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Abstract: In the framework of the Ultra High Aspect Ratio Wing Advanced Research and Designs
(U-HARWARD) CS2JU founded project, different gust load alleviation (GLA) technologies were
developed and studied. GLA is a key enabler for the development of new generation UHARW,
indeed the GLA allows to limit the gust loads and as a direct consequence it can reduce the
structural weight of the wing itself and considering the snowball effect of the entire aircraft. This
overall weight reduction improves the global aircraft efficiency allowing an increase in the aspect
ratio.

GLA technologies can be divided into two main categories: the passive ones where no action is
needed to reduce the load and the active ones where a control system modifies the aerodynamic
loads automatically. In this case, the passive GLA is performed with a Folding Wing Tip (FWT)
developed by the University of Bristol and the GLA is performed with a Static Output Feedback
controller developed by Politecnico di Milano. Both cases are compared with the baseline aircraft.

A flutter assessment is performed to prove that the FWT do not introduces aeroelastic instabilities
and the aircraft is flutter free across the entire flight envelope when the FWT is free to float.

A comprehensive comparison of the load envelopes obtained is provided, considering almost 2000
load cases for different flight points and mass configurations for the baseline aircraft and the GLA
solutions. The gust cases are compliant with CS25 regulations and account for positive and
negative cases, providing the bending-torsion envelopes in different spanwise placed monitoring
stations.

Thanks to NeOPT it was possible to realize a hybrid FEM model of the aircraft, where the wingbox
is modelled with a detailed GFEM while the other components are modelled as stick elements.
This model was used to perform linear gust analyses in Nastran with the hinge locked and released.
The results of this HI-FI structural solution are used to compare the wing failure indexes in the
two conditions, assessing the effectiveness of the GLA.
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1 INTRODUCTION

In the latest years, the research on high aspect ratio wings [1]-[10] stimulated the aeroelastic
community producing a lot of work on the design challenges the development of new tools to
account for the increased flexibility and the experimental validation [11].If the benefits of
increasing the Aspect Ratio are clear (reduced induced drag and improved aerodynamic
efficiency), the drawbacks due to the slenderer wing are not negligible. The aerodynamic forces,
particularly the bending moment, increase requiring more structural mass to withstands the loads;
the increased flexibility may introduce aeroelastic instability that may jeopardize the aircraft
(Flutter, control reversal, divergence). In this framework, the U-HAWRWARD project [2][12]
investigates different technologies to increase the aspect ratio of the aircraft, limiting the weight
increase and accounting for the aeroelastic phenomena. In particular, two strategies for the gust
load alleviation were investigated: an active Static Output Feedback (SOF) controller [13][14] that
uses conventional control surfaces (ailerons and elevator) developed by Polimi, and a flared hinged
folding wing tip (FWT) [15]-[18] investigated by the University of Bristol.

2 MODEL AND METHODS

This section describes the model used for the analyses, that are a stick FEM model coupled with a
Doublet-Lattice (DLM) mesh through a set of Radial Basis Function (RBF) splines. In the case of
the FWT, the hinge was introduced through an MPC mechanism to account for the free-floating
wing tip, small elastic elements (CELAS) are placed on the hinges rotations degrees of freedom to
decouple the FWT modes from the free-body dynamics of the aircraft. The resulting FWT rigid

Figure 1: FWT modes at 0.04Hz: left symmetric and right anti-symmetric

To have a common base for the comparison between the two technologies, the FWT hinge
spanwise position is in correspondence of the aileron, in this way the same wing span is used for
the passive and active alleviation technologies. The aircraft aeroelastic model, with a detail of the
hinge position and orientation is presented in Figure 2. The hinge orientation is the result of a
parametric study [18] that optimizes its effectiveness.
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1
Figure 2: CNT ARIS5 stick model and the detail of the left wing with the coordinate system used to define the hinge.

The same model, with the hinge locked, was used to realize the baseline aircraft and the model
equipped with the SOF controller. To implement the controller, the FEM model was translated
into a SS-model thanks to the Matrix Fraction Approximation (MFA) [22] implemented in
NeoCASS and used to identify the Generalized Aerodynamic Forces (GAFs) transfer function
between the nodal forces and the structural motion, the external gust excitation, and the control
surface deflection. The actuators were modelled with 2" order low pass filters with 15Hz
bandwidth and added to the aeroelastic system, leading to the aero-servo-elastic system of Eq. (1)

{J’C=Ax+Bu
y=Cx+ Du (1)

The controller is static because it directly uses the measured signals to generate the control input,
except for a discrete integrator used to obtain the structural velocities. Its structure is the one in
Eq.(2), where the ailerons are moved symmetrically and proportionally to wing tip and center of
gravity accelerations and velocities, and the pitch rate. The elevator is moved proportionally to the
pitch rate to alleviate the low frequencies gusts and to guarantee the stability of the rigid body
modes.

Xtip RH)

Xtip RH
Saite RH X1 Xz X1 Xz X3 X4 Xs5]|Xgppm

{ }=_[ xtipLH}ﬁuz_Gy 2)
Xce
XcG

\ q J

The procedure used to tune the SOF’s gain matrix is the one presented in [23], a cost function f as
in Eq.(3) is used. It is a weighted sum of the ratio between the open and closed loop (OL and CL
respectively), bending and torsional moment (BM and TM) monitored on the wing root and engine
section (WR and ES).
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The constraints used during the optimization are the stability of the system, hence the closed loop
state matrix eigenvalues and the ratio of the control surfaces, that saturate at 80 - Figure 3 shows
the sensor and control surface layout used for the active GLA.

Elevator

Figure 3: Sensor location and control surfaces used for GLA

3 NUMERICAL RESULTS

The models above described were analyzed to investigate the gust response. For each flight point
and mass configuration, the 1-cosine gust input related to 10 equally spaced gust gradient between
9m and 107m where studied, for both positive and negative gust amplitude. The gust shape is
obtained as prescribed by EASA/CS25 regulation [24], for sake of simplicity and to be
conservative, the flight profile alleviation factor, Fg, was considered equal to 1. The gust shape,
for different flight points and gust gradients can be obtained ai in Eqgs.(4)(5)

U= ZZEU H 4
as = [ FoUrer (157 4)

Ugnr = 225 (1 (ant 5
st =51 = cos (57¢) >

The six flight points considered are equivalent to a cruise speed of EAS=150m/s for altitudes going
from Om to 10000m with a step of 2000m. The four mass configurations considered are reported
in Table 1. For each gust, four time-correlated loads are obtained: maximum and minimum
bending and torsional moments. This led to an envelope of 4 mass configurations, 6 flight points,
20 gusts, 4 loads for each gust that results in 1920 load conditions.

=
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Table 1: mass configuration considered for the gust analysis

Mass Configuration Payload Fuel
CONF1 100% 80%
CONF2 80% 100%
CONF4 100% 0%
CONF5 50% 100%

Gust Shapes
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Figure 4: Flight Points considered for e
gust analysis Figure 5: Gust shapes at z=8000m and TAS=229m/s

To compare the load alleviation capabilities, the wing root bending and torsional moment were
enveloped for the cantilevered (CNT), folding wingtip (FWT) and cantilevered with gust load
alleviation (GLA) configurations. The flight and mass envelopes considered are presented in
Table 1 and Figure 4.
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Figure 6: Torsional-Bending moment envelope at the wing root

Table 2: Alleviation comparison at the wing root

Configuration WRBM WRTM

CNT - -
FWT -14.9% -1.4%
GLA -16.1% -13.2%

Both FWT and GLA can reduce the WRBM up to a 15%, with slightly better performances for the
GLA, which alleviate also the WRTM while the FWT impact on this component is negligible.

Despite the overall WRBM envelope reduction for the FWT is around 15%, a drawback of this
technology arises. While comparing the time responses of the WRBM, is it possible to see that the
peak value is reduced but the damping of the response is lower, as Figure 7 shows. From one side,
the FWT helps in reducing the sizing loads, but it increases the fatigue in the components.

An explanation of this is shown in Figure 8, that represents a comparison of the transfer function
between the gust input and the WRBM for a cruise condition. It is clear that the mode at 2Hz,
related to the first wing bending, is less damped when the hinge is released. Physically, it is missing
the damping action of the outer wing.

The phenomenon is more evident for a gust gradient of 58m, equivalent to a gust frequency of
1.97Hz, close to the resonance peak in the transfer function.
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Figure 7: Time response for three gust gradients at z=8000m, VTAS=229m/s
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Figure 8: Transfer Function between the gust angle and the WRBM, z=8000m and VTAS=229m/s.

To assess the stability of the system, a flutter analysis of CNT and FWT was performed, producing
the V-g plots of Figure 9: the damping reduction identified by the WRBM analyses is clear here,
the 1% bending mode of the FWT has a reduction of the aeroelastic damping between 160 and 220
m/s. Despite the stability is guaranteed, the damping evolution of the FWT over the flight envelope
identifies a zone where the system struggles to reduce the vibration, introducing fatigue possible
fatigue problems. The cruise condition considered is at 229m/s that is close to this area, and
combined to the quasi-tuned gust with H=58m, results in a low damped WRBM as shown in Figure

7.
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Figure 9: V-g plot for CNT (left) and FWT (right), z=8000m

4 HIGH FIDELITY MODEL

NeOPT produces a detailed Nastran FEM model of the wingbox [5], which was substituted to the
wing’s stick model in the aircraft model, creating a hybrid model. This kind of model has stick
elements for the fuselage and the tail planes, while the wingbox is entirely modelled with its high-
fidelity FEM model. The skins, ribs and spar webs are modelled with composite (PCOMP) plates
(CQUADA4) with the stacking sequence of Figure 10, while the stringer and spar caps are modelled
with bar elements (CBAR). The non-structural mass distribution (fuel and payload) is represented
with concentrated masses (CONMZ2). Since the model is analysed with Nastran, the aerodynamic
method used is the Doubled Lattice Method (DLM). The model was realized both for the CNT
wing and for the wing equipped with the FWT. The resulting hybrid model is shown in Figure 11,
while Figure 12 illustrates the components of the detailed wingbox FEM. Figure 13 shows the
hinge mechanism for the IWT that is realized through MPC as in the stick model. The rigid modes
of the two FWT are shown in Figure 14.
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Figure 10: Stacking sequence for the composite components
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Figure 13: Modeling of the FWT hinge
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Figure 14: FWT modes for the Hybrid Model, both at 0.04Hz

Computational effort for this model is way more expensive with respect to the stick model, for this
reason the gust analysis is performed for a single flight point, considering three different gust
length (H=9, 58, 107m). The flight point is the cruise at 8000m, with a TAS of 229.09 m/s and a

Mach number of 0.74.

To compare the behavior of the GFEM with respect to the stick model, the time responses of the
displacement for three different spanwise section were compared. The first section is the wing

root, the second is the FWT hinge while the last one is the wing tip.
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Figure 15: Comparison of the displacement obtained for the Hybrid and Stick models
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The responses in term of vertical displacement are quite similar for the peak value, a shift in
frequency is evident and it can be related to a difference in the first wing bending mode, which
appear to be stiffer, and the mass distribution is slightly different. In fact, the 1% bending of the
GFEM is at 2.034Hz, while it is at 1.896Hz for the stick model. In general, the responses are quite
similar, meaning that the GFEM and the stick model are correlated.

4.1 Failure Index analysis

For the GFEM it is possible recover stress and strain information rather than the time evolution of
the internal forces. The Failure Index (FI) is an indicator of how much dangerous a load condition
i, In this case it is used to evaluate the difference between the solution obtained for the CNT and
FWT configurations. The failure index is monitored on an element of the upper skin close to the
wing root, but sufficiently far from the carrythrough so that boundary effects vanish (Figure 16).
The gust and the flight point considered are the one used to compare the stick model and hybrid
model displacement in the previous section.
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Figure 16: element considered to monitor the FI
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Figure 17: FI comparison, H=58m, Z=8000m, VTAS=229m/s

From Figure 17 is it possible to see how the most critical failure indexes, i.e. the ones of plies 1
and 8 are lowered by the FWT, but the oscillatory behaviour highlighted in Section 4 is present
also for the FI. This may introduce criticalities from the fatigue point of view and must be taken
into consideration in the design. Possible mitigation action of such phenomena will be discussed
in the conclusions.

12
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Figure 18: FI comparison, H=58m, Z=8000m, VTAS=229m/s

From Figure 18, but also from Figure 17 and Figure 22, it is possible to see that the more critical
ply for the stacking sequence is the Ply#1, which is the one with the fiber oriented at 0° (parallel
to the wingspan). The following figures (Figure 19 and Figure 20) compares the axial stress
distribution for Ply#1 at the instant where the FI is higher (t=0.45s from Figure 18) for both the
CNT (left wing) and FWT (right wing) configurations. The scale used for the stress is the same for
a direct comparison between the two solutions. Figure 21 compares the deformed shape of the two
configurations at the peak’s value instant.

Is it clear that the overall stress distribution on the wing is lower for the FWT when the gust peak
occurs, and it is a direct consequence of a lower internal force acting on the wing as shown by
Figure 7 for the stick model.

13
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Figure 19:CNT (LH) vs FTW (RH), H=58m, Z=8000m, VTAS=229m/s, t=0.45s, opi1.xSkin upper

Figure 20: CNT (LH) vs FWT (RH), H=58m, Z=8000m, VIAS=229m/s, t=0.45s, opy1xskin lower

Figure 21: CNT (LH) vs FWT (RH), H=58m, Z=8000m, VTAS=229m/s, t=0.45s, deformed shape

In the case of a lower frequency gust (Figure 22), with gust gradient H=107m equivalent to 1.07Hz,
the F1 are lower and damped for the FWT. In fact, the gust excitation is separated from the 1% wing
bending mode (around 2Hz), as it is possible to see from Figure 8.

14
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Figure 22: FI comparison, H=107m, Z=8000m, VTAS=229m/s

5 CONCLUSIONS

This paper compared the effect of active (GLA) and passive (FWT) gust load alleviation
technologies. The first part of the work showed how a reduction of 15% in WRBM gust envelope
can be obtained with the alleviation for both the cases, with a reduction of the WRTM more
efficient for the GLA (13%) with respect to the FWT (1.4%).

The FWT showed a less damped aeroelastic 1% bending mode, and this reflects into a less damped
time response of the excited wing over a certain and frequency range. This depends also on the
flight speeds, as shown in the flutter analysis. Despite the peak value in term of loads is lower,
persistent oscillations are present. This is critical for the fatigue and a tradeoff between the load
reduction and the fatigue life must be done to fully assess the benefit of the FWT concept. This
aspect will be further investigated considering different hinges mechanisms, for example equipped
with dampers, to improve the damping of the free floating FWT.

15
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Finally, the detailed wingbox FEM integrated into the stick model provided information about the
failure indexes and the stresses in the wing, showing that the FWT has lower FI concerning the
gust response and there is room for improving the structural solution by using such technology,
similarly to what can be achieved with the active load control.

FWT is more recent than GLA and many aspects of this technology need to be investigated, for
example this paper shows that the fatigue of a wing with FWT cannot be neglected since it may
become a relevant sizing factor for the wing design.
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