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Abstract

The humidity role in the partial discharge (PD) inception mechanism is quite challenging,
especially when considering the environmental temperature. Indeed, there is no general
rule to explain the humidity effect on the PD phenomenon. In this paper, the PD activity
in inter-turn insulation is experimentally investigated for different relative humidity (RH)
conditions at three different ambient temperatures, that is, 30◦C, 60◦C, and 90◦C. Partial
discharge inception voltage (PDIV) is directly measured through a photomultiplier tube
(PMT), whereas the tip-up tests are performed aiming at monitoring both dissipation fac-
tor (tanδ) and insulation capacitance (IC). These extra measurements (diagnostic dielectric
markers) allow better assessing the insulation status. The adoption of the tip-up test enables
the insulation properties measurement. Based on the tip-up tests’ findings, the interfacial
polarization process starts at 75% RH under 60◦C, while the high conductivity area is
already formed at 75% RH when the ambient temperature is 90◦C. The water film forma-
tion deduced from the tip-up test is then used to explain the trend of PDIV, and the validity
is further proved by finite element analysis (FEA).

1 INTRODUCTION

Partial discharge (PD) is a critical factor influencing the relia-
bility of the insulation system, especially for Type I insulation.
According to the International Electrotechnical Commission
(IEC) standard [1], the occurrence of PD in Type I insulation
(i.e. organic materials) means the end-of-life of the insula-
tion system. Hence, PD activity should be avoided in electrical
machines (EMs) insulated via Type I insulation. Environment
factors including temperature, pressure, and humidity can influ-
ence PD activity. Paschen’s law combined with finite element
analysis (FEA) is used to interpret the pressure effect on PD
[2]. Regarding the temperature impact, an increase in wind-
ing temperature from 25◦C to 155◦C typically leads to a fall
of the partial discharge inception voltage (PDIV) by 30% as
stated in the IEC standard [1]. However, there is no general rule
which describes the humidity effect on the PD mechanism. The
humidity effect on PD becomes critical considering EMs for

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the

original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. IET Science, Measurement & Technology published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

offshore wind turbine application [3]. Moreover, for EMs with
open ventilated cooling systems (low-cost and common cooling
system solution), the moisture in the air can enter the housing
and combined with the temperature generated by Joule effect
creates a microclimate within the EM. Thus, it is important to
fully analyse and investigate the PD inception mechanism under
the combined action of both humidity and temperature.

1.1 Literature review

Many publications have focused on the humidity effect on the
PD phenomenon. The PD magnitude is measured for several
relative humidity (RH) values in [4], and the insulation lifetime
is predicted after PD occurrence. The obtained results indicate
a higher PD magnitude along with a lifetime reduction at 90%
RH. The trend of PDIV as a function of RH at fixed temper-
ature levels is given in [5, 6], although the trends’ explanation
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is not provided. As discussed in [7], the trend of PDIV with
RH is determined by the combined effect of the electric field
enhancement caused by water film formation and the increased
breakdown field of the air at high humidity levels. The dielectric
response of insulation materials in a high humidity environment
is investigated in [8, 9], but the correlation between the varia-
tion in dielectric properties and the PD inception mechanism is
neglected.

In a comprehensive analysis, the temperature is an ambient
factor to be accounted for when the insulation system for EM
is assessed and several papers have been published regarding
the combined effect of humidity and temperature on PDIV.
In [10], the PDIV is detected at three RH levels considering
three different ambient temperature values. Only PDIV and PD
extinction voltage are measured, and the data are mainly used
to quantify the percentage change in PDIV. Apart from PDIV
measurement, optical emission spectroscopy is adopted to esti-
mate the electric field strength in the air gap [11]. However, the
variation of insulation properties caused by the high humidity
environment is not evaluated. The relative permittivity and the
hydrophilic property of the surface are determined by Kikuchi
et al. [12], while the surface conductivity is calculated in [13]. In
addition, the moisture content of the insulation film under dif-
ferent temperatures and RH levels is measured by a Karl Fisher
moisture meter in [14]. These additional measurements help
understand the PD inception mechanism through the change of
insulation properties in different humidity environments. Nev-
ertheless, the insulation status during the PD process under
different RH conditions could not be measured. In other words,
there is no direct relationship between the PD phenomenon and
insulation status in a varying humidity environment.

1.2 Research contribution

In this paper, a tip-up test of dissipation factor (tanδ) and
insulation capacitance (IC) has been introduced for a better
understanding of the PD inception mechanism. In fact, mon-
itoring the dielectric properties while performing the PDIV test
enables a comprehensive analysis of the phenomenon due to the
simultaneous measurements.

The behaviour of a real dielectric material can be represented
as a capacitor in parallel with a resistance. When the dielectric
material is subjected to the sinusoidal voltage whose level is
below the PDIV, the dielectric loss is mainly caused by the solid
loss (i.e. conduction loss and polarization loss), which does not
change much with the applied voltage. On the other hand, when
the PD is incepted, there is a boost in the dielectric loss due to
the rise in the ionization loss and thus the tanδ. The tanδ is
the sum of tanδS, which accounts for the solid loss, and tanδPD
which is linked to the ionization loss caused by PD, as shown in
Figure 1 [15]. In addition, the inception of PD leads to a boost
in IC, since the air voids between two conductors have been
partially bridged [16]. Therefore, the tip-up test of tanδ and IC
can be used as an indirect measurement of PD. In this paper, the
PDIV has been measured at five different RH levels under three

FIGURE 1 tanδ with increasing voltage [15]

TABLE 1 Insulation properties of enamelled magnet wire

Parameter Property

Insulation material Polyesterimide

Thermal class H (180◦C)

Wire diameter 0.63 mm

Insulation thickness 0.035 mm

different ambient temperatures: 30◦C, 60◦C, and 90◦C. Optical
PD detection using a photomultiplier tube (PMT) is employed
for direct PD measurement. Twisted pair is used as the test sam-
ple since it is a fair representation of turn-to-turn insulation and
is easy to manufacture [17]. The tip-up test is carried out by
industrial insulation tester Megger 4110. The tip-up test results
sustain the water film condensation, which in turn explains the
PDIV trend. The water film condensation is proved via the
scanning electron microscope (SEM) images, whilst the PDIV
trend is confirmed and validated through electrostatic FEA.

2 TEST SETUP AND PROCEDURE

2.1 Specimen preparation

The premature failure of low-voltage EMs is commonly
caused by excessive ageing and degradation of the turn-to-
turn insulation [18]. Therefore, twisted pairs are chosen for the
investigation. Such a configuration of specimens for studying
humidity impact on PD is preferred referring to the literature
[19–21]. In this paper, the enamelled magnet wires with the main
properties listed in Table 1 are twisted following the IEC stan-
dard [22], as shown in Figure 2. The bare copper terminals at
one end allow applying the excitation voltage. For each test con-
dition, a set of five twisted pairs is employed for the statistical
significance of the collected results. The test campaign is pre-
ceded by a preconditioning cycle [4, 20, 21], where the samples
are wiped with alcohol to remove the unexpected contamina-
tion and then are exposed to a thermal treatment at 100◦C for
1 h.
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FIGURE 2 Configuration of twisted pair used for investigation

FIGURE 3 SEM micrograph of test samples. SEM, scanning electron
microscope.

The morphology test via SEM is also carried out [23],
with the purpose of evaluating the impact of humidity and
temperature on the sample’s surface. Figure 3 shows the SEM
outcome, where Sample #A is a brand-new twisted pair after
preconditioning, whereas sample #B experienced 2 h of expo-
sure to high humidity and temperature environment (i.e. 90◦C,
90% RH and 378 g/m3 absolute humidity). The period of 2 h

FIGURE 4 Scheme of the experimental test setup

corresponds to the typical time required to complete the whole
investigation (i.e. PDIV measurement and tip-up test at five RH
values and three temperature levels).

The SEM images indicate that (1) moisture could be attached
to the insulation surface due to high humidity exposure and (2)
water condensation is formed in the air gap between conduc-
tors. It is worthy to underline that the effect of water absorption
due to long-term humidity is not considered in the present
study.

2.2 Experimental setup

The experimental setup employed for the investigation is
schematized in Figure 4. A set of five specimens are hung to a
Polytetrafluoroethylene (PTFE) rod fixed by an insulation tape
and inserted inside the environmental chamber (ESPEC Co.,
type: ARS-0220) for accurate temperature and humidity adjust-
ment. The rubber plug isolates the inside chamber from the
outside environment while allowing pass-through of test leads.
The tanδ and IC are measured by applying across the twisted
pair insulation a 50-Hz sinusoidal voltage, whose amplitude is
gradually increased from 0 to 700 Vrms. The excitation voltage
generated by the Megger 4110 is also sensed via a high volt-
age (HV) differential probe and displayed on the KEYSIGHT®

oscilloscope for convenience. The light emission associated
with the PD inception is detected via the Hamamatsu® PMT,
which is located outside the chamber window and its output is
connected to the oscilloscope. In PD investigations under vari-
able humidity conditions, the PMT represents a common choice
for PD detection [11, 24, 25] because of its immunity to electro-
magnetic and acoustic interferences [26]. Black sheets covering
the chamber window minimize and prevent the influence caused
by excessive external light. In fact, the PMT is placed outside
the chamber and in direct contact with the viewing window at
approximately 30 cm from the twisted pairs. In Figure 5, the
applied excitation voltage and the voltage signal (i.e. PTM out-
put) associated with the PD are shown, as an example of PD
direct measurement.
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FIGURE 5 PMT voltage signals resulting from PD inception. PD, partial
discharge; PMT, photomultiplier tube.

FIGURE 6 Flow diagram of the testing procedure

2.3 Test procedure

The flow diagram of the testing procedure is illustrated in
Figure 6. After the preconditioning treatment, a set of five
twisted pairs is inserted inside the ESPEC chamber and a 30◦C
ambient temperature is set. Keeping constant the temperature
throughout the test campaign, five RH values (i.e. 30%, 45%,
60%, 75%, and 90%) are considered. The significant number of
tested humidity levels enables a clear overview of variability of
tanδ, IC, and PDIV as a function of the humidity. Further, the
selected RH values are compatible with the working conditions
experienced by the EM insulation system operating in a high
humidity environment (e.g. off-shore wind turbine).

Once the chamber reaches pre-set humidity and temperature
values, the twisted pairs are excited with a sinusoidal voltage
waveform. The Megger 4110 generates the auto-rising AC volt-

age from 0 to 700 Vrms with a 28 Vrms step (i.e. the minimum
allowable step). At each step, the voltage holds for a few sec-
onds for IC and tanδ measurements. At the same time, the
PMT pointed at samples catches the light emitted by the PD
inception, and the PDIV is registered. After the test at 30◦C, a
similar procedure is repeated using a new set of twisted pairs for
the two remaining temperature values (i.e., 60◦C and 90◦C). In
reality, it might not be possible to reach both high temperature
and humidity values simultaneously (i.e. 90◦C with 90% RH).
Nevertheless, these test conditions aim at giving a comprehen-
sive view of the PD phenomenon over a wide range of ambient
parameters.

3 EXPERIMENT RESULTS

The tanδ trend as a function of the excitation voltage for the
examined ambient conditions is illustrated in Figure 7. At 30◦C
and 60◦C (Figures 7a and 7b), when RH is within the range of
30% to 60%, there is no big difference in the tanδ measure-
ments. The tanδ remains constant at a relatively low voltage
level (up to 550 Vrms), and then it starts to increase steeply
when PD is incepted. In Figure 7c, where the ambient tem-
perature of 90◦C is analysed, the trend just described holds for
both 30% and 45% RH, while a different tendency is revealed at
60% RH. In particular, the tanδ linearly grows with the applied
voltage until the PD is incepted causing a sudden step up in
the tanδ value. When 75% RH is considered, the temperature
plays a significant role in affecting the tanδ behaviour. At 30◦C
and 60◦C, the tanδ features a rising trend with the applied volt-
age and a slight change of slope is still appreciable at relatively
HV values (above 550 Vrms). Differently, the tanδ trend keeps
increasing throughout the whole voltage range when the tem-
perature is equal to 90◦C and the change of slope (i.e. the point
at which the PD is incepted) is not found. Assuming 700 Vrms
as rated excitation voltage (UN), the tanδ increment between
0.2 × UN (i.e. 140 Vrms) and 0.6 × UN (i.e. 420 Vrms) is calcu-
lated (Δtanδ(420-140)) and listed in Table 2. An observable change
in the Δtanδ(420-140) occurs at 75% RH and 60% RH at 60◦C
and 90◦C ambient temperature, respectively. Additionally, the
slope of the tanδ (orΔtanδ(420-140)) boosts at 75% RH for higher
temperatures. Finally, the samples exhibit the same dielectric
performance regardless of the ambient temperature at 90% RH,
(i.e. the tanδ increases linearly with the excitation voltage), and
the recorded tanδ grows with the temperature.

For the sake of clarity, the tanδ at 0.6 × UN is plotted for dif-
ferent RH–temperature combinations, as reported in Figure 8.
The 0.6 × UN is selected because PD is not incepted, but a sig-
nificant tanδ is detectable. In general, it can be seen that the
tanδ grows with the RH for the three temperature levels. How-
ever, the increasing rate becomes notable when the RH reaches
75% at both 30◦C and 60◦C temperatures, whereas an impor-
tant increasing rate is already appreciable at 60% RH for 90◦C
ambient temperature. In addition, at the higher temperature, the
value of tanδ is more influenced by the change of RH.

Figure 9 presents the trend of IC as a function of the RH
for the three temperature levels. Below 60% RH, the IC does
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FIGURE 7 tanδ with applied voltage at different RH/temperatures. RH, relative humidity.

TABLE 2 % Δtanδ(420-140) at different temperature/RH

Temperature◦C RH % % Δtanδ(420-140)

30 45 0.01324

60 0.04886

75 0.32185

60 45 0.00538

60 0.00782

75 0.69183

90 45 0.02014

60 0.1786

75 0.94906

not experience relevant changes due to the different ambient
temperatures. At 30◦C and 60◦C, differences in the IC mea-
surements are noticeable when the RH reaches 90%, while
significant variations in the IC values are evident at lower RH,
that is, 75%, when the ambient temperature is 90◦C.

Analyzed the tanδ and the IC, attention is given to the PDIV
values directly measured via PMT. The PDIV trend with RH
for different temperature levels is given in Figure 10. In gen-
eral, the PDIV monotonically increases with the RH and higher
PDIV values are detected at greater temperatures. A closer look
at Figure 10 highlights that for 30◦C and 60◦C, the PDIV is not
heavily affected if the RH is within the range from 30% to 60%.
The PDIV increment expressed in Vrms for the value detected
at 45% RH is summarized in Table 3 (PDIV at 30% RH could
be considered a relatively low humidity value and it can be dis-
carded). A boost of PDIV is found at 90% RH and 75% RH for
30◦C and 60◦C ambient temperatures respectively. Conversely,
the PDIV trend is almost linear at 90◦C.

Finally, absolute humidity is also considered and the PDIV
values are plotted against the absolute humidity values in
Figure 11. The PDIV is strictly increasing with the absolute
humidity and small increments of absolute humidity result in
higher PDIV for lower ambient temperatures. Further, a higher

FIGURE 8 tanδ at 0.6 UN at different RH/temperatures

FIGURE 9 IC at 0.6 UN at different RH/temperatures. IC, insulation
capacitance.



6 JI ET AL.

FIGURE 10 Trend of directly measured PDIV with RH at three different
ambient temperature. PDIV, partial discharge inception voltage.

TABLE 3 Increment of PDIV in Vrms

Temperature◦C RH % ΔPDIV (Vrms)

30 60 7.66

75 33.88

90 81.78667

60 60 12.76667

75 56.72667

90 70.61667

90 60 25.2

75 41.86

90 55.36

FIGURE 11 Trend of PDIV with absolute humidity

temperature leads to a decrease in PDIV, although absolute
humidity keeps increasing.

4 RESULTS DISCUSSION

4.1 Deduction of water film condensation
from tip-up test

The combined effect of humidity and temperature on the tanδ
could be better explained by introducing the concept of water
film condensation. At different temperature levels, three differ-
ent conditions can be identified depending on RH, as depicted
in Figure 12. At the lower RH level, there is no water film
condensation due to the relatively low availability of water
molecules in the atmosphere. The water film builds up on the
insulation surface at medium RH levels, but only a limited por-
tion of the surface is covered by it (i.e. the superficial path still
features a low conductivity with the tendency towards higher
conductivity values). At this stage, the slight tanδ increment
with the applied voltage is mainly due to loss caused by the
interfacial polarization, which is derived from the large differ-
ence in conductivities and permittivities between two adjacent
layers (i.e. water film and polyesterimide film). At a higher
RH level, the water film fills the gap between two conduc-
tors and a conduction path is formed leading to a boost in
tanδ.

Considering the water film condensation, the results pre-
sented in Figure 7 are accordingly organized as listed in Table 4.
When the temperature is equal to 90◦C, the water film forms
at 60% RH, while its formation occurs at 75% RH in the case
of 30◦C and 60◦C. Therefore, at the highest temperature, that
is, 90◦C, the water film builds at a lower RH value compared to
the other two temperatures examined.

The introduced explanation is also supported by the findings
in Figure 9. When the water film is not yet formed or does
not reach the contact point, there is no big difference in the
IC measurements. On the contrary, the IC boosts if the water
film fills the gap between two turns (i.e. ‘shorted out’ air voids).
Therefore, the collected results allow concluding that temper-
ature and absolute humidity do not play a major role in the
dielectric diagnostic markers (tanδ and IC) until the water film
is formed.

4.2 Effect of water film condensation on
PDIV

In this section, the water film condensation deduced from the
tip-up test results is exploited for explaining the combined effect
of RH and temperature on the PDIV. At 30◦C, when the water
film is not formed yet, the PDIV value does not change much if
the RH is included in the range from 30% to 60%. Conversely,
within the same RH range (i.e. 30%–60%), a boost in ambient
temperature (from 30◦C to 60◦C) leads to a slight rise in the
detected PDIV values.
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FIGURE 12 The humidity effect on twisted pairs

TABLE 4 The RH range definition at different ambient temperatures

Temperature (◦C) 30 60◦ 90◦

Lower RH range (%) (no water film formation) 30–60 30–60 30–45

Medium RH (%) (interfacial polarization exists) 75 75 60

Higher RH (%) (high conductivity area exists) 90 90 75–90

Finally, a further step-up in the ambient temperature (from
60◦C to 90◦C) results in a significant amplification of the
recorded PDIV values. The PDIV growth with temperature can
be attributed to the higher absolute humidity available in the test
environment. When the RH passes from 30% to 60%, the cor-
responding absolute humidity varies from 9.09 to 18.19 g/m3

if the temperature of 30◦C is considered. At 60◦C, the same
interval of RH (i.e. 30%–60%) results in a change of absolute
humidity from 38.86 to 77.72 g/m3. Such a variation is fur-
ther enhanced in the case of 90◦C, where the absolute humidity
goes from 126.11 to 252.22 g/m3. In other words, the same
RH range (i.e. 30%–60%) will result in a massive rise in terms
of absolute humidity as the temperature increases. Therefore,
the availability of water vapour is greater at higher temperatures.
However, vapour acts like an electro-negative gas increasing
the electrical breakdown strength of the atmospheric air [7].
Thus, higher vapour contents (i.e. significant absolute humid-
ity levels) due to the warmer ambient will cause an increment
in PDIV.

The boost in PDIV values might be due to the consistent
leakage current promoted by the water film formation and the
consequent distortion of the resultant electric field. To support
this explanation, the electric field distribution at several water
film thicknesses is examined via electrostatic FE simulations in
the next subsection.

Considering a given ambient temperature, the collected
results allow stating that both RH and absolute humidity affect
the PDIV. Indeed, the water film formation is ruled by the RH,
while the absolute humidity plays its influence on the availability
of the electro-negative gas (i.e. water vapour).

The comparison among different temperature levels makes
the analysis more challenging because both humidity and tem-
perature may affect the PDIV. Despite the challenge, four points
exempt from water film condensation are selected to high-
light the combined effect of temperature and absolute humidity
on PDIV. The absence of water film condensation avoids
the electric field distortion. In Table 5, the chosen points are
detailed and by comparing the pair of points A-B and C-D, the

TABLE 5 The environmental conditions and corresponding PDIV values
of four selected points

Temperature

(◦C)

Relative

humidity

Absolute

humidity

(g/m3)

PDIV

(Vrms)

A 30 60% 18.19 568.64

B 60 30% 38.86 558.17

C 60 60% 77.72 585.40

D 90 30% 126.11 575.84

PDIV decreases although the absolute humidity keeps increas-
ing. This finding is reasonable since the increasing temperature
will decrease the PDIV. Hence, in the absence of water film con-
densation, the temperature effect dominates the PDIV value
although the absolute humidity must be taken into account.
Indeed, points B and D feature the same RH, but the PDIV
of point D is greater despite its higher temperature due to
considerable absolute humidity.

4.3 Validation of water film influence on
PDIV through electrostatic FE simulations

Aiming at confirming the PDIV measurements and validat-
ing the electric field distortion caused by the presence of the
water film, electrostatic finite element (FE) simulations are
performed. Such a method is commonly used for PD phe-
nomenon prediction and explanation [27, 28]. The FE model
consists of two turns and a variable thickness of water film

FIGURE 13 PDIV modelling based on Paschen’s curve
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FIGURE 14 Mesh setup of the electrostatic FE simulation. FE, finite element.

TABLE 6 FE model: mesh definition and material properties

Mesh size

Relative

permittivity

Polyesterimide 0.01 3.4

Water film 0.001 76.75

Air 0.001 1

Airbox 0.1 1

surrounding the wire. The inter-turn electric field is calculated,
while the PDIV value is determined through Paschen’s law [29].
In particular, the voltage level assumed as the PDIV value from
the FE simulations is obtained from the intersection between
Paschen’s curve at a given temperature and the electric field
distribution in the air gap. A schematic illustration of how the
PDIV value is determined using Paschen’s law is shown in
Figure 13. The software FEMM is adopted to simulate the elec-
tric field distribution between the two turns. Since accurate data
on the water film thickness under different humidity conditions
is not currently available in the literature, it is fair to assume 2
and 4 μm as reasonable thickness values. The mesh setup of the
FE model is presented in Figure 14 with the main parameters
listed in Table 6. The electric field distribution corresponding to
these conditions is illustrated in Figure 15.

The temperature effect is taken into account via the Dun-
bar correction [30]. The relationship between pressure and
temperature could be linked by the ideal gas law

pV = NkBT (1)

where V is the volume of the ideal gas, N is the number of
particles, and kb is the Boltzmann constant. Thus, the equiv-
alent pressure considering the temperature correlation can be
expressed as

pn = pi ×
Ti

Tn
(2)

where pi and Ti are pressure and temperature at the initial tem-
perature level, while pn and Tn are the related values at the new

temperatures. For the temperatures considered in the experi-
mental investigation (i.e. 30◦C, 60◦C, and 90◦C), the Paschen’s
curve is determined through the Dunbar corrections. These
curves are reported in Figure 16 (continuous lines), together
with the electric field distribution (dashed lines) at different
water film thicknesses. The PDIV value obtained from FE sim-
ulations when no water film surrounds the wire surface (i.e. 0
μm thickness) is equal to 820.24 VPeak (i.e. 580 Vrms). This
value is close to the PDIV measured at 30◦C and low RH
level (i.e. 578.3 Vrms at 30% RH). The red shaded area in
Figure 16 represents the high PD risk region, where the PD is
most likely to be incepted. In this area, the required breakdown
field decreases with the increase in temperature, while the elec-
tric field is reduced by the increment of water film thickness.
In Figure 7c, considerable tanδ values are observed as the RH
raises. Thus, the assumption of considering the formation of a
thicker water film is reasonable and explains the PDIV exper-
imental trend, although the actual thickness of the water film
is unknown (i.e. the higher temperature reduces the required
breakdown electric field strength, but boosts the actual electric
field in the air gap caused by thicker water film). It is impor-
tant to note that Paschen’s law does not account for the effect
of water vapour as an electro-negative gas, which further boosts
the breakdown electric field. Hence, the trend of PDIV with
RH at 90◦C (before the water film formation) cannot be sim-
ply explained through Paschen’s law, and further research to
determine an appropriate correction factor is required.

5 CONCLUSION

The inter-turn PDIV behaviour under sinusoidal voltage excita-
tion was experimentally investigated considering the influence
of both temperature and RH. Dielectric diagnostic markers,
such as tanδ and IC, were employed for monitoring the insu-
lation status and their measurements supported the idea of
water film formation on the insulation surface. The effect of
water film condensation on the electric field distribution was
verified via electrostatic FE simulations and the correspond-
ing outcomes confirmed the assumption validity. Therefore, the
experimental PDIV trend was explained relying on the water
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FIGURE 15 FE simulation results for 0.63 mm GR2 wire and Vpeak = 820 V

FIGURE 16 Electric field distribution for 0.63 mm and GR2 wire

film condensation for the examined ambient conditions. Based
on the experimental findings, the following conclusions can be
drawn:

1. The dielectric properties (i.e. tanδ and IC) are heavily influ-
enced by the water film formation. Such behaviour was
detected at all the considered temperatures, although the
RH value at which the water film builds up changes with
the ambient temperature (i.e. the water film formed at 75%
under 60◦C, while at 60% RH when the temperature is
90◦C).

2. At a fixed temperature, the RH determines the water film
formation, while the absolute humidity affects the water
vapour availability. Both factors boost the PDIV.

3. The PDIV decreases with temperature, but the absolute
humidity should be also considered because the PDIV at
60◦C and 77.72 g/m3 absolute humidity (i.e. 585.4 Vrms)
is higher than the value at 30◦C and 18.19 g/m3 absolute
humidity (i.e. 568.65 Vrms).

In the performed investigation, PD and dielectric diagnostic
measurements were integrated aiming at providing a compre-
hensive explanation for a complex phenomenon. This approach
proved the tip-up test as an effective tool for understanding
the physics of PD under combined temperature–humidity con-
ditions. In the future, a similar methodology can be used for
investigating the PDIV of thermally aged and/or impregnated
samples exposed to humidity conditions.
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