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TRANSFORMER The present invention relates to a power transfornmer conprising

at | east dne}v@@mgﬁgl tage winding and one | ow 5 -vol tage w ndipgg/epdflgrreer M-
"power transtornmer” as used herein neans a transformer having a rated

out put froma few hundred kVA to nore thah 4000 WA and a rated vol t age
from3-4 kV to very 10 high transm sgraMsroRrNERES, €.d. from 400-800 kV or
hi gher. Conventional power transforners are described in e.g. A C Franklin
and D.P.Franklin, "The J & P Transfornmer Book, A Practical Technol ogy of

t he Power Transfor Tae" presehtshedefifibn Beflaeesoktbhs, ptdeh tdansbarme®90.

Probl ens rel - Q 2l cLrl CylAsul aki a ORLLS184%¢€

di scussed |%B%glgglh§t %{*/gis%%te éq‘ér aﬁ%ggr @%%gred%r@é%tvﬁiﬁen ung V 0
n Tr ansBomedtiBagr ¥indingn G ossl ei st ungstransf or mat oren”, published by
H Wei dman AG 20 Rapperswil mt GCGesant herstellung: Birkhauser AG Basl e,

Switzerland. In transm ssi on and di stribution “of el ectric energ '
transformers are exeudieFd y'ROUET fFRANGTINET) A& MRt Mrein dfeansid

ener gy bet wegRraneFodefOhevEhe CA Nt &J shefput Hrons a0 fewr Aufdeedvaviabbe for
powers from tm%%el t%a/t'?i 1980 Mva and a rated voltage from 3-4 kV to very

10 high transmission voltages, e.g. from 400-800 kV or higher.

Conventional power transformers are described in e.qg.

A.C.Franklin and D.P.Franklin, "The J & P Transformer Book,

A Practical Technology of the Power Transformer®", published

15 by Butterworths, 1lth edition, 1990. Problems related to

internal electric insulation and related topics are

discussed in e.g. H.P.Moser, "Transformerboard, Die

Verwendung von Transformerboard in

Grossleistungstransformatoren®, published by H.Weidman AG,

20 Rapperswil mit Gesamtherstellung: Birkhduser AG, Basle,
Switzerland.

In transmission and distribution of electric energy
transformers are exclusively used for enabling exchange of
25 electric energy between two or more electric systems.
Transformers are available for powers f£rom the 1 MVA region
to the 1000 MVA region and for voltages up tc the highest
transmission voltages used today.

30 Conventional power transformers comprise a transformer
core, often formed of laminated commonly oriented sheet,
normally of silicon iron. The core is formed of a number of
legs connected by yokes which together form one or more core
windows. Transformers having such a core are usually called

35 core transformers. A number of windings are provided around
the core legs. 1In power transformers these windings are
almost always arranged in a concentric configuration and
distributed along the length of the core leg.



to the 1000 MVA region and for voltages up to the highest transm ssion

vol t ages: usedwioadaygys 30 Conventional power transformers conprise a
transformer core, often formed of |anmi nated commonly oriented 07729
normal |y of silicon iron. The core is formgd _of a number of |egs connected
by yokes which together fO{:m oneggr nore core w ndows. Transforners having

such a core are usuatt§eRaFYRES 38%c6PES PhTIEHTESs 2T/ nitREV S WiRiTHgs
are provi ded aeogndstohealbed dhedd trimsfowmmert sanattures s winbse nomciligs
are al nost al ar %ggs | niric nf i gyrati an S

al ong the Ien\é\% Bf { e C%&%&%I@g%?ﬂ&?{lé% Ci‘%?ar %e%%gg’%gﬁ'gé‘orgegt réuerc%‘%%éls%d
are, however, ®ueppsed. qutsisle diHedigiddings.r ansf orner structures, which
normal Iy havg rectangular windings and rectangular |eg sections disposed

outside the windings. 5 Air-cool ed conventional power transforners for
| ower power ranges abbrIFRANED TPFEHErORFHe ROWSTa TFRShordessy Sof. lower

protected an opéRér CEdul aSeOkh6in DIy ixigHeVitheBeat SANsformers screen-
protected an outer casing is often provided, which also
reduces the external magnecic fields from the transformers.
10
Most power transformers are, however, oil-cooled the
oil also serving as an insulating medium. An oil-cooled and
oil-insulated conventional transformer is enclosed in an
outer case which has to fulfil heavy demands. The
15 construction of such a transformer with its associated
circuit couplers, breaker elements and bushings is therefore
complicated. The use of oil for cooling and insulation alsoc
complicates service of the transformer and constitutes an
environmental hazard.
20
A so-called "dry” transformer without oil insulation
and oil cooling and adapted for rated powers up to 1000 MVA
with rated voltages from 3-4 kV and up to very high
transmission wvoltages comprises windings formed from
25 conductors such as shown in Figure 1. The conductor
comprises central conductive means composed of a number of
non-insulated (and optionally some insulated) wire strands
5. Around the conductive means there is an inner
semiconducting casing 6 which is in contact with at least
30 some of the non-insulated strands 5. This semiconducting
casing 6 is in turn surrounded by the main insulation of the
cable in the form of an extruded solid insulating layer 7.
This insulating layer 7 is surrounded by an external
semiconducting casing 8. The conductor area of the cable can
35 vary between 80 and 3000 mm? and the external diameter of the
cable between 20 and 250 mm.
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reduces the external magnetic fields fromthe transforners. 10 Most power

t r ansf ar.ner swao gy2shawever, oil-cooled the oil al so serving a?*cq'fkp%)@@fﬁgati ng
medi um An oil-cooled and oil -insul ated conventi onal transformer

enclosed in an outer case which has toj fulfil heavy demands.  The

15 constructi on of SHCE a transforper with’ifs_ associ.at ed.circuit coup]ers,

breaker el ements an i ngRe i SABRRFE! §r AWDnPI PEG BESFRESEs A% "ML T or
cooling and i nssnhdudtoingl heyorplel dal erasetviec fophet hExrbm o shas @esopyrier

constitutes a nvir n hazanrd. .20 - d.” " ansf.or,

Wi t hout oil ikﬁf% i‘ggggnéggwgc%&%cr}fg oafrbl\cfﬁ%é%%#é% %?£¥%%%d S%\?\‘erh? uep %o
1000 MVA wi th velwee voesagesvitynos- babweenl Lpand Py Shich tpreleraziion
vol tages corprisgiedt nihNgaafl 808Pd (kPN 28ucORHHE! BE3e SPORARENRME Ithe
Figure 1. The conductor conprises central conductive_ nmeans conposed_of a
number of non-$3EiRgH 8 2BAdSoptanshafey SheeipAudpbing) laves Hr anplude

Around the compdne/e vifRANS ackRBte tSpodPmet MRSt rSBE CHOIBEE | NGe&Fl Ng
6 which is in con ac% W t t%'g | east 30 soﬁe 9:‘“t e non-insul ated strands 5.
Thi s sem condu&f# as??lg’ i n %‘iﬂﬁ%‘lﬁr&ﬁﬁi&d BFRHE MR FIRRBMRS on
of the ethylene ethyl acrylate copolymer, ethylene propene rubber,
10 polyethylenes of low density, poly butylene, poly methyl
pentene, and ethylene acrylate copolymer.

The inner semiconducting casing 6 is rigidly connected
to the insulating layer 7 over the entire interface
therebetween. Similarly, the outer semiconducting ca:sing 8

15 is rigidly connected to the insulating layer 7 over the
entire interface therebetween. The casings 6 and 8 and the
layer 7 form a solid insulation system and are conveniently
extruded together around the wire strands 5.

Whilst the conductivity of the inner semiconducting

20 casing 6 is lower than that of the electrically conductive

wire strands 5, it is still sufficient to equalise the

potential over its surface. Accordingly, the electric field

is distributed uniformly around the circumference of the

insulating layer 7 and the risk of 1localised field
25 enhancement and partial discharge is minimised.

The potential at the outer semiconducting casing 8,
which is conveniently at 2zero or ground or some other
controlled potential, is equalised at this wvalue by the
conductivity of the casing. At the same time, the semi-

30 conducting casing 8 has sufficient resistivity to enclose
the electric field. In view of this resistivity, it is
desirable to connect the conductive polymeric casing to
ground, or some other controlled potential, at intervals
therealong.



cable'in the formof an extruded solid insulating layer 7. This insulating
| ayer .7 is wildgrappided by an external sem conducting casin . The .
conductor area of the cable can 35 vary between 80 and 3000 @F?sfm?aﬁ?d the
external dianeter of the cable between 20 gnd 250 mm At |east two adj acent

| ayers have substantiall ual thermal expansion coefficients.
99/ 28923 1t ik Former dcor EPsFBe738Vent igh; Fap Pﬁe

casi ngs 6 and dhea e tarse- b&dma&t spﬁasecaﬁdnsfongertétw tnee do"rqorcm:t bee
formed froma hase rbon |l i S
and have a voliﬁre Pp5| S |ty c#‘ etwe a° SAI%?]E %rﬁarg%e?'r %r# pre %%abl y
5 between 10 mmm] cnfhe Suce x| eLEbagé pebpwentional t e g ng&ds

and 8 (and fp :f"gﬁ. @H,{ r | cI e e h)ﬂlan Vi katga,
copol yner/ ni tr| rub %er uty d’@l":éerea]fg%d 4 gf heﬁﬁe eir% §Eb\)ﬁty 1

acrylate copd3mer, ethylene ethyl acryl ate copol yrrer et hyl ene propene
rubber, 10 pol yethylenes of |ow density, poly butylene, poly nethyl

ent ene, and et hyl ene acr, te copol The i conducting casing 6
Ps rigidy conne>c1t od %e wi d%ngs ag Zoncentrfcaf{l wounrg around th% core 9

legs. In the transformer of Figure 2 there are three
10 concentric winding turns 14, 15, 16. The innermost winding
turn 14 can represent the primary winding and the two other
winding turns 15,16 the secondary winding. To make the
Figure more clear such details as connections for the
windings are left out. Spacing bars 17, 18 are provided at
15 certain locations around the windings. These bars 17, 18
can be made of insulating material to define a certain space
between the winding turns 14, 15, 16 for cooling, retention
etc. or be made of an electrically conducting material to
form a part of a grounding system of the windings 14, 15,
20 1s.

The mechanical design of the individual coils of a
transformer must be such that they can withstand forces
resulting from short circuit currents. As these forces can

25 be very high in a power transformer, the coils must be
distributed and proportioned to give a generous margin of
error and for that reason the coils cannot be designed so as
to optimize performance in normal operation.

30 The main aim of the present invention is to alleviate
the above mentioned problems relating to short circuit
forces in a dry transformer.

This aim is achieved by a transformer as defined in
35 claim 1.

By manufacturing the transformer windings from a
, conductor having practically no electric fields outside an
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to the Lnsulating layer 7 over the entire interface therebetween.

Simlarly, tgu®gues sem conducting casing 8 15 is rigidly Cﬁ ,gpgsﬂﬁ,fgo t he
insulating layer 7 over the entire interface therebetween. e casings 6--

and 8 and the layer 7 forma solid insulation system and are conveni ently
extruded togeth around t re strands 5 L]Jst th | y t he
i nner semi con(ﬂh’%t‘alrngsﬁ'ﬁl‘c‘ggg}%%%nﬁqs PEMET t KA %%gt of EJP% c'i"lect%{%léaljlcgw
conductive wi N@lﬁawdarﬁ,lngs cansbeléasxﬂf}f mﬂp@ﬁ moaeq@abiséaméwqmtf@ﬁ i al

over its surf | y
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| ocal i sed fi emmamimmne aRdseRee | ag &h@cﬁ@m@qnsluﬁitﬁﬂﬁﬁ S@#ingh T

potential atg d&&&utﬁe i £ AN | RGAH MY Ghealll] Clar® wRINME NirRitd forad

zero or ground or sone er controlled potential, is eqk?ii ﬁsﬁgl%‘% th| s
val ue by the c%di&’é’%ﬁ’wﬂet’&?dofl“‘ﬁ’ﬁéséHéPngn a FoRventiorat

]gtonflgctl ng Ca&iﬁ%ﬁlsf‘fdlﬂrfeh 5 Ufd ey tneé;lﬁhsmamm chIth&e vi:hﬂn.eigfsctwotﬂd
i el d. InV|ewo this resistiwvit SII’ e nect
conducti ve polSfte "r‘fgsttki? gq)tﬁf'ﬁ:zf é]se ]T&mcéo%e%‘% 3 tl{e{%‘n’ﬁ

at interval s tdet aa:ivon:g:ltage windings.

10 It 1is also possible to reduce the distributed
inductance and design the transformer core for the optimum

match between window size and core mass.

According to an embodiment of the invention at least
15 some of the turns of the low voltage winding are each split
into a number of subturns connected in parallel for reducing
the difference between the number of high voltage winding
turns and the total number of low voltage wiﬁding turns to
make the mixing of high voltage winding turns and low
20 voltage winding turns as uniform as possible. Preferably,
each turn of the low voltage winding is split into such a
number of subturns, connected in parallel, such that the
total number of low voltage winding turns is equal to the
number of high voltage winding turns. High voltage and low
25 voltage winding turns can then be mixed in a uniform manner
such that the magnetic field generated by the low voltage
winding turns substantially cancels the magnetic field from
high voltage winding turns.

30 According to another advantageous embodiment, the
turns of the high voltage winding and the turns of the low
voltage winding are arranged symmetrically in a chessboard
pattern, as seen in cross-section tr_xrough the windings.
This is an optimum arrangement for obtaining an efficient

35 mutual cancellation of magnetic fields from the low and high
voltage windings and thus an optimum arrangement for
.reducing the short circuit forces of the coils.



-4- .The.transfornmer according to the invention can be a one-, three- or

mul ti --phase weé 9gsbey mer and the core can be of any design. Eb&’)‘ﬁ'?s/o?r ows :a
t hr ee- phase | am nated core transforner. The core is o conventi onat

design and 5 conprises three core legs 9,4 10, 11 and joining yokes 12, 13.
The wi ndi ngs are concentgj cal | y aroynd the,core |egs. | n: 4
transformer of Fi gupecer %etér\égﬁﬁge@r’fgﬂﬁﬁlc ‘%‘farrf'i?'%ogiﬁ n%}“l?gudr’lhs % 15,
16. The innesgosieadétnditid t a8faddncanlapgresdrtve heupstant yahividisarahd
the two ot her _w ndi rns. 1o 1€ 4 nda. 0L AY the s I

Fi gure nore CF%%W%%%%’E%%’E%%. s’cégf'%gﬁrji%gtelgénsf%oeﬁ% he %I nd?ng% are Idé‘t%t
out. Spaci ng barthé7winding eipramaigiaf.at 15 certain | ocations around the

wi ndi ngs. These bars 17, 18 can be made of insulating naterial to define a

certain space between the winding turns 14, 15,6,16 for cooli n%\ tret<fnté' on
etc. or be hmde of ARCERRE(FFREFY Ok JrRRICIPREPHEORFPETVIEET & MeHHRH °%f a
groundi ng sys{eAughqgt Aetvansfsigterlhs Hefidedldn HlaimeaBani cal design of

the individual coils of a
To explain the invention in more detail, embodiments
of the transformer according to the invention will now be
10 described by way of example only with reference to the
drawings in which:

Figure 1 shows an example of the cable used in the
windings of the transformer according to the invention;

Figure 2 shows a conventional three-phase transformer;

15 Figures 3 and 4 show in cross-section different
examples of the arrangement of the low and high voltage
windings of the transformer of the invention; and

Figure 5 shows a method of winding the transformer.

20 Figure 3 is a cross-section through the portion of the
windings of a power transformer according to the invention
within the transformer core 22. A layer of a low voltage
winding 26 is located between two layers of a high voltage
winding 28. 1In this embodiment the transformation ratio is

25 1:2.

The direction of the current in the low voltage
winding 26 is opposite to the direction of the current in
the high voltage winding 28 and the resulting forces from

30 the currents in the low and high voltage winding
consequently partially cancel each other. This possibility
of reducing the effect of current induced forces is of gr,eat
,importance, especially in case of a short circuit.



transformer nust be such that they can withstand forces resulting from
short circuitwgyssg@m s. As these forces can 25 be very high in_a power .
t ransf or ner, the coils nust be distributed and proportione&wpgﬂép@gn% ‘e
generous margin of error and for that reason the coils cannot be designed
so as to optim ze performance in normal operation., 3 .maj n_ai m of

0 ., JThe,
the present inventi oREFYEE 02d| Poyilamnate h RAFASET | BREH ol tReiv&ng i ng
to sh?rt Ci rCUé%aé@f@g&ﬂ' Nnpaodidind aadifror grps, fThim al.orasedc hietwednbytlee
transforner as defined ip 35 claim1. By. n I n he. transforner
wi ndi ngs fronvlﬁé%%%ﬁuégbrghv%ﬁ%ﬁ%mgﬁ?ogﬁéﬁkéééggégyexgSF%§§BF§C%but has
practically no electric fields outside an WO 99/ 28923

PCT/ EP98/ 07729 -5~ OuLgte PRIL LANUNET 10 CO81 POul DoEE0les oAb Bl ALY OW
y Itrary way

vol t age wi ndi ngs can be easi m Xed 11 an”ar or mnimzing the
short circui$ ¢venefursher by sglibbiungbehef susnsl ©f nthee loWscrritage t he

sem conductingy£A8iAg Qhto a number of subturns commected in parallel,
preferably such that the total number of low voltage turns
becomes equal to the number of high voltage winding turns.
Thus, if the transformation ratio amounts to e.g. 1:3 each
10 turn of the 1low voltage winding is split into three
subturns. It is then possible to mix the low and high
voltage windings in a more uniform pattern. An optimum
arrangement of the windings is shown in Figure 4, where low
and high voltage winding turns 30 and 32 respectiveiy are
15 arranged symmetrically in a chessboard patternm. In this
embodiment the magnetic fields from each turn of the low and
high voltage windings 30, 32 substantially cancel each other
and short circuit forces are almost completely cancelled.

20 When splitting a winding turn into a number of
subturns the conducting area of each subturn can be reduced
correspondingly since the sum of the current intensities in
the subturns remains equal to the current intensity in the
original winding turn. Thus no more conducting material,

25 (normally copper), is needed when splitting the winding
turns, provided that other conditions are unchanged.

Figure 5 schematically shows how the transformer of

the invention can be wound. A first drum 40 carries a high

30 voltage conductor 42 and a second drum 44 carries a low

voltage conductor 46. The conductors 42, 46 are unwound

from the drums 46, 44 and wound onto a transformer drum 48,

all three drums 40, 44, 48 rotating simultaneously. Thus

the high and 1low voltage conductors can easily be

35 intermixed. Joints can be provided between difﬁerent
winding layers.



i d

5 ot her electric field cont ai ni ng means, and woul d therefore be consi dered

i mpossi bl e i ventional oil-filled power transforner, be e )
i nsul ati on apoﬁ?{gs ndi ngs woul d not withstand the el ectri (':Pf:i%&l%ﬁﬁ%’%bst i -ng
bet ween the high and | ow vol t age w ndi ngs. 10 It is also possible

to reduce the distributed inductance arftl desi gn the transforner core for
t he opti mum nmat ch bé@mweehe wittdamsformerandf cdibe nassenptonr dihgy magaatic
embodi nentof L NYeRt hoR.at heast, £96 £0614 WY iBA1hew

vol t age wi ndi neg%ﬂg%g?hh%g??ttll&%to é*JYﬁf}‘%%grg o% sgﬁ'ugnrg connect edgi nlS
paral el for medwsesy t Revdfief ErREFEcOheinRRIREFRS MiAthdre ¢Thafiggh vol t age

w nding turns and the total nunber of |ow voltage w nding turns to make the

m xi ng of high voltage winding turns apd |l ow 20 volta i ndi ng.turns_as
uni form as possi bl e. @@8F§E&§?Ee&8ﬁ BFHOBf sYﬁEe‘F%V\ggo sgaflaﬂhﬁﬁffs
split into suehtaxamstoeneef asabtding, teorine cirakrntngmealel dntesdeti thabet he

vol tage wi ndi RPYeLr 56, BRSO TS BIGE kBLEE:  hd (FrsThShemang]
t hen be ni xed eélecknici f ent nhhesraiuchoadat viHchmgpaat i erfisel dajenthased by
L_he | ow vol ta%lgiia sng tBS/ URyS Y5 te3ainAlle,Y poRatelkeahBeoPRERst hechkaifigf rom
I gh vol tage wi ndi g turns. _ _
to the invention may have rated powers in excess of 0.5 MVA,
10 preferably in excess of 10 MVA, more preferably greater than
30 MVA and up to 1000 MVA and have rated voltages from 3 -
4 xV, in particular in excess of 36 kV, and preferably more
than 72.5 kV up to very high transmission voltages of from
400 - 800 XV or higher. At high operating voltages, partial
15 discharges, or PD, constitute a serious problem for known
insulation systems. If cavities or pores are present in the
insulation, internal corona discharge may arise whereby the
insulating material is gradually degraded eventually leading
to breakdown of the insulation. The electric load on the
20 electrical insulation in use of a transformer according to
the present invention is reduced by ensuring that the inner
first layer of the insulation system which has semi-
conducting properties is at substantially the same electric
potential as conductors of the central electrically
25 conductive means which it surrounds and the outer second
layer of the insulation system which has semi-conducting
properties is at a controlled, e.g. earth, potential. Thus
the electric field in the solid elee¢trically insulating
layer between these inner and outer layers is distributed
30 substantially uniformly over the thickness of the
intermediate layer. By having materials with similar
thermal properties and with few defects in these layers of
the insulation system, the possibility of PD is reduced at
given operating voltages. The windings of the transformer
35 can thus be designed to withstand very high operating
voltages, typically up to 800 kV or higher.

*
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30 Accordi ng to another advantageous enbodinent, the turns of the

hi gh vol t ag 1,ndi,Ag and the turns of the | ow voltage w ndi Bgrapssdhisanged
synnerricalﬁ@ﬂkﬁggﬁchessboard pattern, as seen in cross-section through the

wi ndings. This is an optinmum arrangement_fgor_obtaining an efficient 35

mut ual cancel | ati on_of . magneti.c fieglds framthe | nd hi gh vol t age

wi ndi ngs and t hus aﬁEBB?F n1&Fraﬁﬁ%neﬁFEESFngduggﬁs tﬁg“ghoﬁgeEFgﬁﬁ?%
forces of theinsulation MHOOI 2ORXtruded in position, it is possible to
PCT/ EP98/ 077 : 65 Accordi,ng,t Y : us . di at
| east two adfggﬁg? ?%f¥}§lﬁ%§§8§u stan ?gkpéﬁe%ﬂ%ﬁgéﬁ%%%h?l§g§§Xé?§ d,
coef fi ci ent s. ovénlappingalaydrs el fddmagessheet hbike miiteyiad .avBotbdthe
Anot her aspegc ' tq | i gl : 1 Lanss or mer
e dofi nod ProgfibeonigteiaR Lares A Tnd IRty BHITaR by Lay et
enbodi nent s ofaphbet £axBeEr #Br tBiEoMANRET: 0 AReiNAVEAEIOR FYFFeROWRBELA0

described by yaMeof oexagnl ea®ilyyMthbrief egenge fochheigham ngsai noyddsh:
semiconducting layers or portions made of polymeric thin
film of, for example, PP, PET, LDPE or HDPE with embedded
10 conducting particles, such as carbon black or metallic
particles and with an insulating layer or portion between
the semiconducting layers or portions.

For the lapped concept a sufficiently thin film will

have butt gaps smaller than the so-called Paschen minima,

15 thus rendering 1liquid impregnation unnecessary. A dry,
wound multilayer thin f£ilm insulation has alsc good thermal

properties.

Another example of an electrical insulation system is

gimilar to a conventional cellulose based cable, where a

20 thin cellulose based or synthetic paper or non-woven

material is lap wound around a conductor. In this case the

semiconducting layexrs, on either side of an insulating

layer, can be made of cellulose paper or non-woven material

made from fibres of insulating material and with conducting

25 particles embedded. The insulating layer can be made from
the same base material or another material can be used.

Ancther example of an insulation system is obtained by
combining f£ilm and fibrous insulating material, either as a
laminate or as co-lapped. An example of this insulation

30 system 1is the commercially available so-called paper
polypropylene laminate, PPLP, but several other combinations
of film and fibrous parts are possible. 1In these systems
various impregnations such as mineral oil can be used.



Figure 1 shows an exanple of the cable used in the w ndings of the

t ransf or ner 9&%&?%9 to the I nvention; Figure 2 shows a conventional
t hr ee- o‘has’e Figures 3 and 4 show in cFOVErBA P o . .

differ a | es of We arrangerrent of t y | ow and hi gh vol tage w ndi ngs
of the HHMH ,I he invention; and Figure 5 shows a nethod of wi nding
thetr Figure 3 is a ection through the portion

of the w nd| ngs "of *a bower transforner according to the invention within

the transfornmer core 22. AI% Iowvolta%} wi nding. 26 is Iocated
between two | ayers of-a hifyhPPYFFa awﬂfam%rfé’mn SHR9s 2B bR efte fRgh

transformati on valtage swading . arikheomk rlemtlmtltﬁgé het rediimiags Ntchar sidteriged

vol t age wi ndi g t h the hi_gh
vol tage wi nd.%SMS%%%dt UREELE Cep £ MO el ogh B F i i SrERE ow
and hi gh vol t ageaVdrdli rel el udiite paqqmanrgmganmn@acavuat hehickhi 45
possibility of tﬁ@&'&@&i@hiﬁ? Q:fécz%{‘etaﬂfe CYHENd NQeRd plCesindiahs9r 826

i nportance, especl all of a short circuit.
P P nt:ermflxec{~I suc that turns of the high voltage winding are

mixed with turns of the low voltage winding.

10 2. A transformer according to claim 1, characterised
in that said low voltage winding is wound as a low voltage
winding layer positioned between two corresponding adjacent
high voltage winding layers.

15 3. A transformer according to <claim 1 or 2,
characterised in that said windings are arranged in a
repeated periodic pattern of one high voltage winding layer,
followed by a low voltage winding layer, followed by two
high wvoltage winding layers, followed by a low voltage

20 winding layer, followed by two high voltage winding layers,
etc.

4. A transformer according to any one of claims 1 to

3, characterised in that each one of at least some of the

25 turns of the low voltage winding is split into a number of

subturns connected in parallel for reducing the difference

between the number of high voltage winding turns and the
total number of low voltage winding turns.

30 5. A transformer according to claim 4, characterised
in that each turn of the low voltage winding is split into
a number of parallel-connected subturns equal to the number
of high voltage winding  turns.

35 6. ° A transformer according to claim 5, characterised
in that the turns of the high voltage winding and the turns
in the low voltage winding are arranged symmetrically in a



* .

are | ocatéd béfween the w ndirfigs-26# i mprovi ng transforne
efficiency. Cancellation of short circuit fprces can be inproved 5 even
further by splitti the turns of the | ow voltage w nding int n of
subt ur ns conneﬂ%%sr}??ﬁfér%ar YA S y"rétﬁhgf?ﬁﬁ'st%cergto& aﬁ%ﬁ%ur%%?

| ow vol t age t urirsdirersonmes equal to the nunber of high voltage w nding
turns. Thus, if the transformation ratio anounts to e.g. 1:3 each 10 turn
of the low voltage winding is split into three subturns. It is then,
possi bl e to nix fhe Rovkzansfsmyery @oceydingndion@ny ong f ChmipeRsrding
pattern. — A 13T PHLMAEA e 4Re WhAE NEBel Scohaubrod Rideides
where | ow and high voltage w ndi.ng turns 30 and 32 respectively are 15
arranged symeteierd} elertrigaddsh conduchive, peansy nay *ESEnhﬁ%E¥nﬁﬁv%

m&gnet ic f : fel @eﬁi%&ﬁi&tiﬁ%@ﬁpéﬁlﬁﬁ@\@mﬁd&@h}.ﬂmﬁcﬁgﬂm nebmdysctliore 32
substantial ly cancel each, pther shori_circuit ree tes

conpl et el y can®@®d.228° £ mﬁ/ﬁ;‘%”é%lJtr?”f%ﬁgpﬁow\‘meﬁ%ia;rg&{qe%raérf{ﬁ S
nunber of sublayes, tded chirdit tdongaindagoeaashconptising s SHecond] uoeer
correspondi pgl . 51 0ce 108 SURRIL0G CRrbpaltiBEeNSoYE8ed " around said

insulating layer.

3 o g - AN -oece “ e
*Or r -

8. A  transformer according to claim 7,
characterised in that the potential of said first layer is
substantially equal to the potential of the conductor.

15

9. A transformer according to claim 7 or 8,
characterised in that said second layer is arranged to
constitute substantially an equipotential surface
surrounding said conductor.

20

10. A transformer according to claim 9, characterised

in that said second layer is connected to a predetermined

potential.

25 11. A transformer according to claim 10,
characterised in that said predetermined potential is ground

potential.

12. A transformer according to any one of claims 7 to
11, characterised in that at least two adjacent layers have
30 substantially equal thermal expansion coefficients.

13. A transformer according to any one of claims 7 to
12, characterised in that said central conductive means
comprises a plurality of strands of wire, only a minority of
said strands being in electrical contact with each other.



the.subturns remains eﬂ‘ﬂllmﬁlwﬁumﬂm&nt intensity in the original w nding
turn. -Thus on i"ay®, 25 (normally copper: ' ed .
when spli tt%%@zg\ﬁ ndf*ngc turns, provided that other condi %’FE@Q&Z&
unchanged. Figure 5 schematically shows how the transfornmer of the

i nvention can be woynd. A first_drum 40 carries.a high 30 vpltage conductor
42 and a second drur44 @a&??ﬁif?ﬂr’f‘%ﬁ/%ﬁ‘?’&éﬁe"%&ﬁdﬁ‘g o?nﬁé?g cﬁ‘%“&?ogdggtors
42, 46 are unWdundchapartérisednindicthall sadhwefhdsabhfo threeantdyesrser idrum
48, all three g 4 tatd S et | VA el Al and
O%HCH? Qonthdctdd ﬁ&g l%{eé %%J.%C@l’lt ﬁQgg.k@ é/lc?]ng %{&?sttgﬁttigghly

| ow vol tage c rs can easi i nterm X can
provi ded bet wdeit WhHFl@® aanngickdnagsHEfarcs. WO 99/ 28923
PCT/ EP98/ 7729 In the transforner of the invention the magnetic energy and

hence the stray magnetic field in the windings is reduced. A w de range of
i npedances can be cHosen?® ¥RENEFEEPEY AFCPFLtRAtDARYYSRERE S1a3Me i h8i ngs
of 5 a transf aquerchecdthrigsdd idethavenihed nedidudtyze ndiash t Gomeriddse hO

handi e very higlh ¥oldaqss a0d L"gnegugeauen!

16. A transformer according to any cne of claims 7 to
15, characterised in that the cross-section area of the
10 central conductive means is from 80 to 3000 mm.

17. A transformer according to any one of the
preceding claims, characterised in that the external
diameter of the conductor is from 20 to 250 mm.

15 18. A transformer according to any one of the
preceding claims, characterised in that struts (27} of
laminated magnetic material are 1located between the
windings.

19. A transformer according to any one of the

20 preceding claims, characterised in that the electric £field

containing means is designed for high voltage, suitably in

excess of 10 kV, in particular in excess of 36 kV, and

preferably more than 72.5 kV up to very high transmission
voltages, such as 400 kV to 800 kV or higher.

25 20. A transformer according to any one of the
preceding claims, characterised in that the electric field
containing means is de'signed for a power range in excess of
0.5 MVA, preferably in excess of 30 MVA and up to 1000 MVA.

21. A wmethod of winding a power transformer,

30 comprising simultaneously winding high voltage and low
voltage flexible conductors having electric field containing
means but which are magnetically permeable, such that turns
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electric and thernal |oads which may arise at these voltages. By way of
exanpl e, pPowWRip dofgeasf or mers according to the invention may h '
powers in excess of 0.5 MVA, 10 preferably in excess of 10 Ngf,?mﬁ%gr/@%g
preferably greater than 30 WA and up to-1980- WA and have rated vol t ages
from3 - 4 kV, .} rd4 Gul dn e f : n
72.5 kV up to Sg%ﬂ%i%#ﬁ?r‘%gﬁﬁ%&?’gﬁa\%g tgggs%e ronﬁgj&ﬂﬁg’%nkﬁggr{:ﬂé
hi gher. At hi ghodpephtaag yordiR@s, partial 15 discharges, or PD
constitute a serious problemfor known insulation systens. |If cavities or
pores are present in_the jnsulatjon, injernal cqQrona_discharge nay arise
wher eby the insul ati fig° nek RS HI° ?“tﬁ%ﬁﬁﬁﬁ & 'H‘e&gevﬁﬂfﬁgFFﬁr¥ﬁﬁﬂi’r@ to
breakdown of thRatnsthat imigh Thelehget r andl okoiv orvdlltage) ebeducrtoas are

i nsul ation i f i di PGS j i i
reduced by eﬁsg?ﬁﬁgé?ﬁ%%’ﬁgﬁ lﬁmer fl%%%gn kgggr&egwghe m%t%tné% P'\égﬁgiyg etl'n?
whi.ch has seni a toapatermer doperties is at substantially the sane electric
potential as conductors entral electrically 25 conductive neans
which it surrounds and the,guter secon r of the insulation system

whi ch has sem - conducti ng pEEsEel ”Jmm a controlled, e.g. earth,
potential. Thus the electrl, o ,HI{B'EN idelectrically insulating
| ayer between these inner and outer®l ayers is distributed

=
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30 substantially wuniformly over the thickness of the internedi ate

| ayer .- By, | materials wth simlar thermal properti .th few
defects in t“@?ﬁbﬁgiers of the insulation system the possiﬂ%ﬁ%@%ggfth-Ls
reduced at given operating voltages. The wi ndings of the transfornmer 35 can
t hus be designed to withstand very high op réﬁing voltages, typically up to
800 kV or higher. WO 99/ 28923 ] 7

PCT/ EP98/ 07729 -9- Although it is preferred that the electrical

i nsul ati on should be extruded in position, it is possible to build up an

el ectrical insulation systemfromtightly wound, overlapping |layers of film
or sheet-like material. Both the 5 sem conducting |ayers and the
electrically insulating |layer can be formed in this nannera An insul ation

system can be nade of an all-synthetic filaZttmHRps out er
sem conducting | ayers or Fkixaoar nade,u- Yol | £ s\fil of , for
exanpl e, PP, PET, LDPE or -Wth ezp‘ . ol &g}ticles, such

as carbon black or netallic particl eg
portion between

ng | ayer or




the -sem.conducting layers or portions. For the |apped concept a
sufficient!ywdyopgdzs! mwill have butt gaps smaller than the g %éﬂﬁ%’&
Paschen minima, 15 thus rendering |iquid inpregnation unnecessary dry:
wound nul tilayer thin filminsulation has alsq good thermal properties.
Anot her exanpl e of an el ectrical inSLHeuil) systemis simlar to a
conventional cellul ose based cable, where a 20 thin cellul ose based or
synt heti c paper or non-woven nmaterial is |ap wound around a conductor. In
this case the sem conducting |layers, on either side of an insulating |ayer,
can be made of cellul ose paper or non-woven material made fromfibres of

I nsulating material and with conducting 25 particles enbedded. The

i nsulating | ayer can be nade fromthe_sane base nmaterial or another
material can be used. Anot her exanplgaof an insul ation systemis obtained
by conbi ni ng film ane fibrous |nsulat ng material, either as a lamnate or

Q

as co- | apped. An exapprece S h- <3 <‘ n1|s the comercially
avai | abl e so-caktad hhosy . AP RPNP\ but several_ other
conbi nati ons of "fi | i \ [ o t hese s&ems

various inpregnati ory -
))'
A\\




WO 99/ 78923 - PCT/ EP98/ 07729 -10-
CLAIMS 1. voRoMgpstransformer conprising at |east one hig 9 :
wi ndi ng and one | ow voltage w nding, characterised 5 in that each of "sai¢-
wi ndi ngs conprises a flexible conductor having electric field containing.
means but which is magnetically perneabtg ggin that the w ndings are

I nterm xed such that turns of the high I?g w nding are mxed with turns

of the | ow voltage windjng.o10 2. A transforner according to claim
1, characterised in*ihggfsa'd | ow vol t age mﬁnﬂi gis egmnd az a |l ow vol t age
wi ndi ng | ayer positioned” beTvieen two correspoddi ng adjldtent th vol t age

w nding | ayers. 15 2 Aty | i 1 or

2, characterised }4{ said w pdin are ranged #n a/repegd ediperiodic

pattern of one hifgh i ndi ng A ayey, fao¥lo by | ow/vol t Age

wi ndi ng | ayer, fqll hi volXa i ndyAg | Ayers,/ fol | Owed by a

| ow vol tage 20 wi 7 f o)l owed by Awo h age w nding | ayers,

etc. 22._

29
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4. " A transformer accor di ng to any one of cI ains 1 to 3, ‘characterised in
that each one of at |east some of the 25 turns of the | ow vel tage-Wwi-adi ng
is split into a nunber of subturns connected in parallel for reducing the
di fference between the nunber of high voltage winding turns and the total

nunber of |ow voltage winding turns. 30~ 2 - 5, A transforner according
to claim4, char act@trhesedtypeShaE eael tgyructiuriele d:@y Viebhaeer Wi kdbwg, | S

split into a pu | 1 C nnect d_subt ual e nunb of
hi gh vol t age %ﬂ dlég %%éﬁgéi 11(%raqg rﬂerr§g§ﬂ8Fﬁngacgg?aﬁ
5, charact erikavei rredtanguilan uwvinddhgsheaid glreafiargyd ar ndiegg %\dtidik@s

turns in the L& Age W i ; I ged symetrically in a WO
99/ 18923 éf@b&@é& §&é&“ﬂ¥éfﬁfhdid§Ei PCT/ EP98/ 07729 chessboard

pattern, as®seen in a cross-section through the windings. 7. A transforner

according to any omﬂcdm@r@&@%m&zﬂ cmser Bt SR #dy thdbed he
conduct or conpri.ses central . #ectrlc ggﬁlve neans, a first |ayer

havi ng seni - CONERR ARG St GFEr (FE¥ C?/l S LraREbRHNeT T veFreen-

protected an .outer casing is often provided, which also
reduces the external magnetic fields from the transformers.
10 i
Most power transformers are, however, oil-cooled the
e oil also serving as an insulating medium. An oil-cooled and
) oil-insulated conventional transformer is enclosed in an
outer case which has to fulfil heavy demands. The
15 construction of such a transformer with its associlated
circuit couplers, breaker elements and bushings is therefore
complicated. The use of oil for cooling and insulation also
complicates service of the transformer and constitutes an
environmental hazard.
20
A so-called "dry” transformer without oil insulation
and oil cooling and adapted for rated powers up to 1000 MVA
with rated voltages from 3-4 kv and up to very high
transmission voltages comprises windings formed from
;{3 25 conductors such as shown in Figure 1. The conductor
comprises central conductive means composed of a number of
non-insulated (and optionally some insulated) wire strands
5. Around the conductive means there is d&dn inner
semiconducting casing 6 which is in contact with-at least
30 some of the non-insulated strands 5. This semiconducting
casing 6 is in turn surrounded by the main insulation of the
cable in the form of an extruded solid insulating layer 7.
This insulating layer 7 is surrounded by an external
semiconducting casing 8. The conductor area of the cable can
.35 vary between 80 and 3000 mm’ and the external diameter of the
cable between 20 and 250 mm. At least two adjacent layers
have substantiélly equal thermal expansion coefficients.

AMENDED SHEET



neans, a solid insulating |ayer provided argund said fi rst | ayer, and field
‘cont ai ni ng means conprising a second |ayer 20 havi ng.semni -.conduct. ng.
properti es’ provided around-said insulating |ayer. 8. A transforner
according to claim 7, characterised in that the potential of said
first layer is substantially equal to the4potential of the conductor. 15 9.

A transforner acm@dlﬂﬁnéﬂbn&‘éxﬁldﬁcﬂ*ﬁn 8o Cbﬁéaﬁheéhtednl ahae sai d
second |l ayer is arranged tQ co

t.|t ant i gui pot.enti al
surface surr(?ﬁ’r?dl n& d 85n3‘ﬁ?‘?: Eéelﬁraﬁs%?ﬁ?’@ ’grgrt@tc%?% %ﬁfob%l aim
9, charact er icfedriyn delfaitgrsaiﬁigsmrﬁj shows - @ stlfc!tﬂm&mm timnigatedt €@re ned
potential. 2% rangforkd el rédsd orlrgar ofaCeBhYbRliohl Ch8sI4m10ang

Atr Zﬁifélfﬁir"co'a%é&%%tsn}%r@% L CIO AR T p°5€92% B
at | east twol&djacent |ayers have 30 substantlal | y equal thernmal expansion
coefficients. 13. A transforner according to any one of clainms 7 to
The windings are concentrically wound around the core
legs. In the transformer of Figure 2 there are thrae
10 concentric winding turns 14, 15, 16. The innermost winding
turn 14 can represent the primary winding and the two other
winding turns 15,16 the secondary winding. To make the
Figure more clear such details as connections for the
windings are left out. Spacing bars 17, 18 are provided at
15 certain locations around the windings. These bars 17, 18
can be made of insulating material to define a certain space
between the winding turns 14, 15, 16 for cooling, retention
etc. or be made of an electrically conducting material to
form a part of a grounding system of the windings 14, 15,
20 16,

- The mechanical design of the individual coils of a
transformer must be such that they can withstand forces
resulting £rom short circuit currents. As these forces can

25 be very high in- a power transformer, the cdils must be
distributed and proportioned to glve a generous margln of
-error and for that reason the coils cannot be des:.gned so as
to optimize performance in normal operation.

30 The main aim of the present invention is to alleviate
the above mentioned problems relating to short circuit
forces in a dry transformer.

This aim is achieved by a transformer as defined in
35 claim 1.

By manufacturing the transformer windings from a

conductor which 1s magnetically permeable but has
practically no electric fields outside an

AMENDED SHEET
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1'2.," characterised in that said central conductlve rreaW
plurality of strands of wire, only a m nori ty of said stmnﬂ o1 '

el ectrical contact.w th each other: - 12 - 14. Atra _-
to any one of clainms 7 to 13, characterised in that each*of ¢said
| ayers is fixedly connected to the adj acel® 4 ayers al ong substantially the

whol e connecting sumfaca. t5ansformé§ acébidﬁ@ftﬁ Ry ¥Beobdi Bgaitﬁsa’ﬁ)’t&ne
of clains 7 toq 14, chargcteréa in that the Ccross- sectlon area of
0

central conddcri vERREARESTLsd o FRg0tHRE 3686 mPEr BRI dEhTee | ﬁ¥?5§rre+s
accordi ng to fAnedire cohnkkeedltprideedididicentcllave®s altngagisstaetially
that the ext r nal qﬁameter f. the caqnductor is from20 to 250 mm 17. A
t ransf or ner DEnEUSE3CEne precedi ng clai ns, characterised
in that struts (27) of | am nat ed magnetic material are |ocated between the
15 windin 18. Agqtg ansf \/ f A Lhesp
cl ai ns, cgg’r acteri seszi | %’?Egﬁ%fﬁ % ?80{‘8%&% %&%yoonte o 55&5%“«9 to

14, characterised in that the cross-section area of the

central conductive means is from 80 to 3000 mm’.

l6. A transformer acébrdirig to any one of the
10 preceding claims, characterised in that the external
diameter of the conductor is from 20 to 250 mm.

17. A transformer according.to any one of the
preceding claims, characterised in that struts (27) of
laminaﬁed magnetic material are located between the

15 windings.

18. A transformer according to any one of the

preceding claims, characterised in that the electric field

' containing means is designed for high voltage, suitably in

excess of 10 kV, in particular in excess of 36 kV, and

20 prefeiably more than 72.5 kV up to very high transmission
voltages, such as 400 kV to 800 kV or higher. '

18. A transformer according to any one of the
preceding claims, characterised in that the electric field

" containing means is designed for a power range in excess of
25 0.5 MVA, preferably in excess of 30 MVA and up to 1000 MVA.

20. A method of winding a power transformer,
comprising simultaneouély winding high wvoltage and low
voltage flexible conductors having electric field containing
means but which are magnetically permeable, such that turns

30 of the high voltage winding are intermixed with turns of the
low voltage winding.

AMENDED SHEET
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cont ai ning means i s designed for high vol tage, suit 10 kV,
in particul.ar in excess of 36 kV, and 20- preferabl yjﬂlm“mmmﬁgjgml\/ up tO
very high transm ssion voltages, such as_400 kV to 800 kV or ers
transforner according to any one of the fn?’ecedl ng claims, characteri sed |n
that the electric 21el dAoneitkodiancomtimg it ddsiigned, f@‘-haa:apmp-sminga in
excess of 251;%20 © '\éffe Fi{l%?f %':aeab@ €X68SS18% 3\%1%@nfédfﬁufc%o%%00a¥MA

20. A et power transformer, npri si ng

si mul t aneousF¥MW FARNAGUALY) WW‘%%@‘—‘&RU rle§§?/e€§ﬁt’§g€f‘ﬂm%>@fm é"%ﬁit%lt &Ps

havi ng el ectgi erihgEreORt @b NY Neans but which”are nmagnetically

permeabl e, such.that turns 30 of the high voltage wi nding are interm xed
with turns of the |ow voltage w ndi ng. -13- 21. A nmethod according to
claim 20, characterised in that the high voltage and | ow vol tage conductors
are simultaneously unwound from respective druns and wound on to a
transformer drum AMENDED SHEET
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TRANSFORMER
&7 Abstracfo

A power transformer
comprising at least one high
voltage winding (32)-and one
low voltage winding (30).
Each of the windings includes
at least one current-carrying
conductor, a first layer having
semi~conducting properties
provided around said conductor,
a  solid insulating layer
provided around said first layer,
and a second layer having
semi~conducting properties
provided around said insulating
layer. The windings are
intermixed such that turns of the
high voltage winding are mixed
with toms of the low voltage
winding.




