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Abstract

The significant global growth in renewable energy production has led to increasing concerns about the
problems associated with electrical equipment in power plants connected with this type of energy. The
crucial electrical components of renewable energnerion are stepp transformers, with respect to
which, gassing problems and premature insulation failures have been extensively reported in recent
years. One of the factors related to the reported problems is the presencefiafchighcy higkdV/dt

voltages that are created by switching operations in wind energy plants. Addressing this challenge

necessitates the investigation of transformer insulation systems undeiMiditpulse voltages.

This thesis presents research undertaken in order to exdrmiperformance of wind turbine stap
transformers under distorted voltages, with consideration of internal resonance phenomena and high
frequency dielectric effects. To evaluate the effect of distorted voltage on the acceleration of the ageing
procesdn transformers, model transformers have been aged under distorted power converter voltage
as well as under pure sinusoidal power grid voltage. Relevant parameters are monitored as indicators
of the condition of the transformer insulation, and the resutiscompared throughout the ageing
period. In addition, to study the transformer behavior under-fnégjuency higkdV/dt voltages, a
detailed highHrequency model is necessary. High frequency modeling of large power transformers is
complex and time&onsunng due to their sizes. Therefore, as an alternative approach, this work
proposes a modeling methalat considers the higfrequency behavior of a scatbown model
transformer, and then relates it to the behavior of the actual size transformer. Toheegfpposed
modeling method, an experimental study investigates the correlations between the frequency responses
of the two model transformers of different power ratings and sizes. Comparison of the frequency
responses of the scaled and original tramséss validates the proposed approach of scaling

transformers for higfirequency study.

High-frequency measurements are performed on an actual wind turbine transformer to represent a linear
wideband blaclbox model of wind turbine stegp transformer in aelectromagnetic transient study.

Using the simulation results for switching impulsive waveforms imposed on wind turbine transformers
due to the adjacent breakers operations, this work evaluates the effects of impulsive voltage parameters
such as rate ofse and repetition frequency on inception voltage and intensiartil discharge
generally assumed to be the main kegn cause of insulation deterioratidRartial discharge

parameter measurement under hiyHidt voltages is challenging due to irfeences from fast
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oscillations, and difficulties of PD energy measurements. To avoid such issues, which are related to
electromagnetic detection methods under pulse energization, this work uses a chemical approach to
compare PD, based on the rate of hgero generation in a controlled test chamber with oil/paper

samples. Gas monitoring of the oil containing impregnated paper samples show good linear correlation

between the amount of hydrogen detected and PD energy level.

Transformers installed in renewat#aergy plants require specific design considerations in order to
protect them from the adverse effects of abovementioned voltage distortions. A number of
manufacturers practice the implementation of electrostatic shields in transformer windingsttoefilter
transferred voltages. Although this method has shown some improvements, effectiveness of the
electrostatic shielding for a broad frequency range requires further studies. The effectiveness of
electrostatic shielding in alleviating the transfer of Higtguency distortions from LV winding to HV
winding and vice versa is evaluated with an experimental study. To compare the internal field
enhancement at different frequencies in the presence and absence of an electrostatic shield, the
frequency responséo t he voltage distribution inside the

analyzed.

Internal short circuit is one of the fegaching incidents that has been recently reported for many wind
farm transformers. Detecting the location of an internaktshircuit in a transformer winding is
beneficial in improving future designs by defining the critical spots for target oriented insulation
reinforcement. In an effort to identify trends with intarn fault locations and frequency responses,

this reseath investigates the effect of the location of deliberately initiated internal faults on parameters
such as transfer voltages and input impedance by means of frequency response analysis. Finally,
alternative approaches are suggested for {fianth design basl on a method for recognizing the

transformer compatibility with its surrounding devices such as power converters, breakers and cables.
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Chapter 1

l ntroducti on

1.1 Introduction

Power transformers are among the most complicated and strategic components of the power system.
Their active parts are composed of winding coils mounted on a grounded or floating core encompassed
by liquid and/or solid insulation. This convédd composure of dielectric, conductive, and magnetic
parts results in a large network of capacitanmsstancesandinductancesAs a twoeport element in
the electricity network, power transformers are subjected to stresses from both primary arghsgcon
sides. Wherihis kind ofequipments installed in renewable energy plants, stremsditionsbecome
more complex due tfluctuationsin the primary sourceandto voltage distortions from botthe

generator and netwosides.

Renewable energy sourcasich as wind energy, itconjunctionwith advancements in the field of
distributed generatigrhave becoma key elemenof t odayés power gehmeer ati o
focus of this researdhis delivered to the power grida different types of energgonversion systems,
ranging from generators equipped wggarboxeso gearless generators connected to power converters.
Currently, variable speed wind turbine generators, which are connected to the power grid through full
power converterslefined as Typd conversion systems, are increasirtgdyngimplemented irwind-
farms[1]. In such arrangementt)e output from the@enerators is fed to an ABC-AC converter
which in turn, feeds the wind turbine step WTSU) transformerWTSU transformers are equipped
with fast circuit breakers on bothe converter and grid sides to enable the energizationdand
energization of the transformer, in the case of a fault event or extreme wind condhigurs.1-1
showsthe singleline diagram of a typical winghower plant. Although this arrangemehgs the
positive effect of addingontrollable characteristics and decangithe generator from the grida a
DC link, the voltage sourced converters (VSCs) and frequently switching vacuum circuit breakers
(VCBs) produce voltages with higtiV/dt contentsthat cause additional stresses power system
assetsDue to their comparatively low amplitugaich highdV/dt voltagesannot be arrested by surge
protectors butpver themediumand long term, can cause signiftant damages to theansformer

insulationand other elements etichpower plants.
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Figure 1-1: (a) A typicalwind farmsingle line diagram (stepp transformesareconnected to a power
converter via circuit breaks), (b) Typical power converter topology
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Considering the average age of this type of wind energy generation, the prabboumted with
transformers in windarms are relatively newand the majority of transformer manufacturers still
prefer to keemny records and causes of failure incidents undisclosed. Therefore, there is very little
published dataelated tothe detailed analysis of sughnoblems[2-6]. However, the relatively large
numbers ohigh gassingssuesand prematurdfailureshave beerrequentlyacknowledged in recent
publicationd7-17]. For examplekigurel-2[6] compareshe numbers of distribution transformers and
WTSU transformers that contain more than 101 pyyarogen conteriEEE C57.1042008 condition
2 (101 ppm to700 ppm) 3 (701 ppm to1800 ppm)and 4(> 1800 ppm). A study ofmore than 6000
transformers showed that 28@of wind-farm transformersvere characterizedy conditions 2, 3and
4 with respect tchydrogen. On the other hand, only ##of distribution transformers belonged to
conditionclassifications 23, and 4.Informationwas alsccollected from furapacidity, andtandelta
tests, the results of whicduggestedhe occurrence of accelerated paper ageinguichhigh-gassing
transformerg7]. In addition,meetings and discussions with a number of transformer manufacturers
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and alsawith wind-farm developerbaveconfirmed that premature failures\MTSU transformersre
currently causing huge problems thewind energy industryFigure 1-3). Insulation problembave
occurred in locations where no noticeable overvoltage had been resortieatlightning or system
switching transients are not the cause of these failures. dnsteesses from VSCs and repeated VCB
operations are considereéd be continuous fatiguing processes agtion the insulation of these
transformers. ThusWTSU transformers, in comparison with conventional ones, require special
considerationwith respectto their design, maintenance and operation. Although the design
modifications practiced by a number of manufactutease improved the performance WTSU
transformerdo some exten8,9], high gassingand premature failures still occur. The focus of the
researclpresented in this thedsontheinvestigaton ofproblems associated wiTSUtransformers

in light of theelectromagnetic and dielectric effeojgeratingat highfrequency ranges.
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1.2 Transformers in wind-farms

The current state of the art and the specific considerations that should be taken into account in the
design ofWTSU transformers arbriefly discussedhere.

1.2.1 Load cycle

Load cycle in distribution systems has practically a constant pattern, with cgaoliaglaily basis
(two peaks per day for most of the regions). In conti&tSU transformers, even in a short time
period, may experience several ups and downs in theajemedepending on the fluctuations in wind
speed tigure1-4). The high number of load fluctuations on one hand, and its fast rataofeon
the otherimpose excessive thermal stresses on transformer structure. Moreover, the variations in
transfomer oiltemperaturehangethe solubility ofgassesesulting informationof gas bubbles. It is
well knownthat the presence of gas bubbles increases the chances of partial discharge (PD) initiation.
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Figure 1-4: Example of recorded wind speéat a twoday span irHaldimand windfarm, Ontario,
Canaddaveraged every 30 minutd4p].

1.2.2 Harmonics and spikes

WTSU transformers are supplied by power converters which generdsewidth-modulated
(PWM) voltages. The output voltage of the converter is a sinusoidal waveform witdWdhspikes
repeating at the switching frequency of the conveRigjufe1-5). These spikes are very fast transients
containinghigh-frequencycomponats in the range of MHz due tagh dV/dt, and other frequency

components irthe rmngeof kHz due to the switching frequency; hence imposing additional electrical
5



stresses on transformer insulation system. Thesdi@ghency contents continuously travetisrough
transformemnwindings,and can excite one or more of the windi
severe internal voltage amplification and damage to transformer inswatdn resonandé3]. Thus,
the internally amplified tensions can developtlire windings and degrade transfaminsulation

without causing any significant overvoltags transformer terminals.
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Figure 1-5: Line voltage at the terminals of a convetfied transformey (a): voltage waveform, (b):

voltage frequency contenits4].

Other than voltage spikethe kHzrange switching frequency contegise rise to additional eddy
and dielectric losses compared to that in nonpoeaverfrequencygrid sourcesAt critical spots in the
winding, these additional losses may result in localspots whichmay result in the generation of
moregassesPD, and insuhtion deterioration. Similar effects from distorted voltages have also been
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observed in convertded cable terminations, where, due to resonance effecthighefrequency
content in voltage caused local field enhancement and temperature increasteedgshogading layers,

causingsignificantinsulation failurg15].

1.2.3 Switching operation

In addition to converter switching transients, in wifadms, connecting and disconnecting a
transformer also imposes oscillatory voltages on transformer termiRajard 1-6). Breakers
disconnect th&/TSU transformer in cases of very high or very low wind speed and also in the events
of severe fault in the grid. In other words, VCB action can occur a few times in one day, thereby
stressing the winding infation tohigh-frequencyoscillations. As it is shown iRigure1-1, typically
aWTSUtransformer is connected to VCBs via cables with lengths of few hundred meters or less. The
severity of such oscillationis significantly high due to the interaction of tkraveling surge with
capacitance and inductance of both connecting cable and transfdinis, 16. Such repeating
transients affect transformer insulation through internal resonances between conducti{&6parts
travelingof voltage surge along the windinffs7,18]; andthe steegront voltages intensively affecting
dielectric part419].
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Figure 1-6: Measured overvoltages at the terminals of a 20 kV transformer due to VCB opening under
inductive load with an 80 m cabj20]. ©ABB Group, 2011

1.2.4 Fault withstand

Fault ridethrough capability is a requirement ffTSU transformers which puts higher electrical,

thermal and mechanical stresses on them. It requires the transformers to be able to operate for up to ten
7



cycles under faul conditions, for network stability purposdg21]. Conventional distribution

transformers are not normally subjected to or designed toesdah stresses.

Installing grounding transformers at the neutral points of sémoh transformers is recommended
to ease the stresses during the fault events. Grounding transformers, insigibag connection, lift
up the voltage of the faulted phaby adding a zersequence impedance. This performance
consequently lessens the overvoltage on the other pl223es

1.2.5 Transfer of voltage contents

The abovementioned naronventional voltage waveforms can also penetrate into the network and
cause electrical and thermal stresses on other apparharefore, it is necessary to know how tthe
generatiorvoltagewaveformis transferred to the HV network side of the transformer. On the other
hand, when the circuit breaker on the HV side operates, due to the transfer of voltage oscillations to the
LV terminals connection cables and power electronic elemehtise converteare exposed to harsh
transient voltage strikg®3]. In this matter, a broadband transfer function of the transformer would
assist to predict the voltage waveform and its {ifgquency contents at HV side (when excited from
LV side) and LV side (when excited from HV side). To obtain the voltage transferdandifferent
methods have been adoptedrhas transformer analyticahodelling[24], numericalmodelling[25]
and modks based on sweep frequency response measurefpéhts

1.2.6 Design modifications

To address issues discussed eawidn wind-farm connected transformesnumber of transformer
manufacturers proposed a series of modifications to specially design transformers for renewable energy
applicationg26, 27]. One of the approaches used in renewable energy plants to tedwedume of
high-frequency corint delivered to the secondary winding is the use of electrostatic sliglds.the
LV winding that is connected to the power converter is generally ungrounded, it can be capacitively
coupled with the HV windingThe electrostatic shieldct asa capadive decouplerto prevent the
transfer of critical voltage components onto the secondary®igeshield shall be grounded at least in
a single pointThis will typically supply 6@B of common mode noise attenuation from 100 Hz through
1 MHz [29]. On the other hand, placing an electrostatic shield can shift resonance frequencies of the
windings and potentially increase the voltage amplification factor at certain other frequencies. To this
purpose, there are two main aggdthat require investigations: effect of shielding on the distribution

of electric stress inside the windings, and the performance of electrostatic shield in preventing the
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transfer ofthigh-frequencycontents from one side to the other. From the poweesypoint of view,

only the delivery ohigh-frequencycontents of the voltage from the stegp transformer to the power

grid is important while, from the asset management point of view, both terminal voltages and internal
voltage amplifications are of gaeimportance as they affect the transformer insulation. Therefore, more

work should be done on the design of electrostatic shield to improve its applicability.

The multiplepoint grounding of the transformer magnetic core is another modification
recommendd by some researchefEdure1-7) [8]. The recommendation is founded on the idea that
accumulation of static charge on tinensformer corenay result irelectric field enhancement; hence,

PD, especially at sharp edges. Sinwanyof the WTSU transformers feature fivieg wound cores,

there would be a noticeable difference between the potentials of inner and outer core layers if the core
is grounded only at @ point. Multiplepoint or shield grounding of the coreay alleviate such
potential difference between the core layers.

Ground lead

Electrostatic shield —»

Insulation paper >

@ II‘ ‘I I‘ Outer core limb »
T j

|

[

I

HV winding LV winding — Core ground

Figure 1-7: Left, conventional grounding arrangemeandright, recommended grounded shielding
[8].

Another possible approach towards a competent desigiT&U transformers is the reinforcement
of winding insulation. However, to perform afficientimplementation ofdditionalinsulation, it is
necessary to have a reasonable approximation of field enhancement locations and the critical points of
transformer windings. With such approach, instead of oversizing the transformer with more insulation
throughat, only the positions with the highest probability of failure will be strengthenedbsuiitible

dielectric materials. This estimation can be performed with two procedures: using the statistical



information from the locations of the pdailuresin the tansformer of the samgesign, andising

t r ansf o r-freguendysdetdilédgnbdel to locate the critical field enhancement points.

1.3 Research objectives

Based on the above discussion, several parameters should be considered for understanding the
performamce of WTSU transformers under hiffiequency highdV/dt conditions that exist in
renewable energy plants. Furthermore, the implementation of new design criteria for WTSU
transformers will become possible only when the distribution of electric fields analgding of
transformer insulation at highfrequenciesre thoroughly examined. The following are the objectives

of this thesis:

1 To investigate the phenomena associated with electrical stress due-frepigimcy high

dVv/dt voltages inside the transfoem considering electromagnetic resonance effects.

1 To develop diagnostic schemes for examining the effect of distorted voltages on the
degradation of transformer paper/oil insulation and effect of voltage waveform parameters

on partial discharge.

1 To evaluge the use of frequency response analysis in-figfuency transformer modeling

as well as calculation of internal stress profile.

1 To understand the performance of transformer design modificaimhso suggest further

effective design madification for one robust transformer.

The research conducted for this thesis will therefore contribute to the understandgegngand
failure under higkdV/dt voltages through the testingsifale dowrmodels of windfarm transformers
under simulated voltage weforms similar to those that exist at the terminals of WTSU transformers.
The research is complemented by a study of the behaviour of individual transfeul@tionsamples
under voltage pulse trains in the range of the transients that occur at treardferminals in the case
of breaker operation. The distribution of the electric field in a transformer winding is measured by
means of severddadsconnected to different layers thfe sample transformers windings. An accurate
determination of the electric field distribution inside the transformer insulation system is achieved by
taking into account thhigh-frequencyspectrum of the voltage developed at a transformer terminal.

For thispurpose, a higifrequency simulation of an Ontario whfidrm was performed using an accurate

10



model of the transformer that was installed in that wardh along with highrequency models of

connected equipment such as breakers and cables.
The structure fothis proposal is outlined here:
- Chapter 2 outlines the materials, test setups and methods utilized in this research.

-  Chapter 3 presents the results of experimental studies, model verifications and design

modification impacts.

- Chapter 4 discusses the réswbtained in this research and recommends provisions for better

utilization of WTSU transformers.

- Chapter 5 summarizes this research and offers a conclusion along with potential contributions.

Thethesis ends with suggestions for future work.
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Chapter 2

Literature Survey

In this section, literature related to this work is reviewed. The first part reviews the literature which
studied the degradation of dielectric materials under-figguency distortegtoltagesand compared
it with that under sinusoidglowerfrequencyoltages. The next part discusses partial discharge, as the
dominant root of insulation deterioration, and its measurement methods unddwhigholtages. To
focus on the specific impacts of high//dt voltages on transformerthe third section reviews
resonance effects in transformers and how-frighuency stresses affect transformer insulation system.
Fault detection methods using FRA analysis are explained, and finally, transfiooohetingmethods
are presented and compared witlcle other.

2.1 Insulation materials under distorted voltage

Generally, it is accepted that dielectric materials get affected more severely by pulsed- or high
frequency voltages than thpowerfrequency voltages. This phenomenon and the associated
mechanisms béhd an acceleratealjeingprocess has been the focus of many researchers. To evaluate
ageingacceleration under higihequency distorted voltages, it is required to study abeing of
individual insulation specimens. A challenge in such studies is taipead criterion to estimate the

degradation level of an aged dielectric material.

Gaoet al.[30] usedthe loss factor and PD as indications of the matesigdsng Therefore, changes
in these two factorander sinusoidal voltages were compared Witiseunder squargvave voltages.
Using thermally stimulated curref1], it has been shown that squarve pulses cause more damage
to the insulation materials than the AC voltage of even a higher peak Vaguge(2-1). It was
concluded that under squasave pulse conditions, not ortlge damage due to partial discharges but

alsothedamage from space charges increase with the increment of voltage, freqnerteynperature.
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Figure 2-1: Thermally simulated currerdf motor insulation before and aftageingunder square
wave and AC voltagi81]. © IEEE 2001

Koltunowicz, in cooperation with an international team, conducted a research on teadeflof
square voltage waveforms on transformer insulation breakdown voRaged?2-2) [32]. The group
was motivated by the fact that the use of VSCs in high voltage DC (HVDC) transmission and, more
commonly,in flexible AC transmission systems (FACTS), raises concerns over the endurance of
turn/turn insulation of grid/converter interface transformers. It was pointed out that mixed
sinusoidal/repetitive surge voltages mmpactthe transformer insulation endurance. Thesults of
tests on o#limpregnated paper specimens showed that increasing the repetition frequency and/or
shortening the rise time of square waves decreases the breakdown voltage. The main cause of
breakdown voltage reduction was associated with pariahdrges, which appear to be incepted more
easily with faster slew rates. In addition, once PD is incepted, higher repetition rates promote faster
degradation33], [34].
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b Carbonization due to distorted voltag:

Figure 2-2: Ageing of papetil insulation samplegright) underpowerfrequencysinusoidal voltage
(left) under highfrequency distorted voltag¢32]. © IEEE 2010

In addition to the abovementionadeinganalysis, degree of polymerizatif85] and ensile strength
[36] are also parameters that can be used for the assessment of trangfap@r/oil insulation.
Measurement of such parameters requires laboratory tests on individual samples. Since the collection
of paper samples from a transformer in operation is not feasible, theothycts of the cellulose

degradation, such as furfu@ntent in oil, are taken as the indirect indications of pageing[37].

To achieve higher precision and reliability waHowerexpense, varioudtarnative methods have
been considered by researchers. As a substitute approach, insulation assessment is traditionally
performed by DC insulation resistance tf&8] and/or dissipation faor measurement giower
frequency[39]. Althoughthesemethods proved to be helpful for transformer condition monitoring and
basic qualification of insulation systenssichsinglefrequency measurement methquisvidelimited
information anl may not be able to assist with differentiating between ageing, contamination, moisture
etc.On the other hand, dielectric frequency response (DFR) test can reveal accurate information about

the degradation level of the transformer insulation systemtsuptidbable origia[40].

2.2 PD under high-frequency distorted voltages

Under electric stresgjifferent ageingmechanismsare active on any insulatiptout when the
magnitude of the electric field is over the PD inception level, PD besthradeading cause aigeing

in most insulation materials

To have a good comparison between the partial discharge characteristics under different voltage

waveforms, a consistent standardized method should be considered for PD measuiEments.
14



applicabilty of IEC-60270 standard guide for PD measurenptitis, however, questionable for high

dVv/dt voltage sources because the standard measurement frequency range is limited to 1 MHz, which
overlaps the frequency spectrum of the voltage source. The study of PD under pulse voltages has
therefore been carried out using methods such asrdésigtance neinductive resistors, capacitive
detectors, Rogowski coils, and broadband antef##s Adopting thee methods Florkowskaet al.
conducted three parallel measurement procedures using electric field detection sensors, current
measurement with Rogowski coil, and voltage measurement acrossirgdaotive resistor to study

the impact of riségime and switchmg frequency of pulse voltages on PD duration and PDIV. Although

the authors measured the PD duration successfully, they admitted that exact monitoring of PDIV under
impulse voltages that are close to the ionization threshold is challenging becausedrahgtent
development of ionizatioDther studieg[43], [44]) showed thatiltra-high-frequency (UHF) antennas

with high-pass filters can perform well as means of indirect PD measurewigiig¢ authors of45]

adoptd a direct measurement approaclingsmixed resistive/capacitive dividers with differential
amplifiers for recording PD current waveforms. The resoitabovementioned methqdsowever,

could not be compared wittach otheto examine their validitpecause the experimental setups and

test objects have been different

Literature data regarding thehaviouof partial discharge inception voltage (PDIV) under repetitive
impulse wavefrms reveals some contradictions about the effects of pulse parameters on the PD
characteristics. One of the possible reasons for the contradicting reported observations is that different
researchers used different voltage sources, and the rise timeedrejtrency of the source waveform
could affect partial discharge spectra. PD measurement methods that involve electromagnetic

approaches arthereforesubjected to noise and other forms of interference.

As an alternative to electrical detection methdlissolved gas analysis (DGA) can be used to detect
the occurrence of PD in cases that PD occurs in a bounded fluid medium. This method has been adopted
widely for transformer condition assessment, based on the correlation between the disssleadd
the type and severity of transformer fault, e.g., overheating, arcing, and partial dischargeet\ailler
[46] investigated the correlation between DGA and UHF PD measurements for a power transformer
under AC voltage. UHF measurements were taken using sensors inserted into the transformer tank, and
taking advantage of the ability of the tank to prowtketrostatic shielding from outside noise. Results
indicated that the hydrogen level increased almost linearly with time due to PD under normal

transformer operation. Overall, for the power transformer tested, the UHF measurements showed good
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agreement wh DGA measurements. On the other hand, in the case of a significantly é&kgitation
voltagecausinga high level of PD, the amount of hydrogen and other combusfifsieesncreased

significantly.

Despite thewide use of DGA for transformer fault tection purposes, due to tlerge sizes and
complexityof transformers, a number of uncertainty parameters are involved in such measurements.
To understand the basidsumihiroet al.[47] tested oimmersed pressboard samples placed between
rod-plane electrodes in a controlled test chamber.alitleorsused both PD current measurement and
offline DGA for comparing PD under AC voltages in different oil viscosiflémir study als@bserved
that hydrogen is the dominant gas in the case of partial discharge and that there is a good relationship
between the measured RDergyand the level of dissolveghsses

2.3 High-frequency stresses due to resonance in transformer

Previous studies have analyzed the dielectric stresses that can occur in transformer windings in the
caseof high dV/dt voltage transiemtSome of these papersuch ag26], investigated surgeavel
while others focused on internal oesnce phenomenof8]. Resonated voltage oscillations at
transformer terminals and enhanced electrical stresses inside transformer windings are reviewed in this

section.

The inherent MHzange contents due to high slew rgpékes combined with the ktangecontents
due to switchingrepetition make the VSC output, potential of exciting internal resonances inside
transformer windings. In addition, when VCBs are connected to transformers viafeliredmeter
cables,the geneated surgeshave traveling frequencies that may overlap transformer resonance
frequencies. In this light, a number of studi48] analyzed the dielectric stresses that can occur in
transformer windings due todti-frequency transients. Lopéoldanet al.[50] studied the transfer of
lightning overvoltages between windings and showed that energizing an unloaded transformer via a
cable may cause excessive overvoltages on the secondary side due to a resonant overvoltage

phenomenon.

In an effort to compare the influences of periodic and aperiodic voltage surges on a power
transformer, Abhinandaget al. [51] analyzed the voltage stresses developed in the windings of a
400/220/33V grid connectedransformemhere natural frequencies thie transformer winding were
triggered by oscillatory switching transient§he aithors compared developed stresses under

oscillatory voltages with those under standard laboratory dielectric tests voltages. For this purpose, the
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response oh 400 kV trandormer connected to the Eastern Regional Power Grid of India has been
analyzedundera number of probable events. Case studies showed that winding resonance produces
severe voltage stresses in the tap changer coils located near the neutral end, whishexqrengnce

much lower stresses undgperiodicsurgeslit has beerconcludel thatwindingresponse to certain
oscillatory voltages can be worse than the respiaresgy form ofaperiodicvoltages, whether lightning
impulse, slowrising switching impise orsteepfront-long tailed switching surge~{gure 2-3). Fast

front surge test may help to evaluat@nsformemwithstand capacity, but it is e\edt from the study

that the potential hazard associated with oscillatory system waves and winding resonance cannot be
ignored. The authors stated that a reliable transformer design can only be ensured if suitable oscillatory
overvoltage tests are devisattlavinding designs are suitably modified to handle the voltage stresses
developed undesuchoscillatory voltages.
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Figure 2-3: Comparison of the voltage stresses on disk coils under different ineidgas (&) main
winding disks and (b}ap winding disc$51]. ©IEEE 2009

Van Craenenbroeckt al. [52] explained the possible occurrence of internal winding resonances
using experimental investigations and numerical analysis togeliner experimental part dhe
investigation consisted of laboratory experiments andgi@measurements in a substation. The
numerical analysis was carried out using apaessingprogramthat translates the geometrical
transformer data into model that converts magnetic paramet® their duals in electric parameters.

The duality-based modelvas preparedor use inan electromagnetic transient prograirhe authors
supported the conclusion that all failures were caused by similar combgwitielectrical transients,
leading tointernal resonansanside the transformer windings and material deterioration by PD. The
insulation deterioration by partial discharges explains why many of the failures were not directly related
to a switchingmaneuveor a lightning strike, and why ttieansformers failed while they all complied

with the present standards.
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ThroughFRA measurement§olootet al.investigated the winding design influence on the electric
field resonance in a transform§e5]. Voltage gradientdetween adjacent layers and discs of
transformer windings were measured with the use of FRA in a wide range of frequency. The results
showed that depending on the design of the windings, transformers show tjgtems of internal
stresses. It was conclud#tht,comparing disc, layer and pancake windings, the highest internal stress
at resonance frequencies happens for disc winding while the highest resonance voltage at winding
terminals happens for layer stture. Further, it has been shown that resonances that occur with many
frequency components can lead to high stresses and eventually cause l@yeror diseto-disc short
circuits. Such resonandeitiated stresses in transformers connected tosfanchs are also reported by
Bandaet al.[53].

2.4 Standard guides

The International Electrotechnical Commission (IEC) has developed two documents to provide
guidance on thqualificationofe | e ¢ t r i statommsulaton §ystems subjected to voltage surges
from PWM drives. IEC 60034841 discusses the qualification and acceptance tests for random
windings not expected to see PD during normal operation. IEC 60@@4d@vers forrwound stators,
whose insulation design is expected to withstand PD in oper&iothe other handnly a short part
of IEC 6007616 standard on transformers for wind turbine applications is dedicated to the concerns
about harmonics and higlV/dt voltages. Regarding the harmonic distortion ofitipait voltage, the
latest edition ofEC 6007616 standar@54] outlines that if the total harmonic distortion (THD) of the
transformer input voltage is higher than 5%, all the harmonic voltages and their magnitudes shall be
announcedo the transformer manufacturer by the purchaser. Accordingly, transformers shall be
designed considering the specified input voltage spectrum or 5% THD (whichever is higher). This
standard does not demand any Higifjuency content specification for volesywith THD less than
5%, regardless of the frequencies of the associated voltage contents. Current regulations on the THD
of transformer input voltage are based on the consideration of only linaitedjeharmonics, usually

up to 50", which does notover above few kHz; hence higher frequency contents are neglected.

IEC 6007616 acknowledges the occurrence of insulation failures attributed to VCB operations in
severalWwind-farms; stating that the transformers exposed to the highest stress ar¢ #mel fiast ones
in the windfarm chain, especially at light loads. The IEEE guide on the occurrence and mitigation of
switching transients induced by transformers and switching devices (IEEE C57.142) relates this issue
to the vulnerability of transformets currenthopsand high dV/dt voltage restrikes initiated by VCBs.
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The phenomenon is not discussed in details in IEC 6Q67&nd it recommends the client to perform
a system study ahead of the purchase. If the system studs fidtjsalsituation, deviation provisions

shall be taken by the widA@drm developer.

Furthermore, according to IEC 60016, additional tests for wind turbine transformers are specified
as:lightning impulse test including chopped wave on every new design and also a PD test in accordance
with IEC 6007611 or C57.12 if required by the purchaser.

2.5 Frequency response analysis for transformer fault detection

Detection of transformer faults usifiggquency response analysis (FRA) has been introduced and
developed as a method that adopts changes in frequency responses to diagnose physical and/or chemical
changes in transformefoday, FRA is widely used in the industry for the detection of transfiorm
mechanical defects, such as core displacement or winding deformation. There are numerous studies
that investigated the application of FRA the identification of transformer mechanical faults
explaining a number of aspects that must be consideredesitiect to thémplementationof FRA,

including frequency range and connection of-tested terminalfb4, 23).

In addition to the welkestablished work related to mechanical failures, detection oftuntershort
circuits has been recently studied by research groups. Wilk and Adafb6ézyaund that as an inter
turn short circuit progresses from a highpedance connection & total short circuit between the faulty
turns, the amplitude of the winding response at its resonance frequency sheshiseldrift Figure
2-4). This phenomenon is attributed to the fact that the resonance amplitude is related to the energy loss
in the winding which starts growing in the premature stages up to a certain maximtireraneduces

when the fault develops further towards the complete short circuit.
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Figure 2-4: Frequency response afmodel transformer winding for four stages of the short circuit
development, from highannection resistanc@R;) to very low connection resistan{e6]. © IEEE
2011

Detectionof internal fault occurrence is the first step of fault diagndsiaddition to the detection,
knowing the location of an internal fault can also benefit operators and manufalojuneniacing cost
and time required for repaiand providing statistical information about the areas of the windings in
which internal faults occur more often. The latter would be useful for more effective insulation
reinforcement in future designs. Furthens, due to the exposure of wind turbine transformers te high
dv/dt voltages from frequent switching, intemrn and intedayer insulation of such transformease
under higher stress compared to their pegréd counterparts, as an internal short ciriunore likely
to happenHowever, recognizing the location of internal faults has loééss focus in recent research

despite its importance

2.6 Transformer modelling

Network components respond differently to impulsive ligth-frequencyoscillatory tranints than
to the normapowerfrequencyvoltages. To a first approximation, these effects can be modeled using
discrete element circuits. At high frequencies, the distributed capacitances of the transformer dominate
the turnsratio and hence they determirthe magnitude of the transient that passes through the
transformer. There are various hifjequency models proposed for transformers which have
advantages over each other depending on their applications, generally classified into two main

categories: iternal winding models and terminal models.
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2.6.1 Internal winding models

This type of model comprises large networks of capacitances and coupled inductances that can be
obtained by discretization of distributed self and mutual winding inductances. The cahcolgotial
capacitances and inductances involves the solution of complex electric field equations and requires
informationaboutthe physical layout and construction details of the transformer. This information is
not generally available as it is congielé proprietary by transformer manufacturers. These models have
the advantage of accessing intended points inside the windings, permitting the calculation of internal
winding stresses. In general, internal winding models can predict transformer resivagoeacies
but cannot reproduce the associategignitudes This makes this class of models suitable for the
calculation of initial voltage distribution along a winding due to Higlquency excitation, but
unsuitable for the calculation of transients iviaof) the interaction between the transformer and its
surrounding network. Furthermore, the size of the matrices (typically 100 x 100 or larger) makes this

kind of representation impractical for electromagnetic transients program (EMTP) system studies.

Gonez et al. [57] combined mathematical calculations with finite element method for- high
frequencymodelling of power transformers. Thauthorsworked on a finiteelement approach to
calculatingthe stray capacitances, and self and mutual inductances. Based on those calculations, the
dielectric stresses produced by PWM type waveforms on medium voltage transformer wivetiegs
calculated From the results of the simulation, it was observed tigatise time of the PWM waveform
has an important effect not only on the overshoots presented in the dyeaptoséut also on the

regions of winding in which the maximum voltage stress develops.

2.6.2 Terminal models

In the majority of problems related toywer system transients, transformers are considered as black
box component§s8], which ae modeled based on the simulation of frequency and/or time domain
characteristics at the terminals of the transformer. Frequency domain data consist of terminal
impedance or admittance characteristics; whereas, the time domain data is basically acouired fr

impulse voltage tests.

For the calculation of external overvoltages, blhok-type models are usually preferred as they do
not require information about the transformer geoitatrstructure and they are capable of
reproducing the transformer termirmhavioumwith a high degee of accuracy. Gustavseanducted

a series of studies with this approakleasurement setup amdctorfitting modellingtechniquewvere
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utilized to obtain a lineawidebandfrequencydependent blackox model of a twewinding power

transformer, for the purpose of calculating electromagnetic transients in power sjE9niEhe

measurement setup was made of a network analyzer, shielded,catdl a connection board. The

accuracy of the data set was increased by using a combination of current measurements and voltage

transfer measurementSigure2-5). Vectorfitting process was coupled withrationalapproximation

in the range of 50 Hz to 1 MHz and subjected to passivity enforcement to obtain a stable model which

can be included in (EMTRype simulation programs. The accuracy was validated both in the

frequency domain and in the time domain.
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Figure 2-5: Measured frequency response of admittance matrix elefig®ht® IEEE 2004

2.7 Literature review summary

A brief summary of the reviewed literatur

e is outlined as follows:

- Ageing degree of dielectric materials, in general, and transformer insulation, in particular, can

be studiedby measuringpartial discharge levetlissipationfactor, tensilestrength, degree of

polymerization, insulation resistanceielectric frequency responsd modeling studies

Dielectric frequency response test reveals more reliable information about the insulation

condition compared to powdrequencydissipation faair test.

- Partial discharge measurement methods that involve electromagnetic approaches are subjected

to noise and other forms of interferenaad he reported results from different researchers for

partial discharge measurement under dgtdt voltagesare contradictoryDissolved gas
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analysis is immune to electromagnetic noise; hence can be used for PD detection under pulse

voltages and noisy test environments.

Pulsed voltages leave more negative effects on transformer insulation compared to AC
voltages Moreover therepetition frequency and rise time of ttepetitivepulse waves affect

the breakdown voltagef insulation materials, andlso affect the overshoots present in the
transformerdynamic response and the locations of winding in whichmbgimum electric

stress develops.

Winding failures caused by a mixture of electrical transients, internal resonance, and insulation
degradation are observed commonife fact that many of the WTSU transformer failures
were not directly related to a switoly maneuver or a lightning strike can be explained by
gradual insulation deterioration under partial discharge.

Resonaae phenomenomue tooscillatorywaveformsmay result in dangerous overvoltages
inside transformerwindings andon the secondary sidd a WTSU transformer, particularly
when it isenergizedria a short cablelransformer winding response to such oscillatory spikes

of certain frequencies may be more harmful than aperiodic voltages such as lightning and

switching impulse.

The main categdes of transformer modellingre detailedinternal modehg and terminal
modelng. The former is more suitable to calculate transformer internal stress while the latter

is more useful for higlirequency system simulations.

Frequency response analysi ke used for detection of internal faudisdmechanical defects

as well as highrequencyterminalmodeling of transformer
According to IEC 60074.6 standard on transformers for wind turbine applications:

0 The purchaser is obliged to outline the harmonittent of the voltage only if the total

harmonic distortion of the transformer input voltage is higher than 5%.
0 Voltage contents with frequencies higher than few kHz are neglected.
0 The frequent occurrence of insulation failures due to VCB operationsoigmieed.

0 Additional test of choppedave lightning waveform is recommended WTSU

transformers.
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In summary, Hects of distorted voltages with higlv/dt contents on insulation systems, to a good
extent, are discussed for conveifiedl motors and cables in earlier studies. However, studies on the
influences of voltage distortion on transformers are generallyeihtio overvoltages generated by
lightning, or decaying transients caused by switching or faults. Although these studies have valuable
inputs for analyzing the voltage distribution in transformer due to a single impulse, many important
factors, e.g. inte resonances and the effects of repetitive pulses on the material degradation require
more detailed studies.
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Chapter 3

Materials and Met hods

This chapter explainthe materialsspecificationsthe experimentaketups and themodeling and
design modification methods thatre implementedor this researchThe firstsection describes the
design and preparation thfetest samples as well as the readonshe specific features of eanfodel
transformer. Section 2.Putlines the genertion of the voltages applied on the test specimens
identifying thereal voltage waveforstheyrepresentThe next sections present thgeeang setupfor
a comparative studyf the effects of distorted voltagen oil-filled transformes andtheinvestigation
of the PD in paper/oil samples under impulse traimsansformemodelling an examination othe
effects of electrostatic shieldingnd a fault location study aréncluded in the last three sectigns
adoptingfrequency response analysis hwds

3.1 Model transformers

Details of custom desigad model transformersare presented herélwo identical 1kVA
transformers (T1 and T2) were built for ageing study under distorted voltages and observing electric
field resonance inside the windings. Twomiar but nonidentical 9kVA transformers (T3 and T4)
were built for studyingeffect of scaling on transformer response and use of scalmmgdelling and
effect of electrostatic shielding on transformer Kiglguencybehaviour A 500-kVA transformer
built in NorwegianUniversity of Technology, was also used in a joint study on fault location estimation

in WTSU transformers.

3.1.1 Model transformers for ageing study

All four model transformers built fohis research (T1, T2, T3 and T4) feature the same voltage ratio
and similar materials to thasedin conventional winefarm transformerstable3-1 shows the general
specification of two identical model transformers, T1 and T2.and T2 are the samia their
constructionas conventionapole-mount transformersexcept fortwo additional features multiple
embeddedonnection leadand temperature sensd@Figure3-1). In order toanalyzevoltages inside
the windings, 10 additionabnnection lead®ne in each layeareinserted in HV windingto facilitate
the monitoring of generated voltages between layers of the windiitgs€3-2). Five thermal sensors
arealso installed for measurirtge winding temperature profile during ageing. The thermal sensors are

insertedin the middle position of layersnd evenly distributed from the inneost layer to the
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outermost oneTo avoid any electromagnetic interferentfilger optic sensors with nmetal partsare

utilized.

Table 3-1: Specifications of model transformers T1 and T2

T1 and T2 Specifications

Rated Output 1 kVA
Type Single phase, Oil filled
Voltage 115V /6.6 kV
Connection leadgl0) One i every layer

Accuracy: 1 °C
Thermal sensor)
Inlayers 1, 3,5,7,9

Nominal fequency 60 Hz
Number ofturnsfor LV winding 130
Number of turns for HV winding 7480

Temperature sensors Connection leads

LV terminals

Name plate

Figure 3-1: Photograptshowingmodeltransformers T1 and T2
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Voltage probes

LV winding

HV winding
Transformer core

Thermal sensors

Figure 3-2: Active partof T1 (out of tanh.

3.1.2 Model transformer for scaling effect study

Transformer T3s a scaled version of Tith terms of size, voltage and curreapacity andwasbuilt
using same materials and design as T1 andrifRife3-3). T3 is designed with the same turns ratio as
that of T1, which also matches the typical turns ratio of wind turbine transformers used in Ontario,
Canada.The crucial part of designing the aded model transformers is selecting appropriate

componentsizingbased on the desired scale factor.

Principles of the scaling method are described hera fwaled version transformer (T3) based on
original (reference)}ransformer (T1)by a scale factocalledScl In this work,Sclis defined as the
ratio of any onalimensional geometrical parametgra scaled transformer that of the original
transformer. The primary step of scaling procedure is to definesift®s of scaled transformer
componentsn a way that basic design parameters remain the same in both transformers. As such, core
material and core structumaagnetidlux density in the core;urrentdensity in the windings, and type
of transformer (oiffilled or dry-type, numberof phasesnumberof windings) should be the same in

both transformersT@ble3-2). On the other hand, all orttmensional parameters, even the thickness
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of insuldion, are scaled with the sansel factor, which in turn, scales the cross sectweasand

volumes byScP andScP respectively.

Table 3-2: Spedfications of model transformér3.

T3 Specifications
RatedOutput 9 kVA™
Type Single phase, Oil filled
Voltage 345V /19.8kvV ™
Connection lead&l0) One n every layer
Nominal fequency 60 Hz
Number ofturnsfor LV winding 130
Number of turns for HV winding 7462
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Figure 3-3: A photograph ofmodel transformers, (left): original transformer, T1 (right): scaled
transformer, T3

Because of the limited standard sizes available in the market, for tfgilt\dnd HV wires, it was
not possible to use the conductors with the exact sizes as dictédetsbgle factor, rather, the closest

matching dimensions have been used. Phixedurealso applies to insulation pap#rickness and
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core dimensionsTable 3-3 shows the detailed data of the transformer design thithdeviationof

actualdimensiondrom thedesiredvalues calculated based 8ol

Table 3-3: Transformerd'l and T3design data

% Deviation from
Original Transformer | Scaledup Transformer | values dictzited by
SckEN
Capacity 1kVA 9kVA 0
LV voltage 115V 345V 0
LV turns 130 130 0
HV voltage 6617V 19850V 0
HV turns 7480 7480 0
C* 3 5 4%
D* 0.5625 1.05 -71%
G* 7.39 125 2%
A* 8.625 14.85 0.5%
LV conductor section areanils?) 4572 14742 -71%
HV conductor section argails?) 503 1612 -6%
design flux density (T) 1.572 1.516 4%

*C, D, G and A define the core dimensions.

Parameters C, D, G and A that define the core dimensions are shévwguia3-4.

| I —
1 | 3 |
_,ﬂ D a LS| T
— B
Side View Top View

Figure 3-4: Schematic depicting the parameters of the core dimensions.

3.1.3 Model transformer for shielding effect study

TransformeiT4 is built for a comparative study on the effecteletctrostaticshield on the transfer
of high-frequencyvoltagecontents as well as its effects on the voltage gradientlectrical stress
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inside the windings. T4 is designédentically to T3 in all aspects except that T4 comprises an
electrostatic shieldnserted between LV and HV layers. In addition, to evaluate the electrical stress
between the layers of windings, baiB and T4are equipped with 10 connecting ledite that used

with T1 and TZor measurement of voltages at wiliel turnof every layeiof HV winding (Figure3-5).

Figure 3-5: T4 modeltransformer active part with multiple connection leads anigjiavoltage eflon
insulatedwire (white one)for grounding the electrostatic shield

3.1.4 Model transformer for fault location study

A 500-kVA model transformerKigure3-6) is alsoused in this studyThe ransformer was initially
built by NTNU Universityfor the purpose of investigating the effect of winding design on both internal
and externaVoltagetransfer hence consists of a layer winding on the left limb, a pancake winding on
the middle limb and a disc winding on the right linTthe connection leads which were initially
considered for internal voltage measurements, are used in thischef@macreatingintentional short

circuits atseveralocations of the winding# detailed design of T5 is described[@1].

30



Table 3-4: Specificaions of transformer T5

T5 Specifications

Rated Output 500 kVA

Three phase, Qil filleg

Type
Voltage 240V /11 kv
Connection lead&4) Two in each layer
Nominal fequency 50 Hz
Number ofturnsfor LV winding 25
1334

Number of turns for HV winding

Layerwinding

Pancake windin

i}
i

=
-
-
-
-
—
-
-

i

Disc winding

Gu'
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\}‘\'\

i

Figure 3-6: T5 model transformeguntanked, showing differentwinding types and connection leads

3.2 Paper/oil samples
Paper samples were prepatgdthe sameprocedureas thattypically used byWTSU transformer

manufacturers; whereby, paper samples are vacuumed and heated prior to being placed in oil. This
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process extracts moisture from the paper and also prepares it for better oil absorptianil. &uth
paper samples were provided by a transformer manufacturing company in Ontario, Gareadad

materials ottircularpaper samplegsed inthe present fundamental stuaedefined inTable3-5.

Table 3-5: Description of circular paper samples

Paper diameter | Paper thickness Paper material Oil material
150 mm 0.127 mm .
Diamond coatedraft paper Voltesso 35
75 kV/mm breakdownstrength| 40 kV/mmbreakdown strength
25 mm 0.29 mm

3.3 Voltage waveform generation

3.3.1 Sinusoidal and PWM voltage for transformer ageing

To study the effect of voltage source converter on transformer insuladigingaests on T1 and T2
were conducted in parallel, using two separate sourcenégizationSourcel is a conventional 60
Hz voltage regulator connected to thboratory AC supplyVoltageregulator is used to set the input
voltage to 138V; 120% af r ansf or mer 6 s nomi nal -2 3avoltagersgurcadi de v ol
converter with a switching frequency of 3 kHz and HV/us rate of voltage rise, generatiRyVM
signals. The output voltage of the converter is adjusted in such a way that inkegsesdk value as that
of sourcel. Total harmonic distortion (THD) afourcel is less than 2% whileosrce2 has a
maximumTHD of 14%including a wide range of frequency components that exist in-faimds A

typical voltage waveform of sour<eis showrin Figure3-7.
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Figure 3-7: Output voltage waveform of sour@e
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3.3.2 Impulse voltage for paper/oil sample ageing

Analysis of transformer insulation performance under switching transient voltages is only possible
by having the characteristics of such wavefor ms
for approachingseveral winefarm developers, reluctarcgvere shown against performing online
measurements at transformers termindfsaddition, even with continuous measurement of voltage at
transformer terminals, not all the different types of events could betedp®coccur and be recorded
during a short measurement periddhereforeyoltage profiles at transformer terminals calculated by
PSCAD® simulations are use@62]. High-frequency blackox model oftransformers used in
simulations arebased on the frequency responses measured on acilé# WTSU transformer

(explained in sectioB.7.1).

Applied test voltage wavefornm paper/oikamples (sectiof.5) represent fast rise time impulses
simulated inthe abovementionesimulationstudyfor the operation of circuit breakers b and HV
sides of wind turbine transformersdifferentoperation scenariofResults of the simulatiemevealed
impulse waveforms with rate of rise (ROR) varying from 1.1 kV/us to 12 kV/us and repetition
frequencies ranging from 450 Hz up to 22 kHz.halighboth powerfrequencyvoltage and high-
frequency switchingpikes exist in the real voltage wavefoitmcause ahe focus othis research on
the effects of higldV/dt components, only the spike train was generated and applied to the test samples.
The pulse train was generated by a higltage pulse modulator fed by &30 kV DC sourcewith a
continuous currerratingof 540 mA(Figure3-8). Figure3-9illustrates a pulse train with its associated
timings. To capture these stelepnt waveforms, higHirequency sensors (a 75 MHz higbltageprobe
and a 40 MHzurrent transformer (CJ)and a wideéband highsamplingrate oscilloscope, with a 2
GHz bandwidth and a 5 GS/s sampling rate, were used.
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Figure 3-8: Test setup for eltagepulsegeneration
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Figure 3-9: Exponentially decaying impulse train waveform and the associated times (for the purpose
of illustration, the time periods used in left figure are not to s¢Bleadtime) = (1/f)- (pulse time)

3.4 Transformer ageing experiment

TransformersTl and T2 were subjected to stresses from two different types of voltagessource
(explained in sectioB.3.]) to evaluate the effect of highequencyhigh-dV/dt voltages on transformer
A variety of parameterare considered as indicators tfe insulation conditions, which have been

monitored pendically during the ageing process. The results aredhatyzedn order torecognize
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the propertieghat areaffected byhigh-frequencyhigh-dVv/dt distorted voltages and the ageing process

under distorted voltage waveforms.

3.4.1 Experimental Procedures

Trangormers T1 and T2 werenergizedfor 960 hoursat 120% of their nominal voltage. Both
transformers were loaded by ndistorting resistive loads at 40% of their ratedue (Figure 3-10).
Use of reducedbad has two benefits: prevamj no-load overvoltages on the secondary side of the
transformer, andvoidingoverheating that may occur kigher loads By avoiding overheating, it is
possible to investigate the effectaléctricalstress on transformer insulationdependent othermal

ageing

- g—

’ l
Load rack e y
oad rac : / (( / ' e Tap connections

Mg ! Model transformer

Inverter

Figure 3-10: Test transformer witlioltage sourced converténverter)andresistiveload

3.4.2 Monitored Parameters

Dielectric measurements on transformers are functions of humidity, temperature and ageing degree
of paper/oil insulation system. In a laboratory experimenthafumidity and temperaturare kept
within a certain rangehe following parameters can be indaratfor the ageing degree of transformer
insulation. In this researctissolved gas analysis, dielectric frequency response, winding temperature
and partial discharge are estigatél as representative indis of the transformer insulation conditions,
before, during and after ageipgriod
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3.4.2.1 Partial Discharge

One of the indicators of insulation health used in most-igtage equipment is partial discharge.
Periodic measurements @D were done on both T1 and T2 using HipotrdheB test setup with PD
noiselevel of less than PC. Initial PD tess were carried out to ensure the good condition of model
transformers, and to have a reference PD I&dditional PD tests were done a@ft100, 200500and

960 hours of ageing respectively.

3.4.2.2 Dissolved gas analysis

Oil samples are taken from both transformarsd dissolvedagesvere extracted from oil samples
using the flaméonizationdetection technique as per ASTM D3612 standard test method.

3.4.2.3 Dielectric frequency response

Dielectric frequency responsealso known asfrequency domain spectroscopis based on
measurement of mat er i altdtadandimagihagpartof capacitanee(Caantet er s s
Cnj) , di s s (DF)andipaver fattafRF} Thve method is basically founded on measurements
of system input impedanaever awide range offrequeng (0.1 mHzto 10 kHz in this thesisfrom
which parameters such as reapacitance, imaginary capacitance, dissipation factor and power factor
can be extracted

Currently, with the progress in widsand capturing of very low amplitude signals, and powerful data
acquisition systemssophisticated instruments are commerciabailable for DFR measurements
However, the interpretation and comparison of DFR output curves are complicated tasks which require
in-depth knowledgén the field. Although there are discussions about accurate interpretatremas
in DFR curves, thegneral concept of the effects of insulation ageing oD pattern ofransformer
insulation system igrell established63]. Changes in high and very ldinrequency ranges of dielectric
response curves can be related to the moisture levels while chiangeslium rangeare mostly

correlatedwith theinsulationdegradation levelHigure3-11).
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Figure 3-11 Typical dielectric frequency response of a transfornrseowing the regions of each
par amet er 6 s e thamgeshifts the(whaergmghaorizontally) [63].

Using DFR testsageing progress is investigated by comparing the performance of T1 and T2 under
pure and distorted voltage waveforni§gure 3-12). At certain intervals during the ageing cycle,
sample transformers are diagnosed with DFR analyses to compare their dielectric reBpdh sests
are performed by IDAX30(P insulation diagnosti@nalyzer which is a highaccuracy automated
measurement unit featuring a variety of test modes for insulation assef&ente peak voltage of
IDAX 300 test signal is 200 V which can be amplified to 2 k\allging an amplifying module named
VAX020°.
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Dielectric response Data acquisition
measurement unit

(IDAX 350 + VAX020)

Model transformers

Figure 3-12: DFR test setup: model transformers, dielectric response measurement unit with high
voltage amplifier and computer for data capture and analysis

A DFRtest can be done in two modes:gnounded specimen test (UST) mode or grounded specimen
test (GST) modeHRigure 3-13). This research adopts the USde for condition assessment of the
insulation between LV and HV windings, and the GST mode for assessment of transformer total
insulation system which takes the insulation between grounded parts and energized parts of the sample

transformer into account.

Figure 3-13: DFRtest connections schemati¢ft): UST mode(right): GST mode
All DFR testsare performed inrelatively consistentambient conditios for obtairing a good
comparison (T= 22 1°C, % elative humidity = 3& 5).
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3.5 Ageing of paper-oil samples

The experimental study of this section employs online monitoring of dissolved hydrogen for
investigating the performance of oil/paper insulation systems underdWiglh pulsed voltages
generated by switching operatiofgescribed in sectioB.3.2. The proposed DGA method relates
accumulated PD energy of impulse trains to the amounts of hydrogen gas generated over the ageing
period. Using the hydrogeriZPrelationship, PD is monitored throutjine measurement of dissolved
hydrogen by subjecting impregnated paper samples to voltage impulses with different riates of
(RORs), peak values, and repetition frequencies. Moreover, with controversieshalmarametes
for defining the insulationdestructioneffect of PQ) what becomes clear is that a parameter directly
related to totalPD energy is needddr comparing levels of damage inflicted by voltage waveforms on
test samples. Because of the direct refabetweerPD energy antiydrogen contentjestructiveness

of different pulse waveforms can be compared by trending dissolved gas levels.

Preparation of test cells, and online monitoring of dissolved hydrogenaneoilescribed belaw

3.5.1 Test chambers and electrodes

Two types of test chambers (chamber 1 and chamber 2) were built for studying PD of impregnated

paper samples immersed in transformer oil.

Chamber 1 uska set of Rogowskprofile planeplane electrodes with a transformer paper sample
sandwihied between the electroddsigqure 3-14). The diameter of the paper sample exceeded the
diameter of thenergizectlectrode to ensure that PD would initiate on the surface of the paper where
the energizecelectrode contacts the papdiable 3-6, Figure 3-14). This geometry provides a large

interface between paper and oil under uniform field with smooth electrodes.

Table 3-6: Description of electrode dimensions

Energizedelectrode diameter| Ground electrode diameter

100 mm 200 mm

For a fair comparison of test resultsderdifferent voltage waveforms, the pageroil mass ratio is
kept constant for all test samples. A small free space (8% of the test cell volume) was maintained on

top of the oil and under the lid of the chamber so that the gases generated in the aifeateld
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equilibrium with the free gases. Chamber 1 was operated in isobaric conditions with a barometric

pressure of 102.7 kPa.

Figure 3-14: (left): lllustration of £st chambet; 1: ground electrode, 2: energized electrode, 3: paper
sample, 4: oil bath, 5: pressure controller, 6: dissolved gas monitor, 7: fiber optic thermal probe with
recording instrumentright) : actual test chamhber

Chamber 2 containsix pairs of rod-plane electrodes with paper samples placed between them
(Figure3-15). Ambient temperature, moisture, and initial pressure were the same as for chamber 1, but
chamber 2 was operated under sealed conditions unlike the isobaric conditions in chamber 1. The
enharement irelectricfield at sharp corners of rod electrodes has an impact on PD and consequently

on the generated gas, simulating multiple sources of PD in large transformer tanks.

For both chambers 1 and 2, tests were repeated five times and the regeuiteds are the mean

values.

®

L

Figure 3-15: (left): lllustration of st chamber 2; 1: ground electrodes, 2: energized electrodes, 3: paper
samples, 4: oil bath, 5: dissolved gas monitor, and @rRénna(right) : actual test electrodes (out of
oil chamber)
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To monitor the local temperature of the sample being tested, afitiethermal sensor which meets
the electromagnetic compatibility requirements is placed in the vicinity afrtbgizedbaper sample
(Figure 3-16). To monitor the average temperature of oil bath, the thermalib@éinsor of the DGA

unit has beentilized.

Continuous longitudinal slit
allowing perfect
transformer oil flow over

S = 4 entire probe length wwsnsenaing:
BN
17— o8

1} y
Ex ‘ \
- ! ! \ 4
< =7/ |\ \
23 Se s / ‘ \ ~'/¥ Highly resistant 3.1 mm 0.D. virgin

[ 'AVA / PTFE Teflon “spiral wrap” reinforcement

High temperature
\ dielectric epoxy
N adhesives

Sansitive elemant
(@ 400 microns}

@ 1.21 mm PTFE (Teflon}
proba sheath

Figure 3-16. Optic thermal sensorin(yellow) connected to the measurement.unit

3.5.2 Hydrogen Monitoring

Under high electrical stresses, due to the bombardment of molecules by electrons, oil/paper insulation
generates small quantities of gases, including hydrogen. The amounts and types of gases found in the
oil are indicative of the severity and type of diaaies occurring in the oil/paper insulation system.
However, a full gas analysis is costly and not feasible to be iterated for one measurement point and
entails long time intervals between samplif@issolved hydrogen can be measured online by means
of amonitoring unit connected to the test chamber. This reseditcded the InsuLogix® hydrogen
monitor with a measurement rangeugfto 5000 ppm, with 25 ppm accuracy.

3.6 Freguency response analysis

Frequency response analysis (FRA) was used in the stodissnted in the following sectigns
which includetransformemodelling effects of electrostatic shieldirgnd detection of fault location.
Since theconventionalmethod is well knownand explained in literatur§s4, 65], just a brief

explanatiorof frequency response measurement used in the presenisvgivin here.

A schematic diagram of FRA test connections are showhigare 3-17. The retwork analyzer
generates a sinusoidal waveform with variable frequenctbe aburcgerminal(S). The source signal

excitestransformer with voltage magnitude ranging frol@®V. Connections ofeference R) and
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transfer T) channels are determined based on the parameter for Wiedhequency response is
measured. For exampk®, measure LV/HV voltage transfer function, R and T channels are connected
to HV and LV terminals respectivelfigure3-17a). On the other hand, as it is demonstratdedgare

3-17b, R and T channels are respectively connected to the current sensor anchid¥l ter measre

input impedanceFor admittance measurement, everything is the same as impedance measurement
except that R and T connections sreersedTo measure voltage transfer functions from LV terminals

to theconnection leadfserted insidahe layers oHV windings, similar connections as shown in
Figure 3-17a are used while T channel is connected todbnection leadissociated with each

measurement.

Primary Secondary

b)

Figure 3-17: Test setup for FRA measureme(@). transfer function(b): input HV impedance (L
transformer with grounded tank and corep@work analyzer,-Bigh-frequency voltage probe; Bigh-
frequency current sensor)

3.7 Transformer modelling

Transformers in power flow analysis and steathte power system management raceleledas
leakage inductance and resistance in series for the windings, and a parallel inductance and resistance

for the core,which is valid only for powefrequency studies. However, transformers respond
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differently to high-dv/dt high-frequency oscillatory transients compared to the normal pewer
frequency voltages. At higher frequencies, ititeraction ofdistributed capacitancesd inductances

of transformeiinfluencethe magnitude of the voltage waveform that passes through the transformer.

Andytical and numerical models of transformers are used for-fnéguency modelling of
transformers busuch methods are too sensitive to the geometry and materials usettamsf@mer,
and require access to the detail design of each transfofmeralternativemethod are presented in
this researcha blackbox modelfor networksimulationpurposesand a graypox modelfor the study
of internalresonance effects and voltage transfers.

3.7.1 Black-box modelling using terminal measurement

To analyzethe switching transientsin a windfarm, appropriate implementation of a wideband
transformer model igrucial Of numerous proposed modeldackbox high-frequency model of
transformer is aatherrealistic model foranalyzingthe high-frequencytransients[67]. The idea
adopted is to find rationally approximated functions as summation of partial fractions. The patrtial
fractions are extracted from admittance frequency responae aftual transformer installed in the
simulated winefarm. Figure3-18 shows the use of FRAX 18frequency responsanalyzemon a 2.65
MVA, 690V/34.5 kVWTSU transformer ready to be shipped to wiiadm.

Once the parameters are expressed as rational fundtierigackbox module of PSCABsoftware
creates a muHport frequencydependent equivaletrcuit from given characteristics. The advantage
of beingterminatbasedmakes tle blackbox model implementable for any transformer even without
accessing its ternal design, ensuring that the model of the transformer in the simulation resembles
transformer real response even when dealing with-tiegfuency voltage contentModelling of

transformer for windarm simulation is described with more details in Apqlig A.
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Figure 3-18. Experimental Setup for frequency response measurement&/ o84l transformer

3.7.2 Gray-box modelling using scaling method

A gray-box modellingmethodis proposed in this thesis as an addition to the discussed transformer
modelling approaches such as detailed intermaddelling and blackbox modelling Graybox
modelling has characteristics from both aforementioned methods. Like -backnodelling this
method is based on FRA measurements, but instead of only terminal measurements, FRA
measurements are done at multiple locations of transformer windings. It has also similarities to detailed
internalmodellingbecause it reveals information about voltdigtribution inside the winding, and can

help with the calculation of internal electric stresses.

FRA measuremesft terminals and internal point$thetransformemindingsarerequired for the
proposed graypox modelling Performing FRA on actual powdransformershowever can be
challenging because of their large size, limited access, and associated costs. In contrast, performing
FRA on ascale down modetansformer of the same design is feasible and can be done in a laboratory
setup. Scaldown modétransformers can be easily built with additionahnection leadmserted in
desired positions of the windingSuch model studies can thus help the manufacturers to predict the

high-frequencybehaviourof power transformers in their design stage.

3.7.2.1 Scaling Rules
Principles of the scaling method are described here for an original transformer (T1) and its scaled

version (T3) by a scale factor 8tl(chosen a#lo in this research). The primary step of the scaling
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procedure is to define the materials aitiensions of different components of scaled transformer T3
in a way that certain properties remain the same for both transformers. The parameters that should

remain constant when a transformer is scaled are:

- Transformer type (offilled or dry-type, numbeof phases, number of windings)

- Core material and core structure

- Magnetic flux density in the core

- Current density in the windings

It is well known that impractice when it is required to scale down the voltage level of a transformer
by e.g. 3 times, the basic design parameters of the transformer such as its number of turns changes.
However, here, for research purposes, the basic design parameters are kept thelsathée linear
dimensions, even the thickness of insulation parts, are scaled with the sameStacidnis, in turn,
scalescross sectioareasand volumes bgcf andSck, respectively.

TANK WALL

i ¢, d, P
3 3 2 NI 1 L-\_,/‘S

LV foils HV turns

Figure 3-19: Schematic illustration of distributed resistive, capacitive and inductive parameters in
transformer winding

The most basic parameters of a transformer that change by scaling are rated voltage and current.

Below, it is described how these parametersighavhen a transformer size scalesSbl
W 18 WeQ 2.)1
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The fundamental machine equation is derived as above, consitfesimtherms value of the sine
wave voltage with a frequenof f. SinceN (hnumber of turns) anfiremain constant during the scaling,

the voltage changes only with(magnetic flux).
The magnetic flux is derived as multiplication of magnetic flux density and core area:
e 08 2.)2

Because both transformers are comprised ob#mecore material, thenagnetic flux densityR)

should be equal for both transformers when operated atdhjaetickneepoint:

0 0 §Ty) 2.)3
The cross seitin areas are scaled BgF:
[ oo —— | oad o QLGOI Q 2.)4

On the other hand, for the input current, since the current density is stpposenain constant:

0 0 ALl i oa 2.)5

o QMO OI Q 2.)6

(2.4 and(2.5 = i Ha 2)7
WQFWH G Q 2)8

T1: 1kVA, T3: 9KVA 2)9

The above equations show that to $atihe fundamental scaling rules, the capacity of scaled

transformemultipliesby a factor ofScl when its linear size scales Byl

Focusing on the frequency response analysis, paranmbtdrdefine the frequency response of
transformersareturns rdio, stray capacitances, inductances and resistances. While capacitances and
inductances affect the frequencies of resonances anteaatiances, the turns ratio and resistances
mostly affect the magnitude of resonances in the frequency responses. Thpt adrthe electrical
circuits theory suggests thahiform scaling of all the elements of the transformer equivalent circuit
will result in the scaling of the resonance frequencies of the circuit by thessativegfactor. The

following equations show how the equivalent circuit elements change when a transformer is scaled.

By scaling the size of a transformer the cross sections sc&eflwhile the distances scale Bl

Consequently, the whole stray capacitamegrix scales bycl
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To calculate the approximate effect of the scaling on self and muatditances, it can be stated
that:

6 —BB

2.)12
Or more generally:

0 — 2.)13

Constant values qf andN due to the scaling rules, and below relationships betweendbetive

area anavinding length oforiginal transforme, and those of scaled transformer:
0 "Y o h & "Y G&i 2.)14
Result in scaling the distributed inductance matrix by a fact8cbf
O — — | wa 2.)15

Since thevoltage transfer at higher frequencies is mostly defined by the stray capacitances and partial
inductances rather than turns ratio, it can be concluded that the resonance frequencies of the transfer

function also scale byl (Sc):

— 2.)16

8 8

To examine the accuracy of tabove calculations for the shifts in the resonance andestahance
frequencies, frequency response measurememste performed onTl and T3, as an original

transformer and its scaled versi@spectively.
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3.8 Shielding

To investigate thénfluence ofelectrostatic shielding, this studpmpares the results iEquency
response analysis on T3 and tbdnalyzehow the implementation of an electrostatic shield modifies
the electric field resonation in highequency range; hence the stresses on wiridsdation.

3.8.1 Shielding mechanism

Installation of an electrostatically grounded shield between primary and secondary wiadibgen
recentlyrecommendedby transformer study grouger renewable energy convertid transformers
[68]. The main functionality of thelectrostaticshield is a capacitive decoupling ofirpary and
secondary windings. The purpose of this method is the suppression-@ifdgjgbncy voltage contents
transfer from each side of the transformer to the other side. This decoupling action is more important
in convertetfed transformers because geally the terminals that are connected to the inverter are not
grounded through a star point, resulting in a floating capacitive coupling between primary and
secondary windings.

3.8.2 Terminal voltages and voltage gradients

The electrical stress on the insutettiof a transformer is defined by terminal voltages, and voltage
gradient between the winding turns or lay&mequency responses detabovementionegarameters
are measured over a wide range of frequempowérfrequencyup to MHzrangg to obtainan
estimation ofthe stress that is imposed by higitd/dt voltage components.

To find the electrical stresesponsat different layers of the winding, voltage gradients between the
middle turns of adjacent layers are measukégufe3-20). In other words, the frequency response of
the differential voltage along the winding is computed by measuring the frequency response of voltage
transfer at each layand then subtracting the responses of two adjacent layers. The resultant frequency

responses are the distribution profile of electrical stress as a function of excitation frequency.

YO N — 2.)17
— " 9 *vyo "Q YO Q 2.)8
Where’Y'O s voltage transfer function at layieof the winding,w is the voltage spectrum

at layern, w is the excitation voltage from the primary side an®® | is the voltage gradient

between layersand {(+1).
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Figure 3-20: Numbering of layers and the position of a shield with resjpeittet windings

3.8.3 Measurement setup

Transformers T3 and T4 are used for a comparative study on the effects of the electrostatic shield on
the transfer of higifirequencyvoltagecontents as well as its effects on the voltage gradient along the

windings.

A FRAX101® FRA unit is used to measure the voltage tranfifiaction for the following: a)
transfered voltagefrom LV terminal to HV terminglb) transferred voltage from HV terminal to LV
terminal; c) tansferedvoltagefrom LV terminal toeachlayer of HV winding for calculaing voltage

gradients between the winding laygrs. stress on intdayer insulation(Figure3-21).
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Figure 3-21: Experimental setup,-Ishielded transformefT4), 2- unshielded transformeg{T3), 3-
frequency response measurement unidada acquisition

3.9 Detection of fault location

A possible madification in windiarm transformedesignis reinforcing the insulation in the positions
with the highestprobability for failure. Having statistical data about the locations of internal faults in
failed transformers can help recognizingthe vulnerable positions in a certamansformerdesign.
With an experimental approach on model transformers, the aim of this section is to identify the
relationship between locations of an internal fault and patterns of transformer frequency responses. To
estimate the location of short circuits, the FRAs of faulty windings, with short circuits positioned at
different locations, are compared with one another and also with healthy winding as a reference. The
comparison is based on the use of statisticalnpeters along with visual observations of trends in
frequency spectra. This research also compares sensitivities of diffarangterswith respect to the
locationof the fault.

In an attempt to establish a method for locating internal faultsstilnilyinvestigates the effects of
fault location on the frequency response of transformer parameterisput impedance and transfer
voltage. It is shown that moving the fault to different locations in the winding changes the frequency
response of transform@arameters with certain patterns. These systematic changes in the frequency
responses can hailizedto predict the location of internal faults.
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Artificial short circuits are implemented in the transformer winding to simulate the internal faults a
different layers. For each short circuit, frequency responses of transfer vdtaf)é,) and input
impedancéVii/lin) aremeasuredTo find the patterns of frequency response change as function of fault
location, the frequency responses of faulty transformers are compared with each other. The trends are
analyzedby both qualitative and quantitative approach@so, all the frequency resporsef the
transformer with different fault locations are compared with the frequency response of the healthy
transformer. The comparison is donsing statistical parameters along with visual observations of
frequency spectra.

3.9.1 Measurement procedure

Both transfer functionsHV/LV andLV/HV are measured, respectively, from HV and LV terminals
while the other side is excited. In addition, input HV impedances with LV terminals shorted are also
utilizedto correlate measured impedances with defect locationsghen® E5061Bnetwork analyzer
and highfrequency oscilloscope probes P2220 are used for voltage transfer measurements, as well as

speciallonphysicé current sensors CMIO0-6L-IR50 for wideband impedance measurements.

LVt

A - E N

HVt

Core

IAY LV

b)

Figure 3-22. T5 details (left): transformer winding with connection leads from different locations,
(right): winding schematic and positions of connecting leads
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Variations that occur in transformer frequency resggrdue to changes in the location of fault are
investigated. Unlike conventional FRA tests on transformers wherein the responses are used to detect
faults such as winding deformations or core dislocations, in this investigation, frequency responses of
different parameters are measured against a simulated defect. For this purpose, nine short circuits were
created at different locations Biiortinga certain number of HV winding turns. It is also presumed that
access to the terminals of each individual wiigds available for measurement. It should be noted here
that although model transformer &x threephase design, only one phase is considered in this study,
while the unused phase windings are skoduited. As the effect of the core for magneticging
between windings of different legs (phases) is negligible for frequencies above 10 kHz (due to the huge
drop in core permeability)69], windings of different legs have insignificant mutual effects on each

other.

Transformer T5 is designed in a way that the number of turns between each two toensecu
connections is 56 except for the taps-28) which have 32 turns between one another. This means
that, in terms of number of sharircuited turns, all implemented faults have the same number of turns
(112) except the fault in the outermost layerjchithas eight more turns. Fault numbering along with

short circuit locations are given frable3-7.

Table 3-7: Fault numbering based on the position of short circuits bas€tjare3-22.

Fault Number | Location of Short Circuit (Between Connection Leads

1 2 and 6

2 4 and 8

3 6 and 10
4 8 and 12
5 10 and 14
6 12 and 16
7 14 and 18
8 16 and 20
9 18 and 23
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3.9.2 Fault Analysis

To analyzethe FRA measurement results, both qualitative observations on trends and quantitative
analysis are used. Trends in frequency responses based on patterns in the shifts of resonance frequencies
and changes in resonance magnitudes have been investigagtailinQh the other hand, quantitative
analysis, which derives numeric values for compe

factoro which is defined bel ow.

A measure that can be adopted to compare faulty windings with the reference haating V8 a
criterion derived from thabsolutesum of logarithmic errors; hereafter referred to as the difference
factor. The higher the difference factor is, the larger are the differences between responses; hence it is

easier to differentiate betweeraghs.

fna 120l00,, R, - 20l0g,, R,
dASLE(Rsc_k’Ro): a ‘ = N = _k‘
f

m
= fmin

2.)19

WhereN is the number of reading8ysceis a quantitative indication of the difference betwBey
responses of transformer winding with a short circuit at locati@ndR,, the response of a healthy
transformer. This difference factor can alsogeeeralizedo include other types of faults. Compared
to other mathematical criteria, the difference factor calculated using the above formula was found to be

the most sensitiveriterion to diagnose even badly scaled responses irrespective of faylt@ype

ConsideringRo) as the frequency response of a healthy transformeRang) Rsc 2¢..-,Rc kpy € ,
Rsc_n as frequency responses of that transformer with fault nuniber® , én,, the férmula for

computing the correlation coefficient can be derived as:

. B 0
6 " : 2.)20
B ‘ B

Wher fmin is the lower frequency limit of the measuremantl fnaxis theupper frequencyimit of
the measurementhe correlation coefficient always ranges betwdeand 1, with 1 orl indicating
perfect correlation (all points would lay along a straight line in this case). A correlation value close to

0 indicates n@ssociation between the variables.
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Chapter 4

Resul ts

This chapter presents the results of thisrk, classified inthe following categories: ageing
experiments, validations of models and methods proposed in this resaadchnalysis of design
modifications suggeted for transformers

4.1 Transformer ageing under distorted voltage

Results of ageing tests on transformers T1 and T2 are preseotegarameters are monitored as
indications of transformé insulation condition: partial discharge, oil temperature,oblied gas
contentand dielectric frequency respon3d. is aged under sinusoidabltage (source) while T2 is

aged under PWM voltage of a converter (sowtce

41.1PD

PD was periodically measured for both transformerging ageing experimentThe first PDtests
were donébefore the start of ageings the initial qualification testSubsequent PD tests were done
after 100, 200, 500 and 960 hours of ageiriwe esults of PD tests at 10 kV are showtrigure4-1.

10000
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1000

0
0 200 400 600 800 1000

Time (hour)
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Inverter-fed transformer (T2) Power-grid-fed transformer (T1)

Figure 4-1: PD test results on sample transformers during ageidgr sinusoidal and PWM voltages
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With ageing, the difference between PD the invertesffed and poweqgrid-fed transformers
increased significantly. After 960 hourthe level of PDreached 930 pC for T2 while the
corresponding PD level il was 21 pC. Trends observed in PD of T1 and T2 indicate severe
degradation in the infation of T2 confirming accelerated ageing under Higlgquency distorted

voltage.

4.1.2 Oil temperature

The temperature ofhe bulk oil was measured durinthe ageing while ambientaboratory
temperature wais a range oR4+1° C. Oil temperature was recordecbey day, and its average value
for each 10thour periodis plotted inFigure 4-2. It can be observed that thiifference between
temperatures of T1 and Tdes not exceetb% and they are bottonsiderably belowhe temperature
limit of transformeioperation Figure4-3 showswinding temperatures measuradayersl, 3, 5, 7 and
9 of T1 and T2 windings. For T1, winding temperatgraduallyincreasd by moving towards inner
layers. For T2, the overall trends are similar to whas observed for T1 excephatthe difference
between thaneasured temperature$ adjacentlayers forT2 are higher than thoder T1, andthe
temperature measured for-L2ayer9 is higher than T-2Layer7 even though the latter is an inner layer.

Trnaformers oil temperature through ageing

M

Qil bulk temperature (°C)
= = [ N W w L L
O w o [9,] o w o (93] o (%]

o] 2 4 6 8 10
Time (100-hour)

—o—|nverter-fed transformer (T2) —o—Power-grid-fed transformer(T1)

Figure 4-2: Bulk oil temperature of sample transformers during the ageing
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Figure 4-3: Winding temperaturef sample transformers during ageing measured atffferent
layers of HV winding

4.1.3 Dissolved gas analysis

Table4-1 shows theesults of DGA for the powegrid-fed and invertefed transformers. Thgases
were extracted frorh r a n s f ail andhanalyze@using thestandardest method. The result for the
transformerenergizedoy power grid sinusoidaboltage shows only air gaseshile the invertesfed
transformer oil has highenhydrogen carbon monoxide methane carbon dioxide ethylene and
acetyleneThus, there are more faglisepresentindicating thainverterfedtransformed s i nsul at i on
hasconsiderably degradedhe gas of real concernasetyleneébecause its level is above the threshold
warning level. The other gas contents are still below the warning levels.
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Table 4-1: Dissolved gas conteirt T1 and T2 after 500 hours ageing

Dissolved gagppm) | Powergrid-fed transformer (T1)| Inverter-fed transformer (T2)

Hydrogen <10 52
Carbon Monoxide 43 259
Methane <5 13

Carbon Dioxide 1120 5780
Ethylene <2 4
Ethane <2 <2
Acetylene <2 7

4.1.4 Dielectric frequency response

The frequencyresponse of dielectric parametargpresented for T1 and T2. Total capacitance (C),
i maginary capacitance (Co0) and percentage di ssi
compare the ageing of T1 and Measurements are performed at two levels of excitation volzage:
V and 2 kV. Each test has been repeated three,tandgshe averagealuesareplotted

4.1.4.1 Un-grounded specimen test mode

The frequency response of the capacitance between HV and LV gamdiitainedn Un-grounded
specimen test{ST) modetest(Figure4-4) is shown inFigure4-5 for both transformers. As it is shown,
the capacitance valuese the same for both transformers from 10 kHz down to 0.1 Hz. For the
frequencies below 0.1 Hz, the capacitanceaisTlightly higherthan that of T. The capacitance that
is measured ithe UST modenvolves only thewinding insulation between the Hahd LV windings.

Hi

A 4
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©)
a

DFR unit

. L o ) . Transformer
Figure 4-4: Schematic diagram of circuit connections mgrounded specimen test (UST) mode
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Figure 4-5: Imaginary and totalapacitance versus frequency in UST m¢2@0 V) for T1 and T2
after 500 and 960 hours afeing

Figure4-6 shows the %DF curves for both transformers. A horizontal shift between the curves in the

medium frequencyangeis observed.
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Figure 4-6: PercenDF versus frequency in UST mo¢200 V) for T1 and T2 after 500 and 960 hours
of ageing

4.1.4.2 Grounded specimen test mode

As it is shown irFigure4-8,in 4.1.4.2 grounded specimen test mo@&8() mode(Figure4-7), there
are discrepanes in the measured capacitancemadiumfrequencyange as weks in lowfrequency
range The difference emerges more clearly in GST mode measurements where the bulk of oil is also

involved under energization.
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Figure 4-7: Schematic diagram of circuit connections iounded specimen test (GST) mode
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Figure 4-8: Imaginary and total capacitance versus frequency in GSTe (@@ V)for T1 and T2
after 500 and 960 hours of ageing
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Figure 4-9: PercenDF versus frequency in GST mo(#90 V)for T1 and T2 after 500 and 960 hours
of ageing
4.1.4.3 Effect of applied voltage on dissipation factor

To measure the dissipation factira higher voltagghe same UST measurements are perfmm
under 2 kV peak voltagerigure 4-10 reveas more consisten®DF in the low-frequencyrange
compared tahe resultaunder 200 V Figure4-6).
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Figure 4-10. PercenDF versus frequency in UST mo@&kV) for T1 and TZ2after 500 and 960

hours of ageing

4.2 Transformer modelling

To examine the validity of the proposed scaling method for transfamadelling the frequency
response of scaled transformer (T3) and original transformer (T1) are compared. The parameters
analyzedfor studying the effect of scaling on terminal charasties of transformerare HV/LV
transfer functionl.V/HV transfer function, andnv when LV terminal is shorted. Furthermore, to study
the effect of scaling on internal voltagesonancend electric field distribution inside the windings,
frequencyrespm s e o f each | ayerbds voltage and gradients
measured and comparkdtweenr1l and T3. All the results are presented overH9@ 1 MHz range
for the purpose of uniformity. It is important to note that very high fequencies (>500 kHz),
frequency responses are highly influenced thg stray capacitances and inductancespasbe

connections.

4.2.1 HV/LV Transfer function

Figure4-11, usingnormalizedvoltage transfer ratioshows transfer function spectra for the delivery
of voltage contents frorthe LV terminal to HV terminal. As expected, from 100 Hz to 1 kHz, the
voltage ratio is the same for both transformers and equal to the transfmmmi@alturns ratio with a
normalizedvalue of 1. The first resonance fot dccurs aB.75kHz while that for B occurs aR.22

kHz, showing a shift to tHewer frequencyn theresonance frequency of scaled transforr&emilarly,
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the occurrences of second and third resonance peaks are also shiftéalwertfrequencyor T3. This
observation is in compliance with the expected results based on the following ré&agtained m
section3.7.2.1:

’

qal

Yo &

60 1

20

Transfer function (p.u.)
b

100 1000 10000

Frequency (Hz)

100000 1000000

——HVoverlV (T1) ——HVoverlV (T3)

Figure 4-11: HV/LV transfer functiorfor original (T1) andscaled(T3) transformes.

Table 4-2 lists the measured frequencies of the first three resonances for both T1 and T3. For
comparison purpose, for Téhe calculated resonance frequenbiased on the proposed scale factor,
Scl are also listedlt is noteworthythat theresonancdrequenciesof T3 calculated based ote
frequency scale factor match closely with those measured; and for the first resonance, which is also the

most significant resonance condition, frequency deviation is as low%s 2.

Table 4-2: Measured and calculated frequencies of the first three extrema for T1 §HV/LY).

Shift Resonance frequency | Resonance frequency Resonance frequency % Deviatiorbetween calculated
number (Measured for T1) (Measured for B) (Calculated forT3) and measuredrequengy for T3
1 3.75 kHz 2.22 kHz 2.16kHz 24%
2 10.9 kHz 6.7 kHz 6.29kHz 6%
3 14 kHz 8.7 kHz 8.1kHz 7%
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4.2.1.1 LV/HV Transfer function

The transferfunction for the delivery of the voltage from HV terminals to LV terminals showed
similar behavioumith shifts like what was observedV/LV transfer function; with the highest peak
occurring around 200 kHz. The deviation between calculated shifts of resonance frequencies and

measured shifts are shownTable4-3 for three resonance points. An excellent correlation between

the measured and calculated resonance frequencies has been obdgiriess than 3% deviation.

Table 4-3: Measured and calculated frequencies of the first three extrema for T1 ébd/HY/).

Shift
number

Resonance frequency
(Measured for T1)

Resonance frequency
(Measured for T3)

Resonance frequency
(Calculated for T3)

% Deviation between calculated
and measured frequency for T3

1 9.2kHz 5.3kHz 5.31kHz -0.2%
2 14.3kHz 8.2kHz 8.25kHz -0.6%
3 380kHz 225kHz 219.3kHz 2.5%

4.2.1.2 Input impedance, Zuv

Figure4-12shows the frequency response of input impedance from HV side while LV tegharal

circuited An overall shift in frequencyesponsés seen between the response of original transformer
and response of scaled transformer. Within the range of 1@0H#Hz, the dominant resonance peak

has been observed at 21 kHz for T3 and at 37 kHz for T1; with a deviation of 1.6% from the calculated

resonance frequenci constantatio equal té&clexiststhrough the whole frequency respobstween
the magnitudes dy for T1 and T3.
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Figure 4-12 Input impedance & as a function of frequency with LV shorted

4.2.1.3 Effect of scaling on internal resonance

In addition to theerminal voltagestudy which deals witlransformebehavioumbserved fronthe
terminals the development ointernalelectrical stresdue toresonane is investigated as an important
factor inthe performance afindinginsulation. Tcachievethis goal frequencyresponse of transferred
voltage at each layer of HV winding is measured for T1 and T3. To calculate the frequency spectrum
of electricalstress on interlayer insulation, responses of adjacent layers are subtracted from each other.
Although only frequency response magnitudes are shown Imetke subtraction operation, both
magnitude and phase of frequency respsm@se taken into accounthe result of electric stress
calculation between HV layers is presenteBigure4-13. Comparing interlayer electric stresses of T1
and T3 reveals that the frequency shsfin agreementvith the scaling factor.
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Figure 4-13. Frequencyesponsef voltage gradient between layers of T1 diddnormalized based
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4.3 PD in paper/oil under impulse voltage

Paper/oil samples are tested for PD under impulse train waveforms with diffiergméncies, rise
times and peak voltageasing the resultsfovind-farm modelling and characteristics of simulated
transient waveformsvalidation of the proposed method of PD measurement, and effects of frequency

andrise-time on PD of paper/oil samples are presented in this section.

4.3.1 Temperature

Oil temperaturgin the vicinity of theenergizedsamplesandin the oil bulk, weremeasuredor 10
hours of voltage applicatiormhe average valudisted in Table 4-4 showthatthe temperaturen the

vicinity of theenergizedsampless very close tdhe average oil temperaturéaple4-4).

Table 4-4: Average oil temperatuyd0 hours after applicatioof 6 kV impulse €hamber L

Rates of rise RORs) (kV/us) | Oil bath temperature (° C) | Oil temperature close to sampleg® C)
11 24.3 26.8
5 24.8 26.1
2 24.6 26.2
1 245 26.3
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4.3.2 PD on the surface of paper

It is important b ensure thathe studied®D occur on the surface of paper samples rather than in the
surrounding oil. Toverify this, carbonizatiortracks on the paper samples were examined in a view
magnified by a factor of 200F{gure4-14). It was observethat trackngs started from the surfaasf
paperand expanded over time. The final photo shows a punctured paper after being subjected to impulse

stress for 78 h.

©

Figure 4-14: Trend ofcarbonizatiorfrom PD on the surface dfraft paper, (a): after 20 hours, (b):
after 40 hours, (c): after 78 hours

4.3.3 Hydrogen and PD energy

Comparingthe energy levels oPD caused bdifferent impulsedased on the amount of dissolved
hydrogen generated by PD would be a valid approach only if the hydrogen sardemproven tde
lineatly relatedto PD energy in the controlled test compartment. The first step oéxpbrimentvas
to examinethe trends in the relationships between PD energy and dissolved hydrogen cdmtent.
achievethis objective, the amounts of hydrogen generated must be confpagadse trains whose
relative power ratios can be analyticallyjgstablished. To this end, pulse agles with the same pulse
characteristics but with different frequencies were applied for validation of the proposed method.
Samples werenergizedor four hours, following which the hydrogen content was recorded for each
test. Repetition frequencies wealgosen to be in the range of 200 Hz tikHZz so that their associated
dead times between impulses (in the range of 0.5 ms to 5 ms) are much greater than the durations of
decaying impulses (around 70 ps). Under such conditions, it casseed that the otal PD energy
of the pulse train is proportional to its repetition frequency. This procedure was repeated for three rise
times and two peak voltages in order to confirm the linearity of the trends under a variety of impulse
waveforms. Each test was contkdthreetimes and average values are depicteigure4-15, which
indicates the relationship between frequency and hydrogen content in the oil. The bars, in all graphs,

represent the ranges of measured values for each data point, along with thveloean
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Figure 4-15: Hydrogen generatioas a function oimpulse frequency at different test conditions. The
R-squared factors are also givéhesidethe plot for each series) to show the linear trendsrobd.
(max standard deviation 11 %).

4.3.4 Effect of rise-time and frequency on PD inception voltage

Hydrogen generation rate depends on partial dischiatgesity,and is at its lowest when the PD is
just abovdheinception level. For voltages slightly higher tithainception voltage, hydrogen reached
detectable levels after a long energization time. In contrast, below the inception voltage, even after a
long time (20 hours), no significant increase in hydrogeel Mas observed. Based on this observation,
this section adopts dissolved hydrogen content to detect PD initiation for paper samples stressed under

impulse voltages with various rigenes and frequencies.

Figure 4-16 shows hydrogen content for pulse trains with diffenesg-times but at equal peak
voltages. The peak voltage of 4.4 kV is chosen as an example peak voltage that initiates PD for two of
the studied ris¢éimes but not for the other two. For a peak voltage of 4.4 kV, slowetimigepulses
show increased hydrogen content with the increased time of pulse application. Conversely, faster rise
time impulses exhibit no noticeable hydrogen gatien, and hence no significant PD. Although
measurement of low hydrogen contents might be subject to accuracy issues, the experimental result
shown inFigure4-16 is rather a comparative study, which focuses on the trend of hydrogen under

different pulse waveforms.
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Figure 4-16: Hydrogen content (in chamber 1) versus time, for pulse trains with 4pé&k voltage
at 200 Hz. (max standard deviation €0

To find the PD gas initiation voltage associated with eacHirise, the peak voltage was increased
in 50V steps, and the samplerereenergizedinder each voltage level for six hours. The firstagdt
level at which aneasurabléydrogen growth @uld be observed within six houvgasrecorded as the
hydrogen initiation voltagelhe testwasrepeated for five identical paper samphlasithe average of
the recorded hydrogen initiation voltageas taken as the PD gas inception voltage (PDGIV) for that

particular impulse ristime.

A comparison of the PDGIV trends for different rismes shown irFigure4-17 andFigure4-18
reveas that slowerrisetimesresult in lower PDGIV, especially for rigames slower than 1 ys, for

which the effetof risetime is stronger.

Another parameter whose effects on PDGIV were studied is the impulse frequency. To determine
the PDGIV associated with each repetition frequency, the same procedure as fortihee rigady
was followed for five frequencieand the voltage at which hydrogen contsliairtedto increasevas
recorded for each frequency. The average PD initiation voltage for each frequentaken as the
PDGIV. Figure4-17 andFigure 4-18 demonstrate the PDGIV as a function of frequency for various
risetimes in chambers 1 and 2. In chamber 1, with plalaee electrodes, changing the frequency
makes no significant differendéess than 4%) in the PDGIV. On the other hand, in chamber 2, the
PDGIV exhibits a decreasing trend, starting to fall more than 15% after 1 kHz.

69



4.9

P
~

B
n

43

4.1

PD inception voltage (kV)

w
©

3.7

10

T

-

4 Rise Time: 4 ps

e a R I

H Rise Time: 2 ps

- —H—

A Rise Time: 800 ns

—o+—0—— — ——
R S s L

% Rise Time: 350 ns

T

100 1000 10000
Frequency (Hz)

Figure 4-17: PD inception voltage versus frequency for chaml (planeplane electrodes) (max
standard deviation =®).

34
X

3.2 = % e
) L
= % ¢ Rise Time: 4 ps
P 3 ¥ T R
a0 1 [ i
s !l ; B Rise Time: 2 ps
: 2.8 T T F Y
2 DS T A Rise Time: 800 ns
g T 4
3 26 T il
£ % < Rise Time: 350 ns
o
e 24 — =11

2.2 ‘

10 100 1000 10000
Frequency (Hz)

Figure 4-18 PD inception voltage versus frequency for chamber 2-gtade electrodes) (max
standard deviation =%).

70



4.3.5 Effect of rise-time on PD energy

PD energy is the parameter that has e®lyzedo influence hydrogen content. The effect of PD
energy at different rise times has been evaluated, keeping pulse amplitude constant. Data is presented
at different RORs, as modifying rigiene whle keeping peak voltage constant alters ROR values. Peak
voltage was chosen to be high enough to initiate PD for all RORs in the study range. PD energy levels
of impulses with different RORs were compared based on analysis of hydrogen content fottithre dura
of the experimental period. Hydrogen content readings were recordedwaetgand then averaged

on an hourly basis. Results are provided for chamber 1 and chamber 2, under isobaric and sealed

conditions, respectively.

The curves shown iRigure4-19indicate hydrogen content in chamber 2 for 0.25 mm paper samples
under 6 kV at 1 kHz impulse trains. Due to the sealed conditions, amounts of hydrogen increase
continuously at an almost coast rate for hydrogen contents below 3500 ppm; whereas, above 3500
ppm, the rate of increase in the hydrogen content is slightly slower. The equations of the lines fitted to
the curves have also been derived for each curve. The tangential slopes t#dHmés are given to

facilitate a comparison of hydrogen generation rates.
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Figure 4-19: Hydrogen content in chamber 2 over time for different RORs under 6 kV at 1 kHz (max
standard deviation = 19).
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Figure 4-20 shows the hydrogen content in chamber 1 for the firstotBsafter application of a
pulse train of 6 kV at 1 kHz on the paper samplesohtrast to the results obtained under the sealed
conditions of chamber 2, under the isobaric conditions in chamber 1, hydrogen contents ddoverge
specific levels rather than increasing continuously. The effect of different hydrogen generation rates
canbe seen in hydrogencrease slopes and also in levels where the curves finally end. The tangential
slopes of the curves for their linear parts (befheir saturation point) ag8.5, 61.5, 47.2 and 34.8 for
ROR1, ROR2, ROR3 and ROR4 respectively. Boidure 4-19 and Figure 4-20 show that higher
RORs, in the range associated with this study, result in higher hydrogen generation rates, interpreted as

higher PD energy levels.

1400
1200
£ 1000
Q.
=]
c 800 ROR1: 11 kV/ps
8 A
o X B ROR2: 5 kV/us
g 600 T
z ><.:‘0’ + ROR 3: 2 kV/ps
400 | et
iy ROR4: 1kV/ps
200 Jf ----------------------------------------------------------------------
o m=
0 10 20 30 40 50

Time (hr)

Figure 4-20: Hydrogen content in chamber 1 over time for different RQiRder 6 kV at 1 kHz (max
standard deviation =%).

4.4 Evaluation of electrostatic shield effectiveness

Further to previoussections investigatinghe effects of highfrequency distorted voltage on
transformer insulation system, transfornmeodellingfor calculatinginternal stresses, and paper/oil
samples under higlV/dt impulses; this section addressesodification method by presenting the
results of a study on the effect of electrostatic shielding on transfdremeviour To this purpose,
voltage transfer functions across transformer terminals, and voltage gradients between tb&Hayers

winding are analzed and compared for both cases of shieldeduastieldediesigns.
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4.4.1 Voltage transfer functions at terminals

Frequency responses of voltaganisfer function from LV terminal to HV terminal is presented in
Figure4-21, for the shielded (T4) anthshieldedT3) transformers. It can be obsedthat fronmpower
frequency(60 Hz) up to nearly 170 kHz, both shielded amghieldedransformers behave the same
in terms of transfer of voltages of different frequency contents. In contrast, for higher frequeacies in
rangeof 170 kHz to 600 ki, theshielded transformer showadetter filtering functionality compared
to theunshieldedransformer with a difference of up to 18 dB. For frequencies higher than 600 kHz,

the frequency responses are practically the samiemuch lower than nominal turratio (normal

powerfrequency value)
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Figure 4-21: Frequency response of voltage transfer function from LV to HV termfoalkshielded
and unshielded transformers

Figure 4-22 demonstrates the comparison betweerntb/V transfer functions of shielded and
unshieldedmodel transformers. The responses of two model transformers driftfesmaeach other
starting from 2 kHz. Insertion of the electrostatic shield results in attenuation of the transferred voltage
from HV to LV side by a factor of 5 dB over the frequency range of 8 kHz to 100 kHz. The other
noticeable difference between thees occurred around 400 kHz where the voltage transfer ratio of
the shielded transformer is higher than that ofuthghieldedransformer by a significant factor of 20

dB while they are higher than nominal turns ratio (normal pevesfuency value)
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Figure 4-22. Frequency response of voltage transfer function from HV to LV termfoalkshielded
and unshielded transformers

4.4.2 Voltage transfer functions inside transformer

To find thefrequency responsd electric stress on layer insulations, it is first required to measure
the voltage transferred to each layertiainsformerwinding. As an exampleFigure 4-23 shows
transferred voltage spectra at all layers of HV winding measuredi@lfhough transferred voltages
to adjacent layers have differences all along the frequency range, the frequency range that is critical is
the period in which the transferred values are higher than their normalfregeency values, because
thoseare the ones that can cause excessive stress on layer insulation. Taking into account both
magnitude and phase of transferred voltages to each layer for T3 arigré4-24 andFigure4-25
are derived.
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Figure 4-23. Frequency response at all layers of transformer winding

Figure 4-24 and Figure 4-25 show the voltage gradient between two adjacent layers of the HV
winding for shielded and unshielded transformers respectively. Y axis indicates lng@tpsriue of
differential voltage between two adjacent layers. Thepgt values arenormalizedbased on the
voltage difference that appears between the same adjacenst dyowerfrequencywhich also can be
defined adurnsratio/numberof layers Each curve represents one interlayer voltage gradient. That is,
curvei on X axis represents the voltage difference between the middle turns afdagkelayer(i+1).

A comparison between the graphs shows that for both transformers, the peak value of internal stress
occurs at about 2.2 kHz. The amplitude of transferred voltages imghéeldedransformer is 20%
higherthan those in the shielded transformer. The pedtage difference which happens between
layers #9 and #10 is significantly high (more than 100 p.u.). This means that if the input voltage from
the LV side containsnly 1% of 2.2 kHz frequency content, the resulting voltage difference between
the first wvo layers will have 1 p.wontentof 2.2 kHz superimposed on the 1 powerfrequency
voltage. This will result in at least doubled stress on the insulation just with %1 distortion of 2.2 kHz
in the LV side voltage. In addition, it can be observed\blfge gradient between layers drastically

increases by moving towards the outer layers.
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Figure 4-24: Frequency response of voltaggadient between HV winding dyers (hkielded
transformer) (top): Fora broad frequency rang@ottom): Zoomed in viewof the critical frequency
range
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4.5 Fault location

This section presents the results of the study on locating the internal faults based on transferred
voltage and input impedance spectra that are megsising procedures describedif. The results
are presented using 3D and 2D plots. In 3D plots, X, Y, and Z axes represent frelqpoationof the
shortcircuit (fault number as pérable3-7), and magnitude of the parameters, respectively. For clarity,
along with 3D plots, the magnitudes of parameters are indicatealdrgdmaps wherever it is helpful
for illustration. Together2D and 3D plots facilitate identifying the effects of fault location on
transformer frequency response patterns.-sdions4.5.1 4.5.2and4.5.3represent the results for

T5 while 4.5.4shows complementary validation results for T1 and T3.

4.5.1 HV/LV Transfer voltage

Figure4-26 shows HV voltage over LV voltage transfer function (voltage transfer from LV side to
HV side) for faults at different locations in the winding. The 2D graphtrigure 4-26 preseng
normalizedvalue of the frequency resporisea logarithmic scale. Values amermalizedwith respect
to transf or mer 6KV/L¥=B83.335 @5aHZ)o yieldra nosnparisart bietweer( response
values and transformer rated voltage ratio. It can be gedrtompared to a healthy transformer
response; represented using a solid curve, when the locatauritdd in the inner layers, first resonance
occurredat lower frequencies. The most evident characteristic of the graph is that for fault #1, transfer
voltage tends to be enormously high (58 dB more than its normal value) at 11.8 kHz. For faults in
subsequent layers (#2, #3, and #4), magnitudes of trarsdfage at their first resonance frequencies
are respectively 29 dB, 15 dB, and 6 dB more than their normal value, revealing a decreasing trend.
AlthoughHV/LV voltagetransfesfor the outer layers do not indicate a specific trend, some standalone
critical frequencies, such as 180 kHz with a resonance magnitude of 51 p.u. for fault #7, was noted.

Such standalone peaks can be further employed as a means of matching fault more precisely.
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Figure 4-26. HV/LV transfer function(a). 3D plot, (b): 2D plot (the long arrow indicates the trend of
the curves for short circuits #1 to #9. The solid curve corresponds to healthy winding)

Figure4-27 shows that the difference factor, with respect to transfer voltage, decreases for faults in
the outer layers. This means that frequency responses of transformers whose faults are Ibeated in t
outer layers are closer to the frequency response of a healthy transformer. Observing the trends shown
in Figure4-26 and the difference factor iFigure4-27, it can be determined that HV/LV magnitude is

guite sensitive to faults that occur in the inner layers, although, it is less sensitiesddaults that
occur in the outer layers.
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Figure 4-27: Difference factor of HV/LV transfer voltageersus fault location
4.5.2 LV/HV Transfer voltage

Figure4-28 shows the LV voltage over HV voltage transfer function (voltage transfer from HV side
to LV side). It can be observed that at 10 kthetransfer voltage magnitude drastically decreases by
moving the fault from inner layers to middle ones, this trend continues by moving the fault to outer
layers but with a lower slope. The range of these chanffesi0.8 dB for the innermost fault to 9.5
dB for the outermost fault. On the other hand, mimn values of transfer voltages (the first anti
resonance values) and their frequencies increase by moving the short circuit location from outer layers
to inner ones. Finally, in botlrigure 4-26 and Figure 4-28, frequency response curves show

interpretable differences up to 1 MHz while beyond thequency; responses are almost the same for
all fault locations.
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Figure 4-28. LV/ HV transfer function(a). 3D plot, (b): 2D plot (the long arrow indicates the trend of
the curves for short circuits #1 to #9. The solid curve corresponds to healthy winding)

Similar to what is shown ifigure4-27, Figure4-29 shows that the difference factor decreases by
moving the short circuit lmation to outer layers. This implies that detecting #uen short circuits in
inner layers can easily be identified by comparing FRA responses. Furthermore, the overall higher
value of difference factor iigure4-29 compared to that ifigure4-27 reveals that inteturn short
circuits can be etected more promisingly using LV/HV transfer function comparea té\&LV one.
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Figure 4-29: Difference factor of LV/HV transfer voltageersus fault location
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4.5.3 Input impedance from HV side

Figure 4-30 shows the frequency spectra of input impedance from HV side for internal faults at
different locations in the winding. Unlike what was atveel in the transfer voltage grapfsgure4-26
to Figure 4-29), a symmetrical pattern exists between input impedance responses of short circuits
associated with faults in inner and outer layers. The trends observed with input impedance also match
with the variation in the difference factor calceldtfigure4-31). As a result, a quantitative index can

be generated for quick evaluation on fault location evaluation from FRA data.
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Figure 4-30: Magnitude of nput impedance from HV side (LV terminal short circuigy 3D view,
(b): 2D plot,(c): coloredmap representation

Figure 4-31. Difference factor ofriput impedance from HV sidegersus fault locatiofLV terminal
open circuit)

4.5.4 Verification of SFRA approach

To evaluate the applicability of the proposed method on different transformers, the FRA analyses
conducted on T5 are repeated on T1 and T3. Reshi#ned from transfer function and impedance
measurements show that similar trends exist in the FRA of T1 and T3 when the fault location moves
from inner layers to the outer ones. Input impedance from the HV side of T1 and T3 are presented here
as an exaple. Figure4-32 shows that similar symmetric patterns a&igure4-30for T5 can also be
seen for T1 and TEXxistenceof systematic trends iimequencyresponse of three model transformers
despite huge differences in their designs (core designs, insulation systems, power ratings and voltage
levds), verifies the applicability of the proposed method as a diagnostic approach for estimating

internal fault locations.
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