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Abstract: Aerodynamic loads are a recurrent topic in aeronautical research. Indeed, during
a flight, a wing can endure a wide variety of load sources impacting significantly the aerody-
namical performances of the aircraft. Regarding those problematics, aeronautical studies aim
to understand and find ways to decrease the effects of those disturbances. The present work
focuses on one of those sources: the vertical gust, a particularly common phenomenon, respon-
sible for important alterations of the airflow around the wing profile. To reproduce its effects, a
gust generator has been installed in the contraction section of the S3Ch transonic wind tunnel
at the ONERA Meudon center. The present study first introduces the gust generator used in this
wind tunnel experiment. It is composed of two wings located upstream of the model. The two
wings oscillate, hence creating vortices that will be carried by the flow stream to the model.
Then, the effects of the gust are described, in both subsonic and transonic (up to Mach 0.82),
on the aerodynamics and the aeroelastic response of a heavy instrumented (accelerometers,
pressure sensors, strain gages) half wing fuselage model. In addition, an optical methodology
gives access to deformation measurements of the model, thus giving a global picture of the
phenomenon. Finally, a gust load alleviation methodology based on an active feedback loop
is presented. A real-time device has been used and linked to a movable aileron of the model.
A control algorithm based on several input sensors is implemented in the real-time device to
decrease the effects of the gust load on the structural dynamics of the model. The results of this
active control experiment will be discussed.

This work is part of the "NACOR” project and has been funded within the frame of the Joint
Technology Initiative JTI Clean Sky 2, AIRFRAME Integrated Technology Demonstrator plat-
form ”AIRFRAME ITD”. The design and manufacturing of the innovative test rig is part of the
associated project "GUDGET”, with IBK-Innovation GmbH , Dream Innovation srl, Politec-
nico di Milano, Aviation Design and Cedrat Technologies SA as consortium partners.

1 INTRODUCTION

The main challenge in recent aeronautics is the reduction of fuel consumption. One way to
achieve this goal is to reduce the induced drag by increasing their aspect ratio. Nevertheless,
increasing aspect ratio comes with a counterpart as higher aspect ratio means more flexible
wings, thus more responsive to aeroelastic effects, i.e. the impact of the surrounding airflow
on the structural behavior. The path to cleaner aviation hence asks for in-depth study of the
consequences of such shift.
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The main phenomena investigated in aeroelastic studies are the triggering of instabilities which
can be due to fluid-structure interactions (flutter, control surfaces inversion... ), or the impact of
external events on the wings such as gusts. Those are characterized by a sudden modification
in the airflow, in the form of an ascending air flux impacting the wing from below. This phe-
nomenon and its impact on the dynamic behavior of an airplane has been largely documented.
It can lead to a significant reduction of the plane aerodynamic performances and/or threatening
the structural integrity of the airplane. Due to such important risks to airplane safety, an im-
portant focus has been put in the design of methods to control, reduce or prevent the effect of
gusts. To implement those methods, numerical simulations are useful tools ( [1]]) that require
extensive experimental database to be developed, especially in transonic flows.

The present campaign is aimed at building such a database as well as testing control meth-
ods to reduce the effect of gusts on the dynamic behavior of a wing. To fulfill those goals, the
first obvious objective is to be able to generate an upward flow velocity on the pressure surface
of the wing. In the literature, several methods can be found to do so. In the present work, the
gust generator consists in a pair of oscillating wings located upstream of the test section. Those
motions result in the periodic creation of vortices, at the oscillation frequency. This manner of
generating gusts can be related to [2] where two very close vane devices were used, or [3]] at
smaller speeds in 2004. At transonic speeds, [4] used oscillating vanes in 1990 that protrude
from the tunnel walls. The characteristics of the gust generator, and the particularities of the
half wing test model, will be presented in the second section, while the third section will show
the results of the test campaign regarding the construction of the experimental database.

The last section will focus on the results regarding control methods to alleviate gust loads.
Gust Load Alleviation (GLA) through active control techniques has driven a considerable at-
tention in the literature since the 1970s. Indeed, one of the first implementation of an active
GLA device dates back to 1977 [3]]. It led to the incorporation of GLA systems in commercial
airplanes such as the Tristar L-1011 [6] and the Airbus A320 [7]]. Their popularity is due to
their effect on reducing direct operating cost (6%) and fuel consumption (9%) [8]. Since then,
numerous studies have been done on the matter ( [9-18]), mostly in subsonic flows. One of
the few GLA campaign in transonic flow was done at the ONERA Meudon center, within the
framework of the european project Clean Sky (CS1) [19-21]]. The present study relies on those
previous results to further explore gust impact and GLA methods, as part of the NACOR project
within the framework of Clean Sky 2 AIRFRAME ITD (CS2).

' ™
MAIN FEATURES

Continuous wind tunnel, atmospheric conditions : Mach range 0.1 to 1.3

High Mach stability thanks to 2" throat in transonic regime

Test section 804mm (width) x 764mm (height) x 2200mm (length)

Adaptive walls

Fan 350!|) KVA and heat exchanger to stabilize stagnation temperature between 300 and 320K
engine

Figure 1: Schematics and main features of the ONERA S3Ch Wind Tunnel Facility.
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2 EXPERIMENTAL APPARATUS

The campaign was carried out in the S3Ch transonic wind tunnel located in the ONERA Meudon
center. The main features and a schematics of the facility are shown in Figure[I] Its main par-
ticularity is the adaptative walls that can be adapted to flow conditions to ensure a stable Mach
number in the test section by reproducing far-field conditions. The flow velocity is adjusted
by a downstream sonic throat, which warrants a +=10~* uncertainty on the Mach number. The
test section is a 0.76x0.804x2.2m box where the Mach number domain extends from 0.3 to 1.2.

In the present campaign, several gust generation devices have been tested. They all share the
same basic principle, it consists of two identical airfoils upstream of the test section as shown
in Figure 2] One system had fluidic actuators located on both sides of the airfoils, pulsing air to
disturb the circulation around it, hence creating vortices in its wake. Another was a variant of
the one used in [21]], a flap had been placed on the trailing edge of the airfoils, hence amplifying
the effect of the device in creating vortices. The former failed to meet expectations while the lat-
ter, due to a malfunction during the experiments at transonic Mach numbers, had to be replaced
by the one used in [21]]. To assess the quality of the gust generators, the model is replaced by a
clinometric probe, downstream of the gust generators, which measures the unsteady inclination
of the flow. For a given set of parameters (amplitude and frequency of the fluidic or mechanical
actuators), the performance of a device is defined by its ability to deviate the incoming flow,
represented by the gust angle in the following.

The validation of both fluidic and mechanical gust generator devices, as well as their predicted
performances at M = 0.82, can be seen in Figure[3] where the gust angle is plotted as a function
of the command signal frequency. The fluidic devices were designed to compensate the lack
of efficiency of mechanical devices at high frequencies. As shown in Figure [3 the measured
performance of this device is indeed better suited for high frequencies. Nevertheless, when
compared to the green curve (the predicted one), the measured performances were approxi-
mately 4 times inferiors to the expectations and only reaching the performances of the previous
mechanical device (red curve). The blue curve is the prediction of the new mechanical device,
designed especially for this campaign to be effective at low frequency.
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Figure 3: Summary of results in the form of gust angle as a function of frequency of the command signal: spec-
ifications, simulations and tests at Mach = 0.82. The dashed black line represents the objective of 1°
gust angle. The blue and green curves represent the prediction (obtained via numerical simulations) of
the newly designed mechanical gust generator (GG) and the fluidic GG, respectively. The red dashed
curve and the pink one represent the measured gust angle for the GG used in CS1 and the fluidic GG,
respectively.

The CS2 mechanical GG were then used but experimental contingencies led to replace the
new mechanical design by one used in a previous GLA campaign, the CS1 mechanical GG.
After this validation phase, the half wing model, presented in Figure [} is placed in the test
section in place of the clinometric probe. It is composed of a 3D swept wing and a fuselage,
based on an ONERA geometry and manufactured from one main steel body. The wing and the
fuselage are connected to a shaft allowing to tune the AoA or impose a dynamic pitch motion
through an hydraulic actuator located at the end of the shaft line. To apply control methods, an
aileron has been placed at the end of the wing to optimize its efficiency. During the validation
and verification phase this aileron exhibited an angular deflection proportional to the static load,
due to its inherent flexibility, hard to control while in flow. One of the particular feature of this
model is the ability to add (or bypass) a specific pitch flexibility in the shaft line, hence adding
arigid body pitch mode in the dynamic.

This campaign had two objectives: building a comprehensive and relevant experimental database
and investigate GLA with control approaches. To achieves those goals, the windless dynamic

structural behavior has to be identified. A Ground Vibration Test (GVT) of the model has

4
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Pressure taps
section

Wing shaft
supported by
bearings

Unsteady presure
sensors section

Aileron

Figure 4: Overview of the half wing model equipped with the aileron and the fuselage.

thus been carried out in the experimental and structural dynamics laboratory in the ONERA
Chatillon center prior to the wind tunnel experiments. The first structural modes are depicted in
Figure [5] for both rigid and flexible configurations.

Once all the various components validated, the wind tunnel campaign can resume. The results
are described in the next section.

3 RESULTS OF THE WING TUNNEL EXPERIMENTS

Model installation in the wind tunnel test section and test program. An overview of the
experimental set-up is shown in Figure [0 presenting the wing installed in the test section and the
“external components” of the setup (including supporting structures, electronic equipment and
acquisition racks . ..). The WT test program was initially built in a parametric way to investigate
several aerodynamic and aeroelastic configurations, incorporating variations of parameters:

e Mach Number with two main cases M = 0.3 and M = 0.82.

* Model angle of attack from 0° up to 4° with the ability to reach stabilized test point or to
achieve slow AoA polar variations.

* Structural configurations driven by the state of the shaft coupling element (flexible vs
rigid pitch boundary condition).

In the following, the results, figures and graphs, refer mainly to the transonic case, which is the
most challenging one. As mentioned, the final database includes also similar results for low
subsonic aerodynamic conditions.

Investigation of gust load. The next stage of the Wind Tunnel Test (WTT) campaign at the
S3Ch facility was dedicated to the analysis of the gusts impact on the model’s structural be-
haviour. Throughout this phase of the WTT, the Gust Generator operated actively to induce

5
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Rigid Configuration

Bending mode (34.8Hz)

Pitch/Torsion mode (77.6Hz)

Coupled Rear fuselage - HTP /
2nd Bending (118Hz)

Flexible Configuration

Pitch mode (19.2Hz)

Coupled pitch/bending mode (39.8Hz)

Coupled Rear fuselage - HTP /
2nd Bending (100.6Hz)

Figure 5: Modal organisation of the first three structural modes measured during the GVT.

gust perturbations that interacted with the wing.

Depending on the structural and aerodynamic conditions, a comprehensive database was ac-
quired. With respect to gust disturbances, the test program was mainly conducted with har-
monic gusts, whose frequency and amplitude parameters tailored the characteristics of the gust

wave that propagated downstream.

Previous results have demonstrated the ability to generate a reproducible and significant gust
field in the S3Ch facility. According to test campaign objectives, the model was then qualified
in “rigid condition” to evaluate at first the aerodynamic phenomena induced by gust. The fig-
ures shown in Figure [7]show the pressure distributions for a sinusoidal gust generated at 20 Hz,
impacting the model, for a transonic flow at Mach number 0.82 and for several angles of attack.
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Secondary shaft
. 1
Shaft ccl)upllng : Hydraulic
Model shaft I Acutator

WT lateral Wall -

Model support

structure : \ A e — Electronicracks
2 L F

(conditionning,

- hydraulic parameter
tuning system,
signals routing ...)

Auxiliary Breaking
system

Actuator support
structure

Data acquisition
system racks

Figure 6: (Top) WT model installed in the S3Ch WT test section. (Bottom) WT model supporting structure assem-
bly with all the main components and electronic devices for data acquisition.
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Averaged values are superposed with instantaneous pressure measurements recorded at high
sampling rate. The filled regions (grey and light red) cover the envelopes of the spatio-temporal
evolutions of pressure coefficient fluctuations. As shown, the gust disturbance induced pressure
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Figure 7: Pressure coefficient distributions at different angle of attack for Mach number M=0.82 and a harmonic

gust @ 20Hz (solid curves represent averaged values; patch areas represent the envelope of instantaneous

values).

fluctuations levels mainly located on the suction side of the model, in the shock location and
downstream the shock foot. Depending on the angle of attack, the shock moved dynamically at
the gust frequency with a chordwise motion between 5 and 10%. Similar results are depicted in
Figure [§]in similar conditions but for a frequency generated at 80Hz. Discrepancies in terms of
fluctuation levels are related to the difference of the gust amplitude depending of the driving fre-
quency. A complementary visualization of the temporal data is shown in Figure [9] for M=0.82.
The fluctuating parts of the instantaneous pressure coefficient distributions are represented for
20 periods of gust, generated at 80 Hz as a function of both sensor location and time. Depending
on the angle of attack value, the effect of the gust on the pressure field is either entirely different

or perceived differently depending on the sensor resolution:

* For AoA = 0°, the pressure fluctuations are located on the first half of the chord (between
the leading edge and the mid chord),

* For AoA = 2° and 3°, the highest fluctuation levels are positioned on the shock and/or
and at the shock foot. In the concerned AoA range, the shock location is very sensitive
to the model’s AoA or the flow angle (i.e. the gust angle). Some sensors are located very
close to the shock location and oscillate between states related to the supersonic plateau
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Figure 8: Pressure coefficient distributions at different angle of attack for Mach number M=0.82 and a harmonic
gust @ 80Hz (solid curves represent averaged values; patch areas represent the envelope of instantaneous

values).

or the shock foot, measuring large pressure fluctuations,
* For AoA = 4°, the shock on the upper surface is very intense, but its position appears

to be quasi-insensitive to a small variation of the angle of attack around 4°. Similarly,
the effects of the gust angle also seem to have little impact on the shock position. The
maximum fluctuations are observed after the shock foot, over approximately 20-30% of

the chord (possibly in a separated region).

Aeroelastic phenomena induced by gusts. For the investigation of aeroelastic phenomena
induced by gust, the behaviour of the elastic wing motions was analysed under calibrated gust
perturbations (main outcome of the CS1 WTT campaign). For different stable WT conditions
(Mach, AoA) and both structural configurations, sine as well as sweep sine signals were used
as input command. Some typical results for the embedded accelerometers and strain gauges
responses are depicted in Figure [I0] and Figure [TT] for various test configurations (subsonic vs
transonic flow, “rigid vs flexible” structural configuration). For sweep sine excitations, the gust
command signal (frequency and amplitude) was modulated as functions of time to generate a
gust amplitude over the wide frequency bandwidth as constant as possible. The first vibrational
modes of the model can be seen in temporal signals of the wing’s sensors for a gust perturbation.
For both structural configurations, the highest response levels are observed in vicinity of the first
wing bending mode located around 40 Hz. For the “flexible configuration”, the presence of the

pitch mode is clearly exhibited at 20 Hz and excited by the gust perturbation.
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Figure 9: Spatio-temporal representation of pressure coefficient fluctuations AKp(z/c, t) on the Kulite chord lo-
cated at y/b = 55%, for different angle of attack, Mach number M = 0.82 and a harmonic gust @ 80Hz.
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Figure 10: Frequency Response Functions (FRF) of (left) the accelerometers and the gust command signal, (right)
the strain gauges and the gust command signal — Tests at M=0.82, AoA=0° - “Rigid structural configu-
ration”.

4 GUST LOAD ALLEVIATION

Gust Load Alleviation (GLA) was one of the objectives of the wind tunnel test campaign in
the ONERA S3Ch facility and was achieved through a closed loop control (CLC) approach.
The structure exhibiting a vibrational behaviour modified by the presence of gusts in the flow,
the purpose of CLC algorithms was to target structural modes excited by gusts and damp the
model’s structural response amplitude in real time by imposing a complex oscillatory motion
on the aileron. Those algorithms, based on advanced GLA functions that will be describe in
a future paper, and the real-time platform were handled by several ONERA teams. In the
following section, the real-time platform will be described as well as the implementation of the

10
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Figure 11: Frequency Response Functions (FRF) of (left) the accelerometers and the gust command signal, (right)
the strain gauges and the gust command signal — Tests at M=0.3, AoA=0° - “Flexible structural config-
uration”.

CLC algorithms.

Real time platform. The investigation of GLA demands to be able to receive data from the
model, process them and send back a control signal to the aileron as fast as possible. It requires
a special kind of device, a real-time controller, possessing multiple inputs/outputs and having a
fast processing unit.

The platform used here is a dSPACE real-time controller composed of several cards (a compu-
tation card, an inputs card and an outputs card) divided in two modules able to communicate
and sharing data with each other, as shown in Figure [I2] The presence of two distinct modules
allows to parallelize the computation and makes the real-time platform versatile. When using
real-time platforms, the main concern is the amount of virtual memory used by the algorithms.
Hence, having two different modules is a simple way to enhance the performance of the plat-
form, by separating the tasks between the two. A computer is linked to the platform, monitoring
the signal received and sent, and allowing to modify certain parameters during an experiment.

/ Real-Time Platform \

Module 1 Module 2

Outputs Inputs Outputs

Figure 12: Diagram of the real time platform.

A large number of sensors are located at several locations inside the model and connected to the

11
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real-time platform. Among them, certain accelerometers are chosen to perform GLA, certain
strain gauges are chosen to monitor the control efficiency. Before arriving in the input card, the
data is sent in an anti-aliasing filter to avoid sampling issue. Then, the data passes through the
control algorithm implemented in the real-time platform to generate the control signal sent to
the aileron.

Implementation of control algorithms and graphic user interface. The purpose of the real-
time platform, in this campaign, was to be able to compute a control signal based on the mea-
surements of the accelerometers, then sent it to the model’s aileron. Different types of con-
trollers were designed to be tested during the campaign. The implementation was done through
a Simulink diagram composed of two sub-models, uploaded on the platform. The first one en-
sured the application of the control function. The control block took as input the measurements
from a selection of embedded accelerometers. The output of the controller was directly sent to
the input of the electronic device driving the aileron position. In order to assess different control
algorithms, a simple parameter of the control interface allowed to switch between algorithms to
be able to assess the efficiency of different control techniques during the experiment, without
any new implementation or compilation, and without stopping the airflow. The mechanical parts
ensuring the motion of the aileron being fragile (aileron kinematic and piezoelectric actuators),
a security has been coded so that the control signal could not exceed a maximum value, this role
was achieved by a saturation block.
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Figure 13: Illustration of GLA results for Mach = 0.3 and a gust disturbance @ 18.3Hz (Top left: Gust Generator
Command — Bottom left: Aileron command — Top right: Accelerometer response — Bottom right Strain
Gauge response).
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Demonstration of GLA. In this part of the WTT program, the main objective was the demon-
stration, in real time, of the active control of the model aeroelastic response to a gust disturbance.
At first, tests were carried out for the “flexible structural configuration”. The control laws were
designed to act on the pitch mode without impacting the higher modes (e.g. amplification of
the first bending). An illustration of GLA in real time is presented in Figure [[3] and Figure[14]
for Mach numbers of = 0.3 and 0.82, respectively, and for a harmonic gust perturbation with
a sinusoidal command locked on a frequency close to the pitch mode (i.e. model structural
configuration = “flexible configuration”). The black curve refers to the GG command signal
driving the harmonic motions of the GG and generating a gust field with an amplitude close to
+0.6° for the subsonic case and +0.2° for the transonic case.

When the controller is switched on, the dynamic aileron deflection is activated by the controller
output. A significant reduction of the model aeroelastic response is observed through embedded
sensors (accelerometers and strain gages). Then the control efficiency was assessed for a wide
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Figure 14: Illustration of GLA results for Mach = 0.82 and a gust disturbance @ 21.3Hz (Top left: Gust Generator
Command — Bottom left: Aileron command — Top right: Accelerometer response — Bottom right Strain
Gauge response).

band of gust excitations driven by a sweep sine command. Different types of control strategies
were implemented in the real time platform. At first, the stability of the CLC system was verified
over a wide frequency bandwidth. Typical results are depicted in Figure [I3] for the subsonic
case with three different kinds of controllers. The open-loop data (i.e. without control) are
superimposed with the closed-loop data (with active control). As expected during the controller
synthesis design, the control laws are efficient in vicinity of the first mode and no amplification
appears at higher frequency.
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Figure 15: Illustration of GLA results for Mach = 0.3 and a gust driven by a sweep signal between 10 and 30 Hz
(left: accelerometer response and right: strain gage response): No control (red), Controller 1 (green),
Controller 2 (blue), Controller 3 (pink).

S DISCUSSION

The analyses of the results and outcomes of the WTT campaign indicate that the tests provided
a relevant and high-quality database. However, it is important to note that the testing encoun-
tered several challenges, and certain limitations reduced the complete fulfillment of the initial
objectives. The low efficiency of the fluidic GG has been investigated during the campaign and
several improvement axes have been identified. The re-utilization of the “legacy” GG appeared
to be a viable solution and allowed to perform the majority of the planned test program. Another
challenge arose in the system used to set the rigidity of the pitch motion. As seen in Figure 6]
this system is very complex and one of the bearings did loosen its grip on the shaft during the
WTT. As the GLA tests were done at the end of the campaign, the team developing the control
algorithm had to deal with a degraded modal organization. Nevertheless, as seen in Figures
control algorithms were successfully applied to the model and showed interesting results.

Complex designs lead to complex challenges. Some improvement need to be done in a future
project regarding the GG devices and the WT model (occurrence of non-linear behavior) but this
study represents a promising step in our understanding of transonic gusts and how to mitigate
their effect.
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