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On-line tracking of aircraft aeroelastic modes during flutter flight tests

In the context of flutter flight tests, the paper describes the overall fully automatic process devised to perform a continuous tracking of the aeroelastic modes for an aircraft with a slowly time-varying structural behavior observed during the acceleration phases. On-line monitoring is realized through a sliding fixed-length time-window applied to time response of the aircraft to a persistent and periodic excitation signal. The identification algorithm dedicated to flutter flight tests is based on output-error formulation of the problem in the frequency domain. Parameters of a continuous time model are estimated iteratively. Tracking of modes for each new identified model is achieved using the MACXP criterion (mode association criterion based on modes shapes and poles). The process is applied to simulated data representative of the real aeroelastic behavior of a transport aircraft during an acceleration phase, including the simulation of the background noise.

Introduction

Among the various phenomenons that can affect the flight of an aircraft, flutter is one of the most feared one since this dynamic instability can lead to a sudden destruction of the airplane. Flutter flight tests represent a major stage in the certification procedure of a new aircraft. The objectives are to demonstrate the absence of instability throughout the flight envelop and to check the compliance of the aircraft actual behavior with predicted aeroelastic models.

The typical approach to flight flutter testing is to fly the aircraft at several stabilized test points arranged in increasing order of speed. Excitations are applied to the aircraft through the control surfaces and the measurements of the structure response are used to estimate aeroelastic modes. The damping ratio estimates obtained at each stabilized test point establish a trend as a function of airspeed which is used to evaluate the stability of the next higher airspeed test point and to clear the airplane to this point.

In the framework of a research program in collaboration with Airbus Operation SAS and Dassault aviation, a new approach was devised in order to reduce the duration of the flutter tests and consequently their cost. The idea is to replace some stabilized test points by a uniformly accelerated phase where the evolution of the modal parameters would be monitored continuously. This procedure would lead to a substantial reduction of the overall duration of the flutter tests. Moreover, security of the flight would be improved during all flight phases.

The paper describes the process devised to perform a continuous tracking of the aeroelastic modes for an aircraft with a slowly time-varying structural behavior observed during the acceleration phases. This modal analysis problem is particularly challenging as it applies to time-varying systems and has to deal with highly noisy measurements.

Research efforts in this area have resulted in the development of recursive time-domain methods as recursive algorithms based on subspace [START_REF] Cock | Recursive subspace identification for in-flight modal analysis of airplanes[END_REF] or auto regressive and moving average (ARMA) model [START_REF] Uhl | Real time estimation of modal parameters and their quality assessment[END_REF]. Nevertheless, as we deal with slowly time-varying behavior, the use of frequency domain methods coupled with moving window over time is prefered as frequency domain methods permits to reduce the amount of data to process [START_REF] Pintelon | Parametric identification of transfer functions in the frequency domain -a survey[END_REF].

In the case of severe air turbulence, the effect of the excitation might be dominated by turbulence. In such situations, stochastic output-only identification approaches have been applied to the monitoring of flight test data [START_REF] Schwochow | Automatic operational modal analysis for aeroelastic applications[END_REF][START_REF] Jelicic | Online monitoring of aircraft modal parameters during flight test based on permanent output-only modal analysis[END_REF]. These methods are built upon the assumption that the system is excited by unknown inputs supposed to be white gaussian noises. But at the flight altitude of commercial aircraft, turbulent conditions are quite occasional. The data are only affected by a persistent background noise. So the proposed monitoring process is based on a deterministic identification method and on an efficient excitation of the structure.

The paper is organized as follows. The second section is devoted to the description of the context of flutter flight tests. The overall monitoring process is presented in the third section. Finally, the fourth section presents results on a simulation environment representative of the real aeroelastic behavior of a transport aircraft during an acceleration phase, including the simulation of the background noise.

Flutter flight tests context

Current flutter testing approach

Current flight tests are composed of several series of tests carried out when the aircraft is stabilized at a constant speed and constant altitude. Each series of tests is performed at a constant Mach number. As flutter likelihood increases with airspeed, these points are explored in increasing order of speed. Several hundred of test points are analyzed for a new aircraft. At each of these points, several tests are performed by applying excitations through the control surfaces to the aircraft structure. The measurements of the aircraft response are transmitted in real time by telemetry to the ground test center where parameters of a modal model are identified. As illustrated in figure 1, the damping estimates obtained at each stabilized test point establish a trend as a function of airspeed which is used to evaluate the stability of the next higher airspeed test point and to clear the airplane to this point. Measurements are provided by accelerometers distributed all over the structure. They give the structure movements along three directions. More than 100 sensors can be used.

New testing approach

The current test approach has two main drawbacks. First it is extremely time consuming since the aircraft has to be stabilized at specific test points, the tests have to be performed, the data processed and the results analyzed by the operator. The other weakness of this procedure is that flutter can appear in the acceleration phase between two test points where no monitoring of the aircraft stability is performed.

The idea of the new testing procedure is to replace some stabilized test points by a uniformly accelerated phase where the stability of the aircraft would be monitored continuously. This procedure eliminates the most hazardous part of flight flutter testing. It will also lead to a substantial reduction of the overall duration of flight tests.

For a precise and timely detection of any impending instability, the aircraft structure must be excited continuously during the acceleration phase.

Requirements for monitoring methods

The flight test conditions are not quite favorable to an accurate identification. Firstly, as the aircraft operates in operational conditions, the measurements are affected by the ambient noise due to the airflow around the aircraft. Sometimes, the data are also corrupted by air turbulence when the aircraft encounters wind gusts. Secondly, the excitations by the control surfaces are limited in amplitude, frequency and position. Therefore some of the structural modes are not excited efficiently. Then the algorithms should operate in rather adverse conditions.

Another demanding requirement is that the processing algorithms operate in a near real-time manner and produce results at a specified rate (at least every second) in the course of the acceleration phase. Moreover these results should have as little delay as possible compared to the actual system evolution. So it implies that the monitoring process should be fully automatic.

The results of the identification should also be reliable so that the monitoring underway should not be stopped unduly by incorrectly low damping estimates. On the other hand, the flutter onset should of course not happened unnoticed.

Though aeroelastic models of the aircraft structural dynamics are available before the first flight, the identification of the structural modes of the aircraft cannot make use of this a priori information. The reason is to prevent that any inaccuracies or errors in these aeroelastic models should affect the results of the modal analysis.

3 The monitoring process

The overall process

The procedure considered in this paper consists in a continuous automatic monitoring of the modal parameters during a uniformly slowly acceleration phase. The objectives are then to collect data, identify the aeroelastic modes and to follow the evolution of their modal parameters.

As the acceleration is slow, evolution of the modal parameters are supposed to be slow as well, then the approach chosen consists in applying a sliding fixed-length time window to the collected data. On this window the aeroelastic behavior of the aircraft is supposed to be linear and stationary. Linear time invariant identification methods can then be used to identify aeroelastic modes.

The identification method considered is in the frequency domain. The modal analysis can be focused on a frequency band were the excitation is effective. The direct consequence of that is a sheer decrease of the amount of data to process. This diminution has an immediate and favorable impact on the computation time.

The identification tool developed is based on a parametric approach. A common denominator polynomial transfer function has been chosen to model the system, since it is very convenient for modal modeling. The model is chosen in continuous-time.

A deterministic approach is preferred to a stochastic one because stochastic approaches require long data sequence to estimate the modal parameters with a sufficient statistical confidence level [START_REF] Kehoe | A historical overview of flight flutter testing[END_REF][START_REF] Parloo | Application of frequency-domain system identification techniques in the field of operational modal analysis[END_REF][START_REF] Peeters | Operational modal analysis for in-line flutter assessement during wind tunnel testing[END_REF] which is conflicting with the necessity of the sliding window to be small enough for the aircraft behavior to be assumed time-invariant. Then excitation is one of the key point of the procedure, it will be detailed in paragraph 3.2.

The modal analysis procedure is detailed in paragraph 3.3.

Monitoring of modal parameters, and so identification of a new model, are performed at a specified rate.

Then another key point of the procedure is the mode tracking process; in order to monitor modal parameters evolutions, each aeroelastic mode has to be recognized from one identified model to another. In order to offer a good initialization to the modes tracking process, a first identification is performed during a stabilized phase. The tracking procedure is detailed in paragraph 3.4.

Excitation

Excitation of the structure is a key feature in the identification process. It is essential to excite all the modes of interest with a sufficient energy level in order to assess their stability correctly. In the case of continuous monitoring, this excitation has to be persistent.

We have chosen a PRBS (Pseudo Random Binary Sequence) type excitation signal. PRBS is a deterministic periodic sequence that switches between -1 and +1. The switches occur on a discrete-time grid at multiples of the clock period T c and are chosen such that the autocorrelation approaches a Dirac [START_REF] Pintelon | System identification: A frequency domain approach[END_REF]. This signal offers many advantages. Firstly, this is a periodic signal then, provided that the identification is performed in a finite number of periods of the signal, the leakage phenomenon is minimized. Secondly, its spectrum is relatively flat and the choice of the clock frequency permits to concentrate the power on a frequency band. According to [START_REF] Pintelon | System identification: A frequency domain approach[END_REF], the optimal choice of the clock frequency is f c = 2.5 f max with f max the maximum frequency of interest.

The excitation signal is applied simultaneously through a set of control surfaces with appropriate signs for the deflections. Compared to excitation through a single pair of control surfaces, the use of control surfaces combinations enables to maximize the energy transferred to the aircraft and to evenly distribute this energy over the different components of the structure. As explained in [START_REF] Jacquier | Improved flutter testing by coordinated excitations of several control surfaces[END_REF][START_REF] Vacher | Design of linear input combinations for improved modal analysis of mimo systems[END_REF], a single control surfaces symmetrical combination is enough to identify all the symmetrical modes of interest while a single control surfaces antisymmetrical combination is enough to identify all the antisymmetrical modes of interest.

Modal analysis tool

This paragraph details the modal analysis tool used to identify the aeroelastic modes for each position of the sliding window.

The general organization of the tool is depicted in figure 2. The procedure is composed of four main modules detailed in the next paragraphs. The inputs to this routine are the raw time-domain measurements from the sliding window and the frequency band for the modal analysis which depends on the excitation signals. The outputs are those of the identified modes which presumably correspond to structural modes.

Since the aircraft is excited by a unique excitation signal, the model chosen to describe its behavior in frequency domain is a transfer function H(s, θ) between the excitation signal and the outputs, modeled as the ratio of a numerator (vector of polynomials) by a scalar denominator (polynomial). Thus where n y denotes the number of outputs. The vector θ gathers the coefficients of the numerator and of the denominator. It is thus composed of (n y + 1) (n x + 1) parameters. The excitation signal is not disturbed. So only measurement noise is considered and it is supposed to be Gaussian.

H(s, θ) = N(s, θ) d(s, θ) with dim N(s, θ) = n y × 1 and dim d(s, θ) = 1 × 1 (1) 
The identification problem is expressed as an output-error method in the frequency domain: the goal is to find the best parametric model such that the difference between the preprocessed measured outputs and the outputs calculated with the parametric model is minimized.

Pre-processing module

Computation of estimated inputs and outputs in the frequency domain is realized in the pre-processing module (pale green box in figure 2). As the excitation signal is periodic and provided that the length of the window corresponds to a finite number M of periods of the excitation signal, the frequency response function (FRF) may be estimated using averaging techniques. Let u(n) and Y (n) respectively the samples of the excitation signal and of the outputs on the sliding time window, ∆t the sampling period of those signals and N p the number of samples in one period of the excitation signal. The number of samples in the window is then M N p . The FRF estimate at frequency f = k N p ∆t (k = 0, . . . , N p -1) is:

Ĥ(j 2 π f ) = Ŷf ûf (2) 
with ûf and Ŷf the average of the Discrete Fourier Transforms (DFT) of respectively the excitation and the outputs on the M periods (which is the same as the DFT of the average of the time samples on the M periods), at frequency f .

ûf = 1 M M -1 m=0 u [m] f = u f and Ŷf = 1 M M -1 m=0 Y [m] f (3) 
with u

[m] f and U

[m] f the DFT of respectively the excitation and the outputs on the m th period

u [m] f = 1 N p Np-1 n=0 u(n + lN p )e -j2πf n ∆t and Y [m] f = 1 N p Np-1 n=0 Y (n + lN p )e -j2πf n ∆t (4)
As the excitation signal is not disturbed its average DFT equals the DFT in one period. An estimate of the noise covariance matrix at frequency f is also given by

Σf = 1 M -1 M m=1 Y [m] f -Ŷf 2 (5)
The pre-processing module also carries out the selection of the good quality measurements and the computation of measurement scalings for the identification algorithms. These quantities are based on an estimation of a signal-to-noise (S/N) l ratio computed in the frequency domain from each measurement l.

(S/N) l = σ s l σ n l (6) 
with σ s l and σ n l the standard deviations of, respectively of the estimated output l and the estimated noise on the output l, on the frequency band of interest F = [f min f max ]. They are given by

σ s l = 2 N p f ∈F |ŷ l,f | 2 and σ n l = 2 N p f ∈F Σf (l, l) (7) 
where ŷl,f is the l th component of Ŷf .

The selection of the measurements is then performed by discarding the measurements with an estimated (S/N) l ratio below a certain threshold.

As detailed below, the identification routines are based on a non-linear least-square fitting in the frequency domain. It is necessary to apply scalings on the measurements in order to account for the various magnitudes and levels of quality.

In conventional output-error approaches, the noise on the measurements is assumed to be white and Gaussian. The measurements are weighted by the inverse of the noise covariance matrix Σf [START_REF] Pintelon | System identification: A frequency domain approach[END_REF]. The approach adopted departs from these theoretical precepts for several reasons. In the first place, the nature of the noise on the measurements does not comply with the white Gaussian hypothesis. This conventional weighting might also lead to attribute similar weights to measurements with various levels of quality. The fitting of poor quality measurements would lead to the identification of spurious modes and to a wider scatter of the estimated damping ratios. It is then essential to account for the quality of the data in the scalings of the measurements. The measurement magnitudes also vary largely depending on the location of the sensors on the aircraft. For instance, the sensors on the wing tips yield much greater values that those on the fuselage. The scalings should compensate for this variability in order that the modes associated to the different components of the structure be identified precisely.

For each measurement l, the associate scaling ρ l was defined in the following manner

ρ l = δ l σ s l (8) 
where σ s l is the average magnitude of this signal defined in equation [START_REF] Parloo | Application of frequency-domain system identification techniques in the field of operational modal analysis[END_REF]. The objective of this coefficient is to equalize the magnitude of the aircraft responses for all the measurements. The factor δ l reflects the quality of each measurement. It is defined as a quantity bounded by 0 and 1. The value 0 is the minimum level of quality which implies that the measurement is not taken into account in the identification. This factor was chosen equal to

δ l = (S/N) 2 l 1 + (S/N) 2 l (9)

Identification module

The identification module (pink box in figure 2) carries out the identification of a model of a given order. The identification objective, in the frequency domain, is to find the best fit between the outputs calculated with the parametric model H(s, θ) and the estimated outputs in frequency domain Ŷf . Only data for the frequencies f of interest in the set F are considered. The output-error identification problem boils down to finding the set of parameters θ that minimizes the following criterion

J(θ) = f ∈ F ( Ŷf -H(j2πf, θ) u f ) 2 W = f ∈ F ( Ŷf -H(j2πf, θ) u f ) H W 2 ( Ŷf -H(j2πf, θ) u f ) (10 
) where W = diag(ρ l ) and ρ l are the scalings defined in equation [START_REF] Peeters | Operational modal analysis for in-line flutter assessement during wind tunnel testing[END_REF]. As the vector θ is composed of the polynomial coefficients of the numerator and the denominator, the quantities N(j2πf, θ) and d(j2πf, θ) depend linearly on θ. However, H(j2πf, θ) does not. So the optimization problem defined by equation ( 10) is non-linear.

During the development of the modal analysis procedure, it was found that a thorough optimization significantly improve the quality of the results. This precise optimization of the identification criterion implies the use of iterative algorithms. The procedure is based on two algorithms:

• the Sanathanan-Koerner method [START_REF] Sanathanan | Transfer function synthesis as a ratio of two complex polynomials[END_REF]: this algorithm is an iterative method where, in order to circumvent the non-linearity induced by the denominator, one utilizes the frequency values of the denominator d(j2πf, θ) computed with the vector θ estimated at the previous iteration.

• the Whitfield formulation of the Gauss-Newton algorithm [START_REF] Whitfield | Asymptotic behaviour of transfer function synthesis methods[END_REF]: the basic principle of this method is to replace H(j2πf, θ) in equation ( 10) by its first-order development about θ, values of the parameters of the previous iteration.

The Sanathanan-Koerner method offers two main advantages. First, it does not require any initial model. Second, it is known for its robustness to provide a fair estimation of the model parameters. However, no general proof of convergence was established. The evaluation of this method revealed that it does not converge to a local minimum of the identification criterion of equation [START_REF] Jacquier | Improved flutter testing by coordinated excitations of several control surfaces[END_REF]. On the contrary, the Gauss-Newton algorithm requires a sufficiently precise initialization. But this method is very efficient to converge to a local optimum of the identification criterion if properly initialized. As detailed in paragraph 3.3.3 and similarly to the approach adopted in [START_REF] Bayard | High-order multivariable transfer function curve fitting: algorithms, sparse matrix methods and experimental results[END_REF], one could benefit from the complementary of these two approaches by using them in combination.

The details of the implementation of these algorithms are not presented in this paper. Anyhow, it is worth mentioning that it is based on orthogonal polynomials [START_REF] Rolain | Best conditioned parametric identification of transfer function models in the frequency domain[END_REF][START_REF] Forsythe | Generation and use of orthogonal polynomials for data-fitting with a digital computer[END_REF][START_REF] Vacher | A multi-sensor parametric identification procedure in the frequency domain for the real-time surveillance of flutter[END_REF] in order to improve the numerical stability and the execution speed of the codes.

Supervision module

The goal of the supervision module (yellow box in figure 2) is to control the execution of the identification so that the modal analysis operates entirely automatically. It first manages the use of the two identification algorithms. It also determines the best model order.

A first model with a deliberately oversized order n xmax is identified using the Sanathanan-Koerner algorithm in conjunction with the Gauss-Newton algorithm as in [START_REF] Bayard | High-order multivariable transfer function curve fitting: algorithms, sparse matrix methods and experimental results[END_REF]. The philosophy is to use the Sanathanan-Koerner method as an "explorer" in order to find out a good initial guess for the identified model. For this reason, this method does not include any monitoring to ensure the decrease of the identification criterion between successive iterations. During the first identification from the initial stabilized phase, the Sanathanan-Koerner algorithm is initialized from scratch. Whereas during the acceleration phase, in order to minimize the iterations number, the previous identified model is used to initialize the algorithm. The best model obtained with the Sanathanan-Koerner algorithm, i.e. the one with the smallest value of J(θ), is then refined by the Gauss-Newton algorithm. A line-search technique was implemented in this method to force the minimization of J(θ).

The selection of the order n xmax of the initial model is rather crucial. It should be chosen high enough in order to encompass all the modes excited in the test. However a too large value will lead to a longer and more complex mode elimination process. Thus, the selection of an appropriate value for n xmax requires a slight preliminary experience to have a clue of the number of modes that can be identified for the type of test under analysis.

Once this initial model of order n xmax is obtained, the supervision module will scrutinize the relevance of each identified mode so as to decide whether to keep it or discard it from the identified model. The general idea is to test each mode of this model by analyzing whether, without this mode, the identification model still fits suitably to the data. The quality of the fit is evaluated by the two following adequacy criteria

C(θ) =       f ∈ F ( Ŷf -H(j2πf, θ) u f ) 2 W f ∈ F Ŷf 2 W       1/2 =       J(θ) f ∈ F Ŷf 2 W       1/2 (11) 
and

c l (θ) =      f ∈ F |ŷ l,f -h l (j2πf, θ) u f | 2 f ∈ F |ŷ l,f | 2      1/2 (12) 
where ŷl,f and h l (j2πf, θ) are the l th components of Ŷf and H(j2πf, θ). The measurement criteria c l (θ) are used because some modes may have a local effect on the structure. So their contribution could be significant but limited to a small number of measurements. In this situation, the consideration of the sole global criterion C(θ) may result in the improper exclusion of such modes. The significance of the modes of the initial model are evaluated in a three-stage process. Let θ designates the identified parameters of the initial model of order n xmax . First, for each mode i, a reduced transfer function is computed by discarding the mode from the identified model. The associated parameters of this reduced model are denoted θ i . In a second stage, the a priori quality of fit of these models is evaluated by computing the criteria C( θ i ) and c l ( θ i ).

The mode for which these values remain close to the corresponding criteria C(θ) and c l (θ) of the full model are selected as potential candidates for elimination. Finally, for each candidate, an identification is launched based on the sole Gauss-Newton algorithm initialized by θ i . This identification yields an optimized set parameters denoted θ i . The elimination of the mode is confirmed if the criteria C( θ i ) and c l ( θ i ) associated with these parameters remain close to the corresponding criteria C(θ) and c l (θ) of the full model.

Selection module

At this stage, the identified model reflects the overall behavior of the aircraft in the frequency band of interest. However this model might include modes that are not associated with the structural dynamics of the aircraft such as actuators modes, aerodynamic delays, ... It is then necessary to select amongst the identified modes the sole modes which are presumably connected with the structural dynamics. This selection is performed in the final phase of the procedure (orange box in figure 2).

Tracking tool

In order to follow modes characteristics evolutions, each time a new model is identified, its modes are compared to the modes of the previous identified one in order to pair them.

This mode association is based on a criterion that is a pole weighted version of an extension of the classical MAC criterion [START_REF] Allemang | The modal assurance criterion -twenty years of use and abuse[END_REF] (Modal Assurance Criterion) to complex modes. This dedicated criterion called MACXP is described in [START_REF] Vacher | Extensions of the MAC criterion to complex modes[END_REF]. Compared to this criterion we have added the use of the measurement scalings to scale the modes shapes in order to be consistent with the identification process. The criterion which compares two modes whose poles are respectively λ 1 and λ 2 and mode shapes µ 1 and µ 2 is:

MACXP(µ 1 , µ 2 ) = |µ * 1 W 2 µ 2| |λ1+λ2| + |µ 1 W 2 µ 2| |λ 1 +λ 2 | 2 µ * 1 W 2 µ 1 2 |Re λ 1 | + |µ 1 W 2 µ 1| 2 |λ 1 | µ * 2 W 2 µ 2 2 |Re λ 2 | + |µ 2 W 2 µ 2| 2 |λ 2 | (13) 
Two modes are considered associated if the value of their MACXP criterion is greater than 0.6.

The tracking process is initialized storing the modal characteristics of the modes identified during the initial stabilized phase in a reference structure. Then, for each new position of the sliding window (iteration i), a new model is identified and modal characteristics of its modes are compared to those stored in the reference structure with the MACXP criterion. When a mode of this new model is paired, its characteristics are updated in the reference structure. For the non paired modes, they are compared with modes of iteration i -2 which are stored as well in another structure. This second comparison allows to reduce the number of mode chains breaks. For modes which are still non paired, their characteristics are stored behind the others in the structure in order to be compared with modes of next identified models. Hence apparition of a new mode would not be missed.

Results on simulated data 4.1 Description of the benchmark

The simulation environment used in this study has been developed in the framework of the TRAMPOLINE working group of the FLITE2 project [START_REF] Vacher | Realistic simulation of flutter flights tests[END_REF].

The simulation is based of an elaborate aeroelastic model provided by Airbus. This is a linear model derived for a given Mach number from a finite element modeling of the aircraft. It is parametrized by the conventional speed V c . Its inputs are the deflections of the control surfaces and the components of the turbulence wind. Its 13 outputs are accelerometric measurements at different locations on the structure. The original model was modified for industrial confidentiality reasons and also for presenting an evolution towards flutter. Expressed in a parametrized state-space form, the size of its state vector is 328. It includes 42 structural modes ranging between 1 and 11 Hz and 244 delay modes. The frequency band F retained for modal analysis is 1 to 6 Hz. 27 aeroelastic modes lie in the frequency band.

Aircraft response to the stimulations applied on the control surfaces takes into account the actuators dynamics, modeled as a second-order linear model.

Turbulence inputs of the model are used to simulate aircraft response to the background noise. This one is modeled as a low intensity turbulence. Parameters of the noise model are tuned by the spectral analysis of real flight test data.

A sampling rate of f e = 128 Hz is chosen for the simulated measurements as it corresponds to the rate used for flight data recording. Simulation of this high order, parameter varying system is performed using a Runge-Kutta method to integrate the evolution of the state vector.

As explained in paragraph 3.2, we have chosen a PRBS type excitation signal. We choose a period of N p = 2040 points (≈ 16 s). The maximum frequency of interest is f max = 6 Hz then the optimal choice of the clock frequency of the signal is f c = 2.5 f max = 15 Hz ≈ f e /8. Then a period of the signal is obtained from a PRBS of length N = 255, each value of the signal being held during 8 sampling periods. Excitation signal is applied simultaneously and antisymmetricaly to ailerons, elevators and rudder.

The simulated scenario is made up of two phases: the initial phase where the conventional speed is fixed and the acceleration phase which consists in a slow acceleration.

Identification of the initial model

A first identification process in launched during a phase of duration 4 periods of the excitation signal (64 s) where the airspeed is stabilized at 330 kts. The response of the aircraft to the periodic excitation signal is supposed to be in steady-state. The aim is to provide a good initialization to the monitoring process.

Results of a Monte Carlo type analysis of this process are presented in figure 3 for a set of 100 simulated tests generated with different noise sequences but with the same response to the excitation signal. Statistics are computed from the series of 100 identification results. The computation of these statistics requires the pairing between the identified modes and the simulated ones. This mode association is based on the MACXP criterion presented in paragraph 3.3.3.

The values of the signal-to-noise ratios defined in paragraph 3.3.1 vary from one measurement to another form 9 dB up to 28 dB. The threshold below which measurements are discarded is fixed to 12 dB. On average, 11 measurements are selected out of the 13 available.

An order n xmax = 32 is chosen for the initial model (initialization of the supervision module described in paragraph 3.3.3).

The upper part of the figure depicts the location of the identified modes for the 100 Monte Carlo runs. These modes are plotted in the frequency-damping ratio plane together with the 27 modes of the simulation model which are indicated by the encircled numbers. The mode 8 does not appear because of the high value of its damping ratio. The identified modes that can be paired based on the value of the MACXP criterion with a simulation mode are plotted with red dots.

The identification rates of the 27 aeroelastic modes are presented on the bar diagram on the middle part of the figure. The identification rate of a mode is simply the ratio between the number of times this mode is identified and the number of runs of the Montecarlo test.

Finally, the relative RMS (Root Mean Square) errors on the damping ratios are depicted on the bar diagram of the lower part of the figure. RMS error is only computed for the modes with an identification rate superior to 0.6.

12 modes are identified with an identification rate superior to 0.6 and 7 modes with an identification rate superior to 0.95 and the relative RMS error an damping ratio of this 7 modes is inferior to 26%.

Monitoring during the accelerated phase

At the end of this stabilized phase, aircraft response behavior to the excitation signal during a continuous acceleration has been simulated. This acceleration phase consists in a slow acceleration of 30 kts on the conventional speed from 330 to 360 kts performed in 5 min which corresponds to 1 kts every 10 seconds.

The length of the sliding window is chosen at 2 periods of the excitation signal (32 s) and the monitoring rate is fixed at 1 s. A new model then is identified each second and its modes are compared and paired with the previously identified ones. The tracking process is initialized with the modes identified during the initial phase. At the end of this process, we get "chains" of modes. We choose to retain chains composed of at least 50% of identification points.

Unlike identification of the initial model results presented in the previous paragraph, monitoring results during the accelerated phase are presented for a single simulated test. They are presented in figures 4 and 5.

The upper part of figure 4 shows the evolution with time of the frequency of each retained modes chains whereas the lower part presents the evolution of their damping ratio with time. Figure 5 contains the same 3, we notice that in this case those modes are identified with an identification rate up to 0.95. So results of the monitoring process are in accordance with the Monte Carlo analysis. Identified modal frequencies are very precise whereas identified modal damping ratios are scattered. This is again in accordance with the results of the Monte Carlo analysis of figure 3 which shows the scattering in damping ratio caused by the background noise acting in the aircraft. Damping ratio of mode 4 of the simulated model decreases until instability. This decrease is also observed on the evolution of the damping ratio of the corresponding identified mode (mode 2 on figure 5).

The overall process was fully implemented in MATLAB computing environment. The procedure was run a computer equipped with an Intel Core I5 processing unit with 2 cores and a 2.6 Ghz clock rate. The mean duration of the monitoring process, i.e. the duration to perform 280 runs of identification and tracking tools, is 54 s. Analysis of one flight point takes on average 0.19 second.

Conclusion

A fully automatic process to perform continuous tracking of aeroelastic modes during a slow acceleration phase has been presented. It is based on the use of a persistent and periodic excitation signal, applied to the structure through a combination of control surfaces, to efficiently excite the modes on the frequency band of interest. On-line monitoring is realized through a sliding fixed-length time-window in which the system behavior can be assumed time-invariant. One of the key features of the process is the identification algorithm dedicated to flutter flight tests. It is based on a parametric approach in the frequency domain. Parameters of a SIMO continuous time model are estimated by minimizing iteratively the error between the preprocessed measured outputs and the outputs calculated with the model. This algorithm is fully automatic, numerically robust and operating in quasireal time. Another essential feature of the process is the tracking of modes for each new identified model. Comparison and pairing of modes are achieved using the MACXP criterion.

Application of this process to a realistic simulation of the aircraft response during an acceleration phase, proved that the performance of the procedure is quite satisfactory taking into account the very noisy environment. We have shown that all the modes which have been efficiently identified during an initial stabilized phase are successfully identified and tracked during the acceleration phase. Moreover, evolution of their frequency and damping ratio are consistent with the simulated ones, particularly, the ability of the procedure to follow the decrease in damping ratio of a mode has been proved. Finally, the execution times are completely compatible with an operational use.

In the framework of this research project, dedicated flight tests are planned in order to evaluate the procedure on real data. 
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 1 Figure 1: Extrapolation of damping ratios ξ
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 2 Figure 2: General organization of the identification procedure
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 3 Figure 3: Identification on stabilized flight point at Vc=330kts -Monte Carlo analysis
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 5 Figure 5: Monitoring during the acceleration phase from 330kts to 360kts (detail mode by mode)
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