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Abstract

Power transformers life is limited fundamentally by the insulation paper state, which can
be analysed through different techniques such as furanic compound concentration,
dissolved gases, methanol concentration, Fourier transform infrared spectroscopy, X-ray
diffraction, scanning electron microscope, refractive index of cellulose fibres, degree of
polymerisation or tensile strength. The two last techniques provide the best way to
evaluate mechanical resistance of insulation paper. This chapter describes briefly the most
remarkable studies about post-mortem assessment and thermal ageing tests in which
mechanical properties are some of the characteristics evaluated to determine paper degra-
dation. This work also gathers the main relationships developed until now to relate
different by-products generated during transformer operation with loss of paper mechan-
ical properties. Finally, this chapter defines the future approaches, which could be used to
study paper degradation.

Keywords: dielectric paper, insulation oil, tensile strength, post-mortem, thermal ageing
test

1. Introduction

Since the nineteenth century, the use of alternating current (AC) against direct current (DC)
was imposed. The machine used for increasing or reducing of AC voltage is the transformer,
which has allowed the development of the power market, making possible the electricity
transport over long distances thanks the reduction of Joule losses during high-voltage (HV)
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transport. Electrical insulation and cooling systems are critical parts of electric power trans-
formers during their operation [1].

Transformer losses generate heat, which produces an increase in temperature and an efficiency
decrease. Once a power transformer starts its operation, heat begins to be produced, which
origins a progressive increase of the temperature. This increase continues until permanent
regime conditions are reached. The temperature rise above the service conditions results in an
accelerated degradation of the insulating materials. Additionally, insulation systems of oil-
filled transformers are subjected to repeated lightning impulses, which brings potential risk to
the insulation system, being the liquid/solid interface the weak link. Assessment of insulation
condition can be obtained by partial discharge (PD) monitoring [2]. For instance, some authors
[3–8] have analysed the effect of oil and pressboard ageing (electrical and/or thermal) on the
characteristic of PD from inception to flashover, surface discharge inception voltage (SDIV)
variation, creepage discharge inception voltage (CDIV) or creepage discharge flashover volt-
age (CDFV) of oil/solid insulation specimens with different ageing degrees. Other authors
have studied the effect of polarity on the accumulation of charges at the oil-solid interface [9],
the accumulative effect of repeated lightning impulses and its damage mechanism [10], the
electrical deterioration caused by PD under long-term AC voltage [11] or the performance of
alternative liquids in comparison with mineral oil [12].

On the other hand, thermal ageing of insulation system in power transformers can favour the
initiation of short-circuit forces, which can end up in a permanent deformation or failure [13].

The type of cooling system in power transformers depends on different factors, mainly associ-
ated with the machine power. The two main groups in which this kind of systems can be
divided are: dry and liquid cooling. For small transformers (100–50,000 kVA) [14], the external
surface of the transformer is sufficient to evacuate by convection and/or radiation the gener-
ated heat to the environment. In such cases, the transformer is air-cooled, being called dry
transformer. These transformers depend on air to enter at the bottom, flow upward over the
core and coil surfaces and exit through the openings near to the top. In medium-large powers,
the cooling system is generally of liquid type, so that the core and the windings are immersed
in oil and contained in a steel tank. This kind of transformers is named oil-filled and in them,
the oil absorbs the heat generated, transports it and dissipates it to the environment through an
exchange boundary. In some cases, this boundary is the outer surface of the tank, often
flapped, which evacuates heat by natural convection and radiation. As the power of the
transformer increases, external radiators are added to increase the exchange surface as well as
fans to force the convection. In high-power transformers, the cooling of the oil can be also
carried out by means of an oil–water exchanger.

In power systems, most of power transformers are oil-filled [15], and their insulation system is
mainly composed of cellulose [16]. The oil provides electrical insulation together with cellu-
losic materials, as well as cooling. Once a transformer starts its operation, the insulation system
degrades over time through different physical–chemical mechanisms. In the case of oil, it is
quite simple to maintain it in suitable conditions, and it is even feasible to replace if it would be
required. However, this is not possible with solid insulation because this cover wires which
constitute the windings of the transformer. Under a practical point of view, replacing the solid

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment4

insulation would imply re-manufacturing the transformer almost completely, which is not
practical. Consequently, it can be concluded that the life of a power transformer is limited
fundamentally by the insulation paper state, which highlights the enormous importance of
knowing its behaviour and its degradation rate over time.

Not only solid insulation components suffer continuous ageing, but also the dielectric oil. During
transformers operation, the insulation system degrades generating a wide range of by-products
such as furanic compounds, water, CO2, CO, low and highmolecular weight acids, and so on [16].

These by-products can influence the normal operation of the transformers causing a raise of
failure probability. Therefore, it is important to determine the ageing state of the trans-
formers through the monitoring of the condition of their electrical insulation. The state of
degradation of the oil can be determined through various parameters such as interfacial
tension, oxidation stability, acidity, dissolved gases analysis (DGA), breakdown voltage,
dissipation factor, and so on [16, 17]. In the case of insulation paper, the study of its degra-
dation can be done through the determination of the degree of polymerisation (DP) or
through the tensile index. The purpose of these two procedures is to determine the mechan-
ical strength of the paper. While the first method does a representative strength measure, the
second one determines the true measurement [18]. However, both tests can only be carried
out through scrapping transformers, since in both cases it is necessary to take a sample of the
solid component, which requires drain the oil.

Figure 1. Transformer failures and their causes.
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The knowledge of the oil and paper ageing processes through the measure of the real state of
degradation of the machine is essential to predict the failure of a transformer in service [19, 20],
which can be due to different causes as was gathered by Murugan and Ramasamy [21],
Figure 1.

The main aim of this chapter is to describe the opportunities offered by the variables obtained
through stress–strain curve in post-mortem studies as well as accelerated thermal ageing tests
carried out in laboratory, describing some of its advantages and challenges. This chapter is
structured as follows: Section 2 explains some of the most used methods to evaluate paper
ageing. Section 3 exposes the main post-mortem studies carried out until now, as well as the
methods and a mathematical model based on DP and tensile index used to analyse paper
degradation. The following section describes accelerated thermal ageing tests in which
mechanical properties have been used to determine paper degradation. Additionally, this
section describes a mathematical model defined by the authors of this chapter, which can be
used to determine the paper ageing through mechanical properties, obtained from tensile test.
Finally, the conclusions are presented.

2. Paper degradation assessment

The study of paper ageing in power transformers is critical to maximise the operation period,
and it can be carried out through different methods, some of the most used are:

2.1. Furanic compounds concentration

This is a non-intrusive technique, which can be used to estimate the ageing of the dielectric
paper. It has been concluded by different authors [22–32] that there is a relation between
furanic compounds and degree of polymerisation. This relation has been defined through
mathematical models such as gathered in Table 1.

These models are empirical, obtained through experimental data, so when they are applied to
a 2-FAL concentration of for example 0.25 ppm, the value of DP ranges from 764.45 to 535.45
Therefore, there is a huge difference between the results.

These compounds can be determined through high performance liquid chromatography
(HPLC) or extraction with methanol [32, 33]. The first step of the furanic compounds measure
is to extract them from the oil, which can be done through solid–liquid extraction or liquid–
liquid extraction. After that, it is analysed by the HPLC in which it is eluted in the specified
column and detected through an ultra violet (UV) detector [18].

A varied range of factors could affect the analysis of furanic compounds: high moisture
(furfuryl alcohol, FA), overheating or normal ageing (2-furfuraldehyde, 2FAL), high tempera-
ture (5metyl-2furfural, 5MEF).

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment6

2.2. Dissolved gas analysis

It is a technique used to identify faults during transformer operation. This analysis can be also
utilised to describe the paper ageing through CO and CO2 dissolved in the oil. Different works
have showed that there is a relationship between the concentration of these gases and the DP
(CO2/CO ≤ 7.4, DP > 600; 7.4 < CO2/CO < 8.0, 400 < DP < 600; 8 ≤ CO2/CO < 8.7, 250 < DP < 400;
CO2/CO ≥ 8.7, DP < 250) [34, 35]. The gases, which can be extracted from the oil using different
methods [18], are detected using the gas chromatography technique whose operating principle
is like HPLC.

2.3. Methanol concentration

The determination of the amount of this alcohol can be used to monitor the depolymerisation
of the paper under normal operating conditions of the transformer. Methanol offers a faster
indication of the early stages of paper degradation than furans [18]. This volatile product can
be measured through a gas chromatograph equipped with a mass selective detector in the
electron impact mode [36].

Mathematical model Reference

DP ¼ 325 � 19
13 � log10 2FALð Þ� �

; 100 ≤DP ≤ 900 (1) [22]

DP ¼ 1
0:0035 � 1:51� log10 2FALð Þ� �

; 150 ≤DP ≤ 1000 (2) [23]

DP ¼ 1850
2:3þ2FAL

0 ; 150 ≤DP ≤ 600 (3) [24]

DP ¼ 1
�0:0035 � log10 2FAL � 0:88ð Þ � 4:51

� �
(4) [25, 26]

DP ¼ 800
0:186�2FAL½ �þ1

(5) [27]

DP ¼ 356:1� 343:8 � log10 TotalFurans½ � (6) [28]

DP ¼ 1:4�log10 2FALð Þ
0:003 ; 200 ≤DPav ≤ 800 (7) [29]

DP ¼ 2:6�log10 2FALð Þ
0:0049 ; (8) [30]

DP ¼ 402:47� 220:87 � log10 Cfur
� �

(9) [30]

DP ¼ �121 � ln Cfur
� �þ 458 (10) [31]

DP ¼ 405:25� 347:22 � log10 2FALð Þ (11) [32]

DP: degree of polymerisation of the cellulosic paper in the windings of a transformer.
2FAL: mg of furfural/kg of oil.
DPav: average degree of polymerisation of the cellulosic paper in the windings of a scrapped transformer.
Total furans: mg of total concentration of furans/kg of oil.
Cfur: mg of total concentration of furans/kg of oil.

Table 1. Furans and DP correlations.
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A varied range of factors could affect the analysis of furanic compounds: high moisture
(furfuryl alcohol, FA), overheating or normal ageing (2-furfuraldehyde, 2FAL), high tempera-
ture (5metyl-2furfural, 5MEF).
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2.2. Dissolved gas analysis

It is a technique used to identify faults during transformer operation. This analysis can be also
utilised to describe the paper ageing through CO and CO2 dissolved in the oil. Different works
have showed that there is a relationship between the concentration of these gases and the DP
(CO2/CO ≤ 7.4, DP > 600; 7.4 < CO2/CO < 8.0, 400 < DP < 600; 8 ≤ CO2/CO < 8.7, 250 < DP < 400;
CO2/CO ≥ 8.7, DP < 250) [34, 35]. The gases, which can be extracted from the oil using different
methods [18], are detected using the gas chromatography technique whose operating principle
is like HPLC.

2.3. Methanol concentration

The determination of the amount of this alcohol can be used to monitor the depolymerisation
of the paper under normal operating conditions of the transformer. Methanol offers a faster
indication of the early stages of paper degradation than furans [18]. This volatile product can
be measured through a gas chromatograph equipped with a mass selective detector in the
electron impact mode [36].

Mathematical model Reference

DP ¼ 325 � 19
13 � log10 2FALð Þ� �

; 100 ≤DP ≤ 900 (1) [22]

DP ¼ 1
0:0035 � 1:51� log10 2FALð Þ� �

; 150 ≤DP ≤ 1000 (2) [23]

DP ¼ 1850
2:3þ2FAL

0 ; 150 ≤DP ≤ 600 (3) [24]

DP ¼ 1
�0:0035 � log10 2FAL � 0:88ð Þ � 4:51

� �
(4) [25, 26]

DP ¼ 800
0:186�2FAL½ �þ1

(5) [27]

DP ¼ 356:1� 343:8 � log10 TotalFurans½ � (6) [28]

DP ¼ 1:4�log10 2FALð Þ
0:003 ; 200 ≤DPav ≤ 800 (7) [29]

DP ¼ 2:6�log10 2FALð Þ
0:0049 ; (8) [30]

DP ¼ 402:47� 220:87 � log10 Cfur
� �

(9) [30]

DP ¼ �121 � ln Cfur
� �þ 458 (10) [31]

DP ¼ 405:25� 347:22 � log10 2FALð Þ (11) [32]

DP: degree of polymerisation of the cellulosic paper in the windings of a transformer.
2FAL: mg of furfural/kg of oil.
DPav: average degree of polymerisation of the cellulosic paper in the windings of a scrapped transformer.
Total furans: mg of total concentration of furans/kg of oil.
Cfur: mg of total concentration of furans/kg of oil.

Table 1. Furans and DP correlations.
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2.4. Fourier transform infrared spectroscopy

Infrared spectroscopy is a technique used for materials analysis, which uses the infrared region
of the electromagnetic (EM) spectrum [37]. It is based on the specific vibration frequencies,
which have the chemical bonds of the substances. These frequencies correspond to the energy
levels of the molecule and depend on the shape of the potential energy surface of the molecule,
the molecular geometry, the atomic mass and the vibrational coupling. If a sample receives
light with the same energy from that vibration and the molecules suffer a change in their
bipolar moment during vibration, then this will appear in the infrared spectrum. To make
measurements on a sample, a monochrome ray of infrared light is passed through the sample,
and some of this radiation is absorbed by the sample and some of it is transmitted. By
repeating this operation in a range of wavelengths, an infrared spectrum can be obtained. This
spectrum represents the molecular absorption and transmission, generating a fingerprint of a
sample with absorption peaks, which correspond to the frequencies of vibrations between the
bonds of the atoms that constitute the material. The size of the peaks in the spectrum is a direct
indication of the amount of material [37, 38]. This technique provides precise information
about functional groups (O-H, CH, C=O, C-O) changes [37, 38].

2.5. X-ray diffraction

This is a rapid analytical technique based on the dispersion of the X-ray beam by matter and on
the constructive interference of waves that are in phase and that are dispersed in certain
directions of space. X-rays are generated in a cathode ray tube by heating a filament to produce
electrons, which are accelerated toward the sample applying a voltage. When the electrons
have sufficient energy to dislodge inner shell electrons of the target material, characteristic X-
ray spectrum is obtained which allows the identification of crystalline phases qualitatively and
quantitatively. The crystal structure and crystallinity are the key properties of the crystalline
polymer material for deciding its electrical performance. By analysing the length, width, height
and diffraction angle, crystal structure identification and chemical phase analysis could be
implemented. Therefore, X-RD analysis is very helpful in the investigation of the crystal
structure of the cellulose fibres in the transformer paper [39].

2.6. Scanning electron microscope

Scanning electron microscope (SEM) can obtain the electronic image of sample’s surface to
show its microstructure [40]. The SEM is capable of producing high-resolution images of a
sample surface (Figure 2). A heated electron emission produces an electron beam, which is
focused by one or two condenser lenses to a fine focal spot. The beam passes through a pair of
scanning coils in the objective lens, which deflect the beam both horizontally and vertically.
Consequently, the beam scans in a raster fashion over a rectangular area of the sample surface
[39]. It allows knowing in detail the state of the surface of a material, which can provide
important information about the microstructure, impurities, degree and origin of alteration of
the material.
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2.7. Refractive index of cellulose fibres

The refractive index (RI) of cellulose fibres can be determined using the dispersion staining
method (DSM) whose principle is as follows: when cellulose fibres are immersed in liquid,
white light will be dispersed at the boundary of the two substances. At this point, there is a
spectrum that does not refract (it passes straight through). This particular spectrum has the
condition: “RI of cellulose fibre = RI of immersion-liquid.” When this particular spectrum is
intercepted by an optical mask and condenses the spectra that are not intercepted, the cellulose
fibre appears to be coloured. It is possible to know the RI of cellulose fibres at a particular
spectrum by observing dispersion colour through DSM [41].

2.8. Degree of polymerisation

The degree of polymerisation can be defined as the average number of glucose rings in each
cellulose chain and it is dimensionless [19]. These chains of cellulose break up during trans-
former operation by exposure to oxygen, moisture and heat, which produce a decrease of
mechanical strength of paper. This weakening end up in transformer fail and it is commonly
accepted that this failure occurs when DP = 150 to 200 [34].

The DP of dielectric paper can be measured using an Ubbelohde viscometer tube [42]. The first
step of the procedure is to measure the viscosity of paper, deionised water and cupriethylene-
diamine (Cuen) mixture and the next step is to calculate the specific viscosity. Once the specific
viscosity has been obtained the DP can be estimated.

2.9. Stress: strain curve

The paper strength is due to fibre strength and inter-fibre bonding strength [18]. Tensile strength
(TS) can be described by stress and strain curve (Figure 3), which is obtained through tensile test.

This test is used to determine the behaviour of a material when a specimen is clamped in an
axial loading frame (Figure 4). The data obtained from this test (load and displacement) are
used to determine stress and strain using the original specimen cross-sectional area A0 (m2)
and length L0 (mm).

Figure 2. SEM result of Kraft paper.
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Stress (σ) is the internal load applied to a specific surface; it is usually expressed in Pa or MPa
when the value is high.

σ ¼ F
A0

¼ F
b � a (1)

where σ is the stress (Pa); F is the load (N); A0 is the original specimen cross-sectional area (m2);
a is the original width of the specimen (m) and b is de original thickness of the specimen (m).

Strain (ε) is the change in the size or shape of a specimen due to internal stress produced by
one or more loads applied to it or by thermal expansion.

Figure 3. Stress–strain curve.

Figure 4. An universal servo hydraulic test machine (model ME-405-1, SERVOSIS) with an axial load cell of �1 kN
capacity, an actuator of �50 mm of dynamic stroke and equipped with pneumatic flat grips.
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ε ¼ l� l0
l0

(2)

At the beginning of stress–strain curve (Figure 3), many materials follow Hooke’s law, so that
stress is proportional to strain being the modulus of elasticity or Young’s modulus (Y, Pa) the
constant of proportionality. As strain increases, many materials end up deviating from this linear
proportionality, the point in which this happens is named the proportional limit. This behaviour
is associated with plastic strain. This plasticity requires molecular mobility and not all materials
have it. The microstructural rearrangements associated with plastic strain are usually not
reversed when the load is removed, so the proportional limit is often the same as or close to the
materials’ elastic limit, which is the stress needed to produce a permanent residual strain on a
specimen once this is unloaded. A parameter related with this behaviour is the yield stress (σy,
Pa), which is the stress required to generate plastic strain in a specimen and it is often considered
to be the stress needed to generate a permanent strain of 0.2%. In the stress–strain curve appears
a point of Maximum Tensile Strength (σmax, Pa), beyond this point the material appears to strain
soften. The area under the stress–strain curve up to a given value of strain is the total mechanical
energy per unit volume consumed by the material to get that strain [43]. An additional param-
eter, which can be obtained through stress–strain curve, is the tensile index.

TI ¼ F a=

G
(3)

where TI is the tensile index (kN m�1 kg�1); F is the load (kN); a is the original width of the
specimen (m) and G is the grammage (kg m�2).

Dielectric papers used in the isolation system of oil-filled transformers have different values of
the mechanical properties (Table 2).

As dielectric paper ages, the risk of transformer failure will rise. According to the study carried
out by Murugan and Ramasamy [21], approximately 41% of the faults produced in a fleet of
transformers (196 transformers ranging from 33 to 400 kVand from 5 to 315 MVA) were due to
failures in the insulation system. Thus, it is critical to monitor the condition of the insulating

Property Grade K
presspaper

Grade 3
presspaper

Grade K diamond dotted
presspaper

Grade 3 diamond dotted
presspaper

PSP
3050

Typical
thickness (mm)

> 0.2 > 0.2 > 0.2 > 0.2 0.7

σmax (MPa) MD 110 91 110 91 ≥ 70

XD 50 40 39 40 ≥
50

ε (%) MD 2.4 2.8 2.4 2.8 ≥ 6

XD 7.6 7.8 7.5 7.8 ≥ 8

MD: machine direction of paper; and XD: cross direction of paper.

Table 2. Typical mechanical properties of dielectric papers.
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solid, which can be carried out through techniques based on paper ageing by-products (furanic
compounds, methanol, dissolved gases…), DP or stress–strain curve. The last technique is the
best way to analyse paper degradation [18]. However, the implementation of the two last
techniques is only possible through post-mortem studies (scrapping transformers). Another
possibility to paper assessment is through correlations based on thermal ageing tests carried
out in laboratory. The following sections describe the possibilities that stress–strain offer in
order to obtain useful information not only in post-mortem studies, but also in accelerated
thermal ageing tests.

However, the implementation of the two last techniques is impossible during transformer
operation because it is not possible obtain paper samples from in-service transformers and
the only opportunity is through post-mortem studies (scrapping transformers). Another pos-
sibility to paper assessment is through correlations based on thermal ageing tests carried out in
laboratory. The following sections describe the possibilities that stress–strain offer in order to
obtain useful information not only in post-mortem studies, but also in accelerated thermal
ageing tests.

3. Post-mortem studies

Although power transformers are tested machines whose life-span pass 20 years even in many
cases 40 years [44, 45], their failure diagnostics are becoming increasingly important due to the
high cost of these devices.

The aim of power transformers post-mortem studies is to understand the failure mechanisms,
so it is essential to collect information about the fault, sequence of events previous the fault,
protective operation and protective devices performance. This information requires to be
collected immediately after the failure occurs, to reproduce it accurately. Therefore, if there is
no an efficient diagnostic methodology included in maintenance program, test results will not
be useful to prevent future failures. There are cases in which failures do not manifest in a
protective device operation, so routine monitoring can help to detect abnormal operation
conditions. Though end-of-life assessments can provide useful information, they are not
always conclusive enough to make the decision about the appropriate time to remove a
transformer from service. This is the reason why the availability of the history of test results
from a power transformer may help to have a better evaluation about the most suitable
moment to replace this kind of machines [46].

There are some examples of post-mortem studies that have used the DP as technique to
determine the paper ageing. For instance, Koch et al. [17] through a research project in which
worked together the IEH Karlsruhe, power stations, utilities and a manufacturer. One of its
aims was the definition of a correlation between DP and furanes in the oil, the other aim was to
obtain data about the ageing process of transformers populations. This project carried out the
post-mortem analysis of two generator transformers. The result tests showed that the lowest
DP value occurs at about 75% of the winding length and not at the top in the LV and the HV
windings. This allowed to conclude that the hot spot temperature does not occur at the top of
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the winding. Additionally, these authors obtained that there is a good correlation between DP
and the content of furanes in the oil and that the CO2/CO ratio can be used to detect the degree
of carbonisation of the insulation paper. Martins et al. [47] also evaluated the condition of a
single power transformer, specifically a 63-MVA, 150/63/10-kV, shell-type unit to make a
decision regarding its transfer to a new substation. They measured the DP from selected points
in the transformer connections insulation to get a paper-ageing diagnostic and compare it with
the predicted diagnostic based on the previous oil analysis [dissolved gas analysis (DGA),
colour, appearance, breakdown voltage, water content, acidity, dielectric dissipation factor,
sediment and sludge, interfacial tension, flash point and furanic compounds]. Their evaluation
showed that the calculation of DP using correlations based on 2-FAL require care because DP
values depend on variables such as temperature, oxygen, water content, oil type and degrada-
tion oil. These authors also estimated DP values using the calculated thermal profiles. How-
ever, their results concluded that loading data included the daily peaks are insufficient to
obtain an accurate temperature distribution. Finally, they concluded that more post-mortem
studies with detailed operational data would improve the knowledge of the correlation
between 2-FAL in oil and the DP of insulating paper. DP was also used to estimate paper
ageing in the post-mortem assessment carried out by other authors [28, 48]. Leibfried et al. [28]
proposed a systematical method for taking paper samples from scrapped power transformers
and a methodology for the evaluation of DP values suggesting a grouping into different types
of transformers, at least in Germany, which the operation mode and consequently the ageing
rate inside transformers is substantially different. Using the data obtained in their study,
Leibried et al. derived a formula to estimate average DP through the 2-FAL concentration,
although they obtained that this equation does not provide 100% reliable evaluation of trans-
former condition. In the case of Jalbert and Lessard [48], insulating paper from six power
transformers (open-breathing core-type power transformers built in 1958, initially cooled with
OFWF systems and since 1990s modified to OFAF cooling systems) as well as representative
oil samples needed to evaluate the oil quality and its content of chemical markers (furans and
alcohols) were tested. These authors concluded that it is critical to obtain a complete DP profile
of the transformer in order to apply any model. They also focused on the need to establish
concentration thresholds to define more accurately the insulation paper condition. The exper-
imental results of these post-mortem assessments give a variation of DP values ranged from
less than 5% to more than 40%, which indicates the results variability of this technique.

It was not until 2014, that post-mortem studies were carried out considering not only DP, but
also tensile index, despite the fact that some authors like Emsley et al. [49] have developed an
expression, which correlated DP and tensile strength with temperature and time. The
approach applied by Carcedo et al. [50] showed a case study, which used, the model proposed
by Emsley et al. to predict the values of tensile index and degree of polymerisation [49], in an
alternative way for post-mortem assessment. These authors estimated temperature distribu-
tions considering the machine life-span and the DP and TI values of new and aged Kraft paper.
Carcedo et al. [50] took paper samples from a failed distribution transformer (three-phase
transformer with a rated power of 800 kVA at 50 Hz and manufactured in 1986 with an ONAN
cooling system) to measure DP and TI. Later, the temperature distributions were obtained
based on DP and TI test results and Emsley et al. model [49]:
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in the transformer connections insulation to get a paper-ageing diagnostic and compare it with
the predicted diagnostic based on the previous oil analysis [dissolved gas analysis (DGA),
colour, appearance, breakdown voltage, water content, acidity, dielectric dissipation factor,
sediment and sludge, interfacial tension, flash point and furanic compounds]. Their evaluation
showed that the calculation of DP using correlations based on 2-FAL require care because DP
values depend on variables such as temperature, oxygen, water content, oil type and degrada-
tion oil. These authors also estimated DP values using the calculated thermal profiles. How-
ever, their results concluded that loading data included the daily peaks are insufficient to
obtain an accurate temperature distribution. Finally, they concluded that more post-mortem
studies with detailed operational data would improve the knowledge of the correlation
between 2-FAL in oil and the DP of insulating paper. DP was also used to estimate paper
ageing in the post-mortem assessment carried out by other authors [28, 48]. Leibfried et al. [28]
proposed a systematical method for taking paper samples from scrapped power transformers
and a methodology for the evaluation of DP values suggesting a grouping into different types
of transformers, at least in Germany, which the operation mode and consequently the ageing
rate inside transformers is substantially different. Using the data obtained in their study,
Leibried et al. derived a formula to estimate average DP through the 2-FAL concentration,
although they obtained that this equation does not provide 100% reliable evaluation of trans-
former condition. In the case of Jalbert and Lessard [48], insulating paper from six power
transformers (open-breathing core-type power transformers built in 1958, initially cooled with
OFWF systems and since 1990s modified to OFAF cooling systems) as well as representative
oil samples needed to evaluate the oil quality and its content of chemical markers (furans and
alcohols) were tested. These authors concluded that it is critical to obtain a complete DP profile
of the transformer in order to apply any model. They also focused on the need to establish
concentration thresholds to define more accurately the insulation paper condition. The exper-
imental results of these post-mortem assessments give a variation of DP values ranged from
less than 5% to more than 40%, which indicates the results variability of this technique.

It was not until 2014, that post-mortem studies were carried out considering not only DP, but
also tensile index, despite the fact that some authors like Emsley et al. [49] have developed an
expression, which correlated DP and tensile strength with temperature and time. The
approach applied by Carcedo et al. [50] showed a case study, which used, the model proposed
by Emsley et al. to predict the values of tensile index and degree of polymerisation [49], in an
alternative way for post-mortem assessment. These authors estimated temperature distribu-
tions considering the machine life-span and the DP and TI values of new and aged Kraft paper.
Carcedo et al. [50] took paper samples from a failed distribution transformer (three-phase
transformer with a rated power of 800 kVA at 50 Hz and manufactured in 1986 with an ONAN
cooling system) to measure DP and TI. Later, the temperature distributions were obtained
based on DP and TI test results and Emsley et al. model [49]:
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where DPt is the insulation DP value at time t; DP0 is the initial insulation DP value; t is the time
(s); k10 is the initial rate at which bonds break; k2 is the rate at which k10 changes; TIt is the
insulation tensile strength index value at time t; TI0 is the initial insulation tensile strength index
value; k10, k2, k3 and k4 constants can be obtained assuming that Arrhenius equation is valid from
normal temperature of power transformers up to the temperatures used in ageing experiments:

k ¼ A � e�Ea
RT (13)

where k is a rate constant; A is the pre-exponential factor (s�1); Ea is the activation energy
(J mol�1); R is the molar gas constant (8.314 JK�1 mol�1) and T is the temperature (K).

Finally, these temperature distributions obtained by Carcedo et al. [50] and represented by
authors of this chapter (Figure 5) were compared in order to show the suitability of tensile
analysis for post-mortem studies. These authors concluded that the maximum difference for
the same point was less than 3.3 K; therefore, both methods were suitable for post-mortem
evaluations, being the TI more reliable and repeatable indicator.

Azis et al. also used stress–strain curve to investigate the mechanical strength of paper from 10
scrapped power transformers [51]. These authors not only used TI to carried out the trans-
formers assessment, but also the low molecular weight acid (LMA). They concluded that there
is a relationship between LMA in oil and TI of paper, which tends to be generic for both
laboratory tests and in-service ageing data.

In the paper written by Müllerová et al. [52], was described the methodology followed to
create and utilise as a making decision tool a database which gathers data about the condition
of the insulation system of a group of 24 transformers (1 transformer of 330 MVA, 400/121 kV;
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3 transformers of 254 MVA, 420/13.8 kV; 3 transformers of 250 MVA, 400/121 kV; 15 trans-
formers of 250 MVA, 420/15.75 kV; 1 transformer of 200 MVA, 231/121 kV; 1 transformer of 200
MVA, 230/121 kV). These machines were studied through post-mortem analysis carried out for
several years. The study of these devices analysed the values of DP, tensile strength, as well as,
information from running history of the transformers (DGA and 2-FAL). They observed that
transformers with similar level of ageing are defined rather by manufacturer and construction
than by the loading regime, which has less influence. Moreover, they found that the correlation
of DP and tensile strength corresponds with specific transformers groups. Nevertheless, there
are some transformers whose DP values range far less in comparison with tensile strength,
which might indicate a higher accuracy of this variable to distinguish paper degradation. On
the other hand, the DGA tests showed that they are essential for ageing evaluation because
they can provide information about running problems (ineffective cooling, leaking, higher
gases development).

Even though the number of post-mortem studies has increased during the last years, there is
not enough data to develop an accurate end-of-life failure model [53]. For this reason, it is
essential to go on with the study of scrapped transformers to obtain more information about
the most representative variables of the transformer ageing. Initially, the state of insulating

Figure 5. Temperature distribution using different test results.
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analysis for post-mortem studies. These authors concluded that the maximum difference for
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scrapped power transformers [51]. These authors not only used TI to carried out the trans-
formers assessment, but also the low molecular weight acid (LMA). They concluded that there
is a relationship between LMA in oil and TI of paper, which tends to be generic for both
laboratory tests and in-service ageing data.

In the paper written by Müllerová et al. [52], was described the methodology followed to
create and utilise as a making decision tool a database which gathers data about the condition
of the insulation system of a group of 24 transformers (1 transformer of 330 MVA, 400/121 kV;
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formers of 250 MVA, 420/15.75 kV; 1 transformer of 200 MVA, 231/121 kV; 1 transformer of 200
MVA, 230/121 kV). These machines were studied through post-mortem analysis carried out for
several years. The study of these devices analysed the values of DP, tensile strength, as well as,
information from running history of the transformers (DGA and 2-FAL). They observed that
transformers with similar level of ageing are defined rather by manufacturer and construction
than by the loading regime, which has less influence. Moreover, they found that the correlation
of DP and tensile strength corresponds with specific transformers groups. Nevertheless, there
are some transformers whose DP values range far less in comparison with tensile strength,
which might indicate a higher accuracy of this variable to distinguish paper degradation. On
the other hand, the DGA tests showed that they are essential for ageing evaluation because
they can provide information about running problems (ineffective cooling, leaking, higher
gases development).

Even though the number of post-mortem studies has increased during the last years, there is
not enough data to develop an accurate end-of-life failure model [53]. For this reason, it is
essential to go on with the study of scrapped transformers to obtain more information about
the most representative variables of the transformer ageing. Initially, the state of insulating
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solid was measured through DP; however, later assessments have demonstrated that in some
cases the tensile or index strength can be more sensitive to differentiate the level of paper ageing.

4. Accelerated thermal ageing in laboratory

Currently, most of oil-filled power transformers use as dielectric liquid, mineral oil, which is
obtained from the middle range of petroleum-derived distillates. This fluid has shown suitable
thermal and dielectric properties to carry out its functions as cooling and insulation. Neverthe-
less, it possess two important drawbacks, the first one is its low flash point and the second one is
its low biodegradability, which can represent a high risk if spills or leaks would take place. This
situation has led to the development of alternative transformer oils such as silicones, synthetic
and natural esters. In particular, vegetal oils have drawn most attention and research [54].

During last two decades, the study of transformer oil-based nanofluids has become of great
interest due to their prospective properties as cooling and dielectric liquids [55]. For example,
Li et al. [56] prepared a nanofluid dispersing Fe3O4 nanoparticles in a vegetal oil and using
oleic acid as surfactant. These authors compared the behaviour of this nanofluid with the pure
oil measuring power frequency breakdown voltage and relative permittivity. The breakdown
voltage of nanofluids has also been measured by Thabet et al. [57], nevertheless, in that work
the insulation liquid was based on mineral oil and different nanoparticles (ZnO, MgO, Al2O3,
TiO2, SiO2, LiTaO3, Fe3O4, graphite), as well as multi-nanoparticles collections, which were
combination of two of the nanoparticles studied previously. These dielectric properties and
other such as dissipation factor, dielectric constant or electrical resistivity have been studied by
many authors [58, 59], analysing the effect of different nanoparticles (CaCu3Ti4O12, TiO2,
Al2O3). The streamers in transformer oils under lightning impulse voltage have been observed,
too by authors such as et al. [60, 61], Cavallini et al. [62], Sima et al. [63] and Liu et al. [64] or
simulated as Velasco et al. [65]. The last ones not only evaluated dielectric properties, but also
thermal conductivity of nanofluids obtained through the dispersion of AlN nanoparticles. The
effect of nanoparticles on heat transfer characteristics was also studied by Guan et al. [64] and
Morega et al. [66]. The last ones additionally evaluated the specific magnetisation of other
nanofluid to open new venues in optimising conventional electrotechnic constructions or to
design novel devices [67]. Creeping discharge and flashover characteristics of the oil/press-
board interface under AC and impulse voltages was studied by Lv et al. for a nanofluid based
on TiO2 nanoparticles [68], obtaining an increase of the shallow trap density and a lower
shallow trap energy level of oil-impregnated pressboard which can improve the creeping
flashover strength of oil/pressboard interface.

When it is desired, the replacement of one usual component of the insulation system, as in the
case of alternative dielectric oils, it is important to study the stability of the new system and
compare it with the system widely used in power transformers (mineral oil/Kraft paper). For
this reason, many accelerated thermal ageing studies have been carried out in the laboratory.

The first laboratory tests of accelerated thermal ageing focused on the behaviour of paper in
mineral oil. For instance, Shroff and Stannett [69] aged Kraft paper and thermal upgraded
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paper in mineral oil at four temperatures. The results of their study showed that there is a
direct relationship between the DP and the moisture in paper and the concentration of furanic
compounds. These authors also proposed as paper end-of-life criteria a DP = 200 and a tensile
strength equal to 50% of its original value. Other authors such as Yoshida et al. [70] also
implemented ageing tests using mineral oil as dielectric liquid at different temperatures (120,
140 and 160�C). In this case, they analysed the behaviour of Kraft and pressboard paper,
obtaining as main conclusions the existence of a relationship between the concentration of
CO/CO2 and the evolution of the DP and the tensile strength. On the other hand, Hill et al.
[71] studied the tensile strength of the paper, the DP and the concentration of furans in ageing
tests of Kraft paper in mineral oil at different temperatures, obtaining as a result the existence
of a relationship between furans, DP and tensile strength. In addition, these authors proposed
a paper degradation model based on the tensile strength. Emsley et al. [49, 72, 73] also
proposed a degradation model, although this was based on the relationship between tensile
strength and DP for Kraft paper and cotton paper aged in mineral oil. Since last decade, ageing
studies have begun to take into account alternative oils. For example, Mcshane et al. [74–77]
evaluated DP, tensile strength, moisture in oil and paper, as well as furan content when Kraft
and thermal upgraded paper were aged in a mineral oil and in a natural ester. The results of
their tests showed that the degradation rate experienced by the paper during thermal ageing at
different temperatures was lower in the natural ester. These authors proposed the protective
mechanisms developed by the ester that might explain the minor degradation suffered by the
paper in the alternative oil. Other authors such as Shim et al. [78] also obtained greater thermal
stability in the natural ester compared to mineral oil by the measure of the tensile strength for
Kraft and diamond dotted paper. Similar results were presented by Azis [18], who analysed
paper degradation using tensile strength, breakdown voltage, dynamic viscosity, acidity and
concentration of low and high molecular weight acids in the oil. The measure of the concen-
tration of low molecular weight acids (LMA) allowed observing that these tend to remain in
the natural ester, which might explain the best behaviour of the Kraft paper during the ageing,
in addition to the hydrolytic protection made by the oil. The behaviour of thermal upgraded
and Kraft paper in mineral oil and in natural ester was also evaluated by Abdelmalik et al. [79],
who studied the tensile and dielectric strength of the paper. Their results also showed that oils
based on natural esters protect better against the degradation than mineral oil. Saruhashi et al.
[80] studied for aramid paper tensile index, as well as breakdown voltage, acidity, colour and
kinematic viscosity of the oil. In their study, they carry out ageing tests at two temperatures in
three different oils (silicone, natural ester and synthetic ester). They found a slight variation of
the tensile index in the three oils. The degradation of Kraft paper aged in a natural ester was
also evaluated through the tensile strength by Widyanugraha et al. [35], who also measured
the gases generated during ageing at two different temperatures. The tensile strength suffered
initially a decrease and subsequently an increase during thermal ageing. It was assumed that
this behaviour was due to the transesterification process. The tensile strength of the paper,
besides other characteristic properties of the oil degradation, was analysed by Madavan and
Balaraman [81], who obtained that the paper aged in oils based on natural esters had a lower
degradation compared to Kraft paper immersed in mineral oil. In recent years, different
authors have tried to find additional methods to study paper degradation when this is aged
thermally in laboratory. For example, Arroyo et al. [16, 82, 83] related the paper’s tensile index
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solid was measured through DP; however, later assessments have demonstrated that in some
cases the tensile or index strength can be more sensitive to differentiate the level of paper ageing.

4. Accelerated thermal ageing in laboratory
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thermal and dielectric properties to carry out its functions as cooling and insulation. Neverthe-
less, it possess two important drawbacks, the first one is its low flash point and the second one is
its low biodegradability, which can represent a high risk if spills or leaks would take place. This
situation has led to the development of alternative transformer oils such as silicones, synthetic
and natural esters. In particular, vegetal oils have drawn most attention and research [54].

During last two decades, the study of transformer oil-based nanofluids has become of great
interest due to their prospective properties as cooling and dielectric liquids [55]. For example,
Li et al. [56] prepared a nanofluid dispersing Fe3O4 nanoparticles in a vegetal oil and using
oleic acid as surfactant. These authors compared the behaviour of this nanofluid with the pure
oil measuring power frequency breakdown voltage and relative permittivity. The breakdown
voltage of nanofluids has also been measured by Thabet et al. [57], nevertheless, in that work
the insulation liquid was based on mineral oil and different nanoparticles (ZnO, MgO, Al2O3,
TiO2, SiO2, LiTaO3, Fe3O4, graphite), as well as multi-nanoparticles collections, which were
combination of two of the nanoparticles studied previously. These dielectric properties and
other such as dissipation factor, dielectric constant or electrical resistivity have been studied by
many authors [58, 59], analysing the effect of different nanoparticles (CaCu3Ti4O12, TiO2,
Al2O3). The streamers in transformer oils under lightning impulse voltage have been observed,
too by authors such as et al. [60, 61], Cavallini et al. [62], Sima et al. [63] and Liu et al. [64] or
simulated as Velasco et al. [65]. The last ones not only evaluated dielectric properties, but also
thermal conductivity of nanofluids obtained through the dispersion of AlN nanoparticles. The
effect of nanoparticles on heat transfer characteristics was also studied by Guan et al. [64] and
Morega et al. [66]. The last ones additionally evaluated the specific magnetisation of other
nanofluid to open new venues in optimising conventional electrotechnic constructions or to
design novel devices [67]. Creeping discharge and flashover characteristics of the oil/press-
board interface under AC and impulse voltages was studied by Lv et al. for a nanofluid based
on TiO2 nanoparticles [68], obtaining an increase of the shallow trap density and a lower
shallow trap energy level of oil-impregnated pressboard which can improve the creeping
flashover strength of oil/pressboard interface.

When it is desired, the replacement of one usual component of the insulation system, as in the
case of alternative dielectric oils, it is important to study the stability of the new system and
compare it with the system widely used in power transformers (mineral oil/Kraft paper). For
this reason, many accelerated thermal ageing studies have been carried out in the laboratory.

The first laboratory tests of accelerated thermal ageing focused on the behaviour of paper in
mineral oil. For instance, Shroff and Stannett [69] aged Kraft paper and thermal upgraded
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paper in mineral oil at four temperatures. The results of their study showed that there is a
direct relationship between the DP and the moisture in paper and the concentration of furanic
compounds. These authors also proposed as paper end-of-life criteria a DP = 200 and a tensile
strength equal to 50% of its original value. Other authors such as Yoshida et al. [70] also
implemented ageing tests using mineral oil as dielectric liquid at different temperatures (120,
140 and 160�C). In this case, they analysed the behaviour of Kraft and pressboard paper,
obtaining as main conclusions the existence of a relationship between the concentration of
CO/CO2 and the evolution of the DP and the tensile strength. On the other hand, Hill et al.
[71] studied the tensile strength of the paper, the DP and the concentration of furans in ageing
tests of Kraft paper in mineral oil at different temperatures, obtaining as a result the existence
of a relationship between furans, DP and tensile strength. In addition, these authors proposed
a paper degradation model based on the tensile strength. Emsley et al. [49, 72, 73] also
proposed a degradation model, although this was based on the relationship between tensile
strength and DP for Kraft paper and cotton paper aged in mineral oil. Since last decade, ageing
studies have begun to take into account alternative oils. For example, Mcshane et al. [74–77]
evaluated DP, tensile strength, moisture in oil and paper, as well as furan content when Kraft
and thermal upgraded paper were aged in a mineral oil and in a natural ester. The results of
their tests showed that the degradation rate experienced by the paper during thermal ageing at
different temperatures was lower in the natural ester. These authors proposed the protective
mechanisms developed by the ester that might explain the minor degradation suffered by the
paper in the alternative oil. Other authors such as Shim et al. [78] also obtained greater thermal
stability in the natural ester compared to mineral oil by the measure of the tensile strength for
Kraft and diamond dotted paper. Similar results were presented by Azis [18], who analysed
paper degradation using tensile strength, breakdown voltage, dynamic viscosity, acidity and
concentration of low and high molecular weight acids in the oil. The measure of the concen-
tration of low molecular weight acids (LMA) allowed observing that these tend to remain in
the natural ester, which might explain the best behaviour of the Kraft paper during the ageing,
in addition to the hydrolytic protection made by the oil. The behaviour of thermal upgraded
and Kraft paper in mineral oil and in natural ester was also evaluated by Abdelmalik et al. [79],
who studied the tensile and dielectric strength of the paper. Their results also showed that oils
based on natural esters protect better against the degradation than mineral oil. Saruhashi et al.
[80] studied for aramid paper tensile index, as well as breakdown voltage, acidity, colour and
kinematic viscosity of the oil. In their study, they carry out ageing tests at two temperatures in
three different oils (silicone, natural ester and synthetic ester). They found a slight variation of
the tensile index in the three oils. The degradation of Kraft paper aged in a natural ester was
also evaluated through the tensile strength by Widyanugraha et al. [35], who also measured
the gases generated during ageing at two different temperatures. The tensile strength suffered
initially a decrease and subsequently an increase during thermal ageing. It was assumed that
this behaviour was due to the transesterification process. The tensile strength of the paper,
besides other characteristic properties of the oil degradation, was analysed by Madavan and
Balaraman [81], who obtained that the paper aged in oils based on natural esters had a lower
degradation compared to Kraft paper immersed in mineral oil. In recent years, different
authors have tried to find additional methods to study paper degradation when this is aged
thermally in laboratory. For example, Arroyo et al. [16, 82, 83] related the paper’s tensile index
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with an indirect measure of its degradation, such as the concentration of methanol and ethanol
in the oil. They also proposed three degradation models for Kraft and thermal upgraded paper.
Each model was based on a different property (tensile index, DP, methanol and ethanol
concentration in oil). The proposed models were obtained from the ageing data of the paper
in mineral oil at three temperatures. Finally, they evaluated the influence that the concentration
of stabilisation additives can have on the thermal stability of thermal upgraded paper. The
results showed that the higher this concentration is, the better the paper stability, although it
changes whereas the degradation of the paper takes place. Another alternative model based on
a damage parameter D to predict the remaining life of Kraft paper has been defined by the
authors of this chapter. This parameter can be based on any mechanical property (strength,
Young’s modulus, yield stress, energy consumed, strain under ultimate strength, etc.) obtained
of the tensile test (Annex). This damage parameter can be used to evaluate additional mechan-
ical properties which have not been used previously in a new proposed mathematical model
based on temperature and time. The damage parameter D is defined as:

D ¼ 1� Propertyi
Property0

(14)

where Propertyi is the value of a macroscopic property (strength, yield stress…) in any situa-
tion of time (t) and temperature (T) and Property0 is the value of the same property of the
original paper not subject to ageing. It can be observed that the damage parameter D can only
take values between 1 and 0. The value 1 represents an insulation paper which has lost all its
mechanical resistance whereas the value 0 corresponds to new insulation solid.

The evolution of D with t for different ageing conditions can be obtained through the mathe-
matical model:

D ¼ Dmax � 1� exp �a � tð Þ� �
(15)

where the parameter a is a rate constant that indicates the effect of oil temperature in which the
paper is aged, on the increase of the damage, D, suffered by paper along the time; Dmax is the
maximum value reached experimentally by the damage; t is the time (h). The parameter a can
be expressed by means of Arrhenius equation as a function of the ageing temperature.

Finally, the analysed Property can be expressed as a function of the time and the temperature:

Propertyi ¼ Property0 � 1�Dmax 1� exp �a � tð Þ� �� �
(16)

This mathematical model, which determines the damage suffered by paper aged in an oil, is a
simplified macroscopic model that takes into account the general damage experienced by the
paper.

On the other hand, Pei et al. [40] tried to relate the degradation suffered by pressboard aged at
130�C in mineral oil, through the tensile strength, with the microscopic appearance of its surface,
using for this analysis the scanning electron microscope (SEM). The results of his study showed
that the pressboard degradation is accompanied by changes in the superficial structure.
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All these works have found that the thermal degradation of the paper can be evaluated using
mechanical parameters such as tensile strength or TI. However, until now, other parameters
obtained from the tensile test have not been considered, such as Young’s modulus, strain, elastic
limit, and so on, which might offer a more accurate view of the loss of mechanical strength by the
paper. On the other hand, the use of SEM for materials aged in mineral oil seems to provide
additional information on the relationship between the shape of cellulose fibres and their
mechanical strength. Regarding the behaviour of cellulosic material in alternative oils, although
several ageing studies have been carried out, degradation models based on mechanical proper-
ties have not been proposed. These mathematical models will allow to estimate the remaining
life of dielectric papers as a function of temperature and time. The development of these degra-
dation models requires analyse which mechanical properties can offer a better description of the
loss of mechanical resistance. Additionally, the utilisation of SEM can help to detect when the
behaviour of the solid insulation becomes fragile increasing the failure probability.

5. Conclusions

There are several techniques that can be used to evaluate insulation paper degradation; how-
ever, the two most used in post-mortem analysis have been the degree of polymerisation (DP)
and tensile strength. One of these post-mortem studies obtained as conclusions that the exper-
imental results give a variation of DP values ranged from less than 5% to more than 40%,
which indicates the results variability of this technique. On the other hand, all these end-of-life
studies have shown the necessity of complement DP profile of the transformer with chemical
markers such as furans, methanol, dissolved gases, and so on. Because of these by-products
derived from paper and oil degradation can detect running problems (ineffective cooling,
leaking, higher gases development), which might be useful to prevent future failures.

Data obtained from post-mortem analysis should be complemented with tests carried out in
the laboratory. These tests have provided useful correlations between oil markers and paper
degradation in a short period of time and make possible establish comparisons between
mineral and alternative oils in accelerated thermal ageing tests. The measure of paper mechan-
ical strength has been limited until now at the estimation of tensile strength and tensile index,
in spite of the fact that additional parameters (Young’s modulus, yield stress, energy con-
sumed, etc.) obtained in the tensile test can provide more accurate analysis of the loss of
mechanical properties. For instance, the energy consumed might be more convenient to follow
the changes of mechanical properties of insulation paper since in its definition the other two
parameters (strength and strain) are used. Data obtained from stress–strain curve should be
complemented with the information provided by techniques as SEM, which could detect
behaviour changes in the paper related with type of failure. This could be carried out using
texture analysis, which might provide information about thermal degradation of paper using
the information provided by the statistical variation of pixels grey level intensities in an image.

The results obtained from PD measurements have shown that solid ageing has little influence;
nonetheless, oil ageing has great influence on PD characteristics over liquid/solid interface.
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with an indirect measure of its degradation, such as the concentration of methanol and ethanol
in the oil. They also proposed three degradation models for Kraft and thermal upgraded paper.
Each model was based on a different property (tensile index, DP, methanol and ethanol
concentration in oil). The proposed models were obtained from the ageing data of the paper
in mineral oil at three temperatures. Finally, they evaluated the influence that the concentration
of stabilisation additives can have on the thermal stability of thermal upgraded paper. The
results showed that the higher this concentration is, the better the paper stability, although it
changes whereas the degradation of the paper takes place. Another alternative model based on
a damage parameter D to predict the remaining life of Kraft paper has been defined by the
authors of this chapter. This parameter can be based on any mechanical property (strength,
Young’s modulus, yield stress, energy consumed, strain under ultimate strength, etc.) obtained
of the tensile test (Annex). This damage parameter can be used to evaluate additional mechan-
ical properties which have not been used previously in a new proposed mathematical model
based on temperature and time. The damage parameter D is defined as:

D ¼ 1� Propertyi
Property0

(14)

where Propertyi is the value of a macroscopic property (strength, yield stress…) in any situa-
tion of time (t) and temperature (T) and Property0 is the value of the same property of the
original paper not subject to ageing. It can be observed that the damage parameter D can only
take values between 1 and 0. The value 1 represents an insulation paper which has lost all its
mechanical resistance whereas the value 0 corresponds to new insulation solid.

The evolution of D with t for different ageing conditions can be obtained through the mathe-
matical model:

D ¼ Dmax � 1� exp �a � tð Þ� �
(15)

where the parameter a is a rate constant that indicates the effect of oil temperature in which the
paper is aged, on the increase of the damage, D, suffered by paper along the time; Dmax is the
maximum value reached experimentally by the damage; t is the time (h). The parameter a can
be expressed by means of Arrhenius equation as a function of the ageing temperature.

Finally, the analysed Property can be expressed as a function of the time and the temperature:

Propertyi ¼ Property0 � 1�Dmax 1� exp �a � tð Þ� �� �
(16)

This mathematical model, which determines the damage suffered by paper aged in an oil, is a
simplified macroscopic model that takes into account the general damage experienced by the
paper.

On the other hand, Pei et al. [40] tried to relate the degradation suffered by pressboard aged at
130�C in mineral oil, through the tensile strength, with the microscopic appearance of its surface,
using for this analysis the scanning electron microscope (SEM). The results of his study showed
that the pressboard degradation is accompanied by changes in the superficial structure.
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All these works have found that the thermal degradation of the paper can be evaluated using
mechanical parameters such as tensile strength or TI. However, until now, other parameters
obtained from the tensile test have not been considered, such as Young’s modulus, strain, elastic
limit, and so on, which might offer a more accurate view of the loss of mechanical strength by the
paper. On the other hand, the use of SEM for materials aged in mineral oil seems to provide
additional information on the relationship between the shape of cellulose fibres and their
mechanical strength. Regarding the behaviour of cellulosic material in alternative oils, although
several ageing studies have been carried out, degradation models based on mechanical proper-
ties have not been proposed. These mathematical models will allow to estimate the remaining
life of dielectric papers as a function of temperature and time. The development of these degra-
dation models requires analyse which mechanical properties can offer a better description of the
loss of mechanical resistance. Additionally, the utilisation of SEM can help to detect when the
behaviour of the solid insulation becomes fragile increasing the failure probability.

5. Conclusions

There are several techniques that can be used to evaluate insulation paper degradation; how-
ever, the two most used in post-mortem analysis have been the degree of polymerisation (DP)
and tensile strength. One of these post-mortem studies obtained as conclusions that the exper-
imental results give a variation of DP values ranged from less than 5% to more than 40%,
which indicates the results variability of this technique. On the other hand, all these end-of-life
studies have shown the necessity of complement DP profile of the transformer with chemical
markers such as furans, methanol, dissolved gases, and so on. Because of these by-products
derived from paper and oil degradation can detect running problems (ineffective cooling,
leaking, higher gases development), which might be useful to prevent future failures.

Data obtained from post-mortem analysis should be complemented with tests carried out in
the laboratory. These tests have provided useful correlations between oil markers and paper
degradation in a short period of time and make possible establish comparisons between
mineral and alternative oils in accelerated thermal ageing tests. The measure of paper mechan-
ical strength has been limited until now at the estimation of tensile strength and tensile index,
in spite of the fact that additional parameters (Young’s modulus, yield stress, energy con-
sumed, etc.) obtained in the tensile test can provide more accurate analysis of the loss of
mechanical properties. For instance, the energy consumed might be more convenient to follow
the changes of mechanical properties of insulation paper since in its definition the other two
parameters (strength and strain) are used. Data obtained from stress–strain curve should be
complemented with the information provided by techniques as SEM, which could detect
behaviour changes in the paper related with type of failure. This could be carried out using
texture analysis, which might provide information about thermal degradation of paper using
the information provided by the statistical variation of pixels grey level intensities in an image.

The results obtained from PD measurements have shown that solid ageing has little influence;
nonetheless, oil ageing has great influence on PD characteristics over liquid/solid interface.
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Additionally, it has been observed by different authors that thermal ageing has significant
impacts on surface morphology of insulation solid, which influences the developing process of
PD. Therefore, it is necessary to analyse the effect of increasing the ageing time on the reduction
in partial discharge magnitude for application in on-field practical tests. This analysis needs to
take into account not only mineral oil, but also new insulating oils (natural and synthetic esters)
which have proved to be a viable substitute. Moreover, there is an incomplete understanding of
the oil/solid interface yet, as well as a lack of standardisation in PD measurements for diagnostic
purposes of the HV components in which insulating liquids are employed.

Finally, the use of nanoparticles in power transformers has opened new ways in optimising
their design because different studies have obtained an enhancement in dielectric properties
(breakdown strength, partial discharge inception voltage, creeping flashover strength of oil-
impregnated papers…) and thermal conductivity without significant change in the viscosity.
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A. Annex

Having the data of Force (kN) and Displacement (mm), the following sequence of MATLAB,
allows to obtain the different mechanical parameters of the material, which will be used in the
mathematical model based on damage parameter defined by the authors of this chapter.

1-Define the constants: Initial length, Gramage, A0, a…

2-Load from a file with the results of Force (kN), Position (mm).

3-Matlab performs the calculations, represents the stress–strain graph and shows a summary
table with the mechanical parameters.

clc

clear.

% Define constants.

a0 = 3;g = 0.15783222;a = 0.015;l = 180;

nm = 4;

% Open files Data.

fileID = fopen(‘data.txt’);

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment20

D = textscan(fileID,’%f %f’);

fclose(fileID);

% Preparate Data.

F_data = D{1};

pos_data = D{2};

F = zeros((length(F_data)-1)/nm,1);

pos = zeros((length(F_data)-1)/nm,1);

for i = 1:((length(F_data)-1)/nm).

F(i) = 0.25*(F_data(nm*(i-1) + 2) + F_data(nm*(i-1) + 3) + F_data(nm*(i-1) + 4) + F_data(nm*(i-
1) + 5));

pos(i) = 0.25*(pos_data(nm*(i-1) + 2) + pos_data(nm*(i-1) + 3) + pos_data(nm*(i-
1) + 4) + pos_data(nm*(i-1) + 5));

end

pos0 = pos_data(1);

eps = (pos-pos0)./l;

sigma = F./a0;

% Calculate.

n = 0;

while true.

n = n + 1;

pdte1 = (sigma(n + 1)-sigma(n))/(eps(n + 1)-eps(n));

pdte2 = (sigma(n + 2)-sigma(n + 1))/(eps(n + 2)-eps(n + 1));

pdte3 = (sigma(n + 3)-sigma(n + 2))/(eps(n + 3)-eps(n + 2));

if (abs((pdte1-pdte2)/pdte1) < 3e-2) && (abs((pdte2-pdte3)/pdte1) < 3e-2).

pdte = pdte1;

break.

end

if n + 3==length(sigma).

break.

end
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D = textscan(fileID,’%f %f’);

fclose(fileID);

% Preparate Data.

F_data = D{1};

pos_data = D{2};

F = zeros((length(F_data)-1)/nm,1);

pos = zeros((length(F_data)-1)/nm,1);

for i = 1:((length(F_data)-1)/nm).

F(i) = 0.25*(F_data(nm*(i-1) + 2) + F_data(nm*(i-1) + 3) + F_data(nm*(i-1) + 4) + F_data(nm*(i-
1) + 5));

pos(i) = 0.25*(pos_data(nm*(i-1) + 2) + pos_data(nm*(i-1) + 3) + pos_data(nm*(i-
1) + 4) + pos_data(nm*(i-1) + 5));

end

pos0 = pos_data(1);

eps = (pos-pos0)./l;

sigma = F./a0;

% Calculate.

n = 0;

while true.

n = n + 1;

pdte1 = (sigma(n + 1)-sigma(n))/(eps(n + 1)-eps(n));

pdte2 = (sigma(n + 2)-sigma(n + 1))/(eps(n + 2)-eps(n + 1));

pdte3 = (sigma(n + 3)-sigma(n + 2))/(eps(n + 3)-eps(n + 2));

if (abs((pdte1-pdte2)/pdte1) < 3e-2) && (abs((pdte2-pdte3)/pdte1) < 3e-2).

pdte = pdte1;

break.

end

if n + 3==length(sigma).

break.

end
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end

rect1 = pdte.*eps;

sigmar = sigma(length(sigma));

epsd = eps(length(sigma));

rect2 = pdte.*(eps-0.002);

sigmay = 0;

for i = 1:length(sigma).

if abs((sigma(i)-rect2(i))/sigma(i)) < 1e-2.

sigmay = sigma(i);

i_corte = i;

break.

end

end

Am = 0;

tem = zeros(length(sigma)-1,1);

for i = 1:length(sigma)-1.

tem(i) = (sigma(i + 1) + sigma(i))*0.5*(eps(i + 1)-eps(i));

Am = Am+tem(i);

end

ts = max(F)/a/g/1000;

% Screen size.

ss = get(0,'screensize’);

width = ss(3);

height = ss(4);

% Graphic.

f = figure;

vert = ss(4)/1.5;

horz = ss(3)/1.5;

set(f,'Position’,[(width/2)-horz/2, (height/2)-vert/2, horz, vert]);

plot(eps,sigma,'b’).
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hold on.

axis([0 epsd 0 max(sigma)]).

plot(eps,rect1,’–r’).

plot(eps,rect2,’–m’).

plot([eps(1) eps(i_corte)],[sigmay sigmay],’:k’).

plot([eps(i_corte) eps(i_corte)],[0 sigmay],’:k’).

% Resumen Data.

dat = {pdte,sigmay,sigmar,epsd,Am,ts};

t = uitable(f);

t.ColumnName = {‘Elasticity Modulus’,'Elastic limit’,'Maximun Tension’,'Deformation under
maximum tension’,'Absorbed Energy’,'Tensile Index’};

t.Data = dat;

t.Position = [vert/2 vert-50 t.Extent(3) t.Extent(4)];
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Temperature is one of the limiting factors in the application of power transformers.
According to IEC 60076-7 standard, a temperature increase of 6�C doubles the insulation
ageing rate, reducing the expected lifetime of the device. Power losses of the transformer
behave as a heating source, and the insulating liquids act as a coolant circulating through the
windings and dissipating heat. For these reasons, thermal modelling becomes an important
fact of transformer design, and both manufacturers and utilities consider it. Different tech-
niques for thermal modelling have been developed and used for determining the hot-spot
temperature, which is the highest temperature in the winding, and it is related with
the degradation rate of the solid insulation. First models were developed as a first estimation
for modelling the hot-spot temperature and the top-oil temperature. These models were
based on thermal-electric analogy and are known as dynamic models. Other two different
kinds of models are widely used for thermal modelling, known as Computational Fluid
Dynamics (CFD) and Thermal Hydraulic Network Models (THNMs). These two techniques
determine the temperature and velocity fields in the winding and in the insulating fluid. In
this chapter, the different techniques for transformer thermal modelling will be introduced
and described.
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andmanufacturers to improve its performance and lifetime expectancy. Although its performance
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is over 99%, heat generation becomes a key factor for power limitation and expected lifetime.
Transformer insulation ageing is sensible to temperature, doubling the ageing rate with a 6�C
increase over the designed temperature according to IEC Standard 60076-7 [1]. High tempera-
tures are caused by losses in the device, mainly due to Joule losses and eddy losses in the
windings. The transformer insulation system that consists of a dielectric fluid and a solid insula-
tion is the most critical part, and its degradation is related with the expected lifetime of the device
[1]. The standard previously cited proposes a formulation to determine the ageing acceleration
with the temperature

U ¼ 2 θh�98ð Þ=6ð Þ (1)

U ¼ e
15000

110þ273� 15000
θhþ273

� �
(2)

where V is the relative ageing rate of the insulation, which is calculated by Eq. (1) for normal
insulation paper and by Eq. (2) for thermally upgraded insulation paper, and θh refers to the
hot-spot temperature (�C). Both equations indicate that the relative ageing rate is sensible to
hot-spot temperature variations as shown in Table 1.

For this reason, the estimation of the hot-spot temperature becomes an important task for manu-
facturers and utilities. Different models have been developed for the study of hot-spot tempera-
ture in oil-immersed power transformers that will be introduced in the following sections.

2. Dynamic models

The first thermal modelling technique described is the dynamic thermal model. These models
are based on the thermoelectric analogy to design a circuit based on the thermal resistance and

θh (�C) Normal paper Thermally upgraded paper

80 0.125 0.036

86 0.25 0.073

92 0.5 0.145

98 1.0 0.282

104 2.0 0.536

110 4.0 1.0

116 8.0 1.83

122 16.0 3.29

128 32.0 5.8

134 64.0 10.1

140 128.0 17.2

Table 1. Relative ageing rate for different hot-spot temperatures [1].
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thermal capacitance of the transformer [2]. The circuit is modelled by a partial differential
equation whose solution gives the evolution of the hot-spot temperature over time. Normally,
to simplify the solution, an intermediate circuit often comes with the hot-spot temperature
model to obtain the top-oil temperature, Figure 1.

These models are associated with the differential equations, Eqs. (3) and (4) [2].

1þ R � K2

1þ R
� μn

pu � Δθoil, rated ¼ μn
pu � τoil, rated �

∂θoil

∂t
þ θoil � θambð Þ1þn

Δθn
oil, rated

(3)

K � Pcu,pu θhsð Þ� �
unpu � Δθhs, rated ¼ μn

pu � τwdg, rated � ∂θhs

∂t
þ θhs � θoilð Þnþ1

Δθn
hs, rated

(4)

where the terms are as follows: R, ratio of rated load losses to no-load losses; K, the load
factor; μpu, oil viscosity (per-unit value); θamb, ambient temperature (�C); θhs, hot-spot
temperature (�C); θoil, top-oil temperature (�C); Δθoil,rated, rated top-oil temperature rise
over ambient (�C); Δθhs,rated, rated hot-spot temperature rise over top-oil temperature (�C);
τoil,rated, rated oil time constant (s); τwdg,rated, rated winding time constant (s); n is a constant
obtained from tables; and Pcu,pu(θhs) load loss’s dependence on temperature (per-unit
value).

In addition, the IEC 60076-7 standard proposes their own method with Eqs. (5) and (6):

θh tð Þ ¼ θa þ Δθoi þ Δθor � 1þ R � K2

1þ R

� �x
� Δθoi

( )
� f 1 tð Þ þ Δθhi þ H � gr � Ky � Δθhi

� �
(5)

θh tð Þ ¼ θa þ Δθor � 1þ R � K2

1þ R

� �x
þ Δθoi � Δθor � 1þ R � K2

1þ R

� �x( )
� f 3 tð Þ þH � gr � Ky (6)

where Eq. (5) is applied for increasing the load factor and Eq. (6) is applied for decreasing the
load factor. The functions f1, f2 and f3 can be calculated as explained in [1]. With these two
models, the hot-spot temperature of a power transformer can be predicted over time, under
different load conditions. In [2], both methods are tested with different transformers of differ-
ent power rates and contrasted its accuracy with experimental measurements.

Figure 1. Dynamic models presented in [2]. (a) Top-oil model and (b) hot-spot model.
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For both models, a large number of parameters obtained from heat-run tests are necessary for
calculations. However, the model proposed in [2] requires less input data than the model
proposed by the standards.

Other complex models have been developed for top-oil and hot-spot temperature prediction.
These models take into account the different thermal resistances that appear from the different
heating sources in power transformer as shown in Figure 2 [3]. In addition, models for bottom-
oil temperature and bottom-winding temperature have been developed in [4].

In conclusion, dynamic thermal models are useful and can be implemented in computer
software without hardly computational cost, requiring less than 5 min in a normal PC. How-
ever, the input data necessary to run the model come from the results of heat-run tests, which
made this method dependent on the knowledge of these results.

3. Steady-state models

An alternative to dynamic models is steady-state model. Steady-state models attempt to
predict the temperature field in the transformer winding, determining the hot-spot tempera-
ture and its location. In these modelling techniques, the geometrical parameters of the trans-
former winding gain importance. Among the former, the one that is based on heat-run test is
shown in the next section. Then, between the second ones, models based on Computational
Fluid Dynamics (CFD) and those based on Thermal-Hydraulic Network Modelling (THNM)
are developed.

3.1. Hot-spot temperature rise from normal heat-run test data

The fundamental objective of a transformer thermal modelling is to be able to accurately
predict winding and component temperature rises above ambient temperature. For the indus-
try and transformer users, the determination of the location of the hot-spot and the hot-spot
temperature rise is especially interesting. In [1], the limit temperature for top oil and hot spot is
established at 105 and 120�C for normal operation.

Figure 2. Complex top-oil thermal circuit [3].
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These temperature rises are caused by the combination of voltage-related losses (no-load
losses) and current-related losses (load losses). The loss distribution is a scalar function P(r,φ,
z) [W/m3] over the volume of these transformer metal parts. The determination of electromag-
netic (EM) losses is usually made using the Finite Element Method (FEM). Windings are
divided into many rectangular sections with a uniform ampere-turn distribution. The eddy
losses are calculated for each conductor using Eq. (7)

P ¼ ω2 � B2 � T2

24 � r (7)

where B is the peak leakage flux density (T), ω = 2πf, where f is the frequency (Hz), T is the
conductor dimension perpendicular to the direction of the leakage flux density (m) and r is the
resistivity (Ω�m/mm2).

The axial and radial flux densities are assumed to be constant over a single conductor and
equal to the value at its centre. The total eddy losses for each winding are calculated by
integrating the losses of all its conductors.

The boundary conditions can influence the results. A transformer is a 3D construction, in
which the windings usually are symmetric, but the surrounding steel parts (core and tank)
are not, Figure 3.

The temperature rise over ambient temperature has to be calculated based on this loss distri-
bution taken into account thermal conductivity of the metal, the thermal conductivity of the
electrical insulation and convective cooling due to oil flow (viscosity of oil is important, which
makes the oil temperature also an important parameter).

The temperature rise of a transformer winding above the ambient temperature is built up from
three component temperature rises: (1) the temperature rise of the inlet oil, (2) the temperature
rise of the cooling oil as it passes through the transformer and (3) the temperature rise of the

Figure 3. Three-phase transformer with five-legged core and LV winding with a large pitch (front, top and side views,
and cross sections).
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winding above the cooling oil. These temperatures can be measured in the surrounding of the
transformer and in three points of it: inlet and outlet oil temperatures and mean winding
temperature.

The temperature increase of the oil on passing through the transformer is the difference
between the inlet and the outlet oil temperatures, but in a transformer, usually there are more
than one parallel oil paths, and each one could have their own temperature rise. It is accepted
that this increase is approximately the difference between the top-oil temperature and the
cooled oil inlet temperature [1].

The temperature rise of the winding above the oil is referred to as the “gradient,” g. A mean
value for this is obtained from the difference between the mean winding temperature, usually
determined by resistance measurements, and the mean oil temperature. The gradient can vary
with position because of local variations in winding losses and cooling effectiveness.

The temperature rise at the hot spot, Δθh (�C), top-oil temperature, Δθo (�C), is expected to be
greater than the mean winding gradient, g, as expressed by a hot-spot factor, H, Eq. (8):

Δθh ¼ Δθ0 þ H � gð Þ (8)

where H could be expressed as the product of two dimensionless factors, Qfac, related to
additional loss, and Sfac, related to the efficiency of cooling, Eq. (9):

H ¼ Qfac � Sfac (9)

The H factor can be derived from Figure 4 and can be expressed according to Eq. (10):

H ¼ θh � θ0

θw � θ0�θb
2

(10)

where θw and θb are, respectively, the average winding and bottom-oil temperatures (�C).

The Q-factor is a dimensionless factor as a ratio of two losses, and in cylindrical coordinates is
defined according to Eq. (11)

Qfac ¼
q r; z;φ;Tð Þ

qave
(11)

where q (r, z, φ, T) is the local loss density at a location (W/m3), r is the radial position, φ is the
angle in circumferential position, z is the axial position, T is the local temperature at (r, z, φ) (K)
and qave is the average loss of the winding at an average temperature (W/m3).

Heat transfer can be propagated in different directions, the overall heat transfer being a series
and parallel parts of (1) the insulation between the neighbouring conductors that are in direct
contact with each other. This is in a radial direction. (2) The insulation paper and oil boundary
layer between the conductor and the oil flow. This is in an axial direction. (3) The winding
copper. This is located in the tangential direction and usually can be neglected.
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For transformer manufacturers, a good thermal design is a very important issue. Aspects as
material, winding geometry, oil paths through the windings, or oil velocity are very relevant.
This design determines the cost and the insulation ageing (transformer life).

Mathematical models allow predicting transformer temperatures and winding hot-spot tem-
peratures with good accuracy. Transformer manufacturers use these models to make their
designs and any significant design variants. However, simulating the loss distribution in the
structural metal parts of a transformer requires a very large number of small mesh elements.
Nevertheless, calculating the temperature rise distribution in the structural metal parts
requires a much higher resolution mesh density.

3.2. Computational fluid dynamics modelling

Tackling numerically, a complex physical problem using computational resources has only
been able since few years ago. In fact, the current powerful computing resources allow us to
discretize complex geometries. Then, the underlying governing equations, for example, differ-
ential equations (DEs), can be solved assuming small simplifications. The discretization pro-
cess converts these DEs in a set of algebraic equations that can be solved using numerical
algorithms. Regarding our topic, in which heat transfer and fluid dynamics physics are
involved, the numerical method that carries out this process is named Computational Fluid
Dynamics (CFD).

Figure 4. Transformer thermal diagram with the measured quantities highlighted. A—Top-oil temperature derived as the
average of the tank outlet oil temperature and the tank oil pocket temperature. B—Mixed oil temperature in the tank at
the top of the winding (often assumed to be the same temperature as A). C—Temperature of the average oil in the tank.
D—Oil temperature at the bottom of the winding. E—Bottom of the tank. gr—Average winding to average oil (in tank)
temperature gradient at rated current. H—Hot-spot factor. P—Hot-spot temperature. Q—Average winding temperature
determined by resistance measurement.
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winding above the cooling oil. These temperatures can be measured in the surrounding of the
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Δθh ¼ Δθ0 þ H � gð Þ (8)
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H ¼ Qfac � Sfac (9)
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H ¼ θh � θ0

θw � θ0�θb
2

(10)

where θw and θb are, respectively, the average winding and bottom-oil temperatures (�C).
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Qfac ¼
q r; z;φ;Tð Þ

qave
(11)
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3.2.1. CFD basic concepts

CFD is based on the solution of the Navier-Stokes equations. These are a set of Partial Differ-
ential Equations (PDE) that state the mass, momentum and energy conservations, Eqs. (15)–
(17). However, it is not possible to solve them in an exact way (except some scarce and special
cases). CFD allows solving these PDE by means of the geometrical model discretization. The
latter converts the PDE in a set of algebraic equations that can be solved using specialised
numerical algorithms, such as Gauss elimination algorithm, on a computer. These algorithms
obtain the solution (velocity, pressure, temperature, in the case of power transformers) at
discrete points of the studied domain [5]

∇ � ruð Þ ¼ 0 (12)

r u � ∇ð Þu ¼ ∇ pI þ μ ∇uþ ∇uð ÞT
� �

� 2
3
μ ∇ � uð ÞI

� �
þ F (13)

rCpu � ∇T ¼ ∇ � k∇Tð Þ þ q (14)

where r, u, p, I, μ, F, Cp T and q of Eqs. (12)–(14) are, respectively, density (kg/m3), velocity
vector (m/s), pressure (Pa), identity matrix, dynamic viscosity (Pa�s), body force vector (N/m3),
specific heat capacity (J/kg�K), temperature (K) and unitary heat transfer (W/m3).

The first step in this kind of modelling is usually to determine the dimensions number
of the geometrical model: 2D or 3D, generally. This is very important since the geometrical
model is the first source of errors. For instance, if 2D models were considered in CFD,
important edge effects that contribute to heat transfer and flow phenomena could be
obviated.

Generally, CAD tools are used to draw the geometry (Solidworks, Inventor, etc.). These tools
allow defining the geometry with a high-detail level. The latter is an essential aspect to be
considered since a very detailed geometry can excessively complicate the numerical model
without significant improvement in the problem definition. For instance, in the case of the
power transformer shown in Figure 5, it was decided to simplify the phase using angular and
plane symmetries since these simplifications did not affect the solution accuracy.

The physics involved in the problem analysed must be described. In CFD, many mathematical
models can be used to define the heat transfer and flow phenomena. In fact, an adequate
selection of the model and a correct setting of the boundary conditions supported by this
model are a crucial task to avoid errors in the numerical solution obtained.

This task consists in the division of the geometric model in smaller parts (cells). This is the so-
called discretization. There are mainly three discretization techniques: finite element, finite
volume and finite difference. At the same time, these techniques generate structured and/or
unstructured meshes.

Structured meshing is habitually used in simple geometries such as the one shown in Figure 5.
This geometry consists in volumetric cells of six faces that can uniquely be identified using
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three indexes (i,j,k). The deformation grade (mesh quality) of the elements of this meshing type
is generally smaller than in the other case. In addition, the cells can be oriented in the main
flow direction, thus capturing the flow phenomena in a better way.

By contrast, unstructured meshing can be used in very complex geometries. The cells may
have any shape (quadrilateral or triangular shapes in 2D, tetrahedral or hexahedral shapes in
3D), thus a better adaption to the geometry is obtained. However, this type of mesh generates a
set of algebraic equations whose solution time is habitually higher. Finally, the mesh refine-
ment grade affects the solution accuracy. Generally, the finer the mesh, the more accurate the
solution is.

The solution of the set of algebraic equations resulting from the discretization of the geometric
model is the last step. This can be done using direct or iterative methods. The latter are
habitually used to solve the Conjugate Heat Transfer (CHT) problems since the computational
requirements are smaller than that required by the former methods. For instance, CHT prob-
lems are commonly solved using iterative methods such as Conjugate gradient, Gauss-Seidel
and Multigrid.

In addition, to solve the algebraic equations, a convergence criterion is needed to be consid-
ered. This is often implied to assume a maximum error in the residuals of the governing
equations. That is, the solution obtained is not exact. In other words, another error appears in
the numerical model solution.

In comparison with other numerical tools (for instance, THNM), a lot of computing time and a
great amount of computational resources are needed by CFD. However, this technique allows
knowing the fluid flow and heat transfer phenomena in fine detail.

Figure 5. Geometry definition.
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3.2.2. Main research lines of CFD applied to transformer thermal modelling

As can be seen in Figure 6, the cooling system of a power transformer is a closed loop that
consists mainly of a heat source (windings), a heat sink (radiators) and a tank. Most CFD
studies are focused on the thermal-fluid behaviour of the cooling system inside the windings.
Nonetheless, some efforts have been put into the thermal modelling of the radiators too. The
next subsections present a brief review of these topics.

3.2.3. Winding modelling

As mentioned previously, the main goal of the winding CFD modelling is to numerically
predict the hot-spot temperature and temperature distributions in oil-immersed transformers
since their life span depends on it. First works were developed at the beginning of this century.
For instance, Mufuta et al. and El Wakil et al. modelled two windings using this technique. The
former characterises the oil flow through an array of discs with different spaces between discs
and different inlet conditions [7]. The latter employed a 2D axisymmetric model of a power
transformer with six different geometries and six different inlet velocities in order to study the
heat transfer and oil flow through the windings [8]. In the same decade, other authors have
contributed to this labour. For instance, Torriano performed 2D and 3D simulations of an LV
winding (LVW) of a power transformer with zigzag cooling to determine the effects of several
elements, such as sticks and inter-sticks, in the temperature distribution [6, 9]. In 2011,
Gastelurrutia et al. carried out a study where they developed a 3D and a 2D model of an Oil
Natural-Air Natural (ONAN) distribution transformer. They demonstrated the good capacity
of the simplified 2Dmodel to represent the thermal behaviour of the whole transformer [10]. In
2012, Tsili et al. established a methodology to develop a 3D model to predict hot-spot temper-
ature [11]. In this year, Skillen et al. carried out a CFD simulation of a 2D non-isothermal flow
axisymmetric model in order to characterise the oil flow in transformer winding with zigzag

Figure 6. Schematic of oil circulation in a power transformer [6].
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cooling [12]. In 2014, Yatsevsky carried out a 2D-axisymmetric simulation of a CHTmodel of a
transformer, including the core, the tank and the radiator, in order to predict hot spots in an
oil-immersed transformer with natural convection. The developed model has shown a good
adequacy verified by experiments [13]. Recently, Torriano et al. have developed a 3D CHT
model of an Oil Natural (ON) disc-type power transformer-winding scale model. An underes-
timation of the average and hot-spot temperatures was obtained in this model in comparison
with the experimental setup when the entire cooling loop was considered. This is the reason
why the authors chose to reduce the computational domain to the winding, setting the inlet
boundary conditions. This way, the model accuracy was improved significantly [14].

The substitution of mineral oil by new biodegradable dielectric liquids is another research line
in which CFD is used as an analysis tool. However, few experimental and theoretical works
can be found in the study related with the cooling capacity of these new liquids. In 2015, Park
et al. employed a 2D-CFD model to obtain temperature and velocity profiles of some alterna-
tive liquids used in a distribution transformer of 2.3 MVA and a power transformer of 16.5
MVA [15]. In the same year, Lecuna et al. carried out a 3D-CFD simulation of an ONAN
distribution transformer comparing a natural ester, a synthetic ester, a high kinematic viscosity
silicone oil and a low kinematic viscosity silicone oil with a mineral oil [16]. These works
conclude that alternative liquids produce higher temperatures in the transformer windings
designed for mineral oil. More recently, Santisteban et al. evaluated the cooling performance of
two alternative vegetal liquids with that of a typical mineral oil. This task was carried out
using a 2D-axisymmetric model of an LVW with zigzag cooling in which temperature distri-
butions, hot-spot temperatures and their locations, and hot-spot factors were determined. In
contrast to the results of the previous works, this work shows that the hot-spot temperature is
lower for the vegetable oils in the initial design than that of mineral oil [17].

Finally, CFD is also used to analyse the advantage of using natural esters in the transformer
insulation system. For instance, in 2016, Fernandez et al. published a work in which laboratory
experiments and CFD simulations are combined to study the influence of vegetable oils in the
life span of the winding insulation paper [18]. It was concluded that, even though the chapter
suffers worse thermal conditions when it is immersed in vegetable oils, the physical properties
of these oils extend the life span of this chapter, Figure 7. That is, in the long term, both effects
tend to the balance and the degradation is similar to the one obtained in windings cooled by
mineral oil.

3.2.4. Radiator modelling

Most of the power transformers have fan-cooled radiators. CFD can be used to improve
the cooling capability of these components. Few works can be found with this subject. In fact,
this topic has mainly begun to be treated in this decade. For instance, Kim et al. presented in
2013, a predictive and experimental study about the cooling performance of the radiators used
in oil-filled power transformers with two different cooling methods, ONAN and Oil-Directed
Air Natural (ODAN) [19]. The aim was to experimentally evaluate the cooling capacity of the
radiator and compare the results with those obtained with two different predictive methods.
CFD was one of these methods. The authors stated that the radiator optimization could be
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model of an Oil Natural (ON) disc-type power transformer-winding scale model. An underes-
timation of the average and hot-spot temperatures was obtained in this model in comparison
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why the authors chose to reduce the computational domain to the winding, setting the inlet
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conclude that alternative liquids produce higher temperatures in the transformer windings
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two alternative vegetal liquids with that of a typical mineral oil. This task was carried out
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contrast to the results of the previous works, this work shows that the hot-spot temperature is
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CFD was one of these methods. The authors stated that the radiator optimization could be

Thermal Modelling of Electrical Insulation System in Power Transformers
http://dx.doi.org/10.5772/intechopen.78070

41



done in this way. On the other hand, to improve the cooling capacity of the radiators, the fan’s
location in the radiators has to be studied. Paramane et al. conducted this in 2014 using both
CFD and experimental studies [20]. They considered horizontal and vertical blowing direc-
tions. For the transformer studied, they found that the horizontal blowing direction had a
higher performance due to the lesser air sideway leakages that those of the vertical blowing
case. Two years later, in 2016, the same authors carried out the same type of study [21].
However, as a novelty, they provide the effect of the blowing direction on the temperature
and velocity distributions of the oil inside the radiators.

Finally, in 2017, Ríos et al.? presented the result comparison of two models (a semi-analytical
model and a CFD model) with the experimental results of a radiator of a 30-MVA power
transformer working in ONANmode. The objective was to validate both models in order to use
them in the optimization of the current radiator design [22]. This aim was accomplished. An
extension of this work was presented the same year with the goal of analysing the thermal-fluid
dynamic behaviour of the radiator working in ONAF mode with vertical blowing of the fans
[23]. The results obtained, which were validated with experimental and CFD results, showed
that the semi-analytical model they proposed was a useful tool for radiator design processes.

3.3. Thermal hydraulic network modelling, THNM

THNM is a technique for transformer thermal modelling that relies on three basic principles:
mass conservation, momentum conservation and energy conservation. It implies a subdivision
of the domain in multiple elements where the conservation principles are observed as a conve-
rgence condition.

This model describes the conservation principles by algebraic equation sets that makes the
solving time shorter than CFD that describes the same principles into a set of partial differential

Figure 7. Velocities (mm/s) and temperatures (�C) distributions.
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equations. These principles are applied to solve the temperature and oil flow fields in several
parts of the transformer (windings, core, coolers). THNM applied on the windings can be useful
for predicting the hot-spot temperature.

THNM models are the coupling of two different networks: the hydraulic network and the
thermal network. The hydraulic network comprises the oil flows through channels and nodes.
The oil flow is modelled using the electric circuit analogy where the oil flow and pressure
correspond to, respectively, electrical current and voltage. The thermal network models the
heat transfer between the active parts and the cooling circuit of the transformer. Temperature-
dependent properties of the materials and heat transfer coefficients make both networks to be
coupled.

3.3.1. Hydraulic network

The hydraulic network corresponding to a disc winding with barriers is shown in Figure 8.
The hydraulic network consists of eight nodes, four per axial side, where two of the nodes
correspond to the entrance and exit of the coolant and the three remaining nodes per side are
where the coolant branches or merges. The network is represented by its electrical circuit
analogy where the physical quantity associated to each node corresponds to the sum of the
static and dynamic pressures. In the circuit, resistances represent frictional pressure drops, and
resistances in the nodes represent the local pressure drops as well. Buoyancy effect is repres-
ented by generators representing the gain of pressure due to gravitational effects. Since the
hydraulic resistances depend on the flow, the hydraulic circuit proposed in Figure 8 is a
nonlinear circuit that has to be solved with an iterative procedure [24].

Figure 8. Analogy hydraulic circuit versus hydraulic network.
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mass conservation, momentum conservation and energy conservation. It implies a subdivision
of the domain in multiple elements where the conservation principles are observed as a conve-
rgence condition.

This model describes the conservation principles by algebraic equation sets that makes the
solving time shorter than CFD that describes the same principles into a set of partial differential

Figure 7. Velocities (mm/s) and temperatures (�C) distributions.
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equations. These principles are applied to solve the temperature and oil flow fields in several
parts of the transformer (windings, core, coolers). THNM applied on the windings can be useful
for predicting the hot-spot temperature.

THNM models are the coupling of two different networks: the hydraulic network and the
thermal network. The hydraulic network comprises the oil flows through channels and nodes.
The oil flow is modelled using the electric circuit analogy where the oil flow and pressure
correspond to, respectively, electrical current and voltage. The thermal network models the
heat transfer between the active parts and the cooling circuit of the transformer. Temperature-
dependent properties of the materials and heat transfer coefficients make both networks to be
coupled.

3.3.1. Hydraulic network

The hydraulic network corresponding to a disc winding with barriers is shown in Figure 8.
The hydraulic network consists of eight nodes, four per axial side, where two of the nodes
correspond to the entrance and exit of the coolant and the three remaining nodes per side are
where the coolant branches or merges. The network is represented by its electrical circuit
analogy where the physical quantity associated to each node corresponds to the sum of the
static and dynamic pressures. In the circuit, resistances represent frictional pressure drops, and
resistances in the nodes represent the local pressure drops as well. Buoyancy effect is repres-
ented by generators representing the gain of pressure due to gravitational effects. Since the
hydraulic resistances depend on the flow, the hydraulic circuit proposed in Figure 8 is a
nonlinear circuit that has to be solved with an iterative procedure [24].

Figure 8. Analogy hydraulic circuit versus hydraulic network.
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3.3.2. Thermal network

Thermal network describes the heat transfer phenomena on the transformer and on the trans-
former elements. There are two main mechanisms of heat transfer in a transformer winding:
heat conduction in the conductors and in the solid insulation, and convection from the active
part to the cooling oil. The convection term highly depends on the oil flow distribution, which
is given by the hydraulic network. In addition, hydraulic network depends on temperature
buoyancy effect and temperature-dependent properties of the cooling oil. This coupling
between networks enhances the necessity to apply iterative procedures to solve both networks.

An approach for the thermal part of a transformer winding is to build a thermal network. For
the case of a disc winding, the analogy with electric circuits is useful to model the heat transfer
in two directions, axial and radial. A resistive term is used for modelling heat conduction
between conductor and solid insulation and a resistive term is used for the convective part,
which depends on the oil flow distribution. A good approach consists in assuming that the
thermal resistance of the conductor is negligible, considering only the resistance of the solid
insulation. A voltage source represents the oil temperature and a current source represents the
heat generation on each node. Figure 9 represents the thermal network previously described,
where the Rλi represents the thermal resistance for conductive terms, Rαi represents the ther-
mal resistance for convective terms, θbi and θti represent the temperature on the channels and
Pγi represents the heat source in the conductors [24].

3.3.3. Complete loop modelling

Other application of THNM is to model the complete oil loop of the transformer. It is based on
the global pressure equilibrium of the oil loop, considering core, tank, winding and radiators,
taking into account thermal driving forces, pump forces and pressure drops in the whole loop.
Thermal driving forces appear due to density changes with temperature. Driving forces and
pressure drop depend on the oil flow rate. The oil flow rate, Qo, represents the equilibrium
between driving forces and pressure drops.

Figure 9. Thermal network of a transformer winding disc.
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A simple way to imagine the oil loop of a transformer is described as follows: the oil is heated
in the windings, then flows through a piping system reaching the radiator, where it is cooled
and finally goes through another piping system to reach the starting point. Although there is
heat exchange in the piping system, it is considered negligible compared to the heat exchanged
in radiators and windings. It is represented in Figure 10.

Thermal driving force is generated due to density variations along the loop and can be
expressed by Eq. (15)

pT ¼ ∮ r� g⇀ � dl⇀¼ ∮ r � gcosφ � dl (15)

where r is the oil density, g! is the gravity vector, φ is the angle between velocity and gravity

vectors and l
!
is the path vector.

For simplicity, Eq. (16) can be expressed as follows:

pT ¼ rr � g � β � Δθol � ΔH (16)

where rr is the oil density at a reference temperature (kg/m3), β is the volume expansion
coefficient of the oil (1/K), ΔθOl is the vertical temperature gradient (�C) and ΔH is the height
difference between the centre point of the radiator and the centre point of the winding (m).

When the pump runs directly to the windings, the total driving pressure will be the sum of the
thermal driving force and the pump driving force where the pump pressure is much higher
than the thermal driving pressure.

The pressure drop can be subdivided into two different groups: major and minor losses. Major
losses involve the frictional pressure drops and minor losses involve the local pressure drops
due to accessories in the cooling circuit (valves, junctions, etc.).

Figure 10. Oil loop of a transformer.
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3.3.2. Thermal network
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part to the cooling oil. The convection term highly depends on the oil flow distribution, which
is given by the hydraulic network. In addition, hydraulic network depends on temperature
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between networks enhances the necessity to apply iterative procedures to solve both networks.

An approach for the thermal part of a transformer winding is to build a thermal network. For
the case of a disc winding, the analogy with electric circuits is useful to model the heat transfer
in two directions, axial and radial. A resistive term is used for modelling heat conduction
between conductor and solid insulation and a resistive term is used for the convective part,
which depends on the oil flow distribution. A good approach consists in assuming that the
thermal resistance of the conductor is negligible, considering only the resistance of the solid
insulation. A voltage source represents the oil temperature and a current source represents the
heat generation on each node. Figure 9 represents the thermal network previously described,
where the Rλi represents the thermal resistance for conductive terms, Rαi represents the ther-
mal resistance for convective terms, θbi and θti represent the temperature on the channels and
Pγi represents the heat source in the conductors [24].

3.3.3. Complete loop modelling

Other application of THNM is to model the complete oil loop of the transformer. It is based on
the global pressure equilibrium of the oil loop, considering core, tank, winding and radiators,
taking into account thermal driving forces, pump forces and pressure drops in the whole loop.
Thermal driving forces appear due to density changes with temperature. Driving forces and
pressure drop depend on the oil flow rate. The oil flow rate, Qo, represents the equilibrium
between driving forces and pressure drops.

Figure 9. Thermal network of a transformer winding disc.
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A simple way to imagine the oil loop of a transformer is described as follows: the oil is heated
in the windings, then flows through a piping system reaching the radiator, where it is cooled
and finally goes through another piping system to reach the starting point. Although there is
heat exchange in the piping system, it is considered negligible compared to the heat exchanged
in radiators and windings. It is represented in Figure 10.

Thermal driving force is generated due to density variations along the loop and can be
expressed by Eq. (15)

pT ¼ ∮ r� g⇀ � dl⇀¼ ∮ r � gcosφ � dl (15)

where r is the oil density, g! is the gravity vector, φ is the angle between velocity and gravity

vectors and l
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is the path vector.

For simplicity, Eq. (16) can be expressed as follows:
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where rr is the oil density at a reference temperature (kg/m3), β is the volume expansion
coefficient of the oil (1/K), ΔθOl is the vertical temperature gradient (�C) and ΔH is the height
difference between the centre point of the radiator and the centre point of the winding (m).

When the pump runs directly to the windings, the total driving pressure will be the sum of the
thermal driving force and the pump driving force where the pump pressure is much higher
than the thermal driving pressure.

The pressure drop can be subdivided into two different groups: major and minor losses. Major
losses involve the frictional pressure drops and minor losses involve the local pressure drops
due to accessories in the cooling circuit (valves, junctions, etc.).
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The driving pressure on the loop must be equal to the total pressure drop. Energy conservation
is also applied to the loop. The energy balance of the winding is presented in Eq. (17)

pγ ¼ r � cp �Qo � Δθol (17)

where Pγ are the power losses in the winding (W), cp is the specific heat of the oil at average oil
temperature (J/kg�K), r is the density at bottom-oil temperature (kg/m3) and Qo is the volume
oil flow (m3/s).

With these two equations, Eqs. (16) and (17), there are three variables that are volume oil flow
Qo, bottom-oil temperature TOb and top-oil temperature TOt. Eq. (18) is added when consider-
ing the energy balance in the radiator

kp �O � T0 xð Þ � Tað Þdx ¼ �r � cp �Q0 � dT0 xð Þ (18)

where kp is the total heat transfer coefficient (HTC) (W/m2K), O is the circumference of the
outer radiator cross section (m), TO(x) is the oil temperature at position x (K) and QO is the oil
flow through the radiator (m3/s).

Assuming that the HTC does not change along the radiator in a significant way, the solution of
Eq. (19) is

T0 xð Þ ¼ Ta þ Tot � Tað Þ � e�
kp �O

r�cp �Qo
�x (19)

Then, integrating the cooling power in the radiator

P ¼
ðLR

0

To xð Þ � Tað Þ � kp �O � dx (20)

result in the following equation:

P ¼ r � cp �Qo � Tot � Tað Þ � 1� e�
kp �O�LR
r�cp �Qo

� �
(21)

In this explanation, it is assumed that there is no heat exchange in the tank and there are no
core losses. Consequently, from Eqs. (16), (17) and (21), two unknown temperatures and the oil
flow can be determined [24].

3.3.4. Detailed winding model

THNM can be developed for predicting the temperature and oil flow distribution in a trans-
former winding in detail. For this type of modelling, bottom-oil temperature and oil flow rate
have to be taken as inputs for the model. There is also the possibility to introduce a non-
uniform power source in the active part of the winding.
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Applying a special discretization and following THNM principles, there are some assump-
tions that are taken in this kind of models: perfect thermal mixing is considered at
junctions, fully developed flows are assumed in oil channels and exterior walls are con-
sidered as adiabatic.

The accuracy of these models has been tested and resulted acceptable. In order to increase this
accuracy, many authors have tried to focus into two different parameters that come from
correlations from datasets that are local pressure drop coefficients and convective heat transfer
coefficient.

The knowledge of these two parameters is small in this application since there is
not much experience to define them. However, some authors have defined these parame-
ters based on datasets obtained from CFD results. Using CFD to accurately these two
parameters has improved the performance of detailed THNMs. These kinds of models are
known as CFD calibrated THNMs and integrate both main techniques of transformer
thermal modelling.

THNM modelling predicts temperature distribution and velocity in the channels of the wind-
ings of the transformer. Hot-spot and top-oil temperatures can be estimated using THNM in a
fast calculation, taking less than 5 min in a normal computer. These results show small
deviations with respect to the obtained CFD models that are below 5% of deviation in hot-
spot and top-oil temperature.

3.3.5. Detailed radiator model

Other kinds of THNM modelling are the detailed radiator models. These models rely on the
same principles than detailed winding models, but applied on the radiator part. Thermal
modelling of radiators is complex, although radiators are mechanically simple, because of the
following reasons: oil temperature varies in function of the height and per radiator panel,
temperature variation is a function of the oil mass flow and the local heat flux, the local heat
flux is dependent on the temperature difference between oil and ambient air and the local air
velocity and the local air velocity are variable along the position in the radiator [25].

Especially, focus needs to be made on the air velocities distribution since there exist three
possible configurations: air natural (AN), air forced (AF) with vertical air flow and air forced
with horizontal flow. With AN configuration, the air flow through the panels is originated by
buoyancy forces of the hot air. The buoyancy force will be in equilibrium with the pressure
drop of the air flow through the panels.

In the case of AF, air flow distribution generated from the fans has to be previously defined in
order to obtain the heat transfer coefficient in the radiator plates. In order to better understand
and model the air distribution over the radiator panels, CFD simulations have been carried
out. Determining that the air coming from a fan spread in a conic way, an effective air velocity
can be calculated based on the volumetric air capacity of the fan and the cone surface. With
these assumptions, thermal modelling of the radiator can be made.
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The driving pressure on the loop must be equal to the total pressure drop. Energy conservation
is also applied to the loop. The energy balance of the winding is presented in Eq. (17)

pγ ¼ r � cp �Qo � Δθol (17)

where Pγ are the power losses in the winding (W), cp is the specific heat of the oil at average oil
temperature (J/kg�K), r is the density at bottom-oil temperature (kg/m3) and Qo is the volume
oil flow (m3/s).

With these two equations, Eqs. (16) and (17), there are three variables that are volume oil flow
Qo, bottom-oil temperature TOb and top-oil temperature TOt. Eq. (18) is added when consider-
ing the energy balance in the radiator

kp �O � T0 xð Þ � Tað Þdx ¼ �r � cp �Q0 � dT0 xð Þ (18)

where kp is the total heat transfer coefficient (HTC) (W/m2K), O is the circumference of the
outer radiator cross section (m), TO(x) is the oil temperature at position x (K) and QO is the oil
flow through the radiator (m3/s).

Assuming that the HTC does not change along the radiator in a significant way, the solution of
Eq. (19) is

T0 xð Þ ¼ Ta þ Tot � Tað Þ � e�
kp �O

r�cp �Qo
�x (19)

Then, integrating the cooling power in the radiator

P ¼
ðLR

0

To xð Þ � Tað Þ � kp �O � dx (20)

result in the following equation:

P ¼ r � cp �Qo � Tot � Tað Þ � 1� e�
kp �O�LR
r�cp �Qo

� �
(21)

In this explanation, it is assumed that there is no heat exchange in the tank and there are no
core losses. Consequently, from Eqs. (16), (17) and (21), two unknown temperatures and the oil
flow can be determined [24].

3.3.4. Detailed winding model

THNM can be developed for predicting the temperature and oil flow distribution in a trans-
former winding in detail. For this type of modelling, bottom-oil temperature and oil flow rate
have to be taken as inputs for the model. There is also the possibility to introduce a non-
uniform power source in the active part of the winding.
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Applying a special discretization and following THNM principles, there are some assump-
tions that are taken in this kind of models: perfect thermal mixing is considered at
junctions, fully developed flows are assumed in oil channels and exterior walls are con-
sidered as adiabatic.

The accuracy of these models has been tested and resulted acceptable. In order to increase this
accuracy, many authors have tried to focus into two different parameters that come from
correlations from datasets that are local pressure drop coefficients and convective heat transfer
coefficient.

The knowledge of these two parameters is small in this application since there is
not much experience to define them. However, some authors have defined these parame-
ters based on datasets obtained from CFD results. Using CFD to accurately these two
parameters has improved the performance of detailed THNMs. These kinds of models are
known as CFD calibrated THNMs and integrate both main techniques of transformer
thermal modelling.

THNM modelling predicts temperature distribution and velocity in the channels of the wind-
ings of the transformer. Hot-spot and top-oil temperatures can be estimated using THNM in a
fast calculation, taking less than 5 min in a normal computer. These results show small
deviations with respect to the obtained CFD models that are below 5% of deviation in hot-
spot and top-oil temperature.

3.3.5. Detailed radiator model

Other kinds of THNM modelling are the detailed radiator models. These models rely on the
same principles than detailed winding models, but applied on the radiator part. Thermal
modelling of radiators is complex, although radiators are mechanically simple, because of the
following reasons: oil temperature varies in function of the height and per radiator panel,
temperature variation is a function of the oil mass flow and the local heat flux, the local heat
flux is dependent on the temperature difference between oil and ambient air and the local air
velocity and the local air velocity are variable along the position in the radiator [25].

Especially, focus needs to be made on the air velocities distribution since there exist three
possible configurations: air natural (AN), air forced (AF) with vertical air flow and air forced
with horizontal flow. With AN configuration, the air flow through the panels is originated by
buoyancy forces of the hot air. The buoyancy force will be in equilibrium with the pressure
drop of the air flow through the panels.

In the case of AF, air flow distribution generated from the fans has to be previously defined in
order to obtain the heat transfer coefficient in the radiator plates. In order to better understand
and model the air distribution over the radiator panels, CFD simulations have been carried
out. Determining that the air coming from a fan spread in a conic way, an effective air velocity
can be calculated based on the volumetric air capacity of the fan and the cone surface. With
these assumptions, thermal modelling of the radiator can be made.
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4. Summary

In this chapter, different techniques for transformer thermal modelling have been introduced.
The main goal of all of them is to predict the hot-spot temperature in the transformer windings
with good accuracy. Due to the complex phenomena involved in transformer thermal model-
ling, the models have to be previously validated with experimental data. The first models are
the dynamic models, which take into account different load factors to predict hot-spot and top-
oil temperatures over time. These models are useful to predict hot-spot temperatures in
scenarios of emergency load. The steady-state models predict the temperature and velocity
profiles in the windings of the transformer for a selected load rate. These models, CFD and
THNM, are useful for design steps to predict the thermal behaviour of the transformer. CFD is
a more accurate method, whereas THNM is faster and requires less computational resources.
Both are used for design steps of transformer windings. Steady-state models are also used to
test the cooling performance of alternative dielectric liquids, such as natural esters, in power
transformers by comparing hot-spot temperature and pressure drop over the windings.
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4. Summary

In this chapter, different techniques for transformer thermal modelling have been introduced.
The main goal of all of them is to predict the hot-spot temperature in the transformer windings
with good accuracy. Due to the complex phenomena involved in transformer thermal model-
ling, the models have to be previously validated with experimental data. The first models are
the dynamic models, which take into account different load factors to predict hot-spot and top-
oil temperatures over time. These models are useful to predict hot-spot temperatures in
scenarios of emergency load. The steady-state models predict the temperature and velocity
profiles in the windings of the transformer for a selected load rate. These models, CFD and
THNM, are useful for design steps to predict the thermal behaviour of the transformer. CFD is
a more accurate method, whereas THNM is faster and requires less computational resources.
Both are used for design steps of transformer windings. Steady-state models are also used to
test the cooling performance of alternative dielectric liquids, such as natural esters, in power
transformers by comparing hot-spot temperature and pressure drop over the windings.
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Abstract

Modern power systems include a considerable amount of power electronic converters
related to the introduction of renewable energy sources, high-voltage direct current
(HVDC) systems, adjustable speed drives, and so on. These components introduce repet-
itive pulses generated by the commutation of semiconductor switches, resulting in over-
voltages with very steep fronts and high dielectric stresses. This phenomenon is one of the
main causes of accelerated insulation aging of motors in power electronic-based systems.
This chapter presents state-of-the-art computational tools for the analysis of motor wind-
ings excited by fast-front pulses related to the use of frequency converters based on pulse-
width modulation (PWM). These tools can be applied for the accurate prediction of over-
voltages and dielectric stresses required to propose insulation design improvements. In
the case of the stress-grading system used in medium-voltage (MV) motors, transient
finite-element method (FEM) is used to study the effect of fast pulses. It is shown how, by
controlling the material properties and the design of the stress-grading systems, solutions
to reduce the adverse effects of fast pulses from PWM-type inverters can be proposed.

Keywords: dielectric stress, fast-front pulses, motor windings, pulse-width modulation

1. Introduction

The detrimental effect of steep voltage surges propagating along the windings of power
components such as transformers, reactors, motors, generators, and so on has been a topic of
great interest for almost a century (see for instance [1–6]). In the case of motors, these surges

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78064

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[19] KimM, Cho SM, Kim J. Prediction and evaluation of the cooling performance of radiators
used in oil-filled power transformer applications with non-direct and direct-oil-forced
flow. Experimental Thermal and Fluid Science. Jan 1, 2013;44:392. ISSN: 0894-1777. DOI:
10.1016/j.expthermflusci.2012.07.011

[20] Paramane SB. CFD study on thermal performance of radiators in a power transformer:
Effect of blowing direction and offset of fans. IEEE Transactions on Power Delivery. 2014;
29(6):2596-2604. ISSN: 0885-8977

[21] Paramane SB. A coupled internal-external flow and conjugate heat transfer simulations
and experiments on radiators of a transformer. Applied Thermal Engineering. 2016;103:
961-970. ISSN: 1359-4311

[22] Rodriguez GR. Numerical and experimental thermo-fluid dynamic analysis of a power
transformer working in ONANmode. Applied Thermal Engineering. 2017;112:1271-1280.
ISSN: 1359-4311

[23] Garelli L. Reduced model for the thermo-fluid dynamic analysis of a power transformer
radiator working in ONAF mode. Applied Thermal Engineering. 2017;124:855-864. ISSN:
1359-4311

[24] Radakovic Z, Sorgic M. Basics of thermal-hydraulic model for thermal design of oil power
transformers. IEEE Transactions on Power Delivery. 2010;25(2):790-802. ISSN: 0885-8977.
DOI: 10.1109/TPWRD.2009.2033076

[25] van der Weken W, Paramane SB, Mertens M, Chandak V, Coddé J.. Increased efficiency of
thermal calculations via the development of a full thermohydraulic radiator model. IEEE
Transactions on Power Delivery. 2016;31(4):1473-1481. ISSN: 0885-8977. DOI: 10.1109/
TPWRD.2015.2501431

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment50

Chapter 3

Modeling and Simulation of Rotating Machine
Windings Fed by High-Power Frequency Converters for
Insulation Design

Fermin P. Espino Cortes, Pablo Gomez and
Mohammed Khalil Hussain

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78064

Provisional chapter

Modeling and Simulation of Rotating Machine
Windings Fed by High-Power Frequency Converters for
Insulation Design

Fermin P. Espino Cortes, Pablo Gomez and
Mohammed Khalil Hussain

Additional information is available at the end of the chapter

Abstract

Modern power systems include a considerable amount of power electronic converters
related to the introduction of renewable energy sources, high-voltage direct current
(HVDC) systems, adjustable speed drives, and so on. These components introduce repet-
itive pulses generated by the commutation of semiconductor switches, resulting in over-
voltages with very steep fronts and high dielectric stresses. This phenomenon is one of the
main causes of accelerated insulation aging of motors in power electronic-based systems.
This chapter presents state-of-the-art computational tools for the analysis of motor wind-
ings excited by fast-front pulses related to the use of frequency converters based on pulse-
width modulation (PWM). These tools can be applied for the accurate prediction of over-
voltages and dielectric stresses required to propose insulation design improvements. In
the case of the stress-grading system used in medium-voltage (MV) motors, transient
finite-element method (FEM) is used to study the effect of fast pulses. It is shown how, by
controlling the material properties and the design of the stress-grading systems, solutions
to reduce the adverse effects of fast pulses from PWM-type inverters can be proposed.

Keywords: dielectric stress, fast-front pulses, motor windings, pulse-width modulation

1. Introduction

The detrimental effect of steep voltage surges propagating along the windings of power
components such as transformers, reactors, motors, generators, and so on has been a topic of
great interest for almost a century (see for instance [1–6]). In the case of motors, these surges

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.78064

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



have been traditionally associated with energization, re-energization, or incoming lightning
pulses [7]. Over the last decades, this has become a larger issue with the increasing use of
frequency converters for speed and torque control, which introduce repetitive steep-front
voltage impulses and associated partial discharges into the machine windings (see Figure 1).
The insulation of this type of devices is subjected to high and sustained electric and thermal
stresses [8, 9]. This effect is further amplified by the use of long connection cables [10].

Industrial surveys and other studies show that 20–40% of rotating machine failures are due to
stator winding problems, and 70% of these are due to insulation failures [11–16]. Dielectric
stress along motor’s windings associated with the propagation of fast-front voltage surges is a
major source of premature deterioration or failure of the insulation system of these devices
[9, 17].

Early motor representations for fast-transient studies consisted of approximating the surge
impedance of the motor as a simple lumped termination of the feeding cable [18]. This allowed
understanding and predicting the transient overvoltages produced at the cable/motor connec-
tion. However, overvoltages can appear at several points inside the machine coils during the
transient period. Models that are more detailed were later introduced to consider the transient
potential distribution along windings. These models are known as white box models and can
be classified in lumped and distributed parameter representations [7]. Although the former are
easier to implement and less computationally expensive, the latter are more accurate since the
wave propagation along the winding coils is introduced in a more precise manner.

Rudenberg first introduced the application of traveling wave theory to study the fast-transient
behavior of windings [19]. A more rigorous approach based on a multi-conductor line model
and applied to transformer windings was described by Rabins in 1960 [20]. Oraee [4] and
Guardado [5] independently developed this approach for electrical machines in the 1980s. The
main idea of their modeling approach is that a coil can be approximated by a multi-conductor
transmission line (MTL): each conductor represents a turn (or group of turns) of the coil, and
the continuity between the end of one turn and the beginning of the next one is preserved by

Figure 1. Typical voltage to ground of a medium-voltage winding fed by a three-level converter.
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means of a topological connection between the corresponding nodes. This is called a zig-zag
connection and is shown in Figure 2.

The distributed parameter model of an MTL is completely characterized by its electrical
parameter matrices: series impedance matrix Z and shunt admittance matrix Y. For the case
of machine windings, these matrices are obtained from the geometrical configuration of the
machine. Considering the typical stator coil diagram depicted in Figure 3, the incident surge

Figure 2. Multi-conductor transmission line model of the coil with a zig-zag connection (three turns are considered for
the purpose of illustration) [21].

Figure 3. Coil sections in the stator frame [21].
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will propagate along two different regions: slot and overhang. Due to the variation in the
electromagnetic field distribution in these two regions, the corresponding parameter matrices
will also be different [5].

Another challenging aspect of machine-winding modeling is the computation of electrical
parameters. Common approaches followed for this task are (1) measuring the parameters, (2)
applying analytical expressions, and (3) applying numerical methods. Analytical and numer-
ical methods are the only possible choices for new designs. However, since machine windings
have complex geometrical features, the available analytical expressions rely on numerous
approximations and assumptions and are therefore restricted to particular geometries. Numer-
ical methods are applicable in a more general sense as long as detailed geometrical and
electrical data are available, which is the case at the design stage [22].

One of the first insulation problems stemming from the use of power frequency converters
with medium-voltage (MV) motors was associated with the electric stresses on the surface of
the coils. Partial discharge (PD) and heat can erode the coatings of the stress-grading (SG)
system [23], aggravating the problem and, perhaps, eventually destroying the ground-wall
insulation. This process can take a long time to produce a critical failure, but the ozone
produced as a byproduct of surface PD [24] may accelerate the degradation and hence the
need to rewind the motor [23].

The SG system in MV-rotating machines is composed of two coatings: the conductive armor
coating and the semi-conductive stress-grading coating. The conductive armor coating is a
relatively conductive layer that is usually applied in the form of a tape to the surface of the
ground-wall insulation in form-wound coils that lies inside the stator slot of a rotating
machine. The function of this coating is to limit the surface potential of the coil to a value equal
or close to ground potential, thereby avoiding the possibility of discharges between the coil
insulation and the slot wall. The length of the conductive armor coating extends beyond the
end of the slot [25], as illustrated by part A in Figure 4. The semi-conductive-grading coating
starts at the end of the conductive armor coating, part B, also in the form of a tape, and they are
often overlapped by a couple of centimeters, shown as region E. The purpose of the semi-
conductive-grading coating is to produce a smooth transition from the potential in the con-
ductive armor coating to the high voltage (HV) on the surface of the coil insulation outside of
the slot, shown as part C in Figure 4. The graded voltage drop along the surface of the coil
avoids harmful high electric field concentrations.

The conductive armor coating is commonly a composite of either varnish or polyester resin
filled with graphite or carbon black. It is considered as a constant conductivity layer with
values between 10 and 0.01 S/m. The semi-conductive-grading coating of coils is a composite
of silicon carbide (SiC) and varnish or polyester resin, with a field-dependent conductivity. A
profile of the voltage from the slot exit to the end of the semi-conductive-grading tape (SGT)
measured using an alternating current (AC) electrostatic voltmeter is shown in Figure 5. The
coil was energized with 8 kVrms at 60 Hz. The conductive armor tape (CAT) is at ground
potential (first 10 cm in the plot of Figure 5) while along the SGT the voltage increases
smoothly (after 10 cm), something that is accomplished by the generation of resistive heat as
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seen in the inserted infrared image of Figure 5, where the section of the SG presents a hot spot.
The slope of the voltage defines the tangential electric field on the surface of the stress-grading
region. Overvoltages and pulses having steep fronts, like those from PWM-type inverters,
considerable modify the stress relief in the SGT and in the portion of the CAT that is outside
of the slot. The design of the stress grading and the conductive armor coatings has become
difficult under this condition, and modeling had resulted in a useful tool in understanding the
influence of the various design parameters.

Figure 4. Illustration showing conductive armor and semi-conductive-grading coatings on a form-wound coil [26].

Figure 5. Illustration showing conductive armor and stress-grading coatings on a form-wound coil under sinusoidal 60-
Hz voltage [26].

Modeling and Simulation of Rotating Machine Windings Fed by High-Power Frequency Converters for Insulation…
http://dx.doi.org/10.5772/intechopen.78064

55



will propagate along two different regions: slot and overhang. Due to the variation in the
electromagnetic field distribution in these two regions, the corresponding parameter matrices
will also be different [5].

Another challenging aspect of machine-winding modeling is the computation of electrical
parameters. Common approaches followed for this task are (1) measuring the parameters, (2)
applying analytical expressions, and (3) applying numerical methods. Analytical and numer-
ical methods are the only possible choices for new designs. However, since machine windings
have complex geometrical features, the available analytical expressions rely on numerous
approximations and assumptions and are therefore restricted to particular geometries. Numer-
ical methods are applicable in a more general sense as long as detailed geometrical and
electrical data are available, which is the case at the design stage [22].

One of the first insulation problems stemming from the use of power frequency converters
with medium-voltage (MV) motors was associated with the electric stresses on the surface of
the coils. Partial discharge (PD) and heat can erode the coatings of the stress-grading (SG)
system [23], aggravating the problem and, perhaps, eventually destroying the ground-wall
insulation. This process can take a long time to produce a critical failure, but the ozone
produced as a byproduct of surface PD [24] may accelerate the degradation and hence the
need to rewind the motor [23].

The SG system in MV-rotating machines is composed of two coatings: the conductive armor
coating and the semi-conductive stress-grading coating. The conductive armor coating is a
relatively conductive layer that is usually applied in the form of a tape to the surface of the
ground-wall insulation in form-wound coils that lies inside the stator slot of a rotating
machine. The function of this coating is to limit the surface potential of the coil to a value equal
or close to ground potential, thereby avoiding the possibility of discharges between the coil
insulation and the slot wall. The length of the conductive armor coating extends beyond the
end of the slot [25], as illustrated by part A in Figure 4. The semi-conductive-grading coating
starts at the end of the conductive armor coating, part B, also in the form of a tape, and they are
often overlapped by a couple of centimeters, shown as region E. The purpose of the semi-
conductive-grading coating is to produce a smooth transition from the potential in the con-
ductive armor coating to the high voltage (HV) on the surface of the coil insulation outside of
the slot, shown as part C in Figure 4. The graded voltage drop along the surface of the coil
avoids harmful high electric field concentrations.

The conductive armor coating is commonly a composite of either varnish or polyester resin
filled with graphite or carbon black. It is considered as a constant conductivity layer with
values between 10 and 0.01 S/m. The semi-conductive-grading coating of coils is a composite
of silicon carbide (SiC) and varnish or polyester resin, with a field-dependent conductivity. A
profile of the voltage from the slot exit to the end of the semi-conductive-grading tape (SGT)
measured using an alternating current (AC) electrostatic voltmeter is shown in Figure 5. The
coil was energized with 8 kVrms at 60 Hz. The conductive armor tape (CAT) is at ground
potential (first 10 cm in the plot of Figure 5) while along the SGT the voltage increases
smoothly (after 10 cm), something that is accomplished by the generation of resistive heat as

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment54

seen in the inserted infrared image of Figure 5, where the section of the SG presents a hot spot.
The slope of the voltage defines the tangential electric field on the surface of the stress-grading
region. Overvoltages and pulses having steep fronts, like those from PWM-type inverters,
considerable modify the stress relief in the SGT and in the portion of the CAT that is outside
of the slot. The design of the stress grading and the conductive armor coatings has become
difficult under this condition, and modeling had resulted in a useful tool in understanding the
influence of the various design parameters.

Figure 4. Illustration showing conductive armor and semi-conductive-grading coatings on a form-wound coil [26].

Figure 5. Illustration showing conductive armor and stress-grading coatings on a form-wound coil under sinusoidal 60-
Hz voltage [26].

Modeling and Simulation of Rotating Machine Windings Fed by High-Power Frequency Converters for Insulation…
http://dx.doi.org/10.5772/intechopen.78064

55



The remaining of this chapter is divided as follows: Section 2 describes the modeling and
parameter determination of motor windings excited by the fast pulses produced by an
inverter. Section 3 describes a finite-element method (FEM)-based approach to analyze the
performance of stress-grading systems. Finally, Section 4 presents the conclusions and final
remarks of this chapter.

2. Fast-transient modeling of rotating machine windings for inverter
excitation

The computer model described in this section for the prediction of the fast-transient response
of the machine winding is a non-uniform, multi-conductor, distributed-parameter model
defined in the frequency domain. This model is selected over other alternatives given its good
balance between high accuracy and practicality, as explained below:

1. Why non-uniform? The distribution of electric and magnetic fields is different in the slot
and overhang regions, resulting in different electrical parameters for each region that
should be considered to accurately reproduce the pulse propagation. In this case, the non-
uniform model consists of five segments considering the typical geometry of a wound-
form motor, as shown in Figures 3 and 6.

2. Why multi-conductor? This modeling approach of the winding allows natural inclusion of
the inductive and capacitive coupling between turns [21].

3. Why based on distributed parameters? A distributed parameter model based on transmission
line theory can represent the propagation of a fast pulse along windings in a more rigorous
manner than a lumped parameter model based on circuit theory [27].

4. Why defined in the frequency domain? The partial differential equations describing wave
propagation in time domain become ordinary differential equations in the frequency
domain, making the solution more straightforward. In addition, including frequency
dependence of the system parameters is substantially easier in the frequency domain than
in the time domain [28].

The winding electrical parameters (capacitance, inductance, and losses) in the overhang and
slot regions of the coil are calculated using the finite-element method (FEM)-based software
COMSOL Multiphysics [29], as described in Section 2.2.

Figure 6. Cascaded connection of chain matrices to model all coil regions [22].
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2.1. Winding model

Wave propagation along the non-uniform multi-conductor transmission system representing
the winding is defined by the Telegrapher equations in the Laplace domain as follows [30, 31]:

d
dx

U x; sð Þ
I x; sð Þ

� �
¼ 0 �Z x; sð Þ

�Y x; sð Þ 0

� �
U x; sð Þ
I x; sð Þ

� �
(1)

In Eq. (1), U(x,s) and I(x,s) are the voltage and current vectors at point x along the line, Z(x,s)
and Y(x,s) are the series impedance and shunt-admittance matrices of the line per unit length,
respectively. According to Eq. (1), the winding electrical parameters are a function of both
space and time. Voltages and currents at the terminals of the segment can be related using the
chain matrix definition, assuming constant parameters over a segment Δx and applying
boundary conditions at x and x + Δx [31]:

U xþ Δx; sð Þ
I xþ Δx; sð Þ
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I x; sð Þ

� �
(2)

where the chain matrix of the segment is defined as

ϕ Δx; sð Þ ¼ cosh ψΔxð Þ �Y�1
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�Y0sinh ψ Δxð Þ Y0cosh ψΔxð ÞY�1
0

" #
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In Eq. (3), ψ is the propagation constant matrix of the line, given by ψ ¼ M
ffiffiffi
λ

p
M�1, where M

and λ are the eigenvalue and eigenvector matrices of the Z(x,s)Y(x,s) product, respectively. In
addition, Y0 is the characteristic admittance matrix of the line segment, given by

Y0 ¼ Z x; sð Þ�1ψ. The two-port representation defined by Eq. (2) is the basis of the non-uniform
model of the machine-winding coil, according to the following procedure [21]:

1. The coil is divided into five segments, as shown in Figures 2 and 6.

2. Each of the five chain matrices is obtained from Eq. (3) as a function of parameters Z and Y,
which are different in the geometrical regions identified as overhang and slot.

3. The chain matrices are multiplied according to the cascaded connection shown in Figure 6
in order to obtain a single chain matrix representing the complete coil.

Voltages and currents at the sending (S) and receiving (R) nodes of the complete coil are
related as follows:
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In Eq. (4),Φ11,Φ12,Φ21, andΦ22 are the elements of the complete chain matrix representation
of the coil. This representation is transformed into an equivalent admittance matrix form to
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The winding electrical parameters (capacitance, inductance, and losses) in the overhang and
slot regions of the coil are calculated using the finite-element method (FEM)-based software
COMSOL Multiphysics [29], as described in Section 2.2.

Figure 6. Cascaded connection of chain matrices to model all coil regions [22].
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2.1. Winding model

Wave propagation along the non-uniform multi-conductor transmission system representing
the winding is defined by the Telegrapher equations in the Laplace domain as follows [30, 31]:

d
dx

U x; sð Þ
I x; sð Þ

� �
¼ 0 �Z x; sð Þ

�Y x; sð Þ 0

� �
U x; sð Þ
I x; sð Þ

� �
(1)

In Eq. (1), U(x,s) and I(x,s) are the voltage and current vectors at point x along the line, Z(x,s)
and Y(x,s) are the series impedance and shunt-admittance matrices of the line per unit length,
respectively. According to Eq. (1), the winding electrical parameters are a function of both
space and time. Voltages and currents at the terminals of the segment can be related using the
chain matrix definition, assuming constant parameters over a segment Δx and applying
boundary conditions at x and x + Δx [31]:

U xþ Δx; sð Þ
I xþ Δx; sð Þ

� �
¼ ϕ Δx; sð Þ U x; sð Þ

I x; sð Þ

� �
(2)

where the chain matrix of the segment is defined as

ϕ Δx; sð Þ ¼ cosh ψΔxð Þ �Y�1
0 sinh ψΔxð Þ

�Y0sinh ψ Δxð Þ Y0cosh ψΔxð ÞY�1
0

" #
(3)

In Eq. (3), ψ is the propagation constant matrix of the line, given by ψ ¼ M
ffiffiffi
λ

p
M�1, where M

and λ are the eigenvalue and eigenvector matrices of the Z(x,s)Y(x,s) product, respectively. In
addition, Y0 is the characteristic admittance matrix of the line segment, given by

Y0 ¼ Z x; sð Þ�1ψ. The two-port representation defined by Eq. (2) is the basis of the non-uniform
model of the machine-winding coil, according to the following procedure [21]:

1. The coil is divided into five segments, as shown in Figures 2 and 6.

2. Each of the five chain matrices is obtained from Eq. (3) as a function of parameters Z and Y,
which are different in the geometrical regions identified as overhang and slot.

3. The chain matrices are multiplied according to the cascaded connection shown in Figure 6
in order to obtain a single chain matrix representing the complete coil.

Voltages and currents at the sending (S) and receiving (R) nodes of the complete coil are
related as follows:

UR

IR

� �
¼ ϕ1ϕ2ϕ3ϕ2ϕ1

US

IS

� �
¼ Φ11 Φ12

Φ21 Φ22

� �
US

IS

� �
(4)

In Eq. (4),Φ11,Φ12,Φ21, andΦ22 are the elements of the complete chain matrix representation
of the coil. This representation is transformed into an equivalent admittance matrix form to
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include the zig-zag connection in order to preserve continuity between turns as a pulse
propagates along the coil (see Figure 2) [32, 33]. This yields

US

UR

� �
¼ YSS þ Ycon11 � YSR þ Ycon12ð Þ

� YSR þ Ycon21ð Þ YRR þ Ycon22

� ��1 IS
UR

� �
(5)

The admittance matrix and chain matrix elements are related according to the following
expressions:

Yss ¼ �Φ�1
12 Φ11,YSR ¼ �Φ�1

12 ¼ �Φ22Φ�1
12 Φ11 þΦ21,YRR ¼ �Φ22Φ�1

12 (6)

In Eq. (5), admittance submatrices Ycon11, Ycon12, Ycon21, and Ycon22 are included to connect the
end of each turn to the beginning of the next one (zig-zag connection), as well as the source and
load admittances representing winding terminal connections.

The Laplace-domain voltages at each turn of the coil are obtained from Eq. (5). These voltages
are finally transformed into transient voltage responses in the time domain by means of the
application of the inverse numerical Laplace transform [28].

2.2. Parameter computation

FEM-based simulation program COMSOL Multiphysics is used to compute the capacitance
and inductance matrices in the overhang and slot regions of the machine winding [29]. For the
calculation of inductance in the slot region, it is assumed that the slot walls behave as magnetic
insulation due to eddy currents at the high frequencies related to the pulses produced by
frequency converters, meaning that the flux is normal to the boundary and does not penetrate
the core. In the overhang region, these walls are replaced by an open-boundary condition.

2.2.1. Capacitance

Capacitance matrix C is calculated using the electrostatics module of COMSOL using the
forced voltage method as follows [22]:

Q1

⋮
Qn

2
64

3
75 ¼

C11 ⋯ C1n

⋮ ⋱ ⋮
Cn1 ⋯ Cnn

2
64

3
75

U1

⋮

Un

2
664

3
775 (7)

The charge in all n elements due to conductor i is obtained by exciting conductor i with a fixed
voltage while defining all other conductors at zero potential, thus obtaining the i-th column of
the capacitive matrix. This process is repeated for each conductor to obtain the complete matrix.

2.2.2. Inductance

Inductance matrix L is computed from the magnetic energy method [22]. The current is
nonzero in one or two terminals at a time and the energy density is integrated over the whole
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geometry. Self-inductance Lii is obtained from the magnetic energy Wm,i due to the injection of
a current Ii to turn i:

Lii ¼ 2Wm,i

I2i
(8)

Mutual inductance Lij is obtained from the magnetic energy Wm,ij due to the simultaneous
injection of current to turns i and j:

Lij ¼
Wm,ij

IiIj
� 1
2

Ii
Ij
Lii þ

Ij
Ii
Ljj

� �
(9)

When using this method, all self inductances must be computed first and then applied for the
computation of mutual inductances.

2.2.3. Losses

The series losses matrix (R) of the winding is considered frequency-dependent and obtained
from the concept of complex penetration depth [22]. The dielectric losses matrix (G) is com-
puted using the “electric currents”module in COMSOL [29]. Finally, the series impedance and
shunt admittancematrices required by thewindingmodel are computed according toZ =R + sL
and Y = G + sC.

2.3. Case study

A schematic cross-section of the coil considered in this study is shown in Figure 7. The main
parameters of the stator coil are summarized in Table 1. Figure 8 shows a schematic represen-
tation and a picture of the experimental setup. Besides the MV form-wound coil under test, it
includes a waveform generator (Keysight 33500B), an oscilloscope (Agilent DSO-X 2014A), and
a 100-Ω load connected at the end of the coil. Steel plates were included to emulate the EM
field distribution in the slot region [34]. The experimental setup was placed in a laboratory
facility free of EM interference. More details of this test case can be found in [35].

The capacitance and inductance matrices are computed from FEM simulations using
COMSOLMultiphysics, as explained in Section 2.2. Sample simulations are shown in Figures 9
and 10 for the first turn.

Figure 9 shows the distribution of electric potential when turn 1 (top turn) is excited with 1 V,
while all other turns and the slot walls are grounded. This allows the calculation of the first
column of the capacitance matrix of the coil using Eq. (7). Figure 10 shows the distribution of
magnetic energy density when turn 1 is excited with 1 A, while all other turns are left
unexcited. Integrating this magnetic energy density results in the magnetic energy required in
Eq. (8) to compute the self-inductance of turn 1.

The winding model is validated considering a PWM-type excitation with different rise times
between 100 and 500 ns connected to the first turn of the coil. The rest of winding is represented
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The charge in all n elements due to conductor i is obtained by exciting conductor i with a fixed
voltage while defining all other conductors at zero potential, thus obtaining the i-th column of
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A schematic cross-section of the coil considered in this study is shown in Figure 7. The main
parameters of the stator coil are summarized in Table 1. Figure 8 shows a schematic represen-
tation and a picture of the experimental setup. Besides the MV form-wound coil under test, it
includes a waveform generator (Keysight 33500B), an oscilloscope (Agilent DSO-X 2014A), and
a 100-Ω load connected at the end of the coil. Steel plates were included to emulate the EM
field distribution in the slot region [34]. The experimental setup was placed in a laboratory
facility free of EM interference. More details of this test case can be found in [35].

The capacitance and inductance matrices are computed from FEM simulations using
COMSOLMultiphysics, as explained in Section 2.2. Sample simulations are shown in Figures 9
and 10 for the first turn.

Figure 9 shows the distribution of electric potential when turn 1 (top turn) is excited with 1 V,
while all other turns and the slot walls are grounded. This allows the calculation of the first
column of the capacitance matrix of the coil using Eq. (7). Figure 10 shows the distribution of
magnetic energy density when turn 1 is excited with 1 A, while all other turns are left
unexcited. Integrating this magnetic energy density results in the magnetic energy required in
Eq. (8) to compute the self-inductance of turn 1.

The winding model is validated considering a PWM-type excitation with different rise times
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Figure 7. Cross section of the coil with three insulation layers [35].

Turns per stator coil 7

Length of overhang region 0.33 m

Conductor width (w) 5.35 mm

Conductor height (h) 2.85 mm

Resistivity of stator bar conductor 1.7 � 10�8 Ω�m
Thickness of interturn insulation (δ1) 0.2 mm

Thickness of main insulation (δ2) 1.41 mm

Thickness of ground-wall insulation (δ3) 0.36 mm

Relative permittivity of the interturn insulation 2.5

Relative permittivity of the main insulation 2

Relative permittivity of the ground-wall ins 2.8

Slot width (W) 8.9 mm

Slot height (H) 24.2 mm

Slot length 0.45 m

Table 1. Rotating machine parameters [35].
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Figure 8. Experimental setup for validation of the inverter-coil setup: (a) schematic diagram showing main parts and (b)
photography of laboratory components [35].

Figure 9. Capacitance calculation using forced voltage method in FEM [35].
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by a 100-Ω load. This type of excitation is obtained from the waveform generator emulating the
phase-to-ground voltage from a voltage source inverter.

Figure 11 shows the comparison of the simulated and measured transient voltage at the first
winding turn for excitations with different rise times. It can be noticed that the magnitude of
the overshoot produced depends on the rise time of the excitation. A second assessment of the
winding corresponds to a similar setup, but with an open-ended condition of the coil. This
results in noticeable oscillations, which are reproduced in a very accurate manner by the
winding model, as shown in Figure 12, which illustrates the transient response at the far end

Figure 10. Inductance calculation using magnetic energy method in FEM [35].

Figure 11. Transient overvoltage at the first turn of the coil terminated in 100-Ω load [35].
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of the winding. As in the previous case, the maximum overvoltages are related to the highest
rise time of the excitation.

The effect of the excitation rise time is analyzed in a more general manner in Figure 13, which
shows the potential difference between turns for different rise times. According to this figure,
the potential difference is inversely proportional to the rise time of the excitation.

3. Modeling of stress-grading systems from rotating machines

Modeling of stress-grading systems of MV rotating machines is an essential tool for their design
and optimization. An accurate model can serve several purposes, such as [36]:

1. describing how the system is likely to behave under certain conditions;

Figure 12. Transient overvoltage at the last turn of the coil for open-ended case [35].

Figure 13. Potential difference between turns considering different rise times of the excitation [35].
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2. modifying the material characteristics to match specific requirements;

3. predicting the effects of aging and determining the material’s life time in order to establish
a maintenance policy.

FEM has become one of the most commonly used techniques for modeling stress-grading
systems [37–39]. With FEM, the geometry can be considered including most of the details
that influence the electric field distribution. To determine how the electric field stress is
distributed during PWM voltage excitation, the problem must be solved in the time
domain with considerably small time steps. This, together with the high nonlinearity of
the semi-conductive stress-grading coating, makes modeling of SG systems a complicated
task [40, 41].

3.1. Modeling of stress-grading systems

In the general case, problems with stress-grading systems can be represented with subdomains
of conductors, subdomains of perfect dielectrics (air or another surrounding medium and main
insulation), and subdomains of stress-grading materials [42]. Conductors can be considered
perfect conducting regions of known potential. Neglecting the dielectric loss component of the
materials, the equation to be solved is of the form [43]

∇∙ �σ Eð Þ∇U½ � þ ∂ ∇∙ εrε0 �∇Uð Þð Þ½ �
∂t

¼ 0 (10)

where σ is the electrical conductivity, εr is the relative permittivity, and ε0 is the vacuum
permittivity. The electric field dependency (σ Eð Þ) of the semi-conductive-grading coating helps
to limit the maximum electric field on the surface of the coil giving adaptability to different
designs and voltage levels [44]. For proper FEM simulations, it is required to know the
nonlinearity of the electrical conductivity at high electric stress for the semi-conductive-grad-
ing material. One of the most common expressions used to define the electric field dependency
in S/m of this coating is given by [45, 46]

σ Etð Þ ¼ σ0exp αEt
nð Þ (11)

where σ0 = 1.85 x 10�9 S/m, α= 0.00112, and n = 0.67. Eq. (10) can be solved analytically or
numerically. FEM or an Equivalent Electric Circuit Model [36] can be used for this purpose.
FEM is widely used to model the SG coatings due to some advantages over, for example,
equivalent circuit models. With circuit models, some geometric aspects of the SG systems, like
overlapping of coatings or the sharp end of the slot exit, are difficult to be considered. In
addition, with FEM, the thermal field problem can be solved using the same geometry, taking
as a source of heat the ohmic losses from the electric solution.

Transient FEM with efficient algorithms needs to be used in order to solve the highly nonlinear
problem associated with SG coatings. Nowadays, FEM software provides new capabilities that
allow performing highly nonlinear simulations. The “electric currents” module of the FEM-
based software COMSOL Multiphysics [29] is used in the next sections to compute the electric
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field distribution and resistive heat produced in the CAT and SGT of form-wound coils under
the application of fast rise time pulses.

3.2. FEM modeling of stress-grading coatings under PWM voltage waveforms

With the aid of an infrared camera, it is possible to observe the heat generated because of the
electric stress grading under fast pulses. In order to show this condition, a 4.2-kV form wound
coil was energized with 4-kV squared pulses with a repetition rate of 2000 pulses per second,
and the temperature was registered using an infrared camera model Flir-SC500. As it can be
seen in Figure 14, the heat distribution is different in comparison to that presented in Figure 5
for power frequency (60 Hz); under this condition, the high electric stress moves from the SGT
to the CAT at slot exit. Something important to notice in the infrared image is the presence of
hot spots that follow the patterns of the CAT tapping; this will be discussed in Section 3.4.

Usually, modeling of the conductive armor coating and the semi-conductive-grading coatings
is done separately; however, under fast pulses, it is important to understand the combined
performance of both coatings. Therefore, the analysis of coil ends working with PWM voltages
requires the simultaneous simulation of both coatings.

3.2.1. Finite-element dimension reduction on the stress-grading coatings

A useful tool in FEM modeling is the ability of reducing the dimension of the elements used to
discretize the stress-grading coating subdomain [29]. These coatings are applied in thin layers
that require a very fine element discretization; otherwise, if a coarse discretization of the
subdomains is used, numerical instability may result [47]. Assuming that the conductivity of
the semi-conductive coating depends only on the tangential component of the electric field, the
elements used in the SG coatings can be reduced to one dimension (1D) [48]. If the geometry of
the problem is considered in two dimensions (2D), as shown in Figure 15(a), the subdomains

Figure 14. Temperature profile on a 4.2-kV coil end under 650-ns rise time pulses with a repetition rate of 2000 pulses per
second. Peak voltage: 4.0 kV [26].
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for the CAT and SGT can be discretized using one-dimensional elements (electric shielding
boundary in COMSOL), thereby considerably reducing the total number of elements and, in
most cases, making it easier for the solution to converge.

Consider for simulation the 2D geometry of the coil end shown in Figure 15(a) and the
transient voltage of a leading edge of one PWM pulse, shown in Figure 15(b). The pulse has a
rise time of 1 μs and an overshoot of around of 1.6 times the nominal phase to ground peak
voltage for a 6.6-kV coil. The thickness of the ground-wall insulation is 3 mm, the CAT and
SGTare 0.5 mm thick, and their lengths are 50 and 100 mm, respectively. The CAT conductivity
is 0.01 S/m, and the conductivity of the SGT is given by Eq. (11). The relative permittivities (εr)
of the CAT and the SGT are, respectively, 50 and 20. A comparison of the results for the electric
field on the CAT and SGT using 1D and 2D elements is presented in Figure 16. As it can be
seen in this figure, this 1D simplification does not modify the results when compared to the
solution obtained considering 2D elements.

In addition, the simplification from a 2D to a 1D modeling can be indeed useful, especially
when non-axial-symmetric geometries need to be modeled in three dimensions. For exam-
ple, form-wound coils can be modeled in 3D, when considering 2D elements in the stress-
grading subdomains [49]. One problem that occurs with this simplification is that geometri-
cal details like overlapping in multilayer systems are sometimes difficult to implement.

Figure 15. (a) Cross-section illustration of the form-wound coil and (b) transient pulse voltage waveform considered in
the transient FEM simulations [26].

Figure 16. Tangential electric field distribution along the stress-grading coatings computed using (a) 2D elements and (b)
1D elements.
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However, simulations using discretization of the CATand SGTwith one dimension elements
reduction can give a sufficiently good approximation when these details are not required in
the simulations.

When the response of an SG system during a PWM waveform needs to be modeled, a large
computing time is generally required, since the time step is defined by the fast rise time of
the pulses (1 μs or less) and the simulation time is in the order of several milliseconds. Using
reduced dimension elements in the CAT and SGT domains makes the simulation computa-
tionally more efficient. One example of the convenience of this dimension reduction is
shown with the transient simulation of electric field and heat in a coil with 3-mm thickness
of the ground-wall insulation, and 1 mm CAT and SGT thickness; the length of the CAT is
50 mm from the slot exit. The CAT conductivity is 0.01 S/m, and the relative permittivity is
100. The length of the SGT is 100 mm. The SGT has a relative permittivity of 20 and a
nonlinear conductivity given by Eq. (11). Considering a phase-to-ground three-level PWM
voltage [50], which waveform is shown in the inset of Figure 17(a), the magnitude of the
tangential electric stress versus time is present along both coatings, as it can be observed in
Figure 17(a). The magnitude of the resistive heat density along the CAT and SGT as a
function of time and electric field is presented in Figure 17(b). According to this figure, the
heat is concentrated mainly in the CAT.

The tangential component of the electric field in the CAT is well below the tangential electric
field in the SGT (Figure 17(a)), but the heat generated in this coating is considerably higher
(Figure 17(b)). Experimental work on form-wound coils stressed by fast pulses has shown
that this condition can damage the CAT, allowing surface PD to appear right at the slot exit
[51, 52]. The next section introduces the use of FEM modeling to investigate possible solu-
tions to this problem.

Figure 17. (a) Tangential electric field distribution along the surface from the slot end of the coil under a phase to ground
PWM waveform and (b) resistive heat [53].
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for the CAT and SGT can be discretized using one-dimensional elements (electric shielding
boundary in COMSOL), thereby considerably reducing the total number of elements and, in
most cases, making it easier for the solution to converge.

Consider for simulation the 2D geometry of the coil end shown in Figure 15(a) and the
transient voltage of a leading edge of one PWM pulse, shown in Figure 15(b). The pulse has a
rise time of 1 μs and an overshoot of around of 1.6 times the nominal phase to ground peak
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is 0.01 S/m, and the conductivity of the SGT is given by Eq. (11). The relative permittivities (εr)
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field on the CAT and SGT using 1D and 2D elements is presented in Figure 16. As it can be
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solution obtained considering 2D elements.

In addition, the simplification from a 2D to a 1D modeling can be indeed useful, especially
when non-axial-symmetric geometries need to be modeled in three dimensions. For exam-
ple, form-wound coils can be modeled in 3D, when considering 2D elements in the stress-
grading subdomains [49]. One problem that occurs with this simplification is that geometri-
cal details like overlapping in multilayer systems are sometimes difficult to implement.

Figure 15. (a) Cross-section illustration of the form-wound coil and (b) transient pulse voltage waveform considered in
the transient FEM simulations [26].
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1D elements.
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3.3. Modeling for the design of stress-grading coatings under PWM voltages

As mentioned before, the SG systems in motor coil ends can fail because of the excessive
heat generated when they operate under fast rise time pulses like those produced by
adjustable speed drives. The excessive heat produced in the CAT can be considered the first
problem to be solved in order to improve the performance of these coatings under fast
pulses. Figure 18 shows the resistive heat density for the same case presented in Figure 16.
It can be noticed that the heat is produced mainly in the CAT. The heat and electric field in
the CAT can be reduced by increasing the conductivity of this coating; however, the high
stress will be now moved to the SGT. A possible solution consists of controlling both the
material properties and the designs of stress-grading system [26]. For example, a
sectionalized stress-grading system consisting of two coatings with different conductive
properties can be used in the CAT in addition to the SGT in order to divide the electric field
and ohmic losses at the coil end. The first part, starting from the slot end, is a highly
conductive coating, and the second part is now referred to as stress-grading coating for
high-frequency components (SGHF). The SGHF coating is designed to filter and relieve the
fast rise front of the pulses, while a third coating (SGLF) is used to grade the lower frequency
components of the PWM voltage waveform.

As an example, consider a sectionalized stress-grading system where the thickness of the SGHF

and SGLF layers is duplicated (1 mm), and the electric properties of the first layer are conduc-
tivity of 0.5 S/m, and εr = 50, for the second conductive layer (SGHF): conductivity of 0.05 S/m,
and εr = 50. The third layer SGT is an with the same nonlinear characteristic given by Eq. (11),
but with a value of σ0 = 1.85 � 10�8 S/m.

The distribution of resistive heat and electric field is modified, as it can be seen in Figure 19.
With the first conductive layer, the maximum heat is moved to the SGHF and SGLF layers and
reduced in around 50%, see Figure 19(a). The electric field is not increased in the SGLF in
comparison with the electric field in the original design presented in Figure 16, as shown in
Figure 19(b). This is an example of how modeling allows modifying the properties and
dimensions of the stress-grading coatings in order to obtain the desired stress grading.

Figure 18. Resistive heat distribution along the stress-grading coatings for the same case of the results presented in
Figure 14.
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3.4. Simulation of the tapping of stress-grading systems under fast pulses

As mentioned before, an important characteristic of FEM modeling of stress-grading systems
is the possibility of taking into account some details of the geometry that can influence the
stress distribution under fast rise time pulses. In tape-based SG systems, the SGT usually
overlaps the CAT a couple of centimeters, with one or two full-lapped turns followed by half-
lapped turns until it reaches the desired length. During FEM modeling, the overlapping
interfaces can be reproduced as in the real condition; however, it is not usual to consider the
tape interfaces. Optical micrographs of the overlapping tape sections, obtained from form-
wound coils, have shown that there are transition sections of the coatings with only one tape
thickness between segments with two tape thickness [54].

Two-dimensional FEM simulations of the stress-grading system are performed considering
the coatings configuration and the voltage waveform from Figure 15, but now the geo-
metrical shape of the half overlapping between tape turns is included. For this case, the
conductivity of the CAT was considered as 0.01 S/m, with a relative permittivity of 50,

Figure 19. (a) Resistive heat and (b) electric field distribution along the sectionalized stress-grading system.

Figure 20. Heat in the CAT and SGT coatings considering the tape overlappings.
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and εr = 50. The third layer SGT is an with the same nonlinear characteristic given by Eq. (11),
but with a value of σ0 = 1.85 � 10�8 S/m.
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With the first conductive layer, the maximum heat is moved to the SGHF and SGLF layers and
reduced in around 50%, see Figure 19(a). The electric field is not increased in the SGLF in
comparison with the electric field in the original design presented in Figure 16, as shown in
Figure 19(b). This is an example of how modeling allows modifying the properties and
dimensions of the stress-grading coatings in order to obtain the desired stress grading.

Figure 18. Resistive heat distribution along the stress-grading coatings for the same case of the results presented in
Figure 14.
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3.4. Simulation of the tapping of stress-grading systems under fast pulses

As mentioned before, an important characteristic of FEM modeling of stress-grading systems
is the possibility of taking into account some details of the geometry that can influence the
stress distribution under fast rise time pulses. In tape-based SG systems, the SGT usually
overlaps the CAT a couple of centimeters, with one or two full-lapped turns followed by half-
lapped turns until it reaches the desired length. During FEM modeling, the overlapping
interfaces can be reproduced as in the real condition; however, it is not usual to consider the
tape interfaces. Optical micrographs of the overlapping tape sections, obtained from form-
wound coils, have shown that there are transition sections of the coatings with only one tape
thickness between segments with two tape thickness [54].

Two-dimensional FEM simulations of the stress-grading system are performed considering
the coatings configuration and the voltage waveform from Figure 15, but now the geo-
metrical shape of the half overlapping between tape turns is included. For this case, the
conductivity of the CAT was considered as 0.01 S/m, with a relative permittivity of 50,

Figure 19. (a) Resistive heat and (b) electric field distribution along the sectionalized stress-grading system.

Figure 20. Heat in the CAT and SGT coatings considering the tape overlappings.
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and the CAT-CAT overlappings occurring every centimeter. The conductivity of the SGT is
given by Eq. (11). The shape considered for the tape overlappings is shown in the inset of
Figure 20. In the same figure, the simulation results show how the CAT-CAT overlap-
pings present high values of heat, behavior that is experimentally confirmed by the temp-
erature distribution presented in Figure 14. These results demonstrate how the quality of
the application of these tape-based coatings must be guaranteed to avoid early problems
with the machines fed by PWM drives.

4. Conclusions

Two crucial topics for the proper insulation design of MV motors excited by PWM drives have
been reviewed in this chapter: modeling of the windings for pulse propagation analysis and
modeling of the stress-grading system.

A frequency domain non-uniform multi-conductor transmission line approach has been used
to study the fast-front transient response of a machine-winding coil when a PWM-type excita-
tion from an inverter is applied. The parameters of the coil were calculated using the finite-
element method. The results when applying a PWM-type excitation to the coil show that the
rise time of the source and the length of the cable has an important effect on the transient
overvoltage produced at different turns of the coil, as well as in the potential difference
between adjacent turns. The comparison between simulation and experimental results, in
terms of oscillatory behavior and magnitude, demonstrates that both the winding model and
the cable model selected result in a very accurate prediction of the fast-transient response
related to the use of inverters in medium-voltage induction machines. Since the winding
model is considered as linear for high frequencies, a frequency domain-modeling approach is
a very good option to study the fast-transient response of machine windings.

On the other hand, the conductive armor and semi-conductive-grading coatings are
important parts of the insulation system in rotating machines. The correct design of these
coatings becomes difficult when PWM voltages feed the machine from adjustable speed
drives. The stress-grading coatings often cannot effectively relieve the stress during repet-
itive surge voltages and, in the extreme case, hot spots and/or PDs will gradually destroy
the coatings, making the problem worse. FEM modeling is a useful tool in understanding
the influence of the various design parameters eliminating the trial and error methods that
usually require more time and other resources. By reducing the dimension of the elements
used to discretize the stress-grading coatings subdomains, it is possible to reduce the
computational burden, but when a detailed geometry of the stress-grading system needs
to be included in the simulation, this option cannot be considered. By using FEM model-
ing, it is possible to compute the maximum electric field, power loss, or voltage at the end
of the SGT and use these variables in conjunction with optimization subroutines to obtain
improved designs.
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Abstract

The research situation of environmentally friendly gas insulation is expounded in this paper. 
The basic physical and chemical properties of the insulating gases are analysed, to propose 
several environment-friendly insulating gas of potential alternative to sulphur hexafluoride 
(SF6). The insulation characteristics of different components gas mixtures with 90% of nitro-
gen (N2) and carbon dioxide (CO2) as buffer gas and 10% octafluorocyclobutane (c-C4F8), 
Trifluoroiodomethane (CF3I) and heptafluorobutyronitrile (C4F7N) as the main insulat-
ing gas had been tested with 5–20 mm sphere-plane electrode gaps in non-uniform elec-
tric field under the power frequency voltage and positive and negative lightning impulse 
breakdown. The development prospects of environmentally friendly gas insulation are 
forecasted. Further analysis of c-C4F8,CF3I and C4F7N (some friendly gases, which have the 
potential to replace SF6) are conducted trying to points out the further research direction.

Keywords: electrical equipment insulation, environmentally friendly gases, alternatives 
gases, SF6

1. Introduction

Because of its good electrical insulating properties, sulphur hexafluoride (SF6) can satisfy the 
insulating demands of the electrical apparatus. SF6 is nontoxic and non-combustible, which 
guarantees the security of its application in the gas insulating apparatus. What is more, the 
chemical properties of SF6 are stable and it can be compatible with most mental and solid 
insulating materials. There is little decomposing by-products after discharge or arc, which 
guarantees the following insulating function and protects apparatus. Nowadays, SF6 has been 
an important industrial gas with more than 20,000 tons’ produced every year all over the 
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world, and 80% of that is applied as insulating gas in electrical apparatus [1]. With the con-
tinuous increase of China’s electrical demand and the expansion of the electrical grid, the 
demand for insulating gas will continuously increase [2–4].

Although the characteristics of SF6 can satisfy the requirements as insulation gas in electri-
cal apparatus, such as gas-insulated substations, scientists have recognised that it can influ-
ent and aggravate the greenhouse effect in recent years. SF6 is a strong greenhouse gas that 
will cause serious harm to the environment. The Global Warming Potential GWP of SF6 is 
23,900 times stronger than that of CO2 [5], which means that under the computing period of 
100 years. Far more serious is that because of the extremely stable chemical properties, it is 
very hard to decompose SF6 in nature and it can exist for 3200 years in atmosphere [6], which 
will make the environmental influence and greenhouse effect continuously accumulated.

In the Kyoto Protocol to the United Nations Framework Convention on Climate Change signed 
in 1997 in Kyoto of Japan [2], SF6 was regarded as one of the six-kinds of greenhouse gas 
(CO2,CH4,N2O,PFC,HFC and SF6) and it demanded that developed countries should stop and 
reduce the total emission of greenhouse gas. With signing the Paris Agreement [3], interna-
tional society are making efforts to reduce carbon emissions, which means that the applica-
tion of SF6 in industry will be limited more and more [4, 5, 7]. Therefore, researching new 
method of gas insulating to replace SF6 becomes an urgent work.

It is important to look for environmentally insulating gas with similar insulating characteris-
tics and physicochemical properties of SF6 to replace SF6. SF6 belongs to inorganic fluorinated 
gases, and its molecular geometry is octahedron with six-fluorine (F) atoms in outer surface 
and one sulphur (S) atom in centre. Because of fluorine belongs to the halogens, its peripheral 
electronic layer is occupied by seven electrons and can become stable structure with one more 
electron, which allows it to strongly attract electron. Moreover, in the molecule of SF6, F atoms 
and S atom form more stable covalent bonds by sharing electrons. However, F atoms also 
have the trend to attract electrons so that the entire molecule has a trend to attract electron. 
Therefore, it has better insulating characteristics than other gaseous molecular without elec-
tronegativity. In addition, although the gas characteristics showed by the structure of macro 
element cannot show the insulation strength of gas exactly, even counterexample existing, 
researchers have attached importance to that and the researching emphasis of alternative gas 
is concentrated on the halogenated gas [8]. In 1997, the research report about the insulation 
characteristics and arc quenching of alternative gas of SF6 written by the National Bureau of 
Standards of the U.S.A [9] introduced many potential alternative gases. Besides, in this work 
was studied the breakdown voltage under direct current (DC) uniform field of gases, such as 
organic fluorinated ones, compared with SF6, and this comparison is shown in Table 1. The 
result of the report shows that most fluorinated gases have good electronic adsorption, which 
it is related to the addition of fluorine, but not all the organic fluorinated gases have good 
insulation characteristics. Besides, it is not correct to evaluate the insulation characteristics 
just based on the elements that constitute a gas, so it is necessary to analyse different gases 
in detail for comparison. Because the physicochemical properties of octafluorocyclobutane 
(c-C4F8) are close to SF6, its cost is low and Greenhouse Warming Potential (GWP) is lower 
than SF6, the report has specially indicated that c-C4F8 and its mixture can be the study subject 
for long time [10], so that researchers are focused on the study of this gas.
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Besides c-C4F8, organic halogenated gas, trifluoroiodomethane (CF3I), contains fluorine (F) and 
iodine (I) has been concentrated by researchers for its much lower GWP and better insulation 
characteristics. At the same time, ALSTOM company in France and 3M company in US produce 
an electrical insulation gas mixtures together, named G3, whose main ingredient is heptafluoro-
butyronitrile (C4F7N), a kind of fluorinated nitrile with Novec 4710 as trade name [11]. Besides, 
ABB company produces electrical insulation gas mixtures whose main ingredient is fluorinated 
ketone such as Heptafluoropropyl trifluorovinyl ether (C5F10O) and Undecafluorohexanoyl 
Fluoride (C6F12O). Properties of some potential alternative gases to SF6 are shown in Table 2.

Gas Relative breakdown 
voltage

Remarks

SF6 1 As reference of gas

Relative breakdown voltage is 1

C3F8 0.90 With strong absorption to free electron, especially low-
power free electron

c-C4F8 About 1.35

2-C4F8 About 1.75

1,3-C4F6 About 1.50

Hexafluorobutadiene (2-C4F6) About 2.3

CHF3 0.27 With weaker absorption to free electron

CF4 0.39

Table 1. Relative direct current (DC) breakdown voltages of some fluorination gases [1, 8, 12].

Gas Physicochemical 
properties

Environmental 
characteristics

Electrical characteristics

Toxicity Boiling 
point 
(unit: °C)

Relative GWP Relative insulation 
characteristics [15]

Relative rising 
rate of recovery 
voltage (RRRV) 
characteristics

SF6 Nontoxic −64 1 1.00 1.00

CF3I Low-toxicity −22.5 ≈0 1.20 0.90

c-C4F8 Nontoxic −6 0.3 1.30 —

g3(C4F7N/CO2) Low-toxicity 24 (Pure) 0.02 0.85–1 —

C5F10O/air Nontoxic 26.9 
(Pure)

≈0 0.75–0.85 —

Hexafluoropropylene (C3F6) Toxic −29.6 ≈0 1.01 —

Fluorinated 1,3-butadiene 
(C4F6)

Toxic 6~7 ≈0 1.4 —

Fluorinated 2-butyne (C4F6) Toxic −25 ≈0 1.7 —

Fluorinated 2-butene (C4F8) Toxic 1.2 — 1.8

Table 2. Properties of potential alternative gas to sulphur hexafluoride (SF6) [8, 13, 14].
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C3F8 0.90 With strong absorption to free electron, especially low-
power free electron

c-C4F8 About 1.35

2-C4F8 About 1.75

1,3-C4F6 About 1.50

Hexafluorobutadiene (2-C4F6) About 2.3
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2. Analysis of potential alternative gas

2.1. Octafluorocyclobutane (c-C4F8)

Octafluorocyclobutane, c-C4F8 is an important industrial gas. Nowadays, it is used in plasma 
etching technology or as refrigerant [16]. Similar to SF6 gas, the performance to absorb electron 
easily of fluorine in c-C4F8 is shown in the characteristics of the whole molecule, so that c-C4F8 
has a stronger absorption to free electron. c-C4F8 is colourless, odourless, nontoxic to human 
bodies at low concentration, non-combustible, nonexplosive and with GWP of about 8700 rela-
tive to CO2. Though it belongs to greenhouse, but in the same conditions, its negative effects 
are just one third of SF6 [17]. In addition, as organic halogenated gas, c-C4F8 does not contain 
chlorine or bromine, so it is not harmful to the ozone layer. The molecule of c-C4F8 is circular 
with a stable chemical structure and does no harm to other solid materials in electrical appa-
ratus, such as aluminium alloy, copper contact and epoxy supporting insulators. Recently, the 
price of c-C4F8 differs with the purity of gas. The price of this gas with 99.9% purity is about 200 
RMB/kg [8] (1 RMB ≈ 0.16 dollar≈0.13 euro, the same below), as the price of gas with 99.999% 
purity is about 500 RMB/kg, and that has obviously reduced compared with the price of about 
thousand RMB per kilogramme 10 years ago. This is related to more applications, such as 
refrigerant [18], that are using c-C4F8 and the rise of production. Nowadays, the price of c-C4F8 
is only a little bit higher than that of SF6, but if c-C4F8 is applied widely in electrical domain, its 
price still can be reduced, so the cost is not the obstacle to be applied in electrical apparatus.

Long before, Japanese researchers began to research the electrical properties of c-C4F8 and 
indicated that it had the feasibility to replace SF6 in electrical apparatus. Then, the researchers 
of plasma and electric-related domains from the U.S.A. and Mexico began to use Boltzmann 
equation, calculation of parameter of discharge particle and breakdown test to research the 
insulation characteristics of c-C4F8. Shanghai Jiao Tong University, Xi’an Jiao Tong University 
and other high schools in China began the researches about calculation of academic simula-
tion and breakdown test of c-C4F8. The results of researches have shown that the insulation 
characteristics of pure c-C4F8 are better than SF6, in air pressure at 0.3 MPa and over. The 
breakdown voltage of the gas mixtures of c-C4F8 and N2 or CO2 is higher than the gas mix-
tures of SF6 with the same contents, and in low air pressure or atmospheric pressure, the 
breakdown voltage of the gas mixtures of c-C4F8 can approach the gas mixtures of SF6 with 
the same contents. In conclusion, c-C4F8 and its gas mixtures have similar insulation character-
istics with SF6, and the breakdown voltage differs a little with the composition, mixture ratio 
and gas pressure, so it can satisfy the demands of actual application.

The relative molecular mass of c-C4F8 is 200, higher than that of SF6 (146.06), and it means 
that the condensing temperature of c-C4F8 will be high, is about −6°C, higher than −63.6°C 
of SF6. The insulating gas should exist in gaseous state in the electrical apparatus, thus need 
to have a low enough liquefaction temperature. One way to reduce its liquefaction point 
is to add some buffer gas including nitrogen (N2) or carbon dioxide (CO2), which may lead 
to a weaker insulation strength. So we need to take a balance between the low liquefaction 
temperature and good insulation property when considering the mixture ratio for c-C4F8 
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gas mixtures. Therefore, c-C4F8 is not suited to be applied in apparatus as pure gas, or it 
cannot satisfy the demand of arctic alpine regions. Thus, it should be mixed with other gas 
in some ratios to reduce the condensing temperature of the gas mixtures and be used as 
gas mixtures.

2.2. Trifluoroiodomethane (CF3I)

Trifluoroiodomethane (CF3I) is colourless, odourless, non-combustible and nonexplosive. CF3I 
is a new industrial gas that can be used as an environmental refrigerant and alternative fire-
extinguishing agent. It can be used as additive or mixed composition to replace traditional 
refrigerant Freon and fire-extinguishing material “Halon.” Because its GWP is very low, about 
1–5 relative to CO2 is much lower than most organic halogenated gases, so its influence on 
greenhouse is very small. At the same time, it does not contain chlorine and bromine that is 
commonly present in most refrigerants, so it will not damage the ozone layer, thus the United 
Nations regards it as new refrigerant to replace Freon [19]. This can prove that CF3I is a kind 
of environmentally friendly gas, and has related basis in industrial application. As a kind of 
fire-extinguishing material, its efficiency is outstanding and has little negative influence on 
environment, and it is well compatible with normal industrial materials, so that it will not 
cause chemical reaction or erosion. Therefore, it has passed some related standards of the 
U.S.A [20]. and can be used in aerospace and other areas. In addition, it can rise the security of 
the electrical apparatus by applying CF3I in electrical apparatus such as cubicle gas insulating 
switchgear (C-GIS) or compact transformer. It is especially appropriate to be used in populous 
regions of central city in order to reduce the conflagration or explosion caused by the bug of 
electrical apparatus. The molecular structure of CF3I is shown in Figure 1 RMB. It is affected by 
halogens such as F and I, so it has strong absorption to free electron. So that it can absorb free 
electron at the beginning of discharge when electron avalanche forms, and then it can restrain 
the formation of collision ionisation, which enhances its insulation property. What is worthy to 
indicate, that the difference between CF3I and SF6, as well as c-C4F8, comes from the asymmetry 
of its structure, which makes the polarity effect of the molecule stronger. The three-F atoms in 
the molecule has stronger absorption to electron than I atom, so the electron cloud in the mol-
ecule trends to F atoms, and the density of the electron cloud around the carbon-iodine cova-
lent bond formed by I atom and carbon (C) atom is reduced, and the energy barrier to absorb 
electron is also reduced. Therefore, the whole molecule has a strong ability to absorb electron.

Because of CF3I is a new industrial gas, its application in China is not widely extended, the 
production in China is low. Currently, CF3I produced in China costs about 2000 RMB/kg, the 
price is much higher than SF6 [1]. The main reason why the price of CF3I in China is higher than 
that for SF6 [1] is that the demand is very low. According to the producers of CF3I (Beijing Yuji 
Science & Technology Co., Ltd.), after CF3I will be used widely and will be mass-produced, the 
constant cost of CF3I will reduce a lot with the actual cost lower than 600 RMB/kg. Moreover, 
by optimising and upgrading, its price will be reduced continuously like that for c-C4F8.

Since year 2000, many researchers in China and abroad begin to research this new insulating 
gas [21, 22]. Researchers of plasma from Mexico have calculated and measured the ionisation 
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coefficient, attachment coefficient and electron drift velocity during the process of discharge of 
CF3I and its gas mixtures with N2, SF6 and other gases [23, 24]. The aforementioned work has 
quantified the reaction between free electron and gas molecule during the process of discharge, 
and has analysed the insulation strength of gas mixtures from the perspective of the parame-
ters of discharge. Tokyo University of Japan, Tokyo Denki University and Japan Electric Power 
Company have researched CF3I by testing [25, 26]. They make the breakdown test to CF3I and 
its gas mixtures with N2, CO2 and air by using lighting impulse. The results show that the insu-
lation strength of pure CF3I is better than that in SF6, about 1.2 times than SF6, and CF3I-CO2 
gas mixtures with high content also has better insulation characteristics to be able to replace 
SF6. Many universities and academies in Europe also research the gas mixtures of CF3I-CO2 
and CF3I-N2 in different conditions [24]. The results show that the positive synergistic effect 
of the gas mixtures of CF3I and N2 is less obvious than that of the gas mixtures of SF6 and N2, 
which means that in the same mixture ratio, the insulation strength of the gas mixtures of 
CF3I-CO2 cannot increase with the rising content of CF3I because of the synergistic effect [22]. 
In addition, the gas mixtures of CF3I and CO2 with low content show better positive synergistic 
effect. Shanghai Jiao Tong University, Xi’an Jiao Tong University and Chongqing University in 
China has researched CF3I and its gas mixtures by academic calculation and testing research 
[27–29]. Shanghai Jiao Tong University uses Boltzmann’s equation to calculate and analyse the 
discharge parameters and insulation characteristics of the gas mixtures of CF3I and N2, CO2, He 
and so on and get the alternating current (AC) breakdown voltage in non-uniform electric field 
and slightly non-uniform electric field by testing [28, 30]. Other researchers have measured 
partial discharge voltage and other insulation characteristics of the gas mixtures of CF3I [31, 
32]. The results show that CF3I has good electrical insulation characteristics, but the positive 
synergistic effect of the mixture of CF3I and normal buffering gas is not obvious, so that the 

Figure 1. Molecule structure of CF3I.
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insulation characteristics of its gas mixtures are lower than SF6. Therefore, the research about 
the synergistic effect of CF3I and other gas is the key to be applied in the future.

2.3. Fluorinated nitrile gas and G3 gas mixtures

ALSTOM company in France and 3M company in U.S.A. have joined to research the alterna-
tive to SF6 gas. Among many organic fluorinated gases, they choose the gas, which is also 
alternative refrigerant, and organic chemical compound that contains four-C atoms and 
seven-F atoms, with a trade name of Novec 4710 [11] and chemical formula of C4F7N, named 
G3. Besides, its molecular structure is shown in Figure 2. The gas has replaced a fluorine atom 
with nitrile group (▬C☰N) on the basis of the fluorinated hydrocarbon gas, and becomes 
fluorinated nitrile gas. This nitrile group containing carbon-nitrogen triple bond has a special 
chemical structure to make C4F7N have very good insulation performance, which can reach 
about two-times of that of SF6. The chemical features of this gas are similar to the organic 
fluorinated gas with stable chemical characteristics and can be well compatible with other 
materials used in electrical assets. The relative molecular mass of C4F7N is 195, with a high 
condensing temperature of −4.7°C, so that it cannot replace SF6 as a single gas, it should 
become gas mixtures with buffering gas such as N2 or CO2. Because of it is a new insulating 
gas, related testing research is lacking. According to research result obtained by now, the insu-
lation characteristics of its gas mixtures with CO2 is about 90% of the SF6 mixtures with the 
same amount of CO2, and this gas can also be used as arc quenching medium being applied 
in circuit-breakers [33]. Nowadays, this gas is researched and produced by 3M company and 
its cost is dozens of times higher than other gases [33], so the cost is one of the obstacles for its 
industrial application. With the accomplishment of the production technology of the gas and 
the development of the producers at home, the price could be reduced.

Figure 2. Molecule structure of C4F7N.
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The gas with the chemical formula of C4F7N has two-isomeric compounds, their chemical 
formulas and element compositions are the same, but for the different positions of nitrile 
groups, their molecular structures and microcosmic natures are different. For Novec 4710 
gas used in G3 gas, its nitrile group is located in the carbon atom in the middle of the organic 
carbon-chain, and the other isomeric compound has a nitrile group located in the carbon 
atom at one end of the carbon-chain, which constitute a virulent gas that cannot be used in 
industry. In addition, during the production of Novec 4710, by avoiding the production and 
the mixture of the virulent isomeric compound is key to apply this gas in a real environ-
ment. What is more, any gas will be decompounded to produce decomposed by-products 
in the condition of high temperature and pressure during the discharge process. Moreover, 
it should be continuously researched about how to guarantee that this gas will not produce 
toxic isomeric compounds or other gases during the process of discharge or arc interruption.

2.4. Fluorinated ketone gas

ABB company in Switzerland has supported a method for evaluating the greenhouse effect of 
SF6 [34, 35], and it is to take advantage of fluorinated ketone gas as the main ingredient of gas 
mixtures, which contains organic fluorinated gas with carbonyl group (C〓O) such as C5F10O 
and C6F12O. This kind of gas is similar to fluorinated nitrile gas. It is a chemical compound, which 
uses the carbonyl group to replace one F atom of fluorinated hydrocarbon based on fluorinated 
hydrocarbon. Because of carbonyl group has carbon-oxide double bond, which is unsaturated 
bond as the same as the carbon-nitrogen triple bond, it has good absorption to free electron, and 
it shows higher insulation characteristics in macro-performance [36]. According to the existing 
testing data in China and abroad, the insulation characteristics of pure C5F10O and C6F12O are 
about two-times higher than SF6 and their GWP value approaches zero, physicochemical prop-
erties are stable and they have good compatibility with materials and industrial applicability. 
The fluorinated carbonyl, which ABB has applied in the gas mixtures has more than five-carbon 
atoms, so its relative molecular mass is bigger than other insulating gases, such as C5F10O with 
266 and C6F12O with 316. Besides,the condensing temperature of C5F10O and C6F12O is very high 
with 24 and 49°C at room condition, which means that they are liquid at normal temperature 
and gas pressure. Therefore, this gas cannot be used in any electrical insulating domains as 
single gas, and it can only be applied as gas mixtures. Limited by its high-condensing tempera-
ture, it will have low content in the gas mixtures, which causes the limitation of the insulation 
strength of the whole gas mixtures, so the synergistic effect of this gas and other gas mixtures is 
very important. Therefore, the use of this kind of gas forming gas mixtures, which allows it keep 
high insulation characteristics at low concentrations, is the emphasis of research in the future.

3. The power frequency AC breakdown characteristics of the c-C4F8, 
N2, CO2 gas mixtures

The breakdown voltage under AC voltage of the gas mixtures with a constant content of 10% 
of c-C4F8 and different content of N2 and CO2 has been measured by testing. Figures 3 and 4 
show the variety of the AC-breakdown voltage and maximum electric strength of the c-C4F8, 
N2, CO2 gas mixtures with the variety of gap distance under different air pressure. The gas 
discharge test chamber and other internal structure are the same with that in Ref. [37]. The 
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method to inflate gas mixtures to test chamber is introduced in Ref. [17]. The gases tested in 
the present paper are listed in Table 3.

From Figures 3 and 4, it can be observed that the behaviour of c-C4F8 mixtures is similar to the 
SF6 gas mixtures, the AC-breakdown voltage of the c-C4F8, N2, CO2 gas mixtures gets higher 
values as the gap distance gets bigger, and it shows saturation effect. The maximum electric 
strength of the gas mixtures gets lower values as the gap distance gets bigger, and it shows 
that the gas mixtures has some sensitivity to the non-uniformity of the electric field. As the 
non-uniformity of the electric field increases, the maximum electric field able to be tolerated 
reduces, and the trend of change is similar to SF6, N2 and CO2 in Appendix Figures A1 and A2.

Figure 5 shows that under different gap distances, the variety of the AC-breakdown voltage 
of the c-C4F8, N2, CO2 gas mixtures as the gas pressure changes. The AC-breakdown voltage of 
c-C4F8 gas mixtures increases linearly as the air pressure increases without hump effect, and 
this trend is the same to SF6 gas mixtures. From Figures 3–5, we can see that the variety of the 
breakdown voltage of the c-C4F8 gas mixtures with the same content as the air pressure and 
the electrodes gap changes is the same to SF6 gas mixtures. However, the curves of breakdown 
voltage of c-C4F8 gas mixtures with different contents in the graphs are more concentrated 
than SF6. That is to say, the breakdown voltages of gas mixtures have little difference with dif-
ferent contents, at the same time, it shows that the breakdown voltage of the gas mixtures of 
c-C4F8 and CO2 is the highest and the gas mixtures with N2 is lower, this is different from the 
properties of SF6 gas mixtures. When the gap distance is 20 mm, the AC-breakdown voltage 
of 10%c-C4F8+90%CO2 is about 10% higher than that of 10%c-C4F8+90%N2.

Figure 3. AC-breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different gas pressures.
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Figure 6 shows under different gas pressures, the variety of the AC-breakdown voltage of 
the c-C4F8, N2, CO2 gas mixtures as the content changes. If it is make the gas mixtures of 
10%c-C4F8 + 90%N2 as the initial matched group, it can be seen that the breakdown voltage 
of the gas mixtures increases as the content of CO2 increases, and when the content of CO2 
exceeds 60%. In other words, with a content of N2 lower than 30%, the increase of the break-
down voltage is more noticeable.

Because of during the process of discharge, N2 will make the ionisation probability of CO2 
increase as well, when reducing N2 and increasing CO2 of the c-C4F8 gas mixtures, the 
breakdown voltage of the triple gas mixtures in Figure 6 does not has an obvious increase 

Figure 4. Maximum electric strength of c-C4F8, N2, CO2 gas mixtures with different gas pressures.

Number c-C4F8/CF3I mixing ratio (%) N2 mixing ratio (%) CO2 mixing ratio (%)

1 10 90 0

2 10 80 10

3 10 60 30

4 10 45 45

5 10 30 60

6 10 10 80

7 10 0 90

Table 3. Test gas mixtures for power frequency AC breakdown experiments.
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Figure 5. AC-breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different electrodes gap distances.

Figure 6. Relationship between AC-breakdown voltage and mixing contents of c-C4F8, N2, CO2 gas mixtures.
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Figure 5. AC-breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different electrodes gap distances.

Figure 6. Relationship between AC-breakdown voltage and mixing contents of c-C4F8, N2, CO2 gas mixtures.
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immediately, and even it has a trend to reduce a little. Only after the content of N2 is lower 
than 30% and the content of CO2 is higher than 60%, the breakdown voltage can increase 
significantly.

4. Power frequency AC-breakdown characteristics of the CF3I, N2, 
CO2 gas mixtures

To CF3I, it has been measured the breakdown characteristics for a constant content of 10% 
CF3I and with different concentrations of N2 and CO2 under AC-voltage applied during the 
tests. The test method and experiment setup are similar to that in Section 2. The gas mixtures 
and mixing ratio are listed in Table 1. Figures 7 and 8 show that under different air pres-
sures, the variety of the AC-breakdown voltage applied and the maximum electric strength 
of the CF3I, N2, CO2 gas mixtures as the gap changes. From Figure 7, it can be seen that the 
breakdown voltage of CF3I gas mixtures gets higher as the electrodes gap gets bigger, but 
curves of different gas mixtures are more approached even closer compared with SF6 and 
c-C4F8. The breakdown voltage of CF3I gas mixtures has little difference with different con-
tents of N2 and CO2. Moreover, N2, which has better insulation strength, does not perform 
better than CO2 when it is mixed with CF3I. In Figure 8, the maximum electric strength of 
CF3I gas mixtures has a trend to reduce as the electrodes gap increases, but the curves are 
smoother than c-C4F8, which shows that the sensitivity to the electric non-uniformity of CF3I 
is lower than c-C4F8.

Figure 7. AC-breakdown voltage of CF3I, N2, CO2 gas mixtures with different gas pressures.
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Figure 9 shows, under different gaps of electrode, the variety of the AC-breakdown voltage for 
CF3I, N2, CO2 gas mixtures as the gas pressure changes. Similar to the gas mixtures of SF6 and 
c-C4F8, the AC-breakdown voltage increases linearly as the air pressure increases, and without 

Figure 8. Maximum electric strength of CF3I, N2, CO2 gas mixtures with different gas pressures.

Figure 9. AC-breakdown voltage of CF3I, N2, CO2 gas mixtures with different electrodes gap distances.
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hump effect or trend of saturation. Curves in Figure 9 are similar to these in Figure 7, the  
superposition of the curves of gas mixtures with different contents is very high and the per-
formed insulation characteristics are little different.

Figure 10  shows that under different gas pressures, the curves of the variety of the 
AC-breakdown voltage for CF3I, N2, CO2 gas mixtures changes as the content changes. 
Generally, with the same mixing ratio of CF3I, the breakdown strength becomes stronger 
with the increasing ratio of CO2. The same as the judge of the foregoing, the change of the 
gas mixtures of CF3I is not obvious as the contents of N2 and CO2 change. What is worthy 
to be concentrated, it is that N2 has higher insulation strength than CO2, but it does not 
perform in the CF3I gas mixtures.

5. Power frequency AC-breakdown characteristics of C3F7CN/CO2

AC-breakdown characteristics of C4F7CN mixed with CO2 are tested for different concentra-
tions. Figure 11 shows that AC-breakdown voltage of C3F7CN/CO2 gas mixtures varies as 
the mixture ratio changes between 0 and 10% under different air pressures. Under the same 
gas pressure, as the mixture ratio of C4F7CN k increases, the AC-breakdown voltage of gas 
mixtures shows the saturated trend to increase. The lower the gas pressure is, the smaller the 
growth is. It has to be said that the influence of the mixture ratio k on the C3F7CN/CO2 gas 
mixtures is less under low gas pressure. In addition, under high-gas pressure, increasing the 
mixture ratio k can increase the insulation properties of the gas mixtures. When the propor-
tion of C3F7CN increases to 20%, the insulation properties of C3F7CN/CO2 gas mixtures can 
approach that of pure SF6 under the same condition.

Figure 10. Relationship between AC-breakdown voltage and mixing contents of CF3I, N2, CO2 gas mixtures.
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6. Lightning impulse characteristics of c-C4F8, N2, CO2 gas mixtures

Figures 12 and 13 show the testing curves of the positive lightning impulse voltage of gas 
mixtures of 10% c-C4F8 with N2 and CO2. The positive lightning impulse voltage increases as 
the electrodes gap increases without the performance of the trend to saturation in SF6 gas mix-
tures, and the breakdown voltage increases nearly linearly as the air pressure increases. From 
the perspective of the excitation energy and the ionisation energy of the microcosmic param-
eters, c-C4F8 is more appropriate to be mixed with CO2 and the positive lightning impulse 
breakdown voltage of CO2 is higher than N2. According with Figures 12 and 13, it can be 

Figure 11. Relationship between power frequency breakdown voltage and mixture ratio of C3F7CN/CO2.

Figure 12. Positive lightning impulse breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different gas pressures.
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6. Lightning impulse characteristics of c-C4F8, N2, CO2 gas mixtures
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Figure 12. Positive lightning impulse breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different gas pressures.
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seen that 10%c-C4F8 + 90%CO2 gas mixtures have the highest breakdown voltage and 10%c-
C4F8 + 90%N2 gas mixtures have the lowest breakdown voltage.

Figure 14 shows the different curves of positive lightning impulse breakdown voltage of the 
gas mixtures of 10%c-C4F8 with N2 and CO2 as the content of N2 and CO2 changes. Because of 
CO2 itself has stronger ability to tolerate positive lightning impulse and it will not have obvi-
ous ionisation with c-C4F8 compared with N2, the breakdown voltage increases as the content 

Figure 13. Positive lightning impulse breakdown voltage of c-C4F8, N2, CO2 gas mixtures with different electrodes gap 
distances.

Figure 14. Relationship between positive lightning impulse breakdown voltage and mixing contents of c-C4F8, N2, CO2 
gas mixtures.
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of CO2 in the gas mixtures increases. Because of the high resonance excitation, energy of N2 in 
the gas mixtures will have negative impact on CO2 when the content of N2 exceeds 30%. The 
increase of breakdown voltage of the gas mixtures is not obvious, and when the content of 
N2 is lower than 30%, the positive lightning impulse breakdown voltage shows more obvious 
trend to increase as the content of CO2 increases. Comparing 10%c-C4F8 + 90%N2 and 10%c-
C4F8 + 90%CO2, it is not hard to find that 10%c-C4F8 + 90%CO2 has obviously higher positive 
lightning impulse breakdown voltage.

7. Lightning impulse characteristics of the CF3I, N2, CO2 gas mixtures

Figures 15 and 16 show the curves of the positive lightning impulse (means that the impulse 
voltage is applied to sphere electrode, and the plane electrode is connected to ground) break-
down voltage of 10% CF3I with N2 and CO2 of different contents. The positive lightning 
impulse voltage of CF3I gas mixtures increases with a little saturation as the electrodes gap 
and air pressure increase. From the difference of breakdown voltages of gas mixtures with 
different contents and ratios, it can be seen that CF3I has the similar properties with c-C4F8 and 
it is more appropriate to mix with CO2.

Figure 17 shows the variation of the positive lightning impulse breakdown voltage of the 
gas mixtures consisting of 10% CF3I and N2 as well as CO2 as the mixture ratio changes. The 
curves in Figure 17 have the same change with the c-C4F8 gas mixtures, when the content of 
N2 is lower than 30%, the excitation energy can weaken the ionisation of CF3I and CO2, and 
the breakdown voltage of the gas mixtures increases obviously and this is the same with the 
changing trend of c-C4F8 gas mixtures.

Figure 15. Positive lightning impulse breakdown voltage of CF3I, N2, CO2 gas mixtures with different gas pressures.
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of CO2 in the gas mixtures increases. Because of the high resonance excitation, energy of N2 in 
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Figure 17. Relationship between positive lightning impulse breakdown voltage and mixing contents of CF3I, N2, CO2 
gas mixtures.

Figure 16. Positive lightning impulse breakdown voltage of CF3I, N2, CO2 gas mixtures with different electrodes gap 
distances.
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1. In the consideration of insulation strength, c-C4F8 gas mixtures with N2, CO2 is prior than cur-
rent SF6/N2 gas mixtures and pure SF6. Moreover, c-C4F8 gas mixtures can solves the problem 
of c-C4F8 gas tending to liquefaction and carbon decomposition. Traditional c-GIS is widely 
used in the range of middle voltage, mainly in electric power substation and among consum-
ers. Vacuum circuit breaker and grounded switchgear are both installed in a gas cavity shell, 
which is full with gas at 0.1–0.3MPa. Therefore, c-C4F8 gas mixtures can be applied to the gas 
switchgear of relative low voltage whose working pressure is low and function is not to break 
current arc, which can not only guarantee the insulation strength, but also greatly reduce the 
effect of insulation gas on the environment. Therefore, it has a good potential to substitute SF6 
and SF6/N2 as insulation media.

Moreover, for the areas with warm climate, electric apparatus such as transformer and high 
voltage power transmission wire are promising to use c-C4F8 gas mixtures as insulation media 
forming gas insulation transformer (GIT), gas insulation line (GIL) and cabinet Gas Insulated 
Switchgear at middle and low voltage (C-GIS).

2. Above comprehensive of analysis, under the same pressure conditions, the insulat-
ing strength of CF3I is higher than that of SF6 while ensuring CF3I not to be liquefied. 
Compared with compressed air or compressed N2 insulated in C-GIS, CF3I can lower the 
pressure, in order to reduce the sealing technology and easy to manufacture. The short-
comings of high price also can be relief after mixed with buffer gas. Therefore, using CF3I 
as insulating gas in C-GIS has better comprehensive performance than that of the present 
C-GIS.

CF3I and N2 mixed gas can be used as replacement of SF6 gas in the C-GIS at a low pres-
sure, which has bigger advantage on the dielectric strength, liquefaction temperature and 
cost, especially in 30% proportion of CF3I in mixed gases, that is the most likely to be 
feasible.

As environmentally friendly insulation gas, CF3I and its gas mixtures is a hot-topic on the 
global scope for gas insulating systems. The application of CF3I and its gas mixtures in high-
voltage apparatus not only meets the requirements and current trends on environmental pro-
tection in the international community, but also is a new direction in the field of electrical 
insulation.

To sum up, taking into account environmental characteristics, insulating properties and liq-
uefaction temperature, CF3I gas mixtures can be applied prior to C-GIS in the middle, low 
voltage system as well as GIL, GIT and other electrical devices in high-voltage system.

3. Power-frequency breakdown voltage of C3F7CN/CO2 gas mixtures increases with the 
increase of mixing ratio from 0 to 10%. The relative dielectric strength of the gas mixtures 
showed a trend of saturated growth with the increase of mixing ratio, and power-frequency 
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breakdown voltage of C3F7CN/CO2 gas mixtures when C3F7CN is 8% ratio can reach 75% 
of that of pure SF6 under the same condition. C3F7CN/CO2 gas mixtures have potential of 
application of substitute for SF6 in the electric power equipment, and the insulation of the 
other characteristics need further study. A deep insight into the partial discharge properties 
and corona stabilisation behaviour under strong inhomogeneous fields is needed for a full 
understanding.
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Abstract

Gas-insulated switchgear (GIS) is a common electrical equipment, which uses sulfur 
hexafluoride (SF6) as insulating medium instead of traditional air. It has good reliability 
and flexibility. However, GIS may have internal defects and partial discharge (PD) is 
then induced. PD will cause great harm to GIS and power system. Therefore, it is of 
great importance to study the intrinsic characteristics and detection of PD for online 
monitoring. In this chapter, typical internal defects of GIS and the PD characteristics are 
discussed. Several detection methods are also presented in this chapter including electro-
magnetic method, chemical method, and optical method.
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1. Introduction

Gas-insulated switchgear (GIS) is an electrical equipment that conceals traditional electrical 
devices in a chamber. GIS has obvious advantages over traditional air-insulated switchgear 
(AIS). Firstly, GIS demands less area thus reducing the cost; secondly, GIS has a longer over-
haul period; and finally, GIS has higher reliability. For these reasons, GIS has been widely 
used in the world nowadays [1–4]. However, GIS has a complex structure that internal defects 
may come into being during process of manufacturing, transferring, and installing [5, 6]. 
These defects will induce partial discharge (PD) [7–9], which causes potential internal insula-
tion aging. The insulation aging may develop into serious fault and blackout [10, 11]. PD also 
reflects GIS insulation state. By monitoring PD signals, potential defects can be recognized.
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1.1. Typical types of GIS internal defects

There are several types of GIS internal defects, namely high-voltage (HV) conductor protru-
sions, free metal particles, floating potential, insulator metal pollution, and insulator gap [7]. 
The various defects in GIS are shown in Figure 1.

In recent decades, GIS has also been deployed widely in China. However, operating expe-
rience shows that although GIS equipment has high reliability, inevitable internal defects 
will still lead to failure and gradually major accidents. This has become a hot topic in power 
system [12].

According to statistics, the State Grid Corporation of China had a total of 48,498 GIS equip-
ment in operation by the end of 2013, with a growth of 17.8% of the previous year. In the same 
year, 11 trips occurred in the GIS operation of the national grid system in China. CIGRE 23.10 
Working Group GIS Fault Investigation Report shows that in all failures of GIS that occurred 
before 1985, the insulation failure accounted for 60 and 51% after 1985. According to operation 
analysis of the State Grid of China, at the end of June in 2008, 33 GIS accidents occurred includ-
ing 24 insulation accidents, while operation failure occurred 74 times including 13 insulation 
accidents [4]. GIS insulation failure accidents are diverse. According to Figure 2, insulation 
faults caused by bad contact and defects of metal particles occupy a larger proportion [12].

In this chapter, we will focus on four typical types of GIS internal insulation defect, that is, 
free-metal particles, conductor protrusions, insulator gap, and insulator metal pollution.

1.1.1. Free metal particles defect (denoted as P-type defect)

Free-metal particles defects in GIS are one of the main causes of insulation failure. During the 
GIS assembling, installation or operation process, its metal parts may rub against each other, 
thus creating free metal particles. Due to their small size, these metal particles will move and 
beat under the electric field forces. If the range of particle movement is large enough, it is 
possible to form conductive paths or arc passages between the HV conductor and the shell, 
causing serious damage to the GIS. The path forming depends on many factors including 
applied voltage, shape and size of particles, and the position of the particles [12].

Figure 1. GIS internal insulation-defect type diagram.
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1.1.2. Metal protrusions defect (denoted as N-type defect)

Metal protrusion defects refer to the defects that form on the protruding parts such as HV 
conductor inside GIS. Just like free-metal particles defect, these protrusions are usually 
formed during process of assembling, installation, or operation. Due to the sharp tip of the 
protrusions, the electric field will be distorted and strong electric field will then come into 
being. Under the rated working voltage, the strong electric field will induce a stable PD, but 
under some overvoltage, it may cause breakdown and GIS fault.

The discharge characteristics of protrusion on HV conductor and that on inner wall of shell 
are different. Protrusions on the HV conductor usually discharge in the negative half-cycle of 
the power frequency, while protrusions on the inner wall of the shell usually discharge in the 
positive half-cycle of the power frequency. Some tiny protrusions will be ablated in long-term 
discharge and will not threaten the insulation of GIS. However, larger protrusions will persist 
for a long-time and damage the operation insulation of GIS [12].

1.1.3. Insulator gap defect (denoted as G-type defect)

Insulator gap defects in GIS mainly happen on the basin-type insulator, which can be clas-
sified into two types. One type is due to internal bubbles of epoxy resin resulting during 
process of manufacturing. Then during operation, PD will take place in these bubbles under 
strong electric field, resulting in gradual insulation deterioration of the basin-type insulator, 
and serious insulation breakdown may follow;

The other type is due to electric force in the long-term operation. Mechanical vibration process 
may result in connection loosening of basin-type insulator and HV conductive rod connection 
loosening. Then an insulator gap defect forms and induces PD, resulting in deterioration of 
the insulating properties of the basin-type insulator [13].

Figure 2. GIS equipment-defect type statistics.
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1.1. Typical types of GIS internal defects
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The various defects in GIS are shown in Figure 1.

In recent decades, GIS has also been deployed widely in China. However, operating expe-
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will still lead to failure and gradually major accidents. This has become a hot topic in power 
system [12].

According to statistics, the State Grid Corporation of China had a total of 48,498 GIS equip-
ment in operation by the end of 2013, with a growth of 17.8% of the previous year. In the same 
year, 11 trips occurred in the GIS operation of the national grid system in China. CIGRE 23.10 
Working Group GIS Fault Investigation Report shows that in all failures of GIS that occurred 
before 1985, the insulation failure accounted for 60 and 51% after 1985. According to operation 
analysis of the State Grid of China, at the end of June in 2008, 33 GIS accidents occurred includ-
ing 24 insulation accidents, while operation failure occurred 74 times including 13 insulation 
accidents [4]. GIS insulation failure accidents are diverse. According to Figure 2, insulation 
faults caused by bad contact and defects of metal particles occupy a larger proportion [12].

In this chapter, we will focus on four typical types of GIS internal insulation defect, that is, 
free-metal particles, conductor protrusions, insulator gap, and insulator metal pollution.

1.1.1. Free metal particles defect (denoted as P-type defect)

Free-metal particles defects in GIS are one of the main causes of insulation failure. During the 
GIS assembling, installation or operation process, its metal parts may rub against each other, 
thus creating free metal particles. Due to their small size, these metal particles will move and 
beat under the electric field forces. If the range of particle movement is large enough, it is 
possible to form conductive paths or arc passages between the HV conductor and the shell, 
causing serious damage to the GIS. The path forming depends on many factors including 
applied voltage, shape and size of particles, and the position of the particles [12].
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1.1.2. Metal protrusions defect (denoted as N-type defect)

Metal protrusion defects refer to the defects that form on the protruding parts such as HV 
conductor inside GIS. Just like free-metal particles defect, these protrusions are usually 
formed during process of assembling, installation, or operation. Due to the sharp tip of the 
protrusions, the electric field will be distorted and strong electric field will then come into 
being. Under the rated working voltage, the strong electric field will induce a stable PD, but 
under some overvoltage, it may cause breakdown and GIS fault.

The discharge characteristics of protrusion on HV conductor and that on inner wall of shell 
are different. Protrusions on the HV conductor usually discharge in the negative half-cycle of 
the power frequency, while protrusions on the inner wall of the shell usually discharge in the 
positive half-cycle of the power frequency. Some tiny protrusions will be ablated in long-term 
discharge and will not threaten the insulation of GIS. However, larger protrusions will persist 
for a long-time and damage the operation insulation of GIS [12].

1.1.3. Insulator gap defect (denoted as G-type defect)

Insulator gap defects in GIS mainly happen on the basin-type insulator, which can be clas-
sified into two types. One type is due to internal bubbles of epoxy resin resulting during 
process of manufacturing. Then during operation, PD will take place in these bubbles under 
strong electric field, resulting in gradual insulation deterioration of the basin-type insulator, 
and serious insulation breakdown may follow;

The other type is due to electric force in the long-term operation. Mechanical vibration process 
may result in connection loosening of basin-type insulator and HV conductive rod connection 
loosening. Then an insulator gap defect forms and induces PD, resulting in deterioration of 
the insulating properties of the basin-type insulator [13].

Figure 2. GIS equipment-defect type statistics.
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1.1.4. Insulator metal pollution defect (denoted as M-type defect)

The surface of the insulator sometimes adsorbs some metal particles which move under the elec-
tric field force. Some of the particles may not be dangerous at first, but due to the mechanical vibra-
tion under electrostatic force, their movement facilitates the discharge and then induces the PD.

Due to strong adsorption, some of the particles will not move. Particles fixed on the insulator 
surface forms insulator surface pollution defects. These fixed metal particles have the follow-
ing characteristics: on their surface, charges will accumulate, and these surface charges some-
times aggravate the distortion of the electric field, causing PD. Particle-induced discharge 
will cause insulator surface damage, resulting in surface tree marks. Eventually, it may cause 
serious insulation breakdown and flashover [14].

1.2. Typical detection methods of PD

Under the operating voltage, the insulation defect will cause the local electric field distor-
tion in the insulation medium. When the local electric field reaches the critical breakdown 
field strength, PD will be induced and a large amount of charged particles will be generated. 
Charged particles under electric field will migrate, recombine, and adhere, resulting in pulse 
current, and accompanied by optical, electrical, thermal, and acoustic effects. By effective detec-
tion of these signals, PD can be measured in the GIS. At present, there are five commonly used 
PD signal detection methods, that is, pulse current method [15], ultra-high frequency (UHF) 
method [16], ultrasonic method, chemical detection method, and optical detection method [17, 
18]. In this chapter, we will focus on the following three PD signal detection methods:

1.2.1. UHF method

When a PD occurs, a non-periodically changing current pulse excites a changing magnetic 
field and radiates a high-frequency electromagnetic (EM) wave through the insulator. Due to 
the short-duration of the PD current pulse and the steep rising edge, the excitation frequency 
of the EM wave ranges from several MHz to several GHz [19, 20].

Because GIS is a good coaxial waveguide structure, high-frequency EM waves can be effec-
tively transmitted within the GIS. Through the high-frequency sensors installed inside or 
outside GIS, the detection of these EM signals and PD signals can be achieved. This method 
is called UHF method.

The UHF method has many advantages. Firstly, it uses the UHF signal to avoid EM interfer-
ence due to low frequency in the power grid and has strong anti-interference ability. Secondly, 
it can pinpoint the location of the PD [21]. Finally, this method has a large detection range and 
requires fewer sensors to be installed [11, 22].

1.2.2. Chemical detection method

Many studies show that the SF6 gas will decompose under PD and the decomposed compo-
nents will further react with moisture and oxygen in the gas chamber of GIS to generate a 

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment106

series of chemical substances including SO2F2, SOF2, CF4, SO2, SOF4, S2F10, SiF4, HF, CO, CO2, 
CH4, and SF4. By detecting these decomposed components in the GIS gas chamber, it is pos-
sible to determine whether there is a PD source [23, 24].

Studies have shown that PD sources caused by different types of defects differ in SF6 decom-
position components, their ratio, and gas generating rate. So one can also identify the PD type 
by detecting SF6 decomposition components.

SF6 decomposition component method is able to locate the fault to find fault gas chamber, 
response accurately and timely to sudden failure, and judge the type of defect. It is also free 
from the scene of EM and noise interference, and regular detection can reflect the develop-
ment of PD in GIS.

1.2.3. Optical detection method

In the process of PD, molecular ionization, ion recombination, and atomic energy level transi-
tion will excite and radiate optical signals. Optical detection methods of PD based on ultravio-
let light (UV), infrared ray (IR), and visible light have been developed.

The spectral range of optical signal generated by PD in SF6 gas is roughly 460–550 nm, which 
is mainly visible light. The basic principle of optical detection method is to use optical sensors 
to receive optical signals generated by the PD source and convert optical signals into electrical 
signals through the optical converter [17, 18].

Optical detection is not affected by strong EM interference on site, its anti-interference abil-
ity is more outstanding than the other two methods, and real-time monitoring of GIS PD 
phenomenon can be achieved. However, due to poor-optical signal transmission and GIS is 
a closed structure of equipment, the optical method cannot be used for outer GIS detection; 
optical sensors must be installed inside the GIS.

2. Physical model of typical defects and the electrical field simulation

In order to simulate GIS insulation defects and PD, what we choose for the physical model of 
insulation defect designed in this chapter is stainless steel, aluminum, and brass, and the solid 
insulation material is epoxy resin [25].

2.1. Typical detection methods of PD construction of insulation defect physical model

2.1.1. N-type defect

Under steady-state AC voltage, the prominent parts are distributed in the electric field and 
form the local high field strength zone. This corona sometimes appears to be relatively stable 
as the discharge only occurs in a local area instead of throughout the entire electrode. In this 
chapter, pin-plate electrodes are used to simulate N-type defects. As shown in Figure 3, the 
pin electrodes are used to simulate abnormal protrusions on HV conductors and the plate 
electrodes simulate the metal shell of GIS.
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1.1.4. Insulator metal pollution defect (denoted as M-type defect)
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tric field force. Some of the particles may not be dangerous at first, but due to the mechanical vibra-
tion under electrostatic force, their movement facilitates the discharge and then induces the PD.

Due to strong adsorption, some of the particles will not move. Particles fixed on the insulator 
surface forms insulator surface pollution defects. These fixed metal particles have the follow-
ing characteristics: on their surface, charges will accumulate, and these surface charges some-
times aggravate the distortion of the electric field, causing PD. Particle-induced discharge 
will cause insulator surface damage, resulting in surface tree marks. Eventually, it may cause 
serious insulation breakdown and flashover [14].

1.2. Typical detection methods of PD

Under the operating voltage, the insulation defect will cause the local electric field distor-
tion in the insulation medium. When the local electric field reaches the critical breakdown 
field strength, PD will be induced and a large amount of charged particles will be generated. 
Charged particles under electric field will migrate, recombine, and adhere, resulting in pulse 
current, and accompanied by optical, electrical, thermal, and acoustic effects. By effective detec-
tion of these signals, PD can be measured in the GIS. At present, there are five commonly used 
PD signal detection methods, that is, pulse current method [15], ultra-high frequency (UHF) 
method [16], ultrasonic method, chemical detection method, and optical detection method [17, 
18]. In this chapter, we will focus on the following three PD signal detection methods:

1.2.1. UHF method

When a PD occurs, a non-periodically changing current pulse excites a changing magnetic 
field and radiates a high-frequency electromagnetic (EM) wave through the insulator. Due to 
the short-duration of the PD current pulse and the steep rising edge, the excitation frequency 
of the EM wave ranges from several MHz to several GHz [19, 20].

Because GIS is a good coaxial waveguide structure, high-frequency EM waves can be effec-
tively transmitted within the GIS. Through the high-frequency sensors installed inside or 
outside GIS, the detection of these EM signals and PD signals can be achieved. This method 
is called UHF method.

The UHF method has many advantages. Firstly, it uses the UHF signal to avoid EM interfer-
ence due to low frequency in the power grid and has strong anti-interference ability. Secondly, 
it can pinpoint the location of the PD [21]. Finally, this method has a large detection range and 
requires fewer sensors to be installed [11, 22].

1.2.2. Chemical detection method

Many studies show that the SF6 gas will decompose under PD and the decomposed compo-
nents will further react with moisture and oxygen in the gas chamber of GIS to generate a 
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series of chemical substances including SO2F2, SOF2, CF4, SO2, SOF4, S2F10, SiF4, HF, CO, CO2, 
CH4, and SF4. By detecting these decomposed components in the GIS gas chamber, it is pos-
sible to determine whether there is a PD source [23, 24].

Studies have shown that PD sources caused by different types of defects differ in SF6 decom-
position components, their ratio, and gas generating rate. So one can also identify the PD type 
by detecting SF6 decomposition components.

SF6 decomposition component method is able to locate the fault to find fault gas chamber, 
response accurately and timely to sudden failure, and judge the type of defect. It is also free 
from the scene of EM and noise interference, and regular detection can reflect the develop-
ment of PD in GIS.

1.2.3. Optical detection method

In the process of PD, molecular ionization, ion recombination, and atomic energy level transi-
tion will excite and radiate optical signals. Optical detection methods of PD based on ultravio-
let light (UV), infrared ray (IR), and visible light have been developed.

The spectral range of optical signal generated by PD in SF6 gas is roughly 460–550 nm, which 
is mainly visible light. The basic principle of optical detection method is to use optical sensors 
to receive optical signals generated by the PD source and convert optical signals into electrical 
signals through the optical converter [17, 18].

Optical detection is not affected by strong EM interference on site, its anti-interference abil-
ity is more outstanding than the other two methods, and real-time monitoring of GIS PD 
phenomenon can be achieved. However, due to poor-optical signal transmission and GIS is 
a closed structure of equipment, the optical method cannot be used for outer GIS detection; 
optical sensors must be installed inside the GIS.

2. Physical model of typical defects and the electrical field simulation

In order to simulate GIS insulation defects and PD, what we choose for the physical model of 
insulation defect designed in this chapter is stainless steel, aluminum, and brass, and the solid 
insulation material is epoxy resin [25].

2.1. Typical detection methods of PD construction of insulation defect physical model

2.1.1. N-type defect

Under steady-state AC voltage, the prominent parts are distributed in the electric field and 
form the local high field strength zone. This corona sometimes appears to be relatively stable 
as the discharge only occurs in a local area instead of throughout the entire electrode. In this 
chapter, pin-plate electrodes are used to simulate N-type defects. As shown in Figure 3, the 
pin electrodes are used to simulate abnormal protrusions on HV conductors and the plate 
electrodes simulate the metal shell of GIS.
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In order to obtain a stable PD, an electrode is adopted with a tip radius of curvature of about 
0.3 mm as well as a cone angle of 30°, and a ground plate electrode diameter of 120 mm as 
well as 10 mm thickness. Aluminum needle electrodes are designed and manufactured, with 
ground electrode material stainless steel, and electrode surface all were well polished.

2.1.2. P-type defect

Conductive particles have the shape of powder, flake or large solid particles, etc.; they get the 
charge in the electric field and will move or beat under electrostatic force. If the electric field is 
strong enough and the energy obtained by the conductive particles is large enough, particles 
are possible to cross the gap between the shell and the HV conductor or move to a point where 
the insulation is damaged.

The motion intensity of the conductive particles depends on the material, the shape, and the applied 
voltage, as well as the strength and duration of the external electric field strength and the location of 
the particles in GIS cavity. When the metal particles come close without touching the HV conduc-
tor, then PD arises as the electrical characteristics. Half of the actual GIS equipment uses a structure 
with a coaxial cylinder between the HV conductor and the shell, that is, a slightly uneven electric 
field structure [26]. In order to effectively simulate the slightly heterogeneous electric field structure 
of the coaxial cylinder inside the real GIS, the ball-bowl electrode shown in Figure 4 is selected 
in this chapter. The bowl electrode is cut by a half of a stainless steel hollow sphere. In order to 
ensure the steady PD experiment, it is necessary to limit the beating range of the copper scrap. HV 
terminal ball electrode diameter is designed to be 44 mm, the ground bowl diameter is designed to 
be 120 mm, and particle maximum beating range up to 40 mm.

2.1.3. M-type defect

Due to electric force, some metal particles are absorbed on the insulator, thus distorting the 
insulator surface electric field and causing PD. Some metal particles on the insulator may not be 
dangerous at first, but under mechanical vibration and electric force, there will be slight move-
ment and potential danger. Metal particles on the surface of the insulator will form surface 
charge aggregation, thereby increasing the possibility of failure. Particle discharge can cause 

Figure 3. N-type insulation defect model. (a) Model diagram and (b) physical diagram.
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damage to the surface of the insulator, causing surface tree marks in the power frequency field. 
Once the discharge channel is formed, a serious insulation accident will be caused.

In this chapter, rectangular copper cutting (5 × 18 mm2) is used to stimulate M-type defect. The 
contact surface of electrodes and cylindrical insulator is polished to avoid potential air gap 
discharge. The model structure is shown in Figure 5. The plate diameter is 120 mm, the epoxy 
resin cylindrical insulator diameter is 60 mm, and the thickness is 25 mm. The HV electrode 
material is aluminum, and the ground plate electrode material is stainless steel.

2.1.4. G-type defect

G-type defects are often formed in the manufacturing process such as epoxy curing shrinkage 
and internal voids [17]. The mechanism of air gap discharge is complicated, and it is generally 
believed that there are three ways of air gap discharge, that is, the throughout discharge, the 
discharge along the surface of the upper and lower electrode and the discharge along the air 
gap wall. In this chapter, G defects model is shown in Figure 6. The cylindrical insulator and 
the grounding electrode are closely adhered with epoxy glue to ensure that there are no gaps or 
bubbles between them. The air gap size at the interface between the high voltage plate electrode, 
and the insulator is about 1–3 mm. In order to reflect the real air gap situation, the insulator is 
slightly concave at the center of the upper surface, and the edge of the air gap is arc shaped.

2.2. Insulation defect electric field simulation

In this chapter, the finite-element analysis software COMSOL is used to simulate the electric 
field distribution of four insulation defect models. The simulation results are used to evaluate 
the feasibility of the model and provide the preliminary data reference for the following PD test.

In the simulation, a cylindrical cavity is used to simulate the SF6 discharge gas chamber. The solu-
tion domain is set as SF6 and the boundary conditions are grounded. The specific technical param-
eters of the simulation model and the relative dielectric constants are shown in Tables 1 and 2.

Figure 4. P-type insulation defect model. (a) Model diagram and (b) physical diagram.
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In order to obtain a stable PD, an electrode is adopted with a tip radius of curvature of about 
0.3 mm as well as a cone angle of 30°, and a ground plate electrode diameter of 120 mm as 
well as 10 mm thickness. Aluminum needle electrodes are designed and manufactured, with 
ground electrode material stainless steel, and electrode surface all were well polished.

2.1.2. P-type defect

Conductive particles have the shape of powder, flake or large solid particles, etc.; they get the 
charge in the electric field and will move or beat under electrostatic force. If the electric field is 
strong enough and the energy obtained by the conductive particles is large enough, particles 
are possible to cross the gap between the shell and the HV conductor or move to a point where 
the insulation is damaged.

The motion intensity of the conductive particles depends on the material, the shape, and the applied 
voltage, as well as the strength and duration of the external electric field strength and the location of 
the particles in GIS cavity. When the metal particles come close without touching the HV conduc-
tor, then PD arises as the electrical characteristics. Half of the actual GIS equipment uses a structure 
with a coaxial cylinder between the HV conductor and the shell, that is, a slightly uneven electric 
field structure [26]. In order to effectively simulate the slightly heterogeneous electric field structure 
of the coaxial cylinder inside the real GIS, the ball-bowl electrode shown in Figure 4 is selected 
in this chapter. The bowl electrode is cut by a half of a stainless steel hollow sphere. In order to 
ensure the steady PD experiment, it is necessary to limit the beating range of the copper scrap. HV 
terminal ball electrode diameter is designed to be 44 mm, the ground bowl diameter is designed to 
be 120 mm, and particle maximum beating range up to 40 mm.

2.1.3. M-type defect

Due to electric force, some metal particles are absorbed on the insulator, thus distorting the 
insulator surface electric field and causing PD. Some metal particles on the insulator may not be 
dangerous at first, but under mechanical vibration and electric force, there will be slight move-
ment and potential danger. Metal particles on the surface of the insulator will form surface 
charge aggregation, thereby increasing the possibility of failure. Particle discharge can cause 

Figure 3. N-type insulation defect model. (a) Model diagram and (b) physical diagram.
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damage to the surface of the insulator, causing surface tree marks in the power frequency field. 
Once the discharge channel is formed, a serious insulation accident will be caused.

In this chapter, rectangular copper cutting (5 × 18 mm2) is used to stimulate M-type defect. The 
contact surface of electrodes and cylindrical insulator is polished to avoid potential air gap 
discharge. The model structure is shown in Figure 5. The plate diameter is 120 mm, the epoxy 
resin cylindrical insulator diameter is 60 mm, and the thickness is 25 mm. The HV electrode 
material is aluminum, and the ground plate electrode material is stainless steel.

2.1.4. G-type defect

G-type defects are often formed in the manufacturing process such as epoxy curing shrinkage 
and internal voids [17]. The mechanism of air gap discharge is complicated, and it is generally 
believed that there are three ways of air gap discharge, that is, the throughout discharge, the 
discharge along the surface of the upper and lower electrode and the discharge along the air 
gap wall. In this chapter, G defects model is shown in Figure 6. The cylindrical insulator and 
the grounding electrode are closely adhered with epoxy glue to ensure that there are no gaps or 
bubbles between them. The air gap size at the interface between the high voltage plate electrode, 
and the insulator is about 1–3 mm. In order to reflect the real air gap situation, the insulator is 
slightly concave at the center of the upper surface, and the edge of the air gap is arc shaped.

2.2. Insulation defect electric field simulation

In this chapter, the finite-element analysis software COMSOL is used to simulate the electric 
field distribution of four insulation defect models. The simulation results are used to evaluate 
the feasibility of the model and provide the preliminary data reference for the following PD test.

In the simulation, a cylindrical cavity is used to simulate the SF6 discharge gas chamber. The solu-
tion domain is set as SF6 and the boundary conditions are grounded. The specific technical param-
eters of the simulation model and the relative dielectric constants are shown in Tables 1 and 2.

Figure 4. P-type insulation defect model. (a) Model diagram and (b) physical diagram.
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2.2.1. N-type insulation defect

Due to the axial symmetry of N-type insulation defect, a two-dimensional axisymmetric 
model is adopted in this chapter. The HV-terminal needle electrode potential is set to 25 kV, 
the plate electrode with the cavity shell boundary is set to ground, and the needle-plate spac-
ing is set to 10 mm.

The results of the electric field simulation of N-type insulation defect are shown in Figure 7. 
It can be seen from the figure that the distribution of the electric field between the needle and 
plate is extremely uneven. The electric field strength value at the tip of the needle electrode is 
high, and the electric field distortion at the tip of the needle electrode reaches up to 351 kV/cm.

Figure 6. G-type insulation defect model. (a) Model diagram and (b) physical diagram.

Figure 5. M-type insulation defect model. (a) Model diagram and (b) physical diagram.
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Cavity 
height/mm

Cavity 
diameter/mm

Plate 
electrode 
diameter/mm

Plate 
electrode 
thickness/mm

Needle 
curvature 
radius/mm

Cone 
sharp 
corners/°

Insulator 
diameter/mm

Insulator 
thick- 
ness/mm

350 180 120 10 0.3 30 60 25/20

Table 1. Model technical parameters.

Material SF6 Aluminum Stainless steel Aerosols (Copper) Epoxy resin

Relative permittivity 1.002 1.0 1.0 8000 3.8

Table 2. Relative dielectric constant of each part of the material.

Figure 7. N-type insulation defect space electric field simulation output (mm).

Figure 8. P-type insulation defect space electric field simulation output.
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2.2.1. N-type insulation defect

Due to the axial symmetry of N-type insulation defect, a two-dimensional axisymmetric 
model is adopted in this chapter. The HV-terminal needle electrode potential is set to 25 kV, 
the plate electrode with the cavity shell boundary is set to ground, and the needle-plate spac-
ing is set to 10 mm.

The results of the electric field simulation of N-type insulation defect are shown in Figure 7. 
It can be seen from the figure that the distribution of the electric field between the needle and 
plate is extremely uneven. The electric field strength value at the tip of the needle electrode is 
high, and the electric field distortion at the tip of the needle electrode reaches up to 351 kV/cm.
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Figure 5. M-type insulation defect model. (a) Model diagram and (b) physical diagram.
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Typical Internal Defects of Gas-Insulated Switchgear and Partial Discharge Characteristics
http://dx.doi.org/10.5772/intechopen.79090

111



2.2.2. P-type insulation defects

Like N-type insulation defect, P-type insulation defect is also axisymmetric, so a two-dimen-
sional axisymmetric model is adopted again for P-type insulation defect. In the simulation, 
the potential of the HV terminal ball electrode is set to be 30 kV, and the potential of the bowl 
electrode is set to be grounded. The distance between the ball and the bowl is set to 30 mm, 
and metal particles with a diameter of about 2 mm are placed in the bowl electrode. The float-
ing particles are treated with the virtual large dielectric constant method.

The results of the electric field simulation of the P-type insulation defects are shown in 
Figure 8. The metal particles cause a distortion of the electric field between the electrodes. 
When the electric force is greater than the gravity of the metal particles, the particles will 
move or beat under the force. It can be seen from the figure that the electric field on the surface 
of metal particles close to the high voltage end is seriously distorted, and the maximum field 
strength reaches 155 kV/cm.

2.2.3. M-type insulation defects

In the simulation, the electrode potential of the HV terminal plate is set to be 30 kV, the 
boundary of the lower plate electrode and the cavity are set to be grounded, the thickness of 
the cylindrical insulator is set to 25 mm, and the surface is pasted with a metal copper cuttings 
of about 5 × 18 mm2.

As shown in Figure 9, the simulation results show that the electric field at the surface of the 
insulator where the metal pollutants are located has been distorted, forming a very uneven 
field with the maximum field strength of 192 kV/cm. Based on the simulation results, insula-
tor surface metal contamination will lead to PD before the insulator flashover.

2.2.4. G-type insulation defects

In the simulation, the potential of HV board is set to 60 kV. The boundary between lower 
board electrode and cavity is grounded. The upper surface of insulator is slightly concave 
with an average thickness of 20 mm. Between the HV board is arc-shaped air gap, with maxi-
mum gap 2 mm.

Figure 9. M-type insulation defect space electric field simulation output.
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As shown in Figure 10, the simulation results of the electric field are mainly concentrated 
in the air gap between the high-voltage conductor and the insulator. The maximum field 
strength is 71.3 kV/cm. From the simulation results, G-type insulation defect has higher initial 
discharge voltage.

3. UHF characteristics of typical defects PD

As mentioned in Section 1, PD can be detected by UHF method. In this section, UHF charac-
teristic of PD will be discussed. Experiments and analysis will be shown as follows.

3.1. Experimental setup

The detecting and measuring platform for PD is shown in Figure 11. The regulator (T1) input 
voltage is 220 V, the output voltage is adjustable from 0 to 250 V, the regulator output voltage 
through non-halo test transformer (T2: 10 kVA/50 kV) is boosted as the test voltage and is applied 
to the test object through a 10 kΩ protection resistor (Rr). The protection resistor is used to limit 
the amplitude of the short circuit current which may appear after the breakdown of the test object. 
To measure the test voltage, a capacitor divider in parallel on both ends of the test object is used 
[27]. The experimental voltage is acquired by outer UHF antenna developed by the authors (ultra-
high frequency microstrip antenna, with 340–440 MHz bandwidth) and displayed on the digital 
storage oscilloscope (DSO: Lecroy WavePro 7100). The DSO has the largest sample rate of 20 GS/s.

3.2. Data acquiring and processing

Experiments can be done on the platform in Figure 15. Large numbers of data can then be 
acquired and processed. All sampling data are unified and normalized, so that the resulting 
mathematical models are more universal [28]. Unification means that each PD signal consists 
of 10,000 sampling points at a sampling rate of 20 GS/s (i.e., the sampling time is 500 ns, the 
sampling step is 0.05 ns, and the trigger point is set at the 4000th point). Normalization means 
that each value of the sample points is divided by the maximum absolute value.

Figure 10. G-type insulation defect space electric field simulation output.
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As shown in Figure 10, the simulation results of the electric field are mainly concentrated 
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teristic of PD will be discussed. Experiments and analysis will be shown as follows.
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voltage is 220 V, the output voltage is adjustable from 0 to 250 V, the regulator output voltage 
through non-halo test transformer (T2: 10 kVA/50 kV) is boosted as the test voltage and is applied 
to the test object through a 10 kΩ protection resistor (Rr). The protection resistor is used to limit 
the amplitude of the short circuit current which may appear after the breakdown of the test object. 
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[27]. The experimental voltage is acquired by outer UHF antenna developed by the authors (ultra-
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Experiments can be done on the platform in Figure 15. Large numbers of data can then be 
acquired and processed. All sampling data are unified and normalized, so that the resulting 
mathematical models are more universal [28]. Unification means that each PD signal consists 
of 10,000 sampling points at a sampling rate of 20 GS/s (i.e., the sampling time is 500 ns, the 
sampling step is 0.05 ns, and the trigger point is set at the 4000th point). Normalization means 
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Figure 11. Detecting and measuring platform.

Types of defects Coefficients Value Coefficients Value Coefficients Value

N-type a1 0.2002 b1 4852 c1 435.3

a2 0.1863 b2 4444 c2 215.2

a3 −0.9328 b3 3998 c3 19.2

a4 0.3613 b4 6097 c4 769.7

a5 −0.3475 b5 5767 c5 119

P-type a1 0.2858 b1 4305 c1 39.6

a2 0.2332 b2 4531 c2 97.7

a3 0.1117 b3 4762 c3 104.1

a4 −0.9565 b4 3998 c4 19.1

a5 0.0454 b5 6181 c5 211.8

M-type a1 0.9757 b1 4000 c1 23.2

a2 0.7679 b2 5298 c2 521.2

a3 0.7750 b3 6661 c3 606.1

a4 1.1040 b4 5951 c4 591.9

a5 −1.5420 b5 5981 c5 1006.0

G-type a1 1.0100 b1 3998 c1 30.3

a2 0.0588 b2 5156 c2 358.2

a3 0.8981 b3 4368 c3 177.9

a4 −1.0730 b4 4358 c4 201.4

a5 0.0232 b5 7225 c5 152.5

Table 3. Parameters of different types of defect.
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Mathematical models of PD for VHF measurement are established by fitting to Gaussian plots 
function, the selected mathematical model is [28]:

  (1)

where ai, bi, and ci are parameters and different of defects have different parameters. Based on 
massive experiment data, these parameters can be calculated as shown in Table 3.

Figures 12–15 show time domain and frequency domain UHF PD characteristics, and they, 
respectively, denote G-type defect, M-type defect, N-type defect, and P-type defect. In time 
domain, the unit of x-axis is nanosecond, while in frequency domain, the unit of x-axis is 
gigahertz. Notice that the y-axis in time domain and frequency domain has no unit because it 
represents normalized data, that is, the U* and A* both stand for per unit.

Figure 12. G-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.

Figure 13. M-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.
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For G-type defect characteristics curve, in time domain, there is a sharp jump at the 4000th 
point, and the curve is smooth after the jump; while in frequency domain, there is a jump 
after the original point, and the curve is smooth after the jump except for some protuber-
ant points. For M-type defect characteristics curve, in time domain, there is a sharp jump at 
the 4000th point, and the curve is smooth after the jump with two peaks; while in frequency 
domain, there is a jump after the original point with a smaller jump afterwards, and the curve 
is smooth except for some protuberant points. For N-type defect characteristics curve, in time 
domain, there is a sharp jump at the 4000th point toward the negative direction, and the curve 
is smooth after the jump with a flat segment and then two peaks; while in frequency domain, 
there is oscillation on the whole frequency axis. For P-type defect characteristics curve, in time 
domain, there is a sharp jump at the 4000th point toward the negative direction, and several 
peaks follow afterwards; while in frequency domain, there is a jump after the original point 
with several oscillations afterwards.

Figure 14. N-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.

Figure 15. P-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.
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4. Chemical characteristics of typical defects PD

In GIS, PD takes place accompanied by SF6 decomposition. In addition, different defects will 
lead to different decomposition components. Based on this idea, chemical methods can be 
used to detect PD [23].

4.1. Experimental setup

The detecting and measuring platform for PD is shown in Figure 16. The measuring platform 
is similar to that in Section 3.1, but the UHF antenna will be replaced by gas chromatography 
mass spectrometry (GCMS), with its type Shimadzu QP-2010 Ultra.

The experiment is carried out in the gas chamber, which is closed filled of SF6 gas with a 
specific pressure. Certain type of insulation defects for PD is also placed in the chamber. The 
coupling capacitor (Ck: 500 pF/100 kV) provides a high frequency and low-impedance path to 
the pulsed current and is converted to a voltage signal via a sense-less impedance (Zm: 50 Ω), 
and it is displayed by digital storage oscilloscope. The decomposed components generated 
under PD are detected by GCMS.

4.2. Experimental steps

In this chapter, SF6 decomposition experiments under four types of insulation defects are 
carried out. Under each type, the experiments last for 96 h. The decomposition gas is collected 
every 12 h, and the concentration of characteristic decomposition components CF4, CO2, SO2F2 
is measured. The initial discharge voltage and the test voltage of various insulation defects are 
shown in Table 4. The experimental process is as follows:

1. The insulation defect model is installed in SF6 partial discharge decomposition gas cham-
ber, the vacuum chamber is first evacuated and then filled with fresh SF6 gas, and then 
evacuated. Repeat the process until the chamber is filled with pure 0.2 MPa SF6.

2. Connect the test circuit according to Figure 20, and then adjust the regulator to slowly 
increase the test voltage until the oscilloscope can detect PD on the defect model. Record 
the experimental voltage U0 at this time, that is, the initial discharge voltage. Then, con-
tinue to raise at the experimental voltage.

3. Every 12 h, SF6 gas is collected. The single collection gas volume is about 100 mL. Gas 
chromatograph is used to analyze the concentration of gas components.

4. After a 96-h continuous experiment on a defect model, another model of the defect will 
replace it and continue the experiment according to the aforementioned steps until all four 
types of defects are all done.

4.3. SF6 decomposition characteristics

The decomposition components under the four types of defects are shown in Figure 17(a)–(d),  
that is, N-type, M-type, P-type, and G-type defect, respectively. Four characteristic 
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For G-type defect characteristics curve, in time domain, there is a sharp jump at the 4000th 
point, and the curve is smooth after the jump; while in frequency domain, there is a jump 
after the original point, and the curve is smooth after the jump except for some protuber-
ant points. For M-type defect characteristics curve, in time domain, there is a sharp jump at 
the 4000th point, and the curve is smooth after the jump with two peaks; while in frequency 
domain, there is a jump after the original point with a smaller jump afterwards, and the curve 
is smooth except for some protuberant points. For N-type defect characteristics curve, in time 
domain, there is a sharp jump at the 4000th point toward the negative direction, and the curve 
is smooth after the jump with a flat segment and then two peaks; while in frequency domain, 
there is oscillation on the whole frequency axis. For P-type defect characteristics curve, in time 
domain, there is a sharp jump at the 4000th point toward the negative direction, and several 
peaks follow afterwards; while in frequency domain, there is a jump after the original point 
with several oscillations afterwards.

Figure 14. N-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.

Figure 15. P-type defect UHF PD characteristics. (a) Time domain and (b) frequency domain.
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4. Chemical characteristics of typical defects PD

In GIS, PD takes place accompanied by SF6 decomposition. In addition, different defects will 
lead to different decomposition components. Based on this idea, chemical methods can be 
used to detect PD [23].

4.1. Experimental setup

The detecting and measuring platform for PD is shown in Figure 16. The measuring platform 
is similar to that in Section 3.1, but the UHF antenna will be replaced by gas chromatography 
mass spectrometry (GCMS), with its type Shimadzu QP-2010 Ultra.

The experiment is carried out in the gas chamber, which is closed filled of SF6 gas with a 
specific pressure. Certain type of insulation defects for PD is also placed in the chamber. The 
coupling capacitor (Ck: 500 pF/100 kV) provides a high frequency and low-impedance path to 
the pulsed current and is converted to a voltage signal via a sense-less impedance (Zm: 50 Ω), 
and it is displayed by digital storage oscilloscope. The decomposed components generated 
under PD are detected by GCMS.

4.2. Experimental steps

In this chapter, SF6 decomposition experiments under four types of insulation defects are 
carried out. Under each type, the experiments last for 96 h. The decomposition gas is collected 
every 12 h, and the concentration of characteristic decomposition components CF4, CO2, SO2F2 
is measured. The initial discharge voltage and the test voltage of various insulation defects are 
shown in Table 4. The experimental process is as follows:

1. The insulation defect model is installed in SF6 partial discharge decomposition gas cham-
ber, the vacuum chamber is first evacuated and then filled with fresh SF6 gas, and then 
evacuated. Repeat the process until the chamber is filled with pure 0.2 MPa SF6.

2. Connect the test circuit according to Figure 20, and then adjust the regulator to slowly 
increase the test voltage until the oscilloscope can detect PD on the defect model. Record 
the experimental voltage U0 at this time, that is, the initial discharge voltage. Then, con-
tinue to raise at the experimental voltage.

3. Every 12 h, SF6 gas is collected. The single collection gas volume is about 100 mL. Gas 
chromatograph is used to analyze the concentration of gas components.

4. After a 96-h continuous experiment on a defect model, another model of the defect will 
replace it and continue the experiment according to the aforementioned steps until all four 
types of defects are all done.

4.3. SF6 decomposition characteristics

The decomposition components under the four types of defects are shown in Figure 17(a)–(d),  
that is, N-type, M-type, P-type, and G-type defect, respectively. Four characteristic 
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decomposition components are generated, but the amounts of different characteristic compo-
nents are quite different.

Under the N-type defect, at the end of the experiment, that is, at 96 h, concentration of SOF2 
was as high as 1114.5 μL/L, SO2F2 was 471.2 μL/L, CO2 was 124.8 μL/L, and CF4 was only a few 
μL/L. It was detected in the experiment that the concentration of components in ascending 
order is SOF2 > SO2F2 > CO2 > CF4. Concentrations of SOF2, SO2F2, and CO2 all have an almost 
linear increase, indicating that PD is stable. The gas production rate dropped within a few 
tens of hours before the end of the experiment. It is preliminarily inferred that the moisture 
and oxygen in the gas chamber decreased after being consumed in experiment, resulting in 
a corresponding slowdown of various chemical reaction rates. Although the concentration of 
CF4 generally increases, it does not increase simply linearly, and even decreases sometimes. 
The reason for this is that concentration of CF4 is too low. Although the gas chromatograph 
detector sensitivity is very high, the final calculation of the test results needs to be integrated 
on the resulting chromatographic peak, when the concentration result is low, the impact of 
integral error will be greater.

The decomposition components under the M-type defect are shown in Figure 17(b). The 
amounts of different characteristic components are also different. However, compared 
with the N-type defect, the difference is much smaller. At 96 h, concentration of SOF2 was 
42.78 μL/L, concentration of SO2F2 was 14.95 μL/L, concentration of CO2 was 2.18 μL/L, and 
concentration of CF4 was 6.18 μL/L. In the experiment, the concentration of components in 
ascending order is SOF2 > SO2F2 > CF4 > CO2. Concentration of SOF2 and SO2F2 gradually 
increased, but their increasing rate gradually decreased, especially SO2F2. Its concentra-
tion almost stopped increasing at the end of the experiment. That is because the insulator 

Voltage Defect type

N-type (kV) M-type (kV) P-type (kV) G-type (kV)

Starting discharge voltage 16.2 21.6 17.5 25.7

Experimental voltage 19.4 25.9 21.0 30.8

Table 4. Test voltage under different insulation defects.

Figure 16. Detecting and measuring platform.
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surface contamination is gradually ablated by discharge; its effect on the electric field dis-
tortion becomes weaker and weaker, resulting in gradual decrease in discharge intensity. 
Because of sufficient fluorine atoms generated by the discharge and carbon atoms provided 
by the insulator, CF4 is relatively less affected by the discharge intensity and its concentra-
tion increases substantially linearly with time. The increase of CO2 does not simply grow 
linearly, and sometimes even decreases. The main reason for this is the concentration of 
CO2 is low under M-type defect, and the integral error of the gas chromatograph has a 
greater impact on it.

The characteristic decomposition components under the P-type defect are shown in 
Figure 17(c). Under this defect, four characteristic decomposition components were also gener-
ated. At 96 h, the concentration of SOF2 was 238.9 μL/L, the concentration of SO2F2 was 15.82 μL/L, 
the concentration of CO2 was 16.63 μL/L, and the concentration of CF4 was 32.68 μL/L. The con-
centration of components in ascending order is SOF2 > CF4 > CO2 > SO2F2. The concentration of 
the four characteristic components did not increase linearly. In the first 24 h of the experiment, 
the components concentration increased linearly, and the increasing rate was larger; from 24 

Figure 17. Decomposition concentration under four types of defects. (a) N-type defects, (b) M-type defects, (c) P-type 
defects, and (d) G-type defects.
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decomposition components are generated, but the amounts of different characteristic compo-
nents are quite different.

Under the N-type defect, at the end of the experiment, that is, at 96 h, concentration of SOF2 
was as high as 1114.5 μL/L, SO2F2 was 471.2 μL/L, CO2 was 124.8 μL/L, and CF4 was only a few 
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order is SOF2 > SO2F2 > CO2 > CF4. Concentrations of SOF2, SO2F2, and CO2 all have an almost 
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tens of hours before the end of the experiment. It is preliminarily inferred that the moisture 
and oxygen in the gas chamber decreased after being consumed in experiment, resulting in 
a corresponding slowdown of various chemical reaction rates. Although the concentration of 
CF4 generally increases, it does not increase simply linearly, and even decreases sometimes. 
The reason for this is that concentration of CF4 is too low. Although the gas chromatograph 
detector sensitivity is very high, the final calculation of the test results needs to be integrated 
on the resulting chromatographic peak, when the concentration result is low, the impact of 
integral error will be greater.

The decomposition components under the M-type defect are shown in Figure 17(b). The 
amounts of different characteristic components are also different. However, compared 
with the N-type defect, the difference is much smaller. At 96 h, concentration of SOF2 was 
42.78 μL/L, concentration of SO2F2 was 14.95 μL/L, concentration of CO2 was 2.18 μL/L, and 
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Voltage Defect type

N-type (kV) M-type (kV) P-type (kV) G-type (kV)

Starting discharge voltage 16.2 21.6 17.5 25.7

Experimental voltage 19.4 25.9 21.0 30.8

Table 4. Test voltage under different insulation defects.

Figure 16. Detecting and measuring platform.

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment118

surface contamination is gradually ablated by discharge; its effect on the electric field dis-
tortion becomes weaker and weaker, resulting in gradual decrease in discharge intensity. 
Because of sufficient fluorine atoms generated by the discharge and carbon atoms provided 
by the insulator, CF4 is relatively less affected by the discharge intensity and its concentra-
tion increases substantially linearly with time. The increase of CO2 does not simply grow 
linearly, and sometimes even decreases. The main reason for this is the concentration of 
CO2 is low under M-type defect, and the integral error of the gas chromatograph has a 
greater impact on it.

The characteristic decomposition components under the P-type defect are shown in 
Figure 17(c). Under this defect, four characteristic decomposition components were also gener-
ated. At 96 h, the concentration of SOF2 was 238.9 μL/L, the concentration of SO2F2 was 15.82 μL/L, 
the concentration of CO2 was 16.63 μL/L, and the concentration of CF4 was 32.68 μL/L. The con-
centration of components in ascending order is SOF2 > CF4 > CO2 > SO2F2. The concentration of 
the four characteristic components did not increase linearly. In the first 24 h of the experiment, 
the components concentration increased linearly, and the increasing rate was larger; from 24 

Figure 17. Decomposition concentration under four types of defects. (a) N-type defects, (b) M-type defects, (c) P-type 
defects, and (d) G-type defects.
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to 36 h, the concentration of components also increased, whereas the increasing rate dropped 
sharply; from 36 to 48 h, the increasing rate rapidly increased. After 48 h, the increasing rate 
decreased slowly. At the end of the experiment, all characteristics components concentration 
almost stopped increasing. The main reason for this is that the discharge formed by the defects 
of P-type defect is unstable; the free particles are moved under strong electric field force due 
to their small mass. Only when moved to the position conducive to discharge will the particles 
lead to discharge. These particles may move randomly, which will lead to unstable discharge.

The characteristic decomposition components under G-type defect are shown in Figure 17(d). 
The concentration of the four characteristic decomposition components under the insula-
tion defect is low. At the end of the experiment, the concentration of SOF2 was 3.71 μL/L, 
the concentration of SO2F2 was 7.57 μL/L, the concentration of CO2 was 6.37 μL/L, and the 
concentration of CF4 was 1.01 μL/L. The concentration of components in ascending order is 
SO2F2 > CO2 > SOF2 > CF4. There is no obvious regularity in the increasing of concentration 
of the four characteristic components. The time-varying increasing rate is mainly due to the 
unstable PD, sometimes the discharge is very intense, and sometimes discharge stops. In 
addition, the overall discharge repetition rate is not high, resulting in the overall concentra-
tion of decomposition products not high and growth not regular.

Figure 18. Decomposition components amount under four types of defects. (a) SOF2 amount, (b) SO2F2 amount, (c) CO2 
amount, and (d) CF4 amount.
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A conclusion of SF6 decomposition component under four types of insulation defects can be 
drawn that, amounts and ratio of decomposition components are different under different 
defects. Under each defect, the decomposition components under four types of defects com-
pared with each other is as shown in Figure 18. For example, the amount of SOF2 is higher than 
SO2F2 under the N-type defect, whereas the amount of SO2F2 in G-type defect is higher than 
SOF2. The decomposition amounts of CF4 and CO2 also vary with different types of defects, 
more CO2 is detected under N-type defect, and only a smaller amount of CF4 is detected. 
Under P-type defect, the amount of CF4 is larger than that of CO2. Under M-type defect, only 
a small amount of CO2 is detected; under G-type defect, both CF4 and CO2 are detected, but 
the concentration of CO2 is higher than that of CF4. Under N-type and M-type defects, the 
decomposition components increasing rate is stable, which is due to the reason that PD is 
stable under the two defects. In contrast, under P-type and G-type defects, PD is unstable. The 
reason is that particles and gap is not conducive to stable PD. The repetition rate varies with 
time, as well as the discharge amplitude. Especially under P-type defect, due to movement of 
metal particles, concentrations of decomposition components vary most intensively.

5. Optical characteristics of typical defects PD

In GIS, PD will ionize SF6 molecules, and electrons will release and gain energy during the 
ionization process. When the electrons release energy, they will release photons at the same 
time, which are called luminescence; the positive and negative ions after ionization also 
recombine to release photons and become a composite light. Optical measurement uses pho-
toelectric sensors to detect PD in the light intensity it generated to determine its strength. For 
optical measurement of signal generated by PD in GIS, detection system is less affected by 
outside interference and has higher sensitivity of measurement. It can detect PD in real time 
and identify the position of PD. Therefore, it can be used for on-line monitoring of PD in GIS.

At present, there are mainly two ways to detect the optical signal generated by PD in the GIS 
by optical measurement: one is to directly use the photoelectric sensor to detect the optical 
signal generated by the PD; the other is to insert the optical fiber sensor into the GIS to detect 
the optical signal generated by the PD. The former is more flexible to install, but the detection 
range is smaller, whereas the latter installation is more fixed, but the detection range is larger. 
Different types of insulation defects lead to different optical signals released by the PD, so the 
PD can be identified and diagnosed by using the optical measurement [12].

5.1. Experimental setup

The schematic diagram of the fluorescence optical fiber sensing system used to study the opti-
cal characteristics of the typical defects is shown in Figure 19. The optical fiber sensor system 
mainly comprises an optical sensor unit, optical transmission unit, photoelectric conversion 
unit, power supply module, and electrical signal transmission and acquisition unit [12].

Four types of single-defect models in this paper are respectively put into the device. After the 
preparation, the experimental device is applied with the experimental voltage. Slowly raise the 
test voltage and record the initial discharge voltage of the four single-defect models. Continue to 
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decreased slowly. At the end of the experiment, all characteristics components concentration 
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The concentration of the four characteristic decomposition components under the insula-
tion defect is low. At the end of the experiment, the concentration of SOF2 was 3.71 μL/L, 
the concentration of SO2F2 was 7.57 μL/L, the concentration of CO2 was 6.37 μL/L, and the 
concentration of CF4 was 1.01 μL/L. The concentration of components in ascending order is 
SO2F2 > CO2 > SOF2 > CF4. There is no obvious regularity in the increasing of concentration 
of the four characteristic components. The time-varying increasing rate is mainly due to the 
unstable PD, sometimes the discharge is very intense, and sometimes discharge stops. In 
addition, the overall discharge repetition rate is not high, resulting in the overall concentra-
tion of decomposition products not high and growth not regular.

Figure 18. Decomposition components amount under four types of defects. (a) SOF2 amount, (b) SO2F2 amount, (c) CO2 
amount, and (d) CF4 amount.
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slowly increase the experimental voltage and collect PD signal of different discharge intensity. 
Because PD signal of every power frequency cycle needs to be collected, a reference voltage signal 
should be introduced before the PD signal is collected to correct the phase of PD. Oscilloscope 
sampling frequency is set to 50 Ms/s, the total acquisition signal length 20 ms, and sampling 
points 1 M. In experiments, the fluorescent fiber sensing system stores signals in a time domain 
waveform. Therefore, PD light pulses must be extracted from the time-domain waveform that 
record the PD signal for each cycle. The method comprises the following steps: set a threshold 
firstly according to noise amplitude and extract a PD light pulse whose amplitude is greater than 
the threshold and record and store the amplitude and corresponding phase of the PD light pulse.

5.2. φ-u-n distribution characteristics of photodetector PDs with different defects

In this chapter, the φ-u-n spectral is used to analyze PD. In φ-u-n space, φ represents the 
phase of PD power frequency, u represents the amplitude of PD light pulse signal, character-
izing the PD discharge level, and n represents the number of discharges. The space surface is 
constructed by dividing the power-frequency phase φ-axis into 256 intervals from 0° to 360° 
and dividing the amplitude of the optical pulse signal from 0 to 0.1 V into 128 small sections 
so that the φ-u plane is divided into 128 × 256 cells; count φ-u plane discharge times within 
each cell, and one can get the space surface. The φ-u-n space surface constructed in this paper 
is based on 200 power-frequency signals. The three-dimensional map of the different defects 
obtained from the collected PD data is shown in Figure 20. There is a significant difference 
between the three-dimensional spectra of the φ-u-n obtained by detecting different internal 
defects in the GIS using the optical method.

For N-type defect, the repetition rate of light pulse is high, the average amplitude is large, the 
range of amplitude variation is small, and the light pulse distribution has obvious phase charac-
teristics and symmetrical about 270° in phase. The reason is that the PD under N-type defect is a 
typical corona discharge which is relatively stable, the intensity of the single discharge is small, 
the light signal generated by the discharge is relatively stable, and the light intensity generated 
by the single discharge is relatively large. Therefore, the average amplitude of the detected light 
pulse is large, and the range of the amplitude is small. The initial discharge voltage of positive 
half cycle of corona discharge is higher than the negative half cycle of power frequency, and the 

Figure 19. Figure of the fluorescent fiber sensor system.
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space charge generated by discharge diffuses rapidly in the gas. The influence of space charge 
on the external electric field is very small. The initial discharge voltage of corona discharge is 
almost equal to the extinction voltage. Therefore, the light pulses are distributed around the 
270° phase of the negative half cycle of the power frequency and symmetrical about 270°.

For G-type defect, the pulse repetition rate is high, the average amplitude is small, the ampli-
tude range is wide, and the light pulse distribution has obvious phase characteristics, which 
are all distributed at the phases of 90 and 270°. Phase width distributed in the 90–180° is greater 
than 0–90°, and 180–270° phase width greater than 270–360°. The reason is that the PD caused 
by the G-type defect between the insulator and the metal conductor is not very stable. The light 
intensity generated by a single discharge is not uniform, but the light intensity generated by 
the discharge is relatively small. Therefore, the average light pulse detected has small ampli-
tude and large amplitude range. As the insulator hinders the spread of the space charge, the 
space charge will cause the distortion of the external electric field so that the initial discharge 
voltage caused by the air gap defect between the insulator and the metal conductor is higher 
than the extinction voltage. Therefore, the light pulse phase width distributed between 90 and 
180° is greater than 0–90° and between 180–270° phase width is greater than 270–360°.

For M-type defect, the pulse repetition rate is low, the average pulse amplitude is small, the 
amplitude range is large, and the light pulse distribution has obvious phase characteristics 

Figure 20. The φ-u-n chart of PD induced by the four types of defects in GIS. (a) N-type, (b) G-type, (c) M-type, and (d) P-type.
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slowly increase the experimental voltage and collect PD signal of different discharge intensity. 
Because PD signal of every power frequency cycle needs to be collected, a reference voltage signal 
should be introduced before the PD signal is collected to correct the phase of PD. Oscilloscope 
sampling frequency is set to 50 Ms/s, the total acquisition signal length 20 ms, and sampling 
points 1 M. In experiments, the fluorescent fiber sensing system stores signals in a time domain 
waveform. Therefore, PD light pulses must be extracted from the time-domain waveform that 
record the PD signal for each cycle. The method comprises the following steps: set a threshold 
firstly according to noise amplitude and extract a PD light pulse whose amplitude is greater than 
the threshold and record and store the amplitude and corresponding phase of the PD light pulse.

5.2. φ-u-n distribution characteristics of photodetector PDs with different defects

In this chapter, the φ-u-n spectral is used to analyze PD. In φ-u-n space, φ represents the 
phase of PD power frequency, u represents the amplitude of PD light pulse signal, character-
izing the PD discharge level, and n represents the number of discharges. The space surface is 
constructed by dividing the power-frequency phase φ-axis into 256 intervals from 0° to 360° 
and dividing the amplitude of the optical pulse signal from 0 to 0.1 V into 128 small sections 
so that the φ-u plane is divided into 128 × 256 cells; count φ-u plane discharge times within 
each cell, and one can get the space surface. The φ-u-n space surface constructed in this paper 
is based on 200 power-frequency signals. The three-dimensional map of the different defects 
obtained from the collected PD data is shown in Figure 20. There is a significant difference 
between the three-dimensional spectra of the φ-u-n obtained by detecting different internal 
defects in the GIS using the optical method.

For N-type defect, the repetition rate of light pulse is high, the average amplitude is large, the 
range of amplitude variation is small, and the light pulse distribution has obvious phase charac-
teristics and symmetrical about 270° in phase. The reason is that the PD under N-type defect is a 
typical corona discharge which is relatively stable, the intensity of the single discharge is small, 
the light signal generated by the discharge is relatively stable, and the light intensity generated 
by the single discharge is relatively large. Therefore, the average amplitude of the detected light 
pulse is large, and the range of the amplitude is small. The initial discharge voltage of positive 
half cycle of corona discharge is higher than the negative half cycle of power frequency, and the 

Figure 19. Figure of the fluorescent fiber sensor system.
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space charge generated by discharge diffuses rapidly in the gas. The influence of space charge 
on the external electric field is very small. The initial discharge voltage of corona discharge is 
almost equal to the extinction voltage. Therefore, the light pulses are distributed around the 
270° phase of the negative half cycle of the power frequency and symmetrical about 270°.

For G-type defect, the pulse repetition rate is high, the average amplitude is small, the ampli-
tude range is wide, and the light pulse distribution has obvious phase characteristics, which 
are all distributed at the phases of 90 and 270°. Phase width distributed in the 90–180° is greater 
than 0–90°, and 180–270° phase width greater than 270–360°. The reason is that the PD caused 
by the G-type defect between the insulator and the metal conductor is not very stable. The light 
intensity generated by a single discharge is not uniform, but the light intensity generated by 
the discharge is relatively small. Therefore, the average light pulse detected has small ampli-
tude and large amplitude range. As the insulator hinders the spread of the space charge, the 
space charge will cause the distortion of the external electric field so that the initial discharge 
voltage caused by the air gap defect between the insulator and the metal conductor is higher 
than the extinction voltage. Therefore, the light pulse phase width distributed between 90 and 
180° is greater than 0–90° and between 180–270° phase width is greater than 270–360°.

For M-type defect, the pulse repetition rate is low, the average pulse amplitude is small, the 
amplitude range is large, and the light pulse distribution has obvious phase characteristics 

Figure 20. The φ-u-n chart of PD induced by the four types of defects in GIS. (a) N-type, (b) G-type, (c) M-type, and (d) P-type.
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and is distributed around the phase 90 and 270°. Phase width distributed in the 90–180° is 
greater than 0–90° and in the 270–360° phase width is greater than 180–270°. The reason is 
that the PD produced by M-type defect will generate electrical branches on the surface of the 
insulator, which will affect the insulation of the insulator surface. As a result, the PD is not 
very stable, and the light intensity produced by a single discharge is different. However, the 
overall light intensity is relatively small, so the optical measurement method detecting aver-
age amplitude of the light pulse is small, with a wide range of amplitude.

For P-type defect, the pulse repetition rate is low, the average amplitude is large, the range of 
the amplitude changes is large, and the phase distribution of the light pulse is not character-
ized. The reason is that metal particles in the external electric field obtain the induced charge 
and will move under electric force. The movement intensity of the metal particles depends 
on the induced charges, the shape of the particles, the direction of movement of the particles, 
and whether the particles collide with other objects during the movement. PD generated by 
P-type defects is caused by the movement of the metal particles. Therefore, it is very unstable, 
and the phase of PD is also irregular.

6. Conclusion

In this chapter, typical defects in GIS are discussed and physical model is established, then 
different resulting PD is studied. Four typical defects and their respective PD UHF character-
istics, chemical characteristics, and optical characteristics are then obtained by experiments. 
Different figures and data owing to different types of PD are compared with each other so that 
unique features could be further extracted.

As for UHF characteristics, it can be seen visually that waveforms of different defects have 
obvious difference. Then some parameters can be designed to measure the essential dif-
ference, which can be presented as fingerprints. In time domain, statistics parameters are 
selected as features. For example, these parameters include mean, variance, skewness, kur-
tosis, etc. While in frequency domain, these parameters also works. In addition, Shannon 
entropy, wavelet sub-band energy, and absolute value of peaks can also be included. Based on 
these features, methods such as support vector machine can be applied to classify the defects.

For chemical characteristics, it can be concluded that the SF6 PD decomposition components 
amount under the four types of insulation defects are obviously different, and so is their 
ratio. So the insulation defect can be identified by detecting PD decomposition component of 
SF6. Methods such as artificial neural network can then be set up to classify the defects. The 
concentration and ratio of each decomposition components are the input variables and during 
training process the defect is finally classified.

For optical characteristics, just as UHF characteristics, the spectrals of different defects have 
obvious difference. So some statistics parameters are introduced. Because the optical spectral 
has three dimensions, projection on two-dimension plane is firstly needed, and then param-
eters are extracted. The classification step is like that of UHF or chemical characteristics.
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insulator, which will affect the insulation of the insulator surface. As a result, the PD is not 
very stable, and the light intensity produced by a single discharge is different. However, the 
overall light intensity is relatively small, so the optical measurement method detecting aver-
age amplitude of the light pulse is small, with a wide range of amplitude.

For P-type defect, the pulse repetition rate is low, the average amplitude is large, the range of 
the amplitude changes is large, and the phase distribution of the light pulse is not character-
ized. The reason is that metal particles in the external electric field obtain the induced charge 
and will move under electric force. The movement intensity of the metal particles depends 
on the induced charges, the shape of the particles, the direction of movement of the particles, 
and whether the particles collide with other objects during the movement. PD generated by 
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Abstract

The power electronics research community is balancing on the edge of a game-chang-
ing technological innovation: as traditionally silicon (Si) based power semiconductors 
approach their material limitations, next-generation wide bandgap (WBG) power semi-
conductors are poised to overtake them. Promising WBG materials are silicon carbide 
(SiC), gallium nitride (GaN), diamond (C), gallium oxide (Ga2O3) and aluminum nitride 
(AlN). They can operate at higher voltages, temperatures, and switching frequencies with 
greater efficiencies compared to existing Si, in power electronics. These characteristics can 
reduce energy consumption, which is critical for national economic, health, and security 
interests. However, increased voltage blocking capability and trend toward more compact 
packaging technology for high-power density WBG devices can enhance the local electric 
field that may become large enough to raise partial discharges (PDs) within the module. 
High activity of PDs damages the insulating silicone gel, lead to electrical insulation failure 
and reduce the reliability of the module. Among WBG devices, electrical insulation weak-
nesses in WBG-based Insulated Gate Bipolar Transistor (IGBT) have been more investi-
gated. The chapter deals with (a) current standards for evaluation of the insulation systems 
of power electronics modules, (b) simulation and modeling of the electric field stress inside 
modules, (c) diagnostic tests on modules, and (d) PD control methods in modules.

Keywords: wide bandgap devices, partial discharge, electric field stress

1. Introduction

The growing integration of distributed generation resources, envisagement of direct current 
(DC) microgrids and high-voltage direct current (HVDC) networks, the continued electrifica-
tion and grid-level power flow controls call for advanced power electronics with improved 
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efficiency, reliability and power density [1]. Undergoing dynamic evolution in power elec-
tronics is mainly due to the development of power semiconductor devices seeking simultane-
ous operation at a higher voltage, power, and switching frequency. Having higher blocking 
voltage capability, higher temperature tolerance, and higher switching frequency than Si 
technology, wide-bandgap (WBG) semiconductor materials such as silicon carbide (SiC) and 
gallium nitride (GaN) are expected to be a response to the mentioned challenge [2]. Si has a 
bandgap of 1.1 eV, whereas the bandgap of SiC and GaN is, respectively, 3.3 and 3.4 eV. The 
bandgap is the energy required to transfer an electron from the valence to the conduction 
band. Insulators, semiconductors, and conductors have large, small and very small bandgaps, 
respectively. While the highest commercial Si IGBT breakdown voltage capability is 6.5 kV, 
a record high blocking voltage of 15 kV was reported for the SiC IGBT produced in [3] and 
higher voltage capability up to 20–30 kV is expected shortly [4].

The metalized ceramic substrate shown in Figure 1a is well-known and established insula-
tion technology for blocking voltages up to 3.3 kV, but it exhibits some weaknesses due to 
partial discharges (PDs) in silicone gel at higher voltages. In a sufficient electric stress condi-
tion localized gaseous breakdowns known as PDs can occur within an insulation system. 
Various measuring techniques and sensors have been developed for PD detection to perform 
an accurate condition monitoring and assessment of the insulation status of power equipment 
[5, 6]. We will discuss this topic in Section 4. The blocking voltage places across substrate solid 
insulating material, which is aluminum nitride (AlN) or alumina (Al2O3) ceramics where HV 
electrode is IGBT or diode and the ground electrode is copper or aluminum silicon carbide 
(AlSiC) base plate connected to the heat sink. However, both sides of the insulating ceramic 
are metalized by copper to evacuate better and transfer the heat generated by IGBTs or diodes 
to the base plate [7]. IGBTs, diodes and base plate are soldered onto the metalized ceramic 
substrate [7]. In this regard, solid dielectric substrates should also have appropriate thermal 
properties such as resistance to high temperatures and good thermal conductivity in addition 
to their desirable electrical insulation and mechanical properties. This is the case for AlN and 
Al2O3 with a thermal conductivity of typically, respectively, 180 and 27 W/mK [8]. Note that, 
however, the thermal resistance of the AlN substrates assembled with IGBTs is around a fac-
tor of only three less than Al2O3 substrates [8] (not 180/27 = 6.7 times for AlN and Al2O3 materi-
als itself). Attaching the copper metallization to the ceramic substrate can be done by direct 

Figure 1. (a) A schematic of an IGBT substrate with active metal brazing (AMB) of the metallization and (b) protrusions 
with extremely sharp edges of some braze below the metallization.
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bonded copper (DBC) or active metal brazing (AMB). Figure 1a shows active metal brazing 
method [7]. No braze layers are needed for DBC as shown in Figure 2. Then a soft dielectric 
such as silicone gel is used to encapsulate the whole module to prevent electrical discharges 
in air as well as to protect semiconductors, substrates, and connections against humidity, dirt, 
and vibration. As a commercial example, “SYLGARD™ 527 Silicone Dielectric Gel” manufac-
tured by the Dow Chemical Company has a dielectric constant of 2.85 and dielectric strength 
of 17 kV/mm [9].

Silicone gel also prevents thermal induced movements of bond wires attached to the semicon-
ductor. The final encapsulation is achieved using polymer housing. The schematic layout of an 
IGBT with AMB is similar to that shown in Figure 2 where brazes are also added to the structure.

As a consequence of higher blocking voltage, new packaging solutions to provide electrical 
insulation between the grounded heat sink and the HV terminals of the module are required. 
Due to the high electric fields, especially at the edges of the copper metallization, PDs can be 
initiated from these regions. The situation gets worse at protrusions shown in Figure 1b with 
extremely sharp edges of some braze below the metallization. High activity of PDs damages 
the insulating silicone gel and leads to electrical insulation failure and reduces the reliability 
of the module. Moreover, high-frequency PD pulses can lead to disturbance of the power 
electronics and cause severe shortcomings in high-power applications. The PD issue is one 
of the most crucial challenges to the development of HV high power density WBG power 
semiconductor devices. A description of current standards on PD tests on power electronics 
modules and relevant technical gaps is presented in Section 2. Section 3 deals with simulation 
and modeling of electric field stress inside power electronics modules. The various PD detec-
tion techniques employed for modules and correlation between measurements and electric 
field calculation is discussed in Section 4, and finally, PD control methods to relieve high field 
regions is explained in Section 5.

2. International standards on PD tests on power electronics devices

IEC 61287-1: “Railway applications-power converters installed on board rolling stock-part 1: 
characteristics and test methods” is the current standard commonly used for IGBT working 
at 1.5 kV or more [10]. The test voltage is a 50 Hz or 60 Hz alternating current (AC) root mean 

Figure 2. A schematic of an IGBT module with DBC, (a) connection to bus bars, (b) bond wire, (c) diode, (d) IGBT, (e) 
plastic case, (f) baseplate, (g) silicone gel, (h) AlN ceramic, and (i) copper metallization.
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square (RMS) voltage equal to  1.5  U  m   /  √ 
__

 2    or higher where   U  
m
    is the maximum blocking voltage 

of the module in (V). For a 6.5 kV IGBT, it is  1.5 × 6.5 /  √ 
__

 2   ≈ 6.9kV . The voltage is ramped up to  
1.5  U  m   /  √ 

__
 2    in 10 s and is maintained for t1 = 1 min as shown in Figure 3. The rate of the ramp as 

shown in Figure 3 is (  1.5  U  m   /  √ 
_

 2   )   / 10kV / s  . During this time   t  
1
   , some PDs may be observed. After   t  

1
   , 

the voltage is decreased to  1.1  U  m   /  √ 
__

 2    in 10 s. For a 6.5 kV IGBT, it is  1.1 × 6.5 /  √ 
__

 2   ≈ 5.1kV . The voltage  
1.1  U  m   /  √ 

__
 2    is applied for   t  

2
    = 30 s. During the last 5 s of   t  

2
   , the peak magnitude of partial discharge 

in pC is measured. A typical value to pass the test for a component and a subassembly is, 
respectively, 10 and 50 pC.

However, IGBT modules are subjected to pulse width modulator (PWM) stress-type instead 
of power frequency AC voltages. To elucidate this stress-type, consider a single-phase full-
bridge inverter as shown in Figure 4a. An inverter changes a DC input voltage to a sym-
metrical ac output voltage of desired magnitude and frequency. When switches (which can 
be IGBTs)   Q  

1
    and   Q  

2
    are turned on at the same time, the input voltage   U  

s
    appears across the 

load. In this situation, the voltage on   Q  
3
    and   Q  

4
    which are off will be   U  

s
   . If switches   Q  

3
    and   Q  4    

are turned on simultaneously, the voltage across the load is  −  U  s   . In this situation, the voltage 
on   Q  

1
    and   Q  

2
    which are off will be  −  U  

s
   . Figure 4b shows the waveform for the output voltage. 

Thus a unipolar square wave voltage with a magnitude of   U  
s
    for ( 0 −  T  0   / 2 ) and almost zero for 

(  T  
0
   / 2 −  T  

0
   ) places on   Q  

3
    and   Q  

4
    and a unipolar square wave voltage with an amagnitude of nearly 

zero for ( 0 −  T  0   / 2 ) and  −  U  
s
    for (  T  0   / 2 −  T  0   ) places on   Q  1    and   Q  2   .

In many industrial applications, it is often required to control the output voltage of inverters 
(1) to cope with the variations of dc input voltage, (2) for voltage regulation of inverters, and 
(3) for the constant volts/frequency control requirement [11]. The most efficient method of 
controlling the gain is to incorporate pulse-width-modulation (PWM) control with the invert-
ers. In this regard, the commonly used techniques are:

1. Single-pulse-width modulation

2. Multiple-pulse-width modulation

3. Sinusoidal-pulse-width modulation

4. Modified sinusoidal pulse-width modulation

5. Phase-displacement control

Here we describe only sinusoidal-pulse-width modulation (SPWM) technique which is widely 
used. For other methods see [11]. In SPWM, the width of each gating signal can be varied in pro-
portion to the amplitude of a sine wave. As shown in Figure 5, the gating signals are generated 
by comparing a sinusoidal reference signal with a triangular carrier wave of frequency,   f  

c
   , and 

peak,   A  
c
   . In this case,   Q  

3
    and   Q  

4
    should withstand   u  

ab
    which is a fast-rising and fall square waveform 

known as PWM-stress in (0 −  π ) and   Q  
1
    and   Q  

2
    should withstand   u  

ab
    in ( π  − 2  π ).

It has been known that repetitive voltage impulses generated as PWM-stress can lead to insu-
lation premature failure of stator winding due to partial discharges in inverter-fed motors 
[12, 13]. About IGBTs the studies in [14, 15] show that PD behavior under 50 Hz or 60 Hz AC 
sinusoidal voltage is different from that for fast rise bipolar high-frequency square wave volt-
ages. In this regard, for example for the test sample in [14] while partial discharge inception 
voltage (PDIV) under 50 Hz sinusoidal test voltage is 13 kV, for a bipolar square voltage with 
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rising time of about 400 μs, fast rise positive unipolar square and fast rise negative unipolar 
square both with rise time of about 100 ns it is 12, 9 and 7 kV, respectively. Moreover, the rate 
of increase in the PD magnitude concerning voltage is higher for steeper voltage rise [14].

Therefore new standards are needed to take into account actual voltages for power electronic 
modules. It was shown in [16] that although IGBTs could pass 50 Hz sinusoidal test under IEC 
61287-1, insulation failure occurs when applying PWM input voltage with 50 Hz modulating 
frequency with 1 kHz carrier frequency and a rise time of 10 μs that is the stress condition 
more similar to the real operating conditions.

According to IEC 61287-1, the collector, emitter, and gate of a power electronics module should 
be connected, and PDs are measured when an alternating voltage is applied between the inter-
connected terminal and the metal base plate. The drawback is that it tests only the insulation 

Figure 4. Single-phase full-bridge inverter.

Figure 3. IEC 61287-1: “Railway applications-power converters installed on board rolling stock-part 1: characteristics 
and test methods” for partial discharge test.
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portion to the amplitude of a sine wave. As shown in Figure 5, the gating signals are generated 
by comparing a sinusoidal reference signal with a triangular carrier wave of frequency,   f  
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It has been known that repetitive voltage impulses generated as PWM-stress can lead to insu-
lation premature failure of stator winding due to partial discharges in inverter-fed motors 
[12, 13]. About IGBTs the studies in [14, 15] show that PD behavior under 50 Hz or 60 Hz AC 
sinusoidal voltage is different from that for fast rise bipolar high-frequency square wave volt-
ages. In this regard, for example for the test sample in [14] while partial discharge inception 
voltage (PDIV) under 50 Hz sinusoidal test voltage is 13 kV, for a bipolar square voltage with 
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rising time of about 400 μs, fast rise positive unipolar square and fast rise negative unipolar 
square both with rise time of about 100 ns it is 12, 9 and 7 kV, respectively. Moreover, the rate 
of increase in the PD magnitude concerning voltage is higher for steeper voltage rise [14].

Therefore new standards are needed to take into account actual voltages for power electronic 
modules. It was shown in [16] that although IGBTs could pass 50 Hz sinusoidal test under IEC 
61287-1, insulation failure occurs when applying PWM input voltage with 50 Hz modulating 
frequency with 1 kHz carrier frequency and a rise time of 10 μs that is the stress condition 
more similar to the real operating conditions.

According to IEC 61287-1, the collector, emitter, and gate of a power electronics module should 
be connected, and PDs are measured when an alternating voltage is applied between the inter-
connected terminal and the metal base plate. The drawback is that it tests only the insulation 

Figure 4. Single-phase full-bridge inverter.

Figure 3. IEC 61287-1: “Railway applications-power converters installed on board rolling stock-part 1: characteristics 
and test methods” for partial discharge test.
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of the substrate and the bulk of the gel is not tested. To address this issue, the test voltage is 
proposed as an AC voltage superimposed on a direct current (DC) one directly applied to 
the component turned off using a negative gate polarization [17–19]. The inverse DC offset of 
magnitude higher than the AC peak value as shown for an example in Figure 6a used as the 
test voltage avoids diode conduction [18]. The discharge inception voltage (  U  

DIV
   ) is then defined 

as the peak value of the applied voltage (  U  
DC

   +  U  
AC

   ) [17]. Figure 6b shows an experimental set-up 
generating such test voltage [17].

This method leads to detect PD for voltages lower than the one necessary to trig them during 
IEC 61287-1 test [17–19]. Although neither the test proposed in [17–19] nor IEC 61287-1 test 
can represent thoroughly the stresses endured by the power modules in inverters, the testing 
method proposed in [17–19] can provide more useful information on PDs during normal 
operation by stressing all the components involved in the packaging.

Figure 6. (a) New test voltage waveform and (b) set-up generating new test voltage for PD detection of an IGBT [18], 
License No. 4383271241884.

Figure 5. Sinusoidal pulse-width modulation.
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3. Simulation and modeling of electric stress inside the module

Since a combination of material defects in gel and the high electric stress due to sharp edges 
leads to partial discharge, PDs do not occur all along the sharp edges. However, identifying 
the critical spots with the maximum electric field magnitude due to only sharp edges can be 
useful to develop geometrical strategies to reduce the electric field magnitude peaks due to 
the effect of one contributing factor.

Note that the maximum electric field magnitude at perfectly sharp edges is theoretically infi-
nite. Thus, the smaller mesh size, the higher electric stress and mathematically there is no 
convergence point. Assuming a rounded edge converges to a finite maximum electric field 
intensity with increasing resolution of the mesh grid. However, the value depends on the 
assumed edge radius. The smaller assumed edge radius, the higher amount of maximum 
electric field magnitude. To overcome this difficulty, it was shown in [20, 21] that when the 
distance to sharp edges becomes larger than 20 μm for the assumed geometry and dimen-
sions, the differences between the electric field magnitudes for different meshing sizes are 
less than 1%. To be on the safe side, measuring points were considered at a distance of 50 μm 
to sharp edges in [20, 21]. In [22], both strategies containing rounded edges and considering 
measuring points at a distance of 20 μm from edges were benefited.

Assuming the measuring points defined above, the influence of following geometrical options 
are studied in [20, 22] on reducing the electric field stress values.

1. The thickness of the metallization layer,

2. The thickness of the substrate,

3. The shape of the edge,

4. Metal/conductive layer offset.

Among four parameters above, the thickness of the substrate and metal/conductive layer 
offset have a strong influence on the electric field magnitude. By varying the thickness of the 
ceramic, the electric field stress does not follow the equation of a plate capacitor: a doubling 
of the thickness (1–2 mm) reduces the electric field stress only by about 30% and not by 50%. 
However, an increased substrate thickness decreases cooling efficiency of the semiconduc-
tors, and this technique may not meet the miniaturization needs of power electronics as well.

Defining an offset of the two metallization layers as   r  
off

   =  r  
u
   −  r  

l
    for   r  

u
    (the distance from the 

AlN ceramic edge to the edge of the upper Cu metallization) and   r  
l
    (the distance from the 

AlN ceramic edge to the edge of the lower Cu metallization) shown in Figure 7a. Figure 8 
shows the electric field stress values at measuring point located on L1 for different values of   
r  
off

    for a d = 630 μm ceramic layer [22]. For that (Figure 7a), a finite-element method (FEM) 
model was developed in the Electrostatics (es) module of COMSOL Multiphysics solving 
Poisson’s equation.

   ∇   2  U = −   
 ρ  v   ____  ϵ  0   ϵ  r       (1)
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magnitude higher than the AC peak value as shown for an example in Figure 6a used as the 
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   ) [17]. Figure 6b shows an experimental set-up 
generating such test voltage [17].

This method leads to detect PD for voltages lower than the one necessary to trig them during 
IEC 61287-1 test [17–19]. Although neither the test proposed in [17–19] nor IEC 61287-1 test 
can represent thoroughly the stresses endured by the power modules in inverters, the testing 
method proposed in [17–19] can provide more useful information on PDs during normal 
operation by stressing all the components involved in the packaging.

Figure 6. (a) New test voltage waveform and (b) set-up generating new test voltage for PD detection of an IGBT [18], 
License No. 4383271241884.

Figure 5. Sinusoidal pulse-width modulation.
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3. Simulation and modeling of electric stress inside the module

Since a combination of material defects in gel and the high electric stress due to sharp edges 
leads to partial discharge, PDs do not occur all along the sharp edges. However, identifying 
the critical spots with the maximum electric field magnitude due to only sharp edges can be 
useful to develop geometrical strategies to reduce the electric field magnitude peaks due to 
the effect of one contributing factor.

Note that the maximum electric field magnitude at perfectly sharp edges is theoretically infi-
nite. Thus, the smaller mesh size, the higher electric stress and mathematically there is no 
convergence point. Assuming a rounded edge converges to a finite maximum electric field 
intensity with increasing resolution of the mesh grid. However, the value depends on the 
assumed edge radius. The smaller assumed edge radius, the higher amount of maximum 
electric field magnitude. To overcome this difficulty, it was shown in [20, 21] that when the 
distance to sharp edges becomes larger than 20 μm for the assumed geometry and dimen-
sions, the differences between the electric field magnitudes for different meshing sizes are 
less than 1%. To be on the safe side, measuring points were considered at a distance of 50 μm 
to sharp edges in [20, 21]. In [22], both strategies containing rounded edges and considering 
measuring points at a distance of 20 μm from edges were benefited.

Assuming the measuring points defined above, the influence of following geometrical options 
are studied in [20, 22] on reducing the electric field stress values.

1. The thickness of the metallization layer,

2. The thickness of the substrate,

3. The shape of the edge,

4. Metal/conductive layer offset.

Among four parameters above, the thickness of the substrate and metal/conductive layer 
offset have a strong influence on the electric field magnitude. By varying the thickness of the 
ceramic, the electric field stress does not follow the equation of a plate capacitor: a doubling 
of the thickness (1–2 mm) reduces the electric field stress only by about 30% and not by 50%. 
However, an increased substrate thickness decreases cooling efficiency of the semiconduc-
tors, and this technique may not meet the miniaturization needs of power electronics as well.
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AlN ceramic edge to the edge of the lower Cu metallization) shown in Figure 7a. Figure 8 
shows the electric field stress values at measuring point located on L1 for different values of   
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    for a d = 630 μm ceramic layer [22]. For that (Figure 7a), a finite-element method (FEM) 
model was developed in the Electrostatics (es) module of COMSOL Multiphysics solving 
Poisson’s equation.
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  E = − ∇ U   (2)

where   ρ  v    is volume charge density which is   ρ  v   = 0  in the model considered in [22],   ϵ  r    is rela-
tive permittivity which for AlN and gel were considered, respectively, 8.9 and 2.7 in [22],  E  is 
electric field intensity, and  U  is electric potential.

As shown in Figure 7b, an extremely custom fine meshing with a maximum element size of 
0.001 mm was used for Area 1 shown in Figure 7a to obtain precise results for electric field 

intensity along L1 [22]. Such meshing strategy, using several levels of extremely custom 
fine meshing for the study area having sharp edges and a normal meshing for other areas to 
increase the computational efficiency was used in [23–29] as well. From Figure 8, it can be seen 
that with decreasing offset the electric field magnitude reduces. In other words, an increase in 
the length of the upper metal layer relieves the worst high field region. It is due to the influence 
of the grounded based plate, since the more extended top metal layer, the less nonuniform 
electric field. Changing   r  off    from 0.35 to −0.5 mm reduces the electric field intensity up to 57% 
that presents the method as an efficient electric field control technique [22].

Figure 8. Influence of   r  off    on electric field intensity.

Figure 7. (a) The geometries considered for simulations in COMSOL Multiphysics and (b) meshing strategy.
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4. Partial discharge measurements

Research carried out on PD detection, and localization inside an IGBT can mainly be divided 
into electrical and optical PD measurements. For electrical PD measurement, measured phase-
resolved partial discharge (PRPD) patterns were analyzed to identify the type and location of 
PD. As shown in Figure 9 [30, 31], it was observed that the PD of a metalized ceramic in an 
isolating liquid occurs at the maximum voltage at 90° and 270° and the amount of PD does not 
rise sharply with increasing voltage.

However, as shown in Figure 10 [21, 30, 31] for the same metalized ceramic embedded in 
silicone gel, PD was found at a phase between zero and the maximum voltage, between 0–90° 
and 180–270°. Since the number and magnitude of the PDs strongly increase with rising volt-
age, it was argued that the origin of this discharge phenomenon is due to discharges at the 
interface between the silicone gel and the substrate and not due to locally restricted cavities 
in the gel.

In [21] the calculated electric field intensity and the measured PDIV were correlated. 
Combining the calculated electric field intensity in four measuring points ML1-ML4 shown 
in Figure 11a, the PDIV was plotted as shown in Figure 11b as a function of the geometric 
mean of  E  values at ML1-ML4. A fitted equation as “PDIV (kV) = 20.4–0.25E (kV/mm)” was 
also reported for Figure 11b [21].

However, through an artificial spherical void embedded in silicone gel, it was shown in [32] 
that voids inside the silicone gel significantly accelerate the aging of the materials even at a 
normal operating electric stress. It was also found that an extremely non-uniform electric field 
resulted by a needle-sphere electrode with no artificial void inside the material can also lead to 
rapid aging at a normal operating electric stress [32]. Thus, it was concluded that the electrical 
treeing in front of the needle tip produces gas-filled voids inside the silicone and these week 
points besides conductive channels of trees lead to shortening the lifetime of the insulation [32].

In [33, 34] an optical PD localization setup benefitting from compact charge-coupled device 
(CCD) camera modules was used to record the small light intensities emitted by electrolu-
minescence effects as well as the light caused by PD. It should be noted that before partial 
discharge inception, insulating polymers subjected to high electrical fields usually display 
electroluminescence as a result of the radiative relaxation of excited molecular states within 
the gel excited by high electrical field [34]. The measurement of electroluminescence allows the 
critical regions of high electric fields to be identified in the translucent silicone gel insulation 

Figure 9. PD spectroscopy of AlN substrates in an insulating liquid [31], License No. 4383271013906.
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tive permittivity which for AlN and gel were considered, respectively, 8.9 and 2.7 in [22],  E  is 
electric field intensity, and  U  is electric potential.
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the length of the upper metal layer relieves the worst high field region. It is due to the influence 
of the grounded based plate, since the more extended top metal layer, the less nonuniform 
electric field. Changing   r  off    from 0.35 to −0.5 mm reduces the electric field intensity up to 57% 
that presents the method as an efficient electric field control technique [22].
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4. Partial discharge measurements
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resolved partial discharge (PRPD) patterns were analyzed to identify the type and location of 
PD. As shown in Figure 9 [30, 31], it was observed that the PD of a metalized ceramic in an 
isolating liquid occurs at the maximum voltage at 90° and 270° and the amount of PD does not 
rise sharply with increasing voltage.

However, as shown in Figure 10 [21, 30, 31] for the same metalized ceramic embedded in 
silicone gel, PD was found at a phase between zero and the maximum voltage, between 0–90° 
and 180–270°. Since the number and magnitude of the PDs strongly increase with rising volt-
age, it was argued that the origin of this discharge phenomenon is due to discharges at the 
interface between the silicone gel and the substrate and not due to locally restricted cavities 
in the gel.

In [21] the calculated electric field intensity and the measured PDIV were correlated. 
Combining the calculated electric field intensity in four measuring points ML1-ML4 shown 
in Figure 11a, the PDIV was plotted as shown in Figure 11b as a function of the geometric 
mean of  E  values at ML1-ML4. A fitted equation as “PDIV (kV) = 20.4–0.25E (kV/mm)” was 
also reported for Figure 11b [21].

However, through an artificial spherical void embedded in silicone gel, it was shown in [32] 
that voids inside the silicone gel significantly accelerate the aging of the materials even at a 
normal operating electric stress. It was also found that an extremely non-uniform electric field 
resulted by a needle-sphere electrode with no artificial void inside the material can also lead to 
rapid aging at a normal operating electric stress [32]. Thus, it was concluded that the electrical 
treeing in front of the needle tip produces gas-filled voids inside the silicone and these week 
points besides conductive channels of trees lead to shortening the lifetime of the insulation [32].

In [33, 34] an optical PD localization setup benefitting from compact charge-coupled device 
(CCD) camera modules was used to record the small light intensities emitted by electrolu-
minescence effects as well as the light caused by PD. It should be noted that before partial 
discharge inception, insulating polymers subjected to high electrical fields usually display 
electroluminescence as a result of the radiative relaxation of excited molecular states within 
the gel excited by high electrical field [34]. The measurement of electroluminescence allows the 
critical regions of high electric fields to be identified in the translucent silicone gel insulation 

Figure 9. PD spectroscopy of AlN substrates in an insulating liquid [31], License No. 4383271013906.
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even before electrical aging begins. Increasing the voltage, PD starts at distinct locations. Bright 
shining spots in the image as seen in Figure 12 show the higher possibility for PD inception.

In [35] the results concerning both electrical and optical detection of PDs occurring in the 
silicone gel were presented. That work showed that optical measurements could be used to 
study PDs in transparent gels, with any voltage shape and with very high sensitivity (<1 pC). 
In recent years, micro silicon photomultipliers (SiPM) were also examined and compared to 
conventional photomultiplier tubes (PMT) for optical PD detection [36].

In [37, 38], besides PRPD measurements, other diagnostic and quality control test methods 
to discriminate the dielectric condition between new and aged IGBT samples and reveal the 
influence of moisture on dielectric state of IGBT modules were used. They are time-dependent 
dielectric response measurements such as insulation resistance and polarization index, and 
frequency-dependent dielectric response measurements such as loss factor and frequency 
response analysis (FRA). Humidity as a result of the condensation caused by the difference in 
the interior and exterior temperatures may impact on the dielectric integrity of IGBT modules.

Figure 10. PD spectroscopy of AlN substrates in silicone gel (a) from [31], License No. 4383271013906, (b) from [21], 
License No. 4383270757365.

Figure 11. PDIV as a function of the geometric mean of MP1-4 [21], License No. 4383270757365.
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Converters are often located in cubicles under atmospheric pressure, and the most widely 
used material for encapsulation of power electronic circuits is silicone gel [8, 15–22, 30–38, 
42–45, 48, 51–54]. However, for variable-frequency drive (VFD) fed motors used in the subsea 
factory for oil and gas production at depths more than 3000 m, the development of pressure 
tolerant power electronics is envisaged where an incompressible insulating material is needed 
for power electronic modules. Thus, liquid embedded power electronics are investigated. In 
[14, 39] PDs in liquid embedded power electronics under three different waveforms as sinu-
soidal (50 Hz) voltage, a slow rise bipolar square voltage with a rise time of 400 μs, and a fast 
unipolar positive and negative rise square voltage with a rise time of 100 ns were investigated. 
Both electrical and optical techniques were used to study PD behavior of IGBT insulation. 
Regarding a good correlation found in [14, 39] between the measured electrical and optical 
PDs, optical PDs can also be considered for the characterization of PD phenomena. Another 
significant result obtained in [14, 39] is that the fast rise square voltage has the lowest PDIV 
while the sinusoidal voltage has the highest one. Moreover, it was reported in [14, 39] that 
the number and magnitude of PDs decrease when the pressure of the liquid in the test cell 
increases. In other words, pressure can collapse the propagation of the streamers, and that is 
the great merit of liquid embedded power electronics used for the subsea application.

Various liquid dielectrics such as Nytro 10XN, Midel 7131 and Galden HT230 were examined 
in [40, 41] for pressure tolerant liquid embedded power electronics modules for deep, and 
ultra-deepwater. The test object used in [40] is a printed circuit board (PCB) card shown in 
Figure 13a with a dimension of 50 × 24 × 1 mm3 and a schematic shown in Figure 13b. The 
thickness of copper metallization at both sides is 420 μm. The trench located at the upper met-
allization layer has a width of 2 mm. The left end of the board was connected to a high voltage 
source and the other end of the board and the base plate (the lower metallization layer) was 
connected to ground. Sharp edges were rounded to ensure the set-up is PD free.

Figure 12. Optical localization of PD for an AIN substrate embedded in silicone gel. The discharges are located at the 
outer edges of the copper metallization [34], License No. 4383270494717.
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even before electrical aging begins. Increasing the voltage, PD starts at distinct locations. Bright 
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unipolar positive and negative rise square voltage with a rise time of 100 ns were investigated. 
Both electrical and optical techniques were used to study PD behavior of IGBT insulation. 
Regarding a good correlation found in [14, 39] between the measured electrical and optical 
PDs, optical PDs can also be considered for the characterization of PD phenomena. Another 
significant result obtained in [14, 39] is that the fast rise square voltage has the lowest PDIV 
while the sinusoidal voltage has the highest one. Moreover, it was reported in [14, 39] that 
the number and magnitude of PDs decrease when the pressure of the liquid in the test cell 
increases. In other words, pressure can collapse the propagation of the streamers, and that is 
the great merit of liquid embedded power electronics used for the subsea application.

Various liquid dielectrics such as Nytro 10XN, Midel 7131 and Galden HT230 were examined 
in [40, 41] for pressure tolerant liquid embedded power electronics modules for deep, and 
ultra-deepwater. The test object used in [40] is a printed circuit board (PCB) card shown in 
Figure 13a with a dimension of 50 × 24 × 1 mm3 and a schematic shown in Figure 13b. The 
thickness of copper metallization at both sides is 420 μm. The trench located at the upper met-
allization layer has a width of 2 mm. The left end of the board was connected to a high voltage 
source and the other end of the board and the base plate (the lower metallization layer) was 
connected to ground. Sharp edges were rounded to ensure the set-up is PD free.
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Voltage type Samples U1% (kV) U50% (kV)  α  (kV)  β 

Sinusoidal voltage Nytro 20.01 40.89 43.89 5.92

Midel 25.94 39.76 41.26 9.92

Galden 27.56 41.98 43.54 10.06

Positive square voltage Nytro 19.19 22.5 22.86 26.29

Midel 15.28 22.98 23.75 10.43

Galden 20.80 32.17 33.41 9.7

Table 1. U1%, U50%, and U63% breakdown probability for PCB card test object [40].

Table 1 shows the U1%, U50%, and U63% breakdown probability. For U63%, the cumulative Weibull 
function was considered given by

  f (ν)  = 1 −  e     [−ν/α]    β     (3)

where  ν  is voltage,  f (ν)   is the probability of failure,  α  is the characteristic breakdown voltage and  
β  is the range of failure voltages within the distribution. The higher the  β , the lower the scatter 
is. Besides sinusoidal voltage (38.5 Hz), tests were carried out under a fast-rising positive square 
wave voltage. From Table 1 it can be seen that Galden has a superior breakdown characteristic.

The influence of temperature on PD characteristics in silicone gel was experimentally inves-
tigated in [42]. It was found that with increasing the temperature, the PDIV and the overall 
shape of PD patterns remain unchanged, but both discharge amplitudes and number increase 
as shown in Figure 14 for PRPD patterns in the same sample at a fixed applied voltage at 20 
and 100°C [42].

Figure 15 shows the influence of temperature on the variation of the average PD current (  I  
av

   ), 
which is the sum of all recorded discharges per unit time, versus voltage in the same experi-
ments [42]. It can be seen that with increasing the temperature, the PDIV remains unchanged. 
However, due to the increase of PD amplitudes and number the increase of   I  av    is faster at high 
temperature [42].

Figure 13. (a) PCB card test object and (b) the schematic of PCB card [40], License No. 4383270012789.
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5. Partial discharge control

5.1. Linear resistive electric field control

Applying functional materials on the highly stressed region can reduce the electric field. Two 
types of stress relieving composite dielectrics are as follows. (1) The conductivity of the mate-
rial varies with the electric field, field-dependent conductivity (FDC) [43, 48], (2) the permit-
tivity of the material changes with the electric field, field dependent permittivity (FDP) [50].

In FDC stress relieving control, also called resistive field control, a conductive layer is applied 
at the metallization edge. The field distribution is modified by flowing the conduction current 

Figure 14. PRPD patterns at two temperatures (a: 20°C, b: 100°C) with a point-plane sample embedded in silicone gel 
(ac 50 Hz, the tip radius of curvature for the point of r0 = 1.4 μm, gap distance of d = 4 mm, V = 8 kV) [42], License No. 
4383261112180.

Figure 15. Influence of temperature on average PD current versus voltage (ac 50 Hz, r0 = 1.4 μm, d = 4 mm) [42], License 
No. 4383261112180.
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Voltage type Samples U1% (kV) U50% (kV)  α  (kV)  β 

Sinusoidal voltage Nytro 20.01 40.89 43.89 5.92

Midel 25.94 39.76 41.26 9.92

Galden 27.56 41.98 43.54 10.06

Positive square voltage Nytro 19.19 22.5 22.86 26.29

Midel 15.28 22.98 23.75 10.43

Galden 20.80 32.17 33.41 9.7

Table 1. U1%, U50%, and U63% breakdown probability for PCB card test object [40].

Table 1 shows the U1%, U50%, and U63% breakdown probability. For U63%, the cumulative Weibull 
function was considered given by

  f (ν)  = 1 −  e     [−ν/α]    β     (3)

where  ν  is voltage,  f (ν)   is the probability of failure,  α  is the characteristic breakdown voltage and  
β  is the range of failure voltages within the distribution. The higher the  β , the lower the scatter 
is. Besides sinusoidal voltage (38.5 Hz), tests were carried out under a fast-rising positive square 
wave voltage. From Table 1 it can be seen that Galden has a superior breakdown characteristic.

The influence of temperature on PD characteristics in silicone gel was experimentally inves-
tigated in [42]. It was found that with increasing the temperature, the PDIV and the overall 
shape of PD patterns remain unchanged, but both discharge amplitudes and number increase 
as shown in Figure 14 for PRPD patterns in the same sample at a fixed applied voltage at 20 
and 100°C [42].

Figure 15 shows the influence of temperature on the variation of the average PD current (  I  
av

   ), 
which is the sum of all recorded discharges per unit time, versus voltage in the same experi-
ments [42]. It can be seen that with increasing the temperature, the PDIV remains unchanged. 
However, due to the increase of PD amplitudes and number the increase of   I  av    is faster at high 
temperature [42].

Figure 13. (a) PCB card test object and (b) the schematic of PCB card [40], License No. 4383270012789.
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5. Partial discharge control

5.1. Linear resistive electric field control

Applying functional materials on the highly stressed region can reduce the electric field. Two 
types of stress relieving composite dielectrics are as follows. (1) The conductivity of the mate-
rial varies with the electric field, field-dependent conductivity (FDC) [43, 48], (2) the permit-
tivity of the material changes with the electric field, field dependent permittivity (FDP) [50].

In FDC stress relieving control, also called resistive field control, a conductive layer is applied 
at the metallization edge. The field distribution is modified by flowing the conduction current 

Figure 14. PRPD patterns at two temperatures (a: 20°C, b: 100°C) with a point-plane sample embedded in silicone gel 
(ac 50 Hz, the tip radius of curvature for the point of r0 = 1.4 μm, gap distance of d = 4 mm, V = 8 kV) [42], License No. 
4383261112180.

Figure 15. Influence of temperature on average PD current versus voltage (ac 50 Hz, r0 = 1.4 μm, d = 4 mm) [42], License 
No. 4383261112180.
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through the layer. Materials used for resistive field control can be linear or nonlinear. The conduc-
tivity of linear resistive field control materials is not field dependent. Therefore, the conductivity 
of the layer made of linear materials must be carefully selected. For too low conductivity, the 
layer has no role in electric stress control [48]. On the other hand, if the conductivity of the layer 
is too high and for the case of a non-bridging layer, the layer behaves as a prolongation of the 
metallization and the high field problem is merely transferred to the end of the layer [48]. For the 
case of a layer bridging HV and ground potential, the layer leads to massive leakage current [48].

In [43], a 300-nm high impedance layer having an electrical conductivity of 105 Ω cm made 
of semiconducting amorphous silicon, a-Si: H, was applied by plasma-enhanced chemical 
vapor deposition (PECVD) process to the edge of the substrate connecting the top copper 
metallization with the bottom. The mentioned conductivity was adjusted to homogenize the 
electric field by having the magnitude of the conduction current higher than the capacitive 
current. By electric field simulations, the same value of the electric conductivity of the layer 
was reported in [44, 45]. Two sample modules with and without a-Si:H coating built under 
manufacturing conditions were tested in [43]. While the partial discharge increases sharply 
at low voltages of 3–4 kV without an a-Si:H coating, it does not exceed 10 pC up to a voltage 
of 10 kV with an a-Si:H coating layer satisfying the partial discharge requirements based 
on IEC 61287-1. Note that the linear resistive field control depends on the frequency and its 
advantage reduces with increasing frequency.

The intrinsic semi-conductive nature of the particles and their connectivity lead to non-linear 
behavior of nonlinear resistive electric field control composites. In this regard, the particle to 
particle contact is possible if the filler concentration is above a prescribed limit. The electrical 
field magnitude must also be high enough to allow conduction through the semi-conductive 
particles and barriers between particles.

A theory-based evaluation of the behavior of field grading materials with strongly field-
dependent conductivities is presented in [46] with a survey of ZnO microvaristors in various 
applications in [47]. ZnO microvaristor layer was studied to relieve high field regions in an 
IGBT [48]. An advantage of nonlinear materials compared to linear materials is that losses 
are not permanent. They occur only when the electrical field magnitude passes a threshold 
known as switching filed where the material switches to a conductive behavior.

An electrostatic FEM model developed in ACE TripleC was used for electric field calculations 
in [48]. Figure 16a shows electric field distribution for without a coating layer on the protrusion 
considered in the model. In this case, the maximum electric stress,   E  max   , obtained 2.6 × 108 V/m at 
the gel adjacent to the protrusion [48]. To relieve this high field stress region, a layer for coating 
the metallization edges was considered in three cases with polyimide layer (  ε  

r
    = 3.5), a high per-

mittivity (  ε  
r
    = 40) layer of a polymer/ceramic composite and ZnO microvaristor layer described 

above. A comprehensive study of the general structure of polymers, their properties and appli-
cations can be found in [49]. For polyimide layer,   E  max    in the layer (adjacent to the protrusion) 
and gel will be 2.3 × 108 and 0.18 × 108 V/m, respectively [48]. In this regard, although polymer/
ceramic composite with   ε  

r
    = 40 can reduce the maximum electric field in the layer adjacent to 

the protrusion to 0.3 × 108 V/m, the electric field in the gel reaches higher values (0.2 × 108 V/m) 
than with polyimide coating. Employing a ZnO microvaristor layer,   E  max    in both the layer 
(0.066 × 108 V/m as shown in Figure 16b) and gel (0.06 × 108 V/m) dramatically decreases.

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment142

5.2. FDP stress relieving control

As mentioned in Section 5.1 although a high permittivity coating layer relieves high electric field 
stress adjacent to the copper metallization, it leads to higher electric field stress in the gel and 
in particular the weak interface between the layer and the gel encapsulation. This means a high 
permittivity material as a coating layer may not be efficient. Thus in [50] employing it as a filler 
was examined. The filler studied in [50] was a ferroelectric filler, barium titanate, in the base 
silicone gel to form an FDP stress relieving dielectric material having a   ϵ  r   (E)   as   ϵ  r   (E)  = 6.4 + 1.3E . 
By enhancing polarization mechanisms, the ferroelectric filler particles can reduce high electrical 
stresses. However, it should be noted that this electric field control method works only under ac 
fields and at the temperatures higher than Curie temperature which is 130°C for pure barium 
titanate [51] this advantage will disappear [50].

It is shown in [50] that applying a high permittivity non-dependent field filler can reduce elec-
tric stress by around 10% while with a dependent-field one a reduction of 29% can be achieved.

5.3. The quality and type of substrates

Despite all publications, which have concluded that PDs occur in the silicone gel or at the 
interface between the substrate and the gel, a different conclusion about the origin of PDs was 
reported in [52]. To explore the actual origin of PDs, six insulating liquids including Silicon 
oil #1 (Sil20), Silicon oil #1 (Sil350), Transformer oil (Toil), Synthetic capacitor liquid (Scl), 
Synthetic transformer liquid (Stl) and Ester liquid (Est), which have different PD properties 
were used instead of gel, and three substrate materials including AlN, Al2O3, and glass/epoxy 
composite were also examined.

A rather large variation in PDIV was observed for six mentioned liquids used in a point-plane 
electrode geometry under 50 Hz AC voltage at room temperature (20°C). However, a sub-
strate test geometry similar to an IGBT shows almost no changes in PDIV for the mentioned 
different liquids. Moreover, for the IGBT test geometry, PDs appear in both polarities and 
provides somewhat symmetrical patterns with good stability. However, asymmetrical PRPD 

Figure 16. The influence of nonlinear FDC coating layer on reducing the electric field in the module [48], License No. 
4383260855923.
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through the layer. Materials used for resistive field control can be linear or nonlinear. The conduc-
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layer has no role in electric stress control [48]. On the other hand, if the conductivity of the layer 
is too high and for the case of a non-bridging layer, the layer behaves as a prolongation of the 
metallization and the high field problem is merely transferred to the end of the layer [48]. For the 
case of a layer bridging HV and ground potential, the layer leads to massive leakage current [48].

In [43], a 300-nm high impedance layer having an electrical conductivity of 105 Ω cm made 
of semiconducting amorphous silicon, a-Si: H, was applied by plasma-enhanced chemical 
vapor deposition (PECVD) process to the edge of the substrate connecting the top copper 
metallization with the bottom. The mentioned conductivity was adjusted to homogenize the 
electric field by having the magnitude of the conduction current higher than the capacitive 
current. By electric field simulations, the same value of the electric conductivity of the layer 
was reported in [44, 45]. Two sample modules with and without a-Si:H coating built under 
manufacturing conditions were tested in [43]. While the partial discharge increases sharply 
at low voltages of 3–4 kV without an a-Si:H coating, it does not exceed 10 pC up to a voltage 
of 10 kV with an a-Si:H coating layer satisfying the partial discharge requirements based 
on IEC 61287-1. Note that the linear resistive field control depends on the frequency and its 
advantage reduces with increasing frequency.

The intrinsic semi-conductive nature of the particles and their connectivity lead to non-linear 
behavior of nonlinear resistive electric field control composites. In this regard, the particle to 
particle contact is possible if the filler concentration is above a prescribed limit. The electrical 
field magnitude must also be high enough to allow conduction through the semi-conductive 
particles and barriers between particles.

A theory-based evaluation of the behavior of field grading materials with strongly field-
dependent conductivities is presented in [46] with a survey of ZnO microvaristors in various 
applications in [47]. ZnO microvaristor layer was studied to relieve high field regions in an 
IGBT [48]. An advantage of nonlinear materials compared to linear materials is that losses 
are not permanent. They occur only when the electrical field magnitude passes a threshold 
known as switching filed where the material switches to a conductive behavior.

An electrostatic FEM model developed in ACE TripleC was used for electric field calculations 
in [48]. Figure 16a shows electric field distribution for without a coating layer on the protrusion 
considered in the model. In this case, the maximum electric stress,   E  max   , obtained 2.6 × 108 V/m at 
the gel adjacent to the protrusion [48]. To relieve this high field stress region, a layer for coating 
the metallization edges was considered in three cases with polyimide layer (  ε  

r
    = 3.5), a high per-

mittivity (  ε  
r
    = 40) layer of a polymer/ceramic composite and ZnO microvaristor layer described 

above. A comprehensive study of the general structure of polymers, their properties and appli-
cations can be found in [49]. For polyimide layer,   E  max    in the layer (adjacent to the protrusion) 
and gel will be 2.3 × 108 and 0.18 × 108 V/m, respectively [48]. In this regard, although polymer/
ceramic composite with   ε  

r
    = 40 can reduce the maximum electric field in the layer adjacent to 

the protrusion to 0.3 × 108 V/m, the electric field in the gel reaches higher values (0.2 × 108 V/m) 
than with polyimide coating. Employing a ZnO microvaristor layer,   E  max    in both the layer 
(0.066 × 108 V/m as shown in Figure 16b) and gel (0.06 × 108 V/m) dramatically decreases.
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5.2. FDP stress relieving control

As mentioned in Section 5.1 although a high permittivity coating layer relieves high electric field 
stress adjacent to the copper metallization, it leads to higher electric field stress in the gel and 
in particular the weak interface between the layer and the gel encapsulation. This means a high 
permittivity material as a coating layer may not be efficient. Thus in [50] employing it as a filler 
was examined. The filler studied in [50] was a ferroelectric filler, barium titanate, in the base 
silicone gel to form an FDP stress relieving dielectric material having a   ϵ  r   (E)   as   ϵ  r   (E)  = 6.4 + 1.3E . 
By enhancing polarization mechanisms, the ferroelectric filler particles can reduce high electrical 
stresses. However, it should be noted that this electric field control method works only under ac 
fields and at the temperatures higher than Curie temperature which is 130°C for pure barium 
titanate [51] this advantage will disappear [50].

It is shown in [50] that applying a high permittivity non-dependent field filler can reduce elec-
tric stress by around 10% while with a dependent-field one a reduction of 29% can be achieved.

5.3. The quality and type of substrates

Despite all publications, which have concluded that PDs occur in the silicone gel or at the 
interface between the substrate and the gel, a different conclusion about the origin of PDs was 
reported in [52]. To explore the actual origin of PDs, six insulating liquids including Silicon 
oil #1 (Sil20), Silicon oil #1 (Sil350), Transformer oil (Toil), Synthetic capacitor liquid (Scl), 
Synthetic transformer liquid (Stl) and Ester liquid (Est), which have different PD properties 
were used instead of gel, and three substrate materials including AlN, Al2O3, and glass/epoxy 
composite were also examined.

A rather large variation in PDIV was observed for six mentioned liquids used in a point-plane 
electrode geometry under 50 Hz AC voltage at room temperature (20°C). However, a sub-
strate test geometry similar to an IGBT shows almost no changes in PDIV for the mentioned 
different liquids. Moreover, for the IGBT test geometry, PDs appear in both polarities and 
provides somewhat symmetrical patterns with good stability. However, asymmetrical PRPD 

Figure 16. The influence of nonlinear FDC coating layer on reducing the electric field in the module [48], License No. 
4383260855923.
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patterns for the point-plane electrode geometry were obtained. Using the gel in the men-
tioned experiments produces no change. Thus, it was concluded that PDs recorded with the 
substrate indeed do not occur within the liquid or the gel. The only remaining possibility is 
that PDs originate from the porous nature of the AlN or Al2O3 substrates. This is a hypothesis 
opposed to the ideas commonly accepted. The experiments carried out with another sintered 
porous material, and with a non-porous material (epoxy resin) confirm this hypothesis where 
with epoxy, no stable PD regime can be achieved.

In the almost same direction, it was experimentally shown in [53, 54] that surface discharges 
initiated at the triple junction and propagated at the gel-AlN substrate interface creates cavi-
ties composed of tree-like structure and spherical sub-cavities leading to the degradation of 
AlN substrate [53] as well as give rise to the growth of cavities in the gel [54]. Regarding the 
first issue, other substrates such as Al2O3 and glass were compared with AlN. The cavities 
usually start from the triple junction with high voltage and being pushed away from the high 
voltage conductor through a conductive channel on the power module substrate. Focusing on 
the conductive channel, it was found that during repetitive surface discharges, desorption of 
nitrogen from AlN substrate results in the formation of Al and this leads to a decrease in the 
resistance of cavity path that was measured around 5 kΩ/100 μm for AlN compared to above 
1 MΩ/100 μm for glass and Al2O3. Thus, it was justified that the high electric field at the tip 
of surface conductive paths is the reason for elongation the cavity stopping length for AlN 
to more than twice than that on other substrates. To address the second issue, the dynamic 
potential distribution of surface discharges in gel was measured by a two-dimensional sens-
ing technique with a Pockels crystal [54].

Another survey of the topics discussed in this book chapter can be found in [55] where other 
papers, as well as other aspects of the documents reviewed in this book chapter, are evalu-
ated. These two publications, [55] and this book chapter, cover together almost all electrical 
insulation issues in power electronics modules.

6. Conclusion

The book chapter reviews some technical issues raised for electrical insulation weaknesses in 
high power IGBTs. FEM modeling of electric stress inside modules, which have perfectly sharp 
edges, is a challenge where using rounded edges or assuming measuring points at a distance 
from edges are used to address this issue. Although PRPD patterns can be used to identify the 
origin and location of PDs, the hypotheses proposed based on the measured patterns have not 
reached an agreement. Further investigation is also needed to determine permissible levels 
for time and frequency dependent diagnostic methods for modules. The optical technique is 
a promising technique to localize PDs in a power electronics module. Using linear and non-
linear resistive electric field control as a coating layer or using field dependent permittivity 
materials as a filler in the silicone gel can be used to control PD in modules. However, these 
mitigation solutions are not mature and need further research.
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patterns for the point-plane electrode geometry were obtained. Using the gel in the men-
tioned experiments produces no change. Thus, it was concluded that PDs recorded with the 
substrate indeed do not occur within the liquid or the gel. The only remaining possibility is 
that PDs originate from the porous nature of the AlN or Al2O3 substrates. This is a hypothesis 
opposed to the ideas commonly accepted. The experiments carried out with another sintered 
porous material, and with a non-porous material (epoxy resin) confirm this hypothesis where 
with epoxy, no stable PD regime can be achieved.

In the almost same direction, it was experimentally shown in [53, 54] that surface discharges 
initiated at the triple junction and propagated at the gel-AlN substrate interface creates cavi-
ties composed of tree-like structure and spherical sub-cavities leading to the degradation of 
AlN substrate [53] as well as give rise to the growth of cavities in the gel [54]. Regarding the 
first issue, other substrates such as Al2O3 and glass were compared with AlN. The cavities 
usually start from the triple junction with high voltage and being pushed away from the high 
voltage conductor through a conductive channel on the power module substrate. Focusing on 
the conductive channel, it was found that during repetitive surface discharges, desorption of 
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insulation issues in power electronics modules.

6. Conclusion

The book chapter reviews some technical issues raised for electrical insulation weaknesses in 
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from edges are used to address this issue. Although PRPD patterns can be used to identify the 
origin and location of PDs, the hypotheses proposed based on the measured patterns have not 
reached an agreement. Further investigation is also needed to determine permissible levels 
for time and frequency dependent diagnostic methods for modules. The optical technique is 
a promising technique to localize PDs in a power electronics module. Using linear and non-
linear resistive electric field control as a coating layer or using field dependent permittivity 
materials as a filler in the silicone gel can be used to control PD in modules. However, these 
mitigation solutions are not mature and need further research.
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Abstract

Thanks to the Smart Grid initiative, the focus for medium-voltage MV (13.8–34 kV) smart
meters leveraged the development of sensors for distribution application. In order to be
useful at power quality monitoring, the sensors needs to attend, at least, the International
Electrotechnical Commission (IEC) 61000–4-30 and IEC 61000–4-7 standards with high-
accuracy in terms of voltage (less than 0.1%), current (less than 1.0%) and measuring the
waveform distortion data up to the 50th harmonic of 50 or 60 Hz alternating frequency.
This kind of sensor is built with two capacitors connected in series. The first capacitor is a
commercial electronic low-voltage device. One terminal of this capacitor is connected to
the medium-voltage (MV) conductor. The second one, is connected to the other capacitor
that is constructed using the own sensor packaging. This second capacitor has an elec-
trode, that is connected with the first capacitor and the other terminal is connected to the
ground. The voltage is measured between the terminals of the low voltage capacitor. The
performance of this capacitor depends on the geometry and the materials used in the
electrical insulation. This chapter describes the simulations and modeling of the capacitor
electrodes using a finite-elements software, COMSOL Multiphysics, for modeling in order
to optimize the performance of sensor in terms of electric field distribution.
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1. Introduction

One of the fundaments of the Smart Grid concept is that user safety should be ensured while
monitoring, updating and continuously reliably distributing electricity grid by adding smart
meters and monitoring systems to the power grid is obtained. This is necessary in order to
ensure electronic communication between suppliers and consumers [1]. Smart grid monitoring
systems require various types of sensors and transducers to monitor the grid conditions. After
the Smart Grid initiative, the focus for medium-voltage (MV) smart meters leveraged the
development of energy quality sensors for distribution application [2]. In order to be useful at
power quality monitoring, the sensors needs to attend at least the International
Electrotechnical Commission (IEC) 61000–4-30 and IEC 61000–4-7 standards [3, 4] with high-
accuracy in terms of voltage (less than 0.1%), current (less than 1.0%) and measure waveform
distortion data up to the 50th harmonic. In addition, this sensor must be easy to install and
remove without disconnect the distribution network and it must monitor the grid for a period
that may last longer than 1 week.

In this context, two power quality-monitoring technologies are prominent: wireless sensors [5]
or optical fiber sensors [6, 7]. Wireless sensors have the advantage of not needing any physical
medium to transmit the data to a remote measuring unit, but need to use batteries in order to
keep the electronic circuits working. On the other hand, optical fiber sensors have the advan-
tage of no need for electrical powering, but they need a physical link to the remote measuring
unit.

Independently of the technologic choice, current and voltage waves have to be measured in the
medium-voltage (MV) in order to obtain the power quality parameters. Particularly, for voltage
measurements, a capacitive or a resistive circuit divider [8–10] can be used to obtain a voltage
sample of the MV conductor. In this work, it is analyzed the capacitive case. The low capaci-
tance of this circuit accumulates more than 99.9% of the total voltage (e.g. 13.8 or 34 kV) and is
totally constructed using the own sensor packaging. In this capacitive circuit the first capacitor
is a commercial electronic low-voltage (LV) device. One terminal of this capacitor is connected
to the medium-voltage conductor. The second one, is connected to the other capacitor that is
constructed using the own sensor packaging. This second capacitor has an electrode, that is
connected with the first capacitor and the other terminal is connected to the ground.

A rigorous design is necessary for these sensors considering the safety aspects regarding to the
technician activities and to some environmental effects that can influence their performance,
such as, temperature, pressure and wind. Besides, it should be taken into account that the
external elements in the proximities of the sensors can alter the electrical and magnetic field
acting inside of them.

The current sensor for power quality measurements was not evaluated in this work since its
operation is different from the voltage sensor and in general it does not affect the insulation
properties of the power quality sensor. Traditional devices used as current sensor are current
transformer or Rogowski coil [11], and they are connected direct to the MV conductor without
ground connection.
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This chapter is organized as follows. Section 2 describes the physical structure of the sensor
studied in this work. Section 3 describes the analytical modeling of the sensor. Section 4
describes the finite-element method (FEM) review mainly focused in simulation of an electro-
static field and the sensor. In addition in this section it is presented the sensor simulation
validation. Finally, Section 5 presents the conclusions.

2. Voltage sensor for power quality applications

The proposed case study was the modeling of a current and voltage sensor for MVapplications
to be applied in live lines for the evaluation of energy quality.

According to Figure 1, a capacitive divider represented by C1 and C2 (F) provides the voltage
measurement. The capacitor C1 is a commercial capacitor used in electronic applications and is
placed in an electronic board of the sensor. C2 is a capacitor formed by an electrode and a
grounded pipe isolated by an insulation material (such as polymer, ceramic, glass or oil-
impregnated paper) where a high-intensity electric field remains concentrated. To meet accu-
racy of less than 0.5% in the voltage measurements, it is necessary to connect the LV terminal
of the sensor to the ground. Thus, it is not possible to use the parasitic capacitance as the C2

Figure 1. The voltage sensor for power quality applications. In the right is shown the elements that create the capacitance
C2.
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capacitor. The capacitive divider is designed in such way that C2 retains practically the totally
line voltage. The voltage on C1 measured by the sensor is defined by:

UC1 ¼ UT
C2

C1 þ C2ð Þ ≈UT
C2

C1
(1)

where UT (V) is the total voltage. The approximation in Eq. (1) is valid when C1 ≫C2.

The maximum voltage concentrated in C1 is around 5 V. The line voltage in MV can be 1 or
35 kV according [12]. Examples of voltage classifications between these values are: 4.16, 12.47,
13.2, 13.8, 24.94 and 34.5 kV.

The C2 design must meet some important requirements, such as, adequate dielectric strength
to support pulse voltage up to 100 kV [13], homogeneous field electric around the electrode
and absence of air bubbles near the electrode interface in order to reduce the growing of partial
discharges in the sensor [14]. The growing of partial discharges in the insulation due to electric
field concentration in a specific place and over time causes premature aging and breakdown of
insulation systems [15–19].

The dimensions of the sensor and characteristics of the insulation material will be described in
Section 3.

3. Capacitive analytical modeling for power quality sensor

The basic reference structure adopted for the voltage sensor is composed of two coaxial
cylinders terminated in hemispheres, as shown in Figure 2. This type of geometry simplifies
the practical construction of C2 and allows the creation of an analytical model. The internal
electrode is at line potential (U) and the external electrode is in the earth potential (0 V). The
internal and external electrode radii are, respectively, a (mm) and b (mm), the electrical permit-
tivity of the medium is ε and the cylinder length is L (mm). It should be noted that there is no
region of electric flux dispersion through the upper horizontal line due to the presence of a
guard’s electrode not shown in the figure. This figure also shows an equipotential line defined
by the distance x whose origin is the longitudinal axis of the cylinders. The equipotential line
has a value exact in the region between the cylinders because the electric field in this region is
constant and uniform while the equipotential in the hemispheres region has a value approxi-
mated because the electric field is non-uniform. As shown in [20], the equipotential surface
tends toward a hemisphere and by heuristic approach this is a good approximation.

The analytical study demonstrates the optimum relation between the radii of the cylinders.
The electric field is radial and is given by [21]:

E xð Þ ¼ q
2πLxε

(2)

where q (C) is the charge on the cylindrical part of the central electrode. The integral of the
electric field between the electrodes provides the voltage U between them, i.e.:
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U ¼
ðb
a
E xð Þdx ¼ q

2πLε
ln

b
a

� �
(3)

Substituting q from Eq. (3) into Eq. (2) leads to:

E xð Þ ¼ U
ln b

a

� � 1
x

(4)

where, substituting x to a, being a≪ b, it is evident that the maximum value of the electric field
occurs on the surface of the internal electrode. This maximum field value is given by [22]:

Emax ¼ U
ln b

a

� � 1
a

(5)

It is emphasized that the maximum value of the electric field is of interest in the design of the
sensor, since it determines the beginning of the insulation rupture process through the dielec-
tric. An analysis of Eq. (5) shows that this maximum field tends to infinity for the boundary
conditions a ! 0 and a ! b. The first case refers to an extremely fine internal electrode, where
the electric field on its surface is extremely high. The second case tends to an infinitesimal
distance between the electrodes, which has to withstand voltage, . Therefore, it is clear that there
is at least one minimum region between these two conditions, which is the optimal condition for

Figure 2. Structure of voltage sensor and equipotential surface. Dimension of geometric parameters in millimeters.
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the practical construction of C2 and allows the creation of an analytical model. The internal
electrode is at line potential (U) and the external electrode is in the earth potential (0 V). The
internal and external electrode radii are, respectively, a (mm) and b (mm), the electrical permit-
tivity of the medium is ε and the cylinder length is L (mm). It should be noted that there is no
region of electric flux dispersion through the upper horizontal line due to the presence of a
guard’s electrode not shown in the figure. This figure also shows an equipotential line defined
by the distance x whose origin is the longitudinal axis of the cylinders. The equipotential line
has a value exact in the region between the cylinders because the electric field in this region is
constant and uniform while the equipotential in the hemispheres region has a value approxi-
mated because the electric field is non-uniform. As shown in [20], the equipotential surface
tends toward a hemisphere and by heuristic approach this is a good approximation.

The analytical study demonstrates the optimum relation between the radii of the cylinders.
The electric field is radial and is given by [21]:

E xð Þ ¼ q
2πLxε
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where q (C) is the charge on the cylindrical part of the central electrode. The integral of the
electric field between the electrodes provides the voltage U between them, i.e.:
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sensor, since it determines the beginning of the insulation rupture process through the dielec-
tric. An analysis of Eq. (5) shows that this maximum field tends to infinity for the boundary
conditions a ! 0 and a ! b. The first case refers to an extremely fine internal electrode, where
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distance between the electrodes, which has to withstand voltage, . Therefore, it is clear that there
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the design of the sensor. Given b, the minimum value of Emax að Þ can be obtained by differentiat-
ing the maximum field with respect to a and making this result equal to zero:

dEmax að Þ
da

¼ 0 (6)

what provides the optimal condition:

b
a
¼ e (7)

where e ¼ 2:718 is the basis of natural logarithms. Therefore, the dimensioning of the elec-
trodes should be such that the ratio of the radii of the internal and external electrode obeys the
Eq. (7). Taking the condition of Eq. (7) into Eq. (5) it is obtained:

Emax ¼ U
a

(8)

Figure 3 shows the behavior of the maximum electric field for an external electrode of
b ¼ 50 mm of radius and different radii for the internal electrode when a voltage of 100 kV is
applied between the electrodes. It is observed that the minimum region is obtained by Eq. (7),
where a ¼ 18:4 mm. It is also noted in Figure 3 that the electric field variation around the
minimum value is very small, such as small variations around the optimum relation expressed
in Eq. (7) do not compromise the design. It should be noted that the critical region for the
rupture of the dielectric occurs in the hemispheric region, however this region can be

Figure 3. Electrical field on the surface of the internal electrode (0 < a < b), for b ¼ 50 mm and UT ¼ 100 kV.
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elongated, increase the radius of the center electrode, tending to a revolution ellipsoid in an
attempt to reduce the electric field at the electrode surface. These variations could be evaluated
through COMSOL Multiphysics software.

As discussed earlier, the hemispheric region may be modified in order to attenuate the electric
field at the tip surface of the central electrode. However, this makes analytical modeling
difficult, and therefore the numerical calculations become necessary. For the purpose of ana-
lytical calculations, the hemispheric configuration for the electrodes (internal and external) is
assumed, according to Figure 2. In the region between the hemispheres, the electric field is
radial and could be described as follows:

E xð Þ ¼ qh
2πx2ε

(9)

where qh (C) is the charge on the hemispheric part of the central electrode. The integral of the
electric field between the electrodes provides the voltage between them:

U ¼
ðb
a
E xð Þdx ¼ qh

2πε
1
a
� 1

b

� �
(10)

Substituting qh from Eq. (10) into Eq. (9) gives:

E xð Þ ¼ Uab
b� að Þ

1
x2

(11)

In a similar way to the case of the cylinder, the maximum field occurs on the surface of the
electrode:

Emax ¼ Ub
a b� að Þ (12)

Differentiating Eq. (6) with respect to a and making this result equal to zero, the minimum of
this function occurs for the condition:

b ¼ 2a (13)

Figure 4 shows the electric field on the surfaces of the cylinder and the hemisphere, for
different values of the a=b ratio. It is observed that the minimum field of the hemisphere occurs
for a=b ¼ 0:5 as showed by Eq. (13). The modification of the cylinder termination, passing from
a flat half ellipsoid of revolution to a hemisphere and to a stretched half ellipsoid of revolution,
aims to optimize the electric field on this region considering the cylindrical region as a refer-
ence. This can be done taken into account Equation 7. The dimensions of the ellipsoid could be
obtained through FEM developed in the COMSOL Multiphysics software.

The capacitance between the electrodes can be easily calculated by integrating the electric flux
along the spatial surface defined in Figure 3 resulting in:
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elongated, increase the radius of the center electrode, tending to a revolution ellipsoid in an
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field at the tip surface of the central electrode. However, this makes analytical modeling
difficult, and therefore the numerical calculations become necessary. For the purpose of ana-
lytical calculations, the hemispheric configuration for the electrodes (internal and external) is
assumed, according to Figure 2. In the region between the hemispheres, the electric field is
radial and could be described as follows:
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� �
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In a similar way to the case of the cylinder, the maximum field occurs on the surface of the
electrode:
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a b� að Þ (12)

Differentiating Eq. (6) with respect to a and making this result equal to zero, the minimum of
this function occurs for the condition:

b ¼ 2a (13)

Figure 4 shows the electric field on the surfaces of the cylinder and the hemisphere, for
different values of the a=b ratio. It is observed that the minimum field of the hemisphere occurs
for a=b ¼ 0:5 as showed by Eq. (13). The modification of the cylinder termination, passing from
a flat half ellipsoid of revolution to a hemisphere and to a stretched half ellipsoid of revolution,
aims to optimize the electric field on this region considering the cylindrical region as a refer-
ence. This can be done taken into account Equation 7. The dimensions of the ellipsoid could be
obtained through FEM developed in the COMSOL Multiphysics software.

The capacitance between the electrodes can be easily calculated by integrating the electric flux
along the spatial surface defined in Figure 3 resulting in:
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C ¼ 2πε
L

ln b
a

� �þ ab
b� að Þ

" #
(14)

By inserting the condition of Eq. (7) into Eq. (14) one obtains:

C ¼ 2πε Lþ ae
e� 1ð Þ

� �
(15)

This can also be expressed as:

C ¼ 0:0556εr Lþ 1:58a½ � (16)

where εr is the relative permittivity of the medium and the capacitance C is obtained in pF for L
and a in millimeters. For example, considering εr ¼ 3:8 (acetal, dielectric strength >50 kV/mm,
DIN 53481 [23]), L ¼ 50 mm, and a ¼ 18:4 mm (b ¼ 50 mm), C ¼ 16:7 pF is obtained.

It is observed that the minimum field of the hemisphere occurs for a=b ¼ 0:5:

4. FEM review and simulation validation

FEM is based on the solution of a boundary value problem composed of a governing equation
and boundary conditions. The main idea behind this method is the division of the domain of
interest in subdomains known as elements and the adoption of shape functions for the

Figure 4. Electric field on the surface of the internal electrode, for b ¼ 50 mm and U ¼ 100 kV. The marks indicate
minimum values on the surfaces of the cylinder and the hemisphere, for different values of the a=b ratio.
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unknown variables, which are only solved for the nodes (element corners). Thus, instead of
solving an analytical equation, these unknowns are determined by a set of algebraic equations
and the results for regions other than the nodes can be obtained by interpolation. Proper domain
discretization is crucial to ensure the accuracy of results since the mesh format must adequately
reproduce the original geometry of the structure. An example of domain discretization can be
seen in Figure 5.

This procedure reduces the generality of the mathematical framework, but enables the study of
components of complex geometry. Many real world study cases involve the analysis of such
problems, which are virtually impossible to be done by analytical methods.

A succinct overview of FEM for the simulation of an electrostatic field is presented next
considering a stationary solving method since the voltage boundary condition chosen has a
constant value. A more detailed explanation can be found in [24–28]. The voltage distribution
in a dielectric of arbitrary geometry is described by the following differential equation:

∇∙ ε0εrEð Þ ¼ rv (17)

where ε0 ¼ 8:85419� 10�12 F=m, εr is the relative permittivity, E (kV/mm) is the electric field
and rv (C/m

3) is the free charge density. The relation between electric field and the voltage U is
defined as:

�∇U ¼ E (18)

Substituting Eq. (18) into Eq. (17) and considering a homogenous dielectric with rv ¼ 0 results
in the Laplace’s equation:

∇∙∇U ¼ 0 (19)

Eq. (19) has to be transformed into an energy functional form that relates directly to the energy
of the system in order to be used in FEM. This function can be written for an element α as:

Fα ¼
ð

α

1
2
ε0εrE2dα (20)

with units of V2/m2 for a one-dimensional domain, for example.

Figure 5. Example of one-dimensional domain discretization.
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unknown variables, which are only solved for the nodes (element corners). Thus, instead of
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and the results for regions other than the nodes can be obtained by interpolation. Proper domain
discretization is crucial to ensure the accuracy of results since the mesh format must adequately
reproduce the original geometry of the structure. An example of domain discretization can be
seen in Figure 5.

This procedure reduces the generality of the mathematical framework, but enables the study of
components of complex geometry. Many real world study cases involve the analysis of such
problems, which are virtually impossible to be done by analytical methods.

A succinct overview of FEM for the simulation of an electrostatic field is presented next
considering a stationary solving method since the voltage boundary condition chosen has a
constant value. A more detailed explanation can be found in [24–28]. The voltage distribution
in a dielectric of arbitrary geometry is described by the following differential equation:
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The function gives the voltage distribution that satisfies the governing partial equation when
differentiated with respected to U and equaled to zero. Thus, the change in the global function
due to the change in the voltage of node i is:

∂F
∂Ui

¼
X
α

∂Fα
∂Ui

(21)

where the summation represents the contribution from all elements associated with Ui or all
the elements connected to node i. These derivatives are equaled to zero resulting in a group of
simultaneous equations arranged in matrix form as:

St½ � Uif g ¼ 0 (22)

where St½ �n�n is the stiffness matrix whose terms are defined by geometric parameters of the
nodes and material properties. Uif gn�1 is a column matrix of voltages, which are the
unknowns to be solved. Additionally, the boundary values of voltage associated to some of
the nodes are applied to this matrix. After the determination of the voltage distribution, the
electric field can be obtained by numerically solving Eq. (18).

As it can be noticed, the assumptions made in the original analytical problem for the FEM
strongly affect the results. Thereby, the results provided by the simulation have to be validated
to ensure their accuracy. To do so, these results are compared to the ones of an analytical model
derived for specific conditions as previously presented. Analytical results of electric field from
Eqs. (4) and (11) are taken for, respectively, the cylindrical and hemispheric regions as refer-
ences for the simulation whose parameters of interest are the order of the shape functions and
the mesh refinement.

It is worth to mention that the dielectric geometry has a longitudinal axis-symmetry, which
implies that the unknown values do not change along the azimuthal axis and thus only a
transversal plan needs to be modeled in FEM and the rest of the solution can be extrapolated.
Figure 6 shows the structure modeled around its axis of symmetry for a ¼ 18:4 mm (inner
radius) and b ¼ 50 mm (outer radius) in both cylindrical and hemispheric regions. Addition-
ally, voltage boundary conditions were the same as the ones used for the analytical model.
Electric field values were extracted along paths P1-P2 and P3-P4, respectively, in the cylindrical
and hemispheric regions.

As a default, COMSOL uses a second order shape function in order to improve the results’
accuracy. This choice seems to be adequate as the analytical results showed that the radial
variation of the electric field fallows a quadratic pattern. However, a mesh convergence study
is still needed in order to minimize domain discretization effects on the results. In this proce-
dure, the mesh is successively refined and the values of interest are compared to a reference.
Figure 7 shows the meshes evaluated.

Figures 8 and 9 show the comparison of analytical results given by Eqs. (4) and (11) with
numerical results for three mesh refinements using quadratic shape functions, respectively, for
the cylindrical and hemispheric regions. The electric field results obtained by the simulations
presented good agreement with the analytical results indicating that quadratic shape functions
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Figure 6. Voltage sensor modeled considering its axis of symmetry, voltage boundary conditions and paths of interest for
the validation (dimensions in millimeters).

Figure 7. Meshes used for the mesh convergence study.

Figure 8. Cylindrical region—comparison of analytical and numerical electric fields for mesh selection.
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X
α

∂Fα
∂Ui

(21)
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are indeed a good choice. In addition, it can be seen that mesh refinement led to a better
solution field as the relative error computed using the analytical values as reference decreased.
Besides, the duration of the simulations for the three cases did not increase significantly with
the last case taking about 1 s. The computer used was a workstation with an Intel(R) Core™ i7–
4790 3.60 GHz CPU and 16 GB of RAM.

Finally, another way to validate the simulations is to compute capacitance values from the
simulations by numerical integration of the electrical flux along the inner surface in which
100 kV was applied. These values are compared with the analytical one described by Eq. (14)
as shown in Table 1.

Since the model related to the fine mesh provided electric field distributions that best agreed
with the analytical results in both cylindrical and hemispheric regions of the voltage sensor,
and get a capacitance value that closest matched with Eq. (14), this model was successfully
validated and will be used in the case study presented below.

5. A case study using COMSOL

As explained in Section 3, the modification of the cylinder termination of the central electrode,
passing from a flat half ellipsoid of revolution to a stretched half ellipsoid of revolution, aims
to optimize the electric field on this region. Therefore, the optimum geometry of the ellipsoid
could be obtained through a parametric study, as shown in Figure 10. Varying only the vertical
semi-axis (v) and setting the horizontal semi-axis (h) constant, the geometry of the cylinder

Figure 9. Hemispheric region—comparison of analytical and numerical electric fields for mesh selection.

Numerical (pF) Analytical (pF) Difference (%)

Coarse mesh 16.812 0.500

Normal mesh 16.810 16.728 0.488

Fine mesh 16.809 0.482

Table 1. Analytical and numerical capacitance values.
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termination shall change from a flat geometry up to a stretched geometry between points P5

(region next to transition from cylindrical region to the elliptic region) and P6 (region at the tip
of centre electrode).

From the simulation of the electric field for different values of semi-axis v, it is verified that for
small values of semi-axis v, the electric field is more concentrated on the edges and assumes
large values in the transition region from cylinder region to elliptic region presenting irregular
distribution, as shown in Figure 11. Similarly, an irregular distribution is observed for large
values of semi-axis v, but with more concentration of electric field at the tip of the central
electrode. On the other hand, for values of semi-axis v near the hemispheric geometry of radius
a, a better electric field distribution for the entire surface is observed with a minimum concen-
tration. This result shows that the investigation for the optimum condition should be concen-
trated around the hemispheric geometry.

To do so, a normalized path between points P50 and F0 is used in order to provide a better
visualization for the distribution of electric field norm for different geometries of the central
electrode, as shown in Figure 10. As an illustration of this procedure, considering two distinct
geometries having different lengths and shapes of original paths P5-P6, such as the flat and
stretched cases of Figure 11, their electric filed can be directly compared thought the path
normalization proposed. This is performed in Figure 12 where the flat geometry shows an
electric field concentration close to point P5

0 while for the stretched geometry the concentration
is observed at the tip (point P6

0), as expected. Additionally, the hemispheric geometry produces
a small electric field norm variation along the trajectory between points P5

0 and P6
0. This

Figure 10. Illustration of parametric study based on the geometric modification of the hemispheric region.
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emphasizes that the best geometry for the central electrode in terms of electric field distribu-
tion must be close to the hemispheric geometry.

Therefore, this work has been focused on parametric studies around the hemispheric geometry
with variations in the value of the semi-axis v of the central electrode. Eleven cases were
simulated with a step of 0.2 mm being five cases below 18.5 mm (tip flattening) and five cases
above 18.5 mm (tip stretching), as shown in Figure 13. It is important to note the effect of
geometric modification on electric field norm along normalized path P5

0-P6
0. As an example,

the response curve for the flattening geometry has bigger values of electric field close to the
point P5

0 and lower values close to the point P6
0. Also, these curves indicate the existence of a

case whose maximum electric field value along E0-F0 path is the smaller one among the other
curves, making it a candidate for the optimum condition.

Figure 14 presents the maximum electric field norm along the normalized path P5
0-P6

0 for each
case presented in Figure 13. The existence of an optimum condition is evidenced by the trend
in the results provided by the simulated cases. The exact value of the semi-axis v for this
optimum condition is obtained through interpolation, leading to an optimum value of
17.5 mm.

A new parametric study was performed in order to confirm the best condition found. Three
cases around the optimum semi-axis v of 17.5 mm were simulated with a smaller step of
0.1 mm. Figure 15 shows these results indicating that the solution for v ¼ 17:5 mm is indeed
the optimum solution since it ensures the lowest electric field norm when the whole normal-
ized path P5

0-P6
0 is considered. Another form of analysis is to compute a relative percent

difference taking the electric filed norm from the cylindrical region, which is constant for any
modifications in the geometry of the hemispheric region, as a reference (5.447 kV/mm). As it

Figure 11. Electric field distribution for three geometries.
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can be seen, again the optimum condition curve presents smaller values than the other curves
when the whole normalized path P5

0-P6
0 is considered.

This conclusion is supported by an extension of the last parametric study, as shown in the
Figure 16, where 21 different values around 17.5 mm with a step of 0.1 mm for the semi-axis v
were computed. The relative difference metric was calculated for the maximum value of each
electric field norm distribution evidencing the optimum condition of 17.5 mm, as expected.

Figure 12. Electric field norm along normalized path P50-P6
0 for three geometries.

Figure 13. Effect of tip deformation on electric field norm along normalized path P50-P60.
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Figure 14. Interpolation of results for optimum condition.

Figure 15. Electric field norm and relative difference metric along normalized path P50-P60 for optimum condition
verification.
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Another conclusion is that, for this optimum geometry, a reduction of approximately 1.5% in
the maximum electric field is achieved when compared to the hemispheric geometry. This
improvement is strategic to ensure the safe operation of the sensor since partial discharge is a
localized phenomenon influenced by electric field concentration. In a real scenario, because of
imperfections in the dielectric due to the manufacturing process, such as air bubbles, a light-
ning impulse of 100 kV can lead to local discharges in points of high-electric field concentra-
tion, which will cause the failure of the sensor.

Finally, Figure 17 shows the C2 capacitance variation for a wide-range of values of semi-axis v
covering the geometries presented in Figure 11. It is possible to see that the value of C2 for the
optimum condition is very close to the ones shown in Table 1 since the geometry of the
optimum condition is very close to a hemisphere. In addition, the range of capacitance values
obtained is compatible to the design of the capacitive divider.

Figure 16. Relative difference of maximum electric field norm considering cylindrical region as reference.
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6. Conclusion

A rigorous capacitor design is necessary for MV sensors when capacitive divider is used to
obtain a voltage sample. This is due to safety aspects regarding to the technician activities and
some environmental effects that can influence their performance, such as temperature, pres-
sure and wind. In addition, external elements in the vicinity of the sensor can alter the electric
field acting inside of it.

The basic structure adopted for the voltage sensor is composed of two-coaxial cylinders
terminated in a hemisphere, which simplifies the practical construction of the capacitor.
Although, this work demonstrated that the geometry of the electrode termination should be
different of a hemisphere in order to minimize the electric field distribution in this region.

This conclusion was based in finite-element studies developed in COMSOL software. The first
one, considered a hemispheric electrode termination of 18.4 mm of radius and was compared
to an analytical model for validation purposes. Next, a parametric study was developed, in
which the termination was changed from a flat to a stretched geometry, to obtain the optimum
condition. The electric field distribution along the termination for this condition was compared
to a reference value extracted from the cylindrical region (5.447 kV/mm). The result is that the
optimum geometry is slightly flatter than a hemisphere having a semi-axis v equals 17.5 mm.

Additionally, the electric field distributions of the optimum and the hemispheric geometries
were compared evidencing a magnitude reduction of approximately 1.5%. This improvement
is strategic to ensure the safe operation of the sensor since partial discharge is a localized
phenomenon influenced by electric field concentration. In a real scenario, because of

Figure 17. Capacitance values C2 for different values of semi-axis v. The mark indicates optimized electric field condition.
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imperfections in the dielectric due to manufacturing process imprecision, such as air bubbles, a
lightning impulse of 100 kV can lead to local discharges in points of high electric field concen-
tration, which will cause the failure of the sensor.
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Abstract

The relationship between insulation aging and generator lifespan using fiber optic sen-
sors (FOSs) is explored to ultimately improve asset lifespan through smart choices in run-
ning conditions and maintenance. Insulation aging is a major factor that causes generator 
failure. FOS provides the rare opportunity of being installed up close to the insulation, 
monitoring degradations that are otherwise difficult to detect. FOSs, unlike purely electri-
cal transducers, are immune to high voltage (HV) and strong electromagnetic (EM) fields. 
They are small and have a proven long life by their deployment in the Telecom industry. 
The proposed FOS is a Fabry-Perot cavity made up of two identical fiber Bragg gratings 
(FBGs) using light wave interference as the working principle. Such architecture delivers 
simultaneous vibration (10 Hz–1 kHz) and temperature (0.1°C resolution) monitoring, both 
helping to spot irregular vibration patterns (signatures) and hot-spots inside the generator 
stator slots. The signal processing unit equipped with a gateway device can help to connect 
the large volume of sensor data, allowing correlation with the supervisory control and data 
acquisition (SCADA) system data of the plant. This chapter also elaborates on the field test 
jointly conducted with Calpine Corporation and Oz Optics, Ltd. (Ottawa, Ontario, Canada).

Keywords: hot-spot, fiber Bragg grating (FBG), Brillouin scattering, generator, 
vibration, Fiber optic

1. Introduction

Insulation aging phenomenon in air-cooled gas-fired generators is a problem confronting 
both original equipment manufacturers (OEMs) and owners of these competitive assets [1]. 
The expected life of these generators largely depends on design, manufacturing workman-
ship and choice of material. It also depends on the way they are used. They are used to 
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adapt to the intermittent nature of renewable energies, subjecting them to many start-stop 
cycles. Such cycles give rise to stresses and creeps from material expansion and contrac-
tion. Under constant cost reduction, pressure generators are getting less expensive and their 
quality also suffers. Their characteristic strong vibrations that shake the structure loose 
further aggravate this.

Figure 1 (left) shows how vibration causes delamination in the core, allowing the varnish 
to wear out and then eddy currents to introduce hot-spots affecting the performance of the 
winding in the slot located close by. It becomes a downward spiral of mechanical degrada-
tion. Some of the cost reducing innovations that were previously introduced worked well 
in a base load operation. However, in a constant start-stop mode of operation, generators 
are susceptible to outage early in their life because they are air-cooled. The constant thermal 
cycling combined with the variable characteristics of the air contribute to early wear. They 
can suffer from a new failure mode called vibration sparking. This is the first time that this 
failure mechanism has been observed as failure in progress as shown in Figure 1 (middle). 
They usually become uncovered upon a complete breakdown. A simple model that combines 
thermal aging and a mechanical vibration-assisted degradation process is introduced in the 
following sections.

Thermal aging of the insulation is often related to temperature as generators have been 
around for more than 100 years. The insulation material has gone through many innovative 
improvements [2]. A greater focus is given on the mica material and winding design that has 
a top layer of conductive carbon paint or conductive tape, which makes connection to the 
grounded stator. This is the working principle of the generator and other rotating machines 
such as the large industrial motors.

2. Insulation aging

The investigation result of generator fault event shows that the failure probability of the sin-
gle generator will be increasing with the generator’s capacity and applying time increasing. 
The investigation results show that more than 50% electrical equipment failures are caused 
by the insulation system [3]. How to detect generator insulation aging and degradation is 
of great economic and social significance. Improved reliability in power distribution affects 
every level of society.

Figure 1. At the left, local loose core found using simple knife check. At the middle, defects start to appear as pinholes. At 
the right, partial discharge removes the conducting paint without affecting the underlying mica.
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2.1. Insulation aging reasons

For the gas-fired generator, the stator winding, which is the direct carrier that generates elec-
tricity, would sustain different kinds of combined effects in the process of operation simul-
taneously, such as electric, heat, mechanical and any other actions [4]. The investigation and 
researching results gained by many researchers, show that a series of physical and chemical 
changes will occur during the insulation materials operating for a long time, such as insula-
tion medium softening, pinhole, cracking, ionization, etc. [5]. It is generally assumed that 
insulation aging is affected mainly by thermal cycling, heat aging, electric aging, mechanical 
vibration aging combined together [6].

2.1.1. Heat-aging effect

Many generator insulation materials consist of mica and epoxides. Mica and epoxides both 
have excellent heat resistant characteristics. The occurring rate of the aging phenomenon is 
slow while the generator is working under normal temperatures, and the higher the tempera-
ture of the insulating material is, the faster the heat aging. The insulation materials perfor-
mance decreases with the increase of temperature. For the generator, the main reasons for the 
increase of insulation temperature are the resistance heat of the conductor, partial discharge, 
leakage current of the insulation and the heat caused by the dielectric loss. For the epoxide-
mica insulation medium, there are two ways to affect the insulation performance: one is the 
epoxy-mica temper embrittlement and thermal degradation and another is the local defects 
caused by thermal expansion of the polymer [7].

2.1.2. Mechanical stress effect

The generator stator windings are nested in the mechanical supporting structure. The stator 
winding is generally running under mechanical stress. At the same time, there always exists 
vibration, which corresponds with stress. The electromagnetic force generated on the stator 
windings changes the rotor turning speed variation. Due to the effect of long time fluctuating 
mechanical force, there would produce some joint loosening and vibration. Under the action of 
alternating stress and vibration, the conductive carbon coating attached to insulation material 
would loosen and shed because of the vibration fatigue. We call it mechanical insulation aging 
which is caused by mechanical stress. The alternating mechanical force comes from static 
mechanical force, the start-stop electromagnetic force, and mechanical vibration force at run-
ning time [8]. Mechanical vibration force at running time produces as illustrated in Figure 2.

2.1.3. Sparking effect

The winding insulation of generators are made of epoxy & mica combined together. Due to 
the difference of expansion coefficient and manufacturing process, there exists some micro-
gaps between materials and carbon coating, different insulation layers, under the effect of 
electric field, the sparking caused by partial discharge would be showing up at the micro-gap 
location. Due to the sparking, there are three damage types. One type is that the main insu-
lation thickness becomes thinner because the adhesive between the coating and the insula-
tion medium is carbonized by the high temperature in the micro-gap caused by the partial 
discharge. The second type is that the edges of the insulation medium and the air gap wall 
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would appear to erode into pit and pinhole defects because of the striking by a large number 
of charged particles at high speed, which lead to a decline in insulation. The third type is that 
the discharge can produce ozone, which damages the insulation and copper conductor by 
combining with water, NO and NO2 [9–15].

2.2. Gas-fired generator aging

2.2.1. Insulation thermal aging

The reliability of the insulation is dependent on the thickness of the mica layer being applied 
in different parts of the windings [16–18] as illustrated in Figure 3.

Then, a top coating of conductive layer is overlaid to complete the structure. Therefore, the 
full voltage will now be exercised across the insulation as depicted in Figure 4.

The layers are quite thick, normally free of pinholes, defects, and other imperfections. 
However, the material ages with time, which results in reduction of their insulation proper-
ties. Defects start to form from partial discharge (PD) occurring where the windings show 
traces of contamination left behind during manufacturing and handling. This phenomenon is 
one among other degradation processes at work.

Figure 3. Conceptual depiction of the various insulation subdivisions. Courtesy of QPS Photronics.

Figure 2. Mechanical vibration force at running time produces illustrated. Courtesy of QPS Photronics.
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2.2.2. Strong vibration aging

Vibration is an equally powerful aging mechanism. Vibration is inherent in the design 
structure of any rotating machine. Most generators are two-pole machines where uneven 
air gaps can be introduced due to misalignment, giving rise to a two-time line frequency 
(2xLF) nominal signature [19]. Then there is the effect of unbalancing, which gives a strong 
line frequency (1xLF) component. Vibration can become much stronger when the material 
and structure become close to a resonance mode. Excessive vibration can start rubbing the 
insulation, triggering shortened turns or shorts to ground. Figure 5 shows the interactions 
inside a complex winding. Vibration in a generator can occur in both the radial and tangen-
tial directions.

2.2.3. Hot-spot vibration sparking aging

Vibration sparking is a special process in gas-fired generators combining insulation thermal 
aging together with strong vibration effects [20–22]. Hot-spot measurement was performed 
in a random wound electric machine coil [23]. Vibration measurement was also performed 

Figure 4. Depiction of grounded conductive outermost layer. Courtesy of QPS Photronics.

Figure 5. Eight strands within a stator slot interacting with each other under the effect of vibration. Courtesy of QPS 
Photronics.
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using a wideband fiber optic vibration sensor (see [21]). For confirming the effect of vibration 
sparking on insulation performance, some methods were actually developed to monitor the 
end winding of a large power generator. For example, a simple fiber Bragg grating (FBG) have 
been used to measure hot-spots and they found the measured value affected by vibration of 
the motor (see [23]). A thin vibration sensor was developed for monitoring winding vibration 
inside the transformer [24] by making use of the long gauge effect, namely a length of single-
mode fiber spliced onto the cavity rendered the whole fiber a distributed vibration sensor. 
Meanwhile, the field test was performed in cooperation with Calpine Corporation. When 
Calpine Corporation found signs of disturbance in the winding insulation, they realized that 
it was time to perform a major maintenance, leading to a rewind. Some samples of the affected 
windings were examined (Figure 6). There seems to be various stages of degradation.

All the measurement research above shows that as the revolutions per minute (RPM) are 
increased, various local resonances started to appear. Then, unique frequency signatures 

Figure 6. Patches of insulation damage on winding. Close-up highlights pinholes formed in the conductive carbon paint. 
Courtesy of QPS Photronics and Calpine Corporation.

Figure 7. At left, conceptualization of vibration sparking. At right, complete winding insulation became destroyed at 
another power plant suspected of having similar problem.
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appeared and were associated with different deliberately introduced faults like open-circuits, 
short-circuits, and bearing digs. Note that they are recoverable after the experiment. It is 
observed that they are very distinct from those obtained when the motor was restored to its 
original healthy condition (see [19]).

It is hypothesized these were related hot-spots developed in the stator, caused by eddy current 
loops, formed when damage occurs between the insulation and the neighboring laminated 
steel plate. The hot-spots reduced the performance of the insulation and PD subsequently 
occurred, eroding further the carbon paint. Furthermore, mica insulation also suffered from 
damage. PD activities would not have sufficient energy to puncture the mica and another fail-
ure mechanism might be at work, vibration sparking. Such process is defined by excessive 
vibration occurring in the slot so that the carbon paint, normally maintaining ground contact to 
the stator, failed and HV appears at some of those disturbed locations and the air breaks down 
to form a plasma. Figure 7 (left) illustrates the concept. For the other side of the vibrating part, 
the plasma lost contact with its current source. This is a powerful source of electro-etching, an 
industrial process used to etch hard material like ceramics. If this process continues undetected, 
it destroys the mica insulation, leading to an unplanned outage as shown in Figure 7 (right).

3. Insulation aging detection theory

3.1. Insulation aging model

In order to master the law of aging and reduce the losses due to aging, some aging models of 
insulation have been established based on practical experience and theoretical analysis.

3.1.1. The aging model of single factor

(1) Electric stress aging model

The Power Reciprocal model in low electric field and the Index model in high electric field are 
proposed based on a lot of electric stress affected researches. The Power Reciprocal model is 
as follows [25]:

  L =  kE   −n   (1)

where: L represents failure time, E represents external applied voltage, k and n are empirical 
constants.

The Index model is as follows [26]:

  L = a exp (− bE)   (2)

where: L represents failure time, E represents external applied voltage, a and b are empirical 
constants.

(2) Thermal aging model
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Figure 6. Patches of insulation damage on winding. Close-up highlights pinholes formed in the conductive carbon paint. 
Courtesy of QPS Photronics and Calpine Corporation.

Figure 7. At left, conceptualization of vibration sparking. At right, complete winding insulation became destroyed at 
another power plant suspected of having similar problem.
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proposed based on a lot of electric stress affected researches. The Power Reciprocal model is 
as follows [25]:
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The Index model is as follows [26]:
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where: L represents failure time, E represents external applied voltage, a and b are empirical 
constants.
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The thermal aging model based on the equation that describing the relationship between the 
rate constant of the chemical reaction and the temperature as follows:

  lnt = lnA +   
 E  0   ___ RT    (3)

where: t represents the set testing time, A is constant,   E  
0
    represents the energy loss during 

the process of aging (unit: kJ/mol), R equals to the gas constant (8.314 J/mol·K), T represents 
temperature (K).

(3) Mechanical stress aging model

The mechanical stress aging model of a large motor is generally expressed by the empirical 
formula as follows:

  L =  K  m    S   −m   (4)

where: L represents the failure time, S represents the mechanical stress, m and K are empirical 
constants related to vibration frequency [27].

3.1.2. Electric-thermal two-factor aging model

With the in-depth study of single factor electric and thermal aging, it is found that the reasons 
for the insulation aging are not isolated. The electric-thermal two-factor aging model that is 
widely accepted is as follows:

(1) Simoni model

Based on the function of hypothetical electric field  F (E)  = ln (E /  E  
0
  )  , Simoni proposed the two-

factor aging model as follows:

  L (T, E)  =  L  0     (  E __  E  0  
  )    

−A
  exp [− BΔ (  1 __ T  ) ]   (5)

where:  A = n − bΔ (1 / T)  ,  n  represents the index of the power reciprocal,   L  
0
    represents the break-

down time at  E =  E  
0
   ,  E  represents applied electric-field,   E  

0
    represents a reference electric-field 

value, b represents an empirical constant determined by the insulation materials,  B  represents 
the constant of the single factor thermal aging model, T represents the temperature (K).

(2) Ramu model

Based on the rate of Eyring physical chemistry reaction and considering the temperature 
function as constant, the Ramu the model is established from the Power Reciprocal aging 
model as follows [28]:

  L (T, E)  = c (T)   E   −n (T)   exp [− BΔ (  1 __ T  ) ]   (6)

where: parameter definitions are identical as the ones found in the Simoni model,  c  and  n  are 
empirical constants.
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(3) Crine model

Crine proposed that the process of aging could be characterized by the energy barrier, and 
considered that the age of the insulation medium equals the time of the charged particles 
crossing the barrier. Based on the hypothesis that the average time of collective carriers 
through the potential barrier are equal to the time of a single carrier passing through the 
barrier, the aging model described by the relation of thermal-dynamic is obtained as follows:

  L =   h ___ kT   exp [  ΔG − e𝜆𝜆E _______ kT  ]   (7)

where: L represents the failure time,  h  represents the Plank constant,  k  represents Pohl Seidman 
constant,  ΔG  represents free energy,  λ  represents the width of barrier, and  e  represents the 
particle charge involved in the aging process.

The mathematical models of insulation aging above show how to theoretically predict the tem-
perature, PD and stress in a timely fashion. It is the foundation of predicting the life of insula-
tion materials and reducing safety accidents. In the context of the demand for electric power 
equipment that goes increasingly up, researchers nowadays have their full attention on predic-
tive methods to trend the aging of insulation and therefore predict the generator’s service life.

3.2. Fiber grating detection technology

Due to the complex environment caused by electricity, heat, machinery and chemistry, there 
are few sensors able to detect the insulation’s aging in generators. With the increasing sophis-
tication of fiber optic based technology, FBG based sensor has become the research focus in 
the field of sensors because of its inherent advantages, such as compact structure, corrosion 
resistance, intrinsic passivity, indifference to electromagnetic interference and its multiplex-
ing abilities.

3.2.1. Principle of optical Fiber sensing technology

Optical fiber sensing technology senses and transmits external environment parameter varia-
tions based on the optical fiber medium. The optical fiber has the characteristic and ability to 
sense and transmit the information to the optical-electric field in itself directly or indirectly. 
When a beam of light illuminates through optical fiber, the change of the external environment 
parameters (e.g. vibration) could be sensed. The optical-electric fields characteristic value in the 
optical fiber, such as amplitude, phase, wavelength and polarization, would be affected by the 
signals sensed while the sensed signal propagates in the fiber. Furthermore, by using a demodu-
lation device, the changes of the external environment physical parameters quantity could be 
obtained by using the signal reversing method [29]. The principle of optical fiber sensing is 
depicted in Figure 8.

3.2.2. Fiber Bragg grating sensor model

Based on the light coupling-mode theory at the scale of micro-disturbances, the effective 
refractive index of grating region and the central wavelength of FBG could be obtained by 
solving the light equation as follows [29]:
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(3) Crine model

Crine proposed that the process of aging could be characterized by the energy barrier, and 
considered that the age of the insulation medium equals the time of the charged particles 
crossing the barrier. Based on the hypothesis that the average time of collective carriers 
through the potential barrier are equal to the time of a single carrier passing through the 
barrier, the aging model described by the relation of thermal-dynamic is obtained as follows:

  L =   h ___ kT   exp [  ΔG − e𝜆𝜆E _______ kT  ]   (7)

where: L represents the failure time,  h  represents the Plank constant,  k  represents Pohl Seidman 
constant,  ΔG  represents free energy,  λ  represents the width of barrier, and  e  represents the 
particle charge involved in the aging process.

The mathematical models of insulation aging above show how to theoretically predict the tem-
perature, PD and stress in a timely fashion. It is the foundation of predicting the life of insula-
tion materials and reducing safety accidents. In the context of the demand for electric power 
equipment that goes increasingly up, researchers nowadays have their full attention on predic-
tive methods to trend the aging of insulation and therefore predict the generator’s service life.

3.2. Fiber grating detection technology

Due to the complex environment caused by electricity, heat, machinery and chemistry, there 
are few sensors able to detect the insulation’s aging in generators. With the increasing sophis-
tication of fiber optic based technology, FBG based sensor has become the research focus in 
the field of sensors because of its inherent advantages, such as compact structure, corrosion 
resistance, intrinsic passivity, indifference to electromagnetic interference and its multiplex-
ing abilities.

3.2.1. Principle of optical Fiber sensing technology

Optical fiber sensing technology senses and transmits external environment parameter varia-
tions based on the optical fiber medium. The optical fiber has the characteristic and ability to 
sense and transmit the information to the optical-electric field in itself directly or indirectly. 
When a beam of light illuminates through optical fiber, the change of the external environment 
parameters (e.g. vibration) could be sensed. The optical-electric fields characteristic value in the 
optical fiber, such as amplitude, phase, wavelength and polarization, would be affected by the 
signals sensed while the sensed signal propagates in the fiber. Furthermore, by using a demodu-
lation device, the changes of the external environment physical parameters quantity could be 
obtained by using the signal reversing method [29]. The principle of optical fiber sensing is 
depicted in Figure 8.

3.2.2. Fiber Bragg grating sensor model

Based on the light coupling-mode theory at the scale of micro-disturbances, the effective 
refractive index of grating region and the central wavelength of FBG could be obtained by 
solving the light equation as follows [29]:
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  δ n  eff   =   δ n  eff     
−−−−−  [1 + cos (  2π ___ Λ   z) ]   (8)

where:   n  
eff

    represents the effect refractive index,  Λ  represents grating period,    δ n  eff     −−−−−   represents 
the change of the average effective refractive index.

The characteristic wavelength that interacts with the optical fiber corrugation is represented 
by:

   λ  B   = 2  n  eff   Λ  (9)

where:   λ  
B
    represents the Bragg (central) wavelength.

Figure 8. The principle of optical fiber sensing.

Figure 9. The frame of the Bragg fiber grating and its reflecting schematic diagram. Courtesy of QPS Photronics.
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From the FBG central wavelength formula, we can conclude that: (A) when a beam of inci-
dent light transmits through the grating region, there always exists a fraction of the light that 
reflects back, and the wavelength of the reflected light must satisfy the Bragg wavelength 
Eq. (9); (B) The Bragg wavelength of the FBG only depends on the grating period  Λ  and the 
refractive index   n  

eff
   .

A proper FBG will have its central wavelength solely determined by the corrugation period 
and effective refractive index. The FBG central wavelength, period, and effective refractive 
index are all fixed constants, meaning that the reflection spectrum of the FBG central wave-
length is always fixed at reflecting peak on the condition that the FBG sensor is under the 
same environmental conditions [30, 31]. The frame of the FBG and its reflecting schematic 
diagram are shown in Figure 9.

3.2.3. Fiber Bragg grating sensor model for temperature

Due to the central wavelength shifted with the change of temperature, based on the formula 
(9) and the assumption that the fiber grating is only affected by the temperature, the central 
wavelength shifting value of the FBG could be obtained as follows:

    
Δ λ  B  

 ____  λ  B     =  ( α  s   +  ζ  s  ) 𝛥𝛥T  (10)

where:   α  
s
   =  (1 / Λ)  (ΔΛ / 𝛥𝛥T)   represents the fiber’s thermal expansion coefficient, and is used to 

describe the grating pitch variation with the temperature.   ζ  
s
   =  (1 /  n  

eff
  )  (Δ n  eff   / 𝛥𝛥T)   represents the 

FBG thermo-optical coefficient, and is used to describe the variation of the material refractive 
index changing with the temperature.

Based on the Eq. (10), the variation of the ambient temperature could be reversed by detecting 
the variation of the central wavelength  Δ λ  

B
   .

3.2.4. Fiber Bragg grating sensor model for vibration

Due to principle of the fiber grating pitch and refractive index that vary with the fiber under-
going strain along the axial direction, based on the central wavelength formula (9) and the 
assumption that the fiber grating is only affected by it, the central wavelength shifting value 
of the Bragg fiber grating could be obtained as follows:

    
Δ λ  B  

 ____  λ  B     =   ΔΛ ___ Λ   +   
Δ n  eff   ____  n  eff      (11)

where:  Δ λ  
B
   ,  ΔΛ  and  Δ n  

eff
    represent the changing value of FBG central wavelength, grating period 

and refractive index separately.

When strain is applied along the axial direction in the fiber, the refractive index variation of 
the FBG satisfies the following formula:

    
Δ n  eff   ____  n  eff     =   1 __ 2    n  eff  2   [ (1 − μ)   P  12   − μ P  11  ] ε = −  P  e  ε  (12)
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From the FBG central wavelength formula, we can conclude that: (A) when a beam of inci-
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eff
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index are all fixed constants, meaning that the reflection spectrum of the FBG central wave-
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diagram are shown in Figure 9.

3.2.3. Fiber Bragg grating sensor model for temperature

Due to the central wavelength shifted with the change of temperature, based on the formula 
(9) and the assumption that the fiber grating is only affected by the temperature, the central 
wavelength shifting value of the FBG could be obtained as follows:

    
Δ λ  B  

 ____  λ  B     =  ( α  s   +  ζ  s  ) 𝛥𝛥T  (10)

where:   α  
s
   =  (1 / Λ)  (ΔΛ / 𝛥𝛥T)   represents the fiber’s thermal expansion coefficient, and is used to 

describe the grating pitch variation with the temperature.   ζ  
s
   =  (1 /  n  

eff
  )  (Δ n  eff   / 𝛥𝛥T)   represents the 

FBG thermo-optical coefficient, and is used to describe the variation of the material refractive 
index changing with the temperature.
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assumption that the fiber grating is only affected by it, the central wavelength shifting value 
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where:   P  
e
    represents the elasto-optical coefficient, and defined as   P  

e
   =  n  

eff
  2   [ (1 − μ)   P  12   − μ P  11  ]  / 2 ,  ε  rep-

resents strain of the fiber grating along the axial direction,  μ  represents the Poisson’s ratio of 
the fiber material.   P  

11
    and   P  

12
    represent the elastic tensor components of the fiber grating.

Based on the definition of axial strain and Eq. (11), we could obtain the strain detecting for-
mula as follows:

    
Δ λ  B  

 ____  λ  B     =  (1 −  P  e  ) ε  

Based on the relationship between strain and wavelength and the detecting value of the center 
wavelength, the vibration could be reversed by using the relationship between stress and strain.

3.3. Long-gauge vibration/temperature sensor

3.3.1. Introduction to QPS Photronics

QPS is an innovator in the field of fiber optic sensors and specifically FBG’s. They bring grat-
ings from research into marketable products.

3.3.2. Introduction of long-gauge vibration/temperature sensor

Because fiber optics are made of glass with no conducting materials, fitting well in environ-
ments undergoing high-voltages and strong electromagnetic fields, based on the FBG vibra-
tion/temperature sensor model, this section introduces how the sensors were designed to 
satisfy the power industry requirements using FBGs.

The ability to measure both vibration and temperature is based on interference: two identical 
FBGs are printed on the same fiber at a small distance, which forms a cavity. When a laser 
beam with matching center wavelength is emitted into the cavity, it is reflected and goes 
through a 180° phase shift, giving rise to two interfering beams and a dense fringe spectrum 
as shown in Figure 10.

The larger the cavity length, the denser will be the fringe pack with steeper slope, playing 
on sensitivity. The vibration function is realized by programming an operating point at the 
midpoint of the rising slope of a selected fringe. This operating point stays locked using 

Figure 10. Correlation between fiber optic structure and resulting spectrum where a selected fringe will be monitored for 
changes due to both static/dynamic strain and temperature. Courtesy of QPS Photronics.
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both the laser current (LC) and the thermoelectric cooler (TEC) analog controls of the laser. 
When vibration occurs, the fringe pattern will be moving right and left, it forces the operating 
point to ride up and down the slope, translated into linear intensity changes. The changes 
accurately reflect the actual vibration that is occurring. Since the cavity is also affected by 
temperature, a self-calibration algorithm was introduced to re-establish the operating point 
and such compensation delivers an indirect method to measure temperature (see Figure 11).

Another invention linked to the cavity is the long gauge technology. By splicing a length of 
single-mode optical fiber on to the cavity, a new cavity sprouts between the two matching 
FBGs cavity and the interrogation system connector. Said connector triggers a Fresnel broad-
band reflection, enabling a thin in-slot vibration distributed sensor to be used in a field test 
inside a gas-fired generator [32]. The FBG based architecture is housed within a 2 mm thin 
package that allows easy insertion into tight spots, whereas another supplier of the same field 
requires two separate large sensors that limit locations where they could be installed [33].

4. Sensing temperature and vibration

Based on the system for temperature and vibration monitoring shown in Figure 12, the gener-
ator insulation’s temperature and vibration becomes possible by using different sensing units 
that are placed at different locations. By control and analyzing different signals received from 
different sensors, not only the insulation temperature and vibration can be obtained, but insu-
lation hot-spots can be pinpointed by using the relation between wavelength and vibration.

The detecting system consists of three parts: the signal control & processing unit, signal trans-
mission unit and sensing unit. After the output of the optical signal is converted into an electri-
cal equivalent by the photoelectric converter, and acquired & collected by the data collecting 

Figure 11. Correspondence between fringe oscillation and resulting vibration. Courtesy of QPS Photronics.
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    represent the elastic tensor components of the fiber grating.
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as shown in Figure 10.
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both the laser current (LC) and the thermoelectric cooler (TEC) analog controls of the laser. 
When vibration occurs, the fringe pattern will be moving right and left, it forces the operating 
point to ride up and down the slope, translated into linear intensity changes. The changes 
accurately reflect the actual vibration that is occurring. Since the cavity is also affected by 
temperature, a self-calibration algorithm was introduced to re-establish the operating point 
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ator insulation’s temperature and vibration becomes possible by using different sensing units 
that are placed at different locations. By control and analyzing different signals received from 
different sensors, not only the insulation temperature and vibration can be obtained, but insu-
lation hot-spots can be pinpointed by using the relation between wavelength and vibration.

The detecting system consists of three parts: the signal control & processing unit, signal trans-
mission unit and sensing unit. After the output of the optical signal is converted into an electri-
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Figure 11. Correspondence between fringe oscillation and resulting vibration. Courtesy of QPS Photronics.
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system, the signal can be transmitted to the computer and processed by the specific software. 
Then the hot-spot/temperature and vibration can be determined. The related parameters of the 
vibration of the measured object can be obtained after the analysis and processing of the data 
on the computer through the vibration monitoring software. The signal control & process-
ing unit consists of an incident optical source, interrogator, display and computer. Incident 
optical source is used as the stimulating source of the incident light, computer that installed 
the control software was considered as the head of the detecting system and could send the 
information and analyze the feedback signal that come from the interrogator complete.

In order to get more information of different locations in the insulation, several fiber gratings 
having different center wavelength are set in different locations of the optical fiber. Many 
optical fibers are connected to the interrogator and form the sensing transducer array. The 
system of the temperature and vibration detection is shown as Figure 12 and the sensing 
transducer array is shown as Figure 13.

4.1. Details of the field test

There are two types of sensors. One of them makes use of the Brillouin technology where two 
laser beams are fed into the same fiber optic loop and both lasers have very close center wave-
lengths that are made to beat against each other, generating a beat frequency. This beat frequency 
is sensitive to any index changes in the fiber as hot spots. Hence, it is able to report their location 
along the sensing fiber. The temperature sensor forms a loop inside the slot. In the middle of 
it a single point temperature (yet distributed for vibration) sensor is installed (see Figure 14). 
The top slightly bluish fiber together with the bottom yellow fiber are the Brillouin temperature 
sensing loop; the dark hexagon houses the temperature sensing cavity with vibration sensitivity 
for the whole length of the fiber extension. The whole length of the slot, which measures five 
meters long, has its vibration captured. The single point temperature measurement provides a 
temperature reference for the Brillouin hot spot temperature sensing measurement.

Besides the Brillouin hot spots sensor and the in-slot vibration sensor, two other cavity vibra-
tion sensors were installed. One is coupled with the end winding lead and another one with 
the end winding bus, all are done on the neutral phase of the generator. All sensing fibers 

Figure 12. System diagram for temperature and vibration detection. Courtesy of QPS Photronics.
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are protected by Teflon tubes where the sensor tip is housed in a molded PEEK package as 
shown in Figure 15 (left). It is an open face design. The same sensor was also used to measure 
vibration inside the transformer. The long gauge vibration sensor is a wideband sensor, able 
to detect frequencies ranging from 10 Hz to 1 kHz for standard version and 5 Hz to 2 kHz for 
extended sensing range as depicted in Figure 15 (right).

4.2. Vibration sensing

4.2.1. In-slot vibration

Gas-fired generators are known to produce strong vibration and noise [34]. The in-slot vibra-
tion sensor, which has been installed onto the wedge (see Figure 14), gave a very clear vibra-
tion response as illustrated in Figure 16.

We observed a strong line frequency (1xLF) vibration peak together with a strong two times 
line frequency (2xLF) component. The 1xLF component measures 15-mil peak-to-peak and 
the 2xLF component measured 10-mil peak-to-peak. This was very high compared with 

Figure 13. The sensing transducer array. Courtesy of QPS Photronics.

Figure 14. The in-slot vibration sensor installed between the Brillouin temperature sensing fiber loop (U-turn not 
shown). Courtesy of Calpine Corporation and QPS Photronics.
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previously experienced 6-mil peak-to-peak in the end winding vibration of coal-fired genera-
tors. It is noted that there exists some harmonics, which rolled off normally but then showed 
a strong peak at 6xLF. In this generator design, the bearing is coupled onto the frame, which 
became incorporated into the slot vibration. Concern was expressed to Calpine as this seems 
to be slightly too high. The 1xLF vibration seems to be related to balancing while the 2xLF 
component to alignment. This excessive vibration appears to validate the visual inspection of 
the winding sample cutout from the generator before the rewind.

Figure 15. At left, the vibration sensing cavity housed inside a PEEK package. At right, the in-slot vibration sensor 
bandwidth can even be extended from 10 Hz~1 kHz (standard) to 5 Hz~2 kHz. Courtesy of QPS Photronics.

Figure 16. FFT shows in-slot vibration characteristics. Courtesy of QPS Photronics.
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4.2.2. End winding lead vibration

One single point vibration sensor was installed at the end winding of the neutral lead as 
depicted in Figure 17. The photograph at the right shows the end winding conductor before 
installation where the colored circles pinpoint where the two additional discrete sensors 
would end up coupled.

The end winding lead sensor also showed strong vibration spectrum in both 1xLF and 
2xLF. There were hardly any harmonics. The 1xLF component measured 15-mil peak-to-peak 
and the 2xLF component measured 11-mil. They are higher than what we expect but consis-
tent to the in-slot measurement (see Figure 18).

4.2.3. End winding bus vibration

A third vibration sensor was mounted on the neutral end winding bus (see Figure 17). Once 
again, the vibration observed here is also consistent as depicted below in Figure 19.

Larger vibration amplitude is shown: 1xLF component measured 16.5-mil peak-to-peak and 
2xLF measured 12.1-mil peak-to-peak. It seems that gas-fired generators vibrate much more 
than the coal-fired generators. Plant experts informed all participants of the field test that it 
may be related to the generator design where the bearing is coupled to the frame. Vibration 
was so strong in similar machines that cracks developed.

4.3. In-slot and end winding temperatures

The temperature distribution inside the slot was measured by the Brillouin fiber optic loop 
sensor. The gathered data brought up a wave-like distribution as demonstrated in Figure 20 

Figure 17. Two discrete sensors coupled at different locations of the neutral bus of the phase C conductor. Courtesy of 
Calpine Corporation and QPS Photronics.
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(left). The distribution is not flat; the cooling airflow did not form a perfect balance. The tem-
perature extrema were less than 2°C apart, positively assuring the lack of hot spots.

We tried to line up the temperature profile with the layout of the air ducts by wrapping over 
at the middle. Valleys coincide very well with the air duct exhaust and the top peak always 
occurs in the middle between two air ducts where there is minimum cooling airflow as illus-
trated in Figure 20 (right). The difference between peak and valley is consistent at different 
loading levels.

Figure 21 shows the temperature measurement of the in-slot sensor. The red plot indicates 
the coarse temperature reading of 70°C at a loading of 170 MVA. The blue line shows the fine 
temperature variation over a period of 10 min. The sensor was able to detect temperature 
changes down to 0.1°C.

The end winding lead of Figure 22 (left) showed a temperature consistent with the slot as well 
as the end winding bus plotted in Figure 22 (right). All of them read close to each other, there 
does not seem to be any problem.

Figure 18. End winding lead frequency domain. Courtesy of QPS Photronics.

Figure 19. End winding bus frequency domain. Courtesy of QPS Photronics.
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4.4. Air cooling inside a gas-fired generator

The gas-fired generator involved in the field test was manufactured by Siemens [35–38]. 
Figure 23 shows a conceptual diagram of the cooling air radial flow. There are resistance 

Figure 20. At left, temperature profiles at different loading intensities. At right, temperature profile line-ups with the air 
duct locations. Courtesy of Oz Optics, Ltd.

Figure 21. In-slot temperature measurement for 10 min. Courtesy of QPS Photronics.

Figure 22. At left, end winding lead temperature measurement for about 5 min. At right, end winding bus temperature 
measurement for about 3 min. Courtesy of QPS Photronics.
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temperature detectors (RTDs) installed at different locations along the air path. We will com-
pare our measurement with those coming from the supervisory control and data acquisition 
(SCADA).

Cooling air flows through many cooling ducts placed approximately 2 inches apart from each 
other. Blue arrows are meant to represent cooler air entering the core. As it flows through the 
ducts, the air progressively relieves the stator core of its heat (yellow arrows) and it ends up 
evacuated (red arrows) via the main central exhaust. Since RTDs carry conducting material, 
they are mainly installed in the grounded core. This field test represented the first time where 
in-slot vibration and hot spot measurements were performed.

5. Analysis and discussion for temperature measurement

The field test was performed after a successful rewind. A close examination of a sample seg-
ment of the old winding showed that defects always started extremely small at the scale of few 
millimeters as seen in the pinholes of Figure 6. In the advanced stages of disturbance, there 
appears a single or multiple small dark depressions inside the exposed mica. These might 
represent two stages of degradation. If hot spots were to start as point defects, prior observa-
tions make sense. These disturbed areas in the carbon paint grew increasingly larger together 
with the dark spots within them. We could not confirm whether these dark spots represent 
complete shorts to the copper conductor. The mica insulation is usually quite thick. The dark 
spot certainly looks like a reduced thickness in the mica. This must be a lengthy process for the 
electro-etching caused by the plasma of deionized air resulting from a strong in-slot vibration 

Figure 23. Siemens Westinghouse AeroPac I generator with emphasis on the radial airflow via colored arrows. Courtesy 
of Calpine Corporation.
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as mentioned in an earlier section of this paper. Discussion with the plant technical staff 
experienced with maintaining these gas-fired generators indicated that troubles seem to start 
typically after 5–10 years. The distributed temperature sensing Brillouin technology is usually 
used for oil and gas pipeline and helps to locate small leaks. Best spatial resolution is listed as 
three centimeters [39], which is much larger than the defects we observed, therefore, no hot 
spots were found despite our expectations. Given that the generator has been rewound and 
the insulation is new it would take several years for the defect to grow to a size large enough 
to be detected by the sensing fiber. We believe it is better to maintain the sensors as a continu-
ous monitoring tool where we can see slight temperature changes down to 0.01°C increments.

5.1. Analysis and discussion for vibration measurement

This field test demonstrates consistent strong vibration in both 1xLF and 2xLF. A spectral analy-
sis tool published by SKF USA Inc. [40], the strong vibration is related to misalignment (strong 
2xLF amplitude) and also imbalance (strong 1xLF amplitude). Misalignment can be caused by 
thermal expansion; alignment could be performed when the generator is cold then heat up when 
it is placed in full operation. Thermal expansion might have caused the rotor to become elliptical 
instead of being perfectly circular. Misalignment could also be caused by shifting of the founda-
tion or uneven support [41]. On the other hand, imbalance seems to be the cause of the strong 
1xLF vibration. Their relative amplitude might indicate the extent of each problem (see [20]).

Referring to Figure 15 of SKF USA Inc. article (see [40]), their example can be compared to the 
data of this field test (see Figures 16, 18 and 19) and it seems that both imbalance and misalign-
ment could be affecting the generator. These measured values were two to three times higher 
than typical measurements on large coal-fired generators. Those large generators do not dis-
play any 1xLF vibration signal at all because they are physically much larger in structure.

5.2. Proposed composite damage model for gas-fired generators

The fiber optic signal processing system equipped with a gateway device connects the 
large volume of sensor data with the plant data from the SCADA for parametric correlation 
between cause (loading, start-stop periods, etc.) and result (level of vibration and tempera-
ture). Figure 24 displays a flowchart of damage diagnostic that would be further quantified 
with aforementioned correlation.

It is now possible to simplify the problem into an intuitive model that does not involve com-
plex mathematics [42–46]. The methodology is described below and can be used to analyze 
the measured data from these fiber optic sensors. It has been known that gas generators are 
frequently subjected to many daily start-stop events: the winds are usually stronger during 
the night and the sun shines more strongly late morning and afternoon. When these renew-
able energies become abundant, gas turbines must be turned off for the total power to not 
overload the power grid (see Figure 25).

When these start-stop cycles occur [47], the inside temperature of a generator would go 
through significant changes. Frequent start-stop cycles together with strong vibration will 
potentially cause delamination of the insulation as well as voids at their interface with the 
conducting copper. They also have different coefficients of expansion. Severe vibration can 
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to be detected by the sensing fiber. We believe it is better to maintain the sensors as a continu-
ous monitoring tool where we can see slight temperature changes down to 0.01°C increments.
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tion or uneven support [41]. On the other hand, imbalance seems to be the cause of the strong 
1xLF vibration. Their relative amplitude might indicate the extent of each problem (see [20]).

Referring to Figure 15 of SKF USA Inc. article (see [40]), their example can be compared to the 
data of this field test (see Figures 16, 18 and 19) and it seems that both imbalance and misalign-
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introduce cracks inside the thick epoxy mica and voids inside the mica facilitating PDs [48–56]. 
Of course, winding temperature would depend on load which will show up in the tempera-
ture trending profile in an online monitoring configuration. Loading changes will be reflected 
in changes in the 2xLF vibration amplitude, which is affected by the electromagnetic forces 
interaction between the rotor and the stator. Simultaneously, the temperature will also see 
small adjustments due to additional heating caused by higher load currents. Hence, smaller 
temperature changes will reflect the loading conditions and correlation with the control signal 
from the SCADA system becomes unnecessary. Current stage of sensor development allows 
the freedom to take advantage of the latest technology like the internet-of-things (IofT) where 
signals can be analyzed by gateway devices attached to our signal processing system. Then, 
the partially analyzed data are transmitted to a cloud where higher level calculation is per-
formed to form a residual life model as well as providing warnings for urgent attention and 
quick remedial decisions. As for the start-stop cycles, they will simply switch the vibration 
signals on and off. These will be very clear and easy to interpret. Since temperature change is 
slow, its decrease will come gradually. Again, these data can be derived without any connec-
tion to the SCADA system of the power plant (power industry is known to be very concerned 
about external connection to their SCADA, making it open to external hacking).

Figure 24. Damage model that allows residual life predictions.

Figure 25. Graph showing gas generators must be turned on and off to adapt to the supply of the renewables.
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The proposed model consists of a menu of degradation processes, individually selectable to 
form a clear picture of health of the air-cooled gas-fired generator, all based on the sensor abil-
ity to work inside high voltages, and strong electromagnetic fields. They are also small (0.5″ X 
3″ X 0.08″) and can fit inside the stator slots which are approximately 1″ in width. Once installed 
in place, these sensors will be able to measure both thermal as well as mechanical stresses. The 
class of insulation material and the operating voltage of the generator have defined the limit 
of the electrical stress. Thermal stresses can be measured directly inside the slot as well as the 
end winding overhang where curvature might give rise to current crowding. These sensors 
are also designed to be thin; they can easily conform to any curved surface yet maintain good 
thermal contact. The field test described in prior sections represents the first occasion where 
direct measurement could be done inside the generator slot. Previous work combining the total 
aging effect consider vibration as related mainly to fatigue, which might not be the case here.

From the failure analysis of the extracted winding section prior to the rewind, there was 
clear evidence of vibration sparking. Defects first appeared as small pinholes in the carbon 
paint, which grew with time. Once these defects grew into sufficient size while developing 
local high voltage spots, they cause the air to break down into plasma, whereas the remain-
ing half of the vibration cycle broke the current path and turns the plasma into a source for 
electro-etching. Vibration sparking together with frequent start-stop cycles drastically short-
ens the lifespan of the gas-fired generator. This hypothesis was reinforced while working 
with Calpine maintenance staff: gas-fired generators typically start to have trouble as early 
as the warranty period within 5–10 years. This information is compared to the prior field 
tests of coal-fired base load generators monitoring stator end winding (SEW) vibration, where 
rewind would only be done after 30–40 years of operation. Vibration sparking might come 
with a threshold related to vibration peak-to-peak amplitudes. In fact vibration amplitudes 
observed at Hermiston field test showed a magnitude two to three times greater than the 
ones collected from coal-fired power plants where they are usually less than 150 microns 
peak-to-peak. There is another possibility. Large coal-fired generators are hydrogen-cooled. 
Hydrogen does not break down easily, pinhole defects in their old winding samples were rare 
occurrences. The proposed second field test for Calpine Corporation will take place in their 
plant of Texas (Hidalgo Energy Center) where the gas-fired generator would be hydrogen-
cooled. We will go through the same analysis and compare the vibration and temperature 
data there. Fiber optic sensor capturing PD events will be introduced, provided PD first pro-
duced the pinhole defects that facilitated the following vibration sparking destruction. Those 
PD sensors are based on a very long FBG cavity. Cavity length affects sensor performance: the 
longer the cavity, the denser would be the interference fringes. These fringes will have steeper 
slopes and therefore more sensitive to small surface acoustic wave perturbations. Fringes are 
so densely packed spectrally that maintaining the operating point will not be needed. This PD 
sensor will not be affected by small changes in temperature and will pick up PD events along 
the full length of the optical fiber cavity. However, it is a dedicated PD sensor and will not be 
able to measure temperature. The distributed low frequency vibration sensor will be set in the 
same slot as the PD sensor to collect all the data that would complement each other.

The influence of PD on the proposed aging model is that they start to register pinhole forma-
tion. As the defects grew both in magnitude and incidence, an indication is given about the 
size of the carbon paint disturbance. However, the PD sensor would not be able to detect the 
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introduce cracks inside the thick epoxy mica and voids inside the mica facilitating PDs [48–56]. 
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Figure 24. Damage model that allows residual life predictions.

Figure 25. Graph showing gas generators must be turned on and off to adapt to the supply of the renewables.
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Hydrogen does not break down easily, pinhole defects in their old winding samples were rare 
occurrences. The proposed second field test for Calpine Corporation will take place in their 
plant of Texas (Hidalgo Energy Center) where the gas-fired generator would be hydrogen-
cooled. We will go through the same analysis and compare the vibration and temperature 
data there. Fiber optic sensor capturing PD events will be introduced, provided PD first pro-
duced the pinhole defects that facilitated the following vibration sparking destruction. Those 
PD sensors are based on a very long FBG cavity. Cavity length affects sensor performance: the 
longer the cavity, the denser would be the interference fringes. These fringes will have steeper 
slopes and therefore more sensitive to small surface acoustic wave perturbations. Fringes are 
so densely packed spectrally that maintaining the operating point will not be needed. This PD 
sensor will not be affected by small changes in temperature and will pick up PD events along 
the full length of the optical fiber cavity. However, it is a dedicated PD sensor and will not be 
able to measure temperature. The distributed low frequency vibration sensor will be set in the 
same slot as the PD sensor to collect all the data that would complement each other.

The influence of PD on the proposed aging model is that they start to register pinhole forma-
tion. As the defects grew both in magnitude and incidence, an indication is given about the 
size of the carbon paint disturbance. However, the PD sensor would not be able to detect the 
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onset of electro etching. Arcing experiments will be conducted in laboratory environment to 
study and relate the signatures associated with the electro-etching process.

In summary, it is a damage model of the insulation. It is related to the accelerated aging of 
insulation inside the gas-fired generator and additional work will be needed to turn it into a 
residual life prediction model. Such a model will depend on the design, and manufacturing 
workmanship, which vary depending on the individual OEMs.

5.3. Influence of start-stop cycles

Frequent start-stop cycles can cause stresses due to coefficient of expansion differences 
between different materials used inside the generator (see Figure 26).

In the industry, the effect of start-stop cycles is introduced as a life consumption factor. 
Attempts to use the gas generator to compensate for the intermittent renewables like the solar 
and wind is one instance. It might have to be turned on and off several times per day. The 
number of times per day serves to cause an apparent acceleration factor. In a case where it 
is done three times a day, each additional day of operation in that fashion is equivalent to 3 
days of operation, effectively shortening their lifespan. An increasingly accumulated number 
of start-stop cycles per day correspondingly shorten the life of the generator. This explains 
the difference between the expected onsets of problems comparing a coal-fired power plant 
versus the gas-fired unit. Coal-fired plants usually need to be rewound after 30 years, whereas 
the gas generator needs adjustments at a daily pace depending of the wind and solar, leading 
to a major maintenance even inside the warranty period. This aging factor ranges from three 
to six, depending on the frequency of start-stop cycles per day.

So the life of a gas generator depends not only on who manufactured them, but it also depends 
how owners use them. Using fiber optic sensors it would be possible to get a real-time picture 
of how the generator is doing and extend its lifespan.

In summary, a new class of fiber optic sensors is introduced and can address the following 
complex problems:

• Marginal design and poor choice of material to be indicated by the onset of PD activities

• Number of start-stop cycles in its mode of operation as observed in the cycle of large tem-
perature changes

Figure 26. Cracking of copper turns and also bowing of the rotor.
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• Ongoing electrical and thermal stresses

• Degradation due to vibration sparking

• Signature analysis of the observed vibration spectrum indicating structural looseness and 
other mechanical problems like misalignment and unbalancing.

With the upcoming field tests, this aging model covering generators of various sizes and make 
will become more sophisticated, turning the monitoring solution into a service business.

6. Conclusion

Sensors which can survive in a hostile environment are essential to understanding the aging 
process of turbines. It is quite possible that the key to extending the lifespan of turbines is real 
time monitoring using fiber optic sensors for both vibration and temperature.

We have proven through this test that real time monitoring of vibration and temperature is 
both possible and economical. What needs to happen now is that these measurements need to 
take a part in the day to day operation of generating plants. By sensing internal vibration and 
temperature we can know when a particular turbine is on the edge of conditions which will 
lead to lasting damage and a control scheme can be implemented where other turbines will 
start up to alleviate those conditions before damage happens resulting in increased life span 
of all the turbines. At the moment these turbines have a very limited lifespan, typically 7 or 8 
years. With improved controls there could be a significant improvement in that lifespan. This 
would have benefits in reducing asset costs, improving reliability to customers and improved 
safety for workers at the plant.
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• Degradation due to vibration sparking

• Signature analysis of the observed vibration spectrum indicating structural looseness and 
other mechanical problems like misalignment and unbalancing.

With the upcoming field tests, this aging model covering generators of various sizes and make 
will become more sophisticated, turning the monitoring solution into a service business.
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Sensors which can survive in a hostile environment are essential to understanding the aging 
process of turbines. It is quite possible that the key to extending the lifespan of turbines is real 
time monitoring using fiber optic sensors for both vibration and temperature.

We have proven through this test that real time monitoring of vibration and temperature is 
both possible and economical. What needs to happen now is that these measurements need to 
take a part in the day to day operation of generating plants. By sensing internal vibration and 
temperature we can know when a particular turbine is on the edge of conditions which will 
lead to lasting damage and a control scheme can be implemented where other turbines will 
start up to alleviate those conditions before damage happens resulting in increased life span 
of all the turbines. At the moment these turbines have a very limited lifespan, typically 7 or 8 
years. With improved controls there could be a significant improvement in that lifespan. This 
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Acknowledgements

The authors would like to express gratitude to Calpine Corporation for allowing and facilitating 
the installation of the fiber optic sensing systems at the Hermiston Power Project plant. Likewise, 
contribution from Oz Optics, Ltd. is highlighted for providing temperature records from their 
Brillouin distributed temperature technology. At last, acknowledgements are given to the senior 
consultant George F. Dailey for bringing all participants together and Refined Manufacturing 
Acceleration Process (ReMAP) network for providing a substantial financial aid.

Author details

Peter Kung

Address all correspondence to: peter@qpscom.com

QPS Photronics Inc., Canada

Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting…
http://dx.doi.org/10.5772/intechopen.78065

199



References

[1] Maughan C. Premature failure of modern generators. Proceedings of 20th International 
Conference on Nuclear Engineering; July 30-August 3 2012; Anaheim, California: 
pp. 866-870. DOI: 10.1115/ICONE20-POWER2012-54584

[2] Barré O, Napame B. The insulation for machines having a high lifespan expectancy, 
design, tests and acceptance criteria issues. Machines. Feb. 2017;5(1):7. DOI: 10.3390/
machines5010007

[3] Ge J, Qiu C, Xie H. Partial Discharge Measurements[M]. Beijing: China machine press; 
1984

[4] Stone GC, Wu R. Examples of Stator Winding Insulation Deterioration in New 
Generators. DOI: 10.1109/ICPADM.2009.5252475

[5] Morshuis PH. F partial discharge mechanisms in voids related to dielectric. Degradation 
IEE Proceedings–Science, Measurement and Technology. 1995;142(1):62-68

[6] Brutsch R, Tari M, Frohlich K, et al. Insulation failure mechanisms of power generators. 
IEEE Electrical Insulation Magazine. 2008;24(4):17-25

[7] Jiang Q. Research on UHF Detection Technology of Partial Discharge in Power 
Transformer [D]. Baoding: North China Electric Power University; 2006

[8] Stone GC. Deterioration of Stator Winding Insulation by Vibration Sparking. Proceedings 
of 2008 International Symposium on Electrical Insulating Materials, Yokkaichi, Mie, 
Japan, September 7-11, 2008. pp. 171-174. DOI: 10.1109/ISEIM.2008.4664445

[9] Xie H. Electrical Insulation Structure Design Principle. Beijing: Machinery Industry 
Press; 1993

[10] Wu S, Xie D, Chen S, Yu B. Electrical Insulation Materials and Engineering. Xi’an: Xi’an 
Jiaotong University Press; 1996

[11] Kako Y, Tsukui T, Mitsui H, Hirabayashi S, Kimura K, Natsume F. The process of 
electrical strength and insulation aging for the system of HV motor. Foreign Electrical 
Machinery. 1989;3:52-57

[12] Wang S. The formation characteristics and development of common generators insula-
tion faults. Large Electrical Machinery Technology. 1987;6:25-29

[13] Lei Q. Structure and Electrical Properties of Polymer. Wuhan: Huazhong University of 
Science and Technology Press; 1990

[14] Iike M, Tsujimura T, Muraoka M. Life diagnosis of epoxy resin coil insulation system. 
Fuji Electric Journal. December 1989;62:12

[15] Wang S, Zhou D. Operation Characteristics and Test of Large Generator Insulation. 
Beijing: Machinery Industry Press; 1992

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment200

[16] Tshiloz K, Smith AC, Mohammed A, Djurović S, Feehally T. Real-time insulation lifetime 
monitoring for motor windings. Proceedings of International Conference on Electrical 
Machines, ICEM. 2016. pp. 2335-2340. DOI: 10.1109/ICELMACH.2016.7732847

[17] Hydro A. Generator Winding Insulation [Internet]. 2011. Available from: http://www.
nwhydro.org/wp-content/uploads/events_committees/Docs/2011_Tech_Workshop/
GeneratorWinding-Heaton.pdf [Accessed: 2018-02-07]

[18] Niikura H, Inoue S, Yamazaki M. Global vacuum pressure impregnation insulation 
applied to hydrogen-cooled generators. Fuji Electric Review. 2009;55(3):93-98

[19] Kung P, Wang L, Comanici MI. Stator end winding vibration and temperature rise 
monitoring. Electrical Insulation Conference (EIC). June 2011. pp. 5-8. DOI: 10.1109/
EIC.2011.5996105

[20] Wan S, He Y. Investigation on stator and rotor vibration characteristics of turbo-genera-
tor under air gap eccentricity fault. Transactions of the Canadian Society for Mechanical 
Engineering. 2011;35:161-176

[21] Oliquino R, Islam S, Eren H. Effects of types of faults on generator vibration signatures. 
Australasian Universities Power Engineering Conference (AUPEC2003). 2003. pp. 1-6

[22] Djurović S, Vilchis-Rodriguez D, Kung P, Comanici MI, Smith AC. Investigation of 
induction generator wide band vibration monitoring using fibre Bragg grating acceler-
ometers, Proceedings of International Conference on Electrical Machines, ICEM 2014. 
pp. 1772-1778. DOI: 10.1109/ICELMACH.2014.6960423

[23] Mohammed A, Djurovic S, Smith CA, Tshiloz K. FBG Sensing for Hot Spot Thermal 
Monitoring in Electric Machinery Random Wound Components. Proceedings of 
International Conference on Electrical Machines, ICEM 2016. DOI: 10.1109/ICELMACH. 
2016.7732837

[24] Kung P, Comanici MI, Li Q, Zhang Y. Development of a long-gauge vibration sensor. 
Proceedings of SPIE–The International Society for Optical Engineering. 2015. p. 9359. 
DOI: 10.1117/12.2076068

[25] Cygan P, Laghari JR. Models for insulation aging under electrical and thermal multi-
stress. IEEE Transaction on Electrical Insulation. 1990;25(5):923-934

[26] Shi J, Yang Y. Study on fault characteristics of large turbo generator. Proceedings of the 
CSEE. 2000;20(7):44-47

[27] Jing S. Design of Main Insulation Aging Multi Factor Test System for Large Motor and 
Research on Aging Property of Stator Bar[D]. Harbin: Harbin University of Science and 
Technology; 2011

[28] Raman TS. Degradation of HV generator insulation mechanical, electrical and thermal 
stresses. IEEE International Symposium on Electrical Insulation, Toronto, Canada, June 
1990. pp. 21-24. DOI: 10.1109/ELINSL.1990.109699

Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting…
http://dx.doi.org/10.5772/intechopen.78065

201



References

[1] Maughan C. Premature failure of modern generators. Proceedings of 20th International 
Conference on Nuclear Engineering; July 30-August 3 2012; Anaheim, California: 
pp. 866-870. DOI: 10.1115/ICONE20-POWER2012-54584

[2] Barré O, Napame B. The insulation for machines having a high lifespan expectancy, 
design, tests and acceptance criteria issues. Machines. Feb. 2017;5(1):7. DOI: 10.3390/
machines5010007

[3] Ge J, Qiu C, Xie H. Partial Discharge Measurements[M]. Beijing: China machine press; 
1984

[4] Stone GC, Wu R. Examples of Stator Winding Insulation Deterioration in New 
Generators. DOI: 10.1109/ICPADM.2009.5252475

[5] Morshuis PH. F partial discharge mechanisms in voids related to dielectric. Degradation 
IEE Proceedings–Science, Measurement and Technology. 1995;142(1):62-68

[6] Brutsch R, Tari M, Frohlich K, et al. Insulation failure mechanisms of power generators. 
IEEE Electrical Insulation Magazine. 2008;24(4):17-25

[7] Jiang Q. Research on UHF Detection Technology of Partial Discharge in Power 
Transformer [D]. Baoding: North China Electric Power University; 2006

[8] Stone GC. Deterioration of Stator Winding Insulation by Vibration Sparking. Proceedings 
of 2008 International Symposium on Electrical Insulating Materials, Yokkaichi, Mie, 
Japan, September 7-11, 2008. pp. 171-174. DOI: 10.1109/ISEIM.2008.4664445

[9] Xie H. Electrical Insulation Structure Design Principle. Beijing: Machinery Industry 
Press; 1993

[10] Wu S, Xie D, Chen S, Yu B. Electrical Insulation Materials and Engineering. Xi’an: Xi’an 
Jiaotong University Press; 1996

[11] Kako Y, Tsukui T, Mitsui H, Hirabayashi S, Kimura K, Natsume F. The process of 
electrical strength and insulation aging for the system of HV motor. Foreign Electrical 
Machinery. 1989;3:52-57

[12] Wang S. The formation characteristics and development of common generators insula-
tion faults. Large Electrical Machinery Technology. 1987;6:25-29

[13] Lei Q. Structure and Electrical Properties of Polymer. Wuhan: Huazhong University of 
Science and Technology Press; 1990

[14] Iike M, Tsujimura T, Muraoka M. Life diagnosis of epoxy resin coil insulation system. 
Fuji Electric Journal. December 1989;62:12

[15] Wang S, Zhou D. Operation Characteristics and Test of Large Generator Insulation. 
Beijing: Machinery Industry Press; 1992

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment200

[16] Tshiloz K, Smith AC, Mohammed A, Djurović S, Feehally T. Real-time insulation lifetime 
monitoring for motor windings. Proceedings of International Conference on Electrical 
Machines, ICEM. 2016. pp. 2335-2340. DOI: 10.1109/ICELMACH.2016.7732847

[17] Hydro A. Generator Winding Insulation [Internet]. 2011. Available from: http://www.
nwhydro.org/wp-content/uploads/events_committees/Docs/2011_Tech_Workshop/
GeneratorWinding-Heaton.pdf [Accessed: 2018-02-07]

[18] Niikura H, Inoue S, Yamazaki M. Global vacuum pressure impregnation insulation 
applied to hydrogen-cooled generators. Fuji Electric Review. 2009;55(3):93-98

[19] Kung P, Wang L, Comanici MI. Stator end winding vibration and temperature rise 
monitoring. Electrical Insulation Conference (EIC). June 2011. pp. 5-8. DOI: 10.1109/
EIC.2011.5996105

[20] Wan S, He Y. Investigation on stator and rotor vibration characteristics of turbo-genera-
tor under air gap eccentricity fault. Transactions of the Canadian Society for Mechanical 
Engineering. 2011;35:161-176

[21] Oliquino R, Islam S, Eren H. Effects of types of faults on generator vibration signatures. 
Australasian Universities Power Engineering Conference (AUPEC2003). 2003. pp. 1-6

[22] Djurović S, Vilchis-Rodriguez D, Kung P, Comanici MI, Smith AC. Investigation of 
induction generator wide band vibration monitoring using fibre Bragg grating acceler-
ometers, Proceedings of International Conference on Electrical Machines, ICEM 2014. 
pp. 1772-1778. DOI: 10.1109/ICELMACH.2014.6960423

[23] Mohammed A, Djurovic S, Smith CA, Tshiloz K. FBG Sensing for Hot Spot Thermal 
Monitoring in Electric Machinery Random Wound Components. Proceedings of 
International Conference on Electrical Machines, ICEM 2016. DOI: 10.1109/ICELMACH. 
2016.7732837

[24] Kung P, Comanici MI, Li Q, Zhang Y. Development of a long-gauge vibration sensor. 
Proceedings of SPIE–The International Society for Optical Engineering. 2015. p. 9359. 
DOI: 10.1117/12.2076068

[25] Cygan P, Laghari JR. Models for insulation aging under electrical and thermal multi-
stress. IEEE Transaction on Electrical Insulation. 1990;25(5):923-934

[26] Shi J, Yang Y. Study on fault characteristics of large turbo generator. Proceedings of the 
CSEE. 2000;20(7):44-47

[27] Jing S. Design of Main Insulation Aging Multi Factor Test System for Large Motor and 
Research on Aging Property of Stator Bar[D]. Harbin: Harbin University of Science and 
Technology; 2011

[28] Raman TS. Degradation of HV generator insulation mechanical, electrical and thermal 
stresses. IEEE International Symposium on Electrical Insulation, Toronto, Canada, June 
1990. pp. 21-24. DOI: 10.1109/ELINSL.1990.109699

Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting…
http://dx.doi.org/10.5772/intechopen.78065

201



[29] Feng D. Research on New Fiber Bragg Grating Sensor [D]. Taiyuan: Northwest University;  
2016

[30] Kersey D, Patrick HJ, LeBIanc M, et al. Fiber grating sensors. Journal of Lightwave 
Technology. 1997;15(8):1442-1463

[31] Othonos A, Kalli K. Fiber Bragg Gratings. London: Artech House, ISSN: 0342-4111,1999

[32] Griscenko M, Vitols R. Stator core vibration and temperature analysis of hydropower 
generation unit at 100 Hz frequency. In: proceedings of 14th  International Scientific 
Conference. Jelgava, Latvia. May 20-22, 2015. pp. 383-388

[33] VibroSystM. On-line vibration and temperature direct measurement on high voltage 
devices using fiber optic sensor technology. In: CMD Conference Proceedings. 2010

[34] Srinivas MB, Ramu TS. Multifactor aging of HV generator stator insulation including 
mechanical vibrations. IEEE Transactions on Electrical Insulation. 1992;27(5):1009-1021

[35] Westinghouse Electric Corporation. Installation Operation Maintenance Instructions: 
Air-Cooled Turbine Generators 1000 to 7500 kW. East Pittsburgh, PA: Author; 1947 
Available from: http://www.electricalpartmanuals.com/manual/air-cooled-turbine- 
generators-1000-to-7500-kw

[36] Energy GE. Generator In-Situ Inspections – A Critical Part of Generator Maintenance 
Cost Reduction. Schenectady, NY: Markman C & Zawoysky R J; 2012 Available from: 
https://www.gepower.com/content/dam/gepower-pgdp/global/en_US/documents/
technical/ger/ger-3954c-generator-in-situ-inspections.pdf

[37] Hattori K, Takahashi K, Tohnosu S, Miyakawa K. State-of-the-art technology for large 
turbine generators. CIGRE SC A, 1, 2008; 2008

[38] Siemens. Generator Upgrades and Modernization. Ruhr, Germany: Michal Gawron; 2015. 
Available from: http://www.siemens.fi/pool/cc/events/160years-vip-seminar/gawron.pdf

[39] Oz Optics Ltd. Fiber Optic Distributed Temperature Sensors (B-DTS). 2018. Available 
from: https://www.ozoptics.com/ALLNEW_PDF/DTS0127.pdf

[40] SKF USA Inc. 2002. Spectrum Analysis – The Key Features of Analyzing Spectra 
(CM5118). Available from: http://www.skf.com/binary/tcm:12-113997/CM5118%20EN% 
20Spectrum%20Analysis.pdf

[41] VESKi d.o.o. CASE STUDY-07 Loose Bearing to Foundation Support/Portable Diagnostic 
System. Available from: http://www.veski.hr/public/brochures/Case%20study%2007%20 
TG%20Loose%20bearing.pdf

[42] Zhe H. Modeling and Testing of Insulation Degradation Due to Dynamic Thermal 
Loading of Electrical Machines [Thesis]. Lund: Division of Industrial Electrical Engi-
neering and Automation, Faculty of Engineering, Lund University; 2017

[43] Adawi S, Rameshkumar G. Vibration diagnosis approach for industrial gas turbine 
and failure analysis. British Journal of Applied Science & Technology. 2016;14:1-9. DOI: 
10.9734/BJAST/2016/23163

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment202

[44] Twiddle J, Muthuraman S, Connolly N. Condition Monitoring of the SSE Generation 
Fleet. Journal of Physics Conference Series (Online). May 2012;364(1):1-12. DOI:101088/ 
1742-6596/364/1/012104

[45] ABB Brazil. LEAP-life expectancy analysis program. For Electrical Rotating Machines. 
2006. Santiago, Chile: Marcio gennari. Available from: http://www02.abb.com/global/
clabb/clabb151.nsf/0/588c647ab96ec0fdc12571f00064d269/$file/MAPLA+2006+-+ABB+M
arcio+Gennari+Presentation.pdf

[46] ABB Group. Stator Winding-Condition & Lifetime Assessment. 2013. Available from: 
http://www02.abb.com/global/zaabb/zaabb011.nsf/bf177942f19f4a98c1257148003b7a0a/
71d80922c9b6b63ac1257b7200343c9b/$file/dmmg+6+-+abb+leap+stator+winding-conditi
on+and+lifetime+assessment.pdf

[47] Kokko V, Ahtiainen J. Ageing Due to Start-Stop Cycles and Frequent Regulation in 
Lifetime Estimation of Hydro Turbines and Generators. Grenoble, April. 2014: 9-11

[48] Kung P, Qin Z, Li W, Bao X. Using Distributed Sensing for Generator Condition Monitoring. 
2013. Available from: http://www.hydroworld.com/articles/hr/print/volume-32/issue-7/
articles/using-distributed-sensing-for-generator-condition-monitoring.html

[49] Robles E. Field Diagnostic Testing of Power Generators and Transformers Using 
Modern Techniques. Paper No. 12 presented at HV Testing, Monitoring and Diagnostics 
Workshop 2000, Alexandria, Virginia, USA, 13 & 14 September 2000. pp. 1-6

[50] Harjo S. Partial discharge in high voltage insulating materials. International Journal on 
Electrical Engineering and Informatics. 2016;8:147-163. DOI: 10.15676/ijeei.2016.8.1.11

[51] Rao B. Assessment of stator winding insulation by spectroscopic and thermo analyti-
cal techniques, PART 1-Review of deterioration mechanisms and condition monitoring 
techniques. The Journal of Central Power Research Institute. 2009;5:2. ISSN 0973-0388

[52] Li R, Pan L, Yan C, Li H, Hu B. Condition evaluation of large generator stator insulation 
based on partial discharge measurement. Advances in Mechanical Engineering. 2013;5. 
DOI: 10.1155/2013/765374

[53] Clemmons S. Continuous, On-Line PD Monitoring for Generators. 2017. Available from: 
http://www.power-eng.com/articles/print/volume-121/issue-10/features/continuous-
on-line-pd-monitoring-for-generators.html

[54] Ruihua L, Pan L, Yan C, Li H, Hu B. Condition evaluation of large generator Stator insu-
lation based on partial discharge measurement. Advances in Mechanical Engineering. 
2013;2013. DOI: 10.1155/2013/765374

[55] ReliaSoft Corporation. Accelerated Life Testing Reference. 2015. Available from: http://
www.synthesisplatform.net/references/Accelerated_Life_Testing_Reference.pdf

[56] Luo Y, Li Z, Wang H. A review of online partial discharge measurement of large genera-
tors. Energies. 2017;10:1694. DOI: 10.3390/en10111694

Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting…
http://dx.doi.org/10.5772/intechopen.78065

203



[29] Feng D. Research on New Fiber Bragg Grating Sensor [D]. Taiyuan: Northwest University;  
2016

[30] Kersey D, Patrick HJ, LeBIanc M, et al. Fiber grating sensors. Journal of Lightwave 
Technology. 1997;15(8):1442-1463

[31] Othonos A, Kalli K. Fiber Bragg Gratings. London: Artech House, ISSN: 0342-4111,1999

[32] Griscenko M, Vitols R. Stator core vibration and temperature analysis of hydropower 
generation unit at 100 Hz frequency. In: proceedings of 14th  International Scientific 
Conference. Jelgava, Latvia. May 20-22, 2015. pp. 383-388

[33] VibroSystM. On-line vibration and temperature direct measurement on high voltage 
devices using fiber optic sensor technology. In: CMD Conference Proceedings. 2010

[34] Srinivas MB, Ramu TS. Multifactor aging of HV generator stator insulation including 
mechanical vibrations. IEEE Transactions on Electrical Insulation. 1992;27(5):1009-1021

[35] Westinghouse Electric Corporation. Installation Operation Maintenance Instructions: 
Air-Cooled Turbine Generators 1000 to 7500 kW. East Pittsburgh, PA: Author; 1947 
Available from: http://www.electricalpartmanuals.com/manual/air-cooled-turbine- 
generators-1000-to-7500-kw

[36] Energy GE. Generator In-Situ Inspections – A Critical Part of Generator Maintenance 
Cost Reduction. Schenectady, NY: Markman C & Zawoysky R J; 2012 Available from: 
https://www.gepower.com/content/dam/gepower-pgdp/global/en_US/documents/
technical/ger/ger-3954c-generator-in-situ-inspections.pdf

[37] Hattori K, Takahashi K, Tohnosu S, Miyakawa K. State-of-the-art technology for large 
turbine generators. CIGRE SC A, 1, 2008; 2008

[38] Siemens. Generator Upgrades and Modernization. Ruhr, Germany: Michal Gawron; 2015. 
Available from: http://www.siemens.fi/pool/cc/events/160years-vip-seminar/gawron.pdf

[39] Oz Optics Ltd. Fiber Optic Distributed Temperature Sensors (B-DTS). 2018. Available 
from: https://www.ozoptics.com/ALLNEW_PDF/DTS0127.pdf

[40] SKF USA Inc. 2002. Spectrum Analysis – The Key Features of Analyzing Spectra 
(CM5118). Available from: http://www.skf.com/binary/tcm:12-113997/CM5118%20EN% 
20Spectrum%20Analysis.pdf

[41] VESKi d.o.o. CASE STUDY-07 Loose Bearing to Foundation Support/Portable Diagnostic 
System. Available from: http://www.veski.hr/public/brochures/Case%20study%2007%20 
TG%20Loose%20bearing.pdf

[42] Zhe H. Modeling and Testing of Insulation Degradation Due to Dynamic Thermal 
Loading of Electrical Machines [Thesis]. Lund: Division of Industrial Electrical Engi-
neering and Automation, Faculty of Engineering, Lund University; 2017

[43] Adawi S, Rameshkumar G. Vibration diagnosis approach for industrial gas turbine 
and failure analysis. British Journal of Applied Science & Technology. 2016;14:1-9. DOI: 
10.9734/BJAST/2016/23163

Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment202

[44] Twiddle J, Muthuraman S, Connolly N. Condition Monitoring of the SSE Generation 
Fleet. Journal of Physics Conference Series (Online). May 2012;364(1):1-12. DOI:101088/ 
1742-6596/364/1/012104

[45] ABB Brazil. LEAP-life expectancy analysis program. For Electrical Rotating Machines. 
2006. Santiago, Chile: Marcio gennari. Available from: http://www02.abb.com/global/
clabb/clabb151.nsf/0/588c647ab96ec0fdc12571f00064d269/$file/MAPLA+2006+-+ABB+M
arcio+Gennari+Presentation.pdf

[46] ABB Group. Stator Winding-Condition & Lifetime Assessment. 2013. Available from: 
http://www02.abb.com/global/zaabb/zaabb011.nsf/bf177942f19f4a98c1257148003b7a0a/
71d80922c9b6b63ac1257b7200343c9b/$file/dmmg+6+-+abb+leap+stator+winding-conditi
on+and+lifetime+assessment.pdf

[47] Kokko V, Ahtiainen J. Ageing Due to Start-Stop Cycles and Frequent Regulation in 
Lifetime Estimation of Hydro Turbines and Generators. Grenoble, April. 2014: 9-11

[48] Kung P, Qin Z, Li W, Bao X. Using Distributed Sensing for Generator Condition Monitoring. 
2013. Available from: http://www.hydroworld.com/articles/hr/print/volume-32/issue-7/
articles/using-distributed-sensing-for-generator-condition-monitoring.html

[49] Robles E. Field Diagnostic Testing of Power Generators and Transformers Using 
Modern Techniques. Paper No. 12 presented at HV Testing, Monitoring and Diagnostics 
Workshop 2000, Alexandria, Virginia, USA, 13 & 14 September 2000. pp. 1-6

[50] Harjo S. Partial discharge in high voltage insulating materials. International Journal on 
Electrical Engineering and Informatics. 2016;8:147-163. DOI: 10.15676/ijeei.2016.8.1.11

[51] Rao B. Assessment of stator winding insulation by spectroscopic and thermo analyti-
cal techniques, PART 1-Review of deterioration mechanisms and condition monitoring 
techniques. The Journal of Central Power Research Institute. 2009;5:2. ISSN 0973-0388

[52] Li R, Pan L, Yan C, Li H, Hu B. Condition evaluation of large generator stator insulation 
based on partial discharge measurement. Advances in Mechanical Engineering. 2013;5. 
DOI: 10.1155/2013/765374

[53] Clemmons S. Continuous, On-Line PD Monitoring for Generators. 2017. Available from: 
http://www.power-eng.com/articles/print/volume-121/issue-10/features/continuous-
on-line-pd-monitoring-for-generators.html

[54] Ruihua L, Pan L, Yan C, Li H, Hu B. Condition evaluation of large generator Stator insu-
lation based on partial discharge measurement. Advances in Mechanical Engineering. 
2013;2013. DOI: 10.1155/2013/765374

[55] ReliaSoft Corporation. Accelerated Life Testing Reference. 2015. Available from: http://
www.synthesisplatform.net/references/Accelerated_Life_Testing_Reference.pdf

[56] Luo Y, Li Z, Wang H. A review of online partial discharge measurement of large genera-
tors. Energies. 2017;10:1694. DOI: 10.3390/en10111694

Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting…
http://dx.doi.org/10.5772/intechopen.78065

203



Simulation and Modelling 
of Electrical Insulation 

Weaknesses in Electrical 
Equipment

Edited by Ricardo Albarracín Sánchez

Edited by Ricardo Albarracín Sánchez

Around 80% of electrical consumption in an industrialised society is used by 
machinery and electrical drives. Therefore, it is key to have reliable grids that feed 

these electrical assets. Consequently, it is necessary to carry out pre-commissioning 
tests of their insulation systems and, in some cases, to implement an online condition 

monitoring and trending analysis of key variables, such as partial discharges and 
temperature, among others. Because the tests carried out for analysing the dielectric 

behaviour of insulation systems are commonly standardised, it is of interest to 
have tools that simulate the real behaviour of those and their weaknesses to prevent 
electrical breakdowns. The aim of this book is to provide the reader with models for 

electrical insulation systems diagnosis. 

Published in London, UK 

©  2018 IntechOpen 
©  FactoryTh / iStock

ISBN 978-1-78923-768-9

Sim
ulation and M

odelling of Electrical Insulation W
eaknesses in Electrical Equipm

ent

ISBN 978-1-83881-685-8


	Simulation and Modelling of Electrical Insulation Weaknesses in Electrical Equipment
	Contents
	Preface
	Section 1
Insulation Systems Modelling for Power Transformers
	Chapter 1
Assessment of Dielectric Paper Degradation through Mechanical Characterisation
	Chapter 2
Thermal Modelling of Electrical Insulation System in Power Transformers
	Chapter 3
Modeling and Simulation of Rotating Machine Windings Fed by High-Power Frequency Converters for Insulation Design

	Section 2
Environmentally Friendly Insulation Gases as Alternatives to Sulfur Hexafluoride Gas
	Chapter 4
Development Prospect of Gas Insulation Based on Environmental Protection
	Chapter 5
Typical Internal Defects of Gas-Insulated Switchgear and Partial Discharge Characteristics

	Section 3
Insulation Weaknessess Modelling for Electrical Devices Used in Smart Grids
	Chapter 6
Electrical Insulation Weaknesses in Wide Bandgap Devices
	Chapter 7
Simulation and Optimization of Electrical Insulation in Power Quality Monitoring Sensors Applied in the Medium-Voltage

	Section 4
Insulation Aging Modelling of Power Generators
	Chapter 8
Generator Insulation-Aging On-Line Monitoring Technique Based on Fiber Optic Detecting Technology


