Sophie Baudin 
email: s-baudin@hotmail.fr
  
Didier Rémond 
  
Jérôme Antoni 
  
Olivier Sauvage 
  
Non-intrusive rattle noise detection in non-stationary conditions by an angle/time cyclostationary approach

Keywords: Rattle noise, Non-stationarity, Angle/time cyclostationarity, Order/frequency spectral coherence, Instantaneous angular speed

This work proposes an original non-intrusive approach to detect and quantify rattle noise in automotive gearboxes operating under non-stationary conditions by means of vibration or instantaneous angular speed measurements. Rattle noise is produced by vibro impacts between teeth of unloaded gears excited by the engine acyclism. It appears during acceleration or deceleration phases and its detection requires the analysis of non-stationary signals. In order to take advantage of the repetitive nature of the impacts, an angle/time cyclostationary approach is introduced. Rattle noise is thus characterized through the angle/time duality: the cyclic frequency expressed in events per revolution is directly linked to the periodicity of the impacts while their frequency content is expressed in Hertz. The proposed detection method uses an order/frequency spectral coherence and may be applied either on vibration signals or instantaneous angular speed signals. For validation purposes, a specific instrumentation of a gearbox is set up. The relative speed of the unloaded meshing gears is observed by means of optical encoders to directly detect the instants of impact which then serve as a basis for validation of the non-intrusive detection method proposed in this paper.

Introduction

At low speed, noise generated by cars is principally caused by parts of the powertrain. In particular, reduction of engine noise emissions has increased the emergence of noise sources which were previously masked. On the other hand, downsized new engines generate more low frequency acyclic excitations into the vehicule. In automotive vocabulary, the term "rattle" refers to an impact-induced phenomenon which can occur when there is a relative motion between two components with loss of contact [START_REF] Weisch | The creation of a car interior noise quality index for the evaluation of rattle phenomena[END_REF]. The interest of this paper is focused on rattle noise which can suddenly appears in gearboxes [START_REF] Johnson | Diagnosis and objective evaluation of gear rattle[END_REF]. In manual gearboxes, the pinions are constantly meshed together. For each gear pair, one driving pinion is fixed to its shaft while the loose gear is free to rotate. When a gear ratio is engaged, the corresponding loose gear is temporary fixed to its shaft while the other ones stay free to rotate. Because of the engine acyclism transmitted to the primary shaft of the gearbox, the loose gears vibrate through their backlashes and some impacts can occur between teeth of unloaded gears. The transmission of the shocks to the housing of the gearbox generates rattle noise. Rattle noise is of primary interest in NVH (Noise, Vibration and Harshness), not because it damages the gears but because it produces an acoustic nuisance which is a recurrent problem for car manufacturers.

Among signal processing methods, the kurtosis-based family is classically used to characterise the impulsiveness of a signal. Spectral kurtosis, band kurtosis and kurtogram are the most used techniques deriving from the kurtosis, defined as the ratio between the fourth central moment and the squared second central moment. For the detection of generic rattle noise defined by impact-induced phenomenon, impulsive criteria such as kurtosis based methods seem suitable [START_REF] Cerrato-Jay | Automatic detection of buzz, squeak and rattle events[END_REF] [START_REF] Lee | Development of an algorithm to automatically detect and distinguish squeak and rattle noises[END_REF]. These references deal with generic rattle noise for which the engine rotation speed is not a direct control parameter of the system. On the contrary, the interest of the present study is focused on gearbox rattle noise directly linked to the engine acyclism.

Different approaches have been proposed to model gearbox rattle noise. Some authors investigate phenomenological approaches [START_REF] Mason | basins of attraction in nonsmooth models of gear rattle[END_REF] [START_REF] Kadmiri | Eperimental and numerical analysis of automotive gearbox rattle noise[END_REF] while others build global models [START_REF] Wang | Gear rattle modelling and analysis for automotive manual transmissions[END_REF] [START_REF] Chauvineau | A global approach in gearboxes rattle noise modeling[END_REF]. The experimental analysis of rattle noise requires test benches able to reproduce engine acyclism by means of a universal joint for example [START_REF] Couderc | Vehicle driveline dynamic behaviour: experimenatation and simulation[END_REF]. Many studies are focused on idle gear noise (gearbox on neutral) and use electro-dynamic translation exciters [START_REF] Barthod | Experimental study of gear rattle excited by a multi-harmonic excitation[END_REF] [START_REF] Dion | Gear impacts and idle gear noise: Experimental study and non-linear dynamic model[END_REF]. Kadmiri et al. [START_REF] Kadmiri | Eperimental and numerical analysis of automotive gearbox rattle noise[END_REF] exploit a dedicated test bench replicating excitations from an automotive powertrain. They use two optical encoders in order to measure the Instantaneous Angular Speed (IAS) of driving and loose gears under stationary operating conditions.

Several methods can be employed to obtain the IAS: the elapsed time method uses a high frequency clock while the ADC (Analog to Digital Conversion)-based method exploits the analog encoder signal [START_REF] Li | The measurement of instantaneous angular speed[END_REF]. Some recent works analyse the IAS measurement errors such as the geometric error, the filtering effect due to elapsed time measurement or the counting error [START_REF] Leclère | An analysis of instantaneous angular speed measurement errors[END_REF] [START_REF] André | Precision of the IAS monitoring system based on the elapsed time method in the spectral domain[END_REF]. From these results IAS can be considered as a good and precise way to reach dynamic behaviour of gears when rattle noise occurs. According to the level of the influencing parameters (level of acyclism, drag torque, pinion inertia...), different situations can be distinguished : single-sided impacts, double-sided impacts or irregular impacts [START_REF] Wang | Gear rattle modelling and analysis for automotive manual transmissions[END_REF].

The state of the art illustrates the difficulty to predict with accuracy rattle noise level before the conception phase.

This phenomenon indeed depends on many physical parameters and especially on damping which is difficult to model in this type of systems [START_REF] Leprince | Pertes mécaniques par frottement et lubrification dans une boîte de vitesses[END_REF]. The occurrence and the level of rattle noise depend on speed/load operating points which are then difficult to predict. Moreover rattle noise appears principally during acceleration and deceleration phases and its detection during operation thus requires the analysis of non-stationary signals. Consequently, in the present practice, the occurrence and the level of rattle noise are usually judged by in-situ listenings of trained auditors.

In order to help more efficient evaluations the aim of this paper is then to construct a method to detect and quantify rattle noise from measurements under non-stationary operating conditions. The method has to be non-intrusive in order to be industrially adaptable without requiring modifications on gearboxes. In this work the interest is focused on "periodic" cases which seem to be the least severe in terms of sound intensity [START_REF] Wang | Gear rattle modelling and analysis for automotive manual transmissions[END_REF] and then require more advanced signal processing methods. In particular, in a four-cylinder four-stroke combustion engine the acyclism is principally composed of the second harmonic of the rotation speed (denoted H 2 ) and periodic rattle is thus generally composed of four impacts per revolution of the primary shaft: one impact on the active flank and one on the reverse flank of the gear per period H 2 .

Rotating machines such as gearboxes produce signals exhibiting cyclostationary properties when operating under stationary or quasi-stationary conditions [START_REF] Randall | The relationship between spectral correlation and envelope analysis in the diagnostics of bearing faults and other cyclostationary machine signals[END_REF] [START_REF] Antoni | Cyclostationary modelling of rotating machine vibration signals[END_REF]. The occurence and the level of rattle noise depending on operating conditions and in particular on the rotation speed, the interest in our work is focused on tests in run up conditions classically used to scan the NVH behavior of gearboxes. The assumption of cyclostationarity has thus to be replaced by the so called assumption of "cyclo-non-stationarity" which is a recent field of research [START_REF] D'elia | A novel approach for the cyclo-non-stationary analysis of speed varying signals[END_REF] [19] [START_REF] Abboud | A completer[END_REF]. In this context, the order-frequency distribution proposed by D'Elia et al. in reference [START_REF] D'elia | A novel approach for the cyclo-non-stationary analysis of speed varying signals[END_REF] is particularly well suited to the analysis of rattle noise: the "cyclic frequency" expressed in events per revolution (epr) is directly linked to the periodicity of the impacts while the spectral content of these impacts are linked to the "spectral frequency" expressed in Hertz. A formal framework to this approach is given in reference [START_REF] Antoni | Time-angle periodically correlated processes, Cyclostationarity : theory and methods[END_REF] which introduces the "angle/time cyclostationary" class of signals. Some useful results for rattle noise detection are recalled in this paper. For rotating machine diagnostics, cyclostationary tools are generally applied on vibration or acoustic signals. Their application is however not limited to signals of this nature and can for example be applied on signals issued from angular encoders. In this work the angle/time cyclostationary tools will be applied both on vibration and IAS signals.

The organisation of the paper is as follows. The angle-time cyclostationary approach is first presented. It enables the detection of rattle noise with an order-frequency distribution which requires the measurement of IAS with an optical encoder. The test bench and the gearbox instrumentation used in this study are then presented. For validation purposes, a specific instrumentation is used with optical encoders that intrusively measure the relative speed between the driving and the loose gears. These measurements will serve as a reference in order to validate the new nonintrusive detection method proposed in the last section. An order/frequency spectral coherence is eventually estimated on vibration and IAS signals to detect and quantify rattle noise occurence by observing the evolution of the frequency content of a given cyclic order. A comparison is also made with the Spectral Kurtosis which more closely follows the traditional approach for rattle noise detection.

Angle/time cyclostationarity

The cyclostationarity assumption is now widely used to analyse vibration signals of rotating machines [16] [22]. This section will show the interest of maintaining an angle/time duality to analyse such signals in non-stationary conditions.

Angle/time duality

In the time domain, cyclostationary signals can be expressed as a Fourier series [START_REF] Gardner | Characterization of cyclostationary random signal processes[END_REF] x

(t) = k c k (t)e j2πkα t t (1) 
whose coefficients c k (t) are jointly stationary random processes and whose complex exponentials are expressed in the time domain and depend on the cyclic frequency α t (subscript t in this notation will serve to differentiate this cyclic frequency expressed in Hertz and the cyclic order α θ expressed in "number of events per revolution" (epr)). For a second-order cyclostationary signal, the autocorrelation function R xx (t, τ) = Ex(t)x * (t -τ) (depending on the time variable t and the time-lag τ) is periodic with respect to time, with E the ensemble averaging operator. A double Fourier transform relatively to t and then τ defines the spectral correlation function S xx (α t , f ) which is a "frequencyfrequency" distribution with the "cyclic frequency" α t and the "spectral frequency" f both expressed in Hertz. An equivalent but more convenient definition is:

S xx (α t , f ) = lim W→∞ 1 W E F W {x(t)} * F W {x(t)e -j2πα t t } (2) 
where F W {x(t)} stands for the Fourier transform of signal x(t) over a time interval of finite duration W. The cyclic frequency α t characterizes the cyclic modulations of the waveforms while the spectral frequency f characterizes the spectral content of the carrier signal.

Cyclostationarity expressed in the time domain supposes exact periodicity of the signal statistics in time. In practice the cyclic patterns produced by rotating machines are more directly linked to the angle of rotation of the machine rather than to time. Signals measured on rotating machines with discrete geometry are then often angularly resampled or directly acquired in the angle domain [START_REF] André | Comparison between angular sampling and angular re-sampling methods applied on the vibration monitoring of a gear meshing in non stationary conditions[END_REF] in order to get a constant number of angular samples per cycle. In the angle domain, cyclostationary signals can be expressed as a Fourier series whose coefficients c k (θ) are jointly stationary random processes relatively to angle and whose complex exponentials depend on the cyclic order α θ [START_REF] Antoni | Cyclostationary modelling of rotating machine vibration signals[END_REF] :

x(θ) = k c k (θ)e jkα θ θ . (3) 
The autocorrelation function R xx (θ, τ θ ) = Ex(θ)x * (θ -τ θ ) is then expressed with the angular variable θ and the anglelag τ θ . Its double Fourier transform, the spectral correlation function S xx (α θ , f θ ), is then an order-order distribution with "angle" frequencies both expressed in number of events per revolution. The angle cyclostationarity enables the characterization of the cyclic phenomena in operating conditions with some speed fluctuations. It is however unable to accurately characterize the spectral content of the waveforms due to structural signatures, since both variables f θ and α θ are now dual to the angular position of the shaft.

The dilemma of choosing between a time domain or an angle domain representation is now illustrated by means of an example. Figure 1 illustrates the angle/time complementarity. A vibration signal x(t) composed of some impacts s(t) linked to a rotating component applied to a mechanical system characterized by its impulse response h(t) is simulated by the convolution

x(t) = h(t) * s(t) (4) 
with

h(t) =          e -ζ2π f 0 t sin(2π f 0 t) , t ≥ 0 0 otherwise
where * stands for convolution, f 0 and ζ represent the natural frequency and the damping ratio, respectively, and

s(t) = A( θ(t)). k δ(t -t k ) with t k such that θ(t k ) = 0, (5) 
where θ(t) is the acyclic IAS and A( θ(t)) is a coefficient introduced to simulate the amplitude modulation due to the instanstaneous operating conditions. Figure 1 (a) corresponds to the observation of the signal in the time domain during 0.06 s. An increase of 1200 rpm (revolutions per minute) is simulated between figures (a) and (c). The frequency content is unchanged but the signal does not exhibit any periodicity. Firstly the time spacing between two impulses is not constant and secondly the amplitude is changing due to speed evolution. In the angle domain (figures (b) and (d)) the spacing between impulses is kept constant but exact periodicity can still not be defined because of the changes of the frequency content (spread of the impulses) and of the amplitude modulation. Thus such a signal cannot be analysed neither in the time domain nor in the angle domain where the spectral correlation is expressed as a function two frequency variables with the same metric units (expressed in Hz/Hz or epr/epr respectively). The joint angle/time representation introduced in the next subsection is intended to solve this dilemma.

Angle/time cyclostationary tools

D'Elia et al. [START_REF] D'elia | A novel approach for the cyclo-non-stationary analysis of speed varying signals[END_REF] propose a two-dimensional distribution which displays cyclic order (expressed in epr) versus frequency (expressed in Hertz) after two resampling operations. They show experimentally the relevance of such a distribution which enables the analysis of a signal in both time and angle domains. Urbanek et al. [START_REF] Urbanek | Application of averaged instantaneous power spectrum for diagnostics of machinery operating under non-stationary operational conditions[END_REF] propose another approach based on a time-frequency representation of selected cyclic components. In order to analyse cyclo-nonstationary signals, Capdessus et al. [START_REF] Capdessus | Advances in condition monitoring of machinery in non-stationary operations (CMMNO)[END_REF] propose an extension of the Fourier transform called the Speed Transform, where the vibration signal is decomposed over a set of time-varying frequency sine waves synchronized with the speed variation instead of fixed frequency sine waves. This approach is however limited to linear speed variations.

Napolitano [START_REF] Napolitano | Generalized almost-cyclostationary processes and spectrally correlated processes: two extensions of the class of the almostcyclostationary processes[END_REF] introduces the class of "spectrally correlated processes", wherein the support of the Loève bifrequency spectrum is composed of countable set of curves. If the location of the support curves is unknow, the spectral correlation density function of such a process can only be estimated if the departure from almost-cyclostationarity is sufficiently small. More recently, Antoni et al. [START_REF] Antoni | Time-angle periodically correlated processes, Cyclostationarity : theory and methods[END_REF] propose a theoretical framework for the definition of an order vs.

frequency distribution with a generalization of the cyclostationarity concept. To do so, a novel class of signals called "angle-time cyclostationarity" (AT-CS) is defined. The principal results exploited hereinafter for rattle noise detection are now recalled. Angle/time cyclostationary signals can be expressed as the Fourier series

x(t) = k c k (t)e jkα θ θ(t) (6) 
where coefficients c k (t) are jointly stationary random processes in time and where the complex exponentials are expressed in the angle domain and depend on the cyclic order α θ . The stationarity of c k (t) is a major difference with cyclo-non-stationnary signals, recently defined in reference [START_REF] Antoni | Separation of comubstion noise in IC engines under cyclo-non-stationary regimes[END_REF], where Fourier coefficients are supposed jointly nonstationary. As presented in the inclusion diagram in Fig. 2, the class of angle/time cyclostationary signals is included in the class of cyclo-non-stationary signals.

Angle/time cyclostationary signals are characterized by their angle-time autocorrelation function expressed with respect to the angular variable θ and the time-lag τ and defined as:

R xx (θ, τ) = E[x(t(θ))x * (t(θ) -τ)]. (7) 
The carrier phenomena (for example those expressed by their impulse response h(t)) are analysed by τ (expressed in seconds) while the cyclic phenomena are analysed by θ (expressed in radians). A double Fourier transform gives an order-frequency distribution called the order-frequency spectral correlation (OFSC):

S xx (α θ , f ) = F θ→α θ F τ→ f {R xx (θ, τ)} . (8) 
Noting that the integration variable θ depends on time, θ = θ(t), the OFSC is then expressed as [START_REF] Antoni | Time-angle periodically correlated processes, Cyclostationarity : theory and methods[END_REF] [21] :

S xx (α θ , f ) = lim W→∞ 1 Φ(W) E F W {x(t)} * F W {x(t) θ(t)e -jα θ θ(t) } (9) 
where α θ stands for the cyclic order, θ(t) = dθ/dt stands for the IAS, Φ(W) = w θdt is the angular sector spanned during the time interval W and F W {.} stands for the Fourier transform over the finite time interval W. It is noteworthy that the IAS θ(t) explicitely appears in the expression of the OFSC. It is a major difference with the cyclostationary case which does not account for it. Moreover, contrary to reference [START_REF] D'elia | A novel approach for the cyclo-non-stationary analysis of speed varying signals[END_REF], this order vs. frequency distribution does not require any angular resampling.

Similarly to the cyclostationary case, the order-frequency spectral coherence (OFSCoh) function is defined as

γ xx (α θ , f ) = S xx (α θ , f ) [S xx (0, f )S x α θ x α θ (0, f )] 1/2 (10)
where x α θ (t) = x(t) θ(t)e -jα θ θ(t) . The squared magnitude |γ xx (α θ , f )| 2 is normalised between 0 and 1, with the advantage of measuring the degree of correlation independantly of the signal power spectrum. This descriptor gives a quantitative measure of the emergence of the signal of interest relative to noise and can therefore be interpreted as a "signal-tonoise" ratio.

For the following results the OFSCoh will be estimated with the Welch estimator.

For the present application, the proposed OFSCoh returns a quantification of the emergence of rattle noise from background noise. Let the measured signal x(t) be the sum of rattle noise s(t) and other sources of noise (i.e. background noise) n(t). Since rattle noise only is supposed to be cyclostationary with cyclic order α θ , the OFSCoh reads

γ xx (α θ , f ) = S ss (α θ , f ) [(S ss (0, f ) + S nn (0, f ))(S s α θ s α θ (0, f ) + S n α θ n α θ (0, f ))] 1/2 . ( 11 
)
From the Cauchy-Schwarz inequality, it comes 0

≤ |γ xx (α θ , f )| ≤ 1. If no rattle noise is present, then γ xx (α θ , f ) = 0, whereas if rattle noise is dominant, then γ xx (α θ , f ) = 1.
The OFSCoh is thus a quantitative measure of the emergence of rattle noise from background noise normalized between 0 and 1. Note that it is not to be confused with an absolute measure of rattle noise: it is relative to background noise, which is truly the objective of interest in terms of acoustical perception (for instance rattle noise may be present but completely masked by background noise, in which case it will not be perceived and γ xx (α θ , f ) = 0).

The experimental application based on OFSCoh will be detailed in section 5. The next part presents the test bench and the instrumentation used in this study.

Experimental protocol

Test bench and measurement configurations

The test bench used in this study is composed of an automotive gearbox driven by an electrical motor which is speed controlled. A large range of operating conditions can be applied, including speed ramp or other non-stationary speed laws. A load is applied to the gearbox by an electrical generator which is torque controlled. A low-pass mechanical filter composed of a torsion rod and two inertia wheels enables the filtration of most of torsional vibrations induced by the generator. An acyclic excitation can be applied by means of a universal joint which leads to a misalignment between the motor axle and the primary shaft of the gearbox. The torque transmitted to the gearbox is then composed of the superposition of a constant torque and an oscillating torque at the second harmonic of the rotation speed. This apparatus simulates the natural acyclism of four-cylinder four-stroke combustion engines and allows the occurrence of rattle noise during non-stationary operating conditions.

In this study a speed ramp with a variation of 1450 rpm is applied during 40 s and two misalignments of the universal joint are compared (0 • and 8 • ). The gearbox shown in Fig. 3 is equipped with different transducers (accelerometers and optical encoders). The 5 th meshing gear is removed and the corresponding housing is replaced by a plate. Two optical encoders (Heidenhain ERO 1324) are thus placed at the end of the primary and secondary shafts in order to measure the IAS or the Transmission Error (TE) of these two shafts. Their resolution is 2048 pulses per revolution. The encoder acquisition is realised with the elapsed time method by counting the number of high frequency clock events between two marks of the encoder. This elapsed time method is detailed in reference [START_REF] Rémond | Practical performances of high speed measurement or gear Transmission Error or torsional vibrations with optical encoders[END_REF]. The clock frequency is F = 80 MHz.

In this study an accelerometer (PCB 353B33) is mounted on the housing in order to measure the vibration response of the gearbox. The accelerometer signal is acquired with a sample frequency of 40960 Hz after anti-aliasing filtering at 13889 Hz. 

Specific gearbox instrumentation with optical encoders

A dedicated instrumentation is set up for this study. The 2 nd meshing gear is engaged (gear ratio Z 1 /Z 2 ) and the 4 th unloaded meshing gear is instrumented with an optical encoder in order to measure the IAS of this loose gear. In this gearbox the 4 th loose gear is located on the primary shaft. The encoder has to resist to severe operating conditions (high temperature and presence of lubricant) and the acceptable size is limited by the other parts inside the gearbox. For this reason the encoder Lika C80, with a resolution of 2048 pulses per revolution, has been chosen. The implantation of the encoder is observable in Fig. 4 (a). The 1 st and 3 rd loose gears, the reverse meshing gear and the synchroniser sets are removed. With this specific configuration, only the 4 th unloaded meshing gear can potentially produce rattle noise.

Figure 4 (b) shows the tested gearbox configuration. The optical encoder noted "A" is placed at the end of the primary shaft to obtain the IAS of the input shaft. The optical encoder "B" is placed at the end of the secondary shaft.

These two encoders are visible in Fig. 3. It is assumed that the IAS of the 4 th leading gear is equal to the IAS of the secondary shaft obtained with the encoder B as the gear is fixed to its shaft. The IAS of the 4 th loose gear is obtained with encoder C (Fig. 4 (a)) placed inside the gearbox.

Encoders B and C are used to estimate the relative velocity (or the Transmission Error) between the loose and the driving pinions of the 4 th meshing gear (unloaded). In the next part, this relative velocity is used to observe the occurrence of impacts generating rattle noise. This visual criterion will serve as a reference to validate the original detection method proposed in section 5 and based on the angle/time cyclostationary approach. 

Intrusive rattle detection from the relative velocity

Principle

The 0 • misalignment configuration corresponds to a test without acyclism and thus without occurrence of rattle noise. The relative velocity between the pinions of the 4 th unloaded meshing gear is estimated with encoders B and C. A previous work [START_REF] Kadmiri | Eperimental and numerical analysis of automotive gearbox rattle noise[END_REF] used a similar instrumentation to study automotive rattle noise under stationary operating conditions. In our work the interest is focused on detection in non-stationary conditions.

The instants of impact for the 8 • misalignment will be detected by comparison with the relative velocity at 0 • misalignment. The relative velocity is calculated from the IAS of both gears. The assessment of the IAS with optical encoders is subject to several difficulties recently described in references [START_REF] Leclère | An analysis of instantaneous angular speed measurement errors[END_REF] and [START_REF] André | Precision of the IAS monitoring system based on the elapsed time method in the spectral domain[END_REF]. Rotating encoders are composed of a rotating device containing a number of marks which defines the resolution of the encoder. In the optical technology, those marks are alternating sectors. The angular imprecision between two marks generates geometric errors in the estimation of the IAS. Another type of uncertainty is due to the acquisition protocol which implies counting error (or quantization error) for the elapsed time method. The next section is focused on the counting error which can be limited by a low-pass filter in the order domain.

Counting error

In this study the encoder acquisition is realized with the high frequency counting approach by counting the number N h of clock events between two marks of the encoder (see Fig. 5, from [START_REF] André | Precision of the IAS monitoring system based on the elapsed time method in the spectral domain[END_REF]). The IAS is then estimated as

ω(θ) = 2π R . F N h ( 12 
)
where F is the clock frequency and R the encoder resolution. The number N h of clock events is necessarily an integer.

The counting error corresponds to the uncertainty in the time estimated between two marks of the encoder due to the round-off of N h . Reference [START_REF] André | Precision of the IAS monitoring system based on the elapsed time method in the spectral domain[END_REF] deals with the counting error in non-stationary case. A statistical approach is considered to estimate the random perturbation resulting from the quantization. The quantization threshold η D ω ω ( f θ ) distinguishes the spectral components induced by the quantization from those induced by a real mechanical information. With probability α, the quantization noise perturbing the IAS estimation is obtained with the following quantization threshold :

η D ω ω ( f θ ) = - ln(α) 3F 2 sin(π f θ ∆θ) 2 ω 4 0 ∆θ 2 (13) 
with f θ the "angle" frequency, ∆θ = 2π R the angular distance between two marks of the encoder and ω 0 the mean operating speed. In other words, a spectral component of the power spectral density (PSD) D ω ω( f θ ) which is higher than the quantization threshold η D ω ω has a probability α to be induced by the counting error.

Figure 6 (a) shows the PSD of the IAS obtained with encoder B superposed with the quantization threshold obtained for α = 0.1% for the range [0 -400] events per revolution (epr). For high orders (above around 300 epr) the shape of the theoretical quantization spectrum approaches the shape of the spectrum of the IAS. For the range [300 -R/2] epr only 2.2% of spectral components of the PSD is higher than the quantization threshold. The level of the IAS spectrum above 300 epr is then mainly due to the quantization noise. A similar observation is done for encoder C placed inside the gearbox (figure 6 (b)). Once again the spectral components above 300 epr seem mainly induced by the counting error.

In the rest of this study we thus apply a low-pass filter in the order domain in order to minimize the influence of the counting error on the IAS. The cut-off order is chosen at 300 epr. 

Detection results with an intrusive approach

The IAS of the 4 th leading and loose gears can be estimated with Eq. ( 12) by using encoders B and C and the relative velocity between the two gears is thus obtained. It corresponds to the difference between the IAS of the leading gear and the loose gear by taking into account the gear ratio.

The relative velocity between the loose gear and the leading gear is displayed in Fig. 7 to detect the impact instants. The 0 • misalignment case corresponds to a test without acyclism and then without occurrence of rattle noise.

In Fig. 7 (b) it is observed that around 80 rev. of the primary shaft (where the IAS of the primary shaft is around 1000 rpm) the relative velocity has the same magnitude for the two misalignments and no impact is detected. In Fig. 7 (c) (where the IAS of the primary shaft is around 1900 rpm) the relative velocity for the 8 • misalignment shows that successive impacts are detected. The sign of the relative velocity enables the differentiation of the shocks on the active flanks from those on the reverse flanks. Four impacts per revolution of the primary shaft are detected with an alternance between active and reverse flanks. According to this visual criterion, rattle noise is then detected by the encoders from -approximately-the 350 th revolution of the primary shaft.

This intrusive approach will serve as a reference in order to validate the indirect detection method presented in the next section.

Non-intrusive rattle noise detection with the order/frequency coherence

The OFSCoh introduced in section 2 will now be used to detect and quantify rattle noise from the vibration (subsection 5.1) and IAS signals (subsection 5.2). The proposed method uses an accelerometer fixed on the gearbox housing and measurements in run-up conditions. 

Results

In section 2.2, angle/time cyclostationary tools have been presented on signals containing both first and second order cyclostationarity. The detection results are thus first shown on the entire signal and the influence of the first-order component will be investigated in the next section.

For each signal portion, the OFSCoh |γ xx (α θ = 2, f )| 2 is presented on a "frequency (Hz) vs. revolutions of the primary shaft" map (Fig. 9). The results for both 0 • and 8 • misalignments are compared. For 0 • misalignment (Fig. 9 (a)) the map highlights very weak amplitudes below 0.01 at order 2 epr: it does not reveal energy in the whole accelerometric signal. That is in accordance with the fact that no acyclism is introduced and then no impacts are produced. For 8 • misalignment (Fig. 9 (b)), wideband areas with higher magnitude up to 0,22 are observed from about the 400 th revolution of the primary shaft. This observation reveals the presence of a phenomenon with an angleperiodicity of 2 epr with a large frequency bandwidth: it is then assigned to the occurrence of rattle noise. The interest of such maps is to permit the visualization of the bandwidth of a given cyclic order according to the evolution of instantaneous operating conditions. It enables keeping an angle/time duality to characterize the phenomenon.

The non-intrusive detection with OFSCoh on vibration signal (rattle noise detected beyond the 400 th revolution) shows a good agreement with the intrusive detection based on the exploitation of the encoder signals (rattle noise detected beyond the 350 th revolution) in subsection 4.3. Moreover, the OFSCoh values give a relative quantification of rattle noise emergence compared to background noise: the higher its value, the higher the noise emergence. 

Influence of first-order cyclostationarity

In the previous subsection the OFSCoh has been estimated on the full measured signal. The effect of the first angle/time cyclostationary order is now observed. Amplitude modulation being neglected for successive portions (cf. 

Comparison between Spectral kurtosis and OFSCoh

As mentioned in the literature survey of section 1, kurtosis was early proposed as a measure of rattle noise [START_REF] Cerrato-Jay | Automatic detection of buzz, squeak and rattle events[END_REF] due to its capability to characterise the impulsiveness of a signal. As an extension of kurtosis, the Spectral kurtosis (SK) [29] [30] enables the detection of transients in a signal and also their locations in the frequency domain which is of prime interest in the present application. This paragraph proposes a comparison between the SK and the OFSCoh for rattle noise detection. From the onset, it is interesting to point the theoretical link between the kurtosis and the spectral correlation. In reference [START_REF] Borghesani | The relationship between kurtosis-and envelope-based indexes for the diagnostic of rolling element bearings[END_REF] Borghesani has demonstrated that the empirical definition of the kurtosis of a cyclostationary signal is equal to the sum of all the peaks of the "squared envelope spectrum", S (α, f )d f , normalized by the zero-frequency peak. This evidences a link between the kurtosis of rattle noise and the order/frequency spectral correlation. In practice these tools are however applied in a mixture composed of rattle noise and background noise.

The kurtosis gives an indication of impulsiveness of the whole signal (rattle plus noise) and is then very sensitive to the background noise content. On the contrary, angle/time cyclostationary indicator (OFSCoh) is tailored to rattle noise occurrence with the synchronization at the cyclic order (2 epr). This indicator can thus be seen as a kurtosis synchronized to the cyclic order of rattle noise.

For illustration, the SK is estimated on each portion the vibration signal measured successively with 0 • and 8

•
misalignment and is presented on the "frequency vs. revolutions" map in Fig. 11 (the frequency resolution of the SK was selected so as to maximise its values [START_REF] Antoni | The spectral kurtosis: application to the vibratory surveillance and diagnostics of rotating machines[END_REF]). The interest being focused on the detection of impulsive components, the scale of the two figures has been truncated at the positive values. 

Application on IAS signals

For rotating machine diagnostics, cyclostationary tools are generally applied on vibration or acoustic signals.

Their application is however not limited to signals of this nature and can for example be applied on signals issued from angular encoders. Encoders A and B placed outside the gearbox enable the estimation of the IAS of the primary and secondary shafts. In this section the OFSCoh is applied on the two IAS signals in order to detect rattle noise.

IAS of the secondary shaft

The IAS of the secondary shaft obtained with encoder B is firstly considered (Fig. 12 (a)). The cyclic order of interest for rattle noise is thus α θ = 2Z 2 /Z 1 epr with Z 1 and Z 2 the number of teeth of respectively the driving and driven gears of the 2 nd meshing gear (engaged).

For the configuration with a 8 • misalignment the synchronous average is presented in Fig. 12 Similarly to the vibration signals, the IAS signal is here divided into 13 portions. The "frequency vs. revolutions" map for the squared OFSCoh is presented in Fig. 13 for both misalignments. The red dash curve indicates the cutting frequency of the low-pass filter applied in the order domain (cf. part 4.2). For the configuration without acyclism (Fig. 13 (a)), the presence of cyclic order α θ = 2Z 2 /Z 1 epr is not revealed (values of the OFSCoh remain below 0.02).

For 8 • misalignment (Fig. 13 (b)), starting from the sixth portion (centred around the 415 th revolution of the primary shaft), some higher amplitudes up to 0.27 are observed for almost all the exploitable frequency band. Impacts are then detected in the signal portions where rattle noise has previously been detected with the reference method based on relative velocity. Impacts generate indeed a disturbing torque which results in a IAS variation of the secondary shaft detected by the optical encoder. It is thus demonstrated that the detection of rattle noise can be achieved from the IAS signal alone.

IAS of the primary shaft

The same method is now applied on the IAS of the primary shaft. The cyclic order of interest is then α θ = 2 epr.

The "frequency vs. revolutions" map for the squared OFSCoh is presented in Fig. 14 for both misalignments. Some energy peaks (spectral curves of darken color) evolving with frequency during run-up generating the so-called "whine noise" are observed. Those peaks being also present for the case of 0 • misalignment (Fig. 14 (b)), they are not only due to acyclism but are characteristic to the engaged gear meshing. Reference [START_REF] Renaudin | Natural roller bearing fault detection by angular measurement of true instantaneous angular speed[END_REF] describes phenomena detectable on the IAS order spectrum. The order observed at 2 epr can essentially be attributed to the second harmonic of the pinion eccentricity. For 8 • misalignment the amplitude of the peaks slightly increases starting from the 400 th revolution of the primary shaft, which corresponds to the signal part where impacts were previously detected. The increase is however weak and appears only in the frequency band between about 1000 and 2500 Hz. This frequency band is thus not large enough to correctly differentiate rattle noise (expected with a large frequency bandwidth) from whine noise (characterized by localised frequencies evolving with speed). Whine noise with high energy then prevents the detection of rattle noise by means of the IAS of the primary shaft.

Conclusion

Depending on the values taken by some parameters such as the level of acyclism, loose gear inertia..., the vibrations of loose gears generate repetitive impacts throughout their backlashes. The transmission of the shocks to the housing of the gearbox generates rattle noise which in turn produces acoustic nuisance. The appearance and the level of this phenomenon depending on operating conditions, the interest has here been focused on tests in run-up conditions.

In order to take advantage of the "periodicity" of the impacts, the angle/time cyclostationary approach has been exploited. The order/frequency spectral coherence (or correlation) enables the analysis of the spectral content of a given cyclic order by means of the explicit consideration of the IAS. An original non-intrusive rattle noise detection method has then been proposed. This approach does not require any angular resampling but requires the measurement of the IAS. A specific gearbox configuration has been considered for validation purposes where only two meshing shown to be hidden by high levels of whine noise. The proposed method has also been verified to provide superior results than a kurtosis-based method.

In this work the measurements have been realised on a real automotive gearbox driven by an electrical motor. In perspective some measurements will have to be realised on a powertrain test bench where the gearbox is then coupled to a combustion engine.

Figure 1 :

 1 Figure 1: Vibration signal produced by a series of impacts linked to a rotating component and observed in the time domain before (a) and after (c) increase of the speed regime. Observation of the same signal in the angle domain before (b) and after (d) speed increase.

Figure 2 :

 2 Figure 2: Inclusion diagram of different classes of processes.

Figure 3 :

 3 Figure 3: Instrumented gearbox on the LaMCoS test bench.

Figure 4 :

 4 Figure 4: (a) : Internal instrumentation of the gearbox. (b) : Gearbox configuration.

Figure 5 :

 5 Figure 5: IAS estimation with the elapsed time method. (a) Encoder signal. (b) High frequency clock. (c) Estimated IAS. [14]

Figure 6 :

 6 Figure 6: PSD of the IAS obtained with optical encoders B (a) and C (b) (black) and quantization threshold for α = 0.1% (red dash curve) in the range [0-400] epr.

Figure 7 :

 7 Figure 7: (a) Relative velocity between the loose gear and the leading gear for misalignments of 0 • (red dash curve) and 8 • (black). Zoom around 80 (b) and 880 (c) revolutions of the primary shaft.
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 1 Application on vibration signals 5.1.1. Detection method

Figure 8

 8 Figure 8 illustrates the proposed methodology. The vibration signal is divided into 13 portions containing a constant number of angular samples. The choice of the length of the portions induces a compromise between the variance of the OFSCoh and the precision of the detection of the impacts during the speed ramp (classical bias/variance trade-off).In this study, portions of 73 revolutions of the primary shaft are considered. Signals of each portion being considered angle/time cyclostationary, the OFSCoh is estimated with Eq. (10) for α θ = 2 epr. This cyclic order corresponds to the number of pairs of impacts on active and reverse flanks per revolution of the primary shaft. The estimation of the OFSCoh requires the knowledge of a reference IAS which is here obtained with encoder A placed at the end of the primary shaft (cf. Fig.4 (b)).
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 8 Figure 8: Methodology of rattle noise detection with OFSCoh. Example on a vibration signal.

Figure 9 :

 9 Figure 9: Squared OFSCoh at order α θ = 2 epr for misalignments 0 • (a) and 8 • (b) estimated on accelerometric signals. (Spectral resolution ∆ f = 80 Hz)

Fig. 8 )Figure 10 :

 810 Fig.8), the synchronous average is estimated and removed in the angle domain for α θ = 2 epr. The resulting signal is then purely angle/time cyclostationary of order 2. Figure10(a) displays the synchronous average extracted from the last signal portion where impacts have previously been detected. The synchronous average RMS (Root Mean Square) value is small (ten times smaller than the RMS value of the full signal portion) thus indicating weak first-order cyclostationarity. Figure10 (b) presents the "frequency vs. revolutions" map after removing the synchronous average. In comparison with Fig.9(b), the detection and quantification of rattle noise is identical with and without presence of first-order cyclostationarity. The calculation of the synchronous requires a costly angular resampling operation ; thus, detection results being unchanged, it does not seem necessary to proceed to this first-order removal in the present application.
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 1111 Figure 11: Spectral kurtosis estimated on accelerometric signal for misalignments 0 • (a) and 8 • (b). (Spectral resolution ∆ f = 320 Hz)

Figure 12 :

 12 Figure 12: (a) IAS of the secondary shaft and (b) synchronous average on one revolution of the primary shaft estimated from a IAS signal portion.

Figure 13 :

 13 Figure 13: Squared OFSCoh at order α θ = 2 epr for misalignments 0 • (a) and 8 • (b) estimated on IAS of secondary shaft. The red dash curve indicates the cutting frequency of the low-pass filter applied in the order domain. (Spectral resolution ∆ f = 80 Hz)

Figure 14 :

 14 Figure 14: Squared OFSCoh at order α θ = 2 epr for misalignments 0 • (a) and 8 • (b) estimated on IAS of primary shaft. The red dash curve indicates the cutting frequency of the low-pass filter applied in the order domain. (Spectral resolution ∆ f = 80 Hz)
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