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Aircraft feedback gust load control design and experimental wing bench validation

This paper gives an overview of the gust load control function design and optimisation, as developed and tested within the European Clean Sky initiative. Starting from the gust-oriented problem formulation and control specifications, we review an end to end methodology to design active feedback gust load alleviation controller. This process includes the aero-servo-elastic aircraft modelling, the control formulation, optimisation and implementation. This complete flow chain is illustrated on two distinct platforms. First a numerical industrial model set provided by Dassault Aviation, and second, an experimental reduced-scale wing bench tested in sub and transonic configurations within the ONERA wind tunnel facilities. In both cases we demonstrate a strong gust load attenuation. This paper highlights the importance to take into account the complex dynamics of the system in order to reach these performances.

Nomenclature

I. Introduction

T note presents an overview of the Gust Load Alleviation (GLA) control function developments, validations and experimental steps carried-out within the Clean Sky 1 & 2 initiatives * . The results presented in this article span researches and developments carried out from 2015 to 2020 and involving both control and structural teams from ONERA and Dassault Aviation. The common objective is to demonstrate the capabilities of advanced dynamical systems-oriented methods to reduce the gust-induced loads. Along the Clean Sky initiative, such an objective is accompanied with two dedicated demonstrators: first an accurate Dassault Aviation generic ASE BizJet model / simulator, and second, a 2D wing model mounted and tested in the ONERA WTT facilities (Meudon, France), in both sub and transonic configurations. In this note, developments involving dynamical modelling, approximation and (sampled) control methods is the main focus. The description is given with a fairly general view and technical details are let to reader's curiosity, through specific references.

More than a finite and frozen process or solution, the underlying objective of the project is principally to deploy and share new methodological and mathematical tools to address the GLA problem, by keeping in mind the possibility to extrapolate them for other controller designs (such as vibration, flutter, ...). The deployment simplicity in an industrial / experimental context is a continuous concern of this work and has been a constant guideline for selecting the most robust mathematical / numerical solutions. As more clearly detailed later, (i) large-scale and infinite dimensional dynamical modelling and approximation (ii) advanced control design (iii) and control implementation methods were developed and tested to improve GLE while also reducing deployment-time through automation of the involved tools.

Prior developing the proposed GLA rationale, Figure 1 illustrates the different dynamics classically impacting the linearised behaviour of an ASE aircraft. With indicative frequency correspondence, it illustrates that the different physical challenges traditionally encountered by an aircraft during its exploitation occur over different frequency ranges and configurations. Focusing on the gust load problem (red over brace), this diagram indicates that this phenomena blends with the flight performances and occurs in low / medium frequencies (being also close to vibration issues). This observation is important when designing a control law within an industrial process, where each controller is phenomena-oriented and thus designed sequentially. Ensure that each controller do not modify the others is then essential. The GLA control function design is the main object of this paper. A solution to this problem is proposed and validated on two different use-cases: one being a Dassault Aviation numerical generic ASE BizJet aircraft use-case, and the other being an experimental setup deployed in the ONERA WTT facility. In both cases, the design is addressed from the problem formulation up to the control design and implementation. Deriving a standard methodology stands as the main contribution of this note.

After this brief introduction, the GLA control design overview is described in section II. It mainly highlights the different steps of the process, while avoiding the technical details provided in appropriate references. The methodology is first applied on the numerical generic Dassault Aviation ASE BizJet aircraft use-case, then, on an experimental 2D wing, placed in a wind tunnel facility over a wide range of wind velocity. Both illustrations are exposed in section III. Section IV closes the paper with outlooks and leads to improve futher GLA feedback control design.

II. GLA control design in a nutshell

The complete GLA control design procedure is now presented. First, the mathematical problem is stated in section II.A. Then, the overall modelling and control design process is reviewed in section II.B with an emphasis on the main mathematical problems it raises and the solutions that have been retained to efficiently address them.

A. Gust load alleviation feedback control objective

The Gust Load Envelope (GLE) is the principal measure to monitor in ASE GLA function design. It is the worst case load responses along the wing span in reaction to the set of time-domain vertical wind gust profiles w g , modelled through the so-called "1-cosine" profile

w g (t) =          W 2 1 -cos πV L t for 0 ≤ t ≤ 2L V 0 for t > 2L V , ( 1 
)
where W is the gust velocity (in feet), L is the gust wavelength (in meters) and V is the aircraft true airspeed (in meter per seconds). Typical values for these parameters are provided by authorities and result in hundreds of different gust configurations. These gusts represent possible disturbances aircraft might face during its exploitation. Prior any flight test, aircraft manufacturers should demonstrate to the authorities that limits are handled. Such a GLE should not reach some limit to ensure structure integrity. In the conception phase, the aircraft is designed by experts so that the wings should support a given nominal GLE, dictated by physical considerations such as desired aircraft manoeuvrability, gust, and other manufacturing constraints. The larger the supported loads are, the larger the structural stiffeners and mass reinforcements should be. The aircraft mass is consequently bigger and its consumption during flight increased. GLA control function can play an important role in the aircraft conception: it is aimed at lowering the loads envelope and thus at reducing the aircraft overall mass, consumption and emissions. The gain brought by the GLA on the worst upward gain is denoted by E(x i ) and is computed as

E(x i ) = max w g ∈W z loads (x i ) -z (GLA) loads (x i ) z loads (x i ) ∞ , (2) 
where x i is the wing location points where the loads are computed † and where W is the set of gust profiles as in [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF]. Then, z loads (x i ) denotes the load at location x i for the baseline aircraft and z (GL A) loads (x i ), the one when the GLA control function is activated. Responses are obtained when the aircraft model is fed by [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF].

Then, keeping in mind the industrial constraint and workflow, the GLA control problem aims at finding a control function that interconnects with the flight controller as in Figure 2 (corresponding to the Dassault Aviation scheme). In a standard workflow, the GLA design comes after the flight controller design. 

B. Procedure overview

Now the GLA control objective has been reminded, let us present the proposed GLA control design process. With reference to Figure 3, the green blocks refer to the input and raw data pre-treatment steps, dependent on the use-case. The blue blocks refer to the proposed process itself, which underlying principle is application agnostic, while each internal step may require dedicated tuning (actuator/sensor selection, performance filter tuning, . . . ). Authors believe this is a fairly generic approach that may be applied to a wide range of gust alleviation-oriented problems, as illustrated later in section III.

With reference to Figure 3, the input information are the GLA control specifications and ASE model specification. These inputs may take different form: (i) in the experimental or simulator case they are input-output time-domain sequences while (ii) in the model case these later may be any rational or irrational equations ‡ . From now on, these latter will be referred to as the raw data as they refer to the very initial ones. According to the nature of these raw data, a frequency-domain evaluation may be obtained, leading to a frequency response set being referred to as the data. Note that the linear framework is adopted here, therefore the frequency-domain concepts and properties remain equivalent to the time-domain ones. Without entering into details, in the rest of the paper, most of the steps are actually computed in the complex and frequency-domains as it is well adapted to the advanced control methods. While it may be considered as restrictive, such an assumption is, to the authors opinion, necessary to stick with an industrial framework where numerical tools are expected to be reliable and (ideally) versatile enough to be applied to any aircraft models. Indeed, up to our knowledge in the dynamical systems field, numerical tools for nonlinear representations are usually less scalable and robust than the one in the linear setup. Moreover, linear systems are already representative enough for a wide range of aircraft configurations while being simpler to manipulate (even if spurious behaviour may still be observed; see [START_REF] Saad | Iterative Methods for Sparse Linear Systems[END_REF][START_REF] Berrut | Barycentric Lagrange Interpolation[END_REF] for numerical discussions and [8, sec. 1.3] for applications in the aircraft context). Of course, authors are aware that such a statement may be amended or subject to discussions. Starting from these data and assumptions, let us now detail the four different steps for the GLA feedback control design.

Step 1: Accurate (rational) ASE model construction.

Let us first consider the unknown dynamical operator denoted H be the underlying dynamical system. Starting from a set of frequency-domain data liking the MIMO transfer from all inputs to all outputs, evaluated for a finite (potentially very large) set of frequencies, given as {ıω k , H(ıω k )} N k=1 , (N may be very large)

the first step aims at constructing a rational continuous-time DAE dynamical model H n given by the following first order descriptor realisation

E n x(t) = A n x(t) + B n u(t) and y(t) = C n x(t), (4) 
where (E n , A n , B n , C n ) are matrices of appropriate dimension obtained by an identification algorithm and whose related transfer function

H n (s) = C n (sE n -A n ) -1 B n , (5) 
interpolates H at the given driving frequencies ıω k . The main ingredient we suggest to use is the Loewner framework, appropriate for MIMO model construction when (3) is accessible. For a complete and digest description readers may refer to the seminal paper [START_REF] Mayo | A framework for the solution of the generalized realization problem[END_REF], to [START_REF] Antoulas | Model reduction and approximation theory and algorithms[END_REF] for a survey, and to [START_REF] Gosea | Data-driven modeling and control of large-scale dynamical systems in the Loewner framework[END_REF] for an insight on computational issues and extended (nonlinear) applications. Under mild considerations, the Loewner approach is a data-driven method aimed at building a rational DAE LTI dynamical model H n of dimension n which interpolates given complex data, here generated by an underlying "unknown" model H. In addition, and as a major property, such a framework allows finding the minimal McMillan order. This latter being an interesting property for control design as it guarantees minimality and consequently, observability and controllability properties. In the process presented here, the MOR toolbox [START_REF] Mor | MOR Toolbox: a model reduction and approximation toolbox (User Guide)[END_REF] has been used to construct H n . However, this interpolation step may result in a prohibitively high number of internal variables preventing for simulation, control design and analysis. This issue is addressed in the next step.

Step 2: Simplified ASE model construction.

As model H n obtained in step 1 is likely embedding a large number of internal variables, preventing for traditional controller design methods application, model reduction should be applied (see [START_REF] Poussot-Vassal | Large-scale dynamical model approximation and its applications[END_REF][START_REF] Antoulas | Interpolatory methods for model reduction[END_REF]). This is why, the second step aims at finding a rational and reduced order model H r (r n) fitting the input-output phenomenological behaviour of H n , while preserving its systems properties. One way is to solve the so-called H 2 model reduction problem § ,

H r = arg min G∈H 2 ||H n -G|| H 2 .
(6) ‡ In many cases within the aircraft industry, first or second order differential equations including delays (both internal and external) are used. § Optimising through the H 2 norm is relevant as it provides an upper bound on the worst case time-domain error in response to an input signal [START_REF] Gugercin | H 2 Model Reduction for Large Scale Linear Dynamical Systems[END_REF].
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Aviation GLE computation [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF] Experimental ON-ERA 2D wing GLE computation [START_REF] Poussot-Vassal | Gust load alleviation: identification, control and wind tunnel testing of a 2D aeroelastic airfoil[END_REF] see e.g. [START_REF] Lepage | A complete experimental investigation of gust load: from generation to active control[END_REF] The most common approach to obtain the solution of ( 6) is to work with the first order necessary optimality conditions which were developed in a series of papers; see [START_REF] Baratchart | Identification and rational L 2 approximation: A gradient algorithm[END_REF][START_REF] Spanos | A new algorithm for L 2 optimal model reduction[END_REF]. The interpolation-based approach revisited by a sequence of contributions [START_REF] Gugercin | H 2 Model Reduction for Large Scale Linear Dynamical Systems[END_REF][START_REF] Gallivan | systems via tangential interpolation[END_REF][START_REF] Van Dooren | H 2 -optimal model of MIMO systems[END_REF] result in a numerically robust projection-based reduction process grounded on the generalised Krylov subspace construction. Similarly to the above H 2 model approximation problem and following the frequency grid presented in Figure 1, one may prefer approximating over a frequency limited range Ω = [0, ω] (ω ∈ R + ) only. Such a bounded frequency approximation may result in a lower order model preserving a good accuracy level. This is the purpose of the frequency-limited H 2 , shortly H 2,Ω , approximation problem defined as [START_REF] Poussot-Vassal | Spectral expression for the Frequency-Limited H 2 -norm of LTI Dynamical Systems with High Order Poles[END_REF][START_REF] Petersson | Model reduction using a frequency-limited H 2 -cost[END_REF]:

H r = arg min G∈H ∞ ||H n -G|| H 2,Ω . (7) 
Interestingly, as in the seminal works of [START_REF] Gugercin | H 2 Model Reduction for Large Scale Linear Dynamical Systems[END_REF] treating the H 2 objective, [21, chap. 8] has shown that the H 2 one may also be recast as an interpolatory problem. As in the previous step, the MOR toolbox [START_REF] Mor | MOR Toolbox: a model reduction and approximation toolbox (User Guide)[END_REF] is used here to construct H r , accurate over a frequency range [0, ω]. Such a numerical tool implements different methods. In the present context, the one described in [START_REF] Vuillemin | H 2 optimal and frequency limited approximation methods for large-scale LTI dynamical systems[END_REF] has been privileged.

Step 3: From continuous-time plant to discrete-time control law

The aircraft is a continuous-time system and the control law will be implemented on a computer, which is running in discrete time. This difference implies, at some point, a discretisation step. As illustrated in Figure 4, the latter may be performed according to various strategies which differ essentially by the element which is discretised: the plant or the controller. The direct approach stands aside and is theoretically appealing as it embeds both the discretisation and the synthesis process. However, as in the nonlinear modelling and control fields, robust numerical tools are still lacking at this point which is why this path has not been considered further. Interested readers may refer to [START_REF] Chen | Optimal sampled-data control systems[END_REF] for a comprehensive introduction to the topic.

If the sampling time of the controller is large enough in comparison to the dynamics to be controlled, all branches of Figure 4 should lead to similar results. This may not be the case in practice due to the constraints of implementation and in this work, the bottom path has been chosen. We believe that it represents more adequately the true problem as the ASE models (H n and H r ) are left in continuous-time, as the real phenomena. Continuous-time synthesis framework. As mentioned in the introduction, the active GLA control problem aims at attenuating a worst-case amplification. The H ∞ -norm minimisation framework thus appears to be well suited for the application. In particular, being given the set of reduced-order rational continuous-time models {H r i } n s i=1 (for different flight configurations), the continuous-time controller K, mapping measurement outputs y to control inputs u is obtained by solving the following multi-models H ∞ -norm minimisation problem,

K = arg min K∈K ⊆H 2 max i ≤ ñs <n s ||F l (G(H r i ), K)|| H ∞ , (8) 
where F l (G(H r i ), K) denotes the lower fractional interconnection between the generalised plant G(H r i ) ∈ H ∞ and the controller as schematised in Figure 5. In addition to the reduced ASE model, the generalised plant G(H r i ) also embeds weighting filters aimed at magnifying dynamics of interest and/or constraining the behaviour of the controller. By considering multiples models H r i , i ≤ ñs < n s , for instance those associated with the worst-cases loads in the flight-domain, problem (8) aims at finding a unique controller that reduces the loads for all the models. This is a direct way to incorporate some robustness with respect to the variation of the models in the synthesis process.

G(H

Discretisation of the control law. Assuming a locally optimal controller K solving (8) has been found, it remains to be discretised. Depending on the constraints imposed by the sampling period T, standard discretisation methods (Zero Order Hold, Tustin, etc.) may lead to significant loss of performances. This has motivated the development of an alternative approach based on the same interpolatory techniques as in step 1.

As detailed in [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF][START_REF] Vuillemin | Discretisation of continuous-time linear dynamical model with the Loewner interpolation framework[END_REF], the idea is to seek a discrete-time control law K d that matches the frequency-domain behaviour of the synthesised continuous-time law K. Considering the diagram in Figure 6 where S T and H T are the ideal sampler and holder, K d should ideally minimise the transfer from u to e. This interconnection is unfortunately no longer LTI [START_REF] Chen | Optimal sampled-data control systems[END_REF] and cannot be described by a transfer function. Still, a relation between the Fourier transforms of u and e can be written and by discarding the behaviour above the Nyquist frequency, it can further be simplified as an irrational transfer function. The latter then translates in a frequency-domain behaviour the discrete-time controller should ideally match and which can be approximated by a rational model with the Loewner approach.

III. GLA numerical and experimental demonstrators

Now the overall GLA process has been reviewed (section II), let us illustrate it through the two Clean Sky demonstrators, namely the Dassault Aviation BizJet (section III.A) and the ONERA WTT use-cases (section III.B).

A. Numerical validation on a BizJet aircraft use-case

Within the industrial certification and validation process, to guarantee the safety and performance levels, GLA function is developed using very accurate environment and models, issued from aeroservoelastic modelling teams [START_REF] Pusch | Aeroelastic modeling and control of an experimental flexible wing[END_REF][START_REF] Quero | A Generalized State-Space Aeroservoelastic Model based on Tangential Interpolation[END_REF]. Indeed, to target important load alleviation levels and important mass reduction, all the aircraft dynamics should be considered from the beginning of the study. From the author's experience this is mandatory to prevent unexpected behaviour resulting from any prior simplification. The dynamical models involved are then obtained from high fidelity aeroelastic and flow softwares. More specifically, following the process given in Figure 3, the input raw data is a model set that aggregates different blocks constructed by different teams, software and experts. A finite element approach is used to obtain a model of the aircraft structure in the form of a finite dimension second order model dynamical. It is then completed by the fluid, atmosphere and actuators effects on the structure through a set of linear, polynomial and rational functions, internal to the industrial process. The resulting ASE model is provided as a set of first order MIMO DAE (see also in [1, sec. 3] for details).

In this case and following Figure 3, the raw data stand as ASE model data denoted {H i } n s i=1 , being the family of gust-load-alleviation-oriented dynamical models. Each H i represents a MIMO LTI model of the aircraft evaluated at a given flight and mass condition ¶ , reading as

x (i) (t) = A (i) x (i) (t) + B (i) w G (t) u(t) and z(t) = C (i) x (i) (t) + C (i) m x (i) (t -τ m ), (9) 
where

x (i) (t) ∈ R M i , u(t) ∈ R n u , w G (t) ∈ R n w G
, y(t) ∈ R n y and z(t) ∈ R n z are the internal variables, input, exogenous input, output and performance output signals, respectively. The dimensions n u , n wG , n y and n z are constant for all n s models, while M i depends on the model configuration. Finally, τ m ∈ R + represents the delay for the GLA control law computation.

In the considered use-case, u gathers three control inputs, the elevators, the inner and outer ailerons (n u = 3). Exogenous input w G gathers δ mc , the aircraft elevators deflection given by the pilot, the gust disturbance and its first and second derivatives, applied at three different locations of the aircraft fuselage (n wG = 10). This vector reads

w G (t) = δ mc (t), w g (t), w g (t), w g (t) front of the aircraft , w g (t -τ (i) 1 ), w g -τ (i) 1 ), w g (t -τ (i) 1 )
middle of the aircraft , . . .

w g (t -τ (i) 2 ), w g (t -τ (i) 2 ), w g (t -τ (i) 2 )
of the aircraft

T , (10) 
where the same gust (position, velocity and acceleration) enters in the model at the front, the middle and the rear, with a delay τ (i) 1 ∈ R + and τ (i) 2 ∈ R + , depending on the aircraft velocity. The only considered measurement y is the aircraft angle of attack at the nose level (n y = 1). Finally, the performance z gathers outputs being the tracking signal error between the load factor without (n z ) and with (n z ) GLA controller n zn z and the loads envelope z loads (x i ) (n z = 6). The A (i) , B (i) , C (i) and C (i) m matrices are real and of appropriate dimensions. As signals in [START_REF] Antoulas | Model reduction and approximation theory and algorithms[END_REF] are repeated and linked together, it may be problematic to deal with in a control design setup. One solution is to merge them in order to deal with w(t) = δ mc (t), w g (t)

T instead of [START_REF] Antoulas | Model reduction and approximation theory and algorithms[END_REF]. This can be obtained by applying the following transformation

                        δ mc (t) w g (t) w g (t) w g (t) w g (t -τ (i) 1 ) w g (t -τ (i) 1 ) w g (t -τ (i) 1 ) w g (t -τ (i) 2 ) w g (t -τ (i) 2 ) w g (t -τ (i) 2 )                         =                          1 0 0 1 0 s 0 s 2 0 e -τ (i) 1 s 0 se -τ (i) 1 s 0 s 2 e -τ (i) 1 s 0 e -τ (i) 2 s 0 se -τ (i) 2 s 0 s 2 e -τ (i) 2 s                          δ mc (t) w g (t) , (11) 
where s denotes the Laplace variable. By merging ( 9) and ( 11), one may now re-construct each model as follows

               E (i) x (i) (t) = A (i) 0 x (i) (t) + A (i) 1 x (i) (t -τ (i) 1 ) + A (i) 2 x (i) (t -τ (i) 2 ) + B (i) g w(t) u(t) y(t) z(t) = C (i) 0 x (i) (t) + C (i) 1 x (i) (t -τ m ) (12) 
where while n w = 2 (instead of 10 in ( 10)) and N i = M i + 6, due to the additional double derivative and delay structure added.

x (i) (t) ∈ R N i , u(t) ∈ R n u , w(t) ∈ R n w , y(t) ∈ R
The

E (i) , A (i) 0 , A (i) 1 , A 2 , B (i) g , C (i)
0 and (i) 1 matrices are real and of appropriate dimensions. Following [START_REF] Mor | MOR Toolbox: a model reduction and approximation toolbox (User Guide)[END_REF], the gust load model is a set of transfer functions {H i } n s i=1 , from u and w to y and z,

H i (s) = C (i) 0 + C (i) 1 e -τ (i) m s sE (i) -A (i) 0 -A (i) 1 e τ (i) 1 s -A (i) 2 e τ (i) 2 s -1 B (i) . (13) 
Details on the construction and on the DAE form are given in [1, sec. 3].

The BizJet ASE use-case described by ( 13) is an infinite order DAE LTI dynamical system. It is now ready for frequency response computation. Then, by feeding this raw data input to the process presented in section II (following Figure 3), one is able to design a SD GLA control law and validate it on the complete reference model.

Figure 7 illustrates the GLE along the wing span of the Dassault Aviation use-case when the GLA control is activated (numerical values are hidden for confidentiality).

To evaluate the benefit brought by the GLA function, on Figure 8 (top), the worst upward gain (2) is computed along the five wing locations. This gain is evaluated for different controllers, the continuous-time (red) and the sampled-time (green) ones obtained with the proposed discretisation scheme, the bilinear method (cyan) and the backward Euler (purple). From Figure 8 (top) one may observe that:

• Working with SD GLA instead of the continuous-time one limits the GLE performance gain.

• Still, within the SD framework, some methods perform better than others, thus highlighting that there is room for further discretisation methods development. • In any case, one may notice that the proposed method [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF] leads to GLE improvement ranging from 4% to 10%. In addition, Figure 8 (bottom) illustrates the time-domain load factor response achieved with (dashed red) and without (solid blue) GLA functions, in response to a pilot stick request (solid black). Importantly, both responses are very similar illustrating that the GLA function reduces the loads without affecting the low frequency flight handling qualities.

B. Experimental validation in a wind tunnel facility use-case

After applying the GLA synthesis rationale on the industrial numerical ASE use-case, let us now run it on an experimental set-up. This latter consists in a 2D wing mounted in the ONERA S3Ch WTT facility. Experimental validation were achieved for various test conditions -AoA and Mach numbers. Details of this experiment and results are given in [START_REF] Lepage | A complete experimental investigation of gust load: from generation to active control[END_REF][START_REF] Huvelin | Numerical validation of gust response and numerical assessment of gust load alleviation for 2D aeroelastic profile in transonic conditions[END_REF] for an aero-elastic viewpoint and in [START_REF] Poussot-Vassal | Gust load alleviation: identification, control and wind tunnel testing of a 2D aeroelastic airfoil[END_REF], dynamical system one.

From the application and experiment viewpoint, it is worth mentioning that the GLA problem has driven a considerable attention in the literature, see e.g. [START_REF] Moulin | Gust Loads Alleviation Using Special Control Surfaces[END_REF]. However few results actually involve real wind tunnel tests, and, to the authors' best of knowledge, most of them refer to tests performed in the low speed regime [START_REF] Tang | Experiments and Analysis for a gust generator in a wind tunnel[END_REF][START_REF] Ricci | Wind Tunnel Testing of an Active Controlled Wing under Gust Excitation[END_REF]. During this experiment test camapain, investigations were achieved up to the transonic regime covering from the generation to the active alleviation of gust loads, which makes the results particularly relevant and the experimental demonstrations quasi-unique ‖ .

As illustrated on Figure 9, the experimental research mean involves two main parts within the WTT facility. The first one is dedicated to the generation of the gust field, composed of two airfoils, and is called the gust generator. The second one is the 2D wing model which aerodynamic and aeroelastic behaviours were studied and tailored with objective of assessing the gust load alleviation functions.

Following section II and first block of Figure 3, the raw data considered here are open-loop time-domain data collected for different AoA and Mach cases. Importantly, these raw data include the actuator, the acquisition chain (dynamics and delays), in order to account with all the inherent complexity. For each case, the frequency-domain transfer from gust (generated by a dedicated setup) and surface deflection to the single vertical acceleration sensors are identified. Then, the GLA design process has been applied. The open-loop and closed-loop responses from the gust disturbance to the load output (acceleration) for different configurations are reported on Figure 10.

With reference to Figure 10, the worst case peak amplification around 25Hz is drastically reduced, without affecting the low frequencies. Here, the root mean square reduction is also computed to evaluate the energy saved. Here again, the proposed process shows to be very efficient in attenuating the loads and validates once again the GLA rationale of Figure 3.

IV. Discussions and outlooks

A. GLA main contributions

Along this long lasting ONERA-Dassault Aviation collaboration around the active GLA control problem, multiple methodological, technical and practical challenges have been overcome at different stages:

• At the model construction step, it has proven very important to preserve the complexity of the dynamics (internal and external delays, polynomial terms) as far as possible in the process. This lesson may be summarised by adapting the famous adage: premature simplification is the root of all evil. • Still, simplification is needed at some point to perform the synthesis. Following the previous point, this ‖ Transonic case lead to turbulent and contaminated nonlinear flow, resulting in drag and a loss of efficiency. This phenomena is widely studied in flow dynamics (see e.g. [START_REF] Mettot | Quasi-laminar stability and sensitivity analyses for turbulent flows: Prediction of low-frequency unsteadiness and passive control[END_REF]). approximation should be performed on the model embedding most of the complex dynamics and should be aimed at producing a very accurate reduced-order model on the frequency range of interest as sketched in Figure 1. Such a reduction is also a way to ease the control optimisation and reduce the time-to-market of an accepted solution.

• The control design itself must account for the practical and industrial constraints. More specifically, the controller must remains simple enough and must not disturb other systems / control loops such as the neglected high frequency dynamics and the flight controller low frequencies. This readily excludes some control-design methods. Provided some adequate tuning of the weighting filters, structured H ∞ control enables to reach those requirements. • As the controller is aimed at being implemented on a computer, a discretisation step is required. The latter may have a detrimental impact on the closed-loop performances. In that regard, this study has shown that progress can be achieved without modifying the sampling time nor the remainder of the process. As discussed further in [START_REF] Poussot-Vassal | Interpolatory Methods for Generic BizJet Gust Load Alleviation Function[END_REF], most of the advances summarised here in control-oriented modelling and discretisation have been made possible thanks to modern interpolatory techniques [START_REF] Mayo | A framework for the solution of the generalized realization problem[END_REF]. Additional information about the control synthesis methodology can be found in [START_REF] Poussot-Vassal | Gust load alleviation: identification, control and wind tunnel testing of a 2D aeroelastic airfoil[END_REF][START_REF] Huvelin | Numerical validation of gust response and numerical assessment of gust load alleviation for 2D aeroelastic profile in transonic conditions[END_REF].

B. (Some) Open issues

It may be hard to list all the possible outlooks that should be addressed in the GLA function design. Here, let us stick to the impression authors have after two close but different demonstration use-cases, with a specific focus on the feedback GLA functions.

It is clear that from a control viewpoint, the GLA problem suffers from multiple difficulties. First its in-flight assessment remains a complicated task as the gust is rarely measured with a high accuracy. Therefore the response with and without GLA function is complicated to measure and to compare in a realistic case. Second, and consequently, the WTT experimental validation seems to be the main alternative as the environment is perfectly monitored and controlled, thus allowing to measure the benefit of a GLA feedback loop. However, to be completely fair, the WTT setup still remains far from the reality as the flight mechanics, the vibration and the avionics limitations are not embedded in the experimental model. Moreover, the scale factor between real aircraft and models, remains a limitation, and is still discussed by fluids and structure experts.

In the coming years (in late 2022), within the Clean Sky 2 initiative, a similar experiment will be deployed, involving a 3D wing instead of a 2D one. In gust generator will be involved to reach possible nonlinear aerodynamic induced by gust and larger aeroelastic responses. Such a demonstration would allow to close a bit more the gap between the real aircraft and experimental model. One expectation is to demonstrate of load modeling (either linear or nonlinear [START_REF] Poussot-Vassal | Non-intrusive nonlinear and parameter varying reduced order modelling[END_REF]) and feedback GLA control function design.

Fig. 1

 1 Fig. 1 Frequency grid of aircraft phenomena and typical expected control objectives (in parenthesis). One specificity of the loads range is that it blends with flight performances. Values are indicative and more related to the BizJet use-case considered.

Fig. 2

 2 Fig. 2 Interaction of the load alleviation function (Load controller block) with the flight control and ASE BizJet aircraft. Similar scheme is used for the WTT use-case.

Fig. 3

 3 Fig. 3 Flowchart of the GLA process. Green blocks are application dependent while blue blocks are generic steps.

Fig. 4

 4 Fig. 4 Possible paths for synthesis of discrete-time control law from a continuous-time plant. Top branch can be seen as discretise then optimise while lower branch is optimise then discretise. The middle branch is direct and perform both the discretisation and the optimisation in a concomitant manner.

Fig. 5 Fig. 6

 56 Fig. 5 Standard form control: the transfer function to be minimised is the lower fractional interconnection F l (G(H r i ), K) which maps the exogeneous input w to the performance output z.

  n y and z(t) ∈ R n z are the internal variables, input, exogenous input, output and performance output signals, respectively (N i ≈ 300). With this new form n u , n y and n z are unaffected, ¶ Its construction is a know-how of the aircraft manufacturer and usually results from multiple steps performed by different experts from fluid mechanics, structural and tests teams.

Fig. 7

 7 Fig. 7 Gust load responses along the wingspan of the BizJet aircraft for the different gust disturbances (coloured solid lines). The GLE is the worst case response materialised with red dashed lines.

Fig. 8

 8 Fig. 8 Top: gust load attenuation envelope gain E(x i ) resulting to the interconnection presented in (2) for different GLA controllers: the continuous-time one K (red), discrete-time obtained with the interpolatory method method K d (green), with the bilinear method K tus d (cyan) and with the backward method K zoh d (purple). Bottom: time-domain response of the interconnection (2) without (solid blue) and with (dashed red) the GLA function, to a pilot stick input (solid black).

Fig. 9

 9 Fig. 9 Experimental set-up (internal view of WT). Controlled 2D airfoil and electromechanical mechanism structure (foreground), gust generator (background) and air flow stream (graphical arrow).

Fig. 10

 10 Fig. 10 Frequency responses of the wing vertical acceleration at the load station, in response to gust, obtained in WTT facility. Without (dashed) and with (solid) GLA functions. Varying colours for varying AoA and Mach number conditions. The RMS gain is also computed over the spectrum [15 50]Hz

† In the Dassault Aviation use-case, five locations x i = [x 1 , x 2 , x 3 , x 4 , x 5 ] are considered, while in the ONERA 2D wing, one single x i = x 1 is used.
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