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INTRODUCTION

Helicopter interior noise levels are recognized to be a source of discomfort for crew and passengers, being higher than those in turboprop or jet commercial aircrafts. A previous study [START_REF] Marrot | Comfort methodology and comfort indicators applied on helicopter noise[END_REF] on comfort indicators for interior noise in helicopters concluded that sharpness and tonalness of the spectrum together account for 40% of the discomfort sensation behind loudness (57 %). Transmission noise generated by the main gearbox (MGB) and composed of several tones at gear meshing frequency has a strong contribution to these indicators. It is also one of the main contributor to noise level in dB(A), which is assessed by European regulations on safety and health at work. Reduction of MGB noise levels by passive and active means have therefore been investigated widely. Active solutions have included structural control of roof panel [START_REF] Simon | Helicopter cabin noise reduction using active structural acoustic control[END_REF]3 , transmission beams [START_REF] Millott | Flight test of active gear-mesh noise control on the S-76 aircraft[END_REF] or gearbox struts [START_REF] Bebesel | Reduction of interior noise in helicopters by using active gearbox strutsresults of flight tests[END_REF][START_REF] Pasco | Multi-input multi-output feedforward control of multiharmonic gearbox vibrations using parallel adaptive notch filters in the principal component space[END_REF] . In this paper, we are addressing another strategy, which is the active reduction of the gearbox noise by local active noise control in the headrest. Not only this solution has been identified has a potential solution for addressing tonal noise [START_REF] Pawelczyk | Adaptive noise control algorithms for active headrest system[END_REF] , but also for reducing noise from other sources at passenger's ear (e.g. aerodynamic noise) without the need for a physical control architecture at each noise source or transmission paths. A feedback multi-tone algorithm for the control of Macchi, Simon, Caillet and Marrot helicopter gearbox noise in an active headrest This solution has not yet been applied to the range of gear meshing frequencies (1 to 4 kHz). Feedforward and feedback FxLMS algorithm have been implemented in active headrests [START_REF] Pawelczyk | Adaptive noise control algorithms for active headrest system[END_REF][START_REF] Das | Performance evaluation of an active headrest using the remote microphone technique[END_REF] for tonal noise up to 500 Hz. For multiple frequency tonal noise, classical FxLMS algorithm exhibits frequency dependent behavior [START_REF] Kuo | Convergence analysis of narrowband active noise control[END_REF] . Attenuation and convergence speed is then lower for multiple tones that are close to each other's. A tonal algorithm has been previously developed [START_REF] Lee | An active noise control algorithm for controlling multiple sinusoids[END_REF] and applied to structural control at multiple gear meshing frequencies on a generic helicopter cabin mock-up [START_REF] Simon | Adaptive active experiment to reduce multi-tonal noise in a generic composite helicopter cabin[END_REF] . Results showed the algorithm was well suited for the application to multi-tonal noise. This paper deals with the application of this multi-tonal algorithm to an active headrest. In the case of a standalone active headrest (not connected to the helicopters sensors), a reference signal can be difficult to acquire close to the headrest, due to the lack of coherence at a specific sensor position for a specific gear meshing frequency. Therefore, a feedback version of this multi-tonal algorithm is presented. Simulations of control performance of the feedforward and the feedback versions of the algorithm are analyzed, in either a symmetric SISO or a MIMO control architecture in an active headrest for a typical helicopter cabin noise. Comparisons of attenuations between multi-tonal and classical FxLMS algorithm are shown.

DESCRIPTION OF THE ALGORITHMS

In this work, four adaptive filtering algorithms are compared for an implementation in an active headrest. They are presented in the following chapters.

A. Feedforward FxLMS algorithm

The FxLMS algorithm has been widely used and described [START_REF] Elliott | Signal processing for active control[END_REF] . It consists in minimizing a cost function J(n) representing the square pressure e²(n) at the error sensor, at each sample time. The pressure on the error sensor e(n) is the sum of the pressure of the primary noise y(n) (disturbance) and the secondary noise u(n) (created by the actuator). An FIR filter W of I coefficients is adapted at each sample time in the direction of the instantaneous gradient of the cost function. A reference sensor x(n) is used for the adaptation process and the transfer function between the actuator and the sensor h is estimated as an FIR filter h' of J coefficients. The reference is then filtered by h' to give the filtered-reference r'(n). A vector r' is then defined by:

(1)

The adaptation equation of the filter W for a SISO system is the following, with μ the convergence coefficient:

(2)

The command signal sent to the actuators is then generated by:

(3)

In the case of a MIMO configuration, we specify the following dimensions: K is the number of reference sensors, L the number of error sensors and M the number of actuators. h' is therefore an L,M matrix, and e(n) an M dimension vector. The reference signals r' lmk (n) and corresponding reference vector r' l (n) are defined by: (4)
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(9)
The convergence properties of the SISO FxLMS algorithm has been studied in the case of multiple tones [START_REF] Kuo | Convergence analysis of narrowband active noise control[END_REF] , and it has been shown that the smaller the frequency separation between two harmonics, the slower the convergence for a fixed number of coefficient. Moreover, to achieve the same convergence time with a smaller frequency separation, the filter length must be increased, which leads to high filter length for gearbox-like noise spectra (typically more than 50 coefficients for 3 to 4 main tones).

B. Feedforward Multi-tone algorithm

If we consider the disturbance signal to be almost sinusoidal, we can choose a sinusoidal reference signal , at the frequency of interest ω, sampled at rate T. The command signal can then be written , and the FIR filter h' is reduced to the amplitude h and phase φ of the secondary transfer function at the frequency ω. The error signal of a SISO system is therefore written as: (10) By differentiating J(n) as a function of W i we have :

(11) (12)
If we assume that we with k a positive integer, and having , it comes that . Adaptation of the two coefficients W 1 and W 2 in the direction of the gradient of J(n) with respect to both coefficients then gives :

(13) (14)
As explained in a previous paper [START_REF] Simon | Adaptive active experiment to reduce multi-tonal noise in a generic composite helicopter cabin[END_REF] To use this algorithm on a multi-tone signal, we have to use band-pass filtering on the error and the reference signal around the frequency of each tone to be the closest possible to the assumption that and are sinusoidal functions. A two coefficient filter W is used in parallel for each tone. The single reference MIMO analysis of this algorithm can be derived by using the following notations, with h' lm and φ' lm respectively the estimated magnitude and phase of the transfer function from actuator m to error sensor l: We introduce the vector :

(20)

In the case of the multi-tone algorithm the matrix R'(n) is then defined as: 

C. Feedback algorithms

A feedback version of the FxLMS algorithm is called the IMC-FxLMS algorithm (for internal egenerate a reference signal as close to the disturbance sign model control). The idea is to r the error microphone as possible from the estimation of the secondary transfer functions. As an example in a SISO system we replace the reference x(n) by an estimation of the disturbance d'(n) computed from the command signal u(n), the error signal e(n) and the estimated transfer function h':

(22)
The same principle as for the IMC-FxLMS is applied to the multi-tone algorithm for the imulations. We will refer to this feedback multi-to An active headrest prototype was setup for the measurement of transfer functions involved in the control process. We will focus first on reducing gearbox noise efficiently on the error following s ne algorithm as the IMC-Multitone.

SIMULATIONS INPUTS

A. Active headrest setup
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A feedback multi-tone algorithm for the control of Macchi, Simon, Caillet and Marrot helicopter gearbox noise in an active headrest microphones on an active headre for this type of solution would the zones of quiet at these frequencies, but it is not treated in this st. Another area of investigation be the increase of the size of paper. The headrest setup is presented in Figure 2. Figure 3 shows the amplitude and phase of the transfer functions from actuator s R to error sensors. Two microphones configuration are investigated: configuration 1, where error sensors are microphones e 1L and e 1R and configuration 2 where microphones e 2L and e 2R are used instead. These transfer functions are used as secondary transfer functions for simulations. The system is assumed to be symmetric, therefore transfer functions from actuator s R to error sensors are deducted from the previous ones. 

B. Primary field

The dist cordi gs during a , on two microph r. The reference signal for feedforward algorithms is icrophone, located at 17 cm from both error microphones. This geometry is urbance signal on both error microphones are taken from simultaneous cabin re flight test in a medium weight helicopter flying at maximum cruise speed ones distant by 25 cm of each othe n taken from a third m consistent with the two error microphones on the headrest setup, and with the possibility of Noise-Con 2014, Fort Lauderdale, Florida, September 8-10, 2014 A feedback multi-tone algorithm for the control of Macchi, Simon, Caillet and Marrot helicopter gearbox noise in an active headrest having a reference microphone close to the headrest, assuming that we have no feedback from the actuators on this microphone.

SIMULATION RESULTS

Simulation of control performances were conducted using Simulink models of the previously described algorithms. Sampling rate of the controller was set to 16384 Hz. Secondary transfer functions were modeled by a 2x finite impulse response filters. 2 matrix of four 130 coefficients The two geometrical configurations were tested in a MIMO (accounting for cross-paths in the algorithms) and a SISO algorithm setup (setting the identified cross-path transfer functions to 0 in the algorithm). Convergence coefficients of the Multi-tone algorithm were computed from the calculation of the eigenvalues of the matrix for each targeted frequency, therefore being set to the optimal value for each tone. For the FxLMS-type algorithms, convergence coefficients are set manually to their highest possible value before divergence of the algorithm. The number of filter coefficients was set to 50. Figure 4 (a) shows the average attenuations on both error microphones obtained on each of the targeted tones for the MIMO configuration 2. It shows that the IMC-multi-tone algorithm outperforms the IMC-FxLMS algorithm, for which high frequency tones were not well attenuated. Feedback algorithms give much better results than feedforward algorithm, due to the low coherence of the remote reference microphone for this frequency range, even when it is only 17cm away from the error microphones (coherence are lower than 0.5 for gear meshing frequencies between microphones). Figure 4 (b) shows that on configuration 2, SISO IMC-Multi-tone algorithm performs better than MIMO IMC-Multi-tone algorithm whereas performances are the same for IMC-FxLMS. This highest performance of the IMC-multi-tone algorithm compared to the IMC-FxLMS algorithm was also noticed on configuration 1 (Figure 4 (c)), except for the 1810 Hz tone, for which the eigenvalue spread in this configuration is very high, caused by the effect of crosscoupling between channels. As another consequence, the actuator strength for the SISO system in configuration 1 had to be limited to ensure stability, therefore having no performance at all. One must be careful about the geometrical arrangement of the sources and the error sensors in headrest architecture to ensure small eigenvalue spread at targeted frequencies. Figure 5 shows the logarithm of the eigenvalue spread of the matrix for the Multi-tone algorithm at each frequency and for all stable configurations. One can observe that in configuration 1, the geometrical arrangement is such that control will be ineffective at 1810 Hz. It also shows that when stable, a SISO algorithm has lower eigenvalue spread, therefore explaining the highest attenuations encountered in this case. igure 6 shows attenuations over the whole spectrum on error microphones in dB(A) and BSIL4. IMC multi-tone algorithm gives the highest attenuations on both indicators. In terms of psychoacoustics indicators, IMC-FxLMS and IMC-Multi-tone algorithms respectively reduce loudness by 2.5 and 3 dB. Tonalness of the signal is reduced by 26% for both signals. nce has to e taken close to the headrest for integration constraints. IMC-Multi-tone algorithm performed better than IMC-FxLMS in reducing levels of gear-meshing tones and for the reduction of dB(A) and dBSIL4. Results on loudness and tonalness levels show that both algorithms perform well in improving comfort, with IMC-Multi-tone exhibiting a lower computational burden than FxLMS IMC (8x2x4 coefficients vs 50x4 coefficients for equivalent performance). Bandpass filtering adds some computational burden but can be realized with low order filters. Due to the small bandwidth of these filters needed to ensure stability of the multi-tone algorithm on a complex spectrum, frequency tracking might be needed for high NR variations. Geometrical arrangement of the actuators and sensors appears to be of major importance in the design of a Multi-tone based headrest to ensure good convergence at all frequencies. A comparison of stability properties of both algorithms with head movement must be conducted. Although a SISO configuration is preferable for attenuations and computational burden, again its stability must be ensured. As IMC-Multi-tone is dealing with single frequencies, it might also be better suited for for each simulation configuration.
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CONCLUSION

We have shown that in the case of an active headrest dedicated to the control of gear meshing frequencies in an helicopter's cabin, feedback algorithm are most suitable if the refere b use with virtual or remote microphone techniques, which is impossible with broadband IMC-FxLMS.
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 1 Figure 1: Typical A-weighted helicopter noise spectrum (blue) and isolated main gear box noise spectrum (red).
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 23 Figure 2:Active headrest geometrical setup, composed of two 10 cm diameter loudspeakers (s L and s R ), light wood side panels covered with 20 mm melamine foam and 2 error microphones couples (e 1L , e 1R and e 2L , e 2R ). A head and torso simulator is located in the seat, with head at a fixed position in the headrest.
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 4 Figure 4: Average attenuation over left and right error microphone on targeted tones in dB, (a) comparison between the four algorithms in the MIMO configuration 2, (b) comparison between MIMO configuration 2 and SISO configuration 2 for IMC algorithms and (c) comparison between MIMO configuration 1 and 2 for IMC algorithms.
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 5 Figure 5: Eigenvalue spread at each targeted frequency for the multi-tone algorithm in the MIMO configuration 1 (dotted line), MIMO configuration 2 (plain line), and SISO configuration 2 (dash-dotted line).
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 6 Figure 6: Average attenuation over left and right error microphone in dB(A) (black bars) and dBSIL4 (grey bars)