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Abstract 350 words maximum:
Electrical insulation plays a critical role in high voltage power system equipment. The
presence of electrical, thermal, and mechanical stresses imposed when they are in
operation for a long time cause gradual degradation of the insulation. Therefore,
regular condition monitoring and diagnostic testing of power system equipment are
of paramount importance for the reliable operation of electricity supply networks and
systems.
The dielectric dissipation factor (DDF) measurement is one of the most common
techniques for insulation assessment. From a traditional perspective, a pure sinusoidal
voltage is used for excitation in the testing. However, the grid voltage nowadays in
reality is often distorted with a waveform having multiple harmonic components.
Generally, there are distorted voltages and currents generated due to the presence of
non-linear equipment or components in the system. Thus, testing under distorted
voltage with harmonics provides a more realistic diagnostic measurement as
compared to traditional AC sinusoidal high voltage testing.
This dissertation investigates the impact of harmonically distorted excitation on the
dielectric dissipation factor of high voltage power equipment. A practical measurement
method based on distorted excitation is proposed and tested on a reference
capacitor-resistor test object. A theoretical and mathematical model is developed to
guantify the impact of distortion on the DDF measured in contrast to the case of non-
distorted excitation. It is established that for the same total RMS magnitude of the
applied excitation, the DDF decreases with the increasing harmonic proportion in the
applied voltage waveform. For validation, laboratory experiments and computer
simulations were carried out, and data obtained were compared with the analytical
results.
The proposed technique is then tested on some real high voltage components (33kV
dry-type current transformers). The results confirm the monotonically decreasing
trend, but the pattern is more complex. The dielectric dissipation factor mathematical
and electrical circuit model is implemented based on the polarisation loss. The
theoretical formulation is implemented in a computer simulation using MATLAB
Simulink to validate the results. In summary, the thesis provides useful diagnostic
insights on the characteristics of the dielectric dissipation factor measurement under
distorted excitation.
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Abstract

Electrical insulation plays a critical role in high voltage power system equipment. The presence
of electrical, thermal, and mechanical stresses imposed when they are in operation for a long
time cause gradual degradation of the insulation. Therefore, regular condition monitoring and
diagnostic testing of power system equipment are of paramount importance for the reliable

operation of electricity supply networks and systems.

The dielectric dissipation factor (DDF) measurement is one of the most common techniques
for insulation assessment. From a traditional perspective, a pure sinusoidal voltage is used for
excitation in the testing. However, the grid voltage nowadays in reality is often distorted with
a waveform having multiple harmonic components. Generally, there are distorted voltages
and currents generated due to the presence of non-linear equipment or components in the
system. Thus, testing under distorted voltage with harmonics provides a more realistic

diagnostic measurement as compared to traditional AC sinusoidal high voltage testing.

This dissertation investigates the impact of harmonically distorted excitation on the dielectric
dissipation factor of high voltage power equipment. A practical measurement method based
on distorted excitation is proposed and tested on a reference capacitor-resistor test object. A
theoretical and mathematical model is developed to quantify the impact of distortion on the
DDF measured in contrast to the case of non-distorted excitation. It is established that for the
same total RMS magnitude of the applied excitation, the DDF decreases with the increasing
harmonic proportion in the applied voltage waveform. For validation, laboratory experiments
and computer simulations were carried out, and data obtained were compared with the

analytical results.

The proposed technique is then tested on some real high voltage components (33kV dry-type
current transformers). The results confirm the monotonically decreasing trend, but the
pattern is more complex. The dielectric dissipation factor mathematical and electrical circuit
model is implemented based on the polarisation loss. The theoretical formulation is
implemented in a computer simulation using MATLAB Simulink to validate the results. In
summary, the thesis provides useful diagnostic insights on the characteristics of the dielectric

dissipation factor measurement under distorted excitation.
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Chapter 1

Introduction

1.1 Background

In modern times, the application of non-linear loads in commercial and industrial
environments has caused voltage/current distortions in the electricity supply networks,
resulting in increased power losses [1]. These losses are due to the high-frequency harmonics
present in the waveform, which is of great concern for grid-connected power system
equipment, electrical components and devices [2], [3]. Ageing of the insulation in high voltage
equipment is often related to the dielectric losses and partial discharges and these are also
influenced by the distorted voltage waveform [4],[5]. Harmonic distortion also causes
overloading of neutrals, overheating of transformers, nuisance tripping of circuit breakers and

overstressing of power factor correction capacitors [6], [7].

One of the main effects of harmonics on high voltage equipment like transformers is aging [8].
The insulation system in equipment is a determinant of the age [9]. The ageing of insulation
is significantly affected and accelerated when harmonics are present in the system [10-12].
Harmonics cause overloading resulting in overheating, which in turn affects the insulation.
Moreover, the reliability of electrical plant components is greatly affected by harmonics. For
a fixed voltage, high-frequency harmonics can cause an increase in the peak value causing
dielectric loss and thermal stress. The harmonic current plays a significant role in the

degradation of the insulation since it causes power loss.

The dielectric dissipation factor (DDF) or tand is an important parameter of the insulation as
it is used as a measure of the insulation power loss. The dissipation factor is also known as the
insulation factor [13]. Previous work has investigated the tand characteristics in the very low
frequency (VLF) range well below the power frequency [14]. However, there is hardly any
research as to how the DDF varies when the power frequency voltage mixed with some
higher-order harmonics are applied. Thus, the motivation for this research and it will involve

the study of mathematical and theoretical modelling, experimentation and simulation of the
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dielectric dissipation factor, and its measurement. Figure 1.1 describes the measurement

process and the challenges involved.
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Fig 1.1 DDF measurement challenges

1.2 Motivation

The diagnosis process of the electrical insulation quality can be understood through the
application of high voltage excitation [15], [16]. The dielectric dissipation factor (DDF)
measurement is one of the most important parts of the dielectric response measurement.
This method is widely used for evaluating the bulk insulation condition of high voltage power
system equipment [17]. Since the dielectric loss is a function of the dissipation factor, a high
value indicates that the insulation health is not up to the mark. Studies show that with time,
the growth of electrical treeing and the dielectric losses are more significant in the insulation
[18]. Factors found to be influencing the impact of very low frequency in the dielectric

dissipation factor measurement have been explored in several studies [19],[20].

At present, commercially available test equipment specifically designed for DDF measurement
operates on the basis that the high-voltage excitation waveform is purely sinusoidal. The
working principle relies on measuring the phase shift between the purely capacitive current
(through a reference capacitor) and the actual load current (through the test object) to
determine the dielectric loss angle and hence the tan-delta. When the tester performs the

DDF test, they simply measure the DDF at a certain voltage level, i.e., the rms value (no
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consideration whether the voltage is distorted). The test voltage is the mains 230V supply
voltage fed to an auto-transformer and stepped up to high voltage via another transformer.
In reality, this mains supply voltage nowadays is polluted with harmonics due to the significant

presence of non-linear loads connected to the supply network.

Thus, the motivation of this research is to bring to attention this problem. When traditional
DDF measurement instruments are used with a distorted supply voltage, the working principle
based on phase shift measurement is no longer valid because it does not take into account if
multiple frequency components are present in the system, and how the DDF will behave. The
simplistic model of the dielectric dissipation factor is inadequate in explaining the dielectric
behaviour in such situations. In addition, the dipole movement in dielectrics varies at different
individual frequencies. Thus, there is a need for developing dielectric dissipation factor
measurement techniques under distorted excitation, adjusting the model of the tand when
distorted excitation is taken into perspective. To this end, one needs to perform adequate
experimental measurements, analyse test results, and develop a circuit model and
mathematical expression for the DDF [21]. The problems to solve of the DDF measurement

under distorted excitation are briefly stated below:

1. The defects due to insulation aging are not observable with the naked eye nor the
equipment can be removed away from operation for insulation assessment. So,
practical methods are required to evaluate the insulation condition based on the

equipment’s output waveform characteristics.

2. Only sinusoidal excitation is considered when the DDF measurement is done using
commercial testing equipment. Though some of the products can operate over a range
of different frequencies, multiple-frequency excitations are not available. Therefore, a

proper measurement system needed to be developed.

3. According to current research, the DDF is measured based on the phase shift between
the waveforms of the test object relative to the reference test object. Such a
methodology is problematic in situations of simultaneous multiple-frequency excitation

and thus a different approach is required.
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1.3 Objectives

The main objectives addressed in this research take into consideration the practical issues that

the AC grid supply nowadays is polluted with harmonics affecting the operation of grid-

connected equipment and their condition monitoring. This thesis aims to investigate the

dielectric dissipation factor measurement and characteristics under distorted excitation

voltage. Specifically:

1.

Develop a theoretical model of DDF based on distorted excitation voltage. The ratio of
the active power loss to the reactive power loss is the main basis of the theoretical

modelling.

o Mathematically derive the DDF considering the harmonically distorted excitation
voltage and the corresponding current.

o Develop a computer simulation model of the insulation.

Develop and construct a DDF measurement system under distorted excitation. The
system is also implemented in MATLAB Simulink. Different harmonic combinations are

implemented, and simulation results are compared with the actual experiment.

o Develop arbitrary waveform to generate the non-sinusoidal excitation.
o Construct a reference test object to validate the measurement system.

o Apply mathematical calculations to verify experimental results.

Apply the measurement system for testing real high voltage test objects under

distorted excitation voltage.

1.4 Methodology

Figure 1.2 is a pictorial representation of the whole research. The work is divided into 3 stages.
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1.4.1 Distorted voltage waveform generation

The objective of this stage is to generate the distorted voltage waveforms based on IEEE and
IET standards to simulate the real power grid. For the experiments, the desired waveforms
are generated by coding their mathematical formulas using the Keysight BenchLink Waveform
Builder software. The software is specifically designed for synthesizing any combinations of
excitation. The codes are then loaded to the waveform generator which produces the actual
output voltage. For computer simulations work, similar waveforms are synthesized in MATLAB

Simulink using voltage source blocks.
1.4.2 Development of the DDF measurement technique

Commercial instruments used for DDF measurement are based on pure sinusoidal excitation
voltage [19]. It is necessary to develop a practical scheme to enable such a measurement
under distorted sinusoidal excitation. Before constructing the actual measurement system, a
computer simulation of the system will be implemented and tested on a reference RC load of
known values (hence known DDF) to prove the working of the technique. Following the

simulations, the actual physical setup of the measurement circuit, excitation voltage source,
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and reference RC test objects will be constructed for experiments. The results obtained from
laboratory experiments will be compared with the results from computer simulations to

demonstrate the viability of the proposed technique for practical applications.
1.4.3 Implementation of the measurement method on real test objects

The next step of the research is to apply the developed system for measuring the DDF of some
real high voltage components. Three 33kV resin-impregnated dry-type current transformers
of similar design are used as the test objects. Their measurement results are analysed and
compared. The reference test object results will also be used for comparison, any deviation
in the DDF trend will be of interest as it reveals the more complex nature of real dielectrics

that influences the dielectric losses.

1.5 Research Contributions

From the perspective of condition monitoring and diagnostic testing, it is important to know
the implications of distorted (non-sinusoidal) excitation on the dielectric dissipation factor
measurement. Research on the subject has been mostly restricted to pure sinusoidal
excitation. In spite of advances in computer-based instrumentation, there is still a research
gap for development of practical DDF measurement systems that can operate under distorted
excitation waveforms from the supply voltage [22]. The contributions from this research in

improving the existing literature are:

o Theoretical and mathematical modelling of the DDF from a non-sinusoidal excitation
perspective.

o Simulation model of DDF measurement under distorted excitation.

o Development of the DDF measurement technique based on the ratio of the real power
versus reactive power. This is a more universal approach as it covers both pure and
harmonically distorted sine waves.

o Experimental study of the DDF characteristics of real high voltage components under
distorted excitation.
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1.6 Dissertation Outline

The thesis consists of six chapters:

1. Following the Introduction chapter, the second chapter provides the literature review
of the physical properties of dielectric materials and the dielectric dissipation factor
measurement as a means to assess the insulation condition.

2. The third chapter presents the computer simulation of DDF measurement circuits,
non-sinusoidal excitation generation and dielectric modelling.

3. The fourth chapter discusses the simulation and experimentation of the DDF
measurement under distorted excitation. The test object is a reference resistor and
capacitor with known values and almost ideal properties.

4. In the fifth chapter, DDF measurements are carried out with some real high voltage
components (33kV dry-type current transformers). The dielectric losses in real
insulation are taken into consideration and modelled.

5. In the sixth chapter, important findings are summarised, and future research

opportunities are discussed.
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Chapter 2

Literature Review

2.1 Introduction

In the history of the electrical engineering sector’s development, a viable electricity supply
infrastructure (transformers, power cables, circuit breakers, etc) plays a key role in the
functioning of power utilities and societies as a whole [23]. Here, insulation plays the most
important role as it must sustain the electrical stresses imposed by the electrical system [24].
Previous studies reported that operating HV electrical equipment, in the long run, will cause
ageing, and change the physical micro composition and various dielectric losses [25]. The risk
is that the breakdown of the electrical insulation of any HV component may lead to the

catastrophic failure of other equipment tied to the system [26].

Power utilities are constantly in a trade-off between whether to refurbish, repair or
completely replace their valuable assets. Assessing the equipment and its condition is an
important task that should be performed regularly [22], [27]. When AC electric stress is
applied to a dielectric material, polarisation occurs as dipoles start to move collectively —
known as the dielectric response (DR) [28]. The electric stress can also cause localised
breakdown is known as partial discharge (PD) [29]. The dielectric response and partial
discharge under sinusoidal power frequency (50/60Hz) excitation have been well studied.
However, far too little research has been paid to the case of distorted (non-sinusoidal)
excitations [30]; the results may not be comparable with those obtained at the power

frequency.

The AC grid voltage is often not a pure sinusoidal waveform — they also contain harmonics.
Figure 2.1 shows an example of the presence of harmonic distortion in a medium voltage
busbar, and in this particular case, the harmonic component contributing the most is the fifth
harmonic [15]. Consequently, the insulation of grid-connected equipment/components is
exposed to electrical stress not only at 50/60Hz power frequency but also experiences higher-

order harmonics from the distorted excitation. The insulation efficacy is often evaluated

31



based on the measurement of the dielectric dissipation factor (DDF) or tand. The power loss
dissipated in the insulation is correlated to the tand measurement [31]. A lower DDF value
signifies a better condition of the insulation. Various testing standards for assessing the
insulation condition have been established over the years based on operational experience

and the tand threshold limits have been established accordingly [32].
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Fig 2.1 Harmonic distortion in a medium voltage busbar [15]

This chapter provides an overview of the characteristics and properties of dielectrics including
losses, non-linearity, excitation voltage waveforms for diagnostics testing, the dielectric

dissipation factor and its measurement.

2.2 Properties of dielectrics

Recently, researchers have shown an increased interest in DDF diagnostics based on
polarisation because it is a physical phenomenon that requires understanding. In the time-
domain or the frequency-domain measurements, dielectric properties play a significant role

[24], [25].

There have been various studies regarding the dielectric polarisation phenomenon when it is
subject to electric stress [33]. Figure 2.2 (a) illustrates the spatial geometry of dielectric, and

(b) shows the polarisation and depolarisation curve.
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When excitation voltage is applied, the dipoles of random orientation start to align with the
resulting electric field. Dipoles can be considered as a pair of positively and negatively charged
particles. The dipoles under excitation contribute to electronic, atomic and orientation
polarisation if the permanent dipoles are not taken to account at the macroscopic levels.
Considering the external phenomenon dipoles are also divided into tunnelling polarisation,
bulk polarisation and interfacial polarisation [34]. Figure 2.3 summarises the different

polarisations in dielectric materials, and they are explained briefly in the following.

Polarisation

. Orientation ‘ @

Fig 2.3 Different types of polarisations in dielectrics

2.2.1 lonic polarisation

lonic polarisation has a similarity with electronic polarisation, though it is dependent on the
frequency and its harmonics. When an electric field is applied the oppositely charged ions in

a molecule move away from each other forming an ionic dipole. When the electric field is

removed, the ions return to equilibrium [35].
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2.2.2 Electronic polarisation

According to Bohr’s atomic model, the nucleus at the centre consists of positively charged
protons. Electrons are very small compared to the size of the nucleus and revolve around fixed
orbits of different energy levels. According to the model, the atom is thought of as a uniform
sphere as it is the most stable structure. When an external field is applied, the orbiting
electrons around the nucleus tend to cluster together forming one negative end of a dipole
and a positive charge at the opposite end. The dipole moment depends on the applied electric
field which varies inversely with distance. At a distance from the field, the electron cloud
returns to the equilibrium position and the stable state is eventually restored. It is a

spontaneous process and occurs within a very short time [36].
2.2.3 Orientation polarisation

Itis a physical process in space and can be described as the release of an ionic molecule having
a slightly higher electro-positivity relative to the other. Permanent dipoles are formed in the
absence of an electric field. Considering the experimental evidence, the dipole moment can
be stated as the charge transferred between atoms [37]. When symmetry is considered the
vector-sum is null. When external electric stress is applied, the dipoles align with the field

direction [38].
2.2.4 Tunnelling polarisation

This polarisation can be attributed to the tunnelling effect. It is a quantum mechanical
phenomenon that contributes to the accumulation of polarized charges. It occurs naturally
even when there is no electric stress. The reversal of potential polarity causes inversion of the
space charges and results in delocalised charges moving around. Some charges are able to
tunnel through the potential barrier even though they do not have enough energy to

overcome the barrier [90].
2.2.5 Interfacial polarisation

When multi-dielectrics are composed of materials having different conductivities, interfacial
polarisation will occur if boundaries are considered mostly inhomogeneous. This

phenomenon is most dominant in the frequency spectrum of 0.1Hz-10kHz known as the
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Maxwell-Wagner effect [39]. Space charges accumulate at the interfacial zone of boundaries.

The accumulated charges influence the resistivity and dielectric properties of the material.
2.2.6 Bulk polarisation

It occurs due to the charge carriers hopping in amorphous and non-conductive insulating
materials. It contributes to current conduction. The localized sites play a vital role and it occurs
due to the random distribution of molecules and spaced structure [40]. The localized spaces
resist the charge conduction, and this space enables electrons to hop from one side to the
other. The time spent at the localized site is higher if the travelling distance is shorter for the

vibration frequency [41].

2.3 Dielectric losses

The impact of losses on the insulation efficacy is of the highest concern. The insulation is an
indispensable part of a power apparatus and requires regular maintenance. In order to have a
safe operation, the insulation must be able to tolerate high electrical stress [42], [43]. If there
is an overstressing of AC voltage, there is a high possibility of permanently damaging the
equipment. Diagnostic testing is very important because it provides a proactive view and
earlier fault detection. Considering the existing literature, dielectric losses can be broadly

categorized into three categories as represented in Figure 2.4.
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Fig 2.4 Different dielectric losses
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2.3.1 Partial Discharge loss

This is generally associated with the ionization inside the voids and cracks. These voids and
cracks are present due to aging or manufacturing defects in the insulation. If the external
applied voltage results in a voltage developed across the void that exceeds its breakdown
strength, there is ionization in the void and localised breakdown (partial discharge) occurs.
[44]. The total phenomenon can be modelled as an electric circuit. One block can be formed
by a channel resistance R; and gap capacitance C; which represents the discharging

phenomenon. The other block is formed by a charging resistance R, and capacitance C,.
2.3.2 Conduction loss

The conduction loss is modelled by a resistor R, in parallel with the bulk capacitance C, . This
loss is present due to the imperfection of the dielectric materials [46]. After the application of
an electric field, the conduction is caused by the movement of the charges in the dielectric
materials. When the electric field is low, the charge movement is dominant and contributes
to dielectric loss [47], [48]. With the increase in the electric field, ionic conduction increases.
When the electric field is increased, the charge velocity increases. It is explained by the
potential-energy well model of conduction. When the electric stress is high, the electron
clouds are drifted in such a way that they are aligned towards the high potential [49]. Above
a certain temperature, the ionic movement increases significantly. Electron mobility is also

influenced by humidity and water content. Conductivity is generally measured at a DC voltage.
2.3.3 Polarisation loss

Polarisation is a phenomenon when the electron cloud in the molecule of the dielectric shifts
causing a concentrated positive and negative charge. The phenomenon is caused by external
electric fields and also due by the internal structure of the material. The process generates an
induced dipole moment. The dipoles along with the presence of trapped charges at the
boundary or unusual formation of material cause a displacement current, hence polarisation
loss [52]. This phenomenon can be modelled as a circuit presentation of a combination of
Polarisation resistance R,,,; and capacitor Cp,,, either in series or equivalent parallel. There
are various polarisation phenomena, and they can be accounted for by adding more similar

branches in the circuit.
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Mathematically, the total dielectric losses can be summed up as
R=PFp+R +P, (2.1).

Here, P, denotes the total power loss, Pppis the partial discharge power loss, P, is the

conduction power loss, and Py, is the polarisation power loss.

2.4 Non-linear dielectrics

The insulation of high voltage cables, bushings and rotating machines are non-linear in nature
because of their complex insulation. The non-linear insulation material differs from linear
insulation material and the dielectric parameters vary with the nature of excitation applied,
i.e., change in voltage, frequency, and structure of non-linear materials. The behaviour of non-
linear dielectric is complicated and a general explanation between the measured material
properties and the behaviour of the material in an insulating system is not always
straightforward. The nonlinear behaviour refers to the non-linear current response under a
sinusoidal excitation. The complex dielectric material has non-linear properties, and their

relative permittivity varies as non-linear function of the frequency.

Study was carried out on a composite sheet to investigate the non-linear behaviour of the
dielectric material [56], [57]. The surface leakage current was found to compose of harmonic
contents besides the fundamental component. This phenomenon was also observed in other
studies on outdoor insulators, especially when the insulator is aged and has pollution [58],
[59]. The equivalent circuit model derived considering the non-sinusoidal nature of leakage
current under sinusoidal voltage provides a framework for the nonlinear behaviour of
dielectric material as depicted in Figure 2.5 [60]. However, the model is based on the
experimental analysis of a flat sheet insulator to avoid any geometrical complexity. In recent
times, very few equivalent circuit models of practical insulators are considered for
experimental tests [61]. Under distorted voltage, the modelling of the equivalent circuit will

change [15].
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Fig 2.5 Non-linear dielectrics with field-dependent conductivity

The insulation of high-voltage power equipment is often assumed to be linear for simplicity.
However, with the increase in voltage beyond a certain threshold, the insulation system
behaviour becomes complicated, mostly for transformers [62]. Commercial instruments like
Omicron DIRANA and Megger IDAX are limited to a fixed test voltage to avoid this problem
[63]. Insulations are generally complex due to the physical structures and mechanisms
producing polarisation. The explanation of these properties is complicated. Factors such as
insulation geometry, impurities, aging, temperature and moisture make it non-linear [64]. The
dielectric response of insulation, particularly for power transformers, is mainly due to electric
field dependent conductivity and polarization [65]. To describe the phenomenon, various
research groups have proposed different approaches based on impedance and dielectric

spectroscopy.
2.4.1 Non-linear dielectrics under linear excitation

Non-linear dielectric materials are defined as materials having properties such as electrical
conductivity and polarisation etc as a non-linear function of electric field and temperature
[66], [67]. As a consequence, the power loss properties are more complicated than linear
dielectrics. When a sinusoidal waveform at a single frequency is applied, the resultant current
waveform is distorted (non-sinusoidal) because of the presence of non-linear electrical

conduction. The distortion is manifested in the harmonics in the current.

Consider the case where the dielectric is under a uniform electric field. Assume the dielectric
constant is electric field-independent, and a uniform electric field from a sinusoidal voltage is

used. The circuit model is proposed as having a parallel combination of non-linear resistance
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and linear capacitance. Let the electric field be E(t)= E.e’, the non-linear electrical

conductivity can be expressed as [62]
G=GO+(7E+§E2+...) (2.2).

Here, g, is the DC conductance and y, { are the coefficients of non-linearity. The current

density /can be written as
J(E,t)=0c(E,t)-E(t) (2.3).

The field-dependent conductivity causes the current to distort resulting in the presence of

additional harmonic components, i.e., higher harmonics or “super-harmonics”. Upon the

application of a sinusoidal voltage of frequency f= a)/27r , Where w is the angular frequency,
the resulting current generated can be represented as a sum of the Fourier series:

J(t)=>_J,sin(nat+g¢,) (2.4).

n=1

Here, ], is the peak of the n-th component of the current density J(t), ¢, is the phase angle

and n is the harmonic number.

The parallel equivalent circuit model of insulation is limited to a single frequency and voltage
simultaneously [68]. On the other hand, when the insulation is non-linear, particularly at high
voltage, the loss current behaves non-linearly and it is represented by the parallel
combination of a voltage-dependent resistor and capacitor [69]. If the environmental
conditions are stable, the non-linear loss current is a function of supply voltage and

conductivity as a function of the electric field.
2.4.2 Non-linear dielectrics under distorted excitation

Although there has been some research on the implications of non-linear dielectrics when
sinusoidal excitations are applied, very little has been done regarding non-linear dielectrics
under distorted excitations. In general, the non-linear behaviour of a dielectric is associated
with the non-linearity of response current, i.e., the presence of multiple harmonic frequency
components [70]. The study of dielectric response under non-sinusoidal voltage is

complicated. There are very few works of literature explaining the electrical characterisation
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of different non-linear dielectric materials, where most explanations are concerning nonlinear

impedance spectroscopy [68], [71].

The non-sinusoidal voltage can be represented as an equation using the Fourier series, with
the harmonic components added to the fundamental component. And the current response
to each of these itself can be expressed as a Fourier series. Mathematical equations and
formulas have been developed for some limited cases where the non-linear current generated
contains similar harmonic components to the distorted excitation voltage. But for other cases,

it becomes very difficult to mathematically characterise the non-linearity.

Though the superposition theorem can be applied for modelling non-linear resistance, when
capacitive and inductive elements are present this process becomes invalid [72], [73]. As a
consequence, when a non-linear dielectric is considered, a capacitive element is presently

making it challenging to model using superposition.

2.5 Different waveforms in diagnostic testing

2.5.1 Sinusoidal waveform

For insulation diagnostic measurements such as partial discharge, dielectric dissipation factor
etc, the sinusoidal waveform is used extensively. Traditionally, a low-voltage AC supply with a
step-up transformer is used for generating high voltage at power frequency for testing. With
the evolution of modern technologies, power electronics are used extensively to provide
lightweight portable high voltage AC supply, especially for very low frequencies with a higher
testing capacity [70]. In order to generate a sinusoidal waveform, the approach is based on

the AC-DC-AC converter as shown in Figure 2.6.
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Fig 2.6 AC DC AC converter
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2.5.2 Non-sinusoidal waveform

Non-sinusoidal excitation waveforms are also used in high-voltage testing. An example is the
rectangular cosine (cos-rect) waveform. In order to generate this waveshape, an inductance
and a high-value capacitor is controlled by an automated thyristor switch. Based on
resonance, the method is able to reduce power consumption and increase the load capacity
at the output terminal [74]. The rectangular shape helps in the measurement of the leakage
current. The polarity change of cos-rect takes a cosine shape and contains an oscillation

frequency close to 50Hz [75].

A non-sinusoidal periodic voltage can be represented as a trigonometric series known as the
Fourier series [76], [77]. It is an algebraic summation of individual sinusoidal functions at

different harmonic frequency:

v(t):Vlsin(a)t+a1)+zn:£ivlsin(ia)t+ai) (2.5).

i=2

Here, o = 2z f , and frepresents the fundamental frequency which is 50Hz or 60Hz for power
frequency. The first term on the RHS of Equation 2.5 represents the fundamental frequency

component, its amplitude is V; and phase angle is &, . The second term contains higher-order
harmonic components which cause the distorted voltage. £; denotes the amplitude of the i-

th harmonic as a fraction of the fundamental component, n is the total harmonic number.

The extent of waveform distortion can be quantified in terms of the total harmonic distortion

(THD) parameter:

THD,= /Z % (2.6).
i=2

This parameter compares the amount of harmonic content relative to its fundamental
component [78], [51]. Table 2.1 provides the different standards covering voltage distortion

in the power system.
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Table 2.1 A brief description of different standards for voltage distortion

Standard Description

IEC 61000- 3-6 The standard is based on the voltage quality, the total harmonic distortions are
set from 6.5% to 3% for MV and HV/EHV. In general, the distribution from
supply to the load is distributed to distorting installations [79].

IEEE 519 This standard deals with the injection limit of the harmonic current in the power
system [80].

STC This standard deals with the technical requirements met by the Transmission
Licensee and Power System Operations [81].

EN 50160 A guide for the limits for power quality for general public MV and LV electricity
distribution systems [82].

ER G5/4-1 For non-linear equipment, this is the set planning level for the THD of voltage
[83].

IEC 61000-2-4 These standards are set for compatibility levels for industrial and non-public
power distribution [84].

2.6 Dielectric dissipation factor

The dielectric dissipation factor (DDF) is also known as the loss factor or insulation factor.
Insulation deterioration can be attributed to how the DDF behaves. Power utilities usually
carry out regular condition monitoring of the DDF of high-voltage equipment to assess the
insulation efficacy. Dielectrics are modelled in terms of equivalent electrical circuits from

which the DDF can be inferred.
2.6.1 Simple RC circuit model

No insulation is ideal, there is a finite resistance. Furthermore, the polarizability will result in
heat generation when an AC voltage is applied due to dipole movement to align with the
changing electric field. As a consequence, the capacitance from the dielectric insulation
cannot be free of losses [38]. There will always be real power losses in the insulation. The

presence of moisture and temperature change also influence dielectric losses and
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measurement. The theoretical and mathematical model of the tan-delta under pure-

sinusoidal excitation is given below.

An ideal dielectric can be considered as a capacitor, C. In practice, it is lossy, i.e., consumes
real (active) power. The dielectric loss comprises three components: ohmic or conduction loss,
polarization loss and partial discharge loss. The ideal capacitance is modelled as a capacitor,
the losses are modelled as resistor R in parallel and the DDF is the phasor angle between the

capacitive current and the total current [85]. It is illustrated in Figure 2.7.
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Fig 2.7 (a) Dielectric Insulation  (b) Phasor representation DDF for sinusoidal excitation

One definition of DDF can be inferred from the phasor diagram which is the tangent of

dissipation loss angle & when a pure sinusoidal excitation is considered:

DDF [J tan5=|—R: (2.7).
C

1
RC
Here, Iz and I represents the current through the resistor and capacitor respectively. The
voltage and current phasors in Figure 2.7(b) rotate circularly with a constant angular
frequency. From Figure 2.7 (a), the resistance R represents the power loss and C is the
capacitance. This resistance cannot be measured with a traditional ohmmeter; it is a notional
parameter representing the total dielectric losses in the system, not just the conduction loss.
From Figure 2.7(b), note that the power factor is C0S@ which is the same as tano for small o

angle value. This is because tand = sind = cos0 .

tand is an indicator of the dielectric loss and hence the insulation quality, the lower the value

the better the insulation. For insulation in high-voltage equipment, the low value of DDF is
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important and good insulation typically has a milli-radian value of DDF or less. Making use of

Equation 2.7, the dielectric power loss Pr is

2

PR=|§XR=\%:(0CV2tan5 (2.8).

Itis also important to measure DDF as a function of the applied voltage [86]. A sudden increase

(tip-up) of the DDF at some voltage is indicative of the onset of partial discharge activity.

The traditional definition of the DDF via Equation 2.7 has limitations when multiple harmonic
components are present in the system. Alternatively, the dielectric dissipation factor can be
explained in terms of energy or power in the dielectric. The dielectric permittivity can be

written as
& =& — jgr (29)

Here, 5: denotes the complex relative dielectric permittivity. The real part 6‘; is related to

the stored energy (reactive power Q) in the dielectric whereas the imaginary part 8: is related
to the dissipation of energy (active power P). The complex admittance for the dielectric under

a single-frequency excitation can be written as
. 1 .
Y=G+ja)C=E+Ja)C (2.10).

Here, Y is the admittance and G is the conductance of the dielectric when expressed in terms
of circuit parameters. The complex power S delivered to the dielectric can be expressed in

terms of the active power P and reactive power Q [122]:
S=P+jQ=YV?=(G+ jaC)V*=GV? + joCV? (2.11).

Here, V is the excitation voltage, and the magnitude of S is called the apparent power.

Combining Equations 2.7 — 2.11, the dielectric dissipation factor can be written as

DDF [ tans = 5 =
E

r

P R
PGV Ve _le_ (2.12).
Q «CVZ VI, I, wRC



Equation 2.12 compiles all the equations of the dielectric dissipation factor, both the
traditional along with the modern definition. The following section describes the dielectric

circuits with different models taking into consideration all the losses.
2.6.2 Complex RC circuit

The dielectric materials in real insulation exhibit polarization phenomena. The polarization
and the conduction loss are the major losses in the insulation. The molecules in the dielectric
material are not perfectly spherical, and the movement of the molecules with the application
of an external electric field is not always uniform, i.e., different relaxation times. Various
researchers have tried to model the dielectric circuit based on the Debye model, Davidson-
Cole (D-C) model, Cole-Cole (C-C) model, etc [120]. The D-C and C-C model are modified

versions of the Debye model. These models are widely used in the modelling of insulation.

The equivalent electrical circuit for the Debye model is shown in Figure 2.8, having multiple
RC relaxation branches. The complex permittivity of the dielectric can be expressed as
. . L &y, — &,
g(w)=¢-je =¢,+) L= (2.13).
a1+ Jor,

Here, 4., € are the permittivity under DC voltage excitation and at the optical frequency
respectively [120]. The model is explained in terms of the RC relaxation branch which is
denoted by the 7. When an electric field is present in the system, the non-identical response
of the different branches is expressed by the time constant T = RC. The geometric

capacitance is denoted by C, and the fundamental DC resistance is denoted by R,,.

The simplified equivalent circuit can be derived from the corresponding arrangements of
lumped capacitance C and loss component o. These parameters can be expressed as the

summation of individual components:
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Fig 2.8 Debye circuit of dielectric (left) and the simplified equivalent circuit (right)

C
c=C +Zc =C +Z—k2 (2.14),
k= 11+(a)fk)
and the conductivity is given by
| L, C
=0+ )0, =Yy —k (2.15)
kL R, idl+(or)

[53]. Here, n and 0 denotes the number of parallel RC branches and the conductivity
respectively. The dielectric dissipation factor can be expressed from the Equations 2.14 and

2.15 [53]:

1 - C.or,
[ a) [ S . —

= 1+ C()Tk)z

R,
| C, +
11+ a)rk)

Note that when the polarisation part of the circuit is ignored, the DDF as given by Equation

tano =

(o2
— (2.16).

2.16 becomes

1

oR C,

tano =

(2.17).
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2.7 Dielectric dissipation factor measurement

The properties of dielectrics can be studied through their response over a wide range of
frequencies. From a diagnostic point of view, the properties measured are mostly in the
dielectric dissipation factor measurement. The measurement procedures are specified in
standards or guidelines, e.g., IEEE 400 [87]. Nowadays, commercial DDF test equipment is
mostly microcontroller-based automated systems, operational functions are controlled

accurately with software.
2.7.1 Traditional measurement

The traditional measurement system is based on pure sinusoidal excitation voltage. The DDF
is measured against an almost ideal reference capacitor of known capacitance value and

having negligible dielectric loss [26].
(i) HV Schering Bridge

The Schering Bridge is one of the most traditional tand measurement techniques. The circuit
is shown in Figure 2.9. The bridge is composed of two branches - a measuring and a reference
branch [88], [89]. One branch has the test object Z; (C; and R;) connected to the high voltage
and in series with Z, at the earth end. The reference branch Z, is composed of a standard
(reference) capacitor C,. A parallel combination completes the low voltage Z;. G is the

galvanometer; its deflection indicates current flow when the bridge is not balanced.

The resistors have a low inductance so there is minimal measurement error. Under balanced

conditions, no current flows through G [91] and it can be shown that:

zZ, Z,
—=— = tand=wR,C 2.18).
zZ, Z, 3 (2.18)
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Fig 2.9 Schering bridge [90]
(ii) Transformer Ratio Arm Bridge

The effect of temperature and component aging can change the circuit parameters on the
resistive arms. Such limitations led to the search for an alternative circuit. The transformer
ratio arm bridge is based on the transformer coupling or turns-ratio. The voltage and current
across the test object and standard capacitor are compared by having two uniformly
distributed coils with different turns ratio [92]. This type of bridge is divided into two

categories based on voltage and current ratio.

The transformer current ratio arm bridge uses a current comparator. The circuit is shown in
Figure 2.10. The windings are carefully shielded to eliminate the effect of mechanical
vibrations and stray capacitances. Considering a lossless environment, when a balanced
condition is achieved, there is a null magnetomotive force developed in the current windings.

Under this condition, the DDF is measured [93].

The transformer voltage ratio arm bridge is able to measure the DDF of low-capacitance test
objects in low-voltage high-frequency conditions. The circuit is shown in Figure 2.11. The
bridge is based on the winding ratio and good stability over time is expected. The accuracy of
the capacitance and DDF measurement is up to 0.01-0.001%. The system is limited to

materials having high permeability [94].
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Fig 2.11 Voltage Ratio arm bridge [90]

2.7.2 DDF digital measurement

Over time, alternative techniques have emerged with the advancement of electronic devices.
These offer much improved versions of measurement techniques as compared to classical

measurement techniques.
(a) DDF bridge relay-based

A relay based DDF measurement circuit is shown in Figure 2.12. In this design, fine balancing
is implemented with relays and electronic circuits. The circuit control operation is carried out

by a microcontroller. The test object is compensated by the current flowing from the reference
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capacitor. The current is controlled using the microcontroller. The secondary coils compensate

for flux in the differential transformer and enable the bridge to reach the balanced point [97].

Vac@ R G -

Wi W2

Ws Wa Ws

Micro-controller

Fig 2.12 Relay based c-DDF measurement circuit [90]

(b) DDF bridge DSP-based

This method uses the signals obtained from the test sample and the reference capacitor to
compare their relative position. The bridge-based measurement is an improvement over the
previous method as it is relatively faster in the measurement of the dielectric response. Under
the rated condition, the capacitance value of the dielectric is stable, but with the increase of
voltage around the partial discharge inception voltage the capacitance value changes

relatively.

The accuracy of the capacitance measurement is crucial for the assessment of the dielectric.
The digital DSP-based method is efficient in the measurement of capacitance. It is a computer-
based digital method that is significantly more powerful. The signals are processed using
modern digital signal processing (DSP) methods replacing the conventional relay-based
system. The advantage of the measurement system is that there is no need for balancing and
compensation. DSP based measurement systems can be further classified into three
categories based on the measurement procedure. An example of a DSP-based system is the

Omicron C-tand MI 600 [99], shown in Figure 2.13.
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Fig 2.13 (a) DSP-based C-tand Bridge OMICRON MI 600 system (b) Phase shift

diagram for tand measurement [101]

The circuit is divided into two branches: (i) the reference branch comprising a standard
(reference) capacitor and a sensor unit, (ii) the measurement branch comprising the test
object and a sensor unit. The sensor signals are digitised, converted to an optical signal and
sent to the computer via optical fibre for further processing. The system also includes a

computer with Mtronix software and an MCU 502 USB controller.

The DDF is measured by the phase angle change between the reference object current and
the test object current. The system can measure the DDF in the frequency range from 5Hz up
to 50kHz. The software provides a real-time oscilloscope-like display of the DDF, voltage,

current, frequency, capacitance, and trend display of quantities.
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Table 2.2 summarises the salient features of various commercially available DDF measuring

systems discussed above.

Table 2.2 Comparison of DDF measurement techniques based on pure sinusoidal excitation

Discussed Measurement | Capacitive Frequency VI range Data Stray Error
Topics sensitivity load range range processing capacitance
c-DDF Highly Measure 0.01-500 Hz | 10kV or Real-time N/A Minimum
bridge sensitive [95] uptoany | (lowto higher, millito | data error
DSP value medium) micro amp processing
c-DDF Comparatively | Below 0.01-500Hz 10kV or Real-time N/A Slightly
relay higher 1pF (low to higher, millito | data higher
medium) micro amp processing [96]
Voltage Higher than Between 50 Hz ~ Upto25kV,1 | N/A Present Load error
ratio arm the Schering 100pF - 1kHz -2501[92] and ratio
bridge bridge 100uF error
Current Relatively Between 0.1-100kHz Upto25kV,1 | N/A Shielding Load error
ratio arm lower than 100pF - (High -250 mA present and ratio
bridge voltage ratio 100uF Frequency) error
arm bridge

Schering Lowest [91] Between 0.1~ 10kV,1-100 | N/A Shielding Load Error
Bridge 100pF to 100kHz mA present

higher (High

values Frequency)

2.8 DDF measurement under distorted excitation

Nowadays, the significant presence of non-linear loads causes increased power quality issues
for the electricity grid [102]. The resultant current harmonics generated impact the shape of
the voltage waveform observed in the network. The harmonic distortion in transmission and
distribution line voltage may exceed the IEEE Std 519-2014 limits [103]. The American Electric
Power System reported that the harmonic component of the 5™ order dominated over other
components [104]. Another report states that other odd harmonic components (3™, 7t" and
9t) also show some extensive measure of variation and it is present in a higher quantity [105].

In Australia, a similar experience is reported in a survey [106]. Therefore, from the available
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research survey, we can infer that supply voltage can hardly be purely sinusoidal in real life

and can frequently exceed the standards limit quite significantly.

The DDF measurement under pure sinusoidal excitation has been well established and
commercialised. In contrast, its measurement in the presence of distortion in the excitation
voltage is still in the research stage. The phase-shift method and the null point method

become invalid for excitation containing multiple frequencies [101].

Three different approaches can be adapted to determine the dielectric losses under distorted
excitation voltage [48]. For pure sinusoidal excitation voltage, the dielectric power loss given

by Equation 2.8 can be expressed as
P =wCV*tans = we, CV2tans (2.19).

Here, P; is the first harmonic component of dielectric power loss, Co, denotes the geometric

capacitance and ¢, is the relative permittivity. Under a distorted excitation voltage as given by
Equation 2.5, the total dissipated power can be found by summation of the power loss at each

frequency component, i.e.,

(2.20).

P=P+ Zn:ia)gr(i)COViz (tand)
i=2

Here, P is the total dissipated power. One approach is by extrapolation where the (tan 5)

i
and &, are measured at each frequency component (Ia)) at low voltage using Frequency

Domain Spectroscopy (FDS) instrument such as the Omicron DIRANA. Then the losses in

Equation 2.20 can be calculated by upscaling the voltage to the actual test voltage level.

The second method is by superposition where the actual excitation voltage is applied to the
test object but only one frequency component at each time and then the tano and power
loss can be measured using commercial measurement systems. The total power loss is then

the summation of the individual power losses.

The third approach is to measure the total voltage and current directly then from which the
real power P and reactive power Q can be determined. The DDF can be calculated using

Equation 2.12.
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Experimental work was carried out to measure the dielectric loss on dielectric test samples

(cast resin) under harmonic distorted voltages [48]. The measurement setup is shown in

Figure 2.14.

DUT

Amp HVT

JER I

RS CM - CHI
DAQ

[ CH2

AWG

CrR Reference Cap.

Cc Gas Cap.
Cwm LV Cap.
Rs Shunt

DUT Device Under Test

HVT High Voltage Transformer

Amp Amplifier

AWG Arbitrary Wavefrom Generator

Fig 2.14 DDF measurement circuit under distorted excitation [48]

The harmonically distorted excitation is generated using a signal generator (AWG). The signal

is amplified and fed to a step-up transformer to get high voltage output. The voltage signal

can be measured using the capacitive voltage divider (Cc and Cm) and the current signal can

be obtained by measuring the voltage across the shunt resistor Rs. The DDF is then calculated

using the third approach. To obtain accuracy in the measurement, the extra branch with the

lossless reference capacitor Cr is for measuring the dielectric loss in the capacitors of the

voltage divider. This is done at the beginning to measure the intrinsic power loss of the setup

which is later subtracted from the power loss measurement of the test object (DUT) to obtain

its actual power loss.
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2.9 Chapter summary

The chapter reviews the dielectric properties of insulation materials, their complex nature,
circuit models for the dielectric loss, mathematical representation for the dielectric dissipation
factor, and existing measurement techniques under pure sinusoidal and distorted excitation

voltage. The important aspects covered are summarised below:

e The properties of dielectric materials, various polarisation mechanisms and how they
impact the dielectric.

e Dielectric losses (conduction loss, polarisation loss, and partial discharge loss) and
dielectric circuit models

e Linearand non-linear dielectrics, how the material behaves when subjected to the electric
field from sinusoidal and non-sinusoidal applied voltage.

e The waveforms in the diagnostic testing of high voltage equipment and various standards
or guidelines concerning voltage distortion.

e The dielectric power loss under pure sinusoidal and distorted excitation is reviewed.

e The principle of DDF measurement and existing techniques for measurements

55



Chapter 3

Computer Simulations

The main question addressed in this chapter is the modelling and computer simulation of the
proposed DDF measurement technique. MATLAB-Simulink is used to construct a reference
dielectric model and then apply different types of distorted excitation voltage to obtain the
circuit signal numerical data from which the DDF is computed. The process is summarised in
Figure 3.1. The results of the study show that voltage distortion will cause changes to the DDF
relative to the pure sinusoidal excitation. The findings paved the way for laboratory
experiments using real measurement setups and test objects which will be reported in the

following two chapters.

Reference Test Distorted Supply Signal
object Design ’ voltage Design > Implementation

}

Parameter peeiar
. 4— Data Processin h Transform of the
Plotting €
Waveforms

Fig 3.1 Simulation process

3.1 Simulation model development

The MATLAB-Simulink-based Dielectric Dissipation Factor Measurement is developed to study
the impact of distorted excitation on the DDF. The simulation circuit consists of the test object
represented by an ideal parallel RC model. The harmonically distorted signal is implemented
by a combination of multiple AC voltage signal generators, one at the fundamental power
frequency (50Hz) and the others at the higher-order harmonic frequency. Different distorted
waveforms of some Total Harmonic Distortion (THD) are produced by changing the voltage

amplitude and phase of these generators. A capacitor and 3 resistors of known fixed values
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are used to form 3 different reference test objects. The model simulates the entire system

setup in the laboratory.

The complete circuit is illustrated in Figure 3.2 which consists of T, as the reference test object
and R, as the resistance for current measurement. For the excitation, a pure sinusoidal 50Hz
voltage is used, and a distorted excitation block is added in series with it. The voltage
measurement and the current measurement blocks capture the test object’s voltage and

current respectively for display and subsequent data analysis.
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()
>
z
Distorted Excitation % s T~
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Cuﬂrent measurement - one —
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Fig 3.2 Simulation-based DDF measurement circuit model

3.2 Theoretical modelling

The theoretical modelling of the DDF measurement under distorted excitation is based on the
observation that under a distorted test voltage containing multiple harmonic components,
the traditional approach of DDF measurement based on pure sinusoidal voltage excitation
encounters difficulty. The pure sinusoid model relies on the unambiguous phase angle
between the voltage and the corresponding response current phasors, but when an excitation

with multiple frequencies is present, the harmonic phasors have different angular velocities.
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Consider a voltage source applied to a parallel RC network as shown in Figure 3.3. This RC

combination represents a simple model for a lossy dielectric as discussed in Section 2.6.1.

i(t)
p

vi) OO = C R

Fig 3.3 Distorted excitation applied to a parallel RC branch

If the source is a periodic harmonically distorted excitation voltage, it can be expressed in

terms of the Fourier series [111]:
v(t)=V, +V;sin(et+a,)+V, sin (20t + o, ) +...+V, sin(not + o, ) (3.1).

Here, V,; . is the DC voltage component. For the n-th harmonic voltage component, its
amplitude is V,, the corresponding RMS value is Vn/\ﬁ and &, denotes the phase angle.

w =27 f denotes the angular frequency. For AC, the DC component can be discarded. All the

remaining terms are orthogonal functions, and the RMS of the total voltage can be expressed

as [112]:

VRMS = Wlims +V21MS +“'+Vnims (32)
The corresponding response current in the system is:
i(t)=1,sin(@t+o +y,)+1,8in (20t +a, +y,)+...+ 1, sin(not + o, +y,) (3.3).

Here, 1 is added phase shift in the current, and [,, is the n-th harmonic amplitude. Similarly,

the RMS current can be written as:

L = A1 + 12 oot 12 (3.4).

Trms Nrms
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The real power dissipated P is:

2
— VRMS

P ?:%Iv(t)xi(t)dt (3.5),

where T =1/f is the period of the fundamental component. The apparent power S can be
written as:

2 2 12
S =Vaus lrus (3.6),

and the reactive power Q is:

Q:'/SZ—PZ (3.7).

A more general approach for DDF measurement is based on the ratio of the real power P

(dielectric loss) and the reactive power Q [112]:

DDE — Rea_l Power _ P (3.8).
Reactive Power Q

It can be shown through the mathematical derivations detailed in Appendix A that:

DDF = kx—— (3.9),
wRC
where k is the correction factor [113]:
(3.10),

and TH Dh denotes the total harmonic distortion which is defined as:

THD, = /sz (3.12),
i=2

where /7, =V,/V, denotes the amplitude of harmonic i as a fraction of the fundamental

component. The following assumptions are made:
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a) Dielectric loss is modelled as a resistor of a fixed value.

b) Capacitor is a loss-free ideal capacitor.

c) The harmonic contents are percentage multiple of fundamental voltage simulating the
grid distortion and no inter harmonics.

d) Non-linear RC behaviour is not taken into consideration.

e) The equivalent parallel RC model is considered.

3.3 System design

The entire measurement system consists of different circuit parameters. These parameters
are modelled as though the entire experiment is conducted in an ideal laboratory condition.
The circuit components are selected in such a way that can be practically implemented for a

laboratory experiment.

(a) Reference test object
The reference test object replicates a dielectric. It consists of a parallel RC branch to simulate
the ideal laboratory conditions. The circuit is shown in Figure 3.4. The parameters shown in

Table 3.1 correspond to the actual reference test objects in the laboratory experiment.

]

Cref Rref

<>

-ve

Fig 3.4 Reference test object

Table 3.1 Reference test object parameters

oL(je:::t Capacitance (nF) Resistance (MQ)
S-1 1.05 93.83
S-2 1.05 42.66
S-3 1.05 29.77
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(b) Distorted excitation

The distorted excitation block in Figure 3.5 consists of harmonically distorted excitations with
respect to the fundamental. The harmonic distortion considered for the simulated experiment
consists of the 3", 51 and 7t" harmonics. They are connected in series. The parameters in the
excitation block can be adjusted according to the THD requirements. The block can be easily

modified to implement any harmonic combination of the Fourier series.

3rd Harmonic Distortion

5th Harmonic Distortion

7th Harmonic Distortion

Fig 3.5 Harmonic distortion block

3.4 Results

(a) Distorted excitation:

The generated distorted excitation consists of harmonic components in addition to the 50Hz
sinusoidal excitation. In all excitation cases tested, the RMS value of the total voltage, as
calculated by using Equation 3.2, is kept the same at 10 kV. Also, all the phase angles in

Equation 3.1 are zero.

An example is shown in Figure 3.6. The test object is S-1. Figure 3.6(a) portrays a distorted
excitation voltage with 10% 5th harmonic and its corresponding distorted current. Only one

harmonic is considered in this case. In order to keep the total RMS values to 10kV, V. =

9.95 kV , its peak value is Vipear = V2 * Vigys = 14.072 kV,and Vs, . = 10% Vy,, .-
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5" Harmonic Distorted Voltage and Corresponding Distorted Current
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Fig 3.6 Harmonic distorted voltage and current vs time: (a) 10% 5" harmonic, (b) 3, 5" and

7t harmonics of 10% each

On the other hand, Figure 3.6(b) portrays a distorted excitation voltage with 3 harmonic
components (10% 3rd, 10% 5th and 10% 7th harmonics) and the corresponding distorted
current. To achieve 10kV RMS total voltage, V;,, . = 9.8533 kV , its peak value is leeak =

V2 x V1, = 13.935kV, and V; =Vs...=V, . =10%V; . .. Note thatin this case
RMS RMS RMS RMS RMS

(b), the fundamental and the fifth harmonic components are smaller relative to their
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counterparts in case (a) above. This is expected (to accommodate additional third and seventh

harmonics) in order to achieve the same total RMS voltage of 10kV in both cases.

Figure 3.6 shows the resultant voltage and current waveforms in the time domain. It can be
seen that the distorted excitation voltage results in a severely distorted current. Although they
are stationary relative to each other, defining the phase shift between them is ambiguous. For
the case of Figure 3.6(a), both waveforms cross the zero once every half AC cycle (10ms).

However, in Figure 3.6(b), the current waveform crosses the zero 7 times.

(b) Corresponding Fourier transform:

MATLAB Simulink provides a Fast Fourier Transform (FFT) toolbox which can be used to
analyse the voltages and currents in the frequency domain and also the total harmonic
distortion (THD). The results are shown in Figure 3.7 for the same distorted excitation voltages

considered in Figure 3.6.

We can infer that the presence of harmonics in the system has a significant impact on the
distorted current. From the discrete Fourier transform of the signals in Figure 3.7(a), it can be
clearly observed that the relative magnitude of the (fifth) harmonic with respect to its
fundamental component has increased for the current. Whilst the THD of the excitation
voltage is 10%, the THD of the resultant current almost reaches 50%. Although both the
voltage and current waveforms share the same harmonic composition (i.e., both comprising
the fundamental and the fifth harmonic), they are different in terms of the magnitudes. The
distortion in the voltage gives rise to a different distortion in the current which is interesting

for noting.

To understand the impact of harmonics further, multiple harmonic components were
introduced into the system. Figure 3.7(b) depicts the FFTs of an excitation voltage having
multiple harmonics and the corresponding distorted current. Whilst the THD of the voltage is
17.32%, it has resulted in a significant increase in the THD of the current to 91.06%. Although
all the voltage harmonics (third, fifth, and seventh) have the same magnitude, the change in
the current harmonics is different, increasing with the harmonic order. The presence of

multiple harmonics in the excitation voltage causes significant distortion to the resultant
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current in a non-linear manner. Thus, it can be inferred that the harmonic distortion will cause

a significant impact on the dielectric dissipation factor measurement.

Although not considered in this simulation study, the voltage-current relationship will be
much more complicated when non-linear test objects are involved. Fourier analysis of signals
in the frequency domain is even more useful for such situations to reveal new harmonic and

inter-harmonic components. And it will be very challenging to determine the DDF.
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1(m‘.’.rd + 5th + 7th Harmonic Distorted Voltage vs Frequency(50Hz fundamental), THD = 17.32%
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Fig 3.7 FFT of harmonic distorted voltage and current: (a) 10% 5" harmonic, (b) 3¢, 5t and

7t harmonics of 10% each

(c) Correction Factor:

The correction factor or the distortion factor is defined as the ratio between the dielectric
dissipation factor for harmonically distorted excitation DDFn to that when it is a pure sine

wave DDF. From Equations 3.9 - 3.10, we get:
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(3.12).

From this equation, it can be inferred that 0 <k <1. In the case of pure sinusoidal excitation
k =1. With the increase in the harmonic percentage and the number of harmonics, the total

harmonic distortion will increase whereas the value of k will decrease.

For the simulation purpose to observe the trend of the correction factor, only one test object
is selected. The correction factor can be considered independent of the dielectric dissipation
factor. The correction factor changes with the change in the harmonic distortion. The plots in

Figure 3.8 show how the correction factor behaves.

Figure 3.8(a) plots the correction factor versus the total harmonic distortion for a fixed
harmonic order. From the plot, when the harmonic order is known, the correction factor can
be obtained for any THD content. The k1, k2 and k3 are three different correction factors vs
THD plots for reference test object S-1. The plots are for different harmonic orders (but one
harmonic only in each plot). When the THD is 0% it is the pure sinusoidal case, and k =1. It
can be seen from the plot that, for a given harmonic, the distortion factor decreases with an
increase in the THD. A similar pattern of the plot is observed but the value is decreased when
the harmonic order is increased. The rate of change (slope of the curve) increases with

increasing THD value.

Figure 3.8(b) plots the correction factor versus the harmonic order for a fixed total harmonic
distortion. From the plot, when the THD is known, the correction factor can be obtained for
any harmonic. The k1, k2 and k3 are three correction factors vs harmonic order plots for
different THD for reference test object S-1. When the harmonic order is 1, then THD=0% and
k =1. All the plots start from 1 and decrease in value with an increase in the harmonic order.
This signifies that the higher the harmonic order, the more impact it has on the dielectric
dissipation factor measurement. With the increase in the THD value the graph shifts
downward which signifies that when the waveform contains more harmonic distortion the

measurement of DDF will be inaccurate as compared to pure sinusoidal excitation.
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Correction Factor for Reference Test object for fixed harmonic

o
[+:)
]

Correction Factor
o
-]

Harmonic
—- 3
0.75 1 3w
—-+—k2 5w
0.7 -—k3 7w
0.65
0.6 e e e e L e B e e e e B e e I B e e e e e ML e m e e e e e e e
0% 2% 4% 6% 8% 10% 12% 14% 16%
THD Content
(a)
Correction Factor for Reference Test object for fixed THD
11
0.9 ]
= 0.8 ]
o ]
= ]
£0.7 7
< ]
8 ]
§0.6 E
° ] -kl —-+k2 —=+k3
005 4
E THD 10% 15% 20%
0.4
0-3- T T T T rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

[=Y
N
o ]
-9

5 6 7 8 9 10 11
Harmonic Order

(b)

Fig 3.8 (a) Correction factor vs THD plot for fixed harmonic order, (b) Correction factor vs

harmonic order plot for fixed THD

(d) DDF for distorted excitation:

The dielectric dissipation factor for the three reference test objects in Table 3.1 follows a
similar trend as shown in Figure 3.9. With the increase in the harmonic order and the total

harmonic distortion, the value of DDFy, decreases.
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Fig 3.9 (a)

DDF for Reference Test objects for fixed Harmonics

for fixed THD for different test objects.

Figure 3.9(a) plots the dielectric dissipation factor for harmonically distorted excitation versus
the change in THD for a fixed harmonic order. Here, the blue trace is obtained for the case of
test object S-1 and the excitation voltage contains the third harmonic only. The green trace is
obtained for the case of test object S-2 and the excitation voltage contains the fifth harmonic

only. The purple trace is obtained for the case of test object S-3 and the excitation voltage

contains the seve
and the DDF is ma
in the THD, DDF,

nth harmonic only. The 0% THD corresponds to the pure sinusoidal case,
ximum: 0.0323 for S-1, 0.0711 for S-2, and 0.1018 for S-3. With the increase

decreases following a non-linear trend. Each curve provides evidence that
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with the increase in percentage harmonics, the DDF goes down in value and the slope is

steeper for higher THD.

Figure 3.9(b) plots the dielectric dissipation factor for harmonically distorted excitation versus
the change in harmonic order for a fixed THD value. Here, the blue trace is obtained for the
case of test object S-1 and the excitation voltage has one harmonic of THD 10%. The green
trace is obtained for the case of test object S-2 and the excitation voltage has one harmonic
of THD 15%. The purple trace is obtained for the case of test object S-3 and the excitation
voltage has one harmonic of THD 20%. Note that harmonic order 1 corresponds to the case
of pure sinusoidal excitation, and the DDF is maximum, same starting values as in Figure 3.9(a).
All test objects have the same capacitance so the larger the resistance the smaller the DDF.
With increasing harmonic order, DDFhn goes down in value following a non-linear trend.
Comparing the curves, the slope of the graph is steeper for higher THD. With the increase in

THD and the harmonic order, the value of DDF decreases significantly.

(e) Data processing:
The data obtained from the simulation circuit is processed using the MATLAB computer

program and plotted. The process is given in Figure 3.10.

The data processing starts with the generation of a distorted waveform and a corresponding
plot of the waveform along with the FFT. The distorted excitation and the corresponding
distorted current are generated in the beginning. The energy parameters are calculated from
the voltage and current. The distortion factor is a function of the harmonic distortion and the
harmonic order. The plots are made considering the change in THD and harmonic order on

the correction factor and the dielectric dissipation factor.
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Fig 3.10 Schematic diagram of data processing

3.5 Chapter conclusion

The chapter contains an overall conceptual framework of the dielectric dissipation factor
measurement. The implication of distorted excitation on the DDF measurement based on
numerical methods was investigated. The voltage supply is implemented to provide distorted
excitation to three reference RC test objects of ideal properties. The DDF for pure sinusoidal
voltage was calculated first, and the distortion factor and the corresponding DDF are
calculated as well. Theoretical calculations and MATLAB numerical computations are in

alignment. It is observed that with the increase in harmonic content and total harmonic

distortion the slope of the correction factor and the DDF change dramatically.
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With the increase in the harmonic order, the correction factor decreases. The decreasing
trend is non-linear. The presence of multiple harmonics in the system reduces the correction
factor as well. However, the trends are different, and the relative gap increases with an
increase in the percentage components. This suggests that with the increase in the relative
percentage of the THD and harmonic order, the traditional DDF measurement becomes
erroneous. The measurement based on the power ratio is a better approach as it is universal

- applicable for both non-distorted and distorted excitations.

Some of the works described in this chapter have been published in:

Pratic A Muntakim, Shubin Zhang, Junyang Zhang, B.T. Phung, “Insulation Assessment Based
on Dielectric Dissipation Factor Measurement under Non-sinusoidal Excitation”, 2021 IEEE 5t
International Conference on Condition Assessment Techniques in Electrical Systems (CATCON),

Kerala, India, 3" -5t December 2021.
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Chapter 4

DDF Measurement Under Non-sinusoidal
Excitation Voltage

4.1 Background

The degradation of insulation in high voltage equipment during the operating life is inevitable
as there is multi-factor ageing caused by electrical, thermal, mechanical, and environmental
stresses [114]. These stresses make the insulation degrade, eventually causing breakdowns in
the power system. With the evolution of technologies, more and more devices are getting
integrated into the system. The deployment of non-linear devices causes the voltages and
currents to become non-sinusoidal. Thus, the insulation is subjected to electrical stress from
applied voltage not limited to the power frequency (50/60Hz) but also having high-order

harmonics [115].

The dielectric dissipation factor or tan-delta is an important parameter for assessing the
insulation health [116]. The energy dissipation in a dielectric is related to the loss index or
DDF. To date, most research is based on condition assessment of insulation tested under the

normal operation frequency (pure sinusoidal 50/60Hz voltage).

This chapter investigates the impact of harmonics on DDF measurement by conducting
laboratory experiments using reference test objects of known RC values. The analysis utilised

the work developed in the previous chapter.

4.2 Design motivation

The task is the practical implementation for measuring the DDF under non-sinusoidal voltage.
The reason for using a parallel RC of known values as the test object is so that the experimental
measurements can be compared with the expected results based on the theoretical formula
and also MATLAB Simulink computer simulations developed for calculating the DDF under

distorted excitation.
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4.3 Experimental setup

The experimental setup consists of a reference test object comprising a resistor with negligible
inductance/capacitance and a loss-free capacitor. A low-voltage signal generator is connected
to an amplifier to produce high voltage excitation. To measure the current through the test

object, a resistor is connected in series.

Figure 4.1(a) shows the excitation generator used in the experiment and the digital
oscilloscope to record all the waveforms. The resistor for current measurement is shown in
Figure 4.1(b). Figure 4.1(c) shows the laboratory setup with the reference test objects. The
experiments were carried out in the laboratory under ambient conditions with temperatures

typically varying in the range of 20-25°C.

Fig 4.1 (a) Excitation generator (b) Current measuring resistor (c) Laboratory setup
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4.4 Distorted excitation parameters

The distorted excitation voltage is generated using an Agilent 33500B programmable arbitrary
waveform generator. For the experiment, the excitation waveform is synthesised using the
Keysight BenchlLink Waveform Builder software. The waveforms are mathematically
constructed and generated using this software. An example of this software user interface is

shown in Figure 4.2.

Fig 4.2 User interface of Agilent 33500B programmable arbitrary waveform generator

The generated waveforms contain the fundamental power frequency with the additional
harmonic components simulating the grid distorted excitation. The voltage magnitude can be
varied and adjusted. The waveform generator can produce low voltage output of up to 10Vpp.
The signal is recorded using a LeCroy 314-A digital storage oscilloscope. For generating high
voltage, the low voltage signal is fed to a TREK 20/20 high voltage linear amplifier (Figure 4.3)
which has a voltage gain of 2000. The specifications for the voltage waveforms used in the

experiment are provided in Table 4.1.

Fig 4.3 Trek 20/20 high voltage amplifier
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Table 4.1 Voltage excitation parameters

Type Voltage Level Harmonic Order
Pure-Sinusoidal OkvV~12kVv -
Non-Sinusoidal 8kV, 10kV 3rd 5th & combined

Harmonic with

phase shift 8kV, 10kV 5t (02~3609)

4.5 Reference test object

The test object used in the experiment is constructed using a parallel combination of a resistor
and a capacitor with very low loss to imitate a dielectric. The capacitor has very low loss
relative to the Ohmic loss of the resistor and so the resistor represents the total dielectric loss.
The values of the capacitor and resistor are known. Thus, one can predict the dielectric loss
and compare it with the actual measurement results. Figure 4.4 shows the reference test

object structure.

Fig 4.4 Reference test object setup

In the experiment, the reference test object is subjected to high voltage. The reference
capacitor was constructed in-house, using low-loss 1nF/10kV rating capacitors. They are

connected in series to form a string that can withstand high voltage applied (up to 70kV) and
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also in parallel to achieve the total nominal equivalent capacitance of 1nF. The actual value

measured is 1.05nF.

For the reference resistor, three different resistors were used and combined, one at a time,
with the reference capacitor to form three reference test objects, named S-1, S-2, and S-3.
Their parameters were provided in Table 3.1 and used for computer simulations in the
previous Chapter. Figure 4.5 show two of the reference resistors: one is a resistor string
constructed in-house using non-inductive low-voltage rating resistors whereas the other is an

off-the-shelf high-voltage resistor.

Fig 4.5 Reference resistors

4.6 Measurement circuit

The circuit connection for DDF measurement is shown in Figure 4.6. It consists of a signal
generator (SG), its output feeding into a high voltage linear amplifier (HV). The signal
generator is an Agilent 33500B programmable arbitrary waveform generator, and the
amplifier is a TREK 20/20C. The low voltage signal is stepped up with the amplifier and the

output is applied to the test object (To), i.e., the reference RC parallel combination.

As the voltage gain of the amplifier is known and fixed, the magnitude and waveform of the
high voltage output can be indirectly obtained from the SG low voltage signal. The high voltage

output can also be measured using an HV probe or a 1000:1 resistive divider.
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The total current through the reference test object is monitored with a resistor Rs connected
in series; its value (1.5kQ2) was chosen such that to maximise the measurement sensitivity of
its voltage taking into account the impedance of the test object and the input voltage limit of

the digital storage oscilloscope (DSO).

The DSO is a LeCroy 314-A, its two input channels Ch-1 and Ch-2 are utilised to capture the
voltage signals of SG and Rs. This corresponds to a sampling rate of 10kHz and a Nyquist
frequency of 5kHz. The digital data are transferred to a PC and processed using MATLAB which

includes an algorithm developed to filter out any noise.

HV
SG To
o}
~ . . I
®@O®
€
Rs
. — O
SG Signal Generator CH-2 CH-1
HV High Voltage /\/
To Test Object
Rs Shunt DSO

DSO Digital Storage Oscilloscope

Fig. 4.6 DDF measurement circuit diagram [21]

4.7 Experimental procedure

The experiment consists of testing the parallel RC model for three different excitation voltage

waveforms as shown in Table 4.1

Pure sine wave: for the first part of the experiment, a pure 50Hz sinusoidal excitation is
applied to the test object and the corresponding voltage is increased with an increment of
2kV from 2kV to 12kV. At each step, the voltage and current waveforms are digitised and used

for calculating the DDF.

Harmonic excitation: in the second part of the testing, the distorted 50Hz excitation is applied

to the test object. The measurements are carried out for two different applied voltages of
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fixed values 8kV and 10kV (RMS). The 3" and 5t order harmonic components are selected as
these are mostly present in real power systems. These harmonics are added with the first
harmonic (50Hz fundamental) separately, i.e., 1t and 3 or 1%t and 5%, and as a combination,
i.e., 15t and 3" and 5th. The overall RMS value of the combined voltage is kept the same

although the percentage magnitudes of the harmonic mix are varied.

Phase shift: Equations 3.9 and 3.10 developed suggest that there is no influence of the phase
angle ai’s on the dielectric dissipation factor. The final part of the experiment is to validate
this point. The test involves applying a distorted voltage using only one harmonic component

(5t) and setting its phase angle as to different values (0°, 30°, 60°, 120°, 180° and 270°).

4.8 Data processing

The experiment data is processed using MATLAB after transferring it from the digital storage

oscilloscope. The flow chart is shown in Figure 4.7.

Measure signal

Ch2
Ch1l,Ch2
Object voltage Object current
¢ Integrate

Calculate P,S |-

v

Calculate Q

v

Dissipation Factor

Fig. 4.7 Data processing flow chart
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The voltage across the test object is calculated from the difference between the Ch1 and Ch2
voltage measurements. The current through the test object is Ch2/Rs. The apparent power S
is calculated using Equation 3.6. The active power P is calculated using the current and the
corresponding voltage as per Equation 3.5. Then the reactive power Q is calculated based on
Equation 3.7 and the DDF is obtained as the ratio of the active and reactive power, i.e.,

Equation 3.8.

4.9 Computer simulations

For simulating the DDF measurements, MATLAB Simulink is used to model the circuit as shown
in Figure 4.8. The voltage source in the simulation implements the different waveforms
defined in Table 4.1. The reference test object is composed of a capacitor and a resistor in
parallel and the parameters are given in Table 3.1. The data obtained from the voltage and
current measurement blocks are exported to MATLAB and it is numerically processed with an
algorithm to output the DDF values. The simulation is based on ideal conditions (no noise or

interference as encountered in practice).

Reference test object

b
<
-,
3
d
[} N
5l N
oy M
[ 8 q
.

Voltage source | [ Voltage measurement

1 Shuntf —4.‘J E

‘_,7 Current measurement

Fig 4.8 DDF measurement simulation circuit diagram

=

4.10 Results and discussion

The whole experiment can be divided into three parts based on the changing variables and
the same testing in each part was carried out on the three test objects. The results follow the

same trend so only the case of the S-1 test object is presented below for discussion.
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Pure Sine: Figure 4.9 shows the results for the S-1 test object under pure sinusoidal excitation
voltage. A comparison is made between the results obtained from the physical experiment,

MATLAB Simulink, and the mathematical formula.

From the plots, the MATLAB Simulink results are in perfect alignment with the analytical
calculation which is expected. However, the experimental results are consistently slightly
higher. This could be attributed to some other real power losses incurred in the experimental
setup. Real power losses can incur due to the resistance in the wiring and at the connection
points (contact resistance). The wiring is necessary to connect the circuit components. Thus,
these losses cannot be separated out. However, attempts were made to minimize such losses
by using copper conductors with large cross sections and connection junctions tightly secured
with large contact areas. Their impact is expected to be small, and the dominant source is
most likely the polarisation loss from the reference capacitor itself. Nevertheless, the
maximum percentage difference is only 3.4%. Also observed in the experimental results is a

slowly rising trend with the increase in the voltage applied.

0.035
0.0345
0.034
0.0335
0.033

'S
Q 0.0325

(=)

0.032 Experiment

0.0315 Formula{equation 3.8)

Simulink
0.031

0.0305

0.03
8 10 12 14
Voltage/kV

Fig. 4.9 DDF vs applied voltage level (S-1 test object, pure-sine wave)

Distorted excitation: Figure 4.10 plots results for the S-1 test object under distorted excitation
voltage at 10kV RMS total with different percentages of the third harmonic from 1% to 10%.
Again, the results obtained from the experiment, Simulink, and formula are compared. All
three traces follow the same trend, i.e., the DDF value decreases with the increase in the

harmonic percentage level. The higher the harmonic content, the higher the rate of change in
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the DDF value. The simulation (grey) trace closely follows the formula (orange) trace. On the

other hand, the experimental results are slightly higher, but the difference is less than 2%.

Other factors could also contribute to the difference between the results. Measurement
inaccuracies can be due to the quantization error associated with the limited vertical
resolution (8-bit) of the DSO used in the experiment. The number of sample points in the

experiment (200 per AC cycle) is less than that in Simulink (2000 per period).

Further testing with the 5" harmonic shows the same trend as compared to the case discussed

above. The DDF values are comparatively lower.

DDF

* Experiment
Formula eg3.5
Simulink

Harmonic percentage
Fig. 4.10 DDF vs harmonic percentage (S-1 test object, 3™ harmonic, 10kV)

Table 4.2 provides the DDF values for test object S-1 with multiple harmonics in the excitation,
using a voltage waveform comprising 7% of the 3™ harmonic plus 10% of the 5" harmonic and
8% of the 7" harmonic. The percentage difference between the experiment and formula

calculations is around 1%. Table 4.2 shows the DDF values under different test voltages.

Table 4.2 Reference test object DDF values

Applied Voltage Experiment Formula
8kV RMS 0.02689 0.02709
10kV RMS 0.02720 0.02750
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Phase shift: Generally, there would be some phase shifts between the harmonic components
of the distorted voltage in real power grids. Therefore, it is of interest to investigate whether
the phase difference between the fundamental component and the harmonics has any
influence on the DDF values. The experiment was conducted for the case of 5% of the 5%
harmonic. The results are shown in Figure 4.11 which confirms the DDF is not influenced by

the phase angle.

0.03%
0.037
0.035

0.033

DDF

0,031
0.029
0.027

0.025
0 30 60 120 180 270

Phase Shift/degree

Fig. 4.11 DDF vs phase shift (S-1 test object, 5% 5" harmonic at 10kV)

To conclude, adding harmonics will result in a decrease in the measured values of the DDF as
reflected in Equation 3.12. Moreover, the phase shift of the harmonic has no influence on the
DDF values. The experiment is repeated several times to check for consistency. Although there

are slight variations, all the tests give results that are similar in trends.

4.11 Chapter conclusion

The chapter provides an experimental study of the DDF measurement under sinusoidal and
non-sinusoidal voltage excitations with a fundamental frequency of 50Hz. The test objects
were constructed using a parallel resistor/capacitor combination of known values to imitate
a dielectric. From the measured data, the DDF is calculated based on the mathematical
expression developed in Chapter 3 and the Appendix. Validation was demonstrated through
theory (mathematical derivation) and computer simulation, based on a linear circuit of R and
C to model the dielectric. Validation was also attempted through laboratory experiments with

a physical test object equivalent to the model using real RC components. The experimental
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results (Figs. 4.9, 4.10) show very close agreement with the theoretical/simulation
predictions; the error is probably due mostly to the tolerance and non-ideal circuit
components, particularly the inherent dielectric loss from the capacitor itself. It is shown that
given a fixed RMS voltage, the dielectric dissipation will decrease with increasing harmonic
content in terms of the total harmonic distortion, the number of harmonics and the harmonic
order. The simulations and experimental trends are in alighment. This provides a practical

solution for the measurement of the DDF.

Some of the works described in this chapter have been published in:

Pratic A Muntakim, Shubin Zhang, Junyang Zhang, B.T. Phung,” Insulation Assessment Based
on Dielectric Dissipation Factor Measurement under Non-sinusoidal Excitation”, 2021 IEEE 5t
International Conference on Condition Assessment Techniques in Electrical Systems (CATCON),

Kerala, India, 3" -5t December 2021.
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Chapter 5

DDF Measurement of Real HV Components

5.1 Background

No insulation material is perfect. With time the insulation in high voltage equipment and
components will gradually deteriorate. Traditionally, the dielectric response based on the
dielectric dissipation factor at the power frequency (50/60Hz) is an important parameter for
the insulation assessment [16]. Knowledge of the DDF and accurate diagnostic interpretation
of its measurement is valuable for equipment maintenance [118]. With the presence of non-
linear loads and devices in the power systems, the AC grid voltage nowadays is no longer a
pure sinusoid [119]. If the applied voltage contains multiple harmonics, the DDF measurement
will be affected [78]. Hence, the DDF measurement of high-voltage equipment under non-

sinusoidal excitation is an area needing more research [50].

Following the previous chapter which reports the laboratory experiments on the reference
test objects of known RC values, this chapter reports the implementation of the dielectric
dissipation factor measurement for some real high voltage components under the application

of distorted excitation voltage.

5.2 Measurement implementation

After the development of a mathematical and theoretical model of the dielectric dissipation
factor with a reference test object, the question was whether a practical measurement
process can be implemented for a real test object. Finding out the answer to this question is
the motivation behind this research. The dielectric structure is more complex than a simplified
parallel RC structure. Keeping the losses and complexity of the dielectric in perspective, the
simplified circuit model is further extended to account for those losses and a mathematical
formula is derived expressing the impact of harmonics on the DDF measurement. A similar

laboratory setup is developed for testing current transformers (CTs) under distorted
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excitation voltage. The theoretical and experimental results are compared with computer

simulations using MATLAB Simulink.

5.3 Theoretical modelling

For practical insulation systems, the Debye model of a lossy dielectric as shown in Figure 2.9

is widely used. To simplify, one may assume that only one polarisation mechanism dominates

in the frequency range of interest. Figure 5.1 shows a Debye model with only one branch, Rs
in series with CS , representing the polarisation loss along with the basic insulation parameters
of Ro (bulk resistance representing the conduction loss) and Co (geometric capacitance). One

can convert the polarisation branch R5 in series with Cs into an equivalent of R, in parallel with

C, as shown in Figure 5.2.

Vac@ = Co Rng

Fig 5.1 Simplified Debye model with one polarisation branch

kotal

Vac@ == Co Ro§ —— c-p Hpg

Fig 5.2 Equivalent polarisation branch as a parallel RC
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Further, one can combine R, with Rp as one equivalent resistor Req, and Co with C; as one
equivalent capacitance Ceq. Thus, the circuit in Figure 5.2 can be simplified as resistor Req in
parallel with capacitor Ceq. The equivalent resistance Req can be considered as the summation
of all the real power losses including the bulk insulation conduction losses along with the

losses due to polarization.

As discussed in Section 2.6, the dielectric dissipation factor can be defined as the ratio

between the active power and the reactive power, i.e.,

DDF == (5.1).
Q

In the case of a pure sinusoidal excitation, Appendix A shows that the DDF given by Equation
5.1 is the same as the tangent of the loss angle between the total current phasor and the

capacitor current phasor (Equation 2.12)

Ir,
DDF =tan6=|—q=— (5.2).

In the presence of harmonics, the phasor approach of DDF modelling becomes ambiguous
because of the additional harmonic voltage and current phasors rotating at different angular
velocities. When multiple harmonics are considered in the system, one has to revert back to

Equation 5.1.

The idea is to determine the dielectric dissipation factor when the distorted excitation is
applied. The assumption is that the instantaneous voltage v(t) across the test object and the
corresponding instantaneous current i(t) flowing through the test object can be measured.
Also, another assumption is that the equivalent capacitance C,, can be measured separately,

and its value changes very little over the range of harmonic frequencies considered.

The mathematical development to determine the DDF based on the ratio between the active
power and the reactive power is detailed in Appendix A, only the salient points are presented
here. The RMS value of the current i(t) is [114]:

> _1qo
12,6 :?ju (t)dt (5.3).

0
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Here, T is the time period of integration based on the fundamental frequency. The RMS
voltage can be expressed in terms of the total harmonic distortion and the fundamental

voltage magnitude:

V2
Vs =?(1+THD§) (5.4).

The apparent power (S) is the product of the voltage and current:
S =Veus *Trus (5.5).

The current through the capacitor Ceq is obtained by differentiating the voltage waveform as
given in Equation 5.6. It then can be utilized to extract the resistor current from the total
current waveform as given in Equation 5.7. Next, the active power can be found as given by

Equation 5.8:

). MO
ic, (1)=C, ot (5.6),

iz, (t)=i(t)-ic, () (5.7),
P =%Iv(t)i&q (t)dt (5.8).

Here, iReq(t) and iceq(t) is the time-dependent lossy current and capacitive current. The

reactive power is given in Equation 5.9:

Q=+/S2-P? (5.9).

Finally, combining all the equations above, the DDF can be expressed as:

1

a)Requq

DDF, =k x (5.10),

where k is defined as the distortion factor or correction factor:

(5.11).
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It can be seen from Equation 5.11 that 0<k<1. Thus, the DDF value under distortion is
reduced as compared to the case of a pure sinusoid. With increasing harmonic distortion

THDp, the distortion factor k will get smaller and so is the DDF value.

In practice, the insulation system of high-voltage equipment is much more complex than a
simplified parallel RC model. The presence of an additional RC branch is an improvement.
However, in reality, the parallel branching model is only an approximation. The model can be
further modified and needs further extension with multiple branches to account for different
polarisation mechanisms occurring in the insulation. Provided the total equivalent
capacitance is known, the DDF under non-sinusoidal excitation voltage can be determined by

working out the active power P and reactive power Q.

It should be emphasised that the above-mentioned modifications on the model improve the
approximation but still imperfect. They do not take into account other effects such as ageing
condition, geometry and moisture content. Insulation parameters such as resistivity and

capacitance are sensitive to these factors.

5.4 Experimental setup

The experimental setup consists of two separate parts. For the measurement of the DDF,
exactly the same setup as used in Chapter 4 is adopted. The only change is the test objects,
so an additional part is to measure the dielectric parameters of these real HV components.
These parameters are obtained using the Omicron DIRANA (Dielectric Response Analyser).
The experiment was conducted in the laboratory under ambient conditions of temperature,

humidity, and pressure. The measurement setup is shown in Figure 5.3.
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Fig. 5.3 Omicron DIRANA measurement setup

The computer interface provides support for controlling and operating the DIRANA in the PDC
(polarization depolarization current) mode or FDS (frequency domain spectroscopy) mode.
The DC bulk resistance Ro can be obtained by running the Dirana in the PDC mode. The clamps
are connected to the test object, and a DC voltage of 200V is applied. Then the conduction
current can be obtained from the difference between the polarisation current and the
depolarisation current when reaching their steady state, i.e., stabilized after a long charging

and discharging time [53].

In the FDS mode, the equivalent resistance Req and capacitance Ceq of the test object can be
obtained over a frequency range 1Hz — 1kHz. Here, the power frequency (50Hz) is selected for
measurement and then the geometric capacitance Co can also be calculated from the complex

permittivity obtained in the FDS mode.

Note that although the FDS done by the DIRANA can measure the DDF over different
frequencies, it cannot measure the DDF when there are multiple frequency components
simultaneously present in the excitation waveform. Thus, the proposed method can be
supplementary to the DIRANA, especially in practice when the voltage supply is harmonically
polluted. In the context of insulation condition assessment, the applied test voltage level in
the proposed method can be at the actual operating voltage of the HV component (but not

possible with the DIRANA) so the results obtained are more realistic.
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5.5 Test objects

The test objects used in the experiment are three 33kV dry-type current transformers as
shown in Figure 5.4. They are of similar design, using epoxy resin for insulation but possibly
with different filler materials. For reference, they are designated as CT-1, CT-2 and CT-3. As
seen from the photos, the cast resin surface of CT1 appears rougher as compared to CT2 and
CT3. This is evident when comparing their dielectric parameters, measured using the DIRANA

and shown in Table 5.1.

Fig. 5.4 Three different current transformers used as test objects
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Table 5.1 Test object insulation parameters

Test Geometric Bulk Resistance
object Capacitance (pF) (MQ)

CT-1 901 157.1

CT-2 136 3979

CT-3 130 2196

5.6 Circuit connection

The circuit connection for DDF measurement is shown in Figure 5.5 which is exactly the same
as that used in Chapter 4 and the explanations have been provided in Section 4.6. The voltage

excitations in the experiments are given in Table 5.2.

To check for partial discharge, measurements were performed on the three CTs using an
Omicron Mtronix MPD600 PD measuring system. The inception voltage is well above those
test voltage levels considered in Table 5.2 so there should be no real power loss associated

with partial discharge in the DDF measurement experiment.

1:2000

Linear Gain
SG Signal Generator
HV High Voltage Amplifier
cT Current Transformer
Rs Shunt Resistor DSO

DSO Digital Storage Oscilloscope

Fig 5.5 DDF measurement circuit diagram
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Table 5.2 Voltage excitation parameters

o Table Column Head

Pxcitation Type Vfét‘“/aje Harmonic Order
(a) Pure-Sinusoidal 2kV~12kV )
(b) Non-Sinusoidal 2kV~12kV 31, 5t (0~10)%
(c) Harmonic combinations 10kV 5% 5t +(4~10) % 3™
(d) Harmonic + phase shift 10kV 5th (0°~360°)

The first part of the DDF experiment involves testing the CTs with pure 50Hz sine wave
excitation (a). The excitation voltage is raised from 2kV to 12kV with a 2kV increment between
steps. The second part of the experiment involves testing the CTs with distorted excitations.
As the grid contains mostly the 3 and 5™ order harmonics in the system, testing is done with
a single harmonic added (3™ or 5%) and up to 10% THD, i.e., excitation (b). Next, testing is
done with both harmonics present in various proportions, i.e., excitation (c). Finally, excitation

(d) is applied to investigate the influence of the harmonic phase shift on the DDF.

5.7 Data Processing

The data processing in MATLAB is described using a flow chart in Figure 5.6. The total voltage
and current through of the test object can be obtained from the recorded voltage signals in
Ch1and Ch2.The total current through the test object is Ch2/Rs. The total voltage is Ch1 scaled
up by the amplifier gain, and then the voltage across the test object can be found by

subtracting the voltage across Rs. For obtaining the capacitor current Iceq, the voltage signal

of Ch1 is differentiated and multiplied by the equivalent capacitance of the test object as per

Equation 5.6. Next, the resistor current IReq can be calculated after subtracting from the total

current as per Equation 5.7. The apparent, active and reactive powers can be calculated using

Equations 5.5, 5.8, and 5.9 respectively. Finally, the DDF can be calculated as per Equation 5.1.
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Fig 5.6 Schematic diagram for data processing

Computer simulations are also carried out for comparison. The MATLAB Simulink schematic

diagram for the implementation of the DDF measurement circuit is provided in Figure 5.7.

e

A
0

% Internal Resistance

L = L
Geometric CO Conduction RO Palarization R1 Polarization C1 - 2 T D
N é “TVoltage Divider = .
l-‘ = =
5 7 Total Voltage Measurement
:{? Voltage Exitation 9
\/-{\' Harmonic Source Z 'ram| N D
f( Shunt é 1 ‘ >
Shunt Voltage Measurement

Fig 5.7 DDF measurement simulation diagram
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The CT parameters are measured using the DIRANA. Measurements in the FDS mode at 50Hz

provide Req,Ceq and also the permittivity from which Co can be calculated. The conduction

resistance R, can be obtained from measurement in the PDC mode. R, andC, then can be

calculated. These values of R and C are added to the simulation model.

The harmonic voltage source is in series with the fundamental voltage source to produce four
different types of distorted waveforms as specified in Table 5.2. The simulation results of the
two voltage measurement blocks are imported into the MATLAB workspace for the calculation
and processing of the test object DDF values. To get precision in measurement, the sampling

time for the signal processing is selected to be 1ns and the sampling is in discrete mode.

5.8 Results and Discussion

The testing results for CT-1 for different excitations are presented in Figure 5.8. Note that the

applied voltage is kept the same at 10kV RMS for all the cases.

For comparison, the results obtained from the laboratory experiment are plotted together
with those calculated using the mathematical formulas along with the numerical simulations
using MATLAB Simulink. They are shown in Figure 5.8. The results of the analytical calculation
(in blue) match the numerical simulation (in orange) confirming the mathematical derivations.

The experimental DDF values (in grey) are lower than the theoretical values.

Figure 5.8(a) shows the changing trend of the DDF in the presence of various levels of the 5t
harmonics. In all cases (analytical, numerical, experimental), the DDF value decreases
monotonically with the increase in the harmonic percentage in the voltage excitation. There
are more variations in the rate of change of the experimental results. The previous chapter
describes the decreasing trend of DDF change with the increase in the harmonic level and it
is also observed that the variation in the rate of change of the experimental result closely
follows the analytical calculation. This implies that the polarisation characteristics in real high
voltage components are more complex than expected. The assumption that the equivalent
capacitance does not change much with frequency may contribute to discrepancies in the

experimental results.
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Figure 5.8(b) shows the variation of the DDF in the presence of 5% of the 5" harmonic with
respect to the phase shift (between the fundamental and the harmonic components). The

DDF value remains almost unchanged irrespective of the phase shift.

Figure 5.8(c) shows the variation of the DDF in the presence of a fixed 5% of the 5" harmonic
and a varying amount of the 3™ harmonic from 4% to 10%. The general trend is similar to that
in Figure 5.8(a), i.e., the DDF values decrease with the increasing harmonic percentage in a
monotonic pattern. Again, the Simulink and the mathematical formula results are aligned. The
percentage difference with the experimental results increases with increasing harmonic

percentage, from around 3% to 9%.

Figures 5.9 plot the DDF results versus the harmonic percentage for CT-3 under different
distorted excitations: having the third harmonic only, (b) having the fifth harmonic only, and
(c) having both harmonics with the same percentage. And the comparison is made between
the experiment and the theoretical DDF results. There are no consistent patterns, the
experimental results fluctuate with different distorted excitations. The difference exceeds
25% for some points, much larger as compared to CT-1 results. Some curve fitting was also
applied to smooth out the variation but for the 3 excitations tested, only one shows a very
slight reduction in the DDF value at a high harmonic percentage. Like CT-3, the trend of the

experimental results for CT-2 is also inconclusive, showing large variations.

On reflection, it is speculated that possible errors in the current measurement sensitivity
caused the problem. The measured current amplitude is in the order of mA or less.
Comparatively, the measured current for the case of CT-2 and CT-3 is much smaller than that
of CT-1 by an order of magnitude. The DSO has only an 8-bit vertical resolution and the vertical
gain setting was kept the same in all measurements. The result is a better accuracy for CT-1

measurement at the expense of CT-2 and CT-3.

The Omicron DIRANA was used in the FDS mode to measure the DDF at individual frequencies.
For all 3 CTs, the DDF decreases monotonously over the frequency range of interest, i.e.,
fundamental to the seventh harmonic. This tends to support, at least for distorted excitations
involving harmonics in this frequency range, the argument put forward in this research that

for the same total RMS voltage, the DDF decreases with increasing distortion.
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5.9 Chapter summary

The work in this chapter attempts to validate the hypothesis by testing dielectrics of
components used in real HV power networks, namely three 33kV resin-impregnated current
transformers of the same design but with different insulation fillers. Here, a slightly more
complex model (Debye model with one polarisation branch) was employed. It is still a linear
circuit of RC components, but the conduction loss and the polarisation loss are separately
represented in the model. Overall, the experimental results seem inconclusive. For CT-1, the
trends follow the prediction, i.e., the DDF value decreases with increasing harmonic
distortion. The largest difference between the experimental result and the prediction is within
10%. However, for the other two CTs, there are no clear trends. The difference exceeds 25%
for some points. The results in Fig. 5.8 show similar trending between the experimental and
analytical/simulation results but deviate from that observed when tested using RC
components. The discrepancy may be due to several factors. Firstly, it was assumed that there
is only one dominant polarisation mechanism (others are negligible and so can be ignored). A
more accurate model calls for multiple polarisation branches. Secondly, modelling the
dielectric as a linear RC circuit may be inappropriate for this particular case, i.e., the dielectric

is non-linear.

Some of the works described in this chapter have been published in:

Pratic A Muntakim, Junyang Zhang, Shubin Zhang, B.T. Phung,” Dielectric Dissipation Factor
Measurement of Power Equipment under Distorted Excitation Voltage”, 2021 International
Conference on Smart-Green Technology in Electrical and Information Systems (ICSGTEIS), Bali,

Indonesia, 28t -30t" October 2021
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Chapter 6

Conclusions

6.1 Conclusions

High voltage power system equipment is one of the most essential components of the
electricity supply infrastructure. Thus, to ensure supply reliability, regular condition
monitoring of the equipment insulation is needed. To this end, the dielectric response based
on DDF measurement at the power frequency is a diagnostic indicator for assessing the health

of the insulation. The DDF value reflects the dielectric loss in the insulation.

It is established that the supply voltage in the grid is not purely sinusoidal but often distorted
with multiple harmonics components. This poses a challenge to the measurement of the DDF,
traditionally based on a pure sinusoidal excitation voltage at the standard power frequency
(50/60Hz). The existing commercial DDF measuring systems operate on this basis - from the
classic bridge-based configuration to the modern approach of measuring the phase angle ¢

between the measuring current and the reference capacitive current.

In the presence of multiple harmonics, the impedance of the bridge elements changes with
frequency. Balancing the bridge simultaneously for multiple frequencies is not possible. Also,
the phase angle 6 is no longer unique but changes for each harmonic. Thus, the DDF
measurement under distorted excitation will be inaccurate if it is measured based on the
traditional process. It is necessary to develop a DDF measurement system that can

accommodate a distorted excitation voltage, reflecting the grid supply voltage in practice.

To solve this problem, this research follows the approach of measuring the DDF as the ratio
of the real power to the reactive power as per Equation 3.8. This approach is more universal.
Under pure sinusoidal excitation, it gives the same answer as the traditional method. For
practical applications, the new method involves simultaneous measurement of the voltage

across the test object and the current through the test object. From these data, the real and
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reactive power can be found and the DDF can be calculated. The process is described in

Section 3.2.

Through this research, it is found that the DDF under distorted excitation is reduced as
compared to the case of no distortion by the correction factor k where 0<k <1. as per
Equation 3.12. This is the key finding of this research which is supported by mathematical
derivations based on the lumped parallel RC model of the dielectric, computer simulations

and experimental measurements.

As per Equation 3.12, the correction factor k is a function of the harmonic components: their
harmonic order and relative amplitude with respect to the fundamental component. On the
other hand, the total harmonic distortion (THD) as per Equation 3.11 is often used as a
parameter to quantify the overall distortion. The larger the THD, the smaller k will become
and the DDF will reduce accordingly by the factor k. The relationship is non-linear, the rate of
reduction in the DDF value increases with the THD and the harmonic order. Also from
Equation 3.12, another conclusion is that the phase angle of the harmonic components or
their phase shift with respect to the reference fundamental component has no influence on

the DDF results.

The proposed DDF measurement scheme was implemented for testing in the laboratory. To
begin, parallel RC models were constructed from discrete resistors and capacitors of known
values to imitate a lossy dielectric. In the experiments, they were used as reference test
objects, energised to different excitation voltage waveforms (pure sinusoidal, distorted with
different harmonics) and then the measurement results obtained are compared with the
theoretical prediction for validation. The findings presented in Chapter 4 confirm the
alignment. The trends between the experiment, simulation, and formula are consistent. The

discrepancy is within a few percent.

Subsequent experiments involved testing with real high voltage components: three 33kV cast
resin current transformers of the same design but different insulation fillers. Overall, the
experimental results seem inconclusive. For CT-1, the trends follow the prediction, i.e., the
DDF value decreases with increasing harmonic distortion. The largest difference between the
experimental result and the prediction is within 10%. However, for the other two CTs, there

are no clear trends. The difference exceeds 25% for some points.
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6.2 Future research scope

There is scope for this research to be further expanded. Whilst the method to measure the
DDF based on the power ratio is universal (applicable for any forms of distorted but periodic
voltage waveforms), practical implementation will require improved instrumentation for

accurate measurement of the voltage and current.

The dielectric losses under distorted excitation can be further studied for different insulation

materials including linear and nonlinear dielectrics.

Different distorted excitation voltages with different harmonic components can be
implemented for experimental investigations. For example, renewable energy sources (PV,
wind etc) are rapidly entering and penetrating the grid. The distorted voltage conditions
imposed by such types of voltages can be implemented to investigate their impacts on the
DDF for different HV components, e.g., HV cable insulation. The variable speed drives for
motor control employ fast rise time high-frequency pulse width modulation (PWM) voltage,
the switching frequency is typically around a few kHz. The insulation of the motor windings as
well as the connecting cable is subjected to such a voltage waveform which is severely

distorted. This presents another interesting area for DDF investigation.

The test voltage used in this research had been kept well below the partial discharge inception
voltage of the test objects. This is to avoid the contribution of the PD loss to the measured
dielectric loss. The focus of this research was on the conduction loss and the polarization loss.
It is anticipated that the DDF will increase in the presence of PDs due to the real power loss
incurred during the breakdown. The effective capacitance would change during the PD event
as well so the overall effect on the DDF is complicated under the presence of distorted

excitation. This is an interesting challenge for future investigation.
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Appendix A
DDF as a ratio of Pand Q

Consider a voltage source applied to a parallel RC network (assuming the resistance and
capacitance are fixed) as shown in Figure A.1. This RC combination represents a simple model
for a lossy dielectric as discussed in Section 2.6.1. In the following, the DDF will be derived

from the ratio of the real power and the reactive power.

¥ -

i Ic Ir
Vac@ C R

Fig A.1 Distorted voltage applied to a parallel RC branch

A periodic, non-sinusoidal function that is integrable can be resolved into a trigonometric
series known as the Fourier series. Hence a periodic, non-sinusoidal voltage source of

instantaneous value v(t) can be written as:
V(t) =V, +Visin(ot+a, ) +V,sin (20t +a, ) +...+V, sin (nat +a, ) (A.1).

Here, V; . denotes the DC voltage component. For the n-th harmonic voltage component, its

amplitude is Vn, and the corresponding RMS value is V, /ﬁ, and &, denotes the phase

angle. @ denotes the angular frequency. For AC only, the DC component can be discarded

and so:

v(t)=V;sin(at+a, ) +...+Vsin(iot+o ) +...+V, sin(not +a, )
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=V, [sin(at+a)+...+£sin(iot+a;)+...+ £, sin(nat+a, ) | (A.2),

where, éi =Vi/V1, denotes the amplitude of the i-th harmonic as a fraction of the

fundamental component. Here, all the sine functions are orthogonal functions, and therefore,

the RMS of the total voltage can be expressed as [112]:

Vs = \ij +VE VR (A.3),
V 2
V2,6 :[lej (1+65+65+..+0) (A.4).

The corresponding response current in the system can be written as:
i(t)=I,sin(ot+o +y,)+1,8in (20t +a, +y, ) +...+ 1 sin(not + o, +y,) (A.5).

Here, ¥ is added phase shift in the current, and [,, is the n-th harmonic amplitude. Similarly,

the RMS current can be written as:

— 2 2 2
lems = \/Ilms Sall DY PO ) Pl (A.6).

If Z represents the impedance of the parallel RC, and Y denotes its admittance:

y=1 o Y| = 1 2+(coC)2 ; i|= 1 2+(iaoC)2 (A.7).
Z R R
Similar to Equation A.4, the RMS current can be written as:
V. 2
12, = (Tle (Y7 +05Y7 + 02¥7 + 03X +) (A.8).
The real power dissipated P is:

(A.9),

1 Vl 2 2, 92 2
P= S W (+6+65+..+02) (A.10).
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The Volt-Amperes or apparent power S can be written as [126]:

2 _\j2 g2
S _VRMSIRMS

2 2
=(ﬁj (1+e§+e§+...+z§)x(ﬁ] (Y7 + 00+ 220 4.+ 2

2 V2

2 2
:([ij ] (L5 + 05+ 4 O)x (Y + Y7+ 05YF ..+ £2Y7) (A.11).

N

And the reactive power Q can be written as:

Q: st_PZ
V 2
() #veo
V 2
{—;J JBVE (A.12),
where,
B=1+/2+/02+.. .+ /7 (A.13),
C=Y2+ 05+ 057+, + 2V 7 (A.14),
1 ’ 2 2 2
D=(Ej (L+5+05+..+02) (A.15),
E=(aC)’ +£2(2aC)" + 2 (3aC)’ +...+ 2 (naC)’ (A.16).

A more general approach for determining the dielectric dissipation factor is based on the

ratio of the real power P (dielectric loss) and the reactive power Q. It can be defined as [112]:

DDE = Rea_l Power P (A.17).
Reactive Power Q

From Equations A.10 - A.17, we can write:
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Rl
DDF = i (A.18).

(4] e

After simplifying we get,

2 2 2
DDF - 1 \/1+€2+€3+...+€n (A19),
@RC J11(20,) +(36,) +...+(nt, )
1
DDF =k x (A.20),
wRC
where k denotes the correction factor:
2 2 2
. N R (A21).
JL+ (20, +(30,) +.t (00, )
if TH Dh denotes the total harmonic distortion and is defined as:
THD, =,[> (4 (A.22),
i=2
(A.23).

It can be seen that when there are no higher-order harmonics, i.e., only the fundamental
component of the voltage and corresponding current present, K =1. Thus, the DDF for a pure

sinusoidal excitation voltage as given by equation A.20 becomes:

DDF =+ (A.24).
wRC
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