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Abstract

The factory acceptance tests are extremely important for the deployment and service life of Extra-high volt-
age transformers (EHV) and reactors. An essential part of such tests is Lightning Impulse (LI) tests which
are intended to ensure that the transformer insulation withstands the transient lightning overvoltages which
may occur while in service. These tests are usually done with negative polarity to prevent air side flashovers.

In recent years, there has been an increasing demand for additional positive polarity lightning impulse
tests to secure the reliability and life of the transformers. The transformer, during its service life, is subjected
to massive electrical stresses due to lightning strikes and switching impulses. As a consequence, this may
lead to the degradation of the transformer insulation. During lightning impulse tests, ionisations might oc-
cur in the pressboard/insulating liquid insulation system, which would lead to the development of space
charges. The space charges generated may have an influence on the withstand behaviour of the insulation
corresponding to applied impulse voltage. There is also a possibility of field enhancements due to the effect
of space charge, especially when tested consecutively with opposite polarity. During the acceptance tests on
transformers at SGB-SMIT transformers, a waiting period of one hour is given between the negative polarity
LI and positive polarity LI. This arbitrary waiting time is given under the assumption that this will allow any
’trapped’ charges to decay and provide relaxation time for the slower polarisation processes. So the main
question is whether this waiting period allows sufficient time for the decay of charges in the transformer
insulation. For this analysis, the relaxation time characteristics of the transformer insulation system were
investigated by estimation of the time dependency of depolarisation currents in the oil, paper/pressboard
insulation.

In this thesis, the characteristic of the time-domain dielectric response and the time dependency of the
currents due to depolarisation of charges under DC and impulse voltage was investigated by the polarisation-
depolarisation current (PDC) measurements on the test samples. The PDC method is a non-destructive di-
agnostic method for evaluating transformer insulation in the time domain.

A test set up was built to represent a simplified model of transformer insulation comprising of mineral oil,
paper and pressboard. The measurements of discharge voltage over time were conducted on the test samples
of oil, paper and pressboard to understand the time-dependency of polarisation-depolarisation processes
occurring within the transformer insulation. Two dominant time constants of decay were estimated for oil,
paper and pressboard samples. The results from the discharge voltage measurement were compared with the
analytical solution of the output voltage of the equivalent R-C circuit of the test sample which revealed that
there were more than two polarisation phenomena occurring within the composite test sample of oil, paper
and pressboard. Later, to mitigate the inconsistencies with the simplified R-C model, it was extended and
modified based on the linear dielectric response theory to study the dielectric response behaviour of trans-
former insulation under DC voltage for longer charging times (tc =10,000 seconds).

The modified R-C model was envisioned and developed in PSPICE simulation environment. The model
incorporates the effect of the individual polarisation processes occurring within the constituent dielectrics
of transformer oil-paper-pressboard insulation. The dielectric properties like conductivity and dielectric re-
sponse function f (t ) can be estimated reasonably accurately with this modified R-C model. A comparison of
the maximum and minimum values of the polarisation currents of the composite test sample obtained from
the simulated model and from dielectric testing was conducted. The results demonstrated that relative errors
were limited to a maximum of 8 %.

The time-domain polarisation and depolarisation behaviour of composite transformer insulation was
analysed under DC and impulse voltages from simulations of PDC measurements using PSPICE simulation
software. It was observed that for the same thickness of solid insulation, as the oil-gap increases, the magni-
tude of the depolarisation current at the end of the discharging period (10,000 seconds) also increases. For
identical oil-gaps, as the thickness of the pressboard in the composite test sample of oil-paper-pressboard
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was increased, the depolarisation currents show a delayed response to decay to a minimum value at the end
of discharging duration. The time dependency of depolarisation currents at the end of discharging time of
one hour was realised for impulse voltages. The study of the depolarisation currents under the influence
of impulse voltage revealed that the charge induced field at the end of the discharging period of one hour
does not exceed the permissible threshold electric field of 2 kV/mm inside the transformer insulation. In
the future, the model could be developed into a valuable diagnostic tool for studying the dielectric responses
of complex transformer insulation under the influence of different parameters like moisture content, ageing
products, geometrical configuration and temperature.
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1
Introduction

The first chapter briefly describes the motivation behind this project, followed by the research questions that
this thesis attempts to answer. Finally, an outline of the approach adopted to answer the research objectives
of the thesis is also presented.

1.1. Motivation
Insulation is regarded as one of the essential components of a transformer. The dielectric tests guarantee the
effectiveness of the insulation system of a transformer and are conducted to qualify a transformer’s ability to
operate safely during nominal operating voltage. However, the power frequency withstand tests alone are not
usually sufficient to ensure the dielectric withstand capability of a transformer.

For extended service life and to secure the integrity of transformers, the lightning Impulse (LI) testing
is included as a part of the factory acceptance test for extra-high voltage transformers and reactors. The LI
tests are intended to ensure that the transformer insulation is capable of withstanding the transient lightning
over-voltages which may occur while in service. These tests are generally performed with negative polarity to
prevent air side flashovers in the external insulation. Additional positive polarity lightning impulse tests are
also occasionally conducted along with negative LI tests as per the demand of the customers, typically for the
TSOs (Transmission system operators) in the Netherlands, Germany and Switzerland.

It is likely that during lightning impulse tests, ionisations might occur in the pressboard/insulating liquid
insulation system, which would lead to the development of space charges. The space charges generated may
have an influence on the withstand behaviour of the insulation corresponding to applied impulse voltage.
There is also a possibility of field enhancements due to the effect of space charge, especially when tested with
positive and negative polarity LI consecutively.

Generally, as an industry standard, a waiting period of one hour is given between the application of op-
posite polarity LI, i.e. while administering both positive and negative lightning impulse tests in a consecutive
order. This waiting time is given in order to allow any ’trapped’ charges to decay and to allow relaxation
time for the slower polarisation processes. This research tries to answer whether the waiting period of one
hour is sufficient for the charges in the transformer insulation system to ’de-trap’ and depolarise. The electric
field generated due to remnant charges in the dielectric may have adverse effects on the dielectric strength
of the insulation. A thorough analysis of the theoretical background is required to understand the physical
processes occurring within the constituent dielectrics of transformer insulation under the influence of the
applied electric field. Henceforth for this investigation, the time dependency of polarisation-depolarisation
currents in the transformer insulation system under DC and impulse voltages were studied.

A test set up was built to represent a simplified model of transformer insulation to study the polarisation-
depolarisation processes occurring within the transformer insulation. For the analysis of the transformer
insulation system consisting of oil-paper and pressboard insulation, the measurement of discharge voltage
of the system was also carried out initially to understand the time-dependency of depolarisation processes
occurring inside the transformer insulation.
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1.2. Research Questions
This thesis aims to find answers for the following research questions:

• How to determine the time dependency of physical processes of polarisation and depolarisation, occur-
ring within the transformer oil-paper-pressboard insulation under the influence of the applied electric
field?

• How to develop a model which will help to determine the dielectric response behaviour of transformer
insulation under DC and impulse voltages?

• What experimental procedure would help to verify the newly developed model ? How can the devel-
oped model be validated with the experimental outcome ?

• What results can be derived from the developed model regarding the time dependency of depolarisa-
tion currents of the transformer oil-paper-pressboard insulation system under DC and Impulse volt-
ages ?

1.3. Research Methodology
The following Table 1.1 provides an overview of the research work carried out during this thesis . In order to
effectively answer the research questions , the inventory of thesis work was divided into three phases:

PHASE- 1 - Literature review on the inventory of effects occurring in the
Transformer insulation during dielectric tests.

- Develop a test set up to investigate the dielectric behaviour
of the transformer insulation under DC voltage.

PHASE- 2 - Analysis of the test results and comparison with the equivalent
R-C circuit model of the test sample.

- Prepare a modified equivalent circuit model of the sample
under test.

- Conduct time domain dielectric measurements on the individual
test samples and on composite test samples comprising of oil,
paper and pressboard.

PHASE- 3 - Identify the model parameters of the equivalent R-C circuit.

- Build an extended R-C equivalent models of the test samples
using PSPICE simulation software.

- Analysis of the dielectric behaviour of transformer insulation under
under DC and impulse voltage.

Table 1.1: Research Methodology
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1.4. Research outline
The thesis report is organised as follows:

Chapter 1 provides an introduction to the research project and gives a description of the research ques-
tions. It also give an overview of the research methodology used in this thesis. Chapter 2 discusses the
literature review conducted for the thesis and provides an outline of the relevant background to this thesis.

An overview of the dielectric relaxation behaviour of discharge voltage of the composite insulation of oil,
paper and pressboard is presented in Chapter 3. Along with that, an evaluation of the time constants of
decay of the discharge voltage of the composite test samples is also conferred in Chapter 3. A simplified R-C
model of the test sample of oil, paper and pressboard is analytically solved, and the need for a modified R-C
equivalent circuit for representing the transformer insulation is described in Chapter 4.

Chapter 5 outlines the DC measurements of the polarisation currents of the individual dielectrics- oil,
paper and pressboard and also of the test samples containing a combination of oil, paper and pressboard
conducted in the High voltage Laboratory, TU Delft. The parameters of the extended R-C equivalent model
were identified and derived from these dielectric measurements.

Chapter 6 details the building of the linear dielectric models representing the individual dielectrics of
oil, paper and pressboard in PSPICE simulation platform. It also describes the modelling of extended R-C
circuits of the composite test samples of oil, paper and pressboard using PSPICE simulation software. Lastly,
Chapter 7 summarises the conclusions and answers the main research questions of this thesis. and discusses
some of the future recommendations in this field of research. The following Table 1.2 lists the chapters and
corresponding chapter names included in this thesis report.

Chapters Chapter Name

Chapter-1 Introduction

Chapter-2 Dielectric tests and dielectric response analysis

Chapter-3 Dielectric response in time domain

Chapter-4 Simplified R-C model of transformer insulation

Chapter-5 DC measurements of polarisation currents

Chapter-6 Simulation of extended R-C model of transformer insulation

Chapter-7 Conclusions and future recommendations

Table 1.2: Chapter summary
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2
Dielectric tests and Dielectric response

analysis

This chapter starts with an introduction to the commonly used dielectric materials of oil, paper and press-
board as the transformer insulation and an overview of their properties and functions are described briefly.
To understand the breakdown mechanism of the transformer insulation, a thorough review of dielectric re-
sponse characteristics such as polarisation, depolarisation and other subsequent phenomena within the
transformer insulation is crucial. Firstly, a discussion on the interfacial charge accumulation inside the trans-
former insulation under DC voltages is presented. Relevant background information regarding the polarisa-
tion, depolarisation and detrapping of charges is also included under this section. After that, the related
research papers on dielectric diagnostics methods is reviewed. Following that, an outline of time-domain
dielectric spectroscopy is given. Lastly, different dielectric tests and the need for the impulse voltage testing
of transformer insulation has been explained in the final section.

2.1. Transformer insulation
The oil-paper-pressboard insulation is widely used in majority of power transformers.The transformer oil
which serves as liquid insulation must possess sufficient dielectric strength, thermal conductivity, and chem-
ical stability [7]. Additionally, it must also serve the function of cooling the windings and extraction of the heat
dissipated by the conductors. The dielectric properties of the oil-paper insulation system are maintained by
proper drying of oil and drying and impregnation of paper/pressboard. Moisture content and contaminants
in the oil significantly reduce the dielectric strength of the oil. The minimum value of breakdown voltage
(BDV) of transformer oil is 30-40 kV for a test gap of 2.5 mm. A higher BDV value confirms a lower concen-
tration of contaminants [13]. The breakdown voltage of transformer oil shows a decreasing trend with ageing
[27].

The solid insulation employed in the transformer are paper and pressboard and mainly involves barriers,
spacers, clamps and winding insulation.The barriers prevent particle-induced breakdown by interrupting the
short-circuiting bridges in the liquid insulation. This helps in improving the breakdown strength of the oil .
The barriers are made of pressboard, usually of few millimetres thickness [32], [49]. The cellulose insulation
comprising of paper and pressboard contributes to better thermal performance of the transformer by form-
ing cooling ducts for the oil. It also provides mechanical support to the windings. The cellulose-based paper
widely used for conductor insulation in oil-filled transformers is called kraft paper. Thermally upgraded pa-
per (Thermal class E (120 ◦C) as per IEC 554-3-5 with a thickness of 50 - 125 microns) and diamond dotted
epoxy paper are the different grades of cellulose paper used as transformer insulation [5]. Heat and moisture
are the key factors known to cause the degeneration of the paper insulation. Due to ageing, contaminants
build up in the transformer oil, and by-products of oxidation processes form deposits and adversely affect
the mechanical strength of paper insulation.
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(a) Oil Distribution transformer [20] (b) Solid insulation used in transformers [49]

Figure 2.1: Oil distribution transformers made by SGB-SMIT Group

2.2. Interfacial charge accumulation in transformer insulation
The space charge trapping and accumulation is fundamental in multi-dielectric media under high fields due
to significant charge injection and conductivity mismatch between constituent dielectrics. Whenever there
is a jump in the ϵ/σ values especially in case of layered dielectric such as impregnated paper/pressboard in
oil, there will be space charge accumulation and trapping of charges.

In a dielectric, under the influence of high electric field, free charges may be injected into the bulk of the
material from electrodes or can be generated by ionisation. Furthermore, these charges can get trapped in
the trapping centers in the dielectric. When the trapping rate is greater than the de-trapping rate, it will lead
to the accumulation of charges in the bulk of the dielectric [62]. If the charge injection from the electrodes
is more than the dielectric can conduct, then homo charges are formed near the electrodes. Similarly, hetero
charges are formed if the dielectric transports charges faster than the electrodes could supply [33].

As the polarisation-depolarisation measurements are carried out at low electric fields, the effect of charge
injection would be negligible. Hence, the polarisation- depolarisation measurements are mainly influenced
by the ionic charge carriers trapped at the mineral oil and paper/ pressboard interface [43].

2.2.1. Polarisation and depolarisation

On applying a DC voltage U across a dielectric of capacitance C , a capacitive current ic starts to flow which
is given by

ic =C
dU

d t
(2.1)

Afterwards, the current through the dielectric is expected to fall to a small magnitude of current called the
leakage current il . Instead, the current starts to decay slowly. This current is called the polarisation current,
and it flows until a steady-state conduction current is reached. The polarisation current is governed by the
orientation of the dipoles in response to the electric field generated due to the applied DC voltage [33].

When the DC voltage is switched off and the test dielectric is shorted, the dipoles relax and return back to
the original state due to which a current id flows, which can be characterised as depolarisation current. Due
to the conductivity difference between oil and paper, ionic charges may accumulate at the interfacial region
of oil-pressboard insulation system. During depolarisation, a part of accumulated charges gets detrapped
and contributes to depolarisation current. The time taken by the depolarisation current to fall back to zero
after the removal of applied DC voltage will give an approximate idea about the standing behaviour of the
materials inside the transformer [51], [12].
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Figure 2.2: Voltage and current waveforms representing polarisation and depolarisation [10]

2.2.2. Detrapping of charges
In the presence of an electric field, charges are introduced in a dielectric in two possible ways: by ionisation
and by charge injection from electrodes. Generally, the compounds in mineral oil and cellulose material (like
pressboard) become easily ionised under the presence of the electric field. Migration of such ions from posi-
tive to the negative electrode produces the conduction current [62].

Available literature [63],[24], [42] has reported that the oil-paper interface region functions like a potential
barrier, where the positive charges get trapped. The trapping of charges proceeds until the trapped charges
obtain adequate energy to cross the barrier and contribute to the conduction process again. In the trans-
former insulation, many intermittent layers of oil and paper exist, creating a vast interface region which forms
potential trap-centres for charges.

Several factors influence the interfacial charge trapping, which includes the conductivity difference of
oil and cellulose, the presence of moisture and ageing of the transformer insulation. The process of trap-
ping of charges can be considered as a mode of energy storage restraining the charge build-up to specific
sites. The trapped charges receive the energy to overcome the interfacial potential barrier (trap energy or
trap depth)through various processes including thermal collisions, photon bombardment and electric field.
Also, the various polar compounds present in oil and surface imperfections of the pressboard samples create
ideal traps for the ionic charges to get trapped at the oil-pressboard interface even at low fields. Drifting and
accumulation of charges at the electrode during polarisation and ionic charge carrier trapping during flow
electrification (Sloshing of oil over the pressboard surface) are the other factors contributing to the trapping
of charges in the transformer insulation. The process of procuring necessary trap energy by a bound carrier
to get released is known as detrapping. The trapped charges may remain bounded depending on trap depths,
for many hours to several days, and may cause localised field enhancement. Such trapped charge centres
eventually lead to lowered dielectric strength of oil-paper composite insulation [14].

In oil-paper insulation systems, under the influence of the DC electric field, the space charges start to
accumulate at the interface. During the study of the electrical field strength of transformer insulation, the
combined effect of the electrical field strength and temperature on space charge behaviours were examined
by the authors Runhao Zou et al [63]. For this, space/interface charge simulation based on the bipolar charge
transport model and a simulation parameter using FEM for the multi-layer oil-paper insulation system was
proposed. The authors conclude that temperature plays a more significant influence on the charge density
and the total charge quantity than the electrical field strength.

J.Hornak et al. also make use of the finite element method (FEM) models to demonstrate the different
space charge behaviour and its influence on the intensity of the electric field to monitor the interactions of
space charge inside the insulation structure. The interfacial charge can distort the local electrical field of
the oil-paper insulation system, which leads to insulation breakdown or cause material degradation. The
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interfacial charge density and the total charge quantity at steady-state both increases exponentially with the
electrical field strength and temperature [24].

The accumulation of space charge at the oil-paper interface is a critical issue for the insulation diagnostics
of transformers. This interfacial charge mainly accumulates due to the difference in conductivity values of
oil and paper. Accumulation of interfacial charge leads to localised field enhancement, with the additional
possibility of occurrence of partial discharges and accelerated insulation ageing. The authors D.Mishra et al.
in their paper present that though the assessment of interfacial charge is critical, it is a tedious process to
estimate interfacial space charge behaviour from the transformer diagnostics methods currently in use [42].

When a DC field electric field is applied to oil-paper insulation, the dipole groups present within the
insulation orient themselves in the direction of the applied field. As a result, the energy content of the dipoles
is increased. The charging current flowing through the dielectric material during this process is termed as
polarisation current. After the polarisation process is completed, on the removal of the applied field and
short-circuiting the terminals of the dielectric/oil-paper insulation, the dipoles give up the acquired energy
and return to their initial position. This relaxation of dipoles appears in the form of depolarisation current
flowing through the dielectric. The polarisation-depolarisation current (PDC) measurement is an offline non-
invasive technique that falls under Time-Domain Spectroscopy (TDS).

It has been reported that under low fields [42], the ionisation occurring in the compounds of mineral
oil and pressboard causes ions to migrate gradually from the positive electrode to the negative electrode,
producing conduction current. The oil paper interface has a considerable number of broken bonds, and
chain folds at the microscopic level. Owing to the low mobility of the positive charges when compared to the
negative charges, the positive charges are easily trapped in these regions of broken bonds and chain folds. As
a consequence, the interface region serves as a potential barrier.

Localised field enhancements may happen if the charges are unable to overcome the potential barrier and
may stay trapped for several hours or days.

The positive charges remain trapped in the interfacial region until they acquire sufficient energy to cross
the interface and contribute to the conduction process again. The charge trapping is also influenced by crit-
ical factors like the difference of conductivities of oil and paper, moisture and ageing. Localised field en-
hancements may happen if the charges are unable to overcome the potential barrier and may stay trapped
for several hours or days. In such cases, eventually, the energy stored in the trapped charge centers reduces
the reaction activation barrier and promotes degradation of insulation.

During the depolarisation process, the charges in the trap sites get detrapped by receiving the required
energy through mainly thermal oscillations, as there is virtually no scope of photonic bombardment or high
electric field inside the insulation during depolarisation period. This generates a de-trapping current, which
also contributes to the depolarisation current. The authors also note that the de-trapping time constant is in
the same range as those of the dipolar relaxation time constants, it is difficult to separate the two currents by
employing conventional approach [61], [42].

The older the insulation material, the slower the detrapping process. The same is true for insulation with
higher moisture content. With ageing and higher moisture content, more ions are formed which gets trapped
in the interfacial region, leading to space charge buildup. The ionic mobility may get affected, and as a result,
the ions would take to more considerable detrapping time. The authors conclude that the time constant of
detrapping current is related to the paper conductivity, oil conductivity, dissipation factor and age of the in-
sulation [42].

2.3. Dielectric response analysis
The reliability of power transformers is very significant for the availability of power generation and transmis-
sion systems. An insulation breakdown within a power transformer can lead to the failure of the transformer,
which in turn may cause substantial financial losses due to a power outage and consequent damages. Hence
it is imperative to implement better diagnostic methods for assessing the insulation condition of the power
transformers, to lower the risks of failures and unforeseen power interruptions [12].
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Thermal, electromechanical and chemical stresses influence ageing of the oil-paper insulation system
of power transformers. Under the influence of these stresses, the cellulose insulation turns brittle, and the
endurance against mechanical stress becomes considerably low. Moisture is produced in the solid insula-
tion due to breaking of glucose molecule chains in cellulose, which additionally acts as a catalyst to initiate
breakdown. Furthermore, the breakdown voltage of the insulating oil and paper is reduced with an increased
moisture content of the oil. The conductivity of oil-paper insulation is closely related to the moisture content
and different ageing byproducts in the insulation. Hence parameters like conductivity of the oil and the solid
insulation material can be efficiently used for the condition estimation of the oil-paper insulation.

U.Gafvert et al. published their conclusions on polarisation-depolarisation current measurements to
evaluate the condition of the insulation systems of different power transformers. With PDC measurements, it
is possible to separate and independently assess the dielectric response of oil and paper components based
on material properties of the insulation. Such an evaluation is not possible under the method of return volt-
age measurement. Henceforth the PDC measurements are considered as a better-preferred approach than
the return voltage measurement [18], [17]. U.Gafvert in his previous works along with E.Ildstad successfully
modelled the return voltage of an oil-pressboard insulation system with knowledge of the dielectric response
function f (t ), permittivity and conductivity of materials involved [19].

D.Houhanessian et al. conferred the results of polarisation-depolarisation current measurements of press-
board samples at different moisture content and temperature [25].

Leibfried et al. conducted an assessment of solid insulation of the transformer on the basis of moisture
content. The authors also described the application of the PDC technique on new and aged power trans-
formers for evaluating the insulation condition. The status of insulation could be adequately analysed by
reviewing the dielectric response parameters [35].

2.3.1. Dielectric response measurements
The analysis of the dielectric response of transformer insulation systems can be carried out in both time do-
main and frequency domain. In the time domain, the approaches used for quantifying the dielectric response
are :

1. Investigation of polarisation and depolarisation currents (PDC).

2. Analysis of recovery voltage and the polarisation spectrum (RVM).

In the frequency domain, the determination of dielectric response is conducted by employing dielectric
spectroscopic instruments and is known as frequency domain spectroscopy (FDS). Insulation spectroscopy
is carried out by conducting the measurements of the complex capacitance and its derived quantity- the
dissipation factor tanδ over an extended frequency range (0.1 mHz - 1 kHz).

2.3.2. Dielectric spectroscopy in time domain

1. Polarisation and depolarisation current (PDC) measurements

The dielectric response of the insulation could be estimated by applying a step voltage U0 to the test
object, and this voltage must be constant and without any distortion. The polarisation current is mea-
sured until a steady DC voltage is reached. When the test device is short-circuited, then the measure-
ments of the depolarisation currents could be taken. It should also be noted that strong electrical fields
inside the insulating material may make the circuit to be nonlinear. Therefore it should be assured that
the DC voltage source is set to produce a stable DC voltage [59].
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Figure 2.3: Test arrangement for polarisation-depolarisation measurements [8]

2. Return voltage method

The measurement of return voltages is another technique to quantify the dielectric response of mate-
rials. A constant DC voltage U0 charges the test object for a charging time tc seconds. The test object
is then grounded for a discharging time of td . Afterwards, the ground potential is removed, and the
test object is kept in an open circuit condition. For times t > td , the test object is charged by the depo-
larisation current. Consequently, a recovery voltage Ur (t) caused by the residual polarisation starts to
appear across the test object. The principle of the measurement is given as in figure: 2.4 .

Figure 2.4: Return voltage curve [10]

2.3.3. Frequency domain spectroscopy
Frequency domain spectroscopy (FDS) is a non-destructive method of evaluating the condition of the oil-
paper insulation system of transformers. In FDS method, a sinusoidal voltage is applied across the terminals
of the test insulation and the amplitude and phase of the response current flowing through the insulation
is recorded [9]. The complex capacitance, complex permittivity and dissipation factor of the insulation are
determined from the measured current values over a wide frequency range. The parameters affecting FDS
measurements are the geometry of the insulation system such as the relative dimensions of spacers, bar-
riers and oil ducts and external factors like operating temperature and moisture content. The FDS results
for the estimation of moisture content in solid insulation is better interpreted by numerical modelling. In
this method, the insulation under test is regarded as a black box accessible only through its terminals. The
method provides an overall condition assessment of the insulation system but is not suitable to recognize the
local defects in the transformer insulation system [1], [9].

9



Figure 2.5: IDAX 300 used for Frequency domain spectroscopy [1]

The capacitance and tan δ measurements are efficient diagnostic tools for monitoring the insulation sta-
tus. The capacitance of the dielectric is dependent on the dielectric material characteristics and the physical
configuration of electrodes. The voids and impurities in insulation will lower the effective distance between
the electrodes. The higher the measured capacitance value, the greater will be the possibility of partial dis-
charges (PD) and insulation deterioration [9].

The information concerning the source of any defects in the insulation could be given by the power dis-
sipation factor indicated by the tan δ value. Therefore the tan δ measurement is a useful approach for the
condition diagnosis of any insulation system. A higher value of tan δ shows the presence of the moisture in
the insulation. Otherwise, it could also be an indication of deterioration of the insulation. Both capacitance
and tan δ values are dependent on the test frequency. Hence, the periodic evaluation of capacitance values
and tan δ values will help to identify undesirable conditions of PD, moisture and also the presence of any
conductive contaminants in the insulation.

2.4. Overview of dielectric tests conducted on transformer insulation
Insulation is one of the essential constructional elements of a transformer as any form of defect in the insula-
tion could initiate the failure of the transformer. Previously the low-frequency tests were considered adequate
to demonstrate the dielectric strength of the transformer insulation. But later, when the failures due to light-
ing and switching phenomena became more apparent, the impulse testing apparatus was developed.

The distribution of impulse voltage stress over the distribution winding is different from that experienced
under low-frequency voltages and hence, it was realized that the low-frequency tests were not sufficient to test
the dielectric strength. The waveforms simulated during the impulse tests are similar to those encountered
while in service. Further research in the period of 1950s, led to the development of switching impulse tests
for Extra high voltage (EHV) levels as transient voltages produced as a result of various switching operations
have to be considered for the design of both internal and external transformer insulation. The dielectric tests
are intended to verify the dielectric strength of transformer insulation. Some of the main dielectric tests are:

1. Full-wave lightning impulse tests for line terminals (LI)
These tests are designed to verify the withstand capacity of transformer insulation against fast rise tran-
sients occurring during lightning strikes. The impulse is applied to the line terminals and causes non-
uniform stresses in the winding of the transformer under test.

2. Chopped-wave lightning impulse tests for line terminals (LIC)
These tests are intended to verify the withstand capability of transformer insulation against high-frequency
voltage phenomena that may occur during its service. A chopped wave LI produces a higher peak value
and also, contains higher frequency components than a full-wave lightning impulse.

3. Switching Impulse test for line terminals (SI)
These tests are designed to verify the withstand capacity of transformer insulation against slow rise
transients occurring due to the switching operations while in service. This test checks the withstand
capacity of the line terminal and the connected windings against the switching impulse.
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4. Induced voltage withstand test (IVW)
These tests are intended to verify the alternating voltage(AC) withstand the strength of the line terminal
and their connected windings to earth and other windings and the withstand strength between the
phases.

The lightning impulse voltage can be defined as a unidirectional voltage which rises very quickly to a max-
imum value and then decays slowly. The standard lightning impulse, according to IEC 60060, is characterised
by the time to peak value of 1.2 µs ± 30 % and time to half value of 50 µs ± 20 %. The impulse testing of the
power transformers is usually performed with the full-wave and chopped wave impulses with chopping time
ranging from 2-6 µs as per the requirements of IEC standard 60076-3. Additionally, references are made to
IEC 60060-1, for the general definitions and test requirements of lightning Impulse tests.

With regard to the initial discussion with former company supervisor Ir.Luc Dorpmanns, it was pointed
out that during recent years, there is a high demand for the additional positive polarity lightning impulse
tests, along with negative polarity LI tests. Referring to IEC standards 60060 and 60076 [3], [4], the following
Table 2.1 provides information regarding the LI tests carried out at SGB-SMIT transformers as a part of the
acceptance tests conducted at their transformer manufacturing company in Nijmegen. Typically the RFW LI
is applied at 50% of the Full wave (FW) LI voltage, and the Chopped wave (CW) is applied at 110% of the FW
LI voltage. The Reduced chopped wave (RCW) is performed at 50 % of CW LI voltage.

Lightning Impulse (LI) type Voltage (kV) Polarity of the applied LI

Reduced Full wave (RFW) 712.5 Negative

Reduced chopped wave (RCW) 783.75 Negative

Full wave (FW) 1425 Negative

Chopped full wave (CFW) 1567.5 Negative

Chopped full wave (CFW) 1567.5 Negative

Full wave (FW) 1425 Negative

Reduced Full wave (RFW) 712.5 Positive

Full wave (FW) 1425 Positive

Table 2.1: LI Test Sequence performed as a part of factory acceptance test for transformers (400-500 kV )

During lightning impulse tests ionisations might occur in the pressboard/insulating liquid insulation sys-
tem which would lead to the generation of space charges. The space charges generated may have an influ-
ence on the withstand behaviour of the insulation corresponding to applied impulse voltage especially when
tested consecutively with opposite polarity.

Generally, a waiting period of one hour is given between the negative polarity LI and positive polarity LI.
This waiting time is given in order to allow any ’trapped’ charges to decay and for allow relaxation time for the
slower polarisation processes. So the main question is whether this waiting period is required between the
application of lightning Impulses of opposite polarity or could the waiting time be of shorter duration. For
this analysis, the influence of charge accumulation and charge decay occurring in the transformer insulation
system (oil-paper/press board interface) is studied.
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2.5. Impulse voltage testing of transformer insulation
Lightning impulse test is a type test, and this performed to evaluate instrument transformer insulation strength
to withstand lightning impulse voltages. This dielectric test aids to demonstrate that the insulation can with-
stand impulses that strike it externally due to lightning during its service period. High voltage surges re-
sembling lightning simulated in laboratories are commonly known as high voltage impulses. The lightning
impulse (LI) test is conducted to evaluate the dielectric integrity of the winding when subjected to voltages as
specified by the LI test standards IEC 60076 and IEC 60060. It characterises the time-voltage behaviour of the
transformer insulation against a specific waveform. Due to the transient characteristic of the phenomena, an
oscillating voltage distribution occurs. This voltage, in turn, can produce a voltage to ground of up to twice
the magnitude of the applied wave. The impulse voltage distribution during lightning impulse tests is de-
pendent on the winding capacitance, whereas the low-frequency voltage distributes throughout the winding
uniformly on volts per turns basis.

Ueta et al. verified the insulation performance of an oil-immersed power transformer against lightning
surges by applying a lightning impulse (LI) voltage superimposed with ac voltage. The turn -to- turn insu-
lation and section-to-section insulation inside the winding of a shell-type transformer was tested with LI
superimposed with ac voltage. It was noted that the breakdown voltage and LI partial discharge inception
voltage (LI PDIV) owing to the superimposed voltage did not differ from the values of the breakdown voltage
and LI PDIV when the LI has applied alone. As the breakdown is determined by the dielectric strength of
the oil-impregnated paper , the breakdown voltage was not affected by the presence of the ac voltage. In the
case when the oil-impregnated paper to oil component ratio is low, the oil gap is primarily responsible for
the breakdown. Contrarily when the impregnated paper to oil ratio was increased, then the oil-impregnated
paper was primarily responsible for the breakdown [58].

The author Liu in [40] has mentioned that the effect due to space charges is not dominant in a uniform
electric field. For the same gap distance, the breakdown voltage of natural ester and synthetic ester under neg-
ative polarity LI is almost comparable to that under positive polarity LI . On the contrary, in a non-uniform
field, the polarity effect is significant as under negative polarity LI breakdown voltages result in a lower dis-
charge inception voltage but a higher breakdown voltage than when under positive polarity [40], [38]. [40],
[39].

The dielectric strength of external insulation ( between the bushing and tank) is lower at the positive
polarity impulse than the strength of internal insulation . Also, the testing with LI of positive polarity will
result in lower breakdown voltage of transformer insulation. Hence the impulse tests are normally performed
with negative polarity to prevent air side flashovers in the external insulation.

The authors Wenxia Sima et al. investigated the accumulative effect of repeated lightning impulses on
the oil-impregnated paper (OIP) used in power transformers. The pulsed electro-acoustic technique was
employed to investigate space charges in OIP samples. By varying the applied time, amplitude and inter-
val time of the applied lightning impulses, the behaviour of charges in OIP under different conditions were
analysed by the authors. The charge injection and transport phenomenon during lightning impulse accumu-
lation were also studied. The increase in the frequency of application of the lightning impulses, application of
higher voltage , and short interval time between the impulses contributed to the accumulation and transport
of space charges [56].

2.6. Conclusion
The low-frequency dielectric response is found in a comparably shorter time duration using the time-domain
measurements. Another advantage of time-domain measurements is that the setting up of a testing plat-
form is comparatively easy. Conversely, it is complicated to carry out the high-frequency dielectric response
measurements as a minimal time delay is unavoidable due to the mechanical switching of high voltage and
rise time of the high voltage source when conventional test setup is employed. The narrow bandwidth of
the current measuring instrument also adds to this problem. Henceforth, it could be summarised that the
frequency-domain spectroscopy is suitable for high-frequency measurements and the time domain methods
are ideal for low-frequency dielectric response computations.

Though the return voltage diagnostic method is more manageable for on-site set up and is less noise-
sensitive, the input impedance of the testing instrument, the geometric and electrical characteristics of the
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connecting cable etc. contribute to the leakage currents and hence influences the output measurements of
RVM. Besides, the dielectric response of return voltage depends on the charging time duration tc and on
the time duration td during which the test object is shorted (discharging duration). The total test duration
in case of RVM is also relatively longer. The conversion of the measured data to the frequency domain is
less complex using PDC diagnostic methodology than the transformation of measured data from the return
voltage method to the frequency domain [15].

After a thorough investigation of the available literature on the dielectric response analysis, the polarisa-
tion and depolarisation current (PDC) method was selected to study the time dependency of the dielectric
response of composite liquid-solid transformer insulation in this thesis.
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3
Dielectric relaxation in time domain

The chapter sets the stage for the analysis of dielectric response characteristics of oil, paper and pressboard,
which are the most commonly used insulation in distribution transformers. The dielectric relaxation in the
time domain was studied with the help of discharge voltage method where a DC voltage was applied on the
test sample for a specific charging duration and removed. The chapter also presents an overview of the test
set up employed for the discharge voltage measurements. The decay of the voltage across the test sample was
observed, and the time constants of decay of the discharge voltage were estimated.

The first section provides a brief introduction to the theory of dielectric polarisation and depolarisation.
The proposed model for the measurement of discharge voltage is also addressed in the same section. Fol-
lowing that, the details concerning the test set up, samples and the test procedure have been described. The
discharge voltage measurements conducted on the composite test samples of oil, paper and pressboard have
been discussed in the next section. Finally, the observations made from the results of the discharge voltage
measurements have been presented.

3.1. Introduction
For the condition assessment and analysis of dielectric behaviour of oil-paper insulation, many methods like
Polarisation-depolarisation current (PDC) measurement, Frequency dielectric spectroscopy (FDS) and Re-
covery voltage method (RVM) are in practice. All of these methods primarily rely on the dielectric properties
of the insulation system [23].

For the estimation of the time dependency of dielectric behaviour of the transformer insulation, the
method of discharge voltage measurement was conducted on the test sample consisting of oil, paper and
pressboard. It uses DC voltage to effectively understand the relaxation behaviour of the polarisation pro-
cesses occurring inside the transformer insulation. Firstly, the test samples of transformer oil (Nynas NI-
TRO), paper and pressboard were dried and vacuum treated. The test samples of paper and pressboard were
screwed on the HV electrode and impregnated in oil. The samples of pressboard and paper were of cross-
sectional area 15×15cm2 with thickness as 3 mm and 0.25 mm respectively. A DC voltage of 2 kV was
applied to the HV electrode for a set charging time tc and then removed. The electrostatic voltmeter mea-
sures the decaying voltage, and this data was displayed and recorded using the LabVIEW environment [figure
3.4].

3.1.1. Theory
When a DC voltage was applied to the dielectric, the electric charges in the dielectric shift from their average
equilibrium positions in response to the electric field generated, causing dielectric polarisation. The posi-
tive charges shifts in the direction of the electric field, while negative charges are displaced in the opposite
direction [60].
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Figure 3.1: Polarisation phenomenon

There are mainly four types of polarisations occurring in dielectrics- electronic polarisation, ionic po-
larisation, orientational polarisation and space charge polarisation. For transformer insulation, the most
relevant polarisation processes are electron polarisation and space charge polarisation [36].

On applying a voltage to the dielectric, ionic polarisation and electronic polarisation are completed in a
short time, but other types of polarisation, such as space charge polarisation take a longer duration to com-
plete. The current drawn by the insulation during this charging period is recorded and is known as polarisa-
tion current. The polarisation current can be considered as the summation of two current components, the
first component being the charging current due to the alignment of dipoles in the insulation and the other
being the conduction current.

After the DC voltage is removed, the formerly activated polarisation processes now give rise to the dis-
charging current in the opposite direction. This discharging current can be characterised as the depolari-
sation current and is caused by the relaxation of previously polarised dipoles in the insulation. Unlike the
polarisation current, the depolarisation current is not influenced by the conductivity component of current.
The recorded voltage during this period of depolarisation can be defined as the ’Discharge voltage’.

3.2. Discharge voltage measurements
This section describes the discharge voltage measurements conducted on the composite dielectric consist-
ing of oil, paper and pressboard. The first subsection provides an overview of the details regarding the test
samples of oil, paper and pressboard, which is used in the test set up. A schematic diagram of the proposed
test set up for the discharge voltage measurement is also given under this section. Following this, a brief
discussion is given on the preparation of the samples for testing. In the final subsection, the procedure for
measuring the discharge voltage varying over time is presented, and an overview of the different test cases of
discharge voltage measurements and the corresponding plots is given.

The main purpose of measurement of discharge voltage is to study the faster and slower polarisation
processes occurring in the composite insulation of oil, paper and pressboard. From the analysis of the plots
of discharge voltage vs time, the time constants representing the fast and slower polarisation processes can
be obtained. A longer time constant would mean that there is slower polarisation process occurring within
the insulation and may be an indication of the interfacial charges taking longer time to detrap and depolarise.

3.2.1. Test samples used for discharge voltage measurement
The test-samples inside the test aquarium represent the simplified model of a transformer insulation with
liquid insulation as transformer oil (Nynas NYTRO) and solid insulation consisting of paper and pressboard
[figure 3.3]. The pressboard and paper were of same cross-sectional area (15×15 cm2) with thickness as
3 mm and 0.25 mm respectively. The solid test samples were impregnated in transformer oil. The test set up
was vacuum treated for 24 hours and degassed at 65◦C.
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Figure 3.2: Equipment used for measurement along with Test set-up

Figure 3.3: Test set up with sample

3.2.2. Proposed model for discharge voltage measurement
The proposed test set up for the discharge voltage measurement is described in this section. The test aquar-
ium was filled with transformer oil (Nynas NITRO). The test samples of paper and pressboard were screwed
on the HV electrode. The test samples were dried and vacuum treated prior to the measurements.
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Figure 3.4: Schematic diagram of the test aquarium with samples and the measurement set-up

A DC voltage of 2 kV was applied to the HV electrode for a set charging time tc and then removed. The
electrostatic voltmeter, with its non-contacting probe, was used to measure the decaying voltage with respect
to time. With the help of the programmable electrometer, which acted as an interface, the measurement data
was displayed and recorded in LabVIEW environment [figure 3.4].

3.2.3. Equipment used for measurements
The following table 3.1 presents the equipment used for administering the measurements of discharge volt-
age.

DC source 12.5 kV/ 0-2.5 mA
Electrostatic voltmeter 20 kV , Trek Model 341B
Programmable Electrometer Keithley 617

Table 3.1: Equipment used for measurement of discharge voltage

3.2.4. Electrostatic voltmeter for discharge voltage measurement
An electrostatic voltmeter measures voltage with virtually no charge transfer, therefore, does not modify and
influence the real value of voltage being measured. These instruments use non-contacting sensors with a
high voltage amplifier to drive the sensing probe to the same potential as that of the test object. Electrostatic
voltmeters typically can measure over the range from millivolts to several thousand volts [50].

The conventional voltmeters cannot accurately take very high impedance (> 1010 Ω ) voltage measure-
ments without the charge transfer into the voltmeter. While using such a voltmeter for measuring voltage
distribution on a dielectric surface, any small amount of charge transfer may affect the actual value of the
potential to be determined. In such types of applications, an electrostatic voltmeter can be effectively used.

The non-contacting electrostatic voltmeter employs an electrostatic voltage monitoring probe, which is
placed in close proximity (at a distance of 3 mm) to the surface to be measured. The potential of the probe
body is brought to the same potential as the unknown surface. Therefore highly accurate measurement of
the surface potential is possible using the electrostatic voltmeter without any physical contact [50].
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3.2.5. Preparation of the test samples
The pressboard sample with the paper sample in between was screwed on the aluminium electrode [fig-
ure 3.5]. The test aquarium with the samples of pressboard and paper was then dried in a vacuum oven at a
temperature of 65 ◦ C for 24 hours.

Figure 3.5: Test set with sample paper-pressboard is kept in vacuum oven

Figure 3.6: Vacuum Oven used for vacuum treatment of pressboard and paper

The oil was dried and vacuum treated in a separate oven at the temperature of 80 ◦C for 24 hours. Afterwards,
it was filled into the test aquarium containing the pressboard and paper samples. The impregnation of solid
test samples with the transformer oil in the vacuum oven was carried out at a temperature of 65◦C for a
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duration of 24 hours. Lastly, the test aquarium with the test samples was placed in vacuum at ambient
temperature for another 24 hours [figure 3.7].

Figure 3.7: Vacuum oven used for degassing and vacuum treatment of oil

3.2.6. Procedure
The discharge voltage measurements were conducted on composite test samples of oil, paper and press-
board. The pressboard and paper samples were screwed on the aluminium electrode (HV electrode), as seen
in figure 3.3. Another parallel plate acted as the ground electrode.The sample insulation was charged with
a DC voltage of 2 kV for different charging times tc . After the DC source was removed, the corresponding
decaying voltage measurements were taken with the electrostatic voltmeter. The electrostatic voltmeter was
connected to Keithley 617 programmable electrometer which acted as an interface to display and record the
measured data in the LabVIEW programming environment.

The discharge voltage measurements were divided into three test cases with respect to different test
conditions as presented in Tables 3.2, 3.3 and 3.4.

• Test case -I

The distance between HV aluminium electrode and the ground electrode was varied and kept as 3.2
cm and 6.4 cm respectively. The measurement of discharge voltage vs time was conducted immediately
after the test aquarium with the test samples were taken out from the oven. The temperature of oil in
the test aquarium was measured as T = 39◦C. The charging time tc was taken as given in the Table 3.2.
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Test sample
Distance between

the electrodes
d

Charging time
tc

1 min
Oil

3.2 cm
+ 5 min

Paper

( 0.25 mm thickness ) 1 min
+

6.4 cm
Pressboard 5 min

(3 mm thickness )

Table 3.2: Test case-I: Measurement of discharge voltage taken at T= 39◦C

Figure 3.8: Discharge voltage vs time obtained at T=39◦C

• Test case -II

The distance between the electrodes was kept as 3.2 cm. The temperature of the oil in the test aquar-
ium was measured as T = 22◦C and the measurement of discharge voltage vs time was carried out. The
charging time tc was taken as given in the Table 3.3.
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Test Sample
Distance between

the electrodes
d

Charging time
tc

50 sec
Oil

+ 1 min
Paper 3.2 cm

(0.25 mm thickness)
100 sec

+
Pressboard

(3 mm thickness) 10 min

Table 3.3: Time constants obtained at T=22◦C for different charging times tc ; d= 3.2 cm

Figure 3.9: Discharge voltage vs time at T=22◦C ; d =3.2 cm

• Test case -III

The distance between the electrodes was kept as 3.2 cm. The test aquarium was kept uncovered and
exposed to air humidity for 4 days. Afterwards, the measurement of discharge voltage vs time was
conducted. The temperature of the oil in the test aquarium was measured as T = 22◦C. The charging
time tc was taken as given in the Table 3.4.
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Test sample
Distance between

the electrodes
d

Charging time
tc

1 sec
Oil

+ 5 sec
Paper

( 0.25 mm thickness ) 10 sec
+ 3.2 cm

Pressboard 20 sec
(3 mm thickness )

50 sec

100 sec

Table 3.4: Test case-III: Measurement of discharge voltage taken at T= 22◦, after the the test aquarium with samples was kept open and
exposed to ambient air for 4 days ; d= 3.2 cm

Figure 3.10: Discharge voltage vs time at T= 22◦, after the the test aquarium with samples was kept open and exposed to ambient air for
4 days ; d= 3.2 cm

3.3. Estimation of the time constants of the discharge voltage curve
The following section describes the estimation of the time constants of the discharge voltage curves varying
over time. The plot of discharge voltage vs time [figure 3.11] obtained from the test case given in Table 3.2 is
used as an example to show how the time constants were computed using the curve fitting tool in MATLAB
[figure 3.12].
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Figure 3.11: Discharge voltage vs Time ; Distance between the electrodes ’d ’= 3.2 cm ; T= 39◦C

• The general equation of exponential decay can be written as:

V (t ) =V ∗e−t/τ (3.1)

where τ = RC which is equal to the time constant of decay .

• The figure 3.12 represents the discharge of voltage versus time when the DC voltage was removed
from the HV electrode. The curve fitting tool in MATLAB was employed to realise the time constants of
the exponential curve. By doing so , the dominant depolarisation processes involved in the decaying
voltage with respect to time could be studied. Using the curve fitting tool , an exponential fit was fitted
on the plot of discharge voltage [figure 3.12].
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Figure 3.12: Exponential curve fit is used on the plot of discharge voltage curve varying with time

The exponential curve which was fitted on the discharge voltage curve is characterised by a general
model equation defined by a function F(x) i.e.

F (x) = a ∗ebx + c ∗ed x (3.2)

where the values of coefficients are automatically computed by curve fitting tool as a = 1.588,
b = -0.2058 , c = 0.3539 and d = -0.0128
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• Comparing the above equation 3.2 with the general equation of exponential decay [equation 3.1], the
time constants of the discharge voltage curve [ figure 3.12 ] is estimated as τ1 = 5 seconds and τ2 =
78 seconds respectively.

• τ1 and τ2 represents the time constants of decay of the two polarisation processes influencing the
discharge voltage with respect to time. It can be concluded that there are majorly two dominant po-
larisation processes happening characterised by two time constants of exponential decay τ1 and τ2.
From the estimated value for τ2, it can be interpreted that the second polarisation takes longer time to
depolarise and fall back to zero.

3.3.1. Estimated values of time constants of the discharge voltage curve
The time constants of the measured discharge voltage curves as given in the Table 3.2, 3.3 and 3.4 were
computed with the help of the curve fitting tool as described in the above section 3.3. The comparison
of the exponential curve fit with the plot of discharge voltage is provided in the Appendix [A]

The R-square value can be used to confirm the accuracy of the exponential curve fit on the discharge
voltage curve. It is a statistical tool that describes how close the measured data is to the adjusted re-
gression model. For example, a R-square value of 0.7 reveals that 70% of the data fit the regression
model. The higher the R-square value, the better will be the exponential fit and more accurate will be
the values of the estimated time constants. It was also observed that by increasing the number of expo-
nential coefficients in the model function of F(x) [equation 3.2] resulted in lower R-square values for
the curve fit. Hence the model equation with two exponential terms was adopted for the estimation of
time constants of the discharge voltage curves.

The R-square values obtained from the exponential curve fits on the discharge voltage curves showed
very high values (≥ 0.9). Therefore the computation of time constants of discharge voltage using the
curve fitting tool in MATLAB can be justified.

• Test case -I

Test sample
Distance between

the electrodes
d

Charging time
tc

Time constant values
(seconds)

R square value

Oil 1 min τ1 = 5 , τ2 = 78 0.9957
+ 3.2 cm

Paper 5 min τ1 = 7, τ2 = 171 0.9919
(0.25 thickness)

+
1 min τ1 = 9, τ2 = 132 0.9958

Pressboard 6.4 cm
(3 mm thickness)

5 min τ1 = 11, τ2 = 233 0.993

Table 3.5: Time constants obtained at T=39◦C for different charging times tc ; Distance between the electrodes ’d ’= 3.2 cm
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• Test case -II

Test sample
Distance between

the electrodes
d

Charging time
tc

Time constant values
(seconds)

R square value

Oil 50 sec τ1 = 26 , τ2 = 560 0.9940

+
Paper 1 min τ1 = 27, τ2 = 574 0.994

3.2 cm
( 0.25 mm thickness )

+ 100 sec τ1 = 29 , τ2 = 588 0.9934

Pressboard
(3 mm thickness ) 10 min τ1 = 22, τ2 = 489 0.9197

Table 3.6: Time constants and R-square values obtained at T=22◦C for different charging times tc . Distance between the electrodes
’d ’= 3.2 cm

• Test case -III

Test sample
Distance between

the electrodes
d

Charging time
tc

Time constant values
(seconds)

R square value

1 sec τ1 = 7 , τ2 = 122 0.9973
Oil

+ 5 sec τ1 = 8, τ2 = 162 0.9989

Paper
10 sec τ1 = 9, τ2 = 169 0.9835

(0.25 mm thickness ) 3.2 cm

+ 20 sec τ1 = 9, τ2 = 222 0.9963

Pressboard
50 sec τ1 = 12, τ2 = 240 0.9910

(3 mm thickness )

100 sec τ1 = 12, τ2 = 288 0.9916

Table 3.7: Time constants and R-square values obtained at room temperature of T = 22◦C after the test aquarium with samples was
kept open and exposed to ambient air for 4 days; Distance between the electrodes ’d ’= 3.2 cm

3.4. Observations and Discussions
From the discharge voltage measurements conducted on the composite test sample of oil, paper and press-
board following the procedure described under subsection 3.2.6, it was estimated that there were two dom-
inant time constants of decay for the discharge voltage curves. The time constants of decay were obtained
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using the curve fitting tool in MATLAB. This section addresses some of the observations made from the es-
timated values of time constants of decay for the discharge voltage curves on the basis of oil-gap distance,
temperature and moisture content.

3.4.1. Effect of the oil-gap distance on the time constant values
A DC voltage of 2 kV was applied on the HV aluminium electrode for the charging time tc and then removed.
The distance ’d ’ between the HV electrode and the ground electrode was varied and taken as 3.2 cm and
6.4 cm respectively [Table 3.5]. The discharging voltage was recorded and the time constants were obtained
from the plot of the discharge voltage vs time using the curve fitting tool in MATLAB.

Charging time (tc )
Time constant values (seconds)

d = 3.2 cm
Time constants values (seconds)

d = 6.4 cm

1 min
τ1 = 5

τ2 = 78

τ1 = 9

τ2= 132

5 min
τ1 = 7

τ2 = 171

τ1= 11

τ2 = 233

Table 3.8: Time constants obtained at Temperature of T= 39◦C for charging time tc = 1 min and 5 min.

Figure 3.13: Comparison of plots of discharge voltage vs time to study the effect of oil-gap

With an increase in the distance, it takes a longer time for the charge carriers to migrate and participate
in the polarisation process. Charge accumulation and charge trapping are predominant in composite insu-
lation due to difference in the ϵ/σ values. After detrapping, the charges take longer time to migrate and
contribute to the depolarisation current. This may be the reason for comparatively higher values of time con-
stants obtained for discharge voltage curves when the distance between the electrodes was doubled [ figure
3.13].

For both discharge voltage measurements [Table 3.8], the temperature of the oil was measured at T=39◦C.
With an increase in temperature, the conductivity of oil will be more. It can be assumed that an increase in
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oil conductivity due to a temperature rise will not affect the comparison of the estimated time constants as
both the discharge voltage measurements were conducted at the same temperature.

3.4.2. Effect of the temperature on the time constant values
For the analysis of the effect of the temperature on time constant values, the estimated time constants of
discharge voltage curves given by the Test cases [Tables 3.5 and 3.6] were employed.

Distance between
the electrodes

Charging time Temperature Time constant values

d tc (seconds)

(a) T= 39◦C τ1 = 5 , τ2 = 78
3.2 cm 1 min

(b) T=22◦C τ1 = 27, τ2 = 574

Table 3.9: Time constants obtained at T=22◦C ; d = 3.2 cm

Figure 3.14: Discharge voltage vs time obtained at T=39◦C and T=22◦C

Under the influence of an electric field, the mismatch of ϵ/σ values for the different dielectrics in the
insulation causes the charges to accumulate on the interfacial region. There would be enhanced localised
polarisation in this region due to charge trapping and hopping of charge carriers between localised charge
trap centers.

The effect of the temperature on the values of the time constants could be very crucial as the mobility
of charge carriers in oil increases with temperature. With the increase in the mobility of the charge carriers,
the conductivity of oil also increases [6]. With enhanced oil conductivity, there is a faster migration of the
interfacial and trapped charges. This results in an easier dipole formation during polarisation and faster
relaxation of the dipoles during depolarisation [10], [53]. The magnitude of the depolarisation current decays
at a faster rate at a temperature of T= 39◦C than at T = 22◦C [figure 3.14]. This could be understood from
the smaller values of time constants obtained at a temperature of T = 39◦C when compared with the values
of time constants obtained for T = 22◦C [Table 3.9].
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3.4.3. Effect of the moisture content on the time constant values
For the analysis of the effect of the moisture content on time constant values, the estimated time constants
of discharge voltage curves given by the Test cases [Tables 3.6 and 3.7] were applied :

(a) In the first case, the temperature of oil before discharge voltage measurement was measured as T
= 22◦C.

(b) In the second case, the test aquarium with the test samples was left open (exposed to ambient air)
for four days. The temperature of oil in the test aquarium before discharge voltage measurements
was taken and measured as T = 22◦C. The discharge voltage measurement was then conducted
following the same procedure as in the previous tests and the discharge voltage curves varying
over time were obtained [ figure 3.15]

In the above measurements, the distance between the HV electrode and the ground electrode
was kept as 3.2 cm [ Table 3.10]. The time constants were obtained using the curve fitting tool in
MATLAB [section 3.3].

Distance between
the electrodes

Temperature Charging time Time constant values

d tc (seconds)

50 sec τ1 = 26 , τ2 = 560

(a) T=22◦C
100 sec τ1 = 29, τ2 = 588

3.2 cm

50 sec τ1 = 12, τ2 = 240
(b) T=22◦C

(Test samples are
exposed to moisture) 100 sec τ1 = 12, τ1 = 288

Table 3.10: Time constants obtained at T=22◦C (Same oil temperature but in the second case the test samples were exposed to
moisture for four days). Distance between the electrodes ’d ’= 3.2 cm

Figure 3.15: Comparison of plots of discharge voltage vs time to study the effect of moisture in the composite test sample
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The presence of moisture could be the factor responsible for the comparatively lower time constant values
of the discharge voltage curves of the test samples kept exposed to air [41].

Due to the moisture content in the sample, the conductivity of oil was increased. As a result, the polar-
isation increases due to the faster migration of the charge carriers. Subsequently, the depolarisation is also
quicker due to faster relaxation of the charge carriers, which in turn would result in lower values of time
constants of decay [10].

All the above observations on the effects of oil-gap, temperature and moisture content are based on
the discharge voltage measurements performed on the composite test sample of oil, paper and pressboard.
Though the estimated time constants in each of the cases [Table 3.8 ,3.9 and 3.10] could be justified by
theoretical analysis of many researchers [34], [10], [57], more testing and practical results are needed to con-
firm the results and understand the effects of oil-gap, temperature and moisture content on the dielectric
response of the composite insulation of oil, paper and pressboard.

3.5. Summary
• In this chapter, the dielectric behaviour of the transformer insulation was studied with the help of dis-

charge voltage measurements on the composite test sample of oil, paper and pressboard. A DC voltage
of 2 kV was applied on the composite test sample and then removed. The discharging voltage was
measured using an electrostatic voltmeter.

• The time constants of the discharge voltage curves varying with time were estimated using the curve
fitting tool in MATLAB. It was found that each discharge curve was governed by two dominant time con-
stants of decay, one representing the faster polarisation process and the other representing the slower
polarisation process.

• An attempt was made to analyse the time constants of decay obtained from discharge voltage measure-
ments based on oil-gap distance, temperature and moisture content in the test samples.

• For the discharge voltage measurements where the oil-gap distance in the test aquarium was increased,
the corresponding time constants of decay were comparatively higher. It was also found that when
the temperature of oil in the test sample was higher, the time constant values of the discharge voltage
curves became comparatively smaller. Similarly, the higher moisture content in the test samples due
to the exposure to air resulted in smaller values for the time constant of decay for the discharge voltage
curves.

3.6. Conclusion
In composite insulation, the liquid dielectric polarises much earlier than solid insulation due to its easy po-
larisability. The polarisation in the solid insulation occurs much later. Hence for accurate estimation of the
time dependency of the slower polarisation phenomena in the composite oil-paper-pressboard insulation
under DC voltage, a longer charging duration needed. Also, longer charging time is crucial to realise the
individual relaxation behaviour of the constituent dielectrics and the effect of interfacial polarisation in com-
plex multi-layered insulation. However, a very long measurement duration is not always feasible due to time
constraints.

Hence, although the measurement of discharge voltage varying over time is helpful to understand the
dielectric behaviour of the composite insulation of oil, paper and pressboard, this method is not ideal for
determining the behaviour of the slower polarisation processes occurring within the transformer insulation.
Also, it is not possible to separate and apprehend the response of the constituent dielectrics in the composite
insulation to the applied electric field using this measurement technique.
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4
Simplified R-C model

A linear dielectric model efficiently describes the measured dielectric responses of power transformers. It is
essential to apprehend the dielectric responses of oil, paper and pressboard separately from the total dielec-
tric behaviour of the transformer insulation system.

A description of the simplified equivalent circuit of test sample representing a multi-dielectric insulation
system is presented in the first section. Furthermore, an attempt has been made to deduce the equivalent RC
circuit of the test sample to an analytical solution. Lastly , the basic relations of polarisation and depolarisa-
tion currents according to the linear dielectric response theory has been explained.

4.1. R-C equivalent model of transformer insulation
The main constituents of transformer insulation are oil, paper and pressboard. The transformer oil acts a
good insulator and assists in heat dissipation. The paper is employed in the form of strips of insulation
between winding layers and also for winding the wires. The use of pressboard barriers helps to prevent
particle-induced breakdown, whereas the pressboard spacers provide separation and mechanical support
to the windings [12], [33] .

Figure 4.1: Cross-section of the transformer insulation between low and high voltage windings [12]
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The simplified R-C circuit was built based on the ’X-model’ of the transformer insulation. In the X model,
the two components - oil and pressboard are kept in series in order to analyse the dielectric behaviour of
transformer insulation [28]. For the study of dielectric response for this thesis, the test sample was composed
of complex insulation of three dielectrics - oil, paper and pressboard [figure 4.2]. Hence the equivalent circuit
of the test insulation consisted of a series arrangement of three parallel R-C circuits with each parallel con-
nection of resistor and capacitor representing the constituent dielectric in the insulation, i.e. oil, paper and
pressboard.

4.1.1. Modelling of simplified R-C equivalent circuit
From the test results of discharge voltage versus time detailed in Chapter 3 , it could be concluded that for
each charging time tc , there is a discharge curve governed by the depolarisation current having two domi-
nant time constants. The time constants were obtained using the curve fitting tool in MATLAB. A simplified
equivalent circuit of the test sample consisting of oil, paper and pressboard is constructed to verify this result
analytically. By solving the equivalent RC circuit representing the test sample , an analytical solution is de-
rived which gives an idea about the number of polarisation processes occurring in the composite test sample
that represents the transformer insulation system.

Figure 4.2: R-C equivalent circuit of sample in time domain

• The test sample representing transformer insulation was modelled into series connection of three par-
allel R-C circuit with each parallel R-C network representing the dielectric material present in the sam-
ple i.e. oil, paper and pressboard as seen in figure 4.2. The resistors RO , RPB and RP denotes the
respective resistances of oil, pressboard and paper. The capacitors CO , CPB and CP denotes the ca-
pacitances of oil, pressboard and paper respectively.

On applying a DC voltage VDC on the test sample, the capacitors CO , CPB and CP start to charge. After
a specific charging duration, the applied voltage VDC was removed, and the test sample was shorted.
The capacitors CO , CPB and CP now begin to discharge, with voltages V01, V02 and V03 respectively.
The equivalent circuit of capacitor discharge in s-domain is presented in figure 4.3.
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Figure 4.3: R-C equivalent circuit of sample in s-domain

Figure 4.4: Simplified R-C equivalent circuit of sample in s-domain

• In the circuit 4.3, the impedances Zeq1, Zeq2 and Zeq3 can be solved as

Zeq1 = R0

1+R0 sC0
(4.1)

Zeq2 = RPB

1+RPB sCPB
(4.2)

Zeq3 = RP

1+RP sCP
(4.3)
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where Zeq1, Zeq2 and Zeq3 are the equivalent impedance of oil , pressboard and paper respectively.

V1 =CoV01Zeq1 = R0C0V01

1+R0 sC0
(4.4)

V2 =CPB V02Zeq2 = RPB CPB V02

1+RPB sCPB
(4.5)

V3 =CP V03Zeq3 = RP CP V03

1+RP sCP
(4.6)

• The output voltage V(s) can be written as

V (s) =V1 +V2 +V3 (4.7)

• Substituting for V1 , V2 and V3 and converting back to t-domain, the output discharge voltage Vt can
be derived as

Vt =V01 e
−t

Ro Co +V02 e
−t

RPB CPB +V03 e
−t

RP CP (4.8)

= V01 e
−t
τ1 +V02 e

−t
τ2 +V03 e

−t
τ3 (4.9)

where Vt is the the discharge voltage in the time domain. τ1, τ2 and τ3 represents the time constants
of decay of oil, paper and pressboard respectively

• The analytical solution evidently shows that the total output discharge voltage is the sum of the dis-
charge voltages appearing across each dielectric in the composite insulation viz. oil, paper and press-
board. The time dependency of the discharge voltage was governed by dielectric time constants of oil,
paper and pressboard [ equation 4.8 ]. Contrary to the results obtained from the discharge voltage tests
where two time constants of decay governs each discharge curve, the analytical equation of the output
discharge voltage is influenced by three time constants of decay τ1, τ2 and τ3.

4.1.2. Analysis of the simplified R-C model
For the analysis of the contribution of individual dielectrics namely transformer oil, paper and pressboard ,
the time constant of decay corresponding to each insulating material can be found by their dielectric time
constant. The dielectric time constant of an insulation can be expressed as the product of the insulation
resistance R and geometrical capacitance C of the material [48].

τ= R C (4.10)

For a parallel circuit of R and C , after introducing the characteristic material parameters to get rid of the
actual geometric dimensions, the dielectric time constant ’τ’ can be rewritten as [47]:

τ= ϵ0 ϵr

σ
(4.11)

where ϵ0 is the permittivity of vacuum, ϵr is the permittivity of the dielectric material and σ is the
electrical conductivity of the dielectric material. The Table 4.1 provides the time constants computed from
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the equation 4.11. The values of relative permittivity ϵr and conductivity σ of oil, paper and pressboard
were taken in reference to [30] , [54] , [33].

Dielectric Permittivity Conductivity Time constant
ϵr σ τ

(S/m) (seconds)

Oil 2.3 10−12 20

Paper 2.7 10−13 239

Pressboard 4.3 10−13 - 10−16 380-38000

Table 4.1: Dielectric time constants of the oil, paper and pressboard

The results from the simplified RC model could be summarised as follows:

• The DC measurements of discharge voltage versus time conducted on the combined insulation of oil,
paper and press board gives the conclusion that the discharge voltage curves has prominently two time
constants of decay. Hence it could be inferred that there may be two dominant polarisation processes
occurring in the test sample.

• On the contrary, the analytical solution of the simplified R-C model indicates that there are in fact three
polarisation processes occurring within the test sample , each having a characteristic time constant .

• The time constant calculated from the analytical formula due the polarisation process in oil is found to
be of least value at τ = 20 seconds. The time constant values calculated using the analytical formula for
paper and pressboard is presented in the Table 4.1. Similar time constant values were estimated from
the measured discharge voltage curves using the curve fitting tool in MATLAB [Table 3.7 ].

• The simulated plots of the discharge voltage over time were obtained from simplified R-C model of
the test sample built in PSPICE. The measurements of discharge voltage given under Table 3.2 were
compared with the results obtained from simulated models.
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Figure 4.5: Comparison between measured discharge voltage plot and the simulated discharge voltage plot

• On comparing the plots of the measured discharge voltage and the simulated plots of discharge volt-
age [figure 4.5], there is an evident difference in the decaying trend of the two voltages. The simplified
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R-C model only considers the contributions due to the circuit parameters of insulation resistance R0

and geometric capacitance C0 of the constituent dielectrics of the test sample. The model does not
take into account the time dependency of the polarisation processes occurring within the constituent
dielectrics of the test sample, i.e. oil, paper and pressboard.

Table 4.1 shows that paper and pressboard have dielectric time constant values higher than that of oil.
From the analysis of the time constants obtained using the equation 4.11, it can be concluded that the slower
polarisation processes having longer relaxation time could be in the solid insulation of paper and pressboard.

4.2. Modified equivalent R-C model of the insulation system
This section presents the modified equivalent R-C model of the insulation system given by the test sam-
ple consisting of oil, paper and pressboard. This is an extended circuit model which also mitigates some of
the imperfections of the simplified equivalent R-C circuit given above. The simplified equivalent R-C model
[figure 4.2] of the sample does not clearly describe many of the polarisation processes that are occurring in-
herently within each dielectric of the composite insulation system. It is also difficult to explain the individual
dielectric behaviour of the component dielectrics and to quantify interfacial polarisation using this model.
Additionally, the simplified equivalent model cannot explicitly explain the phenomenon of ’return voltage’
that appears after removing the short circuit at the electrodes [60], [44].

On these grounds, the simplified R-C circuit of the insulation system was extended and represented by a
model consisting of three linear dielectric circuits of oil, pressboard and paper in series. The modified equiv-
alent model helps to investigate the dielectric behaviour of a complex insulation system from the properties
of the linear dielectric model of the constituent dielectrics [ figure 4.7 ]. The following section 4.2.1 details the
basic theory behind the model of a linear dielectric.

Figure 4.6: Modified R-C equivalent circuit of the insulation system

C01, C02 and C03 are the respective geometrical capacitance of oil, paper and pressboard in the extended
equivalent model; R01, R02 and R03 are the respective insulation resistance of oil , paper and pressboard in
the extended equivalent model , the individual branches R1i -C1i , R2i -C2i and R3i -C3i represent the various
polarisation processes in oil , paper and pressboard respectively, when DC voltage is applied.
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4.2.1. Basic relations of the linear dielectric response theory
In the presence of an electric field, the dipoles align themselves in the direction of the field which causes a
polarisation current to flow. On the removal of the field, the dipoles relax and return back to the original state
.In a linear dielectric, there may be more than one an occurrence of such polarisation processes. Henceforth,
the response time of each polarisation process after the application of an electric field may differ from one to
another. These processes can be modelled as a parallel arrangement of branches , each containing a series
connection of resistors and capacitors represented as Ri and Ci . The associated time constants of relaxation
are given by τi = Ri Ci [47] , [29].

Figure 4.7: Equivalent circuit of the linear dielectric [12]

Accordingly, any oil-paper insulation system can be adequately described by means of the basic relations
of linear dielectric response theory. The dielectric response investigations on multi-layer samples clearly
show that the total dielectric response of such test samples depends on the dielectric response of the con-
stituent insulating materials - oil and impregnated paper-pressboard and their volume ratio.

4.3. Identification of the circuit parameters of the equivalent R-C model
This section presents how various model parameters of the modified equivalent model could be identified.
Most of the circuit parameters of the modified R-C model can be derived from the measurements of polari-
sation currents ipol of individual dielectrics - oil, paper and pressboard using IDAX 300.

1. The capacitance C0 is determined by measurement of geometrical capacitance of the test sample at
power frequency using IDAX 300.

2. The insulation resistance R0 can be obtained from the DC measurements on the test sample using IDAX
300.

3. Under the influence of applied DC voltage U0, the polarisation currents appearing in the dielectric is
due to the various polarisation processes occurring within the insulation.

ipol (t ) = U0

R0
+

n∑
i=1

U0

Ri
exp

−t

τi
(4.12)

where n is the number of parallel R-C branches ; τi = Ri Ci .

4. The corresponding parameters Ri and Ci of the branches of the linear dielectric model [4.7] could be
predicted and fitted in the model.

5. After assigning the values to all circuit parameters of the linear dielectric model of individual test sam-
ples of oil, paper and pressboard, the corresponding R-C circuit was built in PSPICE simulation plat-
form.
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4.4. Dielectric response in time domain
This section discusses about the dielectric response in the time domain and its relations with polarisation
currents and depolarisation currents. The dielectric response of a material can be defined as its response
to an electric field within it. This response of the dielectric can be analysed employing the polarisation cur-
rents and the depolarisation currents appearing in the dielectric under the influence of an electric field. The
dielectric response analysis can also be used to study the dielectric response function f (t ), which is the char-
acteristic of the slower polarisation processes occurring in the dielectric [60], [44], [41] .

When a dielectric kept between two plane electrodes is subjected to a high DC field, the capacitance will
rapidly be charged. After that, a relatively small current is detectable, which is caused by the DC conductivity
of the dielectric material and by polarisation phenomena. Due to polarisation processes, there would be
a displacement of the positive and negative charge carriers, initially cancelling each other. Hence, after a
specific duration, a dipole moment is established. The process of depolarisation of the charge carriers occurs
when the DC source is disconnected, and the electrodes of the test sample are short-circuited. As the return
of the charge carriers to its origin follows after a certain time lag, a so-called return voltage is measurable
between the electrodes of the test sample after removing the short circuit [44].

4.4.1. Relation between polarisation current and the dielectric response function f (t )
In this section, the relationship between the polarisation current and the dielectric response function f (t ) is
addressed. For this, the essential relations of linear dielectric response theory are discussed first.

• Assuming a homogeneous electric field E(t ) is applied over a dielectric between two electrodes ar-
rangement, the resulting current density J(t) in the material can be expressed as summation of the
conductive component and the displacement component [60], [44] .

J (t ) =σ E(t )+ dD(t )

d t
(4.13)

• The electric displacement D(t ) can be represented as

D(t ) = ϵ0 ϵr E(t )+P (t ) (4.14)

where ϵ0 is the vacuum permittivity and ϵr is the relative permittivity of the dielectric, σ is the DC
conductivity.

• The term P (t ) in the equation 4.14 represents the polarisation and can be expressed in terms of the
dielectric response function f (t ) as follows :

P (t ) = ε0 (ε∞−1) E(t )+ ε0

∫ t

−∞
f (t −τ)E(τ)dτ (4.15)

where ε∞ is the permittivity of the dielectric at optical frequency.

• The response function f (t ) is defined in the time domain as the polarisation P (t ) developed in the
dielectric in response to a step-function charging field. Hence it characterises the polarisation property
of the dielectric material.

• Two terms characterise the electrical polarisation P (t ). The first term represents the faster polarisation
processes, and the second term represents the slower polarisation processes [ equation 4.15].
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• From equation 4.15, it could be seen that the faster polarisation follows the applied electric field E(t ),
whereas slower polarisation is built up from a convolution integral between the applied electric field
E(t ) and the dielectric response function f (t ). Substituting equation (4.15) in equation (4.14) ,

D(t ) = ϵ0 ϵr E(t ) + ε0 (ε∞−1) E(t ) + ε0

∫ t

0
f (t −τ) E(τ)dτ (4.16)

• The current density J(t) in the dielectric given by the equation 4.13 can be rewritten as

J (t ) = σ0 E(t ) + ϵ0 ϵ∞
dE (t )

d t
+ ϵ0

d

d t

∫ t

0
f (t −τ) · E(τ) dτ (4.17)

• According to the theory of dielectric response, the total current i (t ) appearing in an isotropic dielectric
material under the influence of external voltage U(t) can be derived using the above equation 4.17

i (t ) =C0

[
σ0

ϵ0
U (t )+ϵ∞

dU (t )

d t
+ d

d t

∫ t

0
f (t −τ) ·U (τ)dτ

]
(4.18)

where σ0 is the DC conductivity, U (t ) is the applied voltage, C0 is the geometry capacitance of the
dielectric.

• The polarisation current ipol (t) flowing through the dielectric when a step DC voltage U0 is suddenly
applied to the dielectric test sample can be written as:

ipol (t ) =U0C0

[
σ0

ϵ0
+ϵ∞ δ(t ) + f (t )

]
(4.19)

where δ(t ) is the delta function arising from the suddenly applied step voltage at t=0.

• From the above equation (4.20) , it can be observed that the polarisation current ipol (t) consists of
three parts:

1. The first term is related to the inherent conductivity of the test object and is independent of any polar-
isation process.

2. The middle part with the delta function δ(t ) is difficult to be recorded in practice and is always ignored
in the calculation due to the large dynamic range of current amplitudes arising from extremely fast
polarisation processes occurring for very short period of time.

3. The third term f (t ) relates to slow polarisation phenomena and can be seen as the memory of the
material [37].

Neglecting the middle term in the equation of ipol [4.20 ], the final equation defining the relation between
the polarisation current ipol and the dielectric response function f(t) is given by

ipol (t ) =U0C0

[
σ0

ϵ0
+ f (t )

]
(4.20)

38



4.4.2. Estimation of depolarisation current and its relation with dielectric response func-
tion f (t )

This section presents the relation between the depolarisation current idepol (t) and the dielectric response
function f(t). After charging time tc , the charging voltage U0 is removed and the test dielectric is short-
circuited, the depolarisation current idepol can be measured.

idepol (t ) =−U0C0
[

f (t )− f (t + tc )
]

(4.21)

When the charged time tc is long enough for all polarisation processes to complete, then the depolarisa-
tion current idepol (t) is proportional to dielectric response function f(t) and can be simplified as:

idepol (t ) =−U0C0 f (t ) (4.22)

In other words, the dielectric response function f(t) could be determined from the depolarisation currents
obtained after a long charging duration.

f (t ) = −idepol (t )

U0 C0
(4.23)

Henceforth by estimating the dielectric response function f (t ), the time dependency and the behaviour
of slower polarisation processes occurring in the test sample can be analysed .

4.5. Dielectric response of multi-layered insulation
To investigate the overall dielectric response behaviour of the multi layered insulation from the linear dielec-
tric model, it is essential to identify analytically the individual dielectric response of each of its constituent
materials under an applied voltage U(t). In a series arrangement of equivalent circuits of ’m’ materials, the
relation between the total voltage U(t) and the local voltages uk (t) across each individual equivalent circuit is
given by [12]:

U (t ) =
m∑

k=1
uk (t ) (4.24)

The relation between the total current i(t) and the local voltages ik (t) across each individual equivalent
circuit is given by

i (t ) = ik (t ) = i1(t ) = i2(t ) = im(t ) (4.25)

where ik (t) denotes the local currents in dielectric k = 1 .... m.

Figure 4.8: Extended model of linear multi-layer dielectric
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For the multi-layered insulation represented by a series arrangement of ’m’ equivalent circuits, the equa-
tion of the total current i (t ) for the linear dielectric model [ equation 4.18] can be modified to represent the
relationship between the current ik (t) and the voltage uk (t) .

ik (t ) =C0k

[
σ0k

ϵ0
uk (t )+ϵr k

duk (t )

d t
+ d

d t

∫ t

0
fk (t −τ) ·uk (τ)dτ

]
(4.26)

for k= 1 ....m,

where Cok is the geometric capacitance of material k ; ϵr k is the individual relative permittivity, σ0k is
the conductivity of the dielectric and f (t ) represent the dielectric response function of material k [12].

4.5.1. Polarisation current through multi-layered insulation of oil, paper and press-
board

When a DC voltage U0 is applied to a series arrangement of equivalent circuits of oil, paper and pressboard,
by the condition of continuity of currents the generated polarisation current ipol (t) is equal to the local
currents flowing through each of the individual equivalent circuits of oil, paper and pressboard.

ipol (t ) = i1(t ) = i2(t ) = i3(t ) (4.27)

where i1(t) , i2(t) and i3(t) are the local currents flowing through individual equivalent circuits of oil, paper
and pressboard respectively [figure 4.9].

Accordingly, the polarisation current ipol (t) through the extended circuit under the influence of the ap-
plied DC voltage U0 is given by:

ipol (t ) = i1(t ) = U1

R01
+

n∑
i=1

U1

R1i
exp

−t

τ1i
(4.28)

Figure 4.9: Extended circuit of the multi-layered dielectric
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where n is the number of parallel branches with series connection of a resistor Ri and capacitor Ci ;
τ1i = R1i C1i [21].

4.6. Summary
The test sample representing the transformer insulation can be modelled into a series connection of three
parallel R-C circuits with each parallel R-C network describing the dielectric material present in the sam-
ple, i.e. oil, paper and pressboard. The simplified R-C circuit of the test sample was solved to get the analyt-
ical output equation of discharge voltage in the time domain. To improve the shortcomings of the simplified
R-C circuit of the test sample, a modified and extended R-C equivalent circuit was suggested where each
insulating material was expressed as a linear dielectric model. The branches of the linear dielectric model
represent the different activated polarisation processes with corresponding time constants occurring within
the individual dielectric of the test sample. The essential relations of the polarisation currents and depolari-
sation currents with the dielectric response function f (t ) were explained with the help of the linear dielectric
model. By understanding the behaviour of the dielectric response function f (t ) of the test dielectrics, the
time dependency of the depolarisation current of the composite transformer insulation could be analysed.
For this, the DC measurements of the polarisation currents of the individual test samples of oil, paper and
pressboard and the composite test samples consisting of a combination of oil, paper and pressboard were
performed using the dielectric spectroscopy instrument IDAX 300. The test procedure and results will be
presented in Chapter 5.
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5
DC measurements of polarisation currents

The chapter presents an outline of the polarisation current measurements performed on the individual sam-
ples of oil, paper and pressboard and also, on the composite insulation consisting of oil, paper and pressboard
in the High voltage laboratory of Delft University of Technology under the supervision of Ing.Paul Van Nes
and Dr Luis Carlos. The tests were conducted on the sample dielectrics with the dielectric spectroscopy
instrument IDAX 300 under DC voltage at ambient temperature.

The first section provides the details about the test sample and the test cells used for measuring the indi-
vidual samples of oil, paper and pressboard. The section also presents the measured polarisation curves of
the test samples and the values of measured resistance Rm and measured capacitance Cm of the individual
test samples. The next section provides a description of the optimal charging time tc for measurements on
the composite test samples. Finally, the chapter concludes with the section giving an overview of the polari-
sation current measurements of the composite test samples consisting of oil, paper and pressboard.

5.1. Dielectric measurements using IDAX 300
IDAX 300 is a diagnostic instrument which provides precise and reliable condition assessment of insulation in
transformers, bushings, generators and cables. The state-of-the-art software enables easier and faster mea-
surements of moisture content and oil conductivity of transformer insulation in approximately 22 minutes
(20◦ C). Using IDAX 300, the capacitance and dissipation factor values could be measured over a wide range
of frequencies (0.1 mHz-1 kHhz). It measures the moisture content, oil conductivity and tan δ values of the
test object by advanced fitting to the reference material model already defined in IDAX 300 [1].

By using VAX020 -a high-voltage amplifier, the test voltage can be extended from 200 V up to 2 kV. This al-
lows the instrument to measure test samples of very low capacitance accurately. For the measurements taken
using IDAX 300 for this research, the test mode was taken as ’Ungrounded Specimen Test (UST)’. The analysis
by IDAX 300 is automatic, and the only input to be entered is the value of the ambient temperature.The time-
domain dielectric measurements the test sample were conducted at power frequency, and the polarisation
current in the test sample was measured over time.

Figure 5.1: IDAX 300 [1]
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The following Tables 5.1 and 5.2 provides the measurement specifications of IDAX 300.

Measurement Range

Voltage 0-200 V peak

Current 0-50 mA peak

Capacitance 10 pF - 100 µF

Dissipation factor range (% DF) 0-10

Table 5.1: Measurement specifications of IDAX 300

Specifications for Time domain current measurements (PDC)

Range ± 20 mA

Resolution 0.1 pA

Inaccuracy 0.5 % ± 1 pA

Input resistance ≤10kOhm*
(DC mode) * 10 kOhm is the input impedance in worst case situation

Table 5.2: Specifications of PDC measurements using IDAX 300

5.2. Overview of the dielectric measurements on individual test samples
For the dielectric tests on paper and pressboard samples, the charging voltage was taken as 200 V and the
charging time was taken as tc =1000 seconds. The samples of pressboard and kraft paper used for the mea-
surements were obtained from Royal Smit Transformers. The test samples were subjected to vacuum treat-
ment for 24 hours at 65 ◦ C to avoid the effects of moisture on the measurements. In order to eliminate edge
effect and to ensure a homogeneous field up to the measuring area, the test samples were measured using
test cells with guard electrode to minimise the influence of leakage currents on the measured values.

The transformer oil Nynas NYTRO was used as the liquid insulation. The oil was dried and vacuum
treated for 24 hours at 80 ◦C. Later, it filled in the oil test cell [figure 5.4]. The oil test cell is then placed in
the vacuum until the measurements were taken. The oil was tested in an oil test cell by applying a voltage of
U0= 500 V for a charging duration of tc = 10,000 seconds. The details regarding the test samples, test voltage,
charging time tc and the measured parameters are provided in Table 5.3.
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Test sample
Applied Voltage

(V)
Charging time

tc
Measured parameters

Transformer oil 500 10000 ipol , Rm , Cm

(Nynas NITRO)

Paper 200 1000 ipol , Rm , Cm

(0.25 mm thickness)

Pressboard 200 1000 ipol , Rm , Cm

(1 mm thickness)

Pressboard 200 1000 ipol , Rm , Cm

(2 mm thickness)

Table 5.3: Test samples and measured parameters obtained from IDAX 300

For each measurement, the charging voltage is applied until a stable, steady DC conduction current was
obtained. By administering the DC measurements on the test samples using IDAX 300, the values of polari-
sation currents varying over time, the insulation resistance Rm and the capacitance Cm of the test samples at
50 Hz were measured [Table:5.5].

5.2.1. Test cells used for the measuring test samples of oil, paper and pressboard
DC measurements were conducted on the samples of oil, paper and pressboard with dielectric spectroscopic
instrument IDAX 300. After testing, the corresponding geometric parameters of insulation resistance Rm ,
capacitance Cm and the polarisation current ipol (t) of the samples were obtained.

1. The test samples of paper and pressboard were measured with the Tettex 2914 test cell for solid in-
sulants [2]. The test cell has a shielded measuring electrode equipped with guard ring which has a
diameter of 49.5 mm. The base plate of the test cell has sockets for test voltage, temperature control
and measuring bridge. The high voltage electrode is mounted on the insulated base plate [figure 5.2].
The whole test cell is protected with a bell jar. Before taking measurements, the test cell is evacuated
with a vacuum pump and is filled with dry air. The pressure inside the the test cell could be controlled
from outside and is kept at ambient pressure.

Figure 5.2: 2914 Tettex test cell for solid insulants
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Figure 5.3: Schematic diagram of test object and guarded measuring electrode

• By using the guard electrode [figure 5.3], the leakage current due to stray capacitances can be
eliminated and the in-homogeneity of the field on the edge of the high voltage electrode can be
reduced. Therefore it enables accurate dielectric measurements, especially while conducting tests
for small samples of insulating material.

2. The transformer oil was tested with the oil test cell having an inbuilt guard electrode. The test cell was
designed at the High voltage laboratory, TU Delft. The test cell was first appropriately cleaned to avoid
the presence of contaminants and embedded oil particles from previous tests.

• The test cell has two electrodes- a high voltage (HV)electrode and a low voltage (LV) electrode.
Both electrodes are made of stainless steel. The top cover of the LV electrode is made of epoxy
and has a potential guard built inside it. The guard ring is connected to the shield of the coaxial
cable. The guard ring helps to avoid the influence of stray leakage currents on the dielectric mea-
surements. The small hole at the side of the LV electrode and the junction pipe at the side of the
HV electrode ensure that there is no air trapped inside the test cell after being filled with the oil
sample.

• Firstly, the capacitance Ct .c of the empty test cell was measured using IDAX. Similarly, the capac-
itance Cm of the oil was obtained by measuring the capacitance of test cell filled with transformer
oil. From the values of capacitances Ct .c and Cm , the value of permittivity ϵr of oil is obtained.

ϵr = Cm

Ct .c
(5.1)

= 3.1

where Cm = 430.3 pF ; Ct .c = 135.2 pF .

Figure 5.4: Oil test cell
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Figure 5.5: Low voltage electrode of oil test cell

Figure 5.6: Oil test cell dimensions

5.2.2. Test Conditions
The following Table 5.4 details the values of ambient temperature (◦C), ambient relative humidity (RH %)
and ambient pressure (mbar) under which measurements were conducted on individual test samples of oil,
paper and pressboard.
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Test sample
Ambient temperature

◦C
Ambient RH

%
Ambient pressure

mbar

Oil 20 55 1020

Paper 22 55 1021
( 0.25 mm thickness )

Pressboard 23 55 1035
( 1 mm thickness )

Pressboard 22 55 1021
( 2mm thickness )

Table 5.4: Ambient test conditions for individual samples

5.2.3. IDAX test results of individual samples of oil, paper and pressboard
In this section, the measured parameters of individual dielectrics of oil, paper and pressboard along with the
plots of the polarisation currents varying over time have been presented. The following Table 5.5 presents
the values of the measured insulation resistances Rm and measured capacitances Cm of the individual test
samples. The tan δ values and the estimated moisture content in the individual test samples of oil, paper
and pressboard have been provided in Appendix B for reference. The time-domain current measurements
(PDC) using IDAX 300 have measurement resolution of 1 pA and has a very low measurement inaccuracy
of 0.5 % .

Test Sample
Measured parameters

Rm Cm

Transformer Oil 14.29 GΩ 430.3 pF

Paper 12.95 GΩ 230 pF
( 0.25 mm thickness )

Pressboard 1388 GΩ 60.2 pF
( 1 mm thickness )

Pressboard 292 GΩ 37.86 pF
( 2 mm thickness )

Table 5.5: Measured values of capacitance Cm and insulation resistance Rm obtained from IDAX 300
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Figure 5.7: Polarisation current vs Time plot for oil

Figure 5.8: Polarisation current vs Time plot for paper sample of thickness 0.25 mm

Figure 5.9: Polarisation current vs Time for pressboard sample of thickness 1 mm
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Figure 5.10: Polarisation current vs Time for pressboard sample of thickness 2 mm

• As can be seen from the plot of the polarisation current vs time [figure 5.7], the polarisation current
ipol (t) increases in the first few seconds. This increase may be an indication of very fast polarisa-
tion processes happening in a very short span of time. Also, as defined in the equation of polarisation
current [equation 4.20], transients may be observed at the peak of the polarisation curve due to the
inclusion of the delta function δ(t) arising from the voltage being applied immediately following t = 0
[10].

• On a comparison between the plots of ipol (t) of pressboard samples of 1 mm and 2 mm thickness,
an evident change in the slope of the polarisation current can be seen. Referring to Table 5.5, the
insulation Rm resistance of pressboard test sample of 2 mm thickness is lower than that of pressboard
sample of 1 mm thickness at power frequency. The slope of the polarisation ipol (t) of pressboard
sample of 2 mm thickness also indicates faster decay than the pressboard sample of 1 mm thickness.

The polarisation current flowing through the test sample under the influence of applied voltage is a
combination of displacement current and conduction current. The nature of this displacement current
is dependent on the polarisation process occurring in the dielectric material, which in turn depends on
the condition of the test dielectric under consideration [10].

• The tan δ values of paper and the pressboard sample of thickness 2 mm are much higher as presented
in Table 6.4. A dissipation factor (tan δ ) greater than ’1’ is an indicator of a high level of moisture con-
tent in the test sample. This, in turn, would mean that the tested samples of the paper and pressboard
( of thickness of 2 mm) have higher conductivity values due to the presence of moisture in the samples.
Hence, the plots of polarisation current vs time of paper and pressboard samples show lower insulation
resistance values in the initial stages of measurements.

5.3. Overview of the tests performed on the composite test samples
The measurements of the polarisation currents for the composite insulation of oil, paper and pressboard
were carried out by applying a voltage of U0 = 500 V for a charging duration ranging between tc = 1000 to
10000 seconds until a steady-state conduction current was obtained.

A circular electrode of diameter 45.5 mm was used to measure the dielectric response of the composite
test samples [figure 5.11a]. In all the three sets of measurements the distance between the electrodes were
varied [Table: 5.10, 5.11, 5.12].
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(a) Measuring Electrode
(b) Measuring electrode screwed to metallic plate

Figure 5.11: Test aquarium with measuring electrode

Figure 5.12: Paper and pressboard samples screwed to the metallic parallel plate

The measuring electrode was screwed to a metallic parallel plate. The parallel plate (LV plate) was sepa-
rated from the metal electrode by a support insulator. The support insulator is used to electrically separate
the LV plate from the measuring electrode. The circular measuring electrode was connected to the inner
conductor of the coaxial cable and the LV connection was given to the shield of the coaxial cable. The test
samples were screwed on to a metallic parallel plate to which the HV connection is given.

In the test set up [figure 5.13], both the LV plate and the measuring electrode were maintained at the
same potential. The arrangement ensures that the electric field lines near the edge of the measuring elec-
trode remain perpendicular to the measuring electrode as well as the second parallel plate. This guarantees
a homogeneous electric field distribution up to the edge of the measuring area. Thus the measuring vol-
ume can be accurately determined by the area of the measuring electrode, and the electrode separation ’d ’.
For taking measurements, the HV connection was connected to the output of IDAX 300, and the measuring
electrode was connected to the input of the instrument (IDAX 300).
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Figure 5.13: Test aquarium with test dielectrics

In the figure 5.13, the ’X’ stands for the distance between the metallic plates. The distance between the
electrodes ’d ’ calculated as follows:

X = 5.5 mm +d

d = doi l + dpap + dpb

where doi l , dpap and dpb represents oil gap , thickness of paper and pressboard in the composite
test sample.

As seen in the figure 5.13, a support insulator is placed between the measuring electrode and the metallic
plate (LV plate). The additional 5.5 mm is the distance between the metallic plate and the measuring elec-
trode and is accounted for in the calculation of ’d ’ [5.3]. The following Table presents an overview about the
calculation of the distance between electrodes ’d ’ as given in figure 5.13.

Test sample

Distance between
the parallel plates

X

Distance between
the electrodes

d

Oil gap
doi l

Thickness
of paper

dpap

Thickness of
pressboard sample

dpb

Oil to
paper-pressboard

ratio

Oil 15 mm 9.5 mm 8.25 mm 0.25 mm 1 mm 6

+
Paper 20 mm 14.5 mm 13.25 mm 0.25 mm 1 mm 10

( 0.25 mm thickness )

+
Pressboard 25 mm 19.5mm 18.25 mm 0.25 mm 1 mm 14

( 1 mm thickness )

Table 5.6: Computed parameters of distance between electrodes ’d ’ , oil-gap and oil-solid insulation ratio); Thickness of pressboard in
composite insulation = 1 mm

The calculations for the distance between the electrodes ’d ’ in the test set up for the remaining test cases
are provided in the Appendix B
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5.3.1. Test conditions
The following Tables 5.7, 5.8, 5.9 present the values of ambient temperature (◦C), ambient relative humid-
ity (RH %) and ambient pressure (mbar) under which measurements were conducted on composite test
samples of oil, paper and pressboard.

Test sample

Distance between
the electrodes

d

Ambient temperature
◦C

Ambient RH
%

Ambient pressure
mbar

Oil 9.5 mm

+
Paper 14.5 mm 22 60 1025

( 0.25 mm thickness )

+
Pressboard 19.5 mm

( 1 mm thickness )

Table 5.7: Ambient test conditions for composite test samples; Thickness of pressboard in the sample = 1 mm

Test sample

Distance between
the electrodes

d

Ambient temperature
◦C

Ambient RH
%

Ambient pressure
mbar

Oil 15.5 mm

+
Paper 20.5 mm 25 55 1017

( 0.25 mm thickness )

+
Pressboard 25.5 mm

( 2 mm thickness )

Table 5.8: Ambient test conditions for composite test samples; Thickness of pressboard in the sample = 2 mm

Test sample

Distance between
the electrodes

d

Ambient temperature
◦C

Ambient RH
%

Ambient pressure
mbar

Oil 12 mm

+
Paper 17 mm 22 55 1023

( 0.25 mm thickness )

+
Pressboard 22 mm

( 5 mm thickness )

Table 5.9: Ambient test conditions for composite test samples; Thickness of pressboard in the sample = 5 mm
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5.3.2. Optimal charging time tc
In a complex multi-layered dielectric, there would be charge accumulation at the interface where there is
a difference in the conductivity and permittivity values. Therefore, for a perfect PDC measurement, proper
charging and discharging time must be given for all the interfacial polarisation processes to relax.

From the polarisation-depolarisation current (PDC) measurements on the composite test samples con-
sisting of oil-paper/pressboard, many researchers [35] , [26], [17] have concluded that while the initial part
of the PDC dielectric response curves relates to the oil conductivity, the final part of the response curves ev-
idently is influenced by the conductivity of the solid insulation. It is possible to determine the conductivity
of oil from a smaller duration of PDC measurements on the test samples, but the same is not true for the
estimation of the conductivity of solid insulation of paper and pressboard [51].

The estimation of conductivity of solid insulation requires the value of steady-state DC current, obtained
after the completion of all the polarisation processes. The longer the charging time taken for PDC measure-
ments, the more stable value of DC is attained and hence leading to better accuracy in the measured values.
Test duration of 10,000 seconds of charging and 10,000 seconds of discharging is considered optimal for
PDC measurements of power transformer insulation [52], [51]. Nevertheless, such a long measurement time
is not always feasible due to time constraints in the laboratory. Hence a charging time tc between 1000-
5000 seconds is chosen, and the measurement of polarisation currents is continued until a steady-state DC
current is established [52], [55].

5.3.3. IDAX test results of composite insulation of oil, paper and pressboard
In this section, the measured parameters of insulation resistance Rm and geometric capacitance Cm of
composite oil- paper and pressboard insulation are presented. The thickness of pressboard in the test sample
is varied in each of the test cases. The corresponding plots of the polarisation currents varying over time are
also given. The tan δ values and the estimated moisture content in the composite test samples have been
provided in Appendix B for reference. The time domain current measurements (PDC) using IDAX 300 have
measurement resolution of 1 pA and measurement inaccuracy of 0.5 %.

The following test case [Table 5.10] presents the values of the insulation resistances Rm and the capac-
itances Cm of the composite test samples measured for different values of distance between the electrodes
’d ’. The pressboard thickness in the composite insulation was taken as 1 mm.

Test case: 1

Test Sample Applied Voltage
Distance between

the electrodes
d

Charging time
tc

(seconds)

Measured
Capacitance

(pF)

Measured
Resistance

(GΩ)

Oil 9.5 mm 2000 4.729 2830

+

Paper 500 V 14.5 mm 10000 3.213 3545
( 0.25 mm thickness )

+

Pressboard 19.5 mm 6000 2.44 3292
( 1 mm thickness )

Table 5.10: Test case:1 Measured parameters from IDAX ; Thickness of pressboard in composite insulation = 1 mm
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Figure 5.14: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 9.5 mm

Figure 5.15: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d= 14.5 mm

Figure 5.16: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 19.5 mm
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Test case: 2

Test case: 2 displays the values of the insulation resistances Rm and the capacitances Cm of the composite
test samples measured for varying distances between the electrodes [Table 5.11]. The pressboard thickness
in the composite insulation was taken as 2 mm.

Test Sample Applied Voltage
Distance between

the electrodes
d

Charging time
tc

(seconds)

Measured
Capacitance

(pF)

Measured
Resistance

(GΩ)

Oil 15.5 mm 5000 3.412 2343

+

Paper 500 V 20.5 mm 4000 2.217 3387
( 0.25 mm thickness )

+

Pressboard 25.5 mm 4000 2.008 3069
( 2 mm thickness )

Table 5.11: Measured parameters from IDAX ; Thickness of pressboard in composite insulation = 2 mm

Figure 5.17: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d= 15.5 mm
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Figure 5.18: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 20.5 mm

Figure 5.19: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 25.5 mm

Test case: 3

Test case: 3 displays the values of the insulation resistances Rm and the capacitances Cm of the composite
test samples measured for varying distances between the electrodes [table 5.12] . The pressboard thickness
in the composite insulation was taken as 5 mm.
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Test Sample Applied Voltage
Distance between

the electrodes
d

Charging time
tc

(seconds)

Measured
Capacitance

(pF)

Measured
Resistance

(GΩ)

Oil 12 mm 1000 19.72 371.5

+

Paper 300 V 17 mm 1000 13.44 511.4
( 0.25 mm thickness )

+

Pressboard 22 mm 1000 10.79 601.8
( 5 mm thickness )

Table 5.12: Measured parameters from IDAX; Thickness of pressboard in composite insulation = 5 mm

Figure 5.20: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 12 mm

Figure 5.21: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 17 mm
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Figure 5.22: Polarisation current vs Time for composite insulation of oil, paper and pressboard sample ; d = 22 mm

In the measurements of the polarisation current ipol (t) given by the test cases, it can be seen that as the
distance between the electrodes ′d ′ was increased, the peak magnitude of polarisation current ipol (t) de-
creases. This may be due to delayed polarisation process as the charges have to migrate longer distance to
participate in the polarisation. As the charging time tc taken is different in various test cases, it is not easy to
compare and analyse the influence of the thickness of pressboard on the polarisation current ipol (t) curves.
With the R-C models of the composite test samples built in PSPICE simulation platform, the analysis of the
polarisation currents ipol (t) can be conducted at uniform charging times tc for all composite test samples.
In this way, it would be possible to have a reasonable comparison of the test results.

5.4. Summary
This chapter provides the summary of the DC measurements of the individual and composite dielectrics con-
sisting of oil, paper and pressboard conducted in the High voltage laboratory, TU Delft. Chapter 5 stages as a
bridge between the theoretical background of the extended R-C equivalent circuit of the test sample given
in Chapter 4 and actual implementation of the dielectric response model of the test sample using PSPICE
simulation software presented in Chapter 6.

• The time domain current measurements (PDC) of individual test samples of oil, paper and pressboard
and composite test samples consisting of oil, paper and pressboard were carried out using IDAX 300.
The test samples were subjected to vacuum treatment and drying prior to measurements.

• The solid insulation of paper and pressboard samples were tested with Tettex 2914 test cell [ figure
5.2]. The transformer oil Nynas NITRO was tested in an oil test cell [ figure 5.4]. Both these test cells
were equipped with a guard electrode to eliminate the influence of stray capacitances on the measured
values.

• The test samples of paper and pressboard (of 2 mm thickness) were found to have high tan δ values.
This indicated the presence of moisture content greater than the threshold limit of 0.3-0.5 % in the test
samples, [34].

• For taking dielectric measurements of the composite test samples of oil, paper and pressboard, a test set
up was developed [figure 5.13] in High Voltage laboratory, TU Delft. The test aquarium was equipped
with a guard electrode to ensure homogeneity of field distribution on the measuring electrode and to
eliminate the leakage currents due to stray capacitances.

• The dielectric testing of composite test samples showed that as the distance between the electrodes
’d ’ decreases, there is an overall uplift of the polarisation curves as seen from the figures [ 5.20-5.22].
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6
Simulation of the modified R-C model

A model of the transformer main insulation system, which describes its dielectric behaviour, has been pre-
sented in this chapter. The values of the parameters of the equivalent model have been obtained from DC
measurements of polarisation currents using the dielectric spectroscopic instrument IDAX 300. Once the
extended R-C model was parameterized, dielectric responses such as the polarisation and depolarisation
currents were simulated using the electronic simulation PSPICE software.

6.1. Introduction
The experimental platform was set up in the high voltage laboratory to measure the polarisation currents of
the test samples in the time domain. After obtaining the measurements of polarisation currents ipol (t) of the
test sample, an equivalent R-C circuit model based on the time-domain dielectric response was established
with PSPICE simulation software. The following figure 6.1 represents the analysis flowchart describing the
steps followed to obtain the final R-C model of the composite transformer insulation.

Figure 6.1: Analysis flowchart

With the simulation model, not only the polarisation currents but also the depolarisation currents of the
samples could be replicated for different charging and discharging durations. This investigation allowed the
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study of polarisation-depolarisation (PDC) measurements of the test samples of oil, paper and pressboard
and also an arrangement of oil, paper and pressboard representing composite transformer insulation. The
test results and the simulated polarisation current values from the dielectric samples were compared reg-
ularly. In this way, the models simulated in PSPICE are optimised to obtain similar results to the measured
values of ipol (t) from IDAX 300. The comparison of the maximum and minimum values of the simulated po-
larisation currents with the time-domain polarisation currents obtained from dielectric testing demonstrated
that relative errors of ipol (t) values were limited to a maximum of 8 % as seen in Tables 6.2 and Tables 6.6 -
6.11.

6.2. Building the linear dielectric model for oil, paper and pressboard
samples using PSPICE

This section outlines the approach of building the individual equivalent R-C model for linear dielectrics-
oil, paper and pressboard in PSPICE simulation software. The first subsection 6.2.1 discusses the itera-
tive method adopted to identify all the model parameters of the PSPICE model. The succeeding subsection
6.2.2 confers to the modelling the individual R-C circuit of oil, paper and pressboard in PSPICE. In the sub-
sequent section 6.3, the plots of polarisation currents obtained from dielectric testing using IDAX 300 were
compared with the simulated waveforms of polarisation currents obtained from PSPICE and error bars be-
tween the maximum and minimum polarisation current values are given. The final subsections 6.3.1 and
6.3.2 gives an overview of the analysis of the depolarisation currents and dielectric response function f (t )
obtained from PSPICE models of oil, paper and pressboard.

6.2.1. Identifying the model parameters of individual dielectric model
For building the linear model for oil,paper and pressboard, all circuit parameters specifically the geometric
resistance R0 , geometric capacitance C0 , the resistances and capacitance of individual branches Ri -Ci have
their origin from the IDAX measurements of individual samples of the dielectric [ Table 5.5].

Figure 6.2: Linear dielectric model

• To extract the values of the resistances and capacitance of individual branches Ri -Ci , the analytical
equation of the polarisation current was solved in MATLAB by inserting arbitrary values for Ri and
Ci parameters for each branch of the linear dielectric model [figure 6.2]. The analytical equation for
the polarisation current flowing through the dielectric when applied with a charging voltage U is given
by:

ipol (t ) = U

R0
+C0

dU

d t
+

n∑
i=1

U

Ri
exp

−t

τi
(6.1)

where n= number of parallel branches with series connection of a resistor Ri and capacitor Ci ;

τi = Ri Ci
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Figure 6.3: Linear dielectric model for individual test samples of oil, paper and pressboard

• When DC voltage U0 is applied on test dielectric, the above equation 6.1 can be rewritten after neglect-
ing the second term as:

ipol (t ) = U0

R0
+

n∑
i=1

U0

Ri
exp

−t

τi
(6.2)

= U0

R0
+ U0

R1
exp(

−t

R1C1
)+ U0

R2
exp(

−t

R2C2
)

where, U0 = Applied DC voltage ;

The two-branches R1-C1 and R2-C2 represent the two major polarisation processes within the dielec-
tric.

• The model parameters R1 , C1 , R2 and C2 parameters were assigned values best suited to match
the ipol (t) from the PSPICE model with the ipol (t) obtained from the dielectric test of the individual
samples of oil, paper and pressboard. A good fit was obtained after several iterations, and the PSPICE
model for linear dielectric was simulated with final iterated values of Ri and Ci for each branch [Table
6.1]

• The geometric capacitance C0 of the individual dielectrics is the the measured capacitance at 50 Hz
obtained from IDAX 300 [12].

• The insulation resistance R0 of the dielectric under test was estimated from the steady state value of
the polarisation current IDC of the test sample measured using IDAX 300.

R0 = U0

IDC
(6.3)

• The final circuit parameters R0, C0, Ri and Ci of the linear dielectric model [figure 6.3] for the indi-
vidual dielectrics- oil, paper and pressboard are presented in the Table 6.1.
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Circuit Model
Geometric parameters Branch parameters

R0 C0 R1 C1 R2 C2

Oil 17.9 GΩ 430.2 pF 8.5 GΩ 1.35 nF 35 GΩ 12 nF

Paper 12.95 GΩ 230 pF 8.8 GΩ 0.35 nF 7.8 GΩ 45 nF
( 0.25 mm thickness )

Pressboard 1735 GΩ 60.2 pF 165 GΩ 0.048 nF 65 GΩ 5.8 nF
( 1 mm thickness )

Pressboard 320 GΩ 37.68 pF 25 GΩ 0.032 nF 63 GΩ 6 nF
( 2 mm thickness )

Table 6.1: Estimated model parameters

6.2.2. Modelling the individual R-C circuit of oil, paper and pressboard
With the dielectric models of individual test samples of oil, paper and pressboard built using PSPICE simula-
tion software, the plots of polarisation currents with respect to time were obtained by applying a DC voltage
U0 for a charging time of tc . The applied voltage U0 and the charging times tc were matched and kept the
same as for the dielectric tests performed on the samples with IDAX 300.

Figure 6.4: PSPICE model of individual dielectric

The switch TOPEN was set to be closed for the charging time tc to measure the time-dependent polari-
sation current ipol (t) due to charging the capacitances C1 and C2. This current decays exponentially up to
a steady-state value of iDC , which is governed by the DC resistance R0. The switch ’TOPEN’ was opened at
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time t = tc as the next step, and at the same instant, the switch ’TCLOSE’ was set to be closed. The test sam-
ple is disconnected from the DC source [figure 6.4]. Under this condition, the time-dependent depolarisation
current idepol (t) was measurable. Usually, the discharging time td is taken as same as the charging time tc

[12]. During this discharging stage, a resistive current component is not present due to the short-circuiting of
the test object.

6.3. Comparison of the polarisation currents obtained from DC tests and
the simulated PSPICE models

The following section details the comparison between the polarisation currents ipol (t) obtained from DC
measurements using IDAX 300 and the simulated polarisation currents obtained from PSPICE model of the
corresponding test samples . The relative errors between the maximum and minimum ipol (t) values be-
tween the laboratory tested and simulation results of oil, paper and pressboard test samples are given in
Table 6.2 and Table 6.3. This helps to understand the level of accuracy obtained for the simulated models of
test samples in PSPICE.
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Figure 6.5: Comparison of the polarisation current varying over time obtained from DC tests and the PSPICE models
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Figure 6.6: Comparison of the polarisation current varying over time obtained from DC tests and the PSPICE models

Th error bars between the measured and simulated values of the polarisation currents varying over time
are provided in the Table 6.2 and Table 6.3 .
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Test Sample

Maximum values of
polarisation current

ipol (t) measured
using IDAX 300

Maximum values of
polarisation current

ipol (t) measured
from PSPICE model

Error % for
maximum value

of the ipol (t)

Oil 97.49 nA 98.46 nA 1 %

Paper 59.52 nA 60.3 nA 1 %
( 0.25 mm thickness )

Pressboard 3.95 nA 3.93 nA less than 1 %
( 1 mm thickness )

Pressboard 8.03 nA 7.95 nA less than 1 %
( 2mm thickness )

Table 6.2: Relative error % between the maximum values of polarisation currents obtained from IDAX and the simulated PSPICE model

Test Sample

Minimum values of
polarisation current

ipol (t) measured
using IDAX 300

Minimum values of
polarisation current

ipol (t) measured
from PSPICE model

Error % for
maximum value
of the ipol (t)

Oil 26.099 nA 27.9 nA 6 %

Paper 14.469 nA 15.2 nA 5 %
( 0.25 mm thickness )

Pressboard 108.4 pA 101 pA 6 %
( 1 mm thickness )

Pressboard 619 pA 608 pA 1 %
( 2mm thickness )

Table 6.3: Relative error % between the minimum values of polarisation currents obtained from IDAX and the simulated PSPICE model

6.3.1. Analysis of the depolarisation currents obtained from PSPICE model
The circuit models were run at the applied voltage of U0 = 500 V for a charging time of tc = 10,000 sec-
onds. After removal of applied voltage, the depolarisation currents were measured for a discharging time
of td = 10,000 seconds. The discharging period started at t= 10,000 seconds and simulation is run until t=
20,000 seconds. The depolarisation current for oil decays to a minimum value of 6.5×10−19 A at t = 20000
seconds. The conductivity of oil was calculated from the values of polarisation and depolarisation currents
and is found to in the order of 10−13 S/m [equation 6.4].
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σDC ≈ ε0εoi l

CmU0

(
ip (t )− id (t )

)
(6.4)

Figure 6.7: Polarisation and depolarisation current varying over time for oil

The depolarisation current for pressboard sample of 1 mm thickness decays to a very low current value
of 2.3×10−20 A at the end of discharging period of t = 20000 seconds. For both samples of the paper and
pressboard (of 2 mm thickness), the depolarisation currents at the end of discharging time t = 20000 seconds,
were in the order of 10−20 A [Table 6.5].

Figure 6.8: Polarisation and depolarisation current varying over time for pressboard sample of 1 mm thickness

The figure 6.9 illustrates the decaying behaviours of depolarisation currents of individual samples of oil,
paper and pressboard samples obtained using PSPICE simulation. The depolarisation current plot of press-
board sample of 1 mm thickness clearly depicts a slower decay behaviour. The plots of the depolarisation
currents varying with time have been zoomed in to understand the dielectric behaviour of the tested samples.
The discharging time started at t= 10,000 seconds and simulation is run until t= 20,000 seconds.
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Figure 6.9: Depolarisation current varying over time for individual dielectrics of oil, paper and pressboard

Test Sample
Dissipation factor (%)

(tan δ)

Oil 0.13

Paper 4.97
( 0.25 mm thickness )

Pressboard 1.38
( 1 mm thickness )

Pressboard 4.32
( 2 mm thickness )

Table 6.4: Dissipation factor measured at 50 Hz

The depolarisation currents of paper sample and pressboard sample (of 2 mm thickness) in the figure 6.9
clearly show a faster decay to a minimum value. For each of these samples, the respective dissipation factor
recorded while testing was very high at 4.32 % and 4.89 % [Table 6.4].

According to the literature [34], the dissipation factor of tan δ = 1 is an indication of the moisture content
of more than 10 %. Referring to the recorded tan δ values of pressboard sample of 2 mm thickness and
paper sample, the water content in the samples was likely to be higher than the allowable threshold value of
0.3-0.5 %. Any amount higher than 0.5% of moisture content will cause an exponential rise in the values
of conductivity and dissipation factor. Higher conductivity values would result in lower values for time con-
stants of decay. This could be the reason for the faster fall of the depolarisation currents for the pressboard
sample of 2 mm thickness and the paper sample when compared to the depolarisation current of pressboard
sample of thickness 1 mm [figure 6.9]. Also, the dielectric strength will be extremely low in such test samples
of higher moisture content [34].

The following Table 6.5 provides the values of maximum depolarisation currents for the individual di-
electrics of oil, paper and pressboard when applied DC voltage of U0 = 500 V was applied for charging time
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tc = 10,000 seconds and removed. The minimum values of depolarisation currents at the end of the discharg-
ing period td = 10,000 seconds is given in the same Table 6.5. The values of the depolarisation currents due
to the decay of charges at the end of the discharging period of 10,000 seconds is minimal, especially for the
solid test samples. The main reason could be the higher conductivities of the test samples due to increased
moisture content.

Test Sample

Maximum values of
depolarisation current

idepol (t) obtained
from PSPICE model

Minimum values of
depolarisation current

idepol (t) obtained
from PSPICE model

Oil 73 nA 6.52 x 10−19 A

Paper 120 nA 2.7 x 10−20 A
( 0.25 mm thickness )

Pressboard 10.7 nA 2.32 x 10−20 A
( 1 mm thickness )

Pressboard 29.6 nA 2.5 x 10−20 A
( 2 mm thickness )

Table 6.5: Maximum and minimum values of depolarisation currents of individual test samples

6.3.2. Analysis of the dielectric response function f (t ) obtained from PSPICE model
The dielectric response function f (t ) is monotonically decreasing function, which provides an insight into
the slower polarisation processes occurring within the dielectric. The plots of f (t ) is computed from the
depolarisation current plots of individual test samples [figure 6.9] using the equation [4.23]. The following
figure 6.10 shows that the behaviour of dielectric response function f (t ) follows a similar trend to that
of the depolarisation currents of individual dielectrics of oil, paper and pressboard. The dielectric response
function f (t ) for the pressboard sample of 1 mm thickness clearly takes the longest time to decay to a
minimum value.
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Figure 6.10: Dielectric response function f (t ) for individual dielectrics of oil, paper and pressboard; Plot of f (t ) starts from t= 10,000
seconds.
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6.4. Building of the PSPICE model of extended R-C circuit of composite
insulation of oil, paper and pressboard

This section provides an overview about the modelling of the extended equivalent R-C model for the com-
posite insulation consisting of oil, paper and pressboard in PSPICE simulation software.

The subsection 6.4.1 discusses the identification of the model parameters of extended R-C circuit con-
sisting of oil, paper and pressboard in PSPICE. In the subsection 6.4.2, the polarisation currents ipol (t) ob-
tained from dielectric measurements of composite test samples were compared with the simulated polarisa-
tion currents from the extended R-C models of the composite test samples built in PSPICE. The relative errors
between the maximum and minimum polarisation current values are given in the Tables 6.6 - 6.11.

For modelling a composite transformer insulation , a series arrangement of individual R-C circuits of oil,
paper and pressboard representing the composite structure of the transformer insulation system has been
adopted.

Figure 6.11: Modified extended R-C circuit of composite insulation of oil, paper and pressboard

With the dielectric models of composite test samples built in PSPICE simulation environment, the plots
of polarisation currents with respect to time were obtained by applying a DC voltage U0 for a charging time
of tc . The applied voltage U0 and the charging times tc were retained from the dielectric measurements of
corresponding composite test samples [ Tables 5.10, 5.11, 5.12].

6.4.1. Identification the model parameters of extended R-C circuit
In the extended circuit model,the insulation resistances of oil, paper and pressboard is represented by the
model parameters R01, R02 and R03 respectively. Many research papers [51], [26],[17], [35] have con-
firmed that the initial parts of the polarisation currents are sensitive to the condition of the oil, whereas it is
the condition of the solid insulation that influences the final long-term values of the polarisation currents.
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The higher mobility of the charge carriers in the liquid dielectric is responsible for the greater magnitude of
the current defining the peak of the polarisation current. This initial response will decline after some time,
and the steady-state condition of the conduction current owing to the less mobile charge carriers in the solid
insulation becomes predominant. Therefore, the respective model parameters R01 and R03 of oil and press-
board were obtained from initial and final response of the polarisation currents recorded during each of the
corresponding dielectric tests.

Figure 6.12: Polarisation current in composite insulation of oil, paper and pressboard

1. For identifying the insulation resistance R01, the oil conductivity was calculated from the initial polar-
isation current ipol (t) value obtained from the plot of polarisation current varying over time. The high
values of current transients observed at the beginning of the polarisation curve cannot be recorded and
hence could be neglected [10],[51]. Generally the value of ipol (t) after tc = 3 seconds is taken [45].

• When a DC voltage of U0 is applied on the composite dielectric consisting of oil, paper and
pressboard, the initial part of polarisation current can be written as

ip (0+) =C0 U0
σoi l

ϵ0 ϵr
(6.5)

The above equation 6.5 could be rewritten in terms of conductivity of oil σoi l as:

σoi l =
ϵ0 ϵr

Cm U0
ipol (0+) (6.6)

where ϵ0= 8.854∗10−15 F/mm.

For solving the equation 6.6 of oil conductivity σoi l , the corresponding parameters of composite
permittivity ϵr , geometric capacitance C0 and measured capacitance Cm were determined.

• The composite relative permittivity ϵr for test dielectric consisting of oil, paper and pressboard
was calculated from the following analytical formula:

ϵr =
dtot al ϵoi l ϵpap ϵpb

(doi l ϵpap ϵpb)+ (dpap ϵpb ϵoi l )+ (dpb ϵpap ϵoi l )
(6.7)
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where dtot = distance between the electrodes ; doi l , dpap and dpb represents oil gap , thick-
ness of paper and pressboard in the test sample. The individual permittivity of oil, paper and
pressboard are given by ϵoi l , ϵpap and ϵpb respectively.

• The permittivity of oil ϵoi l can be estimated from the capacitance of oil measured using the oil test
cell and the capacitance of the empty test cell [equation 5.1]. Likewise, the relative permittivity
ϵpap and ϵpb of the paper and pressboard samples can easily be calculated from their respective
geometric configuration as given in Table 5.5. The permittivity of oil, paper and pressboard was
calculated as ϵoi l = 3.1, ϵpap = 3.4 and ϵpb = 4.2.

• C0 is the geometric capacitance of test sample and be estimated from the measured capacitance
Cm (at or near power frequency) divided by ϵr .

C0 = Cm

ϵr
(6.8)

where Cm the capacitance value measured between two terminals of the insulation system under
the test. ϵr is the composite relative permittivity.

• The values of capacitances Cm for different distances between the electrodes and for different
thickness of pressboard in the composite insulation is given in the previous chapter-5 under sec-
tion 5.3.

• From the calculated value of conductivity of oil [equation 6.6] , the geometric resistance R01 of
the oil was estimated from the analytical formula for dielectric constant.

R01 = ϵ0 · ϵoi l

C01 σoi l
(6.9)

2. The capacitances C01, C02 and C03 of the extended model were determined from the geometric
capacitance value of the corresponding dielectric and the individual relative permittivity.

C01 =Coi l ∗ϵoi l (6.10)

C02 =Cpap ∗ϵpap (6.11)

C03 =Cpb ∗ϵpb (6.12)

• Coi l is the geometric capacitance of oil and can be estimated as:

Coi l =
ϵ0 ∗ A

doi l
(6.13)

where A is the area of cross section of measuring electrode; A =1626 mm2;
Similarly the values of capacitances of paper Cpap and pressboard Cpb can be evaluated.

3. The geometric dimensions of paper in the composite dielectric was kept exactly same as that of indi-
vidual test sample of paper [Table 5.5]. Therefore, the value of model parameter R02 of paper could
be taken as the value of measured insulation resistance Rm obtained from the individual dielectric
testing of paper.
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4. The model parameter R03 can be approximated from the final value of the polarisation current ipol (t).

• The effective conductivity σr is calculated from the steady state value of the polarisation current
iDC . For this, the final value of iDC at the end of charging time tc .

iDC =C0 U0
σr

ϵ0
(6.14)

σr = iDC ϵ0

C0 U0
(6.15)

• The conductivity of paper is calculated from the geometrical configuration as given in Table 5.5.

σpap = dpap

R02 ∗ A
(6.16)

where A is the area of cross-section of the measuring electrode; A =1626 mm2.

• The relations between effective conductivity σr of composite insulation of oil, paper and indi-
vidual conductivities of oil, paper and pressboard is given by the following equation

dtot

σr
= doi l

σoi l
+ dpap

σpap
+ dpb

σpb
(6.17)

• From the calculated values of effective conductivity σr and the respective conductivities of oil
and paper, the conductivity of pressboard σpb can be calculated.

R03 =
dpb

σpb ∗ A
(6.18)

5. In the extended R-C circuit model, the parameters Ri and Ci branches of the solid insulation- paper
and pressboard is kept as same as presented in Table 6.1. The branches Ri - Ci represent the activated
polarisation processes occurring in the individual dielectrics under the influence of the applied DC
voltage U0.

6. The MATLAB codes for calculating the parameters of linear dielectric models of oil, paper and press-
board in the extended R-C model is described in the Appendix [C].

6.4.2. Comparison of the polarisation currents obtained from DC tests and the simu-
lated PSPICE model

In this section, the polarisation currents ipol (t) varying over time obtained from DC measurements using
IDAX 300 are compared with the simulated polarisation currents obtained from PSPICE model of the corre-
sponding test samples. The relative errors between the maximum and minimum ipol (t) values have been
provided between the laboratory test results and simulation results obtained from test samples to understand
the level of accuracy obtained for the simulated models of test samples in PSPICE.

• The figures 6.13 , 6.14 and 6.15 presented below, shows the comparison of the polarisation current
varying over time obtained from DC tests and the simulated PSPICE models of the test sample consist-
ing of oil, paper (of thickness 0.25 mm), pressboard (of thickness 1 mm). The distance between the
electrodes ’d ’ was varied and kept at 9.5 mm, 14.5 mm and 19.5 mm respectively. The error bars
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between the measured and simulated values of the polarisation currents varying over time is provided
in the Tables 6.6 and 6.7.

10
0

10
1

10
2

10
3

Time(seconds)

10
-11

10
-10

10
-9

10
-8

P
o
la

ri
s
a
ti
o
n
 c

u
rr

e
n
t 
(A

)

Measured ipol from IDAX

Simulated ipol using PSPICE

Figure 6.13: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes = 9.5 mm
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Figure 6.14: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes = 14.5 mm
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Figure 6.15: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes=19.5 mm

Test Sample
Distance between
the electrodes

Maximum values of
polarisation current

ipol (t) measured
using IDAX 300

Maximum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
maximum value

of the ipol (t)

Oil 9.5 mm 373.51 pA 344 pA 7 %

+

Paper 14.5 mm 219.54 pA 205 pA 6 %
( 0.25 mm thickness )

+

Pressboard 19.5 mm 201.1 pA 193 pA 4 %
( 1 mm thickness )

Table 6.6: Comparison between measured values of maximum values of polarisation values from IDAX and the simulated model in
PSPICE ; Thickness of pressboard in the composite insulation = 1 mm

Test Sample
Distance between

the electrodes

Minimum values of
polarisation current

ipol (t) measured
using IDAX 300

Minimum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
minimum value

for the ipol (t)

Oil 9.5 mm 48.14 pA 46.08 pA 4 %

+

Paper 14.5 mm 61.43 pA 56.7 pA 8 %
( 0.25 mm thickness )

+

Pressboard 19.5 mm 69.86 pA 65.73 pA 5 %
( 1 mm thickness )

Table 6.7: Comparison between measured values of minimum values of polarisation current from IDAX and the simulated model in
PSPICE ; Thickness of pressboard in the composite insulation= 1 mm
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• The subsequent figures 6.16, 6.17 and 6.18 shows the comparison of the polarisation currents varying
over time obtained from dielectric tests and the simulated PSPICE models of the test sample consisting
of oil, paper (of thickness 0.25 mm), pressboard (of thickness 2 mm). The distance between the
electrodes ’d ’ was varied and kept at 15.5 mm, 20.5 mm and 25.5 mm respectively. The error bars
between the measured and simulated values of the polarisation currents varying over time is provided
in the Tables 6.8 and Table 6.9.
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Figure 6.16: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes= 15.5 mm
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Figure 6.17: Comparison between measured ipol (t) values from IDAX and simulated PSPICE model;
Distance between the electrodes =20.5 mm
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Figure 6.18: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes =25.5 mm

Test Sample
Distance between
the electrodes

Maximum values of
polarisation current

ipol (t) measured
using IDAX 300

Maximum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
maximum value
of the ipol (t)
values

Oil 15.5 mm 296.12 pA 272 pA 8 %

+

Paper 20.5 mm 175.72 pA 174 pA 1 %
( 0.25 mm thickness )

+

Pressboard 25.5 mm 185.79 pA 183.9 pA 1 %
( 2 mm thickness )

Table 6.8: Comparison between measured values of maximum values of polarisation values from IDAX and the simulated model in
PSPICE; Thickness of pressboard in the composite insulation= 2 mm

Test Sample
Distance between
the electrodes

Minimum values of
polarisation current

ipol (t) measured
using IDAX 300

Minimum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
minimum value
for the ipol (t)
values

Oil 15.5 mm 118.26 pA 115 pA 2 %

+

Paper 20.5 mm 113.9 pA 121 pA 6 %
( 0.25 mm thickness )

+

Pressboard 25.5 mm 107.4 pA 98.5 pA 8 %
( 2 mm thickness )

Table 6.9: Comparison between measured values of minimum values of polarisation current from IDAX and the simulated model in
PSPICE; Thickness of pressboard in the composite insulation= 2 mm
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• The following figures 6.19, 6.20 and 6.21 shows the comparison of the polarisation currents varying
over time obtained from DC tests and the simulated PSPICE models of the test sample consisting of oil,
paper (of thickness 0.25 mm), pressboard (of thickness 5 mm). The distance between the electrodes
’d ’ was varied and kept at 12 mm, 17 mm and 22 mm. The error bars between the measured and
simulated values of the polarisation currents varying over time is provided in the Table 6.10 and Table
6.11.
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Figure 6.19: Comparison between measured ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes =
12 mm
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Figure 6.20: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes = 17 mm

76



10
0

10
1

10
2

10
3

Time(seconds)

10
-10

10
-9

10
-8

P
o
la

ri
s
a
ti
o
n
 c

u
rr

e
n
t 
(A

)

Measured ipol from IDAX

Simulated ipol using PSPICE

Figure 6.21: Comparison between ipol (t) values from IDAX and simulated PSPICE model; Distance between the electrodes = 22 mm

Test Sample
Distance between
the electrodes

Maximum values of
polarisation current

ipol (t) measured
using IDAX 300

Maximum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
maximum value

of the ipol (t)

Oil 12 mm 964 pA 972 pA 1 %

+

Paper 17 mm 634.8 pA 643 pA 2 %
( 0.25 mm thickness )

+

Pressboard 22 mm 500.1 pA 517 pA 3 %
( 5 mm thickness )

Table 6.10: Comparison between measured values of maximum values of polarisation values from IDAX and the simulated model in
PSPICE; Thickness of pressboard in the composite insulation= 5 mm

Test Sample
Distance between
the electrodes

Minimum values of
polarisation current

ipol (t) measured
using IDAX 300

Minimum values of
polarisation current

ipol (t) obtained
from PSPICE model

Error % for
minimum value

for the ipol (t)

Oil 12 mm 645 pA 595 pA 7 %

+

Paper 17 mm 506.4 pA 472 pA 6 %
( 0.25 mm thickness )

+

Pressboard 22 mm 443 pA 418 pA 5 %
( 5 mm thickness )

Table 6.11: Comparison between measured values of minimum values of polarisation current from IDAX and the simulated model in
PSPICE ; Thickness of pressboard in the composite insulation= 5 mm
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6.5. Analysis of the time dependency of depolarisation currents
This section provides the simulated polarisation and depolarisation currents of composite dielectric test sam-
ples of oil, paper and pressboard. The polarisation and depolarisation currents of composite dielectric test
samples were studied at the applied DC voltages ranging from 500 V to 120 kV. The R-C circuits models of
test samples were run for a charging time of tc = 10,000 seconds and then allowed a discharging time of td =
10,000 seconds .
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Figure 6.22: Polarisation Currents and Depolarisation Currents; Thickness of pressboard in composite insulation= 1 mm
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Figure 6.23: Polarisation Currents and Depolarisation Currents;Thickness of pressboard in composite insulation= 2 mm
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Figure 6.24: Polarisation Currents and Depolarisation Currents;Thickness of pressboard in composite insulation=5 mm
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The magnitude of polarisation and depolarisation currents increased as the applied DC voltage was in-
creased from 500 V to 120 kV [ figures 6.22, 6.23 and 6.24].

From the analysis of the depolarisation currents of composite test samples of oil, paper and pressboard,
it could be seen that as the distance between the electrodes ’d ’ increases, the more delayed is the response
of the depolarisation currents to fall to a minimum value at the end of discharging duration. The maximum
value of depolarisation current at the end of discharging time td = 10,000 seconds was obtained in the test
sample in which the thickness of pressboard was 5 mm for the applied DC voltage of 120 kV [Table: 6.17] .

Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 0.369 nA 0.275 pA
Oil

+
5 kV 3.71 nA 2.75 pA

Paper 9.5 mm 50 kV 36.89 nA 27.5 pA
( 0.25 mm thickness )

+
60 kV 43.73 nA 33.1 pA

Pressboard 90 kV 67.1 nA 49.6 pA
( 1 mm thickness )

120 kV 87.7 nA 66.1 pA

Table 6.12: Maximum and minimum values of depolarisation currents from PSPICE model;Thickness of pressboard in the
sample= 1mm

Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 0.172 nA 0.901 pA
Oil

+
5 kV 1.725 nA 9.01 pA

Paper 19.5 mm 50 kV 17.25 nA 90.17 pA
( 0.25 mm thickness )

+
60 kV 20.81 nA 0.108 nA

Pressboard 90 kV 31.05 nA 0.1623 nA
( 1 mm thickness )

120 kV 41.39 nA 0.216 nA

Table 6.13: Maximum and minimum values of depolarisation currents measured from the PSPICE model; Thickness of pressboard in
the sample= 1 mm
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Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 0.196 nA 1.79 pA
Oil

+
5 kV 1.96 nA 17.9 pA

Paper 15.5 mm 50 kV 19.61 nA 0.179 nA
( 0.25 mm thickness )

+
60 kV 23.53 nA 0.215 nA

Pressboard 90 kV 35.3 nA 0.323 nA
( 2 mm thickness )

120 kV 47.06 nA 0.43 nA

Table 6.14: Maximum and minimum values of depolarisation currents measured from the PSPICE model; Thickness of pressboard in
the sample= 2 mm

Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 0.108 nA 2.51 pA
Oil

+
5 kV 1.08 nA 25.1 pA

Paper 25.5 mm 50 kV 10.88 nA 0.251 nA
( 0.25 mm thickness )

+
60 kV 13.03 nA 0.31 nA

Pressboard 90 kV 19.56 nA 0.45 nA
( 2 mm thickness )

120 kV 26.07 nA 0.603 nA

Table 6.15: Maximum and minimum values of depolarisation currents measured from the PSPICE model; Thickness of pressboard in
the sample= 2 mm

Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 1.012 nA 59.4 pA
Oil

+
5 kV 10.12 nA 0.59 nA

Paper 12 mm 50 kV 108 nA 5.94 nA
( 0.25 mm thickness )

+
60 kV 130.6 nA 7.13 nA

Pressboard 90 kV 196 nA 10.6 nA
( 5 mm thickness )

120 kV 253 nA 14.26 nA

Table 6.16: Maximum and minimum values of depolarisation currents measured from the PSPICE model; Thickness of pressboard in
the sample = 5 mm
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Test Sample
Distance between

the electrodes
Applied Voltage

U0

Maximum values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

500 V 0.474 nA 75.08 pA
Oil

+
5 kV 4.74 nA 0.75 nA

Paper 22 mm 50 kV 47.47 nA 7.51 nA
( 0.25 mm thickness )

+
60 kV 56.96 nA 9.01 nA

Pressboard 90 kV 85.45 nA 13.51 nA
( 5 mm thickness )

120 kV 118.91 nA 18.01 nA

Table 6.17: Maximum and minimum values of depolarisation currents measured from the PSPICE model; Thickness of pressboard in
the sample =5 mm

6.5.1. Analysis of the time dependency of dielectric response function f (t ) in the com-
posite insulation

The behaviour of dielectric response function f (t ) displays a trend very similar to that of the depolarisation
currents of composite insulation of oil, paper and pressboard. The dielectric response function f (t ) for the
composite sample with the pressboard of 5 mm thickness evidently takes longer time to decay to a minimum
value. The plots of f (t ) was computed from the depolarisation current plots of composite test samples
[figures 6.22a- 6.24b] using the equation [4.23]

(a) Dielectric response function f (t ) under applied DC voltage of 500V
(b) Zoomed in plots of dielectric response function f (t ) of composite test

samples

Figure 6.25: Estimated f (t ) plots from the depolarisation current plots measured from t= 10,000 to 20,000 seconds ; Figure
(b) Dielectric function f (t ) of composite test samples was zoomed in for better analysis

The plot of the dielectric response function f (t ) in time domain clearly describes that the f (t ) for the
test sample where the electrodes are kept at a distance of 22 mm, is showing a slower decaying trend. The
dielectric response f (t ) is still at a significant magnitude at the end of discharging time of td = 10000 seconds
for this test sample [figure: 6.25a]. Compared to the other test samples, the thickness of pressboard (5 mm) is
also more in this test sample.

It could be concluded that as the distance between the electrodes increases, the polarised dipoles will
take longer time to reorient and depolarise when the applied electric field was removed. The accumulated
charges at the interface also decrease very slowly. Therefore a delayed behaviour of the dielectric response
function f (t ) could be justified. The most active decay of f (t ) is seen for the composite sample with the
thickness of the pressboard was 1 mm [figure 6.25b].
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6.6. Analysis of the time dependency of the depolarisation currents in the
composite insulation under impulse voltage

In the previous section, the analysis of the time dependency of the depolarisation currents in the composite
insulation of oil, paper and pressboard under DC voltages were carried out with the help of extended R-
C model of the test samples developed in PSPICE. The following section outlines the analysis of the time
dependency of the depolarisation currents in the composite insulation of oil, paper and pressboard under
the influence of standard impulse voltage. In the first subsection, the steps followed for the built of one
stage Marx generator in PSPICE is given. The next subsection describes the measurements of depolarisation
currents of the test samples under the influence of the standard impulse voltage of 1.2/50 µs.

6.6.1. Building one stage Marx generator in PSPICE

Figure 6.26: One stage Marx generator

Referring to the figure 6.26, C1 is the stage capacitor; C2 is the load capacitor; R1 is the front resistor and R2

is the tail resistor in the circuit. G is the sphere gap.

UDC is the applied DC input voltage. From standard waveform 1.2/50 µs of Marx generator, the limiting
value of C1/C2 is 40 [31]. The time constants τh and τ f bear a relation to the front and half times of the
1.2/50 µs standard impulse wave. The relations are T f = 2.96 τ f and Th = 0.87 τh . The calculations of values
of C1, C2 , R1 and R2 are as follows:

T f

Th
= 1.2/50 µs

τ f =
T f

2.96
;

∴ τ f =0.4054 µs

τh = Th

0.73
;

∴ τh=68.49 µs
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Since maximum value of C1/C2 = 40, let C1 = 0.5 µF. This gives C2=0.0125 µF.

τ f = R1
C1C2

C1 +C2

Solving for R1, we get

R1= 33 Ω

Similarly, τh=R2(C1+C2)

∴ R2 ≈ 134 Ω

While designing the circuit with PSPICE software, the sphere gap for triggering the lightning was simu-
lated by the use of a switch, as shown in figure 6.27. The output of the generator was also switched, and all
switches were closed at the same time. The stage capacitor C1 was given an initial charge value of -20.7 kV
[31].

Figure 6.27: Impulse circuit built in PSPICE

6.6.2. Measurement of the depolarisation currents under the influence of the 1.2/50 µs
impulse voltage

A standard impulse of 1.2/50 µs, with a peak voltage of 20 kV was applied to the R-C model representing the
test sample consisting of oil, paper and pressboard to study the dielectric behaviour.
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Figure 6.28: 1.2/50µ s impulse voltage

The charging time was given as lower values in the range of micro-seconds to see the nature of polarisation
and depolarisation currents from the extended R-C circuit clearly. The depolarisation current was measured
until a discharge duration td = 500 µs for all the test cases [Tables 6.18- 6.23].

Figure 6.29: Impulse circuit connected to the extended R-C circuit
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Figure 6.30: Polarisation and Depolarisation current under the influence of the applied impulse voltage

Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 748 mA 126 mA 0.07 pA
Oil

+
50 µs 417 mA 70 mA 0.28 pA

Paper 9.5 mm 100 µs 201 mA 34 mA 0.42 pA
( 0.25 mm thickness )

+
150 µs 97.47 mA 16.5 mA 0.49 pA

Pressboard 200 µs 47 mA 7.9 mA 0.52 pA
( 1 mm thickness )

250 µs 22.75 mA 3.8 mA 0.54 pA

Table 6.18: Test case:1 Maximum and minimum values of depolarisation currents;Thickness of pressboard in the sample = 1 mm

The depolarisation currents observed as a result of the applied impulse voltage was influenced by the
charging time tc for which the impulse voltage was applied. From the table 6.18 , it could perceived that the
higher the charging period for which the impulse voltage was applied, the smaller will be the peak magnitude
of the depolarisation current at the end discharge duration td = 500 µs. It was also noted that the depolarisa-
tion currents show a transition from negative polarity to positive polarity but quickly reverts to the negative
polarity in the time frame of less than 1 µs. With higher charging durations of tc for which the impulse
voltage was applied, the lower will be the value of the reversed positive polarity current as observed from
the Table 6.18. For charging time tc ≥ 1 second, the transition of depolarisation current from negative to
positive polarity and back was no longer observed.

Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 369 mA 59 mA 0.02 pA
Oil

+
50 µs 206 mA 33 mA 0.07 pA

Paper 19.5 mm 100 µs 99.5 mA 15.9 mA 0.102 pA
( 0.25 mm thickness )

+
150 µs 48.07 mA 7.68 mA 0.12 pA

Pressboard 200 µs 23.22 mA 4.19 mA 0.125 pA
( 1 mm thickness )

250 µs 11.2 mA 2.02 mA 0.13 pA

Table 6.19: Test case:2 Maximum and minimum values of depolarisation currents ; Thickness of pressboard in the sample= 1 mm
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The Tables 6.18 and 6.19 depicts the two test cases in which the thickness of pressboard in the composite
insulation was 1 mm, and the distance between electrodes was varied. The distance between the electrodes
was kept as ’d ’ = 9.5 mm for Test case: 1 and as ’d ’ = 14.5 mm for Test case: 2. The comparison of
maximum and minimum values of depolarisation currents, provided in Tables 6.18 and 6.19 clearly shows
that the magnitude of the depolarisation currents at the end of the discharge time td was more when the
distance between the electrodes was taken as ’d ’ = 9.5 mm than when kept as ’d ’ = 14.5mm. This difference
in magnitude of idepol (t) was negligible with varying ’d ’ ( between 9.5 mm and 14.5mm ) for a longer
discharging time of td = 1 hour.

Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 474 mA 84.5 mA 0.26 pA
Oil

+
50 µs 265 mA 47 mA 0.99 pA

Paper 15.5 mm 100 µs 128 mA 22.77 mA 1.48 pA
( 0.25 mm thickness )

+
150 µs 61.8 mA 10.9 mA 1.71 pA

Pressboard 200 µs 29 mA 5.29mA 1.828 pA
( 2 mm thickness )

250 µs 14.4 mA 2.549 mA 1.88 pA

Table 6.20: Test case:3 Maximum and minimum values of depolarisation currents ; Thickness of pressboard in the sample= 2 mm

Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 284 mA 46.33 mA 0.09 pA
Oil

+
50 µs 158 mA 25.87 mA 0.38 pA

Paper 25.5 mm 100 µs 76 mA 12.48 mA 0.56 pA
( 0.25 mm thickness )

+
150 µs 37 mA 6 mA 0.65 pA

Pressboard 200 µs 17.9 mA 2.9 mA 0.7 pA
( 2 mm thickness )

250 µs 8.64 mA 1.4 mA 0.71 pA

Table 6.21: Test case:4 Maximum and minimum values of depolarisation currents ; Thickness of pressboard in the sample= 2 mm

Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 4.09 A 250 mA 15.8 pA
Oil

+
50 µs 2.289 A 141 mA 63.5 pA

Paper 12 mm 100 µs 1.11 A 68 mA 94.7 pA
( 0.25 mm thickness )

+
150 µs 533 mA 32.6 mA 109 pA

Pressboard 200 µs 257 mA 15.5 mA 117 pA
( 5 mm thickness )

250 µs 124 mA 7.28 mA 120 pA

Table 6.22: Test case:5 Maximum and minimum values of depolarisation currents ; Thickness of pressboard in the sample = 5 mm
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Test Sample
Distance between

the electrodes
Charging time

tc

Maximum values of
depolarisation current

i depol (t)

Positive values of
depolarisation current

idepol (t)

Minimum values of
depolarisation current

idepol (t)

10 µs 2.309 A 275 mA 5.86 pA
Oil

+
50 µs 1.28 A 153 mA 23.5 pA

Paper 22 mm 100 µs 623 mA 74 mA 35.1 pA
( 0.25 mm thickness )

+
150 µs 300 mA 35.6 mA 40.7 pA

Pressboard 200 µs 145 mA 17.09 mA 43.4 pA
( 5 mm thickness )

250 µs 70 mA 8.15 mA 44.7 pA

Table 6.23: Test case:6 Maximum and minimum values of depolarisation currents ; Thickness of pressboard in the sample = 5 mm

After the impulse voltage was applied and removed, the maximum values of the depolarisation currents
were observed to be highest for the R-C model representing the test sample where the distance between the
electrodes was kept at 12 mm and the thickness of pressboard was 5 mm. From the simulated models of test
samples, it could be concluded that the more the thickness of the pressboard in the composite test sample of
oil-paper-pressboard, the greater would be the time taken by the depolarisation current to fall to a minimum
value. The magnitude of depolarisation current at the end of the discharging period of td = 3600 seconds
was measured as 1.28 ×10−16 A under the influence of the impulse voltage.

6.7. Observations and Discussions
The following section summarises the main observations which were made during the analysis of time de-
pendency of relaxation behaviour of R-C models of individual as well as of composite test samples built with
PSPICE simulation software.

1. An accurate evaluation of the dielectric response of the transformer insulation requires the study of the
dielectric behaviour of its individual components- transformer oil, pressboard and paper. For this anal-
ysis, the polarisation current measurements of the individual test samples of oil, paper and pressboard
were carried out.

• The depolarisation current plot of pressboard sample of 1 mm thickness clearly depicts a slower
decaying trend when compared with the depolarisation currents of oil, paper and pressboard of
2 mm thickness [Figure 6.9].

• The behaviour of dielectric response function f (t ) follows a similar trend to that of the depo-
larisation currents of individual dielectrics of oil, paper and pressboard. The dielectric response
function f (t ) for the pressboard sample of 1 mm thickness clearly takes the longest time to
decay to a minimum value [Figure 6.10].

2. Analysis of magnitude of depolarisation currents obtained for composite test samples of oil-paper-
pressboard under DC voltages

• The magnitude of polarisation currents and depolarisation currents increased with the increase
in the applied voltage on the composite test samples. This was observed for all the test cases
when the applied DC voltage was varied from 50 kV to 120 kV [ figures 6.22, 6.23 and 6.24].
Under higher electric fields, there will easier and faster dipole formation during polarisation and
therefore subsequent relaxation of the dipoles during depolarisation will also quicker when the
field is removed [42].

• From the R-C models of composite dielectric samples representing the Test cases given by the Ta-
bles 5.10, 5.11, 5.12 , it was observed that as the distance between the electrodes ’d ’ increases,
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the value of depolarisation current idepol (t) at the end of the discharging time of td =10,000 sec-
onds also increases.

In other words, when the oil-gap doi l increases for the same thickness of the pressboard sam-
ple in the composite insulation, the depolarisation currents show a delayed response to fall to
a minimum value at the end of discharging duration of 10,000 seconds. According to to the
Maxwell-Wagner polarisation law, the charges accumulated at the interface increase with the oil
layer thickness when constant electric field is maintained between two electrodes [61]. The accu-
mulated charges decay very slowly as the charge mobility is less in multi-layered dielectrics [16].
This may be the reason for the higher value of depolarisation current idepol (t) at the end of the
discharging time td =10,000 seconds for wider oil-gaps.

• After analysis of the Test cases of the composite test samples [ Tables 5.10, 5.11, 5.12 ], the com-
posite test samples with same oil-gaps doi l with different thickness of pressboard were com-
pared. The test cases of composite samples given in Tables 5.10 and 5.11 were considered for
this analysis.

The thickness of solid insulation dppb = Thickness of pressboard + 0.25 mm (thickness of paper )

Test sample
Applied voltage

U0

Distance between
the electrode

d

Oil gap

doi l

Thickness of
solid insulation in the
composite test sample

dppb

Minimum value of
idepol (t)

obtained at the end of
discharging time

td = 10,000 seconds

Oil 14.5 mm 13.25 mm 1.25 mm 0.597 pA
+

Paper 500 V
+ 15.5 mm 13.25 mm 2.25 mm 1.79 pA

Pressboard

Table 6.24: Comparison of minimum value of depolarisation current obtained from composite test samples with sample oil-gap
distance doi l with different thickness of solid insulation

Test sample
Applied voltage

U0

Distance between
the electrode

d

Oil gap

doi l

Thickness of
solid insulation in the
composite test sample

dppb

Minimum value of
idepol (t)

obtained at the end of
discharging time

td = 10,000 seconds

Oil 19.5 mm 18.25 mm 1.25 mm 0.901 pA
+

Paper 500 V
+ 20.5 mm 18.25 mm 2.25 mm 63.8 pA

Pressboard

Table 6.25: Comparison of minimum value of depolarisation current obtained from composite test samples with sample oil-gap with
different thickness of solid insulation

• The oil-gap doi l for both the measurements were kept the same. The thickness of the press-
board sample was taken as 1 mm and 2 mm respectively. As seen from the Table 6.24 and
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Table 6.25, with the increase in the thickness of solid insulation in the composite test sample for
the same oil-gap, the magnitude of depolarisation current idepol (t) at the end of the discharging
time td =10,000 seconds also will be higher [46]. The decay of the charges will be slower in the
case of composite samples with thicker solid insulation as in such cases the interfacial region will
provide deeper trap sites for the charges. The detrapping of charges will be slower, and this will
contribute to the higher value of depolarisation current at the end of the discharging period of
td = 10,000 seconds for composite dielectrics with thicker solid insulation [42].

• The value of depolarisation current idepol (t) at the end of the discharging time td = 10,000 sec-
onds was highest for the R-C model of the composite test sample with the oil-gap of doi l = 16.75
mm and with solid insulation thickness of dppb = 5.25 mm [Table 6.26]. Such a test sample with
larger oil-gap and thicker paper-pressboard insulation will have a lower breakdown strength [32].

Test sample

Distance between
the electrodes

d

Thickness
of solid insulation

dppb

Oil-gap
doi l

Oil to
paper-pressboard

ratio
(Rounded off to nearest

decimal point)

Minimum value of idepol (t)
current obtained at the end of

discharging time
td =10,000 seconds

Oil 12 mm 6.75 mm 1 59.4 pA

+
Paper 17 mm 5.25 mm 11.75 mm 2 62.3 pA

( 0.25 mm thickness )

+
Pressboard 22 mm 16.25 mm 3 75.08 pA

( 5 mm thickness )

Table 6.26: Depolarisation current values idepol (t) at the end of discharging time of td ; Applied voltage= 500 V

3. Analysis of magnitude of depolarisation currents obtained for composite test samples of oil-paper-
pressboard under impulse voltage.

• Under the influence of 1.2/50 µs standard impulse voltage, the highest value of the minimum
depolarisation current was found for the R-C model representing the composite test sample given
in Table 6.22. The thickness of the pressboard in the composite test sample was 5 mm and the
distance between the electrodes was 12 mm. The measured minimum value of idepol (t) was in
the order of 10−16 A, after allowing a discharging time td of one hour ( 3600 seconds). At the end
of td of 1 hour, the values of depolarisation currents of the composite test samples where the
pressboard samples were of thickness 1 mm and 2 mm were in the order of 10−19 A and 10−18

A respectively .

• From the maximum value of depolarising current at the end of discharging time of one hour mea-
sured among the composite test samples, the charge Q(t ) at the end of the discharge time td =
1 hour could be estimated [11].

Q(t ) =
∫ 3600

0
Idepol (t )d t = 1.28∗10−16 ∗3600 = 0.46 pC (6.19)

The charge density σ(t ) is given by:

σ(t ) = Q(t )

A
= 2.83∗10−16 C /mm2 (6.20)
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where A is the cross-sectional area of the electrode ; A =1626 mm2

The electric field due the charge density is given by:

E =σ(t )/ϵ0 = 32 mV /mm (6.21)

where ϵ0= 8.854 x 10−15 F/mm

Hence the calculated value of electric field due to the depolarisation current at the end of the dis-
charge period td = 1 hour is small compared to the allowable threshold value of the electric field
of 2 kV/mm inside the transformer insulation [22]. Though there is a small field enhancement
due to the effect of the charge density at the end of discharging time td = 1 hour, this electric field
is very small to affect the transformer insulation and furthermore, lower the dielectric strength of
the insulation.

• It was also observed that the magnitude of depolarisation current of the composite test sample at
the end of the discharging period of 10 minutes and 30 minutes was still in the order of 10−16

A. Therefore the electric field at the end of the discharging period of 10 minutes and 30 minutes
would not differ drastically from the calculated electric field value at the end of the discharging
time of one hour.

• More research is required in this area to have a definite conclusion regarding the effect of field
enhancements due to charges remaining at the end of the discharging duration.

6.8. Conclusion
This chapter focuses on building an extended R-C equivalent circuit based on the linear dielectric models of
oil, paper and pressboard, which forms a significant part of transformer insulation. Using the extended R-C
model built-in PSPICE simulation software, the polarisation and depolarisation currents were obtained for
the maximum charging and discharging duration of 10,000 seconds.

The magnitude of remnant depolarisation currents at the end of the discharging period td = 10,000 sec-
onds were found to be the highest when the distance between the electrodes was kept the farthest at 22 mm,
which represents the wider oil gaps. For identical oil-gaps, as the thickness of the pressboard in the composite
test sample increases, the magnitude of the depolarisation current at the end of the discharging period (td =
10,000 seconds) also increases.

A standard impulse of 1.2/50µs was used to charge the equivalent R-C model of the test sample to study
the dielectric behaviour of the test models of the composite insulation. The values of depolarisation current
at the end of discharging time of one hour were estimated for all the composite test samples. It was found to
be the highest in the order of 10−16 A in the test case of composite sample [Table 6.22] where the pressboard
thickness was taken as 5 mm. The charge density σ(t ) remaining at the end of the discharging period td =
1 hour in that test case was estimated. The electric field due the charge density was calculated and was found
to be below permissible field value of 2 kV/mm inside the transformer insulation.
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7
Conclusions and Future Recommendations

This chapter outlines the main conclusions of this thesis project obtained from dielectric testing and also,
from modelling of the dielectric response behaviour of transformer oil-paper-pressboard insulation. The
final section of the chapter outlines the possible future recommendations in this field of research.

7.1. Conclusions
The primary goal of this thesis was to model the relaxation phenomena in transformer oil-paper-pressboard
insulation which will help to determine the dielectric response behaviour under DC and impulse voltages.
This section summarises the important conclusions made during this thesis in an attempt to answer the
research questions formed at the start of the thesis.

1. Analysis of the time dependency of physical processes of polarisation and depolarisation, occurring
within the transformer oil-paper-pressboard insulation

• After a thorough review of the literature available on dielectric response analysis, the time domain
diagnostic method of polarisation and depolarisation current measurement (PDC) was found to
be most suitable to determine the relaxation time dependencies of oil, paper and pressboard. The
study of discharge voltage measurements of the composite test sample consisting of oil, paper
and pressboard showed that there are two dominant polarisation processes occurring inside the
transformer insulation. The time constants of decay of the discharge voltage curves were esti-
mated using the exponential curve-fit in MATLAB. The accuracy of the fitting was validated by the
high R-square values (≥ 0.9). The analysis of the time constants helped to ascertain the occur-
rence of both faster and slower polarisation processes within the transformer insulation.

• On comparison of the results from the discharge voltage measurements with the analytical solu-
tion of the output discharge voltage developed from the simplified R-C model of the transformer
insulation, indicated that there could be multiple polarisation processes happening within the
complex transformer insulation.

• The study of the time dependencies of the dielectric response of major constituents of transformer
insulation comprising of oil, paper and pressboard is a crucial step to determine the inventory of
effects occurring inside transformer insulation. This analysis was successfully realised by studying
the simulated polarisation - depolarisation currents obtained from the R-C models of the compos-
ite oil-paper-pressboard insulation developed in PSPICE simulation platform.

2. Modified and extended R-C circuit model of transformer insulation

• Based on the linear dielectric response theory, an extended and modified R-C circuit of the test
sample was built to understand the dielectric behaviour of multi-layered dielectric. The extended
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model comprised of a series arrangement of equivalent R-C circuits of oil, paper and pressboard.
This modified circuit was envisioned and developed in PSPICE simulation environment. The
model incorporates the effect of the individual polarisation processes occurring within the con-
stituent dielectrics of the complex transformer insulation. The dielectric properties like conduc-
tivity and dielectric response function f (t ) can be estimated accurately with this modified R-C
model.

3. Verification of the newly developed extended R-C model of transformer insulation

• The model parameters of the linear dielectric model of the individual test samples of oil, paper
and pressboard were extracted from the dielectric measurements of corresponding samples. The
values of the resistances and capacitance of individual branches Ri -Ci were identified by insert-
ing arbitrary values for Ri and Ci parameters for each branch of the linear dielectric model and
solving the analytical equation of the polarisation current. A comparison of the maximum and
minimum values of the polarisation currents of the individual test sample obtained from the sim-
ulated model and as well as from dielectric testing demonstrated that relative errors between the
polarisation current values were ≤ 6 % and the developed R-C models of individual test samples
were reasonably accurate.

• The circuit parameters of the extended R-C model can be successfully identified from the dielec-
tric measurements of composite test samples consisting of oil-paper-pressboard. The parallel
branches of series resistor and capacitor representing the activated polarisation processes within
the constituent dielectrics were obtained from the analysis of dielectric measurements of individ-
ual samples of oil, paper and pressboard. After plugging in the values of the circuit parameters in
the models built in PSPICE, the simulation of the polarisation currents of the test samples can be
obtained. The simulated results were perfected after several iterations and compared with analyt-
ical equation of polarisation current derived from the linear dielectric response model. In the final
stage , the polarisation current curves obtained from the simulated models were compared with
the corresponding time domain polarisation current measurements of test samples. This helped
to effectively implement the complex multi-layered model of transformer insulation.

• With the simulation model, not only the polarisation currents but also the depolarisation cur-
rents of the test samples can be studied for different charging and discharging durations. The
test results and the simulated polarisation current values from the dielectric samples were com-
pared regularly and hence the models of the test samples built in PSPICE were optimised to ob-
tain similar results as the measured values of polarisation currents of the test samples obtained
using IDAX 300. The comparison of the maximum and minimum values of the simulated po-
larisation currents with the time-domain polarisation currents obtained from dielectric testing
demonstrated that relative errors of ipol (t) values were limited to a maximum of 8 %.

4. Analysis of results derived from the newly developed model

• A precise PDC measurement would take a very long time so to allow the relaxation time for all the
interfacial polarisation processes inside the transformer insulation. The PDC measurement dura-
tion of 10,000 seconds charging and 10,000 seconds discharging has been regarded as a reasonable
trade-off in the context of power transformer insulation. Nevertheless, in a practical situation, it is
often not possible to afford such a long measurement time due to economic and time constraints.

Using the modified, extended R-C circuit model of transformer insulation, the dielectric response
of the polarisation and depolarisation currents can be studied under the applied voltage U0 for
longer charging and discharging times ( ≥ 10,000 seconds).

• The analysis of relaxation time characteristics of polarisation and depolarisation currents of trans-
former insulation system under DC voltages showed that as the distance between the electrodes
increases, the magnitude of the depolarisation current at the end of the discharging period (td =
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10,000 seconds) also increases. For identical oil-gaps, with greater thickness of the pressboard
sample in the composite insulation, the magnitude of the depolarisation current at the end of the
discharging period (td = 10,000 seconds) also increased.

• The study of the depolarisation currents under the influence of impulse voltage obtained from the
simulated models of the test samples showed that the charge induced field at the end of the dis-
charging period of one hour does not exceed the permissible threshold electric field of 2 kV/mm
inside the transformer insulation.

Efforts were put in to answer the research question of whether a one-hour waiting time is suffi-
cient to allow the decay of charges so that the charge-induced field would not affect the dielectric
strength of transformer insulation. The analysis of the depolarisation currents under impulse
voltage at the end of the discharging period of one hour, extracted from the simulated models of
the test samples helped to determine this research objective partially.

7.2. Future Recommendations
• During this research, an attempt was made to derive the total charge and the resultant electric field from

the depolarisation current under impulse voltage. However, the analysis of the distribution of charges
and charge accumulation inside the transformer insulation require further research and testing. The
development of a PEA (Pulse electrode acoustic) system to investigate the space charge accumulation
and trapping phenomena when tested with opposite polarity lightning impulses would help to under-
stand the space charges behaviour inside the complex transformer insulation.

• Extensive testing with impulse voltages of opposite polarity with different waiting times (≤ 1 hour)
between the impulses will help to identify the ’perfect’ waiting time. This waiting time thus obtained
would be sufficient enough to allow the decay of charges.

Generally, as an industry standard, a waiting period of one hour is given between the application of
opposite polarity LI. Testing with opposite polarity impulses of lower magnitude will serve to determine
whether this waiting time could be conveniently reduced.

Administering tests with a sequence of same polarity LI (-/-/-/-) and a sequence of opposite polarity LI
(-/+/-/+) and comparison of these results will help gain a better insight about the field enhancement
due to the space charge behaviour inside the transformer insulation system under the influence of
impulse voltages.

• The modified extended R-C model of transformer insulation was developed based on the time domain
dielectric measurements of polarisation currents. The precision of the extended R-C model of the com-
plex oil-paper insulation could be validated by including the measurements of the depolarisation cur-
rents to replicate the dielectric response of the test samples more accurately. This would to help to
improve the accuracy of extended R-C model representing complex transformer insulation (< 8%)

• Future prospects for modification of the model could be applied by the measurements of various di-
electric responses concerning the parameters such as moisture content, ageing products, geometrical
configuration and temperature. Such measures would serve to check the validity limits of linear dielec-
tric response theory.
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A
APPENDIX

A.1. Exponential curve fitting using curve fitting tool on discharge voltage
curves

The following figures present the exponential curve fitting performed on the discharge voltage curves varying
over time using the curve fitting tool in MATLAB.The following plots of the discharge voltage corresponds to
the measurements given under Table 3.2
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(a) Plot of discharge voltage Vs.time ; d = 6.4 cm ; T= 39◦C ; Charging time
tc = 1 min
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(b) Plot of discharge voltage Vs.time ; d = 6.4 cm ; T= 39◦C ; Charging time
tc = 5 min

Figure A.1: Exponential curve fitting using curve fitting tool on discharge voltage curve varying over time
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The following plot of the discharge voltage corresponds to the measurements given under Table 3.3
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(a) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 50 sec
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(b) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 100 sec

Figure A.2: Exponential curve fitting using curve fitting tool on discharge voltage curve varying over time
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(a) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc =1 min
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(b) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 10 min

Figure A.3: Exponential curve fitting using curve fitting tool on discharge voltage curve varying over time

The following plot of the discharge voltage corresponds to the measurements given under Table 3.4

0 50 100 150 200 250

Time (seconds)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

D
is

c
h
a
r
g
e
 v

o
lt
a
g
e
 (

k
V

)

1 sec

curve fit

(a) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 1 sec
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(b) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 5 sec

Figure A.4: Exponential curve fitting using curve fitting tool on discharge voltage curve varying over time
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(a) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 50 sec
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(b) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 100 sec

Figure A.5: Exponential curve fitting using curve fitting tool on discharge voltage curve varying over time
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(a) Plot of discharge voltage Vs.time ; d = 3.2 cm ; T= 22◦C ; Charging time
tc = 10 sec
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B
APPENDIX

B.1. Dissipation factor ( tan δ) of the test samples

B.1.1. Values of dissipation factor obtained from DC measurements on individual test
samples of oil, paper and pressboard

The following Table presents the values of tan δ obtained from IDAX measurements of the individual test
samples of oil, paper and pressboard. The moisture content (%) presented in the Tables is only an estimate
calculated from the tan δ values as per the IDAX 300 manual.

Test sample
tan δ

%
Moisture content

%

Oil 0.13 less than 1%

Paper 4.9 more than 4%
( 0.25 mm thickness )

Pressboard 1.3 more than 1%
( 1 mm thickness )

Pressboard 4.32 more than 1%
( 2mm thickness )

Table B.1: Tan delta values for individual test samples

B.2. Values of dissipation factor obtained from DC measurements on com-
posite test samples of oil, paper and pressboard

The following table presents the estimated values of tan δ obtained from IDAX measurements of the test
samples given under Tables 5.10, 5.11 and 5.12. The moisture content in the test sample can be estimated
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from the computed tan δ values as per IDAX 300 manual.

Test Sample
Distance between

the electrodes
tan δ

%
Moisture content

%

Oil 15 mm 0.187

+

Paper 20 mm 0.247 less than 1%
( 0.25 mm thickness )

+

Pressboard 25 mm 0.246
( 1 mm thickness )

Table B.2: Test case:1 Tan δ values for the composite test sample of oil, paper and pressboard; Thickness of pressboard = 1 mm

Test Sample
Distance between

the electrodes
tan δ

%
Moisture content

%

Oil 21 mm 0.284

+

Paper 26 mm 0.260 less than 1%
( 0.25 mm thickness )

+

Pressboard 31 mm 0.260
( 2 mm thickness )

Table B.3: Test case:2 Tan δ values for the composite test sample of oil, paper and pressboard; Thickness of pressboard = 2 mm

Test Sample
Distance between

the electrodes
tan δ

%
Moisture content

%

Oil 20 mm 0.387

+

Paper 25 mm 0.254 1 -2 %
( 0.25 mm thickness )

+

Pressboard 30 mm 0.177
( 5 mm thickness )

Table B.4: Test case:3 Tan δ values for the composite test sample of oil, paper and pressboard; Thickness of pressboard = 5 mm
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B.3. Estimated Values of oil to paper/pressboard ratio in the composite
test samples of oil, paper and pressboard

Figure B.1: Test aquarium with test dielectrics

The distance ’X’ stands for the distance between the metallic plates [figure B.1]. To calculate the distance
between the electrodes ’d’ is calculated as follows:

X = 5.5 mm + doi l + dpap + dpb

d = doi l + dpap + dpb

where doi l , dpap and dpb represents oil gap , thickness of paper and pressboard in the composite test
sample.

Test sample

Distance between
the parallel plates

X

Distance between
the electrodes

d

Oil gap
doi l

Thickness
of paper

dpap

Thickness of
pressboard sample

dpb

Oil to
paper-pressboard

ratio

Oil 15 mm 9.5 mm 8.25 mm 0.25 mm 1 mm 6

+
Paper 20 mm 14.5 mm 13.25 mm 0.25 mm 1 mm 10

( 0.25 mm thickness )

+
Pressboard 25 mm 19.5mm 18.25 mm 0.25 mm 1 mm 14

( 1 mm thickness )

Table B.5: Estimation of oil to paper-pressboard ratio ( Rounded off to nearest decimal point); Thickness of pressboard in composite
insulation = 1 mm

99



Test sample

Distance between
the parallel plates

X

Distance between
the electrodes

d

Oil gap
doi l

Thickness
of paper

dpap

Thickness of
pressboard sample

dpb

Oil to
paper-pressboard

ratio

Oil 21 mm 15.5 mm 13.25 mm 0.25 mm 2 mm 6

+
Paper 26 mm 20.5 mm 18.25 mm 0.25 mm 2 mm 8

( 0.25 mm thickness )

+
Pressboard 31 mm 25.5 mm 23.25 mm 0.25 mm 2 mm 10

( 2 mm thickness )

Table B.6: Estimation of oil to paper-pressboard ratio (Rounded off to nearest decimal point); Thickness of pressboard in composite
insulation = 2 mm

In the following test case [Test case 5.12], ’X’ is given by:

X = 8 mm + doi l + dpap + dpb

Test sample

Distance between
the parallel plates

X

Distance between
the electrodes

d

Oil gap
doi l

Thickness
of paper

dpap

Thickness of
pressboard sample

dpb

Oil to
paper-pressboard

ratio

Oil 20 mm 12 mm 7.25 mm 0.25 mm 5 mm 1

+
Paper 25 mm 17 mm 12.25 mm 0.25 mm 5 mm 2

( 0.25 mm thickness )

+
Pressboard 30 mm 22 mm 17.25 mm 0.25 mm 5 mm 3

( 5 mm thickness )

Table B.7: Estimation of oil to paper-pressboard ratio (Rounded off to nearest decimal point) ;Thickness of pressboard in composite
insulation = 5 mm
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C
APPENDIX

C.1. MATLAB CODE FOR CALCULATING THE MODEL PARAMETERS

The following MATLAB code is used for the calculation of geometric resistance R0 and geometric capacitance
C0 of oil and pressboard in the equivalent R-C model for composite insulation.

% Composite insulation of oil, paper and pressboard
% Pressboard thickness = 1mm
% Distance between electrodes=15mm

clc
clear all

U0=500
relative_permittivity=3.27
ep0=8.854*10^(-15)

C_m=4.27*10^(-12)
ipol=351.64*10^(-12)
x= (ep0*relative_permittivity)/(C_m*U0)

epoil=3.1
d=8.25
A=pi*(22.75)^(2)

C0=((ep0*A)/d)

C_oil=C0*epoil

Sigma_oil=x*ipol

Roil=(ep0*epoil)/(Sigma_oil*C0)
%sigma pressboard

d_pb=1;

d_pap=0.25;
d_tot=d+d_pb+d_pap
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idc=58*10^(-12)

R_p=12.95*10^(-12)

Sigma_r= ((idc*ep0)/(C0*U0))

Sigma_pap= (d_pb/(R_p*A));

a=(d_tot/Sigma_r);
b=(d/Sigma_oil);
c=(d_pap/Sigma_pap);

Y=a-b-c;
Sigma_PB= (d_pb/Y)
C_pb=((ep0*A)/d_pb)
Cpb=4.2*C_pb

R_pb=(d_pb/(Sigma_PB*A))

%end

C.2. MATLAB CODE FOR CALCULATING THE RELATIVE PERMITTIVITY
OF COMPOSITE INSULATION

%15mm1mm

ep_oil=3.18;
ep_pap=3.4;
ep_pb=4.3;
dtot=9.5
x=dtot*ep_oil*ep_pap*ep_pb

doil=8.25
dpap=0.25
dpb=1

y=(doil*ep_pap*ep_pb)+(dpap*ep_oil*ep_pb)+(dpb*ep_pap*ep_oil)

Relativepermittivity=x/y

%%end
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