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Abstract

In this project, a designof an oil type medium frequency transformer for offshorevind farm
applicationsis proposed. The design is intended for applications when series coupling of the output
of the DC/DC convertersf the wind turbineon their secondary side idone to achieve aost
effective high voltagesolutionfor collecting energy froneffshorewind parks. The focusf the work

is on the insulatiordesignof the high voltageside of the medium frequency transformer where the
magnetic design constraints shid also be satigd.

Above all, a proof of concept is made demonstrating a possible solution for the design of the
transformer for such a DC/DC converter unit. The transformer suggested is usSpapeilas
insulation medium. Furthermoresharacterisatbn of an ecdtriendly biodegradable transformer oil

for this type of HVDC transformer application is made. Moreover.irgnoduction of reliable high
frequency characterisation test methods to medium frequency transformer designers is made. In
addition, the NontLinear Maxw# Wagner (NLMW) relations are further developed to form a method
for the development of an HYDC MFT transformer. All in all, the DC series cbasé&gen further
developed one step closer to pmmmercialization, i.e. from TRL 1 tooaib 2.
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List of Abbreviations

DC, Direct Current

AC, Alternating current

HV, High Voltage

LV, Low Voltage

MFT, Medium Frequencyransformer
DAB, Dual Active Bridge

Z\V/S, Zero Valge Switching
PWM, Pulse Width Modulator
PD, Partial Discharge

BDV, Breakdown Voltage

OIP, Oil Impregnateresshoard
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1 Introduction

1.1 Background

Offshore wind power haan enormous potential for global electricity production according to the
International Energy AgenciEA[1]. It is a potential that needs to be exploited to courstetthe
trend of rising CO2 emissions from electricity generation worldwide. IEA estimates that over 120 GW
of offshore wind powe will be available in Europe by 2040. With a capacity factor gleaerallyis
better than that of onshore wind powerstations and bdter than solar power, offshore wind
contributes tothe security of supply and a stable electricity system. In additiotdeing stable
policy frameworks and the evéncreasingsize and number ofvind turbines, continued technology
development is needeéh all partsof the wind energy chaito reduce costsThere is an extensive
installation of wind energy parks taking ptain the North Seas well as at otheoffshore areas. The
main reason is that wind condition is better at sea as wethasfact that it is becoming more and
more difficult to find locations on land where wind turbines can be installed without causing
environmental disturbances

Today, when a sebased wind park reachessize ofsome hundreds of MWar more, a platform(or
several mes) acting as the hub in the collection grid and a point of connection for the cable to land
is needed. Among other equnent the platform carries dransformer (typically 3®30 kV), an
exampleis the Lillgrund110 MW)wind park, south of the Oresunditge. Since ordinary AC cables
becomes inefficient over approximately 100 K&j, it has become necessary to move overDG&
transmission for some of the newind parks, an example is the Borwind wind park newtst of the
German North sea coast. However, within the wind park, still a collection grid running at/A0i$iz
used andtwo platforms of gigantic sizes are needed for 50 Hz AC/AC and AC/DC canversio
increasing the cost substantially for the wind energy installation.

A possibility here is to use tHeGtechnology also for the energy collection grid within the wind park.
To do that, a key component is missing, the hjgtwer DC/DC convertethat canproduce a DC
output voltage from the wind turbines of sufficient voltage levBlch a device can transform the
voltage from the wind turbine to a higRCvoltage using a much satier converter unit compared to

a 50 Hz transformer. An idea is to fit thenserter system into a container on the outside of a wind
turbine, thus utilizing the existing foundation out in the sg&eeFigurel-1); however, alocation
inside the tower or nacelle is also an option.

Figurel-1: Wind turbine- mounted DC/DC converter



A highly interesting solution is then to connect the output of the wind turbine®ires, andn this

way making the voltage level to reach 160even 200 kV. The idea would then be to continue the
connection directly to shore without the need of a large transformer platform. A cable can transport
up to 2000 A, and using a bipolar sgt, 800 MW @n be reached without a platform, for the 200kV
case. This is a huge investment saving. However, here comes a highly important factor: The wind
turbine that is located closest to thBGtransmission cables going away to shore must take up the
full insulatbn on its highvoltage side and the duty falls on the outpudGDCconverter. Today, the
DC/DC converter technology is far away from such capabilities. This is where the proposed project
comes in

The proposed design approattat will be devéoped within this thesiswasintroduced earlier in a
Ph.D. wor3] where it was applied on two dowscaled 50 kW, 1/3 kV, 5 kHz prototyptedium-
Frequency Transformers (MFTs) These designs have later been manufactured (in a joint effort
between Chahers and RBE), and successfullgsted, fulfilling the efficiency, power density and
leakage inductance requirements that the prototypes were designe@orhe efficiency has bae
verified experimentally to be 99.67 % and a power density of 12.2 kMilth is nearly 13 times
more than a normal 50 Hz transformevas found

1.2 Previous work & research gap

1.2.1 MFT for high voltage applications

Heinemann et al. (ABB) their work publish& in 2002[5] have presented a design for a shell type
coaxial windings 350 kW, 3/3 kV, 10 Kbtatotype transformer.The transformeris designed to be

used in a multilevel converter and be coupledad5 kV.16 2/3Hz line.A 95 kV Lightning Impulse

(L) test is also performed. This transformer is not claimed to withstand HVYDC voltage to ground and
moreover, at AC 50 Hzand its PDfree insulation level is 28 kV to ground farone-minute
application of voltageThisis an example ahe highest voltage that dry type MFTcandeliverfor a
PDfree application

Steiner et al. (Bombardier) in their work published in 2Q8]rhave presented a design for eore

type and hallow conductor windings 350 k¥ 1 kV, 8 kHz mtotype transformer.The transformer
is designed to be used in a multilevel converter and be coupled to a 15 kV, 16 2/3 Hzlb@kV
Lightning Impulse (LI) tess ialso performed.The hgh voltage DC insulatioto groundis not
investigatedand even athe AC 50 Hazts PDfree insulation level is 33 k\his design alshasthe

same PDnceptionlevel as the previous dry type transformer.

STS Transformers in 20h&s presentedh designdr a core type cast resin windings 450 kW, 1.8/1.8
kV, 8 kHz primtype transformer.The transformer is designed to be used in a multilevel converter
and be coupledto a 15 kV @ 16 2/3 Hz & 25 kV @ 58tHC 50 HzstPDfree insdation level is 37

kV to ground [7]. However, no informatiorregardingthe performance 6 the transformer under
HVDC stress is presented.

Bahmani(Chalmers)n his work publishedasin 2016 [9] has presented a design for a shell type
coaxial windings 666 kW, 1/2 kV transformer as one stage of 15 series connected DC/DC converters.
The total ating of theturbine is 10 MW, the turbineQ @utput voltage is 1 kV and the output voltage

of the farm is 30 kV (seBigure2-2). The insulation level of the high voltage side to ground is
designed to be 60 kV. However, the insulation design is ondbas a kV/mm high voltage strength
figures of the insulation mateals used as coiformer and a safety factor of 2. He has also designed

2



and manufactured a 50 kW, 1/3 kV, 5 kHz prototype transformer which habdewt designed or
proved to withstand a lgh DC voltage to ground which is supposed to be applied to théimgnn a
series DC wind farm configuratio@ther parameterdike insulation design for a combined insulation
systemsand non-uniform electric fieldsvere notincludedin the scope of thetady.

Figurel-2 presents the manufactured prototypes.

Cores {amorphous material]

350 kW, 3/3 kV, 10 kHz 350 kw, 1/1 kV, 8 kHz

Heinemann et al. (ABBR002[5] Steiner et al. (Bombardier2007[6]
ClaimedHV insulation to ground 15 kV @ 2/3Hz ClaimedHV inwsilation to ground 15 kV @16 2/3 Hz
PD free AC 50 Hz 28 kV PD free AC 50 Hz 33 kV

4

450 kw, 1.8/1.8 kV, 8 kHz 50 kw, 1/3 K/, 5 kHz

STS Transformers, 2018 Bahmanj Kharezy(Chalmers), 204 [4] [8]
ClaimedHV insulation to groundl5 kV @ 16 2/3 Hz ClaimedHV insulation to ground 3 kV DC

PD free AC 50 Hz 37 kV No information about PD test

Primary -
winding

y

~—— iy
0.4/14.4 kV, 1kHz 240 kVA, 0.6/0.9 kV, 10 kHz
Jaritz et al. (ETHR017[9] Gradinger et al. (ABB), 201[10]
ClaimedHV insulation to ground 115 kV DC ClaimedHV insulation to ground 50 kV DC
PD free AC 50 Hz in oil 110 kV PD free AC 50 Hz 35 kV

Figurel-2. Examples oMFTs having high HV to ground withstanstrength



Jaritz et al. (ETH) in their paper, published in 2017, have exgltiredesign of aMFThaving a high
voltage isolation of 115 kM)]. The transformer is 0.4/14.4 kV, 10 kHz. The unit is designed to be used
in a system of 8 series 14.4 kV converters (totally 115 kV DC to grdurajransformer has passed

a 110 kv¥.m.s. (136% of 115k\¥2) 5 minutes AC PD test inside a synthetic Ester oil. However, all the
insulation design is for an AC stress and only based on a kV/mm high voltage strength and
primitivities valuesof the material used. No information about the loteym effects of oil b plastic
materials used as ceibrmers and barriers are presente&urthermore, @ study has been done
regarding behaviour of the transformer under HVDC stress.

Gradinger et al. (ABB) in their work published in 2(1i0] have presented a@esign for a core type

cast resin winding240 kVA, 0.6/0.9 kV, 10 kHz ptype transformer. A 150 kV Lightning Impulse

(LI) test is also performed. This transformer is claimed to withstand 50 kV HVDC voltage to ground
but this has not been considered ithe design process nor a DC test has been performed on the
manufactured prototype. Even at AC 50 the transformers PD free insulation level has bdéeund

to beonly 35 kV.

Only a few have studied a proper winding configunatamnsidering high voltage stresséliang et
al. have compared foil type winding wittitz windings and explained how an interleaved winding
structure can lower the maximum electrielfi intensity andwvhat is the limitations to do this in their
work publshed in 201711]. Jaritz et al. (ETH) in their paper, published in 2[®],7have explained
how different winding configurations can help with achieving minimum insulasivess.However,
none ofthese hae considered a lower breakdown and higher aging uralbigh frequency square
waveregime.

According to Ortiz in his PhD thesis published in 2174 there is aresearch gap in isolation
strategies implemented in designinghere areother challenges regardintpe insulation design ofra
MFTand ®me of themare mentionedin a tutorialgivenby Duijic if13].

There are onlya few works that have claimed a high insulation voltage to ground at their
G NI y & F 2 NI Sihshldlion Idesigna is BaSeth @ kV/mm high voltage strengtvalues of the
insulation materials. In most of the cases a safety factor of 2 is used. Note glpers have
presented a HVDC voltage to ground design.

Jaritz has presented a list of possible solid insulation materfas ¢an be used as barriers in
different placesin the transformer[9]. However, the comparison is limited toe AC situation based
on permittivity of the materials as the voltage distribution at DC steady statdased on
conductivities. Information on chmical interaction of the materials with the insulation fluid and on
the thermal properties of the materials at high transformer temperature is missing

1.2.2 High voltage insulation under HVDCstress

Gafvert et alusedanion drift diffusion modeto investigde a composite oil/paper insulation in the
converter transformers and compared it with the conventional Maxswédigner model. They also
used the optical Kerr effect measurement technic to verify the accuratiyeaf model. Comparing
the measured electrifields inside a tweelectrode test object with the ones obtained by simulations,
they have deduced that the ion drift diffusion model resutt@better estimation of the electric field
compared with the MaxeWagner model[14]. In the ion drift diffusionrmodel, they have noticed
that there is a polarity effect in electric field distributiolhey found that theisimulation resulé
have a relatively tight coincidence with the measurem¢n5].



Different parameters are used in this complex dab which are the positive and negative ions
mobilities, their diffusion constants, and also particles dissociation and recombination constants. It
seems that the accuracywhen measuring such parameters as well as its complexity are the
bottleneck of thianodel[14], [16]. Some noHinear dependency of the material properties is ignored

to simplify the used model. The simulation results have coherence with the measurements, but
several deviationsare observed. After grforming some experiments on oil/paper insulation
structures that resemble real transformers, fingllyt] concludes thain steady state the traditional

MW model delivers reasonable results and can be used for transformer dieleesiigng although it
camot represent the physical phenomena take place inside the dielectrics.

[17] used Kerr electraptic technique to studyelectric field in oil/paper dielectrics. They have
applied high DC voltage to two bare eleaes inside various oil insulations and observed that the
electric field distribution is uniform for fresh oils and moniform for aged oil; having maximum

value close to the electrodes. Also, they have observed a time and polarity dependent stress in
oil/paper composite dielectrics. Although these facts show the -lnogar behaviour of the
dielectrics, they have used a linear Maxwathgner (MW) model whichis a SR 2y GKS YI
dielectric constants and conductivities. dlinear MWmodel, the volage distribution at the instant

of the DC voltage application is capacitive, which gradually changes to resistive distribution. The rate
of change in electric dids depends oithe time constans of the dielectric materials. Although this
model cannot repesent the norinear behaviour of dielectrics, but it was shown[18], [17], [19]

that it has an acceptable degree of accuracy. This level of the accuracy has caused the MW model to
be the prevalent method ithe HVDC dielectric design of transform26], [19], [21] and [22].

A summary obome important activatesegarding o#Barrier insulion system under HVDC stress is
presented inTablel-1.

Tablel-1. A summary offesearchactivities regarding o#Barrier insulation system under HVDC stress

Authors Theoretical Method Validation Modelling

Method
U. Géfvert, londrift Method (Onsager theory) | Kerr effect measurement| Transformer
O. Hjortstam MaxwellWagnersimulation Oilbarriers system
Y.V. Serdyuk
A. Kuchler, Equivalent RC circuit PDC measurement, Transformer Bushing
M. Libschner MaxwellWagner Oilbarriers sygem
F. Schober simulation
H. Okubo, MaxwellWagner Kerr effect measurement, Transformer
K. Kato DC Breakdown, Oilbarriers system
R. Nakane MaxwellWagnersimulation
G. Chen, PEA space charge, Oilbarriers system
B. Huang MaxwellWagner simulation
M. Hao
K. Backhaus, lon drift Method DC Breakdown Oilbarriers system
T. Gabler (PoissorNernstPlanck) PDC
R. Fritsche
H. P. Oftering
Y. Ebisawa LinearMaxwell Wagner DC Breakdown Transformer
S. Yamada Oilbarriers system

1.2.3 Importance of measurement of electrical conductivity

The physical performance of insulation oils under HVDC stress cannot be explained just by their
conductivity features. lon drift and diffusion, and space charge has a great influence on the voltage
distribution in this case and cdme of use when aalysingthe time dependent conductivity values

[19], [23].



When an HVDC vitage is applied tahe MFRRA | = & A Y R A gir8ssotiektBe inggafiod | 3 S
layersit is nd simply calcwtable considering a constant conductivity figures for the materials used
as insulation layersAmong others parameterslike Temperature of oil red paper, field strength,
prestressing of insulation system and duration of application ofagelishould beconsidered[24].

These parameters affect the ion mobility and density and consequently change thevigsist
materials and the time of stabilization tife coordinated insulation system when HVDC is applied.

Additives like inhibitors, podpoint depressants, ratioxidants or antistatic agents are added to the
mineral or synthetic oils to make them as @iable medium for a longime application of power
transformersas possibleDissolution of these additives, or oil and cellulose oxidation products has a
consterable effect on the conductivity of insulating oil or oil immersed cellu[@5¢ That is why,
even for the same type of oil, there is a vagreadingin the conductivity valueslepending on
difference in producers, production facilities, markings or even periods of ptioduc

Wabhlstromhaspresened an equation for dependency of transformer oil and paper board resistivity
to the temperature[26] and Beletsky has presented an expression for dependency of transformer oil
to electric field intensitj27]. However, one cannot rely completely to these expressions and as
mentioned earlier, there are several parameters that effiect conductivity values at the same time.

To sum up, for a successful insulation des@rset of meaurements on oil and OIP electrical
conductivity values are required.

1.2.4 High voltage insulation under high frequency stress

Not only an MFT, but also 50& power transformers designed to be used as stppransformers in
wind farms are subjected to high fregncy transients and high voltage stresses which is a result of
resonanceAt the moment, to designraMFT, one can rely on insulation materials datasts for 50

60 Hz frequencies and use a conservative safety fabtawever in this wayhe final desigrcan be

far from optimized, and also the failure rate will be unknown and finally the designs will not be
comparable with each othetdeinemann who haslesigned one of the high voltage prototypes of
MFTs explains the importance of paying attention to effe€the voltage wave fornf5].

Nowadays, wind farm transformers are designed and manufactured according to IEC1G007 this
PhDthesis[28], Khanali concentrates atie effectof rate of rise and repetition frequency of high
voltage impulses orinsulation oftransformers. Although the study is on 50 Hz transformers, the
samechallenges exists for insulation designMiFTs which operate under square waveltagesand

in the kHz ange.

IEC 60855, IEC 60242 or ASTM D149 specifies tests of electrical properties of insulations at
frequencies lower than 60 Hz. IEC 60250 or ABDIBD are guidelines for the determination of
dielectric properties of insulating materials, however nébrmation is given about withstand testing
methods of insulation materials at frequencies higher than 60 Hz.

For power transformers, IEC 600I& andIEC 60074.6 together with IEC 6007% cover dielectric
tests only at power frequencies and IEC 6066d B 61558 series are about safety measures for
transformers only up to 25 kVAn the rotating machine field there is valuable information, IEC
600341841 describes qualification testing of rotating machines fed from voltage converters under
high frequency stress.However, mither standardization nor defined test methods specifically
addressed the insulation materials fon MFTwhich typically runs o medium frequency (<20 kHz)



square wave shape with rise times in the microsecond raAgeries of inslation tests should be
performed using a reportative impulse voltage and the redoétsompared with the data presented
in high voltage material $pecification sheets

Koltunowicz demonstrates the influence of frequency and rise time on the Breakdolag®¢BDV)
and Partial Discharge Inception Voltage (PDIV) of grid transforf@dis A summary of results
published byhim [30] clearlyshows low an increase in repetition frequency and/or a decrease in rise
time can negatively affect the breakdown \ae. According to hinthe breakdown occurs after a
certain number of impulses. Khanahows that at medium frequency, although a higher rateisé
causes a higher PD inception voltagethe case of incepted PD the discharge energy is higher for
shorter rate of risg31].

Kiizahas describediow a long PD activity combined with high voltage impulses caradegan oH
paper insulation systenf32]. He has used AC 50Hz voltage and High Voltage (HV) impulses to
demonstrate how this combirieon, resultingin insulation destructionMorshuishas publishechis
findingson degradation of solid dielectrics resulted from an internal [BB)]. In case of a MFT,
instead of sinusoidal 50Hz, a medium frequency square wave can be used to create thé parti
discharge.

To sum up, very limited activitidsave focused on insulation design requirements of high voltage
MFTs operating undera medium frequency square wave regime. Théssinggap extenls from an
insulation material selection stage to reliable ¢ptime operation. For example, the material data
sheets do not present the breakdown strength under medium frequency square wave. stress

1.2.5 Importance of determining leakage inductance of MFTs

To achieve the lowest loss by the Z&foltage Switching of a Dudlctive Bridge converter, it is
crucial to precisly calculate the embedded Leakage Inductance of the used Medium Frequency
Transformer (MFT). An effective method shall be proposed for calculation of the leakage inductance
of the MFT.
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and output bridges and this will result in high power densitjt. By controlling the switching on the

two sides, the square wave voltage from the primary and the secondary denvevill be adjusted

to have a definegphase shift relative to each other. Such a transformer serves as an inductance, in
addition to its natural duty of voltage adoption between the primary and secondary bridges (see
Figure 2-2b). In other words, the design of the transformer should fulfil the criteria of having a
determined leakage inductance in addition to keeping the specified isolation, efficiency and the
thermal requirementg34].

The core loss is highly dependenmt the duty cycle and th rise time of the wave shap¢35]. The
lowest loss is achiedewhen zerevoltage switching (ZVS) is achieved, which among other factors
depends on the phase shift,min between the primary and secondary bridgéswould thus be of
great importance to accurately evaluate and implement the leak@mguctance of such a
transformer in the design stage.

By using accurate analytical methods, thieensuming FEM simulatiormsn be avoided in the design
stage. Several methods for the calculation of the leakage inductance of a transformer can be found in
the literature [36-40]. In the classical method for calculation of leakage indumathe effect of the



core is neglected, and it is also difficult to consider asymmetries in distributions of arfypass A
popular approach to calculataxial and radial components of the leakage field taking the effect of
the iron core into account ithe method of images. In this method the effect of the iron core is
represented by infinite images of the coils in all directions inside the core wif@éjv A method
based on double Fourier series was extended39] to calculate the leakage reactance for an
irregular arrangement of windings. The ampduen density distributionas well as the flux
distribution contains components which vary harmonically along both the x axey.

The loss characteristics of Litz wire windings is completely modelled and demonstrgtsd amd

[42]. In recent works including BahmdB#], Ouyand43], and Zhang@4], the effect of frequency on

the leakage inductance of MFTs has been studied the accuracy of the presented methods have

been confirmed by experimental measurements up to 2 MHz. In most of previous works, the Dowell
method [45] or its improved form[46, 47]has been utilized. The Dowell method is based on the
calcdation of losses in long foils under axial lag& flux using a ordimensional field solution. In

[48] the equivalent area method has been used fomodh TA OF A2y 2F 52¢Stf Qa Y
the losses of windings with round (or Litz) wire[4d] the skin and proximity effect losses of a round
conductor subjected to a uniform applied field are used for obtaining a frequdepgndent leakage

inductance relation of a high frequency transformer with Litz wire windings.

In all of these studies, it Bssumed that the leakage flux insittee windings and in gaps between

windings is completely axiavhile the effect of the radial component of thkeakage flux is

considered separately. This is accomplished by applying the Rogowski factor to the deghgef
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factor increases, especially when the difference in heights of the windings is significant othehen

ratio of height to width of the windings is less than a certain level. Anathgortant aspects the

inaccuracy of the classical leakage inductance formulas (which can be fo[8&))ifor MFTs with
axisymmetric geometry. The shape of the leakage fluxptanar geometry is significantly different

from the one in axisymmetric geometry, especially for fairly short windings with unequal heights.
Ignoring thisfact also can cause errors in the leakage inductance value

1.2.6 Importance of determiningt ransformer losses

The information about the losses which pces heat inside the transformer is valuable for
designing an HVDC MFT in two ways. First since MFTshigivgpower densitieg50] and heat
dissipationis extra importantand second becausethe DC insulation design has a direct dependence
to the electrical onductivity values of the insulation materials which are themselves, temperature
dependent parameterg51, 52] In other word, energisingand loading the transformer results in
temperature changgin core and coils andonsequentlydistresgsthe multilayer insulation system

of the transformer. In addition, © achieve the highest efficiency of a DAB converter, it is crucial to
accurately calculate the winding losses of the used MFT.

The main origins of the losses in a transformaee the losses in the cores when an alternatively
changimg flux having a certain density is induced imand lossesis in the windings when the high
frequency current passes through them. These losses produce heat which warms up the
environment which the active part is placed in (in this project transformér dthe amount of
heating will be varying during the transformer operation depending on th&atian voltage level

and loading current level. Normally the losses are calculated and measured for the worst case when
the transformer is supplied at its ratesbltage and the rated current.



Winding losses areaused byohmic loss in the current carngnwindings and additional losses
because of proximity and skin effeahd @re losses consigif static hysteresis losses, classic eddy
current losses and excessddy current losse§36]. Additional losses are becausd induced
capacitive/inductive currents in the adjacent construction conductive parts.

In adlition, the losses will contribute to the warming up of the transformer oil which will affect the
conductivity and consequently the voltage stress distributioderan HVDC high voltage application
[52]. The amount of produced heat is used to design the oil circulation and cooling system of the
transformer.

At high frequencies, the losses in tbepper MFT winding conductors will drastically rise because of
the skin effect in the conducts, and the proximity effect to the adjacent conductors. The winding
losses are calculated using linear superposition of the losses caused by different haromeitsc

of the applied AC currerf63]. The voltage and current waveforms can be observdtigoe 2-1a.

Having access toset of precise formulas and methods, for the calculation of winding losses with an
acceptable accuracy, is of high importance. Wide frequency range, possibiltgvofg afree
selection of number of layers, and number afris per layer are among thedtures that should be
considered during the development of new methods. Previous Wdiks5456] propose formulas to
calculate the AC resistance of the conductors under high frequeswitching conditions. These
proposed analytical methods for calculation of winding losses lzased on empirical relations
originally developed for foil windings, which have been modified by researchers to be applicable for
Litz wires. However, these iwds are approximate, and their application is time consuming, and
requiring many simplifyingssumptions to solve the problem.

Dielectric losses cause heating of the insulation material which is dependehe toequency and
magnitude of the applied JItage, andto the capacitance and loss angle of the insulation matexgal
explained[36] is negligible at 5 kHz compared with the core and windirggde[3] and is not
included in the scope of this work.

1.3 Required informationono E1  OUDPA - &460 AT i bi1TAT OO0
Inside thepower transformers, solid insulation mateals are used foseveral purposes likisolation

of conductors, as cefbrmers, as insulabn barriersin the liquid insulationsor as mechanical
isolators. Gas (SF6, air, etc.) or liquid (mineral, ester, silicone oilsatalso used in combinatio

with the solid insulatioafor this purpose.

The liguid insulation is used fdifferent purposes in a transformer. The most important functions of
transformer oil are isolation (alone and as a saturating material for cellulosic barriers), cooling,
absabing the humidity of solid insulationan arequencherand a carrier of informabn about the
activeLJ: NJi Q &[57KI6 thé dage of the prototypand the real scaléransformer, two oil types

are considered, the mineral oil which has the most welbwn characteristics for AC and HvVDC
applications and is used for large converter transformfg8] and synthetic ester oil which is
biodegradabld59] [60]. Because of anlinear electrical behaviour, a high volume of the research is
concentrated to characterisations of thegoes of oil for HYDC applicatiof§l1] [62] [52].

A comprehensive review about environmental impacts of using natural ester is presented by Asano
[59]. This type of oil is aanvironmentfriendly replacement for mineral oil which has widely been in



use in power transformers. An ISO/IEC committee 10: Fluids for electinmical applicationsre
preparing a guideline for the use o&tural ester oils in electrical equipment.

Density, Kinematic viscosity, Flashpoint, Pour point, Interfacial tension, Corrosive sulfur content,
Water content, Acidity, Breakdown voltage, Impulse breakdown volté&gmssing tendency and
Oxidation stability are among those important parameters whichusthde characterized for an
insulation oil before deciding if it is a suitable replacement for mineral transformg il

Solid barriers act as insulation when AC or DC voltage pbedpto an oil type transformer. In
addition, barriers act as separators to reinforce the electrical strength of long oil [§8bsBoth
volume and surface (creepage) dielectric strength of the solid insulatioimgu@rtant. In this section

we have concentrated on withstand of the insulation under HVDC stidss onductivity of solid
insulation which is a nefinear function ofapplied voltage, temperature antthe time of application

of voltage[52] is studied. Solid insulations are polarised and contribute to concentration of space
charges in its interface witthe insulation oil which shall be considered for a successful HVDC
insulation system dsgn.

Two types obolidinsulation materials are used for manufacturing power transformeefiulosic and
Nomex materials [58]. Cellulosic transformer board is made of unbleached sulfate cellulose from
slow and dense growing tree woof83]. Nomex tansformer board is made of synthetic crystalline
aramide. The most important advantages of Nomex is its thermal stability, and it is very high
resistance to aging. Its disadvantage is its tendency to attracpénécles if it is statically charged
[24].

As the prototype transformer is planned to be of oil type, in this projeetwill limit the scope of the
materials tosolid cellulosic materials (as barriers) in oil, plastics in air (as bustandsjinally
mineral and ester transformer ail

1.4 Purpose & contributions

The purpose of this work is to develop a medium frequeneydformer to be used in a special
DC/DC corerter for series connection of the outputs of wind turbines. The unigueness of the
concept is that the transformer apart from transmitting energy from the wind turbine side to the
collecting radial side has to hdle a high DC voltage as wé&kpeciallydr offshore applications this
system has great cost advantages.

The following contributions has been made

1 Concept proof of an oil type power transformer with a high voltage DC design concept,
through both a theoetical design as well as a prototype thasbeen built

1 haracterisation of a ecofriendly biodegradable transformer oil for HVDC transformer
applications

1 Introduction of reliable high frequency characterisation testthodsto medium frequency
transformer designers

1 Development ofa method based on NonLinear Maxwell Wagner (NLMWeglations to
design @ HYDC MFT transformer

1 A demonstration ofhow the leakage inductance constraint shall be realised during the
insulation design in an appropriate way.
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In this work, he DC seriegoncept furtherdeveloped one step closer to pgmmercialization, i.e.
from TRL1 to about?2.
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2 Theory

2.1 HVDC MFT for sries DC integration layout

TheDualactive bridge (DAB) topology is easy to control, has wide zero voltage switching (ZVS) region
without a need for snubber circuii® contrast tosingle active bridge converters (SAB) whielve

the disadvantage of hard switching on the output diod&&oreover, it can operate ata higher
frequency and power level comparedl full bridge convertersKBC) and has no need for high voltage
and current resonant capacitara final advantage is that is has no needddarge resonant inductor
ascompared with series resonant converters (SRC). The leakage inductanceMf Tie used as a
resonant inducto inside a DAB and this, results in higher efficiency and lower volume and price.
Although a dual H bridge (DHB) hawwaer number of parts, the circulating reactive current in the
MFTis lower in the case of DABJ]. As explainedthe DualActive Brilge (DAB) is one of the proper
converter topologies to be used as part of an isolated DC/DC converter fdyasea wnd-farm
application.

An MFTisin a DAB setip operated usingquare wave voltage stress as connected between two H
bridgesin the DAB DADC converter (seBigure2-1).
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Figure2-1. An MFT having an embedded inductance inside a DAddtage & current waveshapes(a), An MFT between
two stages of a [BBacting as a series inductandb)

In the series DC concept, DC voltage supplied by series connected converters will be directly
transferred toa suitable grid connection point dandwhere it is feed intdhe mainelectrical system
(seeFigure2-2).
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Figure2-2. MFTinside a DAEas part of a series connected bridges
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The DC/DC converter which have the highest plgadghest potential to groundjn the series
connected wind farm concept (numbaj can experience a high DC voltag&of superimposed with
a medium frequency square voltage thfe secondary {s) of a few Wovolts to ground while the
primary side have the symmetrical voltage\@to Ground (sed-igure2-3).
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Figure2-3.Voltage to Ground (VGR) at Secondary side of MieT

This means that the transformeecondary winding; core, secondary winding; primary winding and
secondary winghg ¢ body insulations should be dimensioned for a HighMdage HVDC insulation
concept).

At the same timethe primary windingg core, primary windingg body andturn-turn insulations both
for LV and HV windings should be dimensioned imedium frequency square wave voltage.

As an exampléan the idealcase,f 30, 1:3 kV DC/DC converter be coupled in setliesvoltage athe
secondary terminals of the transformer number 30 will8¥kV¥/c<0kV. If each turbine delivers 5
MW, the total deliveable power will be 150 MW at the voltage of 90 kV pracice there needs to
be a certainover installationof turbines to handle the varying power of the turbines as well has to
handle the situation when some turbines are out of operatidm contrast toa normal shunt
connected set of turbines that feeds outreent to a common DC voltage, here the curréetween

the two DCvoltagebusesis the samdor all turbines in a series connection

In order to realise this system, the key issue is to have aftoamer within the wind turbine DC/DC
converter thatapart from transmitting the power from the wind turbine to the collection radaso
isableto handle a very high common mode DC voltagground.

2.2 HVDC MF® design challenges and methods
The key chitenges with the design of a high voltage are introeld in[50]. Here the issues related to
this work is highlighted.

2.2.1 Non-suitability of dry insulations  for high voltage DC transformers

Insulation material®perating under HVDC conditiswill absorb more contaminationsomparedto

the case ofAC operationUnder AC operation the net absorption effect is near zero. In addition, the
electricalfield distribution on the surface of the insulation material isrply resistive and therefore,
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several factors can change the field distribution along the dischaagles; among othersthe
nonlinear nature of surface resistivity, charge accumulation and surfaceroamation and humidity
can be mentionecdere [64]. In addition, agFigure2-4 demonstrates under ACexcitation with the
application of few kVs there will be corners with an electric fiebsily exceeding the corona
inception voltage in air.

a Y4 ' Local Electric field
Core Core KV/mm
P21 FZ] g ?
4.1
_ 3.6
Air Solid : 3.2
Tl Air b 2.8
2.4
Jj (U W Core
LV HV 2
Solid Insulation(  Windings ) 1.6

@) (b)
Figure2-4. High electric stress in the air in the vicinity of solid insulation of windingeeviously build dry type MFT
prototypes[8] (a), Field stress at the corners (b)

2.2.2 Oil type high voltage tran sformers

Qil filled high voltage power transformehnsive been operatinguccessfully for the past century AC
substations. For high power and tage applications, mineral oil impregnated paper and pressboards
have been the dominant technology in uggb]. Athick steel tank protects theactive part from
external contaminationsa metal core is surroundday the windingsand the oil is used & reliable
componentin theinsulation system and as a cooling medi(seeFigure2-5).

\

Core

Figure2-5. The core window filled with the oithe distance between HV winding is divideo smaller gaps by barriers

For a DC design, the thicknesdlu# solid barriers is importantThe position form, and overlapping

of the solid barriers must be skilfully taken into consideration. Local temperature, electric stress,
humidity and oil flowinside the insulation systernan change the conductivity of the insulation
materials and should also be considered for a successful DC design process.

2.2.3 Transformer insulation under ACstress

Under AC stress, the voltage distribution is determinedhgypermittivity of the insulationmaterials
combined as an insulation system. At steady state DC it is the conductivity of the insulation materials
which determines the voltage distribution. For an oil paper insulation system, the low permittivity olil
which e)eriencesa high voltage potetmal differenceunder AC will take less voltage dribyen under
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DCdue to thelower conductivity compared with solid paper or pressboard insulatiwhen a DC
voltage is applied to the transformer, first it is the permittivitglues which determine the ltage
distribution andat the steady state conditigrthe distribution is based on conductivity valUés].

Thepermittivity valueshave a weak depatenceon the temperaturewhile the conductivity values of
both oil and paper, change with operating temperature. In addition, conductivities can change
depending orthe magnitude and duration of electrical stresgpliedat afunction of time[52].

2.2.4 Effect of solid barriers at oil type transformers

Barriers can introduce physical improvements to an insulation system operating under AC regime
and it is better to have a finer division in amsulation distance irtransformer oil to gain more
withstand voltage(see Figure2-5) [63]. For an oil volume between two electrodes, the insulation
strength is influenced by, gap distance, oil volume, electrode surface form and isatatting of
electrodes. The lower the gap distance, thgter the breakdown voltage peamillimetre [65].
Therefore, the electric strength of space between two electrodes in oil increases by inserting
insulated barriers. Such a barrier has an influence both on discharge initiation process at the
electrode surface and on discharge growing process at the oil gap.

2.2.5 Voltage distribution under AC str ess
For an oil gap between two conductors dividento seweral gaps by solid barriershe uniform
electric stress can be calculated [6%]
e.
n+1)y°'d, +#d, . . 0.
\Vj B ( )?B B dO|I ) %“ % @-1)

~
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where V is the applied voltaged is the total distance between the conductors that shall be
minimized n is the number of oil gapsoi andzg are the permittivity of oil and barrier respectively
doi and dg are the thickness fothe oil gapsand barries respectively & is the PDinception field
strength for a 1 mm gaf63] anda is slope of the straighinesof the PD inception field strengibil
duct widthin log-log curveg63].

Foran AC Noruniform field distribution at the corners of the winding havirg highly noruniform
or for long oil gaps like the high voltage lead exits, the local average field Bit&ggor each path
lengthcanbe cdculated from the followingelation

1 .
E.(3=SH ED d
For each critical insulation pass, the remgtcurve must be compared with the maximum

permissible (Partial discharge free) figdttength curvebyq (z) This curve is based om set of
empirical measurement$65] and is given as

_ .37
By =B ¢
where By is the strength of an oil gap of length@fnm; & is equal to 17.5 and 21.5 k¥h.s/mm for
bare and covered electrodes, respectively;

©-2)

©-3)

Finally, a safety factor curve is calculated as

Skz) =Ry (@ £ (2
which should be higher than 1 along all its length. This process should be repeated for all suspected
critical insulatiorregionsin the transformer.

@-4)
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Figure2-6 demonstrates a selected critical pathbsolute value of the local stresayeraged field
stress curves along the paththe maximum permissible field strengind safetycurvesunder 125
kV ACfor a sample transformer.
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Figure2-6. Sample critical path curvesor an oil gap A streamline pass from HV winding shield to the core bddy,
Comparison of the maximum and averaged field curves in the respective oil gap lerflgihabsolute value of thdocal
stress along the field linge), Safety factor curves per oil gafa)

2.2.6 AC design, creepage distances

The same evaluation method as for the oil gap is applied when the electric strengththever
AyadzZ | GA2yaQ Ay idaSNFI OSlong éhe aegdadgeNahthO the/ tangdrttaNfeld A 2 y ©
strength values shall be rearranged to a steadily ascendindle{65]. Then an averaging shak b
performed on a path length between two points where the tangential stress is higher tHan 0.
kV/mm [22]. On the interface of the transformer board with the oil, the maximum permissible
creepage sength is 30% ler than the permissible strength for an oil gap of the same legfh

Figure2-7 demonstrates a selected critical patgrted values of the tangential local streaseraged

field stress curves along the path and the maximum permissible field strength curves under 125 kV

AC on a sampleansformer.
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2.2.7 Insulation under DC stress

To handle a very high@voltage applied to the high voltage windingpettransformer high voltage
winding insulation Bould withstand induced AC voltage from the low voltage winding and the
superimposed DC voltage applied from its HV terminals. Steady Btatand repeated pulsed AC
voltage stress is presenA combined HVYDC amC insulation design ¢fie MFTis discusse in [66].

The study shows that fadry-type MFTthis is difficult to accomplish with a relatively high voltage to
ground insulationQil-type insulationis thus more suitabléor an AC design, the long oil gaps shall be
divided byanumber of solid barriers.

Figure2-8 demonstrates an electrical circuit equivalent diagram of an insulation system when a DC
step voltage is applied on it. The voltage dimition under AC stress is based permittivity values

of the insultion materials i.e.capacitiveproperties At the moment of application obC voltagethe
distribution issimilarlybased orpermittivity values. Later it is a transition tinhenthe frequency
dependent polarisationsvhich have startedvith the voltage changeends and finally the voltage
distribution is based on theonductivities of insulation materiais. resistive properties

AC DC
t=0 7 O<i<K t=K
C=| C= $R
= - 3 mC
Cx|C=| = $R
C= C=| £ $R
T T RC
L
T
b3
RC
L
T

Figure2-8. Behaviour of arinsulation layer stressed with Dstepvoltage

2.2.8 Oil-paper insulation system under DC stress

For AC voltage stress, the electric field is higher in the oil gap having ageweittivity than in the
barriers which have a highgrermittivity and it is the oil gap which has a dominant effect on the AC
voltagewithstand strength However, for DC voltage stress, the electric field is lower in the oil gap
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having a higher conductivity than ihd barriers whicthave a lower conductivity and it is the barrier
thickness which has a dominant effect on the DC voltage strength. As a result, a properfalesign
HVDC MF3$hould include botla high volume of oil and thick solid paper insulation.

Directly after switching in the high HVDC voltageahe capacitive field is charged #ocertainHVDC
voltagelevel and as explainedt is the permittivity of the materials which determines the voltage
drop over the combined insulation systefter a bng time following the aplying ofHVDC, the
resistivdy dividedfield is supplied with HVDC voltage and it is the conductivity of the materials which
determines thefinal voltage drop over the combined insulation system. This is demonstratedeby

FE

M simulatios presentedrigure2-9.
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Figure2-9. Two electrodes supplied with 100kV gwound, and two 1mm board barriers inside mineral transformer oil,
demonstrating the difference between AC (blue) and D€d) voltage distribution and effect of solid barriers
Equipotential lines distribution under AC supfl), Equipotential lines digibution under DC supplgb), AC field strength

on 8mm between two electrodeg), DC field strength 8mm between two electrodéd), Electric potential distribution &)
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2.2.9 Effect of unequal conductivities on varying voltage distribution under DC stress
Figure2-10 demonstrates an insulation system congigtof three different insulation layers. On the
interface ofthe two dielectrics,the change of electric charge dsities D, with time is equal to the
difference on current densitiedfollowing the relation

d ,
1- 3 =(D D @)
Therefore, for a thredayer configurationas presented inFigure 2-10 the following differential
equation system is valjd

52E2' SE =dd_t( 1@ ) g
] d ] ®6)
SE- SE = (& -8

dE+GE+dE="

Eis the electric field intensityV is the applied voltage, is the conductivity and is the permittivity.

ee - £ %j_Eiﬁ‘ é,s 25 eEl\ 0 e ’\aodV(&
é 4 € ud, @®-7
e&d . z%d g - a3, {, ggg_\gt)is@dte )
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Figure2-10. An insulation system combined of materials having three different electrical properties

Solving this system will show howet electric field intensity will change over time when an HVDC
voltage is applied to this combined insulation system.

~

la +y SEFYLI ST a2aSNJ I YR 5 I-Boary hoSkypresenf typicsl kaRidsl vy Q &
for permittivity and conductivity of the biand the oil saturated transformer board and how the

applied voltage waveform modifies the voltage distribution betwetvo metal electrodes of
configuration 2 Table2-1 [24].
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Table2-1. Example of 100kV AC versus DC voltage drop over a combined oil paper insulation system

DC at the instant of switching (AC) 100kV DC steady state 100 kV
upper andlower layers 9 mm transformer oil Middle layer 4 mm trasformer board barrier
Relative permittivity r DC conductivity (S/m)
Mineral 0il2.2, Transformer board.4 Mineral 0il103, Transformer board 0*®
\Y . \Y; .
E=— i4,2,3 E=—o i4,2,3
edy Ghoad 9 2 €dyi | Gpoas i 2
8o B el 8w Sews 5 M
Voltage over 3 layers of insulation (kV) Voltage over 3 layers of insulation (kV)
45|10|45 2|96|2
Electric field over 3 layers of insulation (kV/mn Electric field over 3 layers of insulation (kV/mr
5|2.5|5 0.2|24]0.2

Undoubtedly i isthusinteresting to consider that how much the electric fieldm deviate when the
applied AC voltage is changed to a DC fdrhre electric field distribution at the instant of switching
will be based on a capacitive division and finally based on a reditigéon. During the time, before
reaching the steady stat condition which takes nearly 2 hours for this example, the voltage
distribution will be according té&igure2-11a. The electric field inside oil layers decreases from the
initial value of 5 kV/mm to the final value of &k¥/mm. At the samdime the electric field insid¢he
board increases from the initial value of X¥/mm to the final dramatic value of 2kvV/mm. It is
obvious that a transformer designed to withstand 100kV AC will never withsthtite sameDC
voltage is aplied to it.

25 i T T T T T 25
= — +Cold oil | 20 b = = +Cold oil {
Solid Solid
Cold oil Warm oil
E15+
E
=
w 10
5
{ ~
~
b
0 . . . ! T e = e e g JhialLLC LT TEYPREPRTETPPPRRRRS T T T T ey e e e |
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time (sec) Time (sec)

@) (b)
Figure2-11. Electric field during transient statesidetwo similar oil layers and one transformer board laygfwo similar
oil and a solid insulation layer electric field distribution under 100 kV @A cold oil, a solid an& warm oil insulation
layer electric field distribution under 100 kV k)

The situatiorbecomes evemnore complicated if for example, the conductivity of one of the oil layers
has a slight difference from the conductivity of the other laygigure2-11b presents an example,
when this difference is in the order of 10, which is not unusual and can be a result of different
temperature, humidity, or even for the oil of the same type, a different production pro@&gsSuch

a condition can happen when during a sudden load change the temperatutieedsil near the
winding becomes higher than the temperature of the oil in the successiveicit @©C conductivity

of 10*2instead of 16 for example) or when the paper layers having more distance from the winding
are colder, have a lower conductivity and experience more electrical field sireeselectric stress
inside the oil layer goes Higr than the value which is supposed to be highest at the moment of
applying the voltage (5 kV/mm based onagacitive division) and reachadop value of 7.8 kV/mm.
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2.2.10 Creepage under HVDC stress

Creepage stress unddéne HVDC regime should be preventeddproper overlapping of insulation
layers. The barrier arrangements will affect the distribution of the equipotential lines on the
neighbouring interfaces. A uniform distribution of tangential electric field is favourable. However, in
some cases a hamniform digribution can increase the DC creepage strength Sgare2-12).

Figure2-12 demonstrates a space between two horizontal parallel electrodes. The upper electrode is
charged with a positive HVX0d the lower electrode is connected to ground.

al a2

| bl _ 7 b2 7
cl c2
di d2

Figure2-12. Effect of physical positioning of pressboards on creepage stresses on the interfagagotentid linesare
shown,the two horizontal parallel electrodesre supplied with DC voltagethe space betweerelectrodes ardilled with
transformer oil

In figureal, positioning of a horizontal barrier cassa nonuniform creepage field distribution on

the interface of the vertical barrier. Because of higher creepadgess in the middle of the barrier, at

afirst glance this seems unfavourable. However, the results of experimental creepage discharge tests
unveil the positive effect of reduction of the vemricstress at the positions where the barrier meets

the electrades. The test results show a higher creepage withstand formtheetup compared with

the al one[20]. A @mparison of figure®l andb2 shows how an overlap (whichvery normal to be

used for an AC insulation desjgrauses a very udzy A F2 NY @2f (G 3S RA &G NR o dzi
interface which can lead to a creepage discharge.

Figurescl andc2 demonstate how a reduction in the overlapping area can leadateery high
creepage stress in the boatdSurface and spreads even onto the vertical surfagediguresdl and
d2, the angle between the boards causes a -{omiform voltage distribution which inutn can
exceed the maximum permissible DC creepage strengtieo®IRoil interface.
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The creepage distances could tbeated by averaging as done in case of AC. However, becaase of
unknown charge carrier related process it is recommended to hbidlasafety factorfor instance2.
Averaging length in case of creepage strength under AC voltage will be from a point on the surface of
the solid dielectric having the electrical field g than a threshold value @ .1 kvV/mm [22] to the

point the strength drops down to a value lower than the threshold value. (Note: In sainé the
tangential field changes the polarity from positive to negative.)

Experimental creepagereakdown test results which are presented tyidawa[20] can be used as
reference to extract acceptance criterion for allowable DC creepage stress. The refgreesdC
creepage breakdown voltages and strémgf three different test setups. As a rule of thumb, a low
breakdown probability requires much lower stress levels, at least having a factor of two. For a simple
model (a surface between two electrodes), ti#C creepage strength values are half the AC
breakdown value of an oil gap of the same length. The stresses are strongly dependent on oil and OIP
properties and on the field distributions caused accordingly. The breakdown results might be
dependent on theéndividual material properties during the tests is also shown that where the bare
electrodes are involved thiereakdownstrength is half of th@ne where the creepage is on a surface

with no direct contact to bare electrodes.

2.2.11 DC insulation design and non-linear conductivity
Fourmain methods toanalysethe effect of conductivity of the insulation material for the purpose of
DC insulation desigare presented irfFigure2-13.

. Linear
Equivalent Maxwe':
RC circui 7
DC ey '®Non-inear
insulation Maxwelk
design wagner
lon drift-
diffusion

Figure2-13. Different modelling methods for the stly of insulation system under DC voltage stress

2.2.11.1 Linear Maxwell -Wagner method

In the simplest case, the MaxwelWagner (MW) model describes the current flow in simple
structure formed by two dielectrics with finite electric conductivitiggen aDC voltgeis applied It

is simple andtan predict the dynamics of charge transport as wslinterfacial charge accumulation
which affect the resulting field distribution ithe insulationsystem. The equations describing the
process and included in the MW mddee

E= - & (2-8)
J=SE hKyQa I ¢ (2-9)
D@D 5 DlIdaaQa ftl ¢ (2-10)
D O =r-/ |t Continuityequation (2-11)
d/ R Surface charge accumulatic (2-12)
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where U is the applied potential distributior=and Jare the vectors of the electric field and current
density, respectively; is the electrical conductivity; is the dielectric permittivity; and is the space
charge density; s is the interfacial chargdersity andJis the current density

According to the Linear MW model (LMW) after applying a step DC voltage to the oil/paper
dielectrics, the initial electric field distribution is based on material dielectric constants ratios (2.2 for
oil and 4.4 forpaper for example), and therefore the electric field intensitytire oil has a value
nearly twice its value inside the paper. But at the final steady state, which may last up to several
hours, it is the conductivity of materials that determines stresmjaterial with greater conductivity

will take larger field intensity, and vice ver®®]. Since the ratio of the oil to paper conductivity may
vary from 10 to 1000 or highd67] and[52], the paper will be more stssedthan the oil at steady

state. Therefore, the conductivity plays a crucial rule in an insulation system which is stressed by a
HVDC voltage.

2.2.11.2 RC network modelling based on equivalent electrical circuit elements

One can simulate an insulation systemngseqlivalent electrical circuit elements. Liebschner has
used this method to describe the temperature and voltage dependent behaviour of different
combinatiors of oil-paper insulation systemg8]. A simple example is a twayer oilpaper system
where a step voltage is applidetween two bare electrodetseeFigure2-14).

I(s)
¥ -
olIpP RpE ==Cp
V(s)
oil Ro§ #CO

Figure2-14. The equivalent circuit diagram of a twlayer insulation system

In this figure R, and R, are the equvalent resistances dIP,and oil andG, and G arethe equivalent
capacitances o®IPand oil respectively. In a normal casgis much bigger than,, where" is the
conductivity of the insulation layer. The following well known equations relates tmgsipal
properties of the insulation layers to the elements of thaua@lent circuit.

C=¢ reg (2-13)
1d
R= SA (2-14)

Assuming a zero state for the circuit (zero set initiahdition) and using a system of first order
differential equations, the voltage and currents of the elements can be calculated having

\/p_c+g\/se4 +LBV;1 e/') (2-15)
where
- _RR
t R+R (2-16)

This methodassumes having a constant (not variable with time or the applied voltage for example)
conductivity values for the oil and Phich is not trueHowever, the method is aimple tool for
preliminary insulation design activities.
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2.2.11.3 Charged patrticles generation, drift and diffusion method

In 1980, ASEA researchers proposed a new model for simulation of conductithity tedinsformer

oil, named ion drifdiffusion. The current transport equations, the continuity equations and the
Poisson equation are adopted in this model. This model can predict the density of the ions of
different polarities as a function of time and their positiohBB later has usecé¢ Kerr electre
optical measuring technique to verify the model. It was shown by experiments that the @lritas

linear behaviour, especially at lower electric fields}].

In [69] it is stated that a higher electric field intensity near the bare electsodannot be evaluated
by the conventional MW method, in hich the electric fields are estimated using the materials
conductivities. Therefore, a charge carrimased model using the PoissblernstPlank (PNP)
equations is used. This model can predict tharge accumulation in front of the electrodes as well
as the solid dielectric barriers. This model considers the charges injection from electrodes, olil
intrinsic charge, charges movement inside the oil due to Coulomb forcesharalffusion process,
reconbination of charges and also their absorption into eledi#s. Various combinations of
oil/paper dielectrics aranvestigatedto find electric field distribution using this method. But the
findings are so different fronthe MW model results which is basexh the materials conductivities
ratio. But the PNP modgarameters like ion mobility and its dependenae oil contamination, the
charge injection rate and its dependence to electric field intensity and pol@@jyand[71] are not
fully known and determined yet. It cdre deduced from the results reported j9] that at the final
state after appying HVDC, the electric field intensity inside the paper obtained frtamPNP model

is somewhatiower than whatis obtained fromthe MW model. This fact suggests that the stress in
the paper will be overestimated ihe MW model. Therefore, if we ushe MW model to determine
the geometry of the insulation, the safety factor fiie paper will be sasfactorily high enough.

2.2.11.4 Non-Linear Maxwell -Wagner Method

After explaining the physical phenomena tbe non-linear dependence of the oil conductivity to
chang in applied voltage, temperature, etc. it is explained why the Maxwell Wagner method is still a
reliable tool for insulation design omadVDC transformer. Howeven & Linear MaxwelWagner
(LMW) model, the electrical parameters of the oil and papersaggposed to be constants. Although
this assumption is nearly true for permittivity, it is knowrat conductivity is highly dependent on
different parameters like temperature, electric field, water content, time, Oil impregnated
Pressboard (OIP) densiglectrode materials and their dielectric coating and cd&2, 72, 73]

To consider the nonlinear dependence of the oil and OIP to the applied voltage and temperature, in
this work a NorLinear MaxwetWagner (NLMW) method is presented and employed. This is crucial
to be able to design a oapact transformey and thus accurate calculationstbe dynamic behaviour

of the electric fields will be donélf'he NLMW modelis adopted for MFT insulation design this
report, which accounts for (at least) field and temperature dependencies of thérieleonductivity

of the constituting materialandits resultsis compared with LMW.

2.2.11.5 Effect of covering the electrodes

According to Weidmann design curyés an AC desigrihe bare metal electrodes should be coated
with solid insulation[63] to increase the total withstand strength and to prevent partial discharge
originating from sharp cornersn contrary to AC voltage applications, for DC voltage there should be
a pass for to the leakage currefithis means thatrainsulation coer should not totally coveall the
electrodes [65].
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Figure2-15 demonstrates how covering of high voltage electragehich is common for a safe AC
insulation designg can cause a very high stress on the covered OIP and lead to an unwanted
discharge inside it. AFigure2-15a, the charg carries have a pass to flow and a resistive voltage
division based on the conductivities of the materials involved is in pladéigAte2-15b, the current

pass is barred. Therefore, the voltadep over the oil gap is zero drall the voltage difference
between the electrodes stresses the covering barrier. This can lead to a stress mudahtinéghthe
withstand stress of covering barrier.

Investigations made by Okubet al. [19] and Gbler et al. [74] show that there is more charge
injections from the cathode ompared to the anode. According to Okubo, the electric field near the
cathode drops down much faster compared to the field near the anditccording to Gabler the
setup with a covered cathode hashégher DChreakdownvoltage. The reason might be that the
injected electrons from the cathodmove insidethe oil and accumulate on the surface of the OIP
(negative charge affinity). This leamtsa lower stress at the cathode side and a higher stress at the
anode side. As a direct result, the LV winding of the transformer as well as the grounded parts should
be wvered for a higher isolation purpose.

@) (b) (©
Figure2-15. The effect of covering electrodes on the discharge in the insulation lageroil/OIP system between two
electrodes notsupplied by voltagga), Positive electrode totally covered by O(B), Positive electrode partlgovered by
OIP(c)

2.3 Conductivity measurements in time domain

If a step DC voltage is applied to a liquid or solid satfggleFigure2-16a), the current directly after
application of voltage is mainly a superimposed polarisatiod eonduction current for solids and
conductive for liquidsAfter a relatively long time the patisation process ermhand a current based
on the conductivity of insulation material willow (see Figure 2-16b). After short circuing the
electrodes (removing the voltage source), only a depolarisation procestakélplace (sed-igure
2-16a), resulting in a discharge current, slowly declining towards 0
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Figure2-16. Polarisation, Depolarisation Current (PDiasurement conceptApplied step DC voltage, short circuiting
the object, and the resulting polarisation, conduction and depolarisation currefas Conductivty versus time of
application of step voltaggb)

For a new HVDC transformer application, thié and OIlPconductiviies measured at different
conditions(depending on transformer operation condition after energisatishyuld be used fothe
insulation design ofa transformer (seeTable 2-2). The transformer design should be repeatedly
checked at different physical positioimsthe tank applied voltage, time of application of voltage and
loading conditios. In addition,for a transformer in servicghe humidity, particle contaminatign
aging orthe thermodynamic oil flow have considerable effeston the conductivity figures and
consequentlyon the predicted stresse®n anHVDC transformer. However, these effects are not
considered in the scope of this study.

Table2-2. Different conditions during oil conductivity measurements

Conductivity At the instant of After energization and beforg At steady state after long time o
energization loading loading
Time Short time Relatively long Long
Temperature environmenttemp. Low Mediumor High

2.3.1 Conductivity measurement system set-up
Many standards have presented methods for surface or volume conductivity of liquid or solid
insulation materials (IEC 61620 1998, IEC 60247 2004, ASTM D1169 20263[E3-1&2 2016 or

ASTM D257 2014). A comparative table is prepared, and the strongeaidpoints of the measuring
methods are summarized in a Cigré publicati6®]. The result of thicomprehensive study shows
that none of these standard methods guarantee both reprodecdnhd comparable results with the

conductivities under HVDC test or service conditions. However, the measurement method proposed

in this report refers to the guidelineBom the same standards to be implemented at different

measurement stagesTo perform areliable conductivity measurement proceduréet following

should be considered:
9 Test object cell and temperatuhamber

=A =4 =4 =

1 Preparation and testing of solid insulation samples

232

High voltage conductivity measurement test cell

Current measuring and data acquisition systanal its protection
High voltage application system and safety
Mitigation of noises
Prepaation and testing of oil samples

The test celfor performing the neasurementsvas essentially a guarded thredectrode system and
the same as introducedh IEC 93, 1980 & IEC 62681, 2016[75] with some improvements
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suggested in Cigré report 6462] to make it suitable for measurements at higher stress voltages
(seeFigure3-2). The mddle part hasheenmanufactured with two different sizes, one haviDg97.8
mm with R2=1 mm[52] and to handle higher voltages.one havingD=99,8 withR2=2 mm[76]. The
other rounding dimensions afgl=1 mm,R3=3 mm andrR%=5 mm.

To calculate the volume condunity of the insulation, the effective area tfie guardedmeasuring
electrode can be calculated frorthe following equations considering precautions explained by
Lisowsk[77] and given by ASTM D284 [78]

_ (d; +Bg’
A = 0 = g (217

where d; is the diameter of the measuring electrode (99.8 mi)s the gap width between the
measuring and guard electrodes (1.1 mm), d@ds the factor for accounting fothe diameter
enhancement by spreading the electrode margin

B=1 74 EEIIn(cosh& —%Z (2-18)
n

2.3.3 OIP conductivity values calculation using charge difference method

If a DC step voltage was applied to a kfjinsulation (e.g. mineral transformer oil), a decreasing
current was observed in mosif the cases. In contrast to solid insulation, this current is dominated
by the conduction current component, and the depolarization current component is negligible from
the very beginning (after a few seconds). Thus, the conductivity was calculatedHeoratio of the
polarization current and the voltage. Yet, the result was twaeying and strongly dependent on
many other parameters (e.g. electrical stress and terapge). In the case ofisingoil impregnated
pressboard, the conduction current was lpwnd the polarization current was relatively high.
Therefore, the charge difference meth¢d9] was usegdwhich is less sensitive to noise signatel
gives a god estimate ofthe conductivity value in short measuring timel this method, the
following governing equations are utilized

(2-19)
Qiepol () :d 'depo|(d dt (2-20)
Quit 0= Qo1 0-Qepor ( (2-21)
Qyir (D° at+b (2-22)

i (2-23)

E A

where, lpoi and lgepor @re the polarization and depolarization currents respectivély and Quepol are
the polarization and depolarization cumulative chard@s,is the charge difference is the slope of
the Quir curve,Aer is the effective area of the measuring electrode &id the applied field intensity.

2.3.4 Using the Arrhenius law

At lower temperatres, the stabilization of the current can take long time. In addition, the signal to
noise ratio can be unacceptablgw. To achieve the conductivity values in these conditions, the
measurements can first be done at 50 °C and 90 °C drd tlae conductiity in 30 °Ccan be
calculated according tArrhenius law5]
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W,

a

) DC(T): ‘DC,rep_ﬁ (2-24)

where, ~ pc,reris the reference value of conductivity at two different temperatur€gK) is the target
temperature,W, (J) is the activation energy, akdd Wk Y0 A & G KS . 2 fFigure3-16¥sy Q&
an example of application of this method).
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The duty cycle of the apipd rectangularwave,Dis assumed to be 0.®hich is defined as

t
D - on 2-2
T (29

where Ton isthe conduction (on) time of the switcdind Tisthe time period of the wave.

The relativerise time of the wave ais assumed to be O for the design, whicdedined as
t
R=-—L 2-26
T (2-26)
wheret, isthe rise time of the wave

Core cross section calculated for square wavepstean be calculated as
d/

l T
=y fYdt (2-28)
0
and
-
jo= VDCDA = Voc (2-29)
m N 4N f
and
Jm _ Vbc
B, 4NfB (2-30)

where B is the maximum working flux density of the core (nearly 80% of the saturation flux density),
K:is the core filling facto(the ratio of effective to physical cross sections which is Féorite), N is

the number of turndor a winding and is the swithing frequencyA. is the effective cross section of
the transformercoreand. n is theamount of flux in the core.

Corecross section calculated foinsiswave shape can bealculated as

_ Vrms
A= iamte, (23

2.4.1 Leakage inductance

The voltage wave forms applied to the MFT in a DAB converter are not sinusdidal @snventional

low frequency transformei(see Figure 2-1b). Therefore, in case of this type of transformer, the
leakage inductance and its related phase shift are under consideration and the transformer leakage
inductance L corresponds to the value calculated according to

L =\601VDC§ mirK T'fmin 0 &Jtézi'sl t (2-32)
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where, Pyt is the output power of the DAB convertafyciis the DC voltage of the LV side of the DAB
converter, \pcz2is the DC voltage of the HV side of the DAB conventés, the turns ratio of the
transformer, fs is the switching frequencyand . min is the phase shift between the bridges which
should be higher than predeterminedvalue to achieve Zero Voltage Switch{@yS)34].

2.4.1.1 Calculation of leakage inductance of axisymmetric MFTs

A method based on an analytical solution of the Poisson equation in planar coorslinateveloped

and presented irf80]. As a more accurate calculation procedure for the leakage inductance in high
power shelitype MFTs with round windirggconsidering the effect of the core structure one can use
the analytical method proposed by Robbins in 1956 wiiels originally derived for calculating the
L2 6 SNJ GNI yaF2N¥SNRa Sk {1F3S KOl RdbBiméthéd) e dong OBt Ay
window is assumed to be efebs from its outer side as is the case for large power transforners.
the method, the current density inside the core windowwstten as a single Fourier series a
function of core window heightThe magnetic potential is then represented with aiesgexpansion
including modifiedBessel and Struve functions. This method is suitable when the effect of curvatures
of the windingsneeds to be taken into account in the leakage inductance calculaRabins'
method seems to be a suitable method to laelopted for shelitype power electronic transformers
such as MFTs with polygonal core structure.

In this analytical method firstie solution space is divided intdifferent regions Maxwell's equations
areusedto obtain

BD?PA=->,J 2-33)
where Ais the magnetic vector potential arw} is the permeability of air. The current densitgctor
Jis azimubal and because of the axisymmetric geometry, all the field quantitiesnalependent of
the . coordnate.

With these assumptiong2-33) becomes in cylindrical coordinates

2 2

Al A
e +r—£\ 7 *—pz'f 5\ (2-34)
The current density could be written as a Fourier series in ternasfahdamental spatial period of

lengthL, or window height as

J=4 ?_‘1 N C&—' (239)
For one coil with a constant current densjity

3= (Zz z) (2-36)

) _@e_[& gl ¢
Substituting the Fourier serig®-35) into (2-34), Awill be obtained as

A= éo R (r)cos(mz),m% (2-39)

Using the solution oA inside the core windowthe self and mutualnductances of a coil system can
be obtained.The mutual inductance between coil 1 and coil 2 with uniform curremtsdiesl, and I»
is given by

1
L, = fAy JdV (2-39)
lilo v
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Considering two coilévith zero net amperdurns) inside the core windowhe leakage inductance
can be calculated using the total magitetnergy stored inside the core window. The magnetic
energy stored in the system is obtained by
_12 2
W=32 8kl (2-40)
whereL;is the mutual inductance of coilgndj, calculated usin¢?-39).

Once the total energy isbtained, the leakage inductance can be calculated as
_2W
Lieakage TR (241

wherel, denotes the current in the side from which thakage inductance is calculated.
2.4.2 Transformer losses

2.4.2.1 Core losses

Basicdl @ 5 GKNBS YSGK2Ra KI @S 0SSy RSOSt BLER, the 2 NJ
loss separation method, which includes calculation of static hysteresis losses; elddgicurrent

loss and excess eddy current loss and is usually too complicated to be used for engiteesking
(except in Fem analysis). Hysteresis loss is independéhé evave shape and it is frequency and flux
density dependent. This loss componeain be calculated and verified by measurements. The classic

Y|

eddy current loss can also be calculated but the excess eddy current loss should be included which is

a function of frequency and maximum flux density, which needs to be determined by a series of
measurements and parametrizations for the investigated magnetic ma{8d&l Second is the time
domain approach which is the method used for loss calmnatin FEM3]. A third strategyisto use

a set ofempirical methodsall basedon empirical measurements and on the formulation made by
Steinmetz in 189282]. In this work the samples to be used were idafale and measurement were
chosento be used for the loss determination.

A few types of core materials are popular among the researchers which work with medium
frequencytransformerdesigrs. Ferrite and Nanocrystallinecores are previouslysedby the auhor

to produce two 50 kW transformef§]. TKS WO 2 NB NI § dz8 $ @ eNano@ydehllifieSodes 2 F
from their datasheets arenormally given at a very low operational working point (0.3 T for
Nanocrystallinecores compared with-1.2 T as working point flux). In caseledrrite cores, the data
given in the core data sheet does not include the working point flux density of(@e2Figure2-17).
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Figure2-17. Lossfrequency curves of santge N87Ferriteand FinemetNanocrystallinecores; Ferrite core[83] (a), Nano
crystalline core84] (b)
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2.4.2.2 Winding losses
In this work an effective numerical method is utilized and practicadlsified, for copper loss
calculation of the MFTs with windings having Litz wire conductors.

2.4.2.2.1 MFT €uirrent

To calculate the currentn the transformer equivalent circuitt is assumed that theeal part of the
compleximpedance is ignorableompared withthe imaginarypart i.e. the leakagenductance[85].
With this assumption

Ih=0p )/ X (2-42)
where

Vp=al2y I (2-43)
Thehy element of ther.m.s.value current irthe primary side of the transformer is calculated from

L= 2\4\/1—cos(h (

ph~ -2 ?27% [ (2-44)
where V is the bus voltage ahe primary, . is the phase shift betweethe primary andsecondary

side voltages of the transformef, is the frequency ands is the leakage inductance dhe
transformer.

For an MFT, theleakage inductance seen froiime primaryside can be calculated frof80]

2w
Ls _IFTZ MLT (2-45)

where MLTis the mean length of the winding turns aid, the total magnetic energy stored ide
the core window can be obtained from

W:%ﬁAJdv (2-46)
'aAy3a al EgStt Qa Sl dauidbrbgsuge, theyvBkndvK éngatioh §6rahe tekst&  /
potential A is obtained

D?A = AgJ (2-47)
where Jis the current density vector in the direction, and it can be assumed that all the field
guantities of it are independent af

Losses caused by the current in a sBormer are named Load lossf86]. Loadlosses consistef
winding Ohmic resistance losses adtlitionallossesWinding DC resistance is calculated using

R="7=(at § b%k) (249

where Ris the resistance of the winding, is the resistivity of the copper wirdiiLTis the mean
length of the strands in each winding tuidjs the number of the turns of the measurement sides
the radius é each wire strandnsis the number of the strands.

The additional ostray losses are produced by AC currents fithin leakage field of windings anthe
field of highcurrent carrying leadsThe additional losses are produced in thmdings andstructural
parts. The losses in the windings aeeldy current losses andrculating current losses.

Dependingon the frequency, the pesence of these additional losses will make AC current losses
higher than equivalent DC current copper losses. Circulating mulweses can be a result of having
parallel conductors of different length or exposed to different electric field which leadsdifferent
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voltage drop over two parallel conductors of the same length. For the prototype transformer
considered in this stly parallel conductors are axially ordered and there are no circulating current
losses in them. However, becausetbé relatively high frequency, eddy current losses are present
and will be investigated.

Because of the high skin and proximity effeat high frequencies it is not economical to use normal
wires to produce the windings. Copper foils are suitable alternatives ftiehigequencies, but they
need a great care during the production afwdt the termination when mounted in the transformer
With the introduction ofLitzwires (bunch of individually insulated conductoshigher flexibility in
the production and lower Isses can be gained.

A Litzwire consists of a group of enamellsttands (sed-igure2-18b). The enamel insulation of the

conductor isnormally modified polyurethane. At higher frequencies, increasing the number of

AGNF YRa G(G23SGKSNI ¢6AGK (KS NI Rterarti the? iicrea®eF inthd KS  a G N
conductorresistance The altenating current causes eddy currents in the conductor which axts
counteractthe flow of the fundamentalcurrent. At higher frequencies, the effect of these eddy

currents increases, and an AC remise is added to the DC resistance. The eddy currestifothe

middle of the conductohas a lowvalue and increaseshen moving toward the outer part of the

conductor. This causes the current to flow closer to the surface of the conductors insteacd e

whole conductor(the skin effect). The skin depfim] is a representation of the thickness of the

conductor which is carrying the current and can be calculated from

L/ (2-49)

where . is the radian frequencyrad/s), > is the perneability of the conducto(H/m) and " is the
conductivity of the conductofm Kk m). Yor example, the skin depth for copper at the frequency of 5
kHzis 1 mmand this means that the current in the depth ofrim is reduced to 36.8% ofthe oneat

the surface[36]. Because of the proximity effect, the fields of thdjacent conductors increase the
eddy current losses. The crossectional area ofhe single conductor is reduced to minimize these
losses. Several conductors in parallel are used to carry the nominal current of a wire. To compensate
the effects of the fils on the individual strands, the conductors are twisted together so that,
throughout the length of the wire, the position of one conductor transposes regularly. Because of the
high capacitance effect of the conductditzwires can be used only up toMHz. A typical diameter

of each conductor as a function of frequency is 0.4 mm5@1000 Hz, 0.25 mm for-10 kHz or

0.032 mm for 1.8.8 MHZ86]. With an effective reduction dhe skin effect Litzwires have the best
performance in high frequency circuits. Commercial production of several types and dimensions of
the wire gives a good flexibility for getting the highest binia this project.RectangularLitzwires

are estimated to be one of the besamdidatesfor usage ashe high and low voltage conductois

this project (seeFigure2-18a). Ths arrangementhelps for higher density and more mechanical
strength of the winding. The available constructions from one of the leddtawires manufacturers

are presentedn Referene [86].
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(@) (b)

Figure2-18. A rectangularLitzwire and its strandsRectangular Litz wirg¢a), Bunch of groups of enamelledrsinds(b)

2.4.2.2.2 Evaluation ofwinding losses using equivalent permeability and conductivity method

One method of calculating eddy current losses including skin and proximity kfésess is to make a
finite element model, in which each turn in a winding is @ity represented. By modelling each
turn, the distribution of current density within each turn due to these effects, can be accurately
determined. However, modelling everyir® individually can be computationally expensive. An
alternative approach is toeplace a wound region composed by many wires with a region with
proper equivalent complexalued material properties.

Continuum representations of wound coils allow proxingibd skin effect losses to be represented in
numerical models without explicitijnodelling each turn in the coil. Moreau et 7] described the

use ofa complexvalued magnetic permeability for representation of transformer windings with
rectangular conductors, presenting clostam expressions for frequenayependent perneability.
Gyselinck and DulgB8] presented a numerical method for obtaining equivalent properties of a
round-wire winding with hexagonabacking. Dowel[45] replacad a winding composed of round
GANBa 6AGK |y aSljdza @kt Sy é icaF solution far prdxity |8ssesi K |- {
Meeker [89] derived gproximate but closedorm expressions for the equivalent conductivity and
permeability ofregions filled with hexagonally packed round wires, allowing proximity and skin
effects to be included in 2D AC field computations. In this work the method deveiope®] is used

for calculation of eddy current losses of MFT windings madsthwires.

The effective material properties of the wound regican be expressed 489]

et =(1- Po>* ¢ f (2-50)
L CFAL
eff '> >
>0 ,(1-0). L7t (2-51)
>fd+ OJM§ (p>'

where the parametec, representing the fill factor of the equivalent foil geometry, is defined as

c= }2_‘/5 fill (252
p

wherefill is copper fill factor and the nedimensional frequency is defined as
A 4 N 24
M:J§ cé. o =
and the frequencydependentpermeability of a single equivalent foil is
_>tanh/ 2

> .
fd m (259

(253
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2.5 Characterisation for high frequency stress
Duringa long operation time for a higholtage equipmentunder high frequency stresboth the
voltage andhe heat contribute tothe degradationof the insulation material.

2.5.1 Voltage stress

Any insulation material has a withstastrengthwhich is dependent othe applied voltage rate of
rise,magnitudeandduration. Three examples of vofja wave shapes which are standardized during

the development ofthe LJ2 6 SNJ G NI YyaF2N¥YSNDR&a Ayadz I G§ABWZRSaAAIY
Lightning Impulse (LI) and Switching Impulse (SlI). As an exampesting a power transformer, a

switching implse voltage can have a time to peak vatlevntomnn >&3 | YIF 3y A (GdzRS ¢
of 375 kV and a duration (time duration while the magnitude is higher than 90% of the peak value) of

Hnn >a | yR2 W AY IO ddsighNR insulation system fopawer transformer, the

Design Insulation Levels (DIL) should be determined 3i6§t

The followingcan beconsidered asdditional sourcesfor overvoltage stresss on the MFTs, which
are in addition to thenormal stres®sthat any low frequency power transformer (50 Hz) can stand
for:

1 Reflection of voltage pulses at the impedance mismatching terminals

I Resonance inside the converter

1 Uneven distribution of voltagpulsesalong the winding

The following parameters arto be considered to ensure a reliable application of any insulation
material for anyMFT.

1 Voltage magnitude

1 Voltage frequency (or pulse repetition rate)

9 Partial discharg

1 Pulse rise time

9 Pulse duty cycle and polarity

2.5.2 Effect of voltage amplitude
Becauseof transient over voltages or temporary overloadhe voltage on or temperature of an
insulation part used inraMFTplaced inside a DAB converter can be much higher thagalculated
stressesvaluesat steady state operationThe safey margins for tle withstand strength athe rated
valuesare presented in the materid Qata shees. Because of the accelerated agimghen the
voltage magnitudencreasesthe lifetime of the insulation systendecreasesMany investigations
have concentrated on the efte of voltage magnitude to the acceleration of the insulation material
aging. The most reliable relation hlasenpresented iNnEC 6125]91] as

L=CcE" (2-59)
where, Lis the time to breakdownEis the electrical field andandn are the parameters depending
on temperature and other environmental effects. Investigation made by Swnal. in 1992
demonstrates how amirease in the applied voltage magnitude decreases the time to failure of an
epoxy insulatiorf92].

2.5.3 Effect of Frequency

In general, likdor mechanical fatigue, regardless of frequency, the same number of voltage impulses
or cycles in a period causes the same degradation of an insulation material. This is shown by
Johnston in 1979, during an extensive literatuegiew where he has presented a table of summery
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for most of the efforts that has focused to the frequency acralen of the voltage enduranc¢93].
However, he has also referred to the works which reported a nonlinear acceleration rébigt.
inconsistencycan be because of humidity or a change of material temperatesulting from
dielectric losses in lngterm test. According to Johnston, a linearity factor can be gained for every
specific experimentadetup and it is shown that

fit, =k(f1,) (2-56)
wherek is one, for most of the cases, if the temperature, humidity or testugeeffects are ignored.

2.5.4 Effect of partial discharge

Partial discharge is one of the physical pssas which cause aging of insulation material. Chemical
reactions, bombardment of cély surfaces by charge carriers and local electrical field enhancement
resuling from the discharge byproducts, contribute tothe creation of large holes and starting
treeing activitie433].

Partial discharge inception voltage is the applied voltage when the electric field ovas@ation
material or system is higher than the required value for starting a PDitgcdWhen an alternating
voltage is appliedPD pulse trains cape repeated for each period (se€igure2-19). Compared with
PD pulses thabppearsstochastically, discharges which occurs at the voltages higher than the
Repetitive Partial Discharge Inception Voltage (RPPA])are the main cause of the aging under
square vave voltage regime.

Applied Voltage
" to object

Applied Voltage
~to discharge zone

Voltage apearing
X~ at discharge zone

PD Extinction Voltage
PD Inception Voltage

PD Pulses”

Figure2-19. PD pulse train for each cycle of applied volta@®]

2.5.5 ACstandard breakdown test methods

To characterisehte insulation materials, the matgypes of insulation testsare Insulation withstand or
Breakdown (BD) testind Insulation aging testThe rumber of samplesto undergoidentical tests
should be as high as possible to guarantee a reliable and repeatable res

1. For insulation olil
IEC 6015695] describes a test method fothe determination of AC breakdown voltage of
transformer oil. Figure2-20 demonstrates the electrode configuration facquiring theinsulation
strength of transformer oil according to this standard.

2.5mm
Ak
[
e | B
S )
2)/ | —v
13

Figure2-20 Standard electrode configuratioffor testing insulation strength of transformer 0i[95]
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2. Forinsulated wires
The tests samples are prepared according to a-defined standard method of IEC 6085]96]. For
each sample, two wire strands are twisteéveraltimes. To secure a defined contact area for similar
tests, aloadis applied during twisting the paifseeFigure3-26). The rate of voltage increasaall be
defined (sedrigure2-21).

3. For insulation tapes, plates or films
Regarding high voltage testing of insulation materiasseries of articles and standardsists To
achieve more réhble results in a shorter period, the standardized methads preferable to the
experiments thatare presented in the scientific article$he following is list of standards whichn
be used

1 IEC 60243:2013, Test methods to deteime the electric stragth of insulating materials at
power frequencies (580 Hz)

1 ASTM D149:2004, Test methods for electrical insulation tests of solid insulating materials at
power frequencies

1 IEC 60505:2011, Evaluation and qualification of electricaldtisn systems

1 IEC @251:2015, Electrical insulating materials and systems AC voltage endurance evaluation

1 IEC 62539:2007, Guide for the statistical analysis of electrical insulation breakdown data

2.5.6 Testing combined insulations

Testing withstand ability osingle type material may not be a real representation of withstand
strength of a combined solid insulation system. At the interface of two solid insulation materials, the
breakdown strength is governed by size and pressure of the voids filled of differemating
material (in case of testing in air is according to Paschen d@%g. This is also true for the interfac

of insulation and kctrodes.

2.5.7 Mechanical electrode preparations
Here are some notes presented in IEC 602£2813[98] regarding a test setip that can garantee a
reliable aml repeatable series of the tests:

1 The electrodes should be kept clean, smooth and free from defects after each ACBD test.

1 For most of the materials, increasing the thickness of the test object will result in lower
electric strength ad the results of thetests for different thicknesses are not directly
comparable. The thickness of the specimen, time of voltage application, duration and
intensity of surface discharges directly before a breakdoaffects the electric strength of
most ofthe types of insulabn materials [Ref IEC 602432013].

1 The leads to the high voltage electrodes shall not affect the electrode setup in any way, nor
change the electric field near the breakdown position.

2.5.8 Handling of surrounding medium oll

When oil isused as a surroundingedium, any discharge will pollute the oil and should therefore be
avoided. Practical tests show that this is not easily achievable especially if the discharge current
amplitude and duration cannot be kept short enough.

2.5.9 Measuring volt age

It is well acceptd in the high voltage industry that it is the peak value of the applied voltage which
shall be adjusted during standard withstand tests. For all the frequencies, the same peak value is
applied.ThePartial Discharge (PD) is monitored.
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2.5.10 Rate of rise of volta ge

As the time of voltage application increases, the electric strength of most of the materials decreases
with increasing the voltage application tim@8]. Therefore, the rate of rise of AC voltage is
important. One of the methods can be choséine rapidrise, the 20 s stegby-step or the dow rate-

of-rise (120 s 240 s)method.

According to ASTM D14%a[99]z (G KS a&of-NRR®S Nit $ 80 ¢ theipseferable Ynetho8 NJ | Yy R
02 (KSIMYK20NGa Gdy-a & §R G & a & £Jives Snor erdaningfyl Resuls when

different materals (artificially contaminated in this case) are compared with each other. The test
method is described in sutlause 168, IEC 60243 [98].

Ve —— — — — — — -

nVvinT > 2V/s

120s<g<240s
Figure2-21. Voltage profile with a Slow rateof-rise test according to IEC 60243

2.5.11 Monitoring PD during an aging test or before an ACBD test

Necessity of PD monitoring

The partial discharge (PD) measurement is an accepted tesfufdification of insulation systems.
During insulation test of materials or a complete transformer, recorded PD signals include useful
information about any possibléesign, or manufacturing mistake or a sign of undesirable aging.

Proper PD measuring undequare wave

When it comes to a square wave signal on the terminalydfiET, the transformer insulation will be
under repetitive impulses of high dv/dt stress. iigrthe application of a square wave shape voltage
to an MFT, as the PD signals become ##mto the supply voltage signdhenit is very important to
use a correct method to measure true PD signals.

Measured PD during a dielectric test

The «istence ofpartial discharge should be controlled for a reliable and repeatable aging/tésstn
increasing the applied voltage, the partial discharge (PD) startseaPD Inception Voltage (PDIV).

The PDIV depends on many parametgtgere just a part of them are originating from the nature of

a material under test. The remaining parameters such assvoétween the material and electrodes,
discharges at the edges of electrodes or the insulation material surface where the touching surfaces
ends have a parasitic nature during a high voltage insulation test.
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3 Characterisation of insulation material for
HVDC MFT application

The most importanpart of the insulation material specification data to be used for the DC insulation

design of eHVDC MFT is the magnitude of its electrical conductivity, aed@ained in sectiod.2.3
a conductivity magnitude is not a straight forward predetermined valbélvcan be find in any data

base. Therefore, a great effort in this work is devoted to a series of conductivity measurement

activities on mineral and ester transformer oils.

The other aspect that should be considered regarding characterisation of théatios material

used for production of a medium frequency transformer which is subjected to high frequency pulses

from fast rising square wave voltage signals (B&gure2-1a) is their voltage withstand strength
under high frequency stressThis aspect isoveredin section 2.5 and guidelines to tackle this
challenge is presestl.

3.1 DCconductivity measurement setup

High voltage DC conducily measurements are performed using the background information

presented in sectio.3. A complete test setup is developed which is destoated inFigure3-1 and
described in the fbowing sections.

- Vacuum & —-
Current & Temp ~ Temperature
measurement L

Chamber _ Hid

Tl TR
1 R = j

in Faraday cage

Highvoltage sourcei= |z ms*]
Figure3-1. The st setup for conductivity measurements
Test cell is prepared according to precautions presented in se2t®@ In case obil tests, agap
distance of 2 mnwasheld using dried and oil impregnated pressbodtding theoil test. Stainless
a0S8St 69b wmManuwno KFEGAY3A | YI EAYda. IO eagelof Dlid
dielectrics,a sample thickness df mmwas wsedin the setup. A minimum pressure of 120 kPa (1
2 N/cn¥) [52] is heldusing epoxy coated round lead metaksts.
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ey ~ Spacer

HV connection — ™ High voltage electrode

Figure3-2. Electrode setup for high stress conductivity measuremgb®y

The setup is placed in a temperature chami®&ncethe measuring system is vesgnsitive to the
external electrical and mechanical noisdése stabilise the temperature of the chamber during the
polarisation phasea set of serieparallel connected high power resistdssused as &eating setup
to keep a constant temperature of thehamber during the whel period of measuremer(seeFigure
3-3).

@ (b)
Figure3-3. Measurement vessel inside a temperatucentrolled chamber connected to HV DC bushing (a) and
temperature stablising heating resistors (b)
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3.1.1 Current measuring and data acquisition system and its protection
The current measuring circuit is &gure 3-4 and similar tolEC 93, 1980 adopted for volume
resistivity measurement.

éHVDC source Ampere Protection
meter spark gap
o @

Measuringj electrode

Guard
electrod

[ ]
Polarisation Highvoltagq electrode
Switch

Test
object

Depolarisation
Switch

<
Figure3-4. Conductivity masuring circuit diagram

The current measuring system consists of a Femto DRPCAurrent amplifier having a current
measuring range from 18A to 10mA (seeFigure3-5)and aKeysight 34470Rigital voltmeter.

Figure3-5. FEMTM@LPCA00current amplifier

A Labview based control and data acquisition software is developed for automatic angpifier
setting as well agecordingof the measured dataAll the test condition data havieeenentered via
the interface before starting each measuremeiind the measurement data fileis automatically
named and saved every minute.

The current measuring systerhauld be protected against high applied voltage and high short circuit
current. Protection against an input current higher than the maximpenmissible 10m/Aof the
Femto DLPG2&00 current amplifier, carusually befixed using a high voltage high ohmic sesri
resistancein the circuit. In this case it is done by setting the current limit of the high voltage DC
power supply to a current lower #n 10 mA and therefore no external current limiting series
resistance is needed.

Protection against possible highvoltage transient has been done by a parallel connection of the
following elements:
1 A 204907 medium duty 2 electrode gas discharge tubgihg a 75V DC sparkover@100V/s
9 Two parallel reverse coupled 1N3595 small signal diodes with maximum reverse afrrent
1nA @150 V and minimum forward voltage of 0.5 V
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1 A TransGuard multilayer ceramic transient voltage suppressor having minimum possible
leakage current at the working voltage and a working voltage higher than the voltage at the
input of Femto DLPG200 which is maximum 10AX60m=0.6mV. In this case a
VC060314A300 is used.

The manufactured high voltage protection module is subjected the maxipedicted input voltage

of the current amplifier and the leakage current is measured using a precision source meter (see
Figure3-6). The measured leakage current at 0.6 onvthe input,is less than 0.5 pA which is much
less than the typical measured conductivity current of nearly 100 pA.

Figure3-6. Test setup foverification of overvoltage protection system

Figure 3-7 demonstrates thecurrent amplifier, voltage measurindevice test cell temperature
meter, anda high voltage DC source with polarity reversing function.

.f

Figure3-7. Conductivity measurement setup inside a noise suppression cage

3.1.2 High voltage application system and safety

A Fug HCN 140M-35000V High voltage DC power supply equipped with an adjustable current
limiting systen of 04 mA is used a sourcé low inductanceground connection has been prepared
at the body of the high voltage DC source.

3.1.3 Mitigation of noises

A high voltage filter consisting of series resistors and parallel capacitors is connected to the delivery

point of high voltage DC to the chamber. The resistancefisposedof ten 22Mm Ay &aSNA Sa |y
capacitance is combined of 6 series and 4afplar capacitors. The selected parts weteuble

metallized film pulse capacitsmwitha polypropylene dielectri®HE45@7nF, 2000V anMetal Glaze

Film ResistasMGRF H  &2W,33500V. Effd has been taken to avoid discharges because of low
isolation dstances and sharp high voltage conductore (Sigure3-8).
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igure3-8. Designed and manufactured HYV filter

The completemeasuring setup is placed inside a grounded metal shielding box. The mains supply has
been done using a 1:1 isolating transform&he nulti-meters and the current amplifier havgeen
connected by a fibreoptic hub and cables to the computer.

3.1.4 Preparation and testing of samples

Oil samples and the oil in the container for testing pressboard samydesdried (down to 5 ppm)
according tathe method explained in referencig8]. A setup including a hot water batseeFigure
3-9a), a heating and vacuum chamber andstainlesssteel tray were used for this purpose (see
Figure3-9b). The processsimply explainedis to warmup the oil to 80°C, feed it into a vacuum
chamberthrough aSwagelok esvere-serviceunion-bonnet needlevalve, which is already armed up

to 80°C, spread a thin layer of oil on the steel tray under a vacuum less than 1cobect the dried
oil in thelower part of measuring vesselrn off the heating and let the system cool down to room
temperature. The vacuum level was constaduring thewhole process.This process talsaminimum

72 hours.

@) (b)
Figure3-9. Dry oil preparation setupA heating and vacuum chamber equipped inside with a steel tray for drying and
collecting the dried oi(a), Regulated hot water bath feeding the hot oil through a needle vaiméo a heating and
vacuum chambe(b)

The mineral oil vapepressure curvg100] (see Figure3-10a) was used to adjust the tempenate
and vacuum level of the chamber for the most effective drying process of the sampldsof7].
example, applying 10 mbar and 80will evaporate the water from a humid mineral transformer oil
without evaporating the oiltgelf.

A Vaisala MM70 oil hurdity meter was used to measure the humidity content of the oil samples
(see Figure 3-10b). The humidity content ofthe mineral oil befoe drying, before starting the
conductivity tests and at the end of measurementsre registered The lumidity content ofthe oil
waschecked aftethe processingand it was found to béess tharb ppm for mineral oil and less than
30 ppm for ester oibefore the conductivity measurement testgere done
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The peparation of solid sampleswasdone according to section 20.3 of IEC60@42004[101]. In

this work, first the new and clean samples are placed with a 1 mm distance in the steel tray in the
chamber. Later the temperature is increased to € and after stabilising the temperature, the
objects is set under full vacuum ftire next 72 hours. iRally, the same procedurasthe one forthe

oil sample preparation was followed to impregnate the hot oil in the already dried cellulose solid
insulations.

10% T T T T T T T

1 —Water
= Mineral oil

10%F 1

Pressure (mbar)

0 20 40 60 80 100 120 140 160
Temperature [deg] - — 3
@) (b)
Figure3-10. Thevapor-pressure curve used and the humidity measuring equipmérite vaporpressure curves to adjust
temperature and vacuum during drying proceés), Vaisala meter showing the oil watecontent after treatment(b)

100

3.2 Conductivity measurement procedure

Each egeriment was conducted by applyirghigh DC test voltage and recording the time variation
of the current through the test object until it reached a steady state (polarization phase). Directly
after, the test object was shottircuited for a time intervabf at least twice of the polarization time
and the current was recorded again (depolarization phadd)e process of a Polarisation,
Depolarisation Current (PDC) measurement in demonstraté&dginre2-16.

The conductivities wereadculated in the range of the applied electric field oB)jlkV/mm and (112)
kV/mm for oil and OIP, respectively, and for a temperature range e9(3GC.

3.3 Conductivity measurement results

In this section, OIP refers to the cellulosic transformer baameregnated with the mineral or ester
transformer oil. The tested mineral transformer oil is Nynas Nytro 10 XNrenéster transformer

oil is Midel 7131 synthetic estefhe electrical permittivity values of mineral and ester oil and OIP are
2.2& 4.4 ad 3.5 & 4.6 respectively.

3.3.1 Mineral oil and OIP

Although in case of mineral oil, the conductivity data for high voltage DC applications are already
given in literaturgl52, 76, 102, 103]Jthe measurements have be&one to support a reliable design

of the measuring system.
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Oil and OIP samples considered for the manufacturing of a prototype MFT were tested and the
results are preseted in Figure3-11 and Figure3-12 respectively
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Figure3-11. Conductivity measurement results of mineral oil
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Figure3-12. Conductivity measurement results of OIP

The measured conductivity values, which are also summarizéihlite 3-1, strongly depend on
temperature, and a weak dependency to the electric stress can be observedlaghigleflects the
impact of the thermal and electric stresses on the eleghemical praesses in the oil and on il
pressboard interfaces, in particular charge injection and accumulation, ionic drift, recombination, etc.
As explained in sectioB.2.10these dependencies have an impact on the field dynamics in the
insulation system and thus on the design of tHéDOMFT.The stress distribution on a simple series

of insulation layers depends on the Conductivity RaB8 ©f oil to OIPGw lNoik oir According to
Table3-1, the CRvalues have a large scatter ranging from 294 at 30 °C to 1 at 90 °C. The e@&ct of
on the electric field stress on the different points of the transformer will be discussed insdci

Table3-1. A summary of conductivity measurement resufts mineral oil

1 kV/mm 3 kV/mm 6 kV/mm 12 kV/mm
on / 5x1014 3.9x10 5.8x104 -

Qil pn / 1.2x1013 9.5x104 1.1x1013 -
dn / 5.2x108 4.6x1013 3.9x1018 -
on /

. 1.7x106 2.2x1016 2.7x1016 4x1016
oIp (Arrhenius)
pn / 2.6x101 3.3x1015 4x1015 5.8x1015
dn / 2.6x1013 3x1013 3.8x1018 5.1x1018
on / 294 177 215 -

CR pn / 46 29 27 -

dbn / 2 15 1 -
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The results have a good correspondence witle of the most reliable resultsresentedby Kichler
[76].

3.3.2 Ester oil and OIP

After a complete set of conductivity measurements on minerbind OIRvhich provideda series of
results which are comparable with the previous literatutlee method is applied to charactee the
biodegradable synthetic ester oil under HVDC stress.

As preliminary measurements showed an unstable and varyindtsesu the polarisation current of
ester oil, to get stable current curves it is decided that a conditioistg be performed orthe ester

oil and the polarization time to be increased from 1h (as was the case for mineral oil) to 3h for the
ester oil. D reach repeatable results it is also decided to perform a set of conditioning stress
applications before each measuremgBR]. In case of ester OlPis performed like the measuring
method for mineral OIP and a 3 hours measurement is perforniéglure 3-13 and Figure 3-14
demonstrate the test duration for ester oil and ester OIP respectively.

U [V] Conditioning

Utest +
4

Polarization

0 1 2 3X’4 5 6 7/\3 9 time [h]

Utest | I

Figure3-13. Measurement technique for ester oil

U V]

U test
. Stop

Polarization ./measurement

0 1 2 3 4 5 6 7 8 9 time[h]

Figure3-14. Measurement technique for ester OIP

As it seemed that the depolarisation takesl@nger time than expectedthe measurements
performed on ester OlRequired aminimum of three hours depolarisation time at 98C (seeFigure
3-15).

<10°° Depolarization currents for ester OIP at 90°C

T

6kV30°C, 18h depol
sk —3kV30°C, 9h depol H
—1kV30°C, 6h depol

P " i " PR i
102 10° 10 10°
Time [Sec]

Figure3-15. The minimum depolarisation time required &0°C

A summary of measurements done on the ester oil is present&ibimre3-16.
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Figure3-16. Asummaryof conductivity measurements of ester oil

TheesterOlPmeasurements areresented inFigure3-17.

For the both ester oil and OIPhé results show tht, the conductivity value®f the second run
measured at 3CC have goodagreementwith the Arrhenius calculationdzor the first run asthe
results of 50 and 98Cwere available the Arrhenius methodan beapplied todetermine the values
of conductiviy at 30 °C. The measured values on the first 30 run are not correct, and thesults
of the second run are reliable.
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Figure3-17. A summary of conductivity measurements of ester OIP

A summary of conductivity measurement restftis ester oil and OIis presented inrable3-2. The
results ofthe second sdes of ester OIP measurements together with the results of the first series of
ester OIP measurements (with ugirrhenius results for 30 °C) can be preliminary usedher
insulation design ofaHVDGester MFT prototype.

Table3-2. A SIMMRY OFONDUCTIVITMEAUREMENRESULTS fester oil

1 kV/mm 3 kV/mm 6 kV/mm 12 kV/mm
on / 1.4x101 1.0x101 8.0x1012 -

Qil pn / 5.0x10!1 3.6x101 3.2x101 -
dhn / 2.9x10% 2.3x1010 2.3x1010 -
on /

. 6.1x1013 6.9x1013 4,9x1013 34x1013
oIp (Arrhenus)
pn / 2.0x1012 2.22x102 1.6x1012 1.2x1012
90 C 1.4x101 1.5x101 1.2x101 1.1x1011
on / 23 15 16 -

CR pn / 25 16 20 -

dn / 20 15 18 -
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Limited information about the conductivity ofdilegradable ester oil under HVDC stress is accessible
[61, 104]and in case of ester OIP there is even less information avail@@le Figure 3-18
demonstrates comparisons between the measurement results of this work with the measurements
presented in literature.
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Figure3-18. A comparson of measurement results with the conductivity values given in literatugeeen: Kharezy, red:
Rumpelt[104] and black: Aakre [61])

3.3.3 Mineral oil/OIP versus ester oil/OIP

Figure3-19 is provided for the purpose of comparison of the measurement results on the mineral
and ester oil and OIP.
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Figure3-19. Comparison of the measurement results on the mineral and ester oil and OIP

The most important difference in the results is the higher values of condudhivitye ester oil.lt is
at 30°C, 100130 times, at 50C 320430 timesandat 90 °C, 450480 times higher.

In mineral OIP thenoisture increased from ppm to 16ppm and in ester OIP thHacreaselevelwas

from 46 ppm to 225ppm. It seemsthat the ester OIP can absorb more water without significantly
increase theconductivity values

A simple comparison of the conductivity values of ester and mineral oil and OIP higtiaghtse CR
values of estewil/OIP are notas much temperatureand voltage stressiependent as the mineral
oil/OIPis. This reduces the dynamic stress levehefdesignin case of using ester oil af@P It is
also noticeable that the ester 0il/OIP conductivitiesare several hundredtimes higher thanthe
mineraloil/OlPconductivities. Thi causes the timeonstantsto be lower (seet.2) and consequently
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results in a shorter timdor the transformerto reach the steady state conditiaiseeFigure3-20b).
The space charge accumulation time is much lower in the case of ester dfigsee3-20d).

3.4 AC breakdown simulations and test conditions
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Figure3-20. Space charge accumulation curve in a theeger, oitOIRoil insulation system at 30C and 1 kV/mm

Based on the background information presented in sectthB the following activitieswere
performed in thiswork.

3.4.1 Effect of shape of electrodes and surrounding medium to the results of the tests
Application ofan electric field should not be done #such away that any other phenomena disturb
the main purpose of the voltage applicatiofihe intension is teimulkte the actualelectric fieldonly
inside the insulationas it will happen during a real application of the insulation materaly
discharge on the surface tfie material can create heaind gas bubbles which in turn destsipe
material and the electc field distribution inside it.
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IEC 602434 hasproposed the use ofpecially shapeélectrodesfor testing of electric strength of
tapes (seeFigure3-21). Figure3-22 demonstrates a FEM simulation thfe IEC proposeelectrode
pairs stressedby 100 kV to ground for testing a layer of insulatiape (Polyamide Kapton,=7.0) in

air. There will ba very high electric field ithe air, 757 kvV/mm for this examplerhich will lead to a
extensive corona discharge arounket electrode. The discharge can destroy the material at the
edges and a puncture or flashover can happen outside the electrode area instiedti®@middle

KVim
x10

[f=]

Bl il B WA O = 0O

I.ILJI“:..'II.—':'I—'HUJ-hLI'I

10 15 mm
Figure3-22. Theeffect of improper surroundingnsulation material on the unwanted external discharges on the surface
of the insulation material under test

Depending on the relative permittivity of the materidB5], the electrical field in the medium around

a solid insulation material undextest can be higher than the electrical field within the test object.
This causes surface discharge and partialhdigges near the test object(see Figure3-22) which
deteriorates the material around the electrode cornensd can affect the breakdown voltage of the

test setup[105]. During application of voltage, by piag the saple inside a suitable oil as a
surrounding medium, there will be no external discharge at the edges of the electrodes, and an ACBD
will happen inside the insulation material any discharge over the surface of the sample will be
avoided.

Mineral transformeroil (IEC 60296), organic ester fluid (IEC 61099) and silicone fluid (IEC 60836) is
proposed in IEC 6024B8among the other suitable fluid98] as a seledbn for surrounding medium.

3.5 High frequency withstand tests on the Litz wire

In this section the withstand tests on tHeolysol155Litz wire used in this project is explained. A
voltage suppt hasbeenmade in a previous Master thesis project aisdisedhere to perform the
tests.

3.5.1 Withstand test setup used for the project

An IGBT full bridge converter was manufactured during a Master thesis defindrlSBand
performed by students from Chalmers. Thghest voltage availabl#om the sourceis 350 Vpeak
reak Figure3-23 demonstrates the circuit diagram and specification of the converter.
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Component # Type Rating
IGBT module 2 Semikron SKM 145GB066D, half-bridge 150 A, 600 V dc
De-link 2 1 mm copper plates 500V de
2 1 mm plastic insulation
Capacitors 2 EPCOS B43456A9688M, 6.8 mF, 400 V dc
3 Vishay MKP1848622454P4 22 yF, 450V dc
2 WIMA MKP101G041006D 1 pF, 400V dc
Gate driver 2 SKHI23/17R, half bridge 1700V dc
Heat sink 1  Semikron KL 285 P3 300 mm
Control interface 2 Texas Instruments UCC275524 15V de

Figure3-23. IGBT full bridge converter for production of square waves

Some pointshould be explained here:

1 The ratio of stepup transformer is checked using an audio amplifier in the range of 50 Hz to
5 kHz. The measurement shows that the transformer has nearly the same ratio at this
frequency rangelf the applied voltage is a squamave signal it contains diher orders of
voltage harmonics and the output voltage will not be a square wave signal but passitdy
towards avoltage of near sinusoidal shape.

9 The high voltage divider used should have a wide frequency range to trubférahe wave
shape atthe&K A 3K @2t GF3AS LINAYIFINE (2 (GKS aod2L5Qa AyLJ

9 To do the insulation tests, it is not enough to have a high voltage source but there should be
a current limiting facility to protect the converter every time the short circuit happartbe
insulation material. The SKHI 23/12 (Rjrive circuit for IGBTs is selected to have a short
circuit turn-off protection by \éemonitoring.

The following equipmenivasused in the test setup:

91 IGBT full bridge converter, @V, DC link 359, maximumswitching frequency 45 kHz

1 HILGtest, HVT 240 R/CR wide frequency band (7.3 MHz), high voltage divider Ratio 12440:1
1 Stepup transformer: 600 V/2RV, 3329.1 A

1 Pico, TA044, 70 MHz Higbltagedifferential probe

The circuit diagram fathe 5 kHz insulatio tests is presented iRigure3-24 and the setup irFigure
3-25.

Qurrent limiting

DC+ . Insulation
\l\ .................... Ff/sst\i)r Under Test
v v Vi |
A DC- : :
Qurrent : —
damp ™ : |
Square-wave bemeeeemenoeeenand
Power source Sep-up Transformer High voltage
Divider

PicoScE)be
Figure3-24. Circuit diagram forthe 5 kHz insulation tests.
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Figure3-25. IGBT full bridge converter, stepp high voltage transformer and high voltage wide band voltage divider.

The test samplewere prepared considering precautions given in IEC 6EBRIb]. For each saple,
two wire strandsare twisted 33 times. A load of 0.85wWas applied during twisting the pairs. The
rate of voltage increase was 18sec. At least 5 test specimens were testdelgure3-26 shows the
prepared sampleaccording tgprecautions olEC 60855b.

—1
[

Load

[
1
—~r
| Lol

Figure3-26. Insulated wire samples prepared accordingpeecautions of IEC 6085

Unfortunately my n + arpE¥ektdisala §pical value for 0.25mnhitzwire and no standard (IEC
608515 for example) idollowed andmentioned in the product specification. 2380 kV is stated

from the producer side as the breakdown voltage of the wire to ground (This can be interpreted as
nearly 5 kV/ wirewire insulation). The results for all three types of the tests is presentédlihe3-3.

Table3-3. Comparison of breakdown voltage at different frequencies on twisted strandkitfwires

DC 50 I—t r.m.s. 5 kHz r.m.s.
sinus sinus

6.9 3.5 1.2

5.8 3.2 1.1

4.6 2.9 1.1

6.3 3.1 1.2

6.2 34 1.1

5.1 3.7 1.1
Information from the producer Material Spec.
Wall thickness ~73um; ~2¢@&3.0 kV My n +K> 5.8 kV 3.3kV 1.1kV

Compared with the@l f dzS LINB&aSyiGSR Ay GKS YFGSNRITE Qa
presented:

1 Nearly 5.8/5.04.2times higherbreakdown voltage fobC

1 Nearly 5/3.3=1.5timeslower breakdown voltage fob0 Hz

1 Nearly 5/1.14.6timeslower breakdown voltage fob kHz sinus wave form
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The tests with 5 kHz square wave voltage can show much lbveakdown voltageresults. It is

shown inTable3-3 how an increase of the frequency from 50 Hz to 5 kHz causes the withstand ability
of the insulation material to be reducedom 5.8 KV under a DC excitation to 1.1 kV under a 5 kHz

stress The frequency spectrum of a square wave signal containsdrezgs which are much higher
than 5kHz. As explained in this sectidhe higher the frequency the higher the stress on the
insulation material. Thisis a subject of future research

The rate of voltagéncrease and the time of application of a fixedltage before reaching the

breakdown voltage will affect the final recorded voltage at the time of breakdown. Partial discharge

starts ata lower voltagelevelthan the breakdown voltage. The corona souwds clearlynoticeable
even where the voltagevasone third of the breakdown voltage. The discharge destrthysg A NS & Q
insulation in the long run. Many efforts h@been done to produce corongsistivemotor winding
wires [106], however coronaresisivity does not mearcorona free. Thdifetime will be reduced

anyhow. It is suggested to measure the partial discharge inception voltage for the actual conductor

insulationground physical combination. Insdion system models should be based on transfarme
design and the actual ambient condition. PD inception levels shouldmbasured, and the

transformer insulation design should be based on critical voltage obtained from the experiment. The
designed trangfrmer should not experience partial dischargetatrated operating condition.

In order b demonstrate the effect of application of a standard meti{ielC 60855) compared with
a simulated test procedurgresented earlier)a second series of testgere performed.

The samples were 25 chong twisted Litz wires. The voltage is applied between two bunches of

twisted wires. The results are summarized mble3-4.

Table3-4. Comparison of breakdown voltage at different frequencies 5 cm of twistedLitzwires

DC 50 Hz sinus 5 kHz sinus

2.9 0.8 0.90

1.9 0.4 0.92

2.6 1.3 0.91

3.0 1.3 0.89

3.4 0.8 0.90
Maximum 4.1 2.0 0.92
Minimum 1.6 0.4 0.89
Average 2.9 kv 0.8 kV 0.9 kv

Both series of resultsobtained from a standard test and a simulated testhow that in a typical
prototype transformer, the breakdown voltage can be several times lower thafigiee presented
YFEGSNRLFE Q&

conductorinsulationground test setups,

Ay GKS

transformers.
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4 Prototype HVDC MFT design

One the most serious attemps reported in literaturefor the insulation design of a prototype power
electronic transformer is reported biaritzet. al[9]. He has reportedhe design and manufacturing
of a 0.4/14.4 K\MFTwith 115 kV insulation at its HV side to ground for the new linear collider at the
European Spallation Source (E&3)und (2.88 MW pulse modulators with pulsed output voltages of
115 kV). However, all the insulation design is for an AC stress and oely basa kV/mm high
voltage strength andhe primitivity of the insulation materialsvaluesof the material usedPlastic
materiak in combination with synthetic ester aused forthe insulationand a final AC insulation test
is performed inside an oil t&n The oil usedhas a high conductivity value which is in combination
with a very low conductivity value of the gkic materias usedwhich canresult ina very uneven
electrical field distribution under a high voltag®Cstress.No report ona study oncompatibility of

the plastics in the oil is reported.

Bahmani[3] is presented thedesignof a 50 kW, 1/3 kV, 5 kHiry type transformer.The insulation
designwasbased on a kV/mm high voltage strength values of the insulation materials used-as coil
former and to guarantee a safe insulation design a safety fauft@ was consideredn some places

of the transformer a noruniform electric field exists thgtossiblywill not be covered, even with the
using a high safety factor.

As a contributionin this work a real DC insulation design concept is implementedhaieisults in a
more compact desigrfusing actual voltage and temperature based conductivities insteadnof
application of permittivity based AC insulation degiga well as improving the iability of the high
voltage design &voidng simplified kV/mmvalues forthe sophisticated design procedurand
eliminating the need forusing a large safety factor)in addition, dher parameters likepartial
dischargeinception voltage(which is not avimable in dry type transformer} insulation desigror
multi-layer insulationsystems(which cannot be solved simply by adding kV/mm figures of the
layers) nonruniform electric fieldgat the corners of the desigrand the effect of frequency on the
ignition and development of dischargéshich are not considered in the 50 Hz reference breakdown
voltage valuesgre also consideredFinally, he behaviourof the transformeris studiedunder HVDC
stress.

As the main task inHis projectisto presenta reliable design method foa high HVDC insulatioto
ground it was decided to desigand manufactureone prototype transformer and based on the
results,give guidelines for thelesignof an industrial scale transformer. Thereép having an eye on
the JaitzQand. | KY I yA Qa (udytdl gedestepiirthe?, yha following casds selected as
the main targetas prototypefor verification of the design methodologies developedhis project

A prototype transformerof 50 kW 0.4/5 kV, kHzwith the HVYDGnsulation to groundf 125 kV

4.1 Prototype magnetic design
The transformer design starts with having the following basic design input:

1 Output power,Poy = 50 kW
0 (The same with two previous prototypes and adopted to theailable California
Instrument 4500K AC, 50 kW, 5 kHz, 150/300 V single/three phase PWM converter)
1 Voltage ratioVivVuy= 0.2/45 kV/kV
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o (The primary voltage adopted to the DAB bridge that will be available to connect the
prototype transformerto it and the secondary voltage as an integeultiple of the
primary voltagé

1 Switching frequency, f = 5 kHz

0 (According to[107] the highest power density of samples of medium frequency
transformers are achieved at aefjuency between 125 kHz. As the avallle
California Instrument 4500LX source can only reach 5 kHz, this frequency is selected
for the prototype transformer design)

9 Duty cycleD = 0.5and relative rise tim&k= 0
0 (seeFigure2-1a)
1 Isolation LevelMs,= 125 K\DC
o0 (The hgh voltage or secondary windirsgdeDC insulation to ground)

The following desigwas usedrom the basic desigideausing the equations earlier mentioned in
section2.4):
1 Rated primary currentry(r.m.s) =50 kW /421.8V=118.5 A
1 Ratedsecondarycurrent, ln(r.m.s) =50 kW /4500 V = 11.11 A
1 Maximum allowed current densityhax= 3A/mm?
0 (According td.itzwireY I y dzF I Ol dzZNBNRA& Rl G IFP@KSSG F2NJ 2 LIS
9 Number of turnsN; andN, = 12 and 128
0 (As shown inFigure4-2 in this way the voltage differencbetween two adjacent
discs of the high voltage wiing will be 4.5 kV/12& 16 = 560 V which is less than
0.9 kV and safe enough according to the experimental verification tests presented in
section 3.5.1)
1 Magnetic core crss sectionfrom (2-32) calculated as 5493 mtfor Ferritewhere
A Vimsiis the rated voltag®f the winding= 421.8 V
A K:is the core filling factoF 1 for Feriite
0 (kcis the core filling factor or the ratio of effective to physical cross sections)
A Nuis the number of turnsf the primary winding = 12
A Bnis the maximum working flux density of the cdt6.32 Tfor Ferrite
0 (F80% of the saturation flux densif83])
A fis the switching frequency = 5 kHz
1 A core is selected having a core window of higliistensions achievabl@ hecommercially
available sample Epcos TDK type B67385U 126/91/20Higeec4-1) is selead which has
20x28= 560 mmas physical core area. This means that 10 core stacks including 20 liscores
suitable for the desigrnifhe maximum working flux density of the cosdl be 0.314 T

126 +40 / N Dimension
' mm

70+20 20:06

L ol A=281
B=7G2
C=1264
T K D=2@0.6
AlB|A D E=1264
E F=1822

Figure4-1. Dimensions of an Off the shdferritecore which is used for HYDC MFT prototype
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1 Forthe primary winding, considerind18.5 A as ratedr.m.s. current, the space that the

primary winding occupy in the core window wikve aheight ofhy: = 3.8 bip1) X 8 (np1) X 4
(Ni1+1) = 121.6 mm (Layer type windinging the Litz wiréntroduced in sectior6.1.3) and
the width of Wi = 2.5 Wp1) X4 (1) =10 mm wherehys is the primary winding heighty; is
the Litzwire height used fothe primary winding 1 is the number of paralldlitzwires of
the primary windingNy is the number olLitzwires per layer of the primary windinfy: is

the width of the primary windingwe: is theLitzwire width andm; is the number of layers of

primary winding $eeFigure4-2). Note that the ideal magnetic height of the winding will be
3.8 (b)) X8 (1) X3 (Ny) =91.2mm. CNRB Y
mm Litzwire, the maximum current derity is3 A/mm? and the filling factor is 0.6. The actual

current density will be2.6 A/mm?,
For the secondary winding, consideringjl.11 A as ratedr.m.s. current, 3 A/mnt as

maximum current density and 0.6 as filling factor of thiz wire, the space that the

0KS YI ydzF I O ithdzNSE NE2 &

secondary winding occupy in the core window Widle aheight ofhyz =3.8 (hp2) X 16 (N2) =
60.8mm (Disc type windingand thewidth of W> = 2.5 (Wp2) X 8 (Mz) =20 mm wherehy: is
the secondary winding heighty. is theLitzwire height used fothe secondary winding\:. is

the number ofLitzwires per layer of the secondary windingy is the width of the secondary
winding,wy2 is the Litzwire width andm; is the number of layers dhe secondary winding (
seeFigure4-2). The actual current density wile x 1.95 Ahm?.
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LV Winding
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83°

Figure4-2. Windings in the core window and their connection typEhe position of the windings in the core windofa),

Connectiortype of the windings(b)

RI

Before continuing with the other important magnetic design aspects which will be covered in section

4.3it is necessary the sure that the insulation of the transformer is safely designed tbstaind a

predetermined HVDC stress between the HV winding and the other conducting parts of the active

part.
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4.2 Prototype insulation design

The hsulation design is mainly focused on ikelation d the high voltage (secondarwinding in the
70x12 mm? core window. The core is grounded and the LV (primary) winding will be stressed only
with 0.4 kV to ground which can be assumed as grounded focasitite very high 125 kV DC which

is gong to be applied to the HV windinghe ransformer tank i®f a plasticcylinderwhich has a
suitable electrical insulatiorproperty. Therefore, considering thevinding€dimensions in the core
window, the main task igo check ifthe winding-core clearance isnough tofulfil the DC insulation
criteriaif astepof 125 kV D®oltageis applied

A NonrLinear MaxwelWagner (NLMW) models adopted for the MFT insulation design, which
accounts for (at least) field antemperature dependencies of the electric conductivity of the
constituting materials.

The50 kW MFT operat at biased 422/4500 V/V AC (5 kHz) dftb kV DC voltagess mentioned
earlier in the introduction to the sectiod). The insulation system is built based on mineral
transformer oil and Oilmpregnated Pressboard (OIP) to fulfil treguirement of high DC voltage
isolation to ground ana stabilized temperature condition.

To minimize the number of sharp corners and to provide a better heat transfer between the windings
and the core stacks, a polygonal design is considdféglie4-3) instead of the previously used
planar design$8]. This structure allows for installing OIP barriers to achieve a high voltage withstand
level in a minimum space. Jifgtations of the OIP thickness and oibgawvidths were performed by
considering the withstand levels tfe overall dielectric structure obtained frothe FEM simulation.
Precautions were made to achieve oil gaps of the same size to let a smooth flogolofg oil
through the entire insulatiosystem.

\

HV shield
T

e
Prgssboard
Barriers

Figure4-3. Polygonal transformer design

The NLMW model outlined in sectiéh2.11.4was utilized to estimate the withstan@vels of the
insulation system of the MFT prototype. The transformer geometry including its insulation system
was implemented in COMSOL Multiphysics (LiveLink to MATLAB was used). The governing equations
2-8) to (2-12) were implemented using respective modules the software. The measured
temperature and field dependent conductivities of oil and Pt€sented in sectior3.3 were utilized

to establish the NMW model. A set of simulations was conductedoptimizing the geometry of the
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insulating barriers. The performance of each geometry was evaluated at temperatures 30, 50 and
90°C.

The calculations were performed assuming axisyitric conditions that isather close to the case
when a single section of the core is considered. Time domain analysisnplasnentedto find the
stresses atifferent time steps starting from the instant of applying a step DC voltdgg to the
final steady state (at 10Dseconds)Figure4-4 demonstrates the potential distribution and electric
field on the insulation materials for the moment of application of voltagd after a long time.
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Figure4-4. Electric potential and field distribution at 1 and 10000 seconds in the@iiP system

As anexample, the electric field distributions ingfttrosssection of the winding at 56C at 1, 60 and
3600 seconds are shown ligure4-5. As expected, the results indicate clearly the high stress in the
oil gaps at 1 s, which is gradually transferred to the OIP with time (amewith the plot for 1 hour).

L]

1] 100 120 130 0 80 a0 100 110 120 130 140

(a) Onesecond (b) One minute (c) One hour
Figure4-5. Time domain analysis, electrical stresses at discrete time steps applying a step DC v@iatfgce: Electric
field norm (kVmm), Counter: Electric field potential, Streamline: Electric field

The time variation of the field strength at two points at tberner of the HV shield (one in the OIP

and the other in the adjacent oil gap) is showrFigure4-6. The stress at the point in the OIP, has
decreagd after experiencing a clear maximum at about 950 seconds. Similar analysis of the electrical
stress in the oil gaps, OIP barriers and along creepage paths has been performed.
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Figure4-6. The time variation of the field strength at two points at the corner of the HV shield

The dynamic behaviour is characterized by the time consta#ifs &ik o1 and _od &K or The
relative dielectric permittrity of the materials can be assumed to be constant at the operational
conditions of the transformer and equal to typical values of 2.2 and 4.4 for oil and OIP, respectively
[66]. In contrast, the electric conductivities depend on temperature and electric stress as
demonstrated in this work. According ftable3-1, to cover all possible combinations of oil and OIP
conductivity ratios, three different conditions were considered, nam€Rg;294 for 30°C, CR=29 for

50°C CR:1 for 90°C

Seven different critical points were selected to represent the time depandtress under these
three conditions (se€&igure4-7).
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Figure4-7. The geometry of the transformer and the points in which the electric fiatd obtained

Asshown inFigure4-8, the time to reach to steady state at 3G withCR:-294 is aboutl(° seconds
whichis much longer than the stabilization time for 8D withCR-29. Meanwhile, the time for 98C

with CR:1 is veryshort. In addition, a double exponential curve witlclaar maximum occurs for
both Pland P4, which reveals that considering only the initial and final stress distribution is not
enough for a practical insulation design method and such local maximums baumvestigated
carefully and limited as much as piide. The stresses on Pénd P7 at the lateral side of the HV
winding indicate the stabilizing time of abolL®* seconds for 3@nd 50 °C. However, this time span

is much shorter than the 300 secondwa found for 90°C. A single exponential stress vanatcan

be observed for both locations.
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Figure4-8. The electric field at P1 to P7 at different temperatures

4.2.1 Oil gaps and OIPbarriers design

To identify the safety factor foeach oil gap as well as the maximum stress at each OIP barrier,
electric field streamlines originating from the points with the highest electric field in the transformer
were utilized Figure4-9a). The field strength was obtained for every single streamline on each time
step. Based on the streamline shown kigure4-9a by a thick red linethe field strength along the
streamlineis shown inFigure4-9b. The variations of thealues off,4, Eoreaand By are presented in
Figure4-9c. Further, the safety factors for the oil gaps were calculated ug) to (2-4) andthe SF
curves of the oil gapand presentedn Figure4-9d.
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Figure4-9. A sample simulatiorat 125 kV, 50°CStreamlines originating from theoints with the highest electric field
and a red sample streamlinf), The field strength along the red streamlin®), The sorted stressskieqs, Cumulatively
integrated By curves compared with gap withstand curvesqtc), Safety curves SF (d)
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For the insulation design of conventional AC transformefse safety factor of the oil gapss
considered tobe SB10 [65]. In this case, dependenciax the electrical conductivity of oil and OIP
on moisture content, electrode materials and their coatings shall also be considaraddition,as
already explaird in section2.2.1Q the electric field distribution in the HVDC-p#éper insulation
systems des not fully comply with the LMW modeFor these reasons, higher safety factors are
considered as acceptable in this study for the DC insulation delSmnthe same reson, for the
paths in the 4 mm OIRke maximum stressf 20 k\.m.s/mm are considered as criticfg3].

A MATLAB script has been developed to determine the oil gaps with low safety factors and OIP
barriers with highstress for further repetitive manual optimization of the design. For example, in
Figure4-10the critical regions of the oil gaps and OIPs for all time steps are presented for the applied
voltage of 125 kV. It should be mentioned that for all time steps at temperatures 30°C, 50°C and
90°C, theminimum safety factor reached 1.67 in the odpg and the maximum local stress in the
nonuniform field can be as high as 27.3 kV/mm in the OIP.

[ >
)

Figure4-10. Critical regions for all the time steps at apptl voltage 125 kV are shown for oil gaped)with minimum SF
and OIP barriers with maximum stregblue)for temperatures 30, 50 and 90°C

4.2.2 Interface insulation design

To identify the safety factor fothe oilOIP interfacesthe tangentialelectric field onthe existing
creepage paths at all théime steps are consideredFigure 4-11 presents a summary of the
simulations of the fieldalong a sample oiDIP interface at 125 kV, 50°C and 1 second performed
with the NLMW model.
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Figure4-11. A sample shulation at 125 kV, 50°C and 1 secqradsample oHOlPinterface (dashed redja), Efield along
the creepage path(b), Esored, cumulatively integrated & and Eq curves (c), Safety curves SF (d)
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