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An Early Diagnosis of Outer Race Bearing Defects In Induction Machines Based On Line Neutral Voltage Analytical Calculation

This paper is devoted to diagnosis outer race bearing fault of induction motors by studying line neutral voltage analytical development. The study is based on the analysis of the frequency content of the neutral voltage after the appearance of the fault. Despite the minimal cost of bearing maintenance, the most machines failures are caused by this latter. That is why, the investigation of the outer ring bearing faults is essential due to the financial losses and break time resulting from unexpected events caused by this fault. The early detection of the bearing faults becomes necessary in order to increase the yield of the machine as well as its lifespan. Reliable monitoring can only be achieved if the chosen diagnosis method is inadequacy with the nature of the fault. The method chosen must be facilitating the diagnosis as much as possible. In fact, this mechanical defect gives very little significant defect index when using the MCSA method. The most contribution of this paper is to propose an accurate indicator of the outer race bearing fault that is different of the signature engender by the eccentricity fault. The line neutral voltage calculation taking into account the outer race bearing fault is developed and simulated. To support and to confirm the simulation results, experimental study is presented in this paper.

Introduction

Today, maintenance activities are massively oriented towards "FMDS" type services (Reliability, Maintainability, Availability, and Security). These activities permit and meet overall performance objectives to guarantee continuity of the service of the electrical systems while minimizing the maintenance costs.

The new industrial objectives are to switch to Industry 4.0 that consists of monitoring and control machinery and equipment in a real-time. For that, it is necessary to propose an optimal monitoring method that will be able to process the data provided by sensors at each stage of the production process. To obtain the fourth new industrial revolution and to have a connected factory it is necessary to studies separately and efficiency the different elements of the sub-systems of an industrial electrical installation. One of the most important constituents in the process is the induction motor.

In fact, asynchronous machine occupies an ideal position in industrial processes because of the advantage that distinguishes it to other electric machines. Its accuracy, efficiency, simplicity focus on a low maintenance cost [1][START_REF] Silva | Multi-domain model of faulty stator core for thermal effects and losses evaluation[END_REF][START_REF] Fong | An intelligent online machine fault diagnosis system[END_REF][START_REF] Mendes | Fault diagnostic algorithm for three-level neutral point clamped AC motor drives, based on the average current Park's vector[END_REF][START_REF] Alalibo | Bi-Signature optical spectroscopy for online fault detection in electrical machines[END_REF][START_REF] Rahnama | Machine-learning approach for fault detection in brushless synchronous generator using vibration signals[END_REF][START_REF] Vinayak | Wavelet-based real-time stator fault detection of inverter-fed induction motor[END_REF][START_REF] Akbari | Calculation of inductances of induction machines under axial non uniformity conditions[END_REF][START_REF] Khezzar | Induction motor diagnosis using line neutral voltage signatures[END_REF][START_REF] Khezzar | Accurate modelling of cage induction machine with analytical evaluation of inductances[END_REF].During his life, the machine is exposed to various malfunctions. For that, many extensively researchesare proposed to predict and deal well the inappropriate stop of industrial process.Induction machine malfunction can be caused by two principal kinds of failures. These failures can be outside or inside of the machine. The most important outside failure is the unbalanced supply which affects the power supply source [START_REF] Babaa | Combined Electrical Faults Detection and Diagnosis Using Current Signature Analysis[END_REF][START_REF] Morsy | Sensorless speed control of a five-phase induction machine under open-phase condition[END_REF][START_REF] Xu | SVD filtering and TLS-ESPRIT algorithm based on stator fault characteristic detection of doubly-fed induction generator[END_REF][START_REF] Babaa | Steady State Analytical Study of Stator Current Harmonic Spectrum Components on Three-Phase Induction Motor under Unbalanced Supply Voltage[END_REF][START_REF] Moosavi | Comparison of rotor electrical fault indices owing to inter-turn short circuit and unbalanced resistance in doublyfed induction generator[END_REF]. In a long way, this fault provokes a many other faults.

For the inside failures, we distinguish the electrical and mechanical faults. Thestator faults in the machine such as an inter-turn short-circuits which threatens the insulating part in the stator [START_REF] Touil | Analytical calculation of inductances under stator inter-turn short circuits fault condition in operating squirrel cage induction motors[END_REF][START_REF] Han | Modelling, diagnosis, and tolerant control of phase-to-phase fault in switched reluctance machine[END_REF][START_REF] Zeng | Inter-turn fault diagnosis of permanent magnet synchronous machine based on tooth magnetic flux analysis[END_REF][START_REF] Foitzik | Fault tolerant control of a three-phase PMSM by limiting the heat of an inter-turn fault[END_REF][START_REF] Nazemi | Stator and rotor turn-to-turn fault detection in wound rotor induction machines based on the air-gap magnetic field distortion[END_REF][START_REF] Sun | Compound frequency modulation strategy of DFIG-based wind turbines dealing with stator winding inter-turn short-circuit fault[END_REF][START_REF] Chen | Electromagneticthermal coupled modelling and analysis of inter-turn shortcircuit faults of a permanent magnet alternator[END_REF][START_REF] Alvarez-Gonzalez | Permanent magnet synchronous machine stator windings fault detection by Hilbert-Huang transform[END_REF][START_REF] Liu | Stator inter-turn fault detection in closed-loop controlled drive based on switching sideband harmonics in CMV[END_REF][START_REF] Abdallah | Stator winding inter-turn short-circuit detection in induction motors by parameter identification[END_REF][START_REF] Touil | Fault Tolerance Control and Diagnosis of Induction Machine under Stator Fault Conditions[END_REF], or a crack or rupture of the rotor bar [START_REF] Bossio | Rotor fault diagnosis in permanent magnet synchronous machine using the midpoint voltage of windings[END_REF][START_REF] Marzebali | Manipulation of stator current signature for rotor asymmetries fault diagnosis of wound rotor induction machine[END_REF][START_REF] Panagiotou | FEM approach for diagnosis of induction machines nonadjacent broken rotor bars by short-time Fourier transform spectrogram[END_REF][START_REF] Fu | Multiple coupled circuit modelling approach for squirrel cage induction machine under single-broken-bar fault with stator winding functions decomposed in d-q rotor reference frame[END_REF][START_REF] Ramu | Broken rotor bar fault detection using Hilbert transform and neural networks applied to direct torque control of induction motor drive[END_REF][START_REF] Zaggout | Detection of rotor electrical asymmetry in wind turbine doubly-fed induction generators[END_REF][START_REF] Hou | Quantitative broken rotor bar fault detection for closed-loop controlled induction motors[END_REF][START_REF] Kaikaa | Effects of the simultaneous presence of static eccentricity and broken rotor bars on the stator current of induction machine[END_REF][START_REF] Nandi | Detection of rotor slot and other eccentricity related harmonics in a threephase induction motor with different rotor cages[END_REF], or the asymmetry error due to the manufacturing.

As it concerns the mechanical faults, the rolling elements fault like the bearing fault, the ball defect and the cage of ball defect [START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF][START_REF] Jafarian | Spectral analysis for diagnosis of bearing defects in induction machine drives[END_REF][START_REF] Vilchis-Rodriguez | Wound rotor induction generator bearing fault modelling and detection using stator current analysis[END_REF][START_REF] Mcfadden | Model for the vibration produced by a single point defect in a rolling element bearing[END_REF][START_REF] Blodt | Models for bearing damage detection in induction motors using stator current monitoring[END_REF][START_REF] Schoen | Motor bearing damage detection using stator current monitoring[END_REF], are the defects that appears the most. This fault is definedas an eccentricityproduced by the axial overload on the axes of rotation [START_REF] Dorrell | Analysis of airgap flux, current, and vibration signals as a function of the combination of static and dynamic airgap eccentricity in 3-phase induction motors[END_REF][START_REF] Hadjami | Analytical model of cage induction machine dedicated tothe study of axial non-uniformities[END_REF][START_REF] Faiz | Eccentricity fault diagnosis indices for permanent magnet machines: state-of-the-art[END_REF][START_REF] Mazaheri-Tehrani | Airgap and stray magnetic flux monitoring techniques for fault diagnosis of electrical machines: An overview[END_REF][START_REF] Faiz | Detection of mixed eccentricity fault in doubly-fed induction generator based on reactive power spectrum[END_REF][START_REF] Afshar | Eccentricity fault detection in brushless doubly fed induction machines[END_REF][START_REF] Ehya | Static and dynamic eccentricity fault diagnosis of large salient pole synchronous generators by means of external magnetic field[END_REF][START_REF] Nasiri-Gheidari | New design solution for static eccentricity in single stator-single rotor axial flux induction motors[END_REF][START_REF] Faiz | Dynamic air gap asymmetry fault detection in single-sided linear induction motors[END_REF][START_REF] Oumaamar | Static air-gap eccentricity fault diagnosis using rotor slot harmonics in line neutral voltage of threephase squirrel cage induction motor[END_REF], that are divided in the outer and the inner bearing ring defects.These latterare known as a temporary static and dynamic eccentricity defects respectively [START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF][START_REF] Mcfadden | Model for the vibration produced by a single point defect in a rolling element bearing[END_REF]. Bearings are a very most important part of the machine because they are the force transmission elements between the moving and static components. As such, they contribute considerably to the proper functioning of equipment. Bearings deteriorate as a result of manufacturing errors, incorrect assembly, static and dynamic loads, deficient lubrication or because of the harshness of the environment. However, even if a bearing is perfectly manufactured, assembled, etc., it will eventually present a defect caused simply by normal wear of the elements that compose it.Studying bearings permits to understand their shaping in order to predict their operation and make a distinction between theimpacts on the behaviour of the machine and also understand the signatures allowing going back to the main cause of the failure. The one of the first works to have studied this defect is McFadden and al. [START_REF] Mcfadden | Model for the vibration produced by a single point defect in a rolling element bearing[END_REF]. This paper is considered as a key reference in bearing fault detection. In fact, bearing faults provoke the misalignment and eccentricity in the rotating part that can be divided into several parts, static eccentricity, dynamic eccentricity, but in the reality, we have the co-existence of the both faults in the same time which called by the mixed eccentricity.

There are various diagnostic methods to monitor the conditions of the working system and to prevent the industrial system from being interrupted [START_REF] Touil | Analytical calculation of inductances under stator inter-turn short circuits fault condition in operating squirrel cage induction motors[END_REF][START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF].

Depending on the measurable quantities, the diagnostic methods know is: Stator current analysis, vibration analysis, Flux analysis, Electromagnetic torque analysis and neutral to neutral analysis [START_REF] Khezzar | Induction motor diagnosis using line neutral voltage signatures[END_REF].

Line neutral voltage is defined as the voltage present between the neutral of the power source and the neutral of theasynchronous motor.

In this paper we study the outer ring bearing fault by the line neutral analysis method. Through an analytical development of line neutral voltage, the paper proposes also to separate and dissociate the indices of the apparition of this fault with the others related to the eccentricity fault. We notice that, in previous works that, line neutral voltage has been previously used and that it gave better results in comparison with the Motor Current Signature Analysis method (MCSA) [START_REF] Oumaamar | Static air-gap eccentricity fault diagnosis using rotor slot harmonics in line neutral voltage of threephase squirrel cage induction motor[END_REF].The development of our model is based on the sensitivity of the magnetic field in the air gap which separates the stator from the rotor. In fact, the variation of this air gap as a function of time will be changed in presence of fault and stay unchanged in healthy conditions. In some fault condition, the minimum thickness of the air gap will vary over time. This variation influences considerably the values of the different inductances of the asynchronous machine [START_REF] Touil | Analytical calculation of inductances under stator inter-turn short circuits fault condition in operating squirrel cage induction motors[END_REF][START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF], in particular the mutual inductances which depends on the permeability of the air gap. This analytical study takes into account the variation that appear in the mutual inductances and propose a good and accuracy formula,that is using to the inductances calculation.To support our study and the proposed analytical development, experimental results are also presented in the paper.

Analytical multi-loop model for squirrel cage induction motor.

Electrical Equations

In our squirrel-cage induction motor modelization, we assume that the distribution of the windings, in the stator phases and the rotor cage, is identical.

We also suppose that bars are connected electrically with the end-rings to produces an identical spaced multiloop. Under these assumptions, the system equations in vector matrix form, including line neutral voltage is:

Where:

, and are the stator current, voltage and flux vectors respectively.

, and are the rotor current, voltage and flux vectors respectively, and for , and are the correspondent end ring voltage, current and flux.

, are the stator and rotor resistance matrices respectively.

, are the stator and rotor inductances respectively.

For the neural voltage there is whith is placed between the supply neutral set point and the stator neutral set point.

As there is no way to quantify and to know the behaviour of line neutral voltage, we put the previous equation in the line-to-line voltage form:

Where:

, and From with .

Mechanical Equations

According to the principle of the energy conversion and considering change of co-energy of the system, the torque variation taking into account a slight change in the rotor's position, when the currents are held constant is:

The equations describing theelectromagnetic torque, the rotor's position and the rotor's angular speed as follow: The angular speed of the rotor can be calculated from the variation of the electromagnetic torque with the presence of a load as in equation [START_REF] Babaa | Combined Electrical Faults Detection and Diagnosis Using Current Signature Analysis[END_REF].

The minimum length position of the radial air

gap assumption Starting from the common assumption that the air gap is constant in the construction of the asynchronous machine, the movement of the rotor inside the machine with the adequacy of the rotor axis is better. In healthy monitoring conditions,in the proposed model, we have chosen is the axis of rotation. Inthe case, of any abnormal factors such as poor manufacturing, nonuniformly circular stator core or the bearings fault, we remarkthe existence of a permanent static eccentricity. Most referenced researches about static eccentricity rises the idea of a misalignment between the rotor centre and the axes of rotation.Regardless of mixed eccentricity, that is the most famous one among eccentricity faults, the pure static eccentricity is defined as a fixed position of the minimal radial air-gap length in space(see Fig. 1)expressed with the following formula as:

When the outer race bearing fault occurs in presence of a small gap or slit as in Fig. 1,the rolling elements pass by the irregularityandproduces a temporary mismatch between the rotor centre and the axes of rotation. This phenomenon leads to a vibration considered as temporary static eccentricity as in [START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF]. This vibration signal appears with a periodic frequency called The Bale Pass Frequency (BPFO) (see Fig. 2) which is described as a train of impulses. This signal is expressed by: Fig. 3 shows the shape of the length of the air gap as a function of the angle of rotation in different states, healthy condition which is constant, in the static eccentricity condition referenced to equation ( 13)and in the outer ring bearing fault with equation ( 15).

Inductances calculation

Dimensioning inductors theoretically consists in the study of the winding function theory which is the development of mutual inductance between two windings in the electric machines. -a-

-b-

In healthy state the air gap is uniform, sothe winding stator functions is calculated as follows:

To get a reality of the machine, it is necessary to considering the non-uniform of the air gapwhen we have a faulty condition. Then it is necessary to modify the winding function.By using the formula of the winding function theory [START_REF] Khezzar | Accurate modelling of cage induction machine with analytical evaluation of inductances[END_REF][START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF].The different inductance calculations (stator, rotor, mutual stator-rotor) depend h val f "p" mb f p l pa W our case the condition p Inprevious research we calculate the difference inductors under healthy state and both of the faulty parts (static eccentricity and outer race bearing fault) [START_REF] Abderrahim | Analytical Model for Separated Frequency Signature of Outer Race Bearing Fault from Static Eccentricity[END_REF].

The choice to work with the presence of static eccentricity is due to the proposed approach that the condition for the occurrence of bearing outer ring faults is a temporary fault which affects the performance of the machine instead of a permanent fault when a static eccentricity occurs. The changes that occur in inductance values led to the conclusion that there is a small change in stator coils values and of air gap length change affects ' l .On the other hand, the air gap length variation affects the distribution of the mutual induction by causing an imbalance in the distribution of the magnetic field around the rotor.

So, the mutual inductance between stator coils and rotor loops with the consideration of space harmonics is given by: Healthy condition:

Static air gap eccentricity condition:

Where:

Outer race bearing fault condition:

Fig. 4 shows different presentations of mutual inductance in healthy and faulty conditions. The influence of the outer bearing fault is considered as a mp a y a y ma k by a fa l a l γ and a static eccentricity level .

Line neutral voltage

Healthy Condition

As known, the multi-loop model of induction machine supplied by an asymmetrical three-phase network voltage produces a rotating field and causes the creation of current in the rotor loops resulting the rotation of the shortcircuit cage.

The multi loops currents expressionis: Where:

The expression of line neutral voltage is a two-part formula, withshape of a sinusoid that is the sum of an N b series of equations shifted by This expression equals zero except when the space harmonics on the part of the rotor cage have a common point with . This assumption leads to a specified setwhich represents the order of a high frequencies component in the induction machine line neutral voltage.

Under this condition sets, the harmonics components that appear in the line neutral voltage are a consequence of rotor loops distribution called the RSHs. These harmonics and each related orders are shown in Table 1. Fig. 5 represents the spectral content in for line neutral voltage for a healthy machine.The simulation was made for an induction machine whichwere made for a 1.1-kW motor with 24 stator and22rotor slots, 2 pair poles.

The RSHs which can be seen onthe spectrum curve at related to the order h b with and , the second one at related to the orderh b with . It is evident that for the case of or theRSHs harmonics doesn't appear because of the correspondent harmonic order does not belong to 'G'.

Under Static Eccentricity Action

Permanent misalignment of the axis of rotation caused by an unequal distribution of the air gap between the stator and the rotor leads to the existence of field variation that crosses the air gap cause by mismatch of the minimal space. Also, a permanent misalignment of rotation axis caused by a small eccentricity affects the inductances values which are dependent on the winding and the permeance functions (the inverse air gap function).In this case the change in the flux which crosses the rotor introduces a change in currents of rotor loops. The resulting currents are defined by the interaction of the stator current with the new part of the mutual inductance.

The rotor loops current become:

The expression for line neutral voltage:

Where: is the additional part of the mutual induction that defines the eccentricity appearance.

The first term represents the interaction of healthy mutual inductance with the healthy rotor loops current.The first additional part of line neutral voltage term is related to the interaction of healthy mutual inductance with the additional rotor loops current that is caused by the eccentricity appearance describe in [START_REF] Hadjami | Analytical model of cage induction machine dedicated tothe study of axial non-uniformities[END_REF].

Where:

Thisexpression is a sumof multiple waves shifted either by or by . Equation(37)equals zero except when the space harmonicsof the rotor cagepart have a common point with . Undid, in this casethe assumption leads to a specified order of harmonics due to static air gap eccentricity related to space harmonics with the following set:

The second additional part of line neutral voltage term is related to the interaction of the faulty part of the mutual inductance with the healthy part of rotor loops current (the term is described in [START_REF] Mazaheri-Tehrani | Airgap and stray magnetic flux monitoring techniques for fault diagnosis of electrical machines: An overview[END_REF]).

Where:

hp hp
This expression is a sumof multiple waves shifted either by hp or by hp . Equation(39)equals zero except when the space harmonicsof the rotor cagepart have a common point with . In this casethe assumption leads to a specified order of harmonics due to static air gap eccentricity related to space harmonics with the following set:

The third additional part of line neutral voltage term is related to the interaction of faulty part of the mutual inductance with the additional rotor loops current caused by the eccentricity appearance, describe in [START_REF] Afshar | Eccentricity fault detection in brushless doubly fed induction machines[END_REF].

Where:

hp hp hp hp
This expression is a sumof multiple waves shifted either by hp or by hp 1 .

Equation ( 41)equals zero except when the space harmonicsof the rotor cagepart have a common point with . In this casethe assumption leads to a specified order of harmonics due to static air gap eccentricity related to space harmonics presentedin the following set:

hp hp hp hp
Under this condition sets, the harmonics components that appears in the line neutral voltage under static eccentricity fault are shown in Table 2.

The spectral content for line neutral voltage of faulty machine (see Fig. 6), and the RSHs which can be seen additional to the ones in healthy condition is according to assumption the ones in the third additional term. So, the spectrum curve at related to the order h b with and , the second onesat related to the order h b and related to the orderh b . For the case of =2 or =4 the RSH harmonics appear in the faulty case with the same corresponding harmonic order 'G' as in healthy condition.

Presence of outer race bearing fault

Since theouter race bearing fault is the fault that appears by any cracks or deformation or breakage, or irregularity in the outer race of the ball bearing, each contact between the ball and the outer ring produces a temporary vibration can be considered as temporary static eccentricity. The change of the flux which crosses the rotor provokes a change in currents of rotor loops.Then, anew resulting current defined by: The line neutral voltage expression is:

Where: In line neutral voltage expression two terms are exist. The first is related of healthy state, the second related to the static eccentricity. However, another term appears. This latter is related to the bearing fault of the outer ring from the interaction of healthy mutual inductance with the additional rotor loop current. It is also from the interactionof the additional part of the mutual inductance caused by the occurrence of the fault with the healthy currenttaking into account the interaction with the static eccentricity expressions.

The first additional part of line neutral voltage term is describedin [START_REF] Jafarian | Spectral analysis for diagnosis of bearing defects in induction machine drives[END_REF].

Where:

The expression is a sumof multiple waves shifted either by or by . This equation equals zero except when the space harmonicsof the rotor cagepart have a common point with . The assumption made above leads to define the order of harmonics generated by the bearing faults:

The second additional part of line neutral voltage term is related to the interaction of the faulty part of the mutual inductance caused by bearing fault appearance with the healthy part of rotor loops current which is describe in [START_REF] Mcfadden | Model for the vibration produced by a single point defect in a rolling element bearing[END_REF].

Where:

hp hp
The expression is a sumof multiple waves shifted either by hp p or by hp p . This equation ( 49) equals zero except when the space harmonicsof the rotor cagepart have a common point with . So, theorder of harmonics due to bearing fault appearance related to space harmonics is:

The third additional part of line neutral voltage term is related to the interaction of faulty part of the mutual inductance caused by the eccentricity appearance with the additional rotor loops current caused by bearing fault appearance which is describe in [START_REF] Schoen | Motor bearing damage detection using stator current monitoring[END_REF].

The expression is a sumof multiple waves shifted either by hp or by hp ±1 .

This equation ( 51) equals zero except when the space harmonicsof the rotor cagepart have a common point with . In this case, the orders of harmonics are:

As it concerns the forth additional part of line neutral voltage term, is define as the interaction of faulty part of the mutual inductance caused by bearing fault appearance with the additional rotor loops current caused by the eccentricity appearance which is describe in (53).

The expression is a sumof multiple waves shifted either by hp or by hp ±1 .

This equation equals zero except when the space harmonicsof the rotor cagepart have a common point with . In this case theorder of harmonics is define as:

The last additional part of line neutral voltage term is related to the interaction of faulty part of the mutual inductance with the additional rotor loops current caused by bearing fault appearance which is described in (55).

Each part of this expression is a sum of multiple waves shifted either by hp or by hp . The equation (55) equals zero except when the space harmonicsof the rotor cagepart or have a common point with . We put theorder of harmonics in the following equation.

The harmonics components that appear in the line neutral voltage under outer race bearing fault are shown in Table 3. The RSH orders for the frequencies engender by outer race bearing fault indicate that only the third and the forth terms of line neutral voltage contribute to the appearance of some harmonics related to RSH components with the formula f The fifth term contribute with the appearance of the RSH components define by the formula f .

Simulation results

For simulation, we use a machine with 2 pairspoles , 3 phases, 50Hz with 22 rotor bars.The spectrum results were computed with Fast Fourier Transform, all results were obtained with MATLAB software.The line neutral voltage spectrum is simulated in static eccentricity fault condition. We confirm the appearance of several RSHs related to the fault. Another RSHs harmonicsare also evident and are related tothe healthy condition.By using [START_REF] Panagiotou | FEM approach for diagnosis of induction machines nonadjacent broken rotor bars by short-time Fourier transform spectrogram[END_REF]healthy condition contributes to the emergence of RSHs with the orderh b p andh b p respectively when and with , While and do not appear, they indicate that the harmonic order does not belong to "G".

The RSHs exist for and due to the presence of SE.The harmonics with the order h b p andh b p belong to " ".

Table 2 summarize the frequencies shown on line neutral voltage spectrum in the case of SE existence.Under the same testing conditions with the slip the RSHs that can be seen additionally to the othersare related to the orderh b with , the second oneat related to the orderh b and related to the orderh b . In bearing fault condition, the sum of the frequencies which appear can be divided into three parts. The first one when harmonic order belongs to "G", that is the harmonics of the healthy part. These frequencies appear also in spectrum curve of outer race bearing faultTable 1.

The second part is related to the RSHs with and these latter are appeareddue to the presence of a temporary SE when the ball passes by the irregularity and the harmonic order belong to " "Table 2.

The third part, harmonics represent the RSHs related to bearing fault exclusively.The harmonic order belongs to " " or " "with an offset of , and with when harmonic order belongs tothe association of" " and " " Table 3. 

h f h f h f h f h f h f h f h f h f f h f f h f f h f f 7.

Experimental results and discussion

A test bench has been set up at Constantine Electrical Engineering Laboratory, "LEC"University Constantine 1, 25000, Constantine,Algeria.In order to support the suggested model for outer ring bearing fault diagnosis using line neutral voltage, we synthesize data from experimental tests with a 5-kW squirrel-cage induction motor. The motor is loaded with magnetic powder brake. The tested motor is a 5 KW three-phase induction motor with28 rotor bars, 2 pole pairs of FIMET manufactures, with accessible neutral point(see Fig. 8). The line neutral voltage acquisition has been accomplished using dSPACE with (50 kHz) sample rate and data signal length of (5s).

The outer ring defect was created by grooving the outer ring of the bearing(see Fig. 9). The results obtained for the outer ring bearing fault areobtain after several tests for several load speeds of 1421 rpm and 1422rpm for a defective bearing and 1420 rpm /min for a healthy bearing -Series 6208 bearing (Bd= 10.49 mm, Pd= 61 mm, N=9).

This type of bearing series feature is low friction and designed to generate low noise and vibration levels at high rotational speeds. They support radial and axial loads in both directions, are easy to mount, and require little maintenance.

We made a diagnosis by analyzing the line neutralvoltage. The line neutral voltage spectrum was studying and analyzefor thehealthy and the defective cases. One can already notice spectral components at f s ± f r in the healthy state because of the original eccentricity. In the faulty case, the component f s + f r shows a tiny growth in value, especially for the first harmonic as shown in (see Fig. 10).

Like described in many research before, these components are related to the mixed eccentricity that exist on the sideband of the low and high frequencies with the relation f s + f r. They appear in a healthy state as a consequence of a small vibration caused by the asymmetry in rotor construction and load torque oscillation.In outer race bearing fault,we clearly notice the increase of these components.

The machine being directly connected and tested through the power source,an unbalanced exist at the beginning. Following this, some specific harmonics exist in both healthy state and outer race bearing fault. These harmonics exist in all induction motors situation due to an existence of a small unbalance provide by the means supply (see Fig. 11).

The spectral analysis of the line neutral voltage always shows distinct frequencies linked to the distribution structure of the rotor bars(Harmonics related to RSHs). Indeed, these frequencies still exist but with low perceptible eccentricity(see Fig. 12), which explains their existence in the outer race bearing fault condition, as shown in [START_REF] Ehya | Static and dynamic eccentricity fault diagnosis of large salient pole synchronous generators by means of external magnetic field[END_REF].

We remark, the same harmonics appear in a healthy state because of the presence of static eccentricity due to a small asymmetry in the induction machine construction.

To find the different bearing fault signatures of the outer ring, it is necessary to identify the harmonics using the formulas in Table 3. Fig. 13 shows some of specific harmonics amplitudes related to the outer race bearing fault have increased due to the small eccentricity resulting by the ball movement and the irregularity in the outer ring in fully loaded machine condition «see Appendix 1 for table of results". Fig. 14 represents some harmonics predicted in literature related to f 0 the characteristic frequency of bearing outer ring failureTable 4. The tests are run several times and the induction motor is tested under the same load conditions, with different fault level. The specific harmonics of the outer ring fault increase with increasing fault level. This increase is justified by the increase in degree of eccentricity. Fig. 15 shows some examples explaining the differences.

Conclusion

To make a good diagnosis, there are several methodswhich have been explored and tested in the past, with varying degrees of effectiveness. All methods aim to provide a reliable and accurate fault indicator that can detect, at early stage, any fault that occurs in the machine.

Asophisticated monitoring method is vitally important to ensurean optimal maintenance operation of the machine. Thus, it is necessary to provide a reliable and easily interpretable diagnosisto detect the appearance and evolution of most mechanical and electrical faults. This early detection allowsavoid unplanned production stoppages.Studying of outer race bearing fault occupies a most important consideration in the new researches. It is necessary to have a strongly information of the defecting part of the machine to propose an adequate diagnosis method. The MCSA method is very poor in information for the outer bearing faults. The proposed signature is not clear and it is difficult to interpret it.

In this paper an analytical development of line neutral voltage is proposed. The developed model takes into account the healthy and outer bearing fault conditions. The simulation results of our equations show that the neutral voltage contains very rich information about this fault. Following the analytical results obtained, a reliable and specific bearingdefect index has been proposed.The proposed index permits also to separate the outer race bearing fault to another eccentricity faults. To confirm our analytical development, a series of experimental results are presented and discuss. 
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 7 Fig. 7.Normalised FFT spectrum of the line neutral voltage for deferent states on induction machine performance. (Top) Healthy, static eccentricity SE (middle), (bottom) Outer race bearing fault ORBF.Table 3The frequencies shown on line neutral voltage
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 11 Fig. 11.Experimental FFT spectrum of line neutral voltage (Harmonics related to small unbalance provide by the means supply).
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Fig. 9 .
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		Rotor slot harmonics for the healthy induction
	machine in the line neutral voltage	
	RSHs orders		RSHs frequencies	
	h	b p	h	b p	f
	h	b p	h	b p	f

Table 2

 2 

		The frequencies shown on line neutral voltage
	spectrum in the case of SE existence
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	Neural	RSHs orders	RSHs related frequencies
	voltage		
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Table 4

 4 Harmonics related to f 0 the characteristic frequency of bearing outer ring failure

	Outer race bearing failure characteristic
	harmonics.
	87,36
	174,71
	262,07
	349,43
	436,78
	786,21
	1135,64
	1222,99
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