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Early aging of electrical machines is most commonly due to Electrical Insulation System (EIS) faults. Depending on the applications the electrical machine is used for, the EIS is subject to different stress factors, such as thermal, mechanical and electrical stresses, which can lead to a progressive deterioration of the organic materials it is made of, especially in terms of insulative properties. The aim of this paper is to show that it is possible to anticipate the change of those insulative properties in order to implement it in a predictive diagnostic tool allowing to highlight the parameters which are the best to monitor while the electrical machine is running under normal operation conditions.

I. INTRODUCTION

Electrical machines health monitoring is a major issue in order to insure continuity of service in industrial processes. Possible failures can have several origins. Among them, the ones related to an Electrical Insulation System (EIS) fault are the most commonly encountered [START_REF] Thomson | Current signature analysis to detect induction motor faults[END_REF]- [START_REF] Montanari | Investigating Aging Phenomenology of Type I and Type II Insulation Systems of Rotating Machines Fed by Power Converters[END_REF]. Indeed, the EIS is usually composed of organic materials that are very sensitive to electrical stresses generated by the electrical drive supplying the machine, which may cause a considerable reduction in the service life of the latter. For this reason, it is essential to develop efficient tools allowing to monitor the health condition of the EIS in order to be able to anticipate the electrical machines failures with a high level of accuracy. Previous studies highlighted that it is possible to monitor the health condition of the EIS by analyzing the resonance frequency variations of the electrical machine windings [START_REF] Werynski | On-line monitoring of insulation aging in ac motors fed by pwm inverters[END_REF]- [START_REF] Savin | Nouvel indicateur de vieillissement de l'isolation interspires des machines électriques utilisées en aéronautique[END_REF]. Nevertheless, the main limitation of this method is its calibration step since measurements are required, making it impossible to use at the design step of the electrical machine. On the other hand, other works [START_REF] Toudji | Determination of winding lumped parameter equivalent circuit by means of finite element method[END_REF] showed that it is possible to accurately model a priori an electrical winding in a predetermined frequency band using an RLC lumped parameter equivalent circuit that allows to describe all phenomena occurring in it.

The aim of this paper is to show that combining the two aforementioned approaches to perform HF modeling of electrical windings allows to build a predictive monitoring tool dedicated to the EIS. La mesure de la capacité est faite entre les 2 fils bobinés en parallèle à une fréquence de 10 kHz pont d'impédances Agilent 4980A. Compte tenu de la valeur de la capacité mesurée (≈1.5 nC) fréquence choisie (10 kHz), l'abaque de l'annexe A issue de la documentation de l'appareil permet d la précision de la mesure à 0.1 %.

L'analyse fréquentielle des bobines est faite avec l'analyseur d'impédances Agilent 4294A

analyse produit des mesures avec une erreur un peu plus importante, qui varie en fonction de la fréq du module de l'impédance mesurée, mais qui peut être estimé à 1 %. 

II. AGING OF THE EIS A. Indicators of aging

An insulating material subject to aging loses its insulating properties in a progressive and irreversible way. The main consequence of this alteration is a slow decrease of the Partial Discharge Inception Voltage (PDIV), which leads to partial discharge appearance, and thus leads to end-of-life for the majority of machines [START_REF] Montanari | Investigating Aging Phenomenology of Type I and Type II Insulation Systems of Rotating Machines Fed by Power Converters[END_REF]. This is a vicious cycle. Since an electrical machine aging and its EIS aging are both directly connected [START_REF] Madonna | Impact of thermal overload on the insulation aging in short duty cycle motors for aerospace[END_REF][START_REF] Jokanović | The influence of combined strain and constructive solutions for stator insulation of rotating electrical machines on duration of their reliable exploitation[END_REF], it is possible to monitor the health of the machine by monitoring the health of the EIS. Several approaches can be found in the literature [START_REF] Stone | Recent Important Changes in IEEE Motor and Generator Winding Insulation Diagnostic Testing Standards[END_REF][START_REF] Cimino | Analysis of fault detection in the electrical insulation system of rotating machines[END_REF], each one using a specific indicator of aging:

• insulation resistance measurement and/or polarization index [START_REF] Stone | Electrical insulation for rotating machines: design, evaluation, aging, testing, and repair[END_REF][START_REF] Schump | Testing to assure reliable operation of electric motors[END_REF][START_REF]IEEE Recommended Practice for Testing Insulation Resistance of Electric Machinery[END_REF]] ; • partial discharge monitoring [START_REF] Stone | Application of partial discharge testing to motor and generator stator winding maintenance[END_REF]- [START_REF] Cavallini | Advanced PD inference in on-field measurements. part 2: identification of defects in solid insulation systems[END_REF] ;

• HF behavior of the electrical machine monitoring [START_REF] Werynski | On-line monitoring of insulation aging in ac motors fed by pwm inverters[END_REF]- [START_REF] Savin | Nouvel indicateur de vieillissement de l'isolation interspires des machines électriques utilisées en aéronautique[END_REF][START_REF] Nussbaumer | Exploitation of induction machine's high-frequency behavior for online insulation monitoring[END_REF]. The study presented in this paper is based on the latter approach. Previous works [START_REF] Perisse | A New Method for AC Machine Turn Insulation Diagnostic Based on High Frequency Resonances[END_REF][START_REF] Savin | Nouvel indicateur de vieillissement de l'isolation interspires des machines électriques utilisées en aéronautique[END_REF] showed that EIS aging of a winding leads to a significant variation of both its resonance frequency, denoted ∆f r . As an illustration, Fig. 2 presents the variation of both the parallel and series resonance frequencies, i.e. 1 st and 2 nd resonance frequencies, denoted f rpara and f rseries , of a round coil made of 0.95 mm diameter classic magnet wire enameled with 200 • C thermal class insulating material during an accelerated aging under 280 • C. The coil has a diameter of 40 mm and is made of 25 turns (5 layers and 5 turns per layer) (Fig. 1). The most relevant information that can be drawn from Fig. 2 is that the values of ∆f r are measurable. Then, monitoring the health of the EIS of the winding of an electrical machine is possible. This method is relatively easy to implement, even with electrical machines in running condition. Nevertheless, the resonance frequencies of a winding, denoted f r , depend on several parameters, such as its geometry (wire dimensions, number of turns, location inside the machine...) as well as the material it is made of (conducting and insulating material). In consequence, monitoring ∆f r would require to monitor a broad frequency band, which is a difficult and expensive task to do. Hence, to overcome this drawback, it would be very useful to evaluate the frequency band to monitor a priori. Unfortunately, as previously mentioned, since f r depend on so many parameters, they are to be determined for each winding, i.e. for each machine. For this reason, they are impossible to be evaluated a priori. The same works [START_REF] Perisse | A New Method for AC Machine Turn Insulation Diagnostic Based on High Frequency Resonances[END_REF][START_REF] Savin | Nouvel indicateur de vieillissement de l'isolation interspires des machines électriques utilisées en aéronautique[END_REF] also highlighted that EIS aging of a winding leads to a significant variation of its turn-to-turn capacitance, denoted ∆C t (Fig. 3). This observation remains true, even if there is an insulation varnish between the wire [START_REF] Fetouhi | Experimental Study on the Evolution of Dielectric Properties of Impregnating Varnishes with Thermal Aging[END_REF]. A major outcome of those studies is that ∆C t is not dependent on the geometry of the windings nor the geometry of the electrical machine. Actually, ∆C t only depends on the permittivity and the thickness of the insulating layer Capacitance variation ∆C t (pF) Fig. 3. Correlation between the probability of breakdown of the EIS of a pair of twited wires [START_REF]IEC60851-5: Winding wires -Test methods -Part 5: Electrical properties[END_REF] (in red) and its capacitance variations (in blue) as functions of time composing the EIS. Based on this observation, for a given wire, it is possible to establish abacuses of ∆C t as a function of aging time from simple test devices, such as standardized pairs of twisted wires [START_REF]IEC60851-5: Winding wires -Test methods -Part 5: Electrical properties[END_REF] for example, and use those abacuses:
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• to compute a priori the values of ∆f r thanks to an equivalent lumped parameter circuit [START_REF] Toudji | Determination of winding lumped parameter equivalent circuit by means of finite element method[END_REF][START_REF] Mirafzal | Determination of Parameters in the Universal Induction Motor Model[END_REF]; • to establish a relation between the variations of the resonance frequencies and the variations of turn-to-turn capacitances.

• to determine critical values of ∆C with regard of the remaining lifetime of the EIS

B. RLC model of a winding

For each turn of a winding, a lumped parameter equivalent circuit (Fig. 4) can be established. It includes the turn resistance R s , representing the Joule losses, the self-inductance L p , the turn-to-turn capacitance C t , the turn-to-ground capacitance C m and the turn-to-turn and turn-to-ground dielectric losses resistances R t and R m respectively. Moreover, in presence of an iron core, the core losses are taken into account through R p . The equivalent circuit for a complete winding can be obtained by reproducing the elementary cell presented in Fig. 4 as many times as the number of turns in it and by connecting them depending on the topology of the considered winding. All those parameters can be determined by means of finite element analysis (FEA), as detailed in [START_REF] Toudji | Determination of winding lumped parameter equivalent circuit by means of finite element method[END_REF]. This approach offers two advantages. The first one is that all aforementioned parameters can be determined a priori, which means it can be used at the design step. The second one is that it allows for considering lumped parameter values specific to each turn, which could not be done from measurements. Once the model of the winding is built, it can be used to determinate the response of the winding both in time and frequency domains [START_REF] Toudji | Determination of winding lumped parameter equivalent circuit by means of finite element method[END_REF].

C. Determining the variation of turn-to-turn capacitances by means of accelerated aging procedure

The presented study focuses on industrial machines connected to a conventional electrical network. That means that the machines are supplied by a purely sinusoidal voltage at 50 Hz or 60 Hz. In this case, the aging of the windings is mainly due to thermal stress [START_REF] Jokanović | The influence of combined strain and constructive solutions for stator insulation of rotating electrical machines on duration of their reliable exploitation[END_REF][START_REF] Cimino | Analysis of fault detection in the electrical insulation system of rotating machines[END_REF].

The IEC 60851 [START_REF]IEC60851-5: Winding wires -Test methods -Part 5: Electrical properties[END_REF] thermal class of the insulation layer of the studied wire is 200 • C. The accelerated thermal aging procedure was applied to pairs of twisted wires under 240 • C and 280 • C during 10, 35 and 70 days. As an example, an aging under 240 • C for 70 days to a regular aging 12 000 h at a temperature of 200 • C, which is an usual running temperature in electrical machines [START_REF]Evaluation and qualification of electrical insulation systems[END_REF]. During the accelerated aging process, the values of ∆C were reported (Fig. 5).

D. Aging simulation procedure

The aging simulation procedure allowing to determine the values of ∆f r is presented in Fig. 6. In a first time, the RLC model of the healthy considered winding is built according to the procedure detailed in Section II-B. Then, it is solved using Kirchhoff's laws to obtain the response of the winding in frequency domain, and thus obtain its resonance frequencies which be later used as references. In a second time, the procedure is repeated using modified values of C t , which come from aging tests detailed in Section II-C, depending on the operating time to be considered. Solving the RLC model using modified C t leads to modified values of f r . A correspondence between ∆C t and ∆f r is obtained, and thus a correspondence between the aging time and ∆f r . The obtained abacus can then be used in order to monitor the health of the EIS of the winding.

The strength of the proposed method lies in its flexibility. Indeed, it is possible to modify the value C t of one, several or all of the turns in the winding. This way it is possible to evaluate ∆f r related to the aging of a specific turn or group of turns.

III. RESULTS

A. Studied coil

As an example of application, a coil composed of 34 turns made of enameled flat wire is studied (Fig. 8). The wire is 2 mm height and 5 mm width. 

B. Global aging

In this part, a global aging of the winding is considered, which means that all the turn-to-turn capacitances C t in the model are modified.

The simulation results are presented in Fig. 7. It clearly shows the influence of the aging on both the parallel and series frequencies. This influence is significant as soon as day 10 on both resonance frequencies and the total variations of f rpara and f rseries are equal to 2.75 MHz and 78.57 kHz respectively, which are values that actually are measurable.

C. Local aging

As previously mentioned, the model of Fig. 4 allows to modify as many C t as the user wants. It is then possible to focus on one C t . Fig. 10 presents the variations of f rpara and f rseries when either C t1-2 and C t9-26 are modified, which correspond to turns located at the beginning and the middle of the winding. The aging was realized under 280 • C for 8 days. Two main conclusions can be drawn from Fig. 10. The first one is that the variation of a single C t has an impact on both f rpara and f rseries whatever its location in the winding. The 

D. Comparison between the two coils

Fig. 11 shows a comparison between the relative variation of the parallel resonance frequency ∆f rpara with respect to aging time for a global aging of the 25-turn coil (Fig. 1) and the 34-turn coil (Fig. 8). They are of different geometries in terms of size and wire shape. The only parameter they share is their EIS, which is made of the same material. This is made on purpose. Indeed, Fig. 11 shows that despite the significant differences between the two coils, the variations of ∆f rpara follow a similar pattern as well a similar order of magnitude. This comparison tends to support the fact that the variations of ∆f rpara do not depend on geometric parameters, but only depend on the variations of ∆C t . On one hand, the lumped parameter equivalent circuit of Fig. 4 is able to precisely quantify a variation of the resonance frequencies resulting from a variation of one or several turnto-turn capacitances of a coil. On the other hand, the variations of those capacitances can be obtained by mean of accelerated thermal aging and can be extrapolated to a regular thermal aging according to Arrhenius' equations [START_REF]Electrical insulating materials -Thermal endurance properties -Part 3: Instructions for calculating thermal endurance characteristics[END_REF] The method is well suited to thermal aging since the relationship between accelerated thermal aging and regular aging through by means of variation of capacitances is very well documented in the literature. As of now, it limits the spectrum of application to global thermal aging windings of electrical machines directly connected to conventional grids.

The study of local aging due to electrical issues, such as partial discharge in windings of machines supplied by power electronic converters, following the same approach is feasible but way more complicated. Actually, it's been shown that establishing variations of resonance frequencies by modifying one capacitance only in the lumped parameter circuit is possi- 34-turn coil 25-turn coil Fig. 11. Relative variation of the parallel resonance frequency ∆fr para with respect to aging time for a global aging -comparison between between the 25-turn coil (Fig. 1) and the 34-turn coil (Fig. 8).
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ble. But the problem lies in the experimental determination of ∆C, which should done by means of electrical aging in order to be representative.

V. CONCLUSION

This study showed the ability of a HF model to determine the most relevant frequencies for monitoring the health status of winding insulation. The fluctuations in first parallel and series resonance frequencies have been correlated with the alteration of the state of the insulation layers of the enamel conductors. The computation is based on the capacitance variations measured during a measurement campaign under thermal aging. Two cases were examined to check the approach. The first one describes a slow aging of the whole EIS and allows to establish a priori the frequency bandwidth to be monitored. In a second case, more sporadic faults were implemented. This validated the sensitivity of the method and revealed that local faults affect the same resonance frequencies in a measurable way.

Thanks to this method, it will be possible to correlate more precisely the aging of a winding and the fluctuations in resonance frequencies in order to define stopping criteria allowing curative maintenance.
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  Quatorze bobines ont été fabriquées, testées et vieillies avec des cycles thermiques no permettant une accélération contrôlée des phénomènes de vieillissement. Les bobines sont séparé groupes selon le type du fil utilisé : le fil classique de grade 2 et le fil thermo-adhérent de grade 1b. I même diamètre de 0.95 mm. Le fil standard de grade 2 comporte une couche de polyester-imide re d'une couche de polyamide-imide modifié au THEIC. Sa classe thermique est de 200 °C. Les bobi imprégnés par un vernis HI-THERM BC-346-A pendant le bobinage, pour obtenir une imprégnatio bobine jusqu'au milieu. Après bobinage, les échantillons sont mis dans un four pour polymériser le une température de 180 °C durant 1 heure car telles sont les instructions du fabriquant du [HI-THERM].

Figure III. 2 .

 2 Figure III.2. Exemple d'une bobine utilisée pour les tests (a) -le support de bobinage ; (b)la bobine ; (c)arrangement des spires dans la bobine

Fig. 1 .

 1 Fig.1. 25-turn round coil[START_REF] Savin | Nouvel indicateur de vieillissement de l'isolation interspires des machines électriques utilisées en aéronautique[END_REF] 

Fig. 2 .

 2 Fig. 2. Variation of the resonance frequencies of a 25-turns round coil with respect to aging time for a global aging

Fig. 4 .

 4 Fig. 4. Lumped parameter equivalent circuit of one turn.

Fig. 5 .

 5 Fig. 5. Variation of ∆C of pairs of twisted wires with respect to aging time

Fig. 6 .7 10 8 Fig. 7 .

 687 Fig. 6. Simulation procedure for the determination of ∆fr

Fig. 8 .

 8 Fig. 8. Studied coil

Fig. 9 .

 9 Fig. 9. Variation of the resonance frequencies with respect to aging time for a global aging

Fig. 10 .

 10 Fig. 10. Variation of the resonance frequencies with respect to aging time for a local aging
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