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Abstract: The dissipation factor (i.e. tan8) and insulation capacitance measurements are conventional monitoring methods
for assessing the aging level of insulation systems. Knowing these quantities, provides an invaluable indication of the
dielectric losses within the insulating materials. However, how these values are effected by the aging processes due to
thermal stresses has until today never been investigated fully. Thus, this paper studies the influence of thermal aging on the
tané and insulation capacitance of windings for electrical machines. The work is done for class 200, round enameled magnet
wire specimens. The study aims at improving the design process of electrical machines for short duty cycle applications; hence,
its outcome might be included at the design stage for enhancing reliability and lifetime. Random wound coils are chosen in
the performed study, because they are the most common winding arrangement for low voltage electrical machines, which
are employed in a wide range of applications (e.g. from home appliances to aerospace motors). Based on the collected data,
considerations regarding the impact of relative humidity on both dissipation factor and insulation capacitance are presented.
Finally, the correlation between the partial discharge inception voltage and the diagnostic measurements is experimentally

verified.

1. Introduction

One of the key components or sub-system of an
electrical machine (EM) is the winding. Low voltage (i.e. below
~1000 V) EMs generally adopt windings manufactured with
round enameled wires (i.e. magnet wire), which are randomly
wound [1]. The insulation between two turns belonging to the
same coil is provided through a thin layer of insulating enamel,
whose chemical composition features an organic nature (i.e.
Type | insulation) [2]. Low voltage EMs are found in a wide
range of applications, including industrial, home appliances and
transportation [3-5]. The latter are particularly demanding in
terms of insulation capability to withstand elevated level of
stresses, such as thermal, electrical, mechanical and
environmental [6-8]. The thermal stress represents one of the
main aging factors in electric transportation applications, where
a significant level of power density is often required [9]. Indeed,
the EM’s power to weight ratio is normally constrained by the
maximum temperature at which the insulating materials can be
operated (i.e. thermal class) [10]. At the same time, EMs for
transportation applications are expected to be highly reliable
during their whole lifetime. Inter-turn insulation degradation,
induced by excessive thermal aging, is recognized as one of the
major causes of premature failure in low voltage EMs [11, 12].
Evaluating the deterioration level, and thus being able to predict
the useful lifetime of inter-turn insulation, is crucial, particularly
for EMs employed in safety-critical applications [13].

For medium and high voltage EMs, equipped with Type
Il insulating materials (i.e. mixed organic-inorganic materials),
several tools are nowadays available for determining the
insulation’s aging state [1, 14]. These include both on-line and
off-line techniques. Among the off-line strategies, the dissipation
factor (or tand) measurement is frequently implemented for EMs
[15-18]. In fact, this test allows to assess the global condition of
phase-to-ground insulation [18], as it is an accurate indicator of

partial discharges (PDs) activity. Alternative non-destructive
tests performed on low voltage EMs include insulation
resistance, insulation capacitance (IC) and PD measurements
[11, 19, 20]. In general, these methods can evaluate the aging
level of phase-to-ground and/or phase-to-phase insulation
systems. The on-line and off-line PD tests can be used to detect
the occurrence of PDs in the inter-turn insulation [21-23].
Nonetheless, it is well recognized that in Type | insulation, the
PDs inception usually corresponds to the insulation’s end-of-life
[24, 25].

In [19], an on-line, non-intrusive approach is proposed
for quantifying the thermal aging of inter-turn insulation in low
voltage EMs. The analysis is based on accelerated tests carried
out on enameled wire twisted pairs, by using an ventilated oven
(i.e. thermal exposure at constant temperature). A similar study,
but for medium voltage EMs is discussed in [26], where the
thermal aging of the phase-to-ground insulation is correlated
with changes of IC, dissipation factor and PD patterns. The
impact of the thermal aging on the IC is also examined in [27],
where the aged specimens are twisted pairs and the thermal aging
is associated with the reduction of partial discharge inception
voltage (PDIV).

In this paper, the effect of the thermal aging on an
enameled magnet wire is considered. The insulation system
under analysis consists of two insulating material layers (i.e.
double enamel magnet wire), respectively made of modified
polyester (i.e. base coating) and polyamide-imide (i.e.
over-coating). The investigation is experimentally performed
on random wound coils, since they are the most common
winding arrangement in low voltage EMs. The thermal aging of
the stand-to-strand (i.e. turn-to-turn) insulation is assessed by
measuring both the IC and tand values, for extrapolating the
relationship between aging stress and diagnostic quantities.
The aging process is accelerated through the application of a
periodic thermal profile (i.e. thermal exposure at variable



temperature), which is obtained exploiting the Joule effect. Its
temperature range is above the insulation thermal class (i.e.
200°C), with the purpose of shortening the testing campaign. In
terms of thermal stress, a variable temperature profile is
preferred to a constant temperature, because the former is
representative of the actual condition experienced by
high-performance EMs, when they are thermally overloaded for
short time periods (e.g. EMs for aerospace and automotive
applications [28, 29]). Particular attention is focused on humidity
throughout the experimental campaign. Indeed, humidity is
recorded during IC and tand measurements and its influence is
discussed in the paper. In order to experimentally prove the
correlation between PD activity and diagnostic measurements
(i.e. tand and IC), the PDIV is finally measured via a commercial
PD detector. The collected data are a valuable source of
information for the EMs designers. In fact, the findings of the
presented work can be used for designing low voltage EMs,
which are intended to be operated above the thermal class, in
order to increase their power density without compromising the
machine availability.

2. Theoretical Background

An ideal insulating material behaves as a lossless
capacitor; hence, if a sinusoidal voltage is applied across the
insulation, the resulting current leads the voltage by an angle
of 90 degrees (i.e. purely capacitive current). On the other
hand, real insulating materials exhibit dielectric losses. Thus,
when they are subject to a sinusoidal voltage, the produced
current leads the voltage by an angle that is equal to 90
degrees minus d, where ¢ is defined as the dielectric loss angle
[18, 30].

Assuming a sinusoidal excitation, the non-ideal
dielectric is characterized by a complex relative permittivity
g, described as in (1), where &' is the relative permittivity
(i.e. real part), which is related to the energy stored inside the
insulating material, while ¢" (i.e. imaginary part) is the
relative loss index, also known as loss factor, since it is
associated to the energy dissipated within the insulating
material [30].
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The stored energy & is an indicator of the material
attitude to be polarized due to the electric field. Both &' and
g are frequency-dependent through a number of intricate
dielectric relaxation and polarization phenomena [31].
Considering on-field operations, very low frequency
measurements (i.e. 0.01 — 0.1 Hz range) are often conducted
for practical convenience, because low frequency requires
reduced power, leading to compact testing devices. All the
results reported hereafter refer to measurements performed in
a laboratory environment, at 50 Hz frequency and controlled
ambient temperature (more details regarding the test
procedure are provided in Section 3.3).

As shown in Fig. 1 (a), a non-ideal insulation is
schematically modelled by an ideal capacitor C in parallel to
a resistor R, accounting for the dielectric losses. In case the
non-ideal insulation is excited with a sinusoidal voltage, the
ensuing vector diagram of the parallel circuit is similar to the
one in Fig. 1 (b). The dielectric dissipation factor is defined
as the tangent of the dielectric loss angle ¢ (i.e. tand). Hence,
it can be calculated as the ratio between the resistive current
Ir and the capacitive current Ic, or as the ratio between the

imaginary and real parts of the complex relative permittivity.
Both these expressions are given by (2).
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Fig. 1. Non-ideal insulating material model: (a) circuit
schematic and (b) vector diagram.

Further, the dielectric loss is the sum of solid losses (i.e.
conduction and polarization losses) and ionization losses (i.e.
losses due to the inception of PDs) [15, 18] therefore, for small
values of 3, the tand is determined by (3), where fands is the term
accounting for solid losses, whilst zandpp is the ionization losses
term.

tand = tands + tandpp 3)

By applying a potential difference (i.e. excitation
voltage) across two electrodes, separated by a solid insulating
material, an electric field occurs within the dielectric. If the
dielectric is characterized by air inclusions (i.e. voids), and the
electric field’s magnitude is below the dielectric strength of air
(i.e. =3kV/mm at sea level pressure), the ionization process will
not arise. As long as the insulation’s voids are not ionized, the
tand value will be only dependent on the solid losses term (i.e.
tano= tands) [16]. In this condition, the measured tand is only
slightly influenced by the excitation voltage used during the
measurement [15, 16, 18]. When the excitation voltage is
increased and the developed electric field is such that voids
begin to become ionized (i.e. PDs are incepted), the term tandep
will steeply rise along with the excitation voltage, as illustrated
in Fig. 2 [18]. The voltage value inducing PDs inception is
commonly called ionization voltage, corona inception voltage
or PDIV [18]. The difference between the tand at two designated
voltages (i.e. tand tip-up, Atand or differential tand) quantifies
the amount of dielectric loss within the insulation, thus it is an
indirect measurement of PD activity [1, 15, 18].
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Fig. 2. Test voltage influence on the tand measurement.

Using the nomenclature reported in Fig. 2, the
differential tand can be calculated according to (4).

Atan6(Hv_Lv) = tan6HV - tanSLV (4)
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The same behavior, as for the tand detection, can be
noticed on the IC measurement, since its value boosts at
higher excitation voltages. The IC raise indicates that the
insulation voids are ionized, therefore the effective thickness
of the insulation is reduced causing an increment on the
measured strand-to-strand IC [1].

3. Test Setup and Procedure

3.1. Specimens Description

The analyzed specimens are coils wound with a class
200 round enameled magnet wire. A double enamel layer,
namely a modified polyester base coat and a polyamide-imide
over coat, forms the wire insulation. The chosen specimen’s
arrangement (i.e. random wound coil) is the configuration
usually adopted for the windings of low voltage EMs [32].
Hence, it is more representative of the actual application,
compared with other traditional specimen’s topologies (e.g.
twisted pairs). Every coil features 20 turns in total and it is
composed by two sub-coils in parallel (i.e. strands). This
layout allows to easily measure the strand-to-strand dielectric
properties (i.e. tand and IC). The coil’s turns are kept together
using Kapton® tape for mechanical purpose only. An unaged
coil is shown in Fig. 3, whereas further details about the
specimens are listed in Table 1.

Fig. 3. Unaged coil employed for the investigation.

Table 1 Specimens Characteristics

Parameter Quantity
Thermal class 200
Number of turns 20
Strands in parallel 2
Copper core diameter | 0.4 mm
Average turn length [ 250 mm

3.2. Test Setup

The block diagram of the test setup is sketched in
Fig. 4. The technical standards for insulation thermal
qualification suggest to utilize a minimum of 10 specimens
for twisted pairs and at least 5 specimens for motorettes [33,
34]. As no recommendations exist for random wound coils,
then 12 series connected coils were considered to be an
appropriate  number (i.e. statistically representative
population of samples) for the accelerated aging tests. The
coils are fed by a DC current, and thus heated up exploiting
the Joule effect. The DC power supply is controlled via an
external DSP through the analogue interface. The coils’
temperature is measured by means of K-type thermocouples,
whose output signal is amplified and elaborated using the
DSP. The specimens are hung on a PTFE rod and inserted
inside a fume hood featuring a variable air flow-rate, as
depicted in Fig. 5. The temperature profile applied to the

series connected coils is obtained and controlled by selecting
the suitable combinations of DC current and air flow-rate
values.
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Fig. 4. Block diagram of the experimental setup.

Fig. 5. Specimens’ arrangement: coils hung inside a fume
hood.

To accelerate the thermal degradation of the
specimens, a temperature higher than the insulation thermal
class is selected for the aging cycles. The implemented
temperature profile ranges from a minimum of 200°C to a
maximum of 280°C, whilst its time period is equal to 77 s, as
detailed in Fig. 6. A thermal stress at variable temperature has
been purposely preferred to a constant temperature aging,
because the major aim of the presented study consists in
investigating the insulation behavior of EMs, while thermally
overloaded for a short time period. Having a temperature
varying in a wide range might trigger multiple sources of
degradation. Also, severe mutations at molecular level might
be induced, especially in Type | insulating materials (e.g.
breakage of polymer bonds). Although the chosen thermal
stress deviates from the standards recommendations [33], this
is justified by the fact that it mirrors the actual operating
conditions of EMs under heavy overloads.
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Fig. 6. Temperature profile for the accelerated aging cycles.



3.3. Test Procedure

Having defined the temperature profile, the coils are
thermally aged making use of the above-mentioned
experimental setup. Every 24 hours (i.e. 2186 cycles), the
thermal exposure is stopped, and the strand-to-strand
insulation conditions are checked through diagnostic
measurements. The strand-to-strand IC and tand values are
recorded for each specimen via a Megger® Delta 4000. Both
measurements (i.e. IC and tand) are carried out at a fixed
frequency of 50 Hz and they are repeated for different
excitation voltages ranging from 20 to 500 V rms, witha 20 V
step. After a preliminary test campaign, it was observed that
the unaged specimens revealed tand values constant up to an
excitation voltage of 480-500 V rms. Therefore, the
excitation voltage of 500 V rms is assumed as upper limit
value for the diagnostic. The thermal test continues until the
insulation breakdown is detected (i.e. tripping of Megger®
generator). When a specimen fails, it is removed from the
experiment and the time to failure is recorded. Fig. 7 reports
the flow-chart of the test procedure for a generic specimen.
The diagnostic measurements are performed at controlled
ambient temperature (i.e. 23°C £ 1°C) and uncontrolled
relative humidity (RH). Hence, the RH values are acquired at
each diagnostic session by means of a hygrometer and the
collected results are summarized in Fig. 8 and Fig. 9.
Referring to these figures, the cycle identified as ‘0’
represents the preliminary diagnostic measurement (i.e.
before the thermal aging), which is conducted without any
specimens’ pre-conditioning.

Initial tand and IC
measurement on i=0

specimen j

“‘l 24 hours aging cycle |

S ® i+l

A i diagnostic cycle

Breakdown
detected? NO

YES

Time to failure jh specimen =
(24-1)-12 [h]

Fig. 7. Flow-chart of the testing procedure.

To evaluate the RH influence on the diagnostic
measurements (i.e. IC and tand), two additional coils are
wound and kept unaged throughout the whole test campaign.
These two ‘reference specimens’ are characterized by the
same layout as the coils thermally aged (i.e. 2 strands with 20
turns each) and their strand-to-strand IC and tand values are
assessed at the beginning of every diagnostic session. Any
change detected on the aforementioned measurements is to be
solely ascribed to the RH variation, since the ‘reference
specimens’ are not thermally stressed. Due to the short
duration of the whole diagnostic session (i.e. <60 minutes), it
is reasonable to assume constant the RH during the
measurements. In Fig. 8, the strand-to-strand IC of one
‘reference specimen’ is plotted against the corresponding
diagnostic cycle (i.e. black continuous line) and its percent

variation, results lower than 5% throughout the whole
diagnostic session. Thus, it can be said that the IC
measurements are only slightly influenced by the ambient RH
variability. On the contrary, the tand values are strongly
affected by the RH and significant changes are witnessed on
the ‘reference specimens’. This can be observed in Fig. 9,
where the %tand of just one ‘reference specimen’ is mapped
at each diagnostic cycle. The %tand varies between 0.18 and
0.75 and this is due only to the effect of the ambient RH.
Considering this, then a proportional relationship between
%tand and RH% can be perceived from the findings shown in
Fig. 9.
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Fig. 8. RH influence on the diagnostic measurements: 1) IC
of ‘reference specimen’ at 100 V rms (black continuous line)
and 2) measured RH% (red dashed line).
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Fig. 9. RH influence on the diagnostic measurements:
1) %tano of ‘reference specimen’ at 100 V rms(black
continuous line) and 2) measured RH% (red dashed line).

4. Results and Discussion

4.1. Insulation Capacitance

As previously mentioned, before starting the thermal
accelerated aging cycles, the strand-to-strand IC of all the
unaged specimens is measured at 50 Hz for several excitation
voltages within the range 20+500 V rms (using 20 V rms
step). Since the coils are randomly wound, the gathered 1C
values reveal a significant variability for a given excitation
voltage. For example, the strand-to-strand IC values vary in
the range of 250-350 pF, when 100 V rms excitation voltage
is applied.

Due to the thermal aging, an increment on the
strand-to-strand IC is seen in the 12 specimens tested. This
behavior is visualized in Fig. 10, where the IC values
measured at a fixed voltage amplitude of 100 V rms are
plotted against the number of aging cycles. For representation
clarity, only 4 specimens (i.e. S1+S4) are shown in Fig. 10,
while the voltage amplitude of 100 V rms is chosen, because
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it is well below the PDIV. The purpose of Fig. 10 is to
highlight the thermal aging influence on the strand-to-strand
IC, without accounting for PD activity.

In order to identify the statistical distribution, which
best fits the recorded IC data, a post-processing exercise can
be carried out. The outcome of this analysis is summarized in
Fig. 11, where four different probability distributions are
presented (i.e. Weibull, exponential, normal and lognormal).
Among these, the lognormal distribution is the most
appropriate for fitting the collected strand-to-strand IC
values.

A complete overview of the strand-to-strand IC
trend with the thermal degradation is depicted in Fig. 12. In
fact, assuming a lognormal distribution, the average value of
the strand-to-strand 1C increment (in percent) is calculated for
the 12 specimens, together with the standard deviation. From
Fig. 12, it can be observed that the strand-to-strand I1C value
rises rapidly during the first two aging cycles. After those
early thermal exposures, the IC value keeps increasing, but
with a lower slope. As expected, the standard deviation
becomes greater with the number of diagnostic sessions, due
to the number of specimens decrement throughout the test
campaign. The specimens’ failure times are listed in Table 2,
where they are organized in an ascending order.
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Fig. 10. Trend of the strand-to-strand IC (at 100 V rms and
50 Hz) over the accelerated aging campaign, for specimens
S1+S4.
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Fig. 11. Comparison among different probability distribution
plots of the strand-to-strand IC measured at 100 V rms and
different aging cycles.
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Fig. 12. Trend of the strand-to-strand IC percent increment
(at 100 V rms and 50 Hz) over the accelerated aging
campaign, for 12 specimens: a) average value (red dot) and
b) standard deviation (red segment).

Table 2 Specimens Time to Failure

Cycles to Time to Cycles to Time to
failure failure failure failure

9 204 18 420

13 300 22 516

15 348 22 516

16 372 23 540

16 372 23 540

17 396 23 540

Over the test campaign, it was observed that the
strand-to-strand IC value is independent from the excitation
voltage employed during the measurement up to a certain
voltage level. As explained in Section 2, the strand-to-strand
IC starts to be dependent (i.e. rising) on the applied excitation
voltage, when the latter is above the PDIV. Indeed, the PD
activity bridges the air-filled voids between the two strands,
causing a boost of the detected IC. This behavior is confirmed
by the results outlined in Fig. 13, where, for one specimen,
the IC values measured at different excitation voltages are
plotted over several aging cycles. Only the data regarding one
specimen are shown here because a similar trend is identified
for all the coils. Analysing the outcomes of Fig. 13, the
following considerations can be drawn:

1. for low excitation voltage (<300 V rms), the
strand-to-strand I1C increases as the specimen becomes
more thermally aged, but it is unconstrained by the
applied excitation voltage, as previously underlined;

2. the excitation voltage at which the strand-to-strand I1C
begins to rise, decreases as the thermal aging
advances.

The IC increment is indicative of PD activity and the
PDIV (i.e. lowest voltage for initiating the PDs) lessens as the
aging cycles progress [18]. In particular, the PDIV is above
480 V rms at the end of the first aging session; whilst its value
significantly drops below 360 V rms after 20 aging cycles.
For both IC magnitude and PDIV value, a significant
divergence is appreciable among the different aging cycles,
as underlined in Fig. 13. The only anomaly to this general
tendency is represented by the cycle ‘12°, which
approximately reveals the same trend and absolute IC values
as per cycle ‘16°. This anomaly might have been caused by a
non-perfect physical clamping of the coil terminals during the
measurements and/or any mishandling of the specimen
during the diagnostic cycle.
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Fig. 13. Trend of the strand-to-strand 1C measured at
several excitation voltages, for different aging cycles (the
data refer to the same specimen).

Assuming as reference the IC measured at 100 V
rms, the strand-to-strand IC percent increment (i.e. %IC) is
determined for a single specimen under several conditions
(i.e. excitation voltage and aging cycle). The obtained results
are summarized in Fig. 14 and a linear relationship is found
between %IC and thermal aging (i.e. the %IC linearly rises
with the number of aging cycles).
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Fig. 14. Trend of the strand to strand IC percent increment
(with respect to IC measured at 100 V rms), for different
excitation voltages and aging cycles (the data refer to a
single specimen).

4.2. Dissipation Factor

At excitation voltage lower than the PDIV (e.g. 100
V rms), the strand-to-strand tand, measurements are strongly
influenced by the ambient RH (see Fig. 9). Therefore, these
data cannot be used for establishing a direct relationship
between thermal aging and strand-to-strand tand absolute
value, since the impact of both RH and thermal aging is
difficult to be discerned through low excitation voltages. On
the other hand, the strand-to-strand tand measurements
disclose a clear trend with thermal degradation, when
excitation voltages above the PDIV are considered. In these
conditions (i.e. higher excitation voltage), the variability of
the tand values, caused by the ambient RH, is ‘eclipsed’ by
the thermal aging effect.

To determine the most appropriate probability
distribution that better fits the specimens’ strand-to-strand
tand measurements, a preliminary post-processing analysis
has been carried out, as per IC measurements. Its outcomes
are recapped in Fig. 15, where four different distributions are
compared (i.e. Weibull, exponential, normal and lognormal).

Based on Fig. 15’s results, the lognormal distribution is
selected due to its suitable fitting characteristics. For all
specimens, the mean value of %tand (measured at 500 V rms)
and the standard deviation have been obtained at each
diagnostic cycle relying on the lognormal distribution, as
shown in Fig. 16. From this figure, the increment of
strand-to-strand tand with thermal aging is clearly visible.
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Fig. 15. Comparison among different probability distribution
plots of the strand-to-strand %tand measured at 500 V rms
and different aging cycles.
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Fig. 16. Mean value and standard deviation of the
strand-to-strand %tand measured at 500 V rms for different
diagnostic cycles, considering a lognormal distribution.

The strand-to-strand tand depends on the employed
excitation voltage and its trend is similar to the one found for
the IC measurements. For excitation voltages up to the PDIV,
the strand-to-strand tand does not significantly vary. On the
contrary, considerable variations are observed for excitation
voltages above the PDIV, due to the ionization of the air
voids. The described trend is illustrated in Fig. 17, where the
%tand of the same specimen is plotted against the excitation
voltage, for different diagnostic cycles. This figure also
highlights the twofold effect played by the thermal aging: 1)
reduction of the PDIV with the aging progression; and 2)
great increment of the tand for high excitation voltage (i.e.
above the PDIV). Contrarily to the behavior exhibited by the
strand-to-strand IC (see Fig. 13), the corresponding tand at
low voltage (i.e. below the PDIV) is only slightly influenced
by the thermal aging. Indeed, the curves of Fig. 17 are almost
overlapped for excitation voltages below 320 V rms
independently from the aging cycle.
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4.3. Differential Dissipation Factor

For solid insulating materials, it is common practice
to evaluate the tand increment at two designated voltages (i.e.
Atand). As explained in Section 2, this technique is generally
used for identifying the level of insulation degradation and it
is widely adopted for medium to high voltage insulation
systems. However, it is also true that this methodology can
also be applied to low voltage insulation systems, as has been
shown in this work. Considering the data acquired throughout
the test campaign, the strand-to-strand tand is measured at
different voltage levels (i.e. 0 to 500 V rms with steps of 20
V rms); hence, several Atand can be defined. For
convenience, the excitation voltages of 100 V rms and 500 V
rms are chosen for determining the Atandsoo-100) (i-€. tand
measured at 500 V rms minus the one at 100 V rms). The
Atandse0-100) values are calculated for several diagnostic
cycles and the lognormal probability plot is given in Fig. 18.
For sake of completeness, both the mean value and standard
deviation of the Atandsoo-100) lognormal distribution are
provided in Fig. 19 and as expected, the Atand(soo-100) Mean
value rises with the aging cycles number, because of the
progressive insulation degradation.

A sensitivity analysis is also performed on the Atand
by changing the considered upper voltage level. In particular,
the upper voltage is reduced from 500 to 460 V rms, while
keeping the same lower voltage level (i.e. 100 V rms). In Fig.
20, the results corresponding to Atandeo-100) are outlined in
terms of mean value and standard deviation of the lognormal
distribution.
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Fig. 20. Mean value and standard deviation of the Atand uso-
100 for different aging cycles.

Likewise the trend obtained using Atandsoo-100), the
Atandueo-100) Mean value increases at higher aging cycles.
However, the Atandueo-i00p Mean values are lower with
respect to the Atandsoo-100) Case (see Fig. 19). This mismatch
confirms that reducing the excitation voltage amplitude leads
to a lower number of ionized voids within the insulation.

4.4, Direct measurement of PDIV

In low voltage EMs, the strand-to-strand IC and tand
measurements are not generally employed for PDIV
assessment, despite their correlation with PD activity. In
order to experimentally confirm the link between the obtained
results (i.e. IC and tand) and the PD inception, a direct
measurement of PDIV is carried out. This work is done by
using a commercial PD detector (i.e. Techimp® PD-Base Il)
alongside with a programmable high-voltage power supply
(i.e. GW Instek GPT-9000). The test equipment and its setup
are shown in Fig. 21, whilst a set of 12 coils, whose
arrangement relies on the specifications listed in Table 1,
represents the samples’ population. Each coil is fed through
the programmable power supply and the applied excitation
voltage is ramped-up until PDs are incepted. Since PDs emit
electromagnetic signals, a high-frequency transverse
electromagnetic antenna is used as PD sensor. Once the PDs
are detected, the corresponding voltage value (i.e. PDIV) is
recorded together with the PD phase resolved pattern
generated by a dedicated software. The PDIV values obtained
by both PD detector (i.e. direct measure) and dissipation
factor tester (i.e. indirect measure based on IC and tand) are
compared. The results are reported in Fig. 22. The outcome
of this analysis reveals that the PDIV values which are
directly measured, match the ones estimated through an
indirect method (i.e. tand and IC). The good agreement
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among the PDIV values is also confirmed for different
thermal aging levels, which is also illustrated in Fig. 22.
Considering these results, it can be safely concluded that the
PDIV detection using the dissipation factor tester (i.e.
Megger® Delta4000) represents an alternative and more
straightforward solution for fast insulation assessment. In
fact, the measurements are appropriately accurate, even
though an indirect method is used, which traditionally is
considered a less accurate methodology. Another perceived
advantage of this methodology is the portable nature of the
whole setup. The dissipation factor tester physically
comprises the required high-voltage power supply as well as
the measurement and post-processing tool, thus ensuring
equipment portability. Also, it is worth to underline that the
data collected with the dissipation factor tester are not
affected by ambient noise, which usually plays an important
role as source of interference, during measurements
performed through a PD detector

PD Acquisition
Software

PD detector
Techimp PDBase-l|

Fig. 21. Experimental setup for PDIV measurement on
random wound coil.
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Fig. 22. Comparison between direct and indirect PDIV
measurement (Weibull density) for unaged (top sub-plot) and
thermally aged (bottom sub-plot) specimens.

5. Application of the Study

The change in both IC and Atand indicates the
progressive deterioration of the magnet wire dielectric
properties. These diagnostic quantities have been investigated
and their marked variation depending on the considered
diagnostic cycles has been pointed out. The gathered
information can then be used to propose an EM design process
that includes the insulation lifetime consumption, as a main
design objective function. Traditionally, EMs developed for
transport applications are designed aiming at two main
targets, namely 1) reduced size and 2) excellent reliability.
These goals are usually conflicting, since historically
reliability is achieved by some measures of over-engineering.
The proposed methodology intends to reduce the reliance on
the over-engineering approach which will then have a direct
benefit also on the EM weight and size.

In this work, the focus has been put on EMs working
in short-term overload conditions. This operating mode is
ordinary in electromechanical actuator for aerospace
applications [35, 36].

Analysing the specimens’ time to failure listed in
Table 1, the first coil failure is recorded at the 9™ diagnostic
cycle whereas increments of about 13% and 11% are
respectively registered on the %IC and A%tandsoo-100), With
respect to the diagnostic cycle ‘0°. The first coil’s time to
failure corresponds to 204 h of aging above the thermal class,
which is equivalent to 9500 applications of the temperature
profile shown Fig. 6. This critical information describes the
thermal insulation lifetime consumption to a great level of
detail. Hence, considering an EM operating according to the
Fig. 6 temperature profile, the first winding failure will occur
after 9500 thermal overload cycles, in the worst-case
scenario. Therefore, combining the thermal aging knowledge
associated to a specific mission profile together with the EM
thermal model (e.g. lumped parameter thermal network), the
EM design process will be significantly enhanced. In fact, by
knowing the time to failure and/or level of thermal aging, the
EM can be designed and optimized for meeting the
predetermined lifetime requirement, while ensuring
performance and weight constraints.

For this reason, the presented results along with the
mentioned design strategy can support, EM designers in
making reliability a design objective function at all stages of
the design process. The traditional over-engineering
philosophy, usually associated with improving robustness
and reliability can thus be reduced or even eliminated
completely. Additionally, by including the thermal aging data
at the EM design stage, the reliability will no longer be a
feature to be evaluated on the final product through statistical
methods, but it will truly become a design objective assessed
right from the beginning of the project. Finally another
perceived advantage of this work is its potential in terms of
employing the collected data for EM diagnostic purposes.
This can be used to develop improved and better maintenance
schedules and thus reduce overall system down-time.

6. Conclusions

This paper examined the effects of thermal ageing
on windings and coils used in low voltage EMs, primarily
designed for operation with short-term overloaded mission
profiles. The impact of thermal aging on both IC and tand was
experimentally evaluated through a purposely designed
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accelerated aging test campaign and a detailed data
post-processing.

For excitation voltages lower than the PDIV (<300 V), the
following outcomes were found:

1) the IC proportionally rises with the thermal aging level;
2) the tand is unaffected by the thermal deterioration of the
enamel.

In case of excitation voltage values above the PDIV
(300 V<V<500 V), it was shown that both IC and tand
increase with the thermal exposure hours. In particular, the
Atand considerably arises with the thermal degradation,
indicating a prominent PD activity. It is worth to mention that
although high excitation voltages permit to record useful
information on the insulation status, they also electrically
overstress the enamel layer (i.e. Type | insulation) due to the
PD inception. The correlation between diagnostic
measurements (i.e. IC and tand) and PDIV was proven via a
direct detection of PDs and a good agreement among the
PDIV values, collected under different methodologies, was
revealed.

The influence of ambient RH on the IC and tand
measurements was also accounted during the test campaign
by the adoption of two ‘reference specimens’. As outcome of
this investigation, it was observed that the strand-to-strand
tand is very sensitive to the ambient RH. Hence, it is
recommended to perform these readings inside a
humidity-controlled environment for avoiding misleading
results.

Finally, the methodology to integrate the test
campaign outcome in the EM design was outlined. The
proposed approach enables the trade-off between design for
performance and design for reliability, avoiding the
insulation over-engineering.
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