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electrical machines windings
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Abstract—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.

Index Terms—Electrical insulation system, aging, predictive
diagnostic

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 [1]-[5]. 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 ma-
chines 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 [6]-[8]. 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 [9] 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.

This work has been achieved within the framework of CE2I project
(Convertisseur d’Energie Intégré Intelligent). CE2I is co-financed by European
Union with the financial support of European Regional Development Fund
(ERDF), French State and the French Region of Hauts-de-France.
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Fig. 1. 25-turn round coil [8]

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 [5]. This is a vicious cycle. Since an
electrical machine aging and its EIS aging are both directly
connected [4,10], 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 [11,12], each one
using a specific indicator of aging:

« insulation resistance measurement and/or polarization in-

dex [2,13,14] ;
o partial discharge monitoring [15]-[18] ;
o HF behavior of the electrical machine monitoring [6]—
[8,19].

The study presented in this paper is based on the latter
approach. Previous works [7,8] showed that EIS aging of a
winding leads to a significant variation of both its resonance
frequency, denoted A f;. As an illustration, Fig. 2 presents the
variation of both the parallel and series resonance frequencies,
i.e. 1% and 2" resonance frequencies, denoted Jr @04 frics
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
40mm 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 Af, 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.
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Fig. 2. Variation of the resonance frequencies of a 25-turns round coil with
respect to aging time for a global aging

Nevertheless, the resonance frequencies of a winding, denoted
f:» 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 A f, 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;
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 [7,8] also
highlighted that EIS aging of a winding leads to a significant
variation of its turn-to-turn capacitance, denoted AC} (Fig. 3).
This observation remains true, even if there is an insulation
varnish between the wire [20].

A major outcome of those studies is that AC) is not
dependent on the geometry of the windings nor the geometry
of the electrical machine. Actually, AC; only depends on
the permittivity and the thickness of the insulating layer
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Fig. 4. Lumped parameter equivalent circuit of one turn.

composing the EIS. Based on this observation, for a given
wire, it is possible to establish abacuses of AC as a function of
aging time from simple test devices, such as standardized pairs
of twisted wires [21] for example, and use those abacuses:

e to compute a priori the values of Af; thanks to an
equivalent lumped parameter circuit [9,22];

o to establish a relation between the variations of the
resonance frequencies and the variations of turn-to-turn
capacitances.

o to determine critical values of AC 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 resis-
tance Ry, representing the Joule losses, the self-inductance Ly,
the turn-to-turn capacitance Cq, the turn-to-ground capacitance
Cn and the turn-to-turn and turn-to- ground dielectric losses
resistances R, and Ry, respectively. Moreover, in presence of
an iron core, the core losses are taken into account through R,
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 [9]. 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 [9].

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

The presented study focuses on industrial machines con-
nected to a conventional electrical network. That means that
the machines are supplied by a purely sinusoidal voltage at
50Hz or 60Hz. In this case, the aging of the windings is
mainly due to thermal stress [10,12].

The IEC 60851 [21] 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 12000h at
a temperature of 200 °C, which is an usual running temperature
in electrical machines [23]. During the accelerated aging
process, the values of AC' were reported (Fig. 5).

D. Aging simulation procedure

The aging simulation procedure allowing to determine the
values of Af; 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}, 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; leads to modified values of f;. A correspondence
between AC; and A f; is obtained, and thus a correspondence
between the aging time and Af;. 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; of one, several
or all of the turns in the winding. This way it is possible to
evaluate A f; 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
2mm height and 5 mm width.
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Fig. 5. Variation of AC of pairs of twisted wires with respect to aging time

B. Global aging

In this part, a global aging of the winding is considered,
which means that all the turn-to-turn capacitances C; 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; . and
S 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} as the user wants. It is then possible
to focus on one C\. Fig. 10 presents the variations of f;
and f; .. when either Ci, , and C}, ,, 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; has an impact on
both f.,, and f. . whatever its location in the winding. The
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second conclusion is that, as with the global aging, the A f;
induced variations are measurable.

D. Comparison between the two coils

Fig. 11 shows a comparison between the relative variation
of the parallel resonance frequency Af; . with respect to ag-
ing 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 Af, = fol-
low a similar pattern as well a similar order of magnitude.
This comparison tends to support the fact that the variations
of Af.,. do not depend on geometric parameters, but only
depend on the variations of AC.

Fig. 8. Studied coil
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IV. DISCUSSION AND FUTUR WORKS

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 turn-
to-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 [24]

The method is well suited to thermal aging since the rela-
tionship 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 es-
tablishing variations of resonance frequencies by modifying
one capacitance only in the lumped parameter circuit is possi-
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ble. But the problem lies in the experimental determination of
AC, 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 varia-
tions 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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