the aeroelastic model.

Matrix Definition Dimension

µµµ diagonal matrix, containing the modal massµk in
the main diagonal (modal mass matrix)

ne×ne

ξξξ diagonal matrix, containing the structural damping
factorsξk in the main diagonal

ne×ne

ωωωn diagonal matrix, containing the natural frequen-
ciesωnk in the main diagonal

ne×ne

0ne×ne null matrix ne×ne

Ine×ne identity matrix ne×ne

Qηηη
(NC)
ηηη ,Qηηη

(NC)
η̇ηη ,Qηηη

(NC)
η̈ηη diagonal matrices, containing respectively the line

vectorsQηk
(NC)
ηηη ,Qηk

(NC)
η̇ηη ,Qηk

(NC)
η̈ηη

ne×ne

Qηηη
(C)
η̇ηη ,Qηηη

(C)
η̈ηη diagonal matrices, containing respectively the line

vectorsQηk
(C)
η̇ηη ,Qηk

(C)
η̈ηη

ne×ne

Qηηη
(C)
λλλ diagonal matrix, containing the line vectorsQηk

(C)
λλλ ne×ns

Qηηη
(QS)
Xstate

quasi-stationary contribution of aircraft states to
the elastic generalised loads, consideringXstate=
[

1 α β p̄ q̄ r̄
]T

(see ref. [11])

ne×6

Qηηη
(QS)
ucontrol

quasi-stationary contribution of the control sur-
faces to the elastic generalised loads, considering
aileron, flaps, elevator and rudder (see ref. [11])

ne×4

ΠΠΠ 1,ΠΠΠ2,ΠΠΠ3,ΠΠΠ4,ΠΠΠ5 see Eq.(6) ne×ne

c diagonal matrix, containing the chords of all strips,
c j , in the main diagonal

ns×ns

ẇ f
3/4 column vector which collects the downwash accel-

erations at the three-quarter-chord position of all
strips

ns×1

Together with the equations of the kinematics of flight, Equations (4), (5) and
(7) are already in the form to be programmed for flight simulations of the flexible
aircraft. Next section shows the integration of the aeroelastic model to the rigid-body
flight simulation model of S15 prototype.

3 Aircraft Description

The modelling methodology of ref. [16], summarised in the last section, is applied
to the STEMME S15 “Demonstrator”, a prototype of the commercial motor glid-
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8 Flávio Silvestre

ers STEMME S6 and S152 from the German aircraft manufacturer STEMME AG3.
Having a higher wing stiffness than the production aircraft, the S15 prototype is
an experimental aircraft platform that is used in the project LAPAZ (abbreviation
for Luft-Arbeits-Plattform für die AllgemeineZivilluftfahrt in German, translated
as aerial work platform for the general civil aviation), a project financially sup-
ported by the German National Aeronautics Research Programme (LuFo IV, abbre-
viation forLuftfahrtforschungsprogrammIV). In its first phase, the project intended
to develop and demonstrate a reliable, high-precision automatic flight control system
for the S15 to support measurements in flight for geo-exploration and surveillance
tasks. The partners are the German aircraft manufacturer STEMME, the Universität
Stuttgart and the Technische Universität Berlin (TUB), TUB being responsible for
the flight simulation models as well as the flight control law design for the automatic
flight control system. The first project phase, LAPAZ I4, ended in October 2010 with
flight tests, which proved that the flight control system had been successfully imple-
mented. In a second phase, LAPAZ II5, inaugurated in October 2010, automatic
take-off and landing as well as gust load alleviation functions will be demonstrated.
The landing function having already been successfully demonstrated by the end of
March 2012, see ref. [17].

Fig. 3 The STEMME S15
prototype used in the LAPAZ
project at Strausberg Airport.

The S15 is a utility aircraft, for which an optionally piloted version is being de-
veloped. It is equipped with a Bombardier-Rotax motor 914S,tricycle landing gear,
and has two seats. The wing span is 18m and the horizontal empennage is in T-tail
configuration. Figure 3 shows the aircraft at the aerodrome of Strausberg, Germany.
The main properties are listed in ref. [17], and a summary is presented in Tab. 2 for

2 S6 is the CS-22 certified sport version of the aircraft; S15 isthe CS-23 certified utility aircraft
with increased MTOW and hard points under the wings that allow mounting pods.
3 Further information about the aircraft manufacturer at:
http://www.stemme.de
4 Further information at TU Berlin’s website of the project (February 2nd, 2012):
http://www.fmra.tu-berlin.de/menue/forschung/projekte/flugregelung/lapazi/
5 Further information at TU Berlin’s website of the project (March 8th, 2012):
http://www.fmra.tu-berlin.de/menue/forschung/projekte/flugregelung/lapazii/
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Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 9

the aircraft empty configuration. The inertia moments were determined experimen-
tally using a pendulum and techniques of system identification by Rudenko [14].
The inertia productsIxy, Ixz andIyz were not estimated and thus considered null in
a first approximation. The position of the centre of gravity in Tab. 2 was estimated
as well in ref. [14], with the exception of the lateral position, approximated by zero
assuming symmetry relative to thexz-plane.

Table 2 General properties of S15 “Demonstrator” in empty configuration (without pilot, co-pilot,
and fuel).

Property Symbol Value Unit

reference area S 17.40 m2

wing’s mean aerodynamic chord ¯c 1.0064m
wing’s span b̄ 18.0 m
mass (empty) m 750 kg
inertia moment, x Ixx 5262 kg.m2

inertia moment, y Iyy 1913 kg.m2

inertia moment, z Izz 7015 kg.m2

position of the CG, x xCG −2.8070m
position of the CG, y xCG 0 m
position of the CG, z xCG −0.2640m

The S15 demonstrator has a stall speed at MTOW of approximately 90.0km/h
(25.0m/s), and a maximum speed in level flight with maximum continuous power
of approximately 280.0km/h (77.8m/s).

As discussed in section 2, the structural dynamics in the aeroelastic model are
represented using the modal approach. The Institute of Reliability (Institut für Zu-
verlässigkeitstechnik) of the Technical University Hamburg-Harburg (TUHH) car-
ried out a GVT (Ground Vibration Test) campaign with the S15 in 2008 for flutter
calculations [12]. This work uses the available results. For the aeroelastic model, the
modal eigenvectors up to 30Hz were considered, which are given in Tab. 3. This is
assumed to be sufficient for the intended investigations that address aeroservoelas-
tic effects of the controlled aircraft. Table 3 refers to thefixed-control-surface GVT
results6.

Figure 4 shows the linearised modal shape of the first symmetric wing torsion to-
gether with the points obtained at the GVT, where the accelerations were measured.
Observe that just the modal shape’s component perpendicular to the lifting surface,
thus the only component considered in the incremental aerodynamic model, is dis-
played. The linearised modal shape fits very well the points determined in the GVT.
Corresponding equivalent elastic displacements and torsions can be seen spanwise
in Fig. 5.

With the spanwise aerodynamic properties, the strip geometry, and spanwise
equivalent flexible displacements and torsions about the elastic axis, an aeroelas-

6 The characterisation of the elastic modes in symmetric and anti-symmetric modes is merely an
approximation.
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Table 3 First 16 elastic modes of S15 (in order of modal frequency) determined at the GVT test
campaign at the TUHH [12], in empty configuration and with fixed control surfaces, which are
considered in the aeroelastic model.

# Definition
FrequencyStructural modal

Symmetryωn (Hz) dampingξ (%)

1 1st bending, wings 3.29 0.55 symmetric
2 1st swing, wings and body 4.24 1.24 anti-symmetric
3 1st bending, wings 7.34 1.00 anti-symmetric
4 1st swing, wings 7.39 1.02 symmetric
5 1st torsion, body 8.07 1.75 anti-symmetric
6 1st bending, body 9.02 0.84 symmetric
7 2nd bending, wings 11.55 0.72 symmetric
8 1st swing, horizontal fin 11.72 1.34 anti-symmetric
9 1st bending, horizontal fin 13.55 0.86 anti-symmetric
10 2nd bending, wings 15.37 1.09 anti-symmetric
11 2nd bending, body 19.74 1.74 symmetric
12 2nd swing, wings and body 20.13 0.86 anti-symmetric
13 3rd bending, wings 21.02 2.06 symmetric
14 2nd swing, wings 25.32 1.98 symmetric
15 1st torsion, wings 27.87 1.26 symmetric
16 1st torsion, wings 28.99 3.01 anti-symmetric

Fig. 4 Linearised modal
shape of the first symmetric
wing torsion and the eigen-
vector points from the GVT
(only the modal shape’s com-
ponents perpendicular to the
corresponding lifting surfaces
are shown).

non-deformed structure

measured points at the GVT

linearised modal shape

Fig. 5 Equivalent spanwise
elastic displacement and
torsion of the first symmetric
wing torsion, used in the
simulation model.

First symmetric wing torsion, 27.87Hz

 

 

non−deformed structure
equivalent elastic displacement
equivalent elastic torsion

tic database can be created. The aeroelastic database enables the determination of
the matrices of unsteady coefficients, given in section 2.
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Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 11

4 Model Validation

To validate the aeroelastic simulation program in the time domain, manoeuvres were
specified to a limited portion of the aircraft flight envelope. Basically, manoeuvres
adding sufficient energy into the system were chosen, while keeping the excitation
amplitudes at a low level for safety reasons. Accelerometers distributed over the
aircraft structure measured the structural behaviour. Theresults were compared to
time simulation for the same (also measured) inputs and flight condition as similar
as possible.

For the validation of the aeroelastic simulation model, an independent aeroe-
lastic measurement system was integrated. The equipment consisted basically of 7
ICP (integrated circuit piezoelectric) one-dimensional accelerometers of the type
352C65 from the sensor manufacturer PCB7, low noise cables and an acquisition
system, a small portable SCADAS Recorder device from LMS8. The 352C65 sen-
sor type is a miniature accelerometer with 11.2mm height andless than 10.0mm
diameter, weighing only 2 grams. It measures accelerationsup to±50g peak in a
frequency range from 0.5 up to 10,000Hz and operates at temperatures from -54◦C
up to 93◦C. It is ideal for applications where it is desired to add as little as possible
extra weight to the test structure. The LMS SCADAS recorder is an autonomous ac-
quisition system built on the SCADAS mobile technology [8].The SCM05 version
has up to 40 channels and a GPS antenna, and the acquired data are recorded on a
compact flash card. The data can be processed later using the device in a PC front
end configuration. The unity has the plant size of a laptop (345-92-300mm), weighs
6.2kg and its internal battery has 1h operation autonomy. A photo of the SCADAS
Recorder is shown in Fig. 6, mounted over the co-pilot seat inS15, in a front-end
configuration to program the compact flash card for the automatic recording func-
tion.

Fig. 6 SCADAS Recorder
placed over the S15 co-pilot
seat (here in a front-end
configuration operating with
a laptop to configure the
compact flash card before
flight)

The accelerometers were distributed in two measurement sets, namely:

7 http://www.pcb.com/
8 http://www.lmsintl.com/

ThAT1.4

638



12 Flávio Silvestre

• measurement set 1, specially for the behaviour of the wing - five sensors were
placed on the left wing, organised at three different stations, including the wing
tip; one sensor was mounted on the right wing tip to differentiate symmetric from
anti-symmetric elastic modes; the remaining sensor, common to both measure-
ment sets, was placed on the horizontal empennage as a link toboth measure-
ments;

• measurement set 2, specially for the behaviour of the tail - three sensors were
placed on the vertical empennage, while the remaining four sensors were dis-
tributed on the horizontal empennage.

Figure 7 shows the assembly of the sensors S1 and S2 of measurement set 1,
evidencing the placement details and its exact location, fixation and cable disposi-
tion, as well as the solutions to pass them through into the fuselage to the SCADAS
recorder.

Fig. 7 Assembly of sensors
S1 and S2 in measurement set
1 at the left wing.

cable duct

(a) Sensors S1 and S2 of measurement set 1 at the left
wing, laying in the connection wing-winglet. The electri-
cal cables pass through a small duct leading to the cockpit;

(b) Sensor S1 close to the
wing leading edge in detail;

(c) Sensor S2 close to the
wing trailing edge in detail.

For the excitations, the control surfaces were used. Advantage was taken of the
S15’s full-authority flight control system (AFCS). The desired excitation signals
were programmed and their index and parameters could be selected using the re-
programmed auto-pilot control panel (AFCP), developed by TUB. As a whole, the
flight test campaign used the following excitation signals:

• sinusoidal inputs of constant frequency;
• sinusoidal inputs of increasing and decreasing frequencies (sine-sweep);
• 3-2-1-1 step input.

The response at sensor S1 positioned at the left wing tip as well as the deflection
at the left wing’s internal flap (IL) can be seen in Fig. 8 for the sinusoidal input
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using the flaps, at a constant frequency of 3.29Hz and 120km/hIAS. A very good
coherence between measured and simulated acceleration at S1 in the permanent
response and an almost unnoticeable phase difference can beobserved.

Fig. 8 S1 accelerations and
flap deflection in a 3.29Hz flap
sine manoeuvre at 120km/h
IAS.
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Overall good results were reported from the comparison of the simulated results
and the flight test data. The damping factors predicted by thesimulation model
were lower than the damping factors determined from flight test data. Therefore it
can be concluded that the model is conservative, i.e. the model is on the safe side. In
general, and also considering the difficulties in calculating the damping ratios from
flight test data due to signal degradation (noise for example), the values predicted by
the flight simulation model can be considered satisfactory -an average of up to 80%
of the measured value for modes 2 (first anti-symmetric swing, wings and fuselage)
and 3 (first anti-symmetric wing bending). The amplitudes ofthe accelerations in
the permanent excitation, regarding the flaps and ailerons,were predicted also sat-
isfactorily, with averages under 20% error. For the rudder,important differences in
amplitude appear, which die out with the flight speed, pointing out the importance of
the rudder effectiveness, not considered in the model. Phase differences become im-
portant for the excitation of modes 2 and 3. The analyses of the sweep manoeuvres
in the frequency domain indicated a small difference in the resonance frequencies
between model and flight measurement. Small differences in frequency have a great
impact on the phase.

5 Aeroservoelastic Stability Analysis

In this section, the aeroelastic model will be used to predict the influence of aircraft
control on the stability of the elastic modes. Two simple examples are analysed: a
yaw damper, with feedback from the yawing rate to the rudder;and a pitch damper,
with feedback from the pitching rate to the elevator.
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14 Flávio Silvestre

The integrated dynamic model of the flexible aircraft can be used to predict the
contribution of the flexibility to the angular rates based onthe position of the respec-
tive sensor. Normally the sensors that measure the angular rates are located close to
the aircraft CG and at the aircraft symmetry plane, where theflexibility effects are
minimal. To demonstrate the effects of the flexibility, two different hypothetical
sensor locations are chosen, which are shown in Fig.9. PointP1 lies 0.67m from
the aircraft symmetry plane at the right wing, and 0,60m aft from the wing leading
edge. Point P2 lies at the VTP, 0.64m from the VTP leading edge, at a distance
0.16m from the fuselage.

Fig. 9 Hypothetical sensor
positioning to measure the
aircraft angular rates.

CG P1

P2

BeingΦΦΦ (P) the vectorial function of the elastic displacements at a generic point
P of the aircraft structure, the elastic contributions to theroll, pitch and yaw rates
measured at this point are, respectively:

∆ pflex =

[

∂ΦΦΦz(P)
∂y

−
∂ΦΦΦy(P)

∂z

]

η̇ηη

∆qflex =

[

−
∂ΦΦΦz(P)

∂x
+

∂ΦΦΦx (P)
∂z

]

η̇ηη

∆ rflex =

[

∂ΦΦΦy (P)
∂x

−
∂ΦΦΦx (P)

∂y

]

η̇ηη . (9)

The elastic modes contribute to the angular rates at their eigen frequency. If the
angular rates are fed back to the control system, there is a demand for the control
system to act at the same frequencies. The result is a coupling of the control with
the elastic mode, which can increase or decrease the modal damping.

For the following aeroservoelastic investigations, the aircraft was linearised at
the flight condition of Tab. 4. The yaw damper is simply a feedback from the yaw
rate to the rudder command, so that:
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Table 4 Reference condition for aeroservoelastic investigations.

Parameter Value Unit

mass 1000 kg
CG position (from nose) 2.64 m
velocity (TAS) 50 m/s
altitude 1200 m
throttle 98 %
RPM 1953.5 RPM
flaps 0◦

sideslip angle 0◦

bank angle 0◦

δrudder= Kr r
sensor

= Kr

(

rRB+∆ rflex
)

. (10)

Here,rRB denotes the “rigid body” yaw rate, i.e. the yaw rate due to theangular
motion of the aircraft without flexibility effects, whilersensoris the measured yaw
rate at the respective sensor, thus accounting for the flexibility effects.

Similarly, the pitch damper consists in a feedback of the pitch rate to the elevator
command, so that:

δelevator= Kqqsensor

= Kq

(

qRB+∆qflex
)

. (11)

Reaction time and filters were ignored in this demonstration. Figures 10 and
11 show the root-loci for the gainKr varying from 0 to 1◦/(◦/s), for the yaw rate
measurement at point P1 and P2 respectively. In the first case, the root-loci of the
elastic modes remain almost unchanged asKr increases. Point P1 lies on the wing,
thus an incremental elastic yaw rate would arise from a wing swing mode. Staying
close to the fuselage, rotations due to the swing mode are locally negligible. On
the other side, for measurements of yaw rate at point P2, Fig.11 shows that elastic
modes 2, 8, 12 and 16 get unstable. The first anti-symmetric wing swing (mode 2)
gets unstable forKr = 0.3◦/(◦/s). This elastic mode, with a high contribution from
HTP and VTP, has a great influence over∆ rflex. The same can also be said from
modes 5 (first fuselage torsion), 8 (first swing, horizontal fin), 12 (second swing,
wings and body) and 16 (first anti-symmetric wing torsion) - refer to Tab. 3 to the
association of elastic mode number and mode description. InFig. 12 the root-loci of
the dutch roll mode are shown in detail, comparing both measurement points P1 and
P2. No important differences are observed - for a moderatelyflexible aircraft, the
elastic contribution to the angular rate is small compared to the body angular rate.
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16 Flávio Silvestre

Fig. 10 Root-loci of the
flexible aircraft dynamics at
50m/s with yaw damper, the
gainKr varying from 0 to 1s;
the yaw rate measured from
point P1.× poles;o zeros;+
Kr = 0.1s.
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Fig. 11 Root-loci of the
flexible aircraft dynamics at
50m/s with yaw damper, the
gainKr varying from 0 to 1s;
the yaw rate measured from
point P2.× poles;o zeros;+
Kr = 0.1s.
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The root-loci of th e aircraft dynamics with the pitch damperare displayed in
Figures 13 and 14 respectively for measurements of pitch rate at points P1 and P2.
The flexibility can induce a pitch rate at point P1 by means of wing torsion or fuse-
lage bending. At point P2, the most important effect is the fuselage bending. In Fig.
13 it can be observed that mode 6 (first symmetric fuselage bending) gets unstable
(for Kq approximately 0.4◦/(◦/s)). Mode 14 (second symmetric wing swing) moves
in the direction of the unstable region, and mode 15 (first symmetric torsion of the
wings) gets more stable. Turning to Fig. 14 for point P2, mode6 gets more stable,
while mode 11 (second fuselage bending) gets unstable forKq approximately 0.75
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Fig. 12 Root-loci of the
flexible aircraft dynamics
at 50m/s with yaw damper,
the gainKr varying from
0 to 1s; comparison of low
frequency root-loci for sensor
positioning at P1 and P2.×
poles;o zeros;+ Kr = 0.1s
(P1);∗ Kr = 0.1s (P2).
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◦/(◦/s). The different root-loci of the elastic mode 6 are shown in Fig. 15 comparing
the sensor position at P1 and P2 - observe the importance of the sensor placement. In
the same figure, the root-loci of the short-period are shown,and no important differ-
ences can be observed regarding the sensor position, for thesame reason discussed
above for the yaw damper.

Fig. 13 Root-loci of the
flexible aircraft dynamics at
50m/s with pitch damper, the
gainKq varying from 0 to 1;
the pitch rate measured from
point P1.× poles;o zeros;+
Kq = 0.1s.
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18 Flávio Silvestre

Fig. 14 Root-loci of the
flexible aircraft dynamics at
50m/s with pitch damper, the
gainKq varying from 0 to 1;
the pitch rate measured from
point P2.× poles;o zeros;+
Kq = 0.1s.
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Fig. 15 Root-loci of the
flexible aircraft dynamics at
50m/s with pitch damper,
the gainKq varying from
0 to 1; comparison of low
frequency root-loci for sensor
positioning at P1 and P2.×
poles;o zeros;+ Kq = 0.1s
(P1);∗ Kq = 0.1s (P2).
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6 Conclusions

This paper demonstrated the application of a methodology ofmodelling the dynam-
ics of moderately flexible, high-aspect-ratio aircraft in the time domain for aeroser-
voelastic investigations. In the examples given in this paper, the effects of the flex-
ibility measured by angular rate sensors were illustrated concerning the stability
of the closed-loop system for an yaw and a pitch damper. It is clearly seen that
feeding back a signal containing flexible contributions (atdifferent frequencies) can

ThAT1.4

645



Aeroservoelastic Investigations of a High-Aspect-Ratio Motor Glider 19

make the overall system unstable. Similarly, control couldbe applied to increase the
damping of the elastic modes. Selecting two different sensor positions, the influence
of different modes in the closed-loop system were outlined.These simple examples
evidence the relevance of this methodology. Validation of this methodology with
flight test results attested the fidelity of the model and therefore substantiates its ap-
plicability to this kind of problem. It is expected that thismethodology will be used
to assist the control law design for the class of aircraft discussed here.
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