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Abstract

The insulation structure of winding in a large electrical rotating machine
consists of epoxy resin and mica material. The insulation structure is com-
posed of many junctions. The insulation problems generate different kinds
of signals, such as electromagnetic waves, which may get released from
the non-perfect characteristics of the enclosure. This signal may interfere
with the functioning of other nearby electronic devices. Therefore, main-
taining an excellent condition of the insulation system of the machine is
very important. For a condition monitoring of this insulation as proposed
in this research, it is taken into consideration the results of the polarization
and depolarization current (PDC) measurement of the test sample, and the
stator winding rated 13.8 kV was investigated. The experiments were con-
ducted under different thermal stresses, i.e., 25◦C (the room temperature)
and 100◦C (the operation temperature). The test samples were divided into
three types: I. haft-overhang, II. overhang and III. full stator bar. From the
PDC measurement data record, the complex capacitance and polarization
losses (ion migration polarization, slow relaxation polarization and interfacial
polarization) were calculated. It was found that the aging of the insulation
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related to the complex capacitance and polarization losses can be contributed
for research in future wireless technology.

Keywords: Condition monitoring, polarization and depolarization current,
complex capacitance, polarization losses, frequency domain.

1 Introduction

The reliability of large electrical rotating machine depended upon the effi-
ciency of the insulation system, even if it was solid in the case. Reduced insu-
lation performance and subsequent higher-operating temperatures shorten the
lifetime. This parameter is directly related to the lifetime of the machine
[1, 2]. Different kinds of signals may be generated due to defects in the
insulation process. An electromagnetic wave may also generate and radiate to
disturb the operational function of the nearby electronic devices. To overcome
the earlier mentioned problem, the insulation process of the machines needs
to be monitored and maintained in good condition.

In practice, aging phenomena are rather more complex. This is due
to the fact that several different aging factors, i.e., thermal stress, electri-
cal stress and mechanical stress and ambient act on the insulation system
either simultaneously or in succession [3] as combined aging or multi-factor
aging. Moreover, these various aging phenomena may affect each other
thereby exponentially increasing the deterioration process. The combined
aging factors may lead to a more weak point in an insulation system.

In this paper, the analysis of experimental data in the time domain for the
insulation specimen under the thermal stress (25◦C and 100◦C) condition has
been tested by the polarization and depolarization current (PDC) measure-
ment technique. The data is then calculated to the frequency domain for an
analysed aging characteristic of the stator winding insulation.

2 Background Theory

The measurement of the PDC is a diagnostic method in medium- or high-
voltage equipment. The charging current (or polarization current) consists of
the conduction current and the absorption current.

The conduction current is the current passing through the bulk insulation
from the ground (surface of insulation) to a high-voltage conductor. This
current depends on two main factors, i.e., the type of bonding material of the
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insulation system and the contamination on the surface of insulation caused
by dust, oil, vapour or ambient temperature.

The absorption current results from molecular and electron drift and
current decay overtime when voltage is applied. The amount and character
of decay are determined by the type and bonding material condition in the
insulation system [4–11].

In describing the depolarization process, the term ‘the depolarization
current’ refers only to ‘the absorption current’. The PDCs can be calculated
using the following equations:

Ipolarization(t) = IC +

(
3∑

m=1

IAe
− t
τm

)
(1)

Idepolarization(t) =

(
3∑

m=1

IAe
− t
τm

)
(2)

Equations (1) and (2) are the polarization and depolarization currents,
respectively, where IC is the conduction current; IA is the absorption current
and tm is the polarization losses consisting of the ion migration polarization
t1, the slow relaxation polarization t2 and the interfacial polarization t3.

According to Figure 1, the polarization and depolarization measurement
can be estimated from the charging current and discharging current, respec-
tively, during the applied switching of direct current (DC) voltage on the
insulation system. The geometric capacitance (C0) can be determined by the
integration of the charging current after switching the DC voltage source.
For the discharging process of the test object, the properties of the insulation
except for the DC resistance (R0) are observed.

3 Experimental Setup

We describe our experimental setup in this section. The test sample was taken
from a synchronous machine rated 111.1 MVA and 13.8 kV. The machine
has been installed at a hydropower plant and operated in the year 1983.
This machine has been in operation for around 230,400 hours. The insulation
details of the machine and class F insulation are summarized in Table 1.

The test object is divided into two groups, the first group was tested
under the room temperature of 25◦C and the second group test specimen was
heated at 100◦C in a vacuum oven for 24 hours; then, they were tested under
the room temperature of 25◦C as the same test condition of the first group.
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Figure 1 The polarization mechanism in the insulation material and the insulation equivalent
circuit.

Table 1 The data of material applied for the stator insulation system
Sections Parts Materials Limit Temperatures
1 Conductor layer Mica type and PET film 155◦C

2 Slot layer Mica type and fibreglass 155◦C

3 Discharge
Protection layer

Graphite conductive
tape/silicon carbide tape

155◦C

4 Impregnation layer Epoxy resin 170◦C

The ambient relative humidity (RH) was around 60% throughout the testing
period. The test sample is detailed in Table 2.

To perform the PDC measurement, a four-step procedure was followed:

Step 1: the remaining current of the stator winding insulation was measured
before applying a test voltage into the test object.

Step 2: a DC voltage of 500 volts was applied to the test object for 1,000
seconds for polarization current measurement.
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Table 2 The type of test sample under test

Type I Haft-Overhang Bar

Type II Full Overhang Bar

Type III Full Bar

Figure 2 The experimental setup with the test sample for the PDC measurements.

Step 3: after polarization progress had finished the test object was allowed
to self-discharge around 100 seconds before starting depolarization
current measurement.

Step 4: the test object was short-circuited through the measurement circuit
and the depolarization current was measured.

The PDCs were measured and recorded using a dielectric response
analyser. The test apparatus is shown in Figure 2.

4 Results

This section presents the results obtained from the PDC measurement of
each test object under room and operating temperatures. The experiment was
conducted to study the effect of the thermal stress on the insulation system of
the stator winding. The results are shown in Figure 3.
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(a) The result of PDC measurement of the test sample type I

Figure 3 (Continued)
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(b) The result of PDC measurement of the test sample type II

(c) The result of PDC measurement of the test sample type III

Figure 3 PDC measurement test results.
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According to Figure 3, the PDCs of the test specimen without thermal
stress measured at 25◦C were lower than those of the test specimen subjected
to 100◦C thermal stress for all the cases. Besides, the resistance of the test
specimen without thermal stress measured at 25◦C was higher than those of
the test specimen subjected to 100◦C thermal stress for all the cases. Thermal
stress could affect both the chemical and physical properties of the insulation.
The chemical degradation would generate the mobility of the ions of the
dipole, and the degree of the dipole orientation would be intensive. This was
because the moisture was a reaction with the combination of the epoxy, glass
and mica materials, which affected the interfacial polarization at the interface
barrier within the insulation [12–19].

5 Discussion

The test results in the time domain are converted into the frequency domain
for analysis purposes. Fourier transform and a curve fitting technique are used
in this process. The Fourier transform is used for the complex capacitance
approximation. The complex capacitance included with the real and imagi-
nary capacitances can be calculated in the frequency domain as shown in the
following equations:

C ′(ω) = CGeo +
n∑
i

Ci

1 + (ωRiCi)2
(3)

C ′′(ω) = −j
n∑
i

ωRiC
2
i

1 + (ωRiCi)2
(4)

The complex capacitance is composed of the following main parameters:
C ′(ω) is a real capacitance in the frequency domain, C ′′(ω) is an imaginary
capacitance in the frequency domain, CGeo is the geometric capacitance and
RiCi are the constants from the polarization losses.

According to Figure 4, it is assumed that when ω → 0 or with being a
decreasing frequency, the complex capacitor is dominant by the geometric
capacitor in an equivalent circuit. On the other hand, when ω → ∞ or with
being an increasing frequency, the capacitance value reduces.

Consider the measured current in the time domain according to Equa-
tions (1) and (2), thus, the coefficients Ai and the time constants ti can
be described with the polarization processes caused by the bulk relaxation
insulation system. Different mechanisms were also characterized by the
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(a) The complex capacitance of the test sample type I

(b) The complex capacitance of the test sample type II

Figure 4 (Continued)
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(c) The complex capacitance of the test sample type III

Figure 4 The results of the calculated complex capacitance.

(a) The polarization losses of the test sample type I

Figure 5 (Continued)
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(b) The polarization losses of the test sample type II

(c) The polarization losses of the test sample type III

Figure 5 The time constant of test samples.
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specific time constant, which depended on the stress parameters such as the
temperature. The relationship between the charge and the measured current
can be described as in the following equations:

Q(t) =

∫ t

0
i(t)dt (5)

Q(t) = I0 · t−
3∑
1

Aiτie
− t
τi +

3∑
1

Aiτi (6)

The time constants can be calculated by the following equation:

tan δpol(ω) =

∑
iC
′′
i (ω)

Cgeo + C ′i(ω)
(7)

The equivalent circuits for modelling the stator winding insulation system
have been proposed based on a simple RC model. This model consists of
a parallel series of the resistor and capacitor as shown in Figure 1. Each
subseries circuit of Ri and Ci represent a relaxation time constant given
by ti = RiCi. This model may describe the winding insulation condition
[20]. The constants t1, t2 and t3 represent the relaxation time constants of the
polarization mechanisms related to the aging process within the insulation.

According to Figure 5, the time constants can be calculated by using a
numerical method [21–23]. The results show that the polarization loss and t3
of the test specimen without thermal stress measured at 25◦C were lower than
those of the test specimen subjected to 100◦C thermal stress for all the cases.
The polarization loss occurring during the polarization process is caused by
collisions and energy dissipation during the repetitive reorientation of the
dipoles. Moreover, the t2 and the t1 are dependent on the insulation condition.

6 Conclusion

The insulation of the machine rated of 13.8 kV, which has a service life
of more than 230,000 hours was used in the experiment. The experimental
results show that the polarization currents changed when the test sample was
aged due to the thermal stress. The complex capacitance and the polarization
losses of the insulation system were calculated in the frequency domain. It
was found that the complex capacitance and polarization losses of the insu-
lation system depended on the insulation condition affected by the thermal
stress.
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As mentioned earlier, the proposed technique can be utilized for eval-
uating the condition of the insulation systems, which are beneficial for the
maintenance planning of the machines used in industrial sectors, including
machines used to support the communication systems. The insulation system
of these machines needs to be in a healthy condition, i.e., it should not gen-
erate any noise signals to disturb the multimedia communication equipment
during operation.
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