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ABSTRACT

Under renewable generations mixed in today’s modern power system, many of
renewable generation resources tend to increase the fault level to an existing power
system. Rules and regulation for power equipment and devices need to be revised and
updated, of course, no exception for the distribution transformers. This thesis, therefore,
presents the evaluation and analysis of the winding temperature on both loading and short
circuit conditions of an oil-immersed distribution transformer and propose the novel and
new technique transformer design method for improving short circuit withstand capability
follow to new regulation of Provincial Electricity Authority (PEA) and IEC standard. In the
study, the methodologies of measuring and estimating the winding temperature of the
transformer during short circuited are presented and implemented. In the study, various
winding parameters are analyzed including: the winding temperature, the hottest
temperature of the winding after a short circuit, the short circuit current, short circuit force
and short circuit duration. The tested and analyzed result are benefit for the newly
proposed distribution transformer design of 160 kVA 250 kVA and 400 kVA 3 phases 50 Hz 22
kV-400/230 V, Dyn11. The new design approaches will enable designers to find a weak spot
and proper selection of raw materials, such as winding size, insulation thickness and
properties of the silicon steel for a better quality of distribution transformer and a longer

lifetime.
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ponLUUManUaslnil LaznsAuIanITTn oA

3. Uil 3 FumeuNTERNLULLAENITIRdeUnTawUas AEnaNIRtuRRUMSEaNWUY
nlonlas nsveaeuntonUasluanuaiznigg 3Bnseaaulszdl MsvadoulRNIzLaynIs
NAFDUUUNLAY

4. Ul 4 HARINNITERNILUY NITVIAABU LASHANISNAOU FLNA1IEY HANTTNAREU
WFABTIINNITOBNWUY  NANTVIAFBURMUNIvemTBLUamlalUasuuzglvan Lay
YULLAANITANNAT LAZNTAATIZANITITUNDIA NITIATIZARAIINAITIVY

5. Uil 5 ayunanTITuuasUalauaLuY
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2.1 NMINUNIUITIUNTIU [2-23]

1wl 2005 C. Chompoo-inwai uazAne Launausisanugiilissuulniiinnssua
WoaRlusyuuLiugsy Fsdndunvzdeadinsimunysulpgunsalingg Tiaunsavusiens
Wadn 933 wagliiusednsamanngadu

1wl 2005 B. Suechoey uazmnz WMinausmalan1sAuILLayIATIEigMMNLAL
Anusuveatowdasiihildlussuudmirevuginelvan

1wt 2008 T.C.BN. Assuncao wazAE LANa1RIITN1TMIQUNNTINTOUAVEIUARIA
lngnmsiuinanilsiduvesgaumiiuiuauuulasldoungiiuindenuazyinn1singamail
vaawdlowadlnihvuzanslnan

1wl 2009 RP.P. Smeets uazany lniausdsanguainisidenevemionlas
Henmsdmeasannieuen lunisesniuuniisulatiiiiazdesfiansandanisiwesn
NEIUBITUNITENI9T LU USIUREaR9RTANwIISAil(Radial Force) WATLIIATLLLILAY
(Axial Force) Uagfaiaefinnsaniagmmiivedunain aauniiansougnvesinain

1wl 2011 Geno. Peter P lananifisanusnisirsavesmdeudasiiiliiiesninnis
AP19959NN18UN NTenuUUMtoLUadlnTnazAesian T i Tne $01ee) MNEITY
AUNITAN93T WazlAesUIBRFIsNITAMUILNITITNEIA1S MABIT0INUNITANINAT

1wl 2011 Yunus Bicen uazamy lainandaldnmamengnisldnuvemsisuaslini
lngldlunanuiouvemsiowdadlniilagldgamgiuniuauuy wazgamguaniougaun
nsAIumINIwesineg weldlunsmengvesauiu

1wt 2012 Ali Mamizadeh uag Ires Iskender lananafisn1siaseiuagilSouiieu
g ilanouanvavnaInksInuaILazksenualagldlunaneadinAansvo sy
vy

Tud 2014 B. Suechoey wazang ladausimaiaLaziuIniglun1IseanLUUnLoLlas
L ldausanudaaniizdnieas Inelananduuimidunisesnuuunaznisiden
n1sfiwesluniseanuuulindeutasanuisasuivanuasnunaan1izanzan199stauasd
samgivagldrusazvnrdniendulumuiininsgiuimun

i . Suechoey yAME LY D i Uy

1ud 2015 B.  Suech wazAne  Ladauemalinniseenwuulaeriinisuiul
ANAIN1TAlUNITNUNITER SR ok UasldlussuuT MU elae N1 TUILT L
AA9ATUALRUNNTVULN 999



1wl 2015 Ahmet Y. Arabul uavay Ladlauedane3NuYeINIsAILIMMIUUNNYN
SougnuesumainiiovhmaiUisuiiisuiunmaaeulume foa

1wl 2015 Zoran Radakovic waganiy latauenisusvendldlnluiddwudlunism
AANUgLHEUAANRNMHINTOUAATDIRI

Tul 2017 7. Qian uwazpmy lauaueIsn1slY Support vector lun193tATIZY
Wisuifleulunavesgumnitduduuy

1) v
2.2 YunaunIsaanwuuUndanlasinin
TunnseantuuvlakUasanune Ly Frnnsgeenwuuilunsdemsiudenivun
s1uaziden(Specification)  vesmdsulasimiig  ieNaglainnisesniuuntonlaslid
wa & Ay Y o a A v a v L g Yo )
AaudRdulumundents  dedmuaneasiBeavieteyaisudu(nitial Data)ilddmsu
ankUUVIakUasa Uelinal
- Anamaalndin
- UL
o v
- AUy
- LIIRUANULIIFIAT I TIAN
- AMBINTY
- YUAVDINITIZUILANNSDU
I fa  a ¢
- UBS I UADUN AU
TunseenuwuunlawlasdnnunguuaNLTaLUSTUADUFI NS UNNTBRNLUU LA AIT
- DRNLUULNULAAN
- 9ONLUUVAAIALATRAUIU
- AnuantRsinge veaiauuad

- PRNLUUMTILAEATUSEUNEAINUS DU

2.2.1 n13eRALUULNUWAN (Core Design)

wnuwanveenUasiviinUseneumendumandanauuie  thannasesiuusiag
uiuaufeatuioannainnszudlvaiulunnumdn  vilvidslifihgapdelunnumdn
anas AnUrUIvBLUaNTansulinasianisinnszualuasulusnumin Sunudesidud
vosdaneulumdn  swiduneulunsiwiundndaneudinasomainfdliiingyde
ilesanBaineiia ﬁwé’ﬂWﬂwq@L%aﬁ”’aaauﬁ@LﬁaamﬂmﬁLﬂﬁauLLUaﬂWé’nﬂuLmumﬁﬂ n13
dusuaudaneurilidsinihgapdeanas uiagvinlimdniunduasndny windanoud
TaertllumsUssnovathasiouasdminedifung M3, M4 uag M5 A
0.23, 0.27 @z 0.30 1. AIPIUIENDUVDILHUNANLHULIAT 0.97 wazdlAunuILUy 7.65
ke/dm’

Tunsesnuuuniendasiitmuavueanliiuausofiaroonuuulivaeis i
sonuuulvisunuiiesfanlagliddaiaidslnwingyde vie Tumenduiuenaazesnuuuls
dmdslalihgadetdesiian  mseenuuunsioudasingliuszndaiignanunsanszsildsan



sl mszazgniriadsauioufiintuiiesantddliihgyddluniiouvas uay
gnirdnsemanuruuiy  wWandduslunnumdnuioudasingn  Tnehluazsihms
ganuuUlngUszanadlilsmMUeNUANIINAUTIAITEIUAAINNBILAY
Tuguussansamusaiioutasiu annsnoonuuuliiuszavsnngagnillnandi
Amualdlneniseenuuuliraalnihgadelusnumdndainiu maalnfigaydelu
newns windoudasiioonuuuilifundeuvadussuusmheiiunltuinfunide el
nantosninidvuaidunaumnsnniinsldmandidmun n1seenuuuinaylv
dslaihaydeluununindadesvhiianduldly  fdufiufivindavesunuminagild
ﬁ]’lﬂm‘ﬁLaaﬂﬁ’lﬂ’J’mﬂu'}LLﬂULﬁuLLiQLLﬂimgﬂ(B) Farmuasneamaslnihgadelunnuivan
LLﬂuL‘Viaﬂ“UENmJ’eJLL‘UaQuLUuLLUUﬂai fufinthimosunumdndugumdeudaluisna
%"wmusuu(Step) younumaniuegfunisesnuuy drsnaduesnumdnniosl

Nufindinunn Lual,iml,t,ﬂumamamumﬂau%mzﬂaumaﬂLmamaﬂmnszmmmuﬂu
sennavandansufumanweandidonoy ietastuniswmiietvilumanueaudvinlmhe

e RHEOIGN
AIAIUIUTIVUINVBILNUNANTNLNARS sl uenanlumazduatusaaulaan
AuNS
( 2 A
D 2
F(y)=2 [—j —Y (2.1)
2
1aei

F(Y) Als anunisvesninman(a)lulsasiu(u.)
D Ao WuRIAUINAIYBIMNUIEN(LL.)
Y fe anuvwiveawnumianluwsazdu.)

//_!_\\ Ly
7 | | =
/| ! |
/ . I\
: | v,
o |
|
! [
Y | I/
N ! |
ST ]
\‘———lﬁ—ﬂ“/
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Tassas19vaewnusan (Core Construction)

Tunisdassaduunaniielidulasadunumanuiontas  azddiulsznauveen
WNuMan (Outer Limbs Uz Center Limbs) uagldn (Yoke) Aauandlugui 2.2 itelvidu
wsswlmanfidunisvuiuduuuiavesdumaniniign  Aiulunsfinurumannsisosns

I3 v [ [y
sumsznLmumaﬂLLaﬂaﬂ%mymu 45 89FN

- Toke /

Outer = o Outer

Limb g g Limb
A

/ Toke ;

=

JUN 2.2 Tassaieunuimdnvemdonuad 3 wavlinnes

YNULAAN Outer Limb

h.
e ] N
4 vl
aj
i:. :i: :i: :i
aj Cj Aj
JUN 2.3 sreavidenvrasuiunuman Outer limb
INgUN 2.3 Mvuali
& Y & . SO a '
g fie Augenuluvesnuman Outer Limb Mdula 9 w3aANgewedYas
nAa(Windows)

by fie ALGIAIULBNYBIILNLMAN Outer Limb Wtula ¢

We j = 1 agle
b) = ZaJ + Cj
wazille j # 1zl
Cj = ijl + aj,l - aj
. bJ = bj_1 - aj_1 + aj
Wej=1,23,.9

(2.2)

(2.3)
(2.4)



dquvnuUwian Center Limb

N

——e -
aj dj

JUN 2.4 51982188nv83vNWMEN Center Limb

INFUN 2.4 Mrualn
f; Ao AuAIUDIYINUWEN Center Limb Witula ¢

e, Ao mmemfdasaniiaidyilunsdndownumin Center Limb

gule o
B o yuilan 45 a3
Ine

fi=d+g

18 (Yoke)

L J

4 *l+ . *l+ —>|e
h] a;

h;
JUN 2.5 Tgazidenvastna(Yoke)

NgUT 2.5 Amuali
h e arwnheiiluediaiidule 4
g fo munSeduuenvedifaiivule o
i fo enugeesiufianuwdeiidnesn
oL A yuiAT 90 B3
gl j = 14gld
g = 2h; + 33

il

(2.5)
(2.6)

(2.7)



wazille j # 1 azla

hJ = hj*l + aj,l - aJ (28)
S = 91- aj_1 + (29)
= (3/2) tan [(180-QL) / 2] (2.10)

nMsATULINvasLAuMan(Core Weight Calculation)
TN UaawnUanTavunUsENaUMg Wniinves Outer Limb, iuiinuasCenter
Limb waziivinued Yoke laganuisamuwindlaannauniseadl

UminvLALMan Outer Limb
WL = bSDS ajPCSOL(CJ + aj) (2.11)
Tned
b, A8 ANMUNUIVDILHULAAN(LL.)
W, fiD Wmiinues Outer Limb Aulae)
Ds e AMNMLILULUOIMHURNUWANTAT 7.65 ke/dm’
PCSo, A S1uauLHuuMdna0a Outer Limb 719Ul
dununnuman Center Limb
W = bSDsPCSCLaj(fJ - ej) (2.12)
Tnei
Wo  fo Umtinees Center Limb fulae
PCS¢, AD S uruLHumanUes Center Limb 719ula
Uninlda (Yoke)
Wy = b,DsPCS\[a; X (2h; + 2a) - (1/2)ia] (2.13)
oo
W, f9 Untinees Yoke fiTula

PCS, fiD §1uIULKUANBY Yoke N1TUln¢
FatULNMINTIUTINUAVRILNUNAEN d@1unsar A naLnIS

Wi = 2(Wo, + We, + W) (2.14)
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Tnei
W; fie urEns Iy avun 8w uwmian

2.2.2 n529nukuuvnadn (Winding Design)
YAANUIIAUAT (Low Voltage Winding)
lunseonuuunaaLsnazienkuunldiunalnvilnalnialspiral) Inald

AIAVDIAUUAVRLUUNTEANYAUIY AUNTTNEITRIIUNITORNUUUINR I TINLATE
1. AMWININIIWILTOURSIN @ansaAuInlanauns

Ns = Vs / (4.44fABm) (2.15)
Tnei
Ve 79 usaiuresunannusmideua
2. AU ILUUTBINTLUEN LAANENATT

J=1./a (2.16)

Tned

|, AD ATTLAvDIUREIALI IR EIA(LONWUS)

a, Ao HuTinthinaandthdunssi(uesnymens.uu.)
MAUALA

H, AD mmgjwawmamLmﬁi"}mmmaLLﬂu(axiaL)(mJ.)

W, # anunineesnainussauu Sad(radial@.)

Wi AB ANNAIN9U8987AR Ny HaUL(aL.)

Te A9 AUNUIUDIAINFIUNTTALUL(IL.)

Ny Ao S1unuseuvesamaiivlulsas iy

W, fi9 Auneuesauiuii-reesnaindinuus.)

L, A SuuTuvesuaaIATNL

T, #9 AMUMLNIYDINTEATALUIUSEWINITUYDIVAAIA(HLL.)

N 4 AD Uit fidaemnuLuILnL

N fi8 S1uauithfidanemunusas

3. mmg&‘ua&%@mmljﬂﬁﬂmmLL‘L!’JLLﬂu(axial) %ﬁléjﬁ]ﬂﬂﬁmmi
Hia = wie X Ny X (NSL + 1)+ 2Wi, (2.17)
4. m'mJﬂ’j’Nsuaﬂ“Uﬂa’JG]LLNGT’]G]’];JLLu’J%JFifJ‘(radial) Mq‘léﬁnﬂaﬂﬂqj

er = (TLC X NLR X La) + Tih (218)
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5. AUATUNUABLNETD VAR IALTIANIAIINENATS

R = PLNs / a, (2.19)
lagd
P Ao ANUATUNIUTUNIEYBIILU(Specific Resistive of Conductor)

Q.mm’/m)

VAAIAUTIAUES (High Voltage Winding)
lunseenuuusamnusigaazidenuuuildiuvameuiinansealerios(Cross over)
Tngldmaneunsiianaueivauin aunsiieadestunseeniuuanmaussgedded
1. AWIMTILIUTEUVBIUARIALTIG ansnTadwIndldaInaunis

Np = (Vp / Vo) X Ne (2.20)
[GET
Vp A8 WIIIUUDIUARINLIIGIABLNE

2. ﬂquwuquﬂu%@\iﬂigua ﬁﬂmia%ﬂﬁmﬂammi
J= ||:> / dp (221)

[N
b AD NILUATDIVARINLTIGIRDLNA(LBNIUS)
ap Fio WuhAnaIRFI I ULTIE LN UTAnS.41.)

Avuali
Hha A8 AIHEIANHLUIRAUYDIVARIALTIGIHL.)
b A8 SrE¥vinaTEnINvnmIauIaaiulga(Yoke)uy.)
Wi, 9 AUNI90NULUI AT RIUAR IS IE9(1Y.)
Has A8 AYNNEINNLUILAUYDIARIALT Gl ULsaY section(uyl.)
Nis A1® 971U3U section YBIUANINKTIEN
by AD SLELYITENINUARINLULARY section(Ha.)
Nos AID 91UIUTDUVDIVAAINLULFAY section
Ny e S1uuseurestamaluusiasty
N, Ao S1uuduvesnaialuusias section
d. fie urnAudnasvaaIadvilanau(u.)
T, /D AYIUMUIVEINTLANHRUAIUSENI T UTB AR AT (AL.)

3. AITUEIANTULUILNUVDI VA I IIEN gnansamlaInguns
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Hha = Hia - 2bpyg (2.22)

4. ﬂ’ﬂll’sjﬂ(ﬂ’]ilLL‘L!’JLLﬂ‘LHJ’eN‘EJG]a’JG]LLNQQI‘L!LLG]@% section MlAANEUNTT

Has = [Hha - (Nhg - 1) X bhz] / NhS (223)

5. FIUIUTOUVDIVAAIALULAAY section d@UN5aMLANNAUNIT

Nos = Ny / Nig (2.24)

[

6. PMUIUTOUVDAAIALULARLTU duNTalaaInauns

Npl = Hys / dc (2.25)

7. SUIUTUVDIVAAINULARE section @1115avleaInNaNNIS

le = Nps / Npl (226)

8. ﬂ’JWiJﬂ}J/NGﬂiJLLU’J%JFiﬁ“UENﬂG]ﬁ'DﬂLLNQQ gUITAMLANFUATS

Wi, = de X N + (N - 1) X Ty, (2.27)
miﬁﬂmmﬁmﬁn%awmafm (Winding Weight Calculation)

UmtinvewnaInziuegiuA1ANa1TUNZ(Specific Gravity) vasiansii
FIUIUTDUVBIVAAIN WASAUNNUNFAYDIUAAIN Laga1unsaAIuUIalanLaNnIS

M, = D,a,LN (2.28)
1ag?
M,, i Untinvewsaul (nn.)
& ! @ o a Y 3 3
D, A8 AMURUILUUYBIAIUINDILAINANNIAY 8.9x10° NN./LL.
a, A9 NUNNUIFRYeIRlN(RS.13.)

2.2.3 n1529ntuuauIU (Insulation Design)

TunseonuuuaILtUduNITeNLUUN DN AUNLIRNILYRIUAAIANUAI LAY
AUIUYBIVAAINAILTALUILAR 9T

1. auauuan (Major Insulation)
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ALNUMENUTENOUMALILITENINNIAAIALIINAUIIUNUMEN 2UIUTENINIUNRIAUTY
garuIAaInLIIN

2. 203 (Minor Insulation)

UsenoudeatiusEniTeukassEIiuresaaan dieandeatesnisinreauiy
Juogfurinuesunmn wayisnmesimnstesniuy

TUN1309NLUURLILTBIIAMIALIWNAUTOMNUYEN  WioauuIzstuTesInaIn
uswh  agfensanemeanuudusmenaniniy  udssegennumuivesauiudug s

finsanaziuegiuussiugeiidinua wagnseenuuuvesicmnIuan
2.2.4 nsiuiamaantavasndiowdas(Transformer Characteristics Calculation)
1. faslnigaydevnslisilvan (No Load Loss)
madlwihgadevaslifinaavseiondn maalnigadsluwnuman (Core Loss)
wusgneusensgadedwiolud
- msgaydeidesandainesida (Hysteresis) luwnuwmdn
- msgaydeidesannnszualnarvluunuman
- m3gapdvluvamniilesannszuansedu

- msagdsvandes esannseualvaiuluaunsalnlddudaunuivan

v 9

- maggydeiiieannladiannin

&

Inevlunszuanseiuvemdeudasdmmefidnszana 1-5 %  vesnszualvaniiu

[
o

aatunsgeydeluvnadniliosninnssuanseiuanunsanagliiniansante GV
wssrulniihndnelvidundowdasdmedseduandt 50 Alalad Fwilvinnsaeyde
d‘ a & a 5% o a ! = v v O o w = 1y

Wesnnladianeinlddeshunfinsanduiediy  duumdsliihgaydsvusbifivanay
UsgnevdiudAyfe msagydaidenindamessda warnsgaydeilisannnssualmaiuly

WAULVAEN

msqzyl,ﬁﬂLﬂaamﬂ%ama%%%aimmumﬁﬂ
LﬂﬂﬁﬂﬁﬂlﬂﬂﬂﬁqmLﬁﬂlﬂiﬂﬂﬂiﬂﬁvﬁﬁwﬂwaﬂLL&J'L‘Mﬁﬂ nsannsgayLdeiiiesanndaines
aa ° v & aa aa . a X 5y
3% ansavilaleenisldunumanifldiunauves@daeu  (Silicon) msgadeiituegiv
ANV BLNTATBIMNUIEN  tazANNRUILULTBduLTIwiwanEenld wasdudadiu
AuAuavessu i anunsaewduaunislanad

W, = K,fB" (2.29)
Tnedi
K, A9 AASY

n fAAWINAU 1.6 - 2.5

nsgeydeiiiasnnnszudluauluwnungn
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wnuwiansdudati i wazlwiuesfefuiduiiniduwsulmanmenisiin
wsadeulrliundenilusnumdn  anmaAamsvasuandunsausivdndumg i
mslvavosnssudluwnumdnnasuatidondt nssualvaiu SeashliAnnsgadersiddlai
wazfinAufoutufinnuin  nsaantsgaydsninnszudlvanuanansorildlas nisldunu
WMANUTENBUINIANLHUUI LAELHUVANLABYILHUYADIAT B UM BaUIURAd NN
aydoidoninnszudlvay  anludediuduidiaeswesnumunvesusiuimanusias sy
uazidsaesvesnmiusasiuliiih dadulumuaunis

W, = KFfBb. (2.30)

Taeh
=] 1 dl
K, Ag ANAIN
b, A® AMUNUILULYDILNULAAN

(%
v v o

satuiadliihngadelundeuvasvugliiiivan anunsadnnalaanaunis

W, = W, + W,
= K,fB" + K,fB’b. (2.31)

nsAuIumadinigaydevazlidivanlunisjus
luneuifnsesnwuundowdadnming aansamuusmeniaslnihgande vagld
fvanld mimdnsmmewnumdn wasdeyaddsinihgydeluwnudndedmin Tng
dnndulAnansnaanuaeiadiliigadslusnumin (Core Loss Curve) Unas
unuwn fafu anmnsdwesinam ansadmuuihdslwihgapdevnylifnaaldan
GHORE

We = KWW, (2.32)

Taofi
K; Ao unnumesivhlsnisandovnsliinanuiuiy
W, Ao dwiinsmmeunuman
W, fio fddluihgndelusnumdndetvinvesunuindn 1 nn.

wlnwes Ks wildanmsuiifuaznanes dadusdslwihaydefifiutuidosnn
auvaaluil
_ fufinthdavosvunumanuarisa SnnsnszanevesmnuruLLuEy-
wsaamanlaiwindu
- usanadidnavi s umEniinnisuout
- naanseene (Joints) Tuldunieveaduusauslvan



15

- yinwe (Skill) wagAuaINN50veesUIUNTIASUNLMAN
dUANYNABILIUEIVBINITAIWINTY  WBNIINITAIUINUIMIUNTINVBILNAAN
logndes  wagmvuauamaiiddlihgadediuik,)  ldegramnzauudy  nslden

o w [y

maalwihgadeluwnumdn dentamheininiiaud 1Ay

o
Id

dlduansdnvaeiadiihgagdelusnundn Gudulfuanmnuduiusseming
AvuvuuuresduLsivan  uasidsliihgapdeluunumdndondonhneimidn -
AmnstjeenuuusinazimuamUszinaaidmils  lieuvnuiuvendunsusindnes
Wasuuasesslsfinn dey azinavhlinanismaassidslnihanydevnsldiivantuna
Yaen1IAIMINNTEantuulinaiy LATeIIRANAINNINNTIANAAAIALATBY
(Tolerance) firmunlilusmsguildsnds

2. Maslnigayidevaziilvan (Load Loss)
maalnihagydevasiivanlundowlaseraiondt nmsgadsluvnainnesuns(Copper
Losses) Fufntuannszuaiilvaluvaainvemiionamariielnan swvUsznousienis
geydeanaiumngg il
- m3gapdvluvaain iesannssuavazinelnan
- mgaydeionnnszudlvatu luweamailosnniduwiménialva
(Leakage Flux) wagnisaayideuanges(Stray Losses) luunainuny
wmanuazgunsaliifudalassaisvemsionyag
Tumsamamasiiihggdevesvaainaunsaduindanaunis

PC = |12R1 + |22R2 (233)

Tnei
Pc fio Maslniihgaydevadunainvosund
I, Wag R, fD NITLALAZANAUNILYBIUARIALTIG
L UaE R, AB NITUALAYAILAUNUYDIUAAIALIIHN

ANPNUATUNIUYDIVAAIN FUNTDAWIULAAIFNNTS

LN
R=p— (2.34)

w

Tae

P = AnuAuTINIE(Specific Resistance) a9
L = ANE1ITOURALVDIUAAIN
N

= FIUIUTBUVDIVAAIN
ay =  NUNREIARUBIRIUN
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dwfumsaydaiieinnssualnaiuluvnain wasmsagydeuindes awnsamle
a wva o [ 3 = 2 a1
MU URkazneaes Inemvuaduwramesvesnisgade IR luraain(K,) IA1uszunm
a 2 L gj o w a = o Y
8% vaansgeyde IR luvaadn dety Maslwihgadevazilvanannsaduinlafaunis

PL = PC + KqPC (235)

Amasiningaydevaziilvanvemdoulasimtimudeimuniz 198l
wiriiu 75 °C

SuaALAUYS2 (Leakage Reactance)
MIUSLUUATTUBALAUTSIAD N15UTLUIUNNTNTENLVDLAULTIIMEANST (Leakage
Flux) LagNauasdul s vianNdneunainusgaagu s

AUNLLUMANTIUTENBUMBEUNLLLILMAN 2 dudisdl
1 [ 1 96’ U . | ° a a a
1. awnuaiwanluseaddu(Oil Duct) TeninaunadInLseguuazisen IAAn uagdl
AnuduaialelnediduLsalwanlUnuwLIRe (Longitudinal Flux)
1 & adao v 1 I3 v . . = v @) a
2. auunlmaniduLILidnAasunain(Flux Linking) InsliAnuiinanaatduns
duLinearly)  9nAgeanaunseiadugudnnuinnsuenuaznslurenainisauas
YAAINLTIAN

LEBNINTUIDINAN LiJa%Ls?juGﬁLLaﬂLmusﬁ%’ﬁijﬁummmLLiagaLLazLLiqﬁ'} A11150
ANUIALLARIANNTS

X = { 27CF Ol ATALE) X [a+(b;+b,)/3]X 100 (2.36)

Tne

I [y

L, Ao pnsenuduladuysal(Absolute permeability) dAnviriu
4T x 10" H/m

Lyt 79 AINLYITOULRABYDIUAAINLTIGIUALUTIAN(IAT)

AT fio uauwU$ - 58U (Ampere-turns) Y84UARINFLLIIA

L f® ANEIIM LN UUAAIA(IAT)

E. A8 LSIAUADIOU

a D STHLMITENINIUNAIALTIGILATLTIN(LAS)

b, e AU AT vEURaIALTIR(LRS)

b, #® ANUNINAULUITATVBIVARIALTIA(UAT)

3. DUNUAUGAN2935 (Short Circuit Impedance)
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DUNLAUTAN995VVawUaIAD NATIUNIIIAM DS VR AU BSITURAMUAIUNIY
(Percentage resistive drop) wagtUasigunsuanuausg(Percentage reactive drop)luanain
yilpwlad anusofuIulafsaung

%Z = (%R +%X") (2.37)

1neh
%R Ao Percentage resistive

%X A8 Percentage reactive

4. Iaaﬁmmsgm%"u (Voltage Regulation)
Alasimaisgaduremsioudasazimuslnesnsdinvosmmausssulnihmaegy
vy liflvanuazsnzdnglvandiidaianmiiefuameslan  ansnsaduiallédd

aung

% Regulation = (RcosO + Xsin@) + {(XcosO - Rsin®)” / 200} (2.38)

Tnedl
R @9 Percentage resistive drop

X f9 Percentage reactive drop

cosO A Lagging power factor

5. UseansSninvasnsianuag

150 LA ASANNTS
o ~ Output
% Efficiency = f— X 100 (2.39)
npu
%39
o Input — Losses
% Efficiency = j— 100 (2.40)
npu
%39
o Losses
% Efficiency = (1- j— ) X 100 (2.41)
npu

6. NTTHAANI9AS(ANUINST) VDL BLUAY
AN01509 bPRIENNTS

1,, (rated)

%7 (2.42)

L (sym) =
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2.2.5 N39BNLUUAOILAZASUITTUNBAMUSaUYRIdauUAY
(Transformer Tank and Cooling Fins Design)
n1seanuuUAltanianuas (Transformer Tank Design)
fdmemioulas avadenwdniiienumuiUssina 2 - 9 ua Tuegiufidn
madlvihvemlioudas  swnvesdmilioulainzgninunlaeuuIAveILNUMANLAZYAAIN
yoeoulatarszeziasyninunaIniuduiseasiuremionlas suinvedmdowlad
annsamldsatianns

1. AUnINBsmdawUad(T,,) @ursamlanagunis

T\/\/ = (I)H\/ + ZAW + AC (243)

Tnedi
Ory A0 HUNIAUINAINULDNVDIVAAINKTIAUEI(HY.)
A, o szerliielidmsuanesthsewinauiviayseninsnana
usadusAUyBT s,

Ac fo szgvvinasenisueaiausasiudidmdoudasua.)

2. MNE1ITBINIELUAT,) aansanlansgunig

T|_ = ZhJ + ZaJ + (I)HV + ZAC (244)
3. ANUgavesivoulau(T,) annsamlassaunis

Tu = b+ Ay (2.45)
1ned

Ay Fe svpzganugeresynUseneuniioudasiusdmsdonUaa(as.)

= b4 . . .
N1399NUUUATUTEUI8AINTDU (Cooling Fins Design)
Lﬁaﬁuﬁﬁwmé’aﬁau lzjmm'ﬁmvmEJmm%fauﬁuamﬂaLLUaﬁﬁﬁqmmﬁLﬁulﬂmu

Y
17
=1

YBANUA LS muumaaﬂmeqmmmmimmmmvmammiau WDLLAUAR NS
mmamﬂmau mimwu‘wmfuaqmii“maﬂ’nmauamwmmlﬂmu
1, wuﬁnmm'ﬁﬁzmamwmauﬁammmmLﬁ&J‘U(AT) ANU1509 bARIFNNTS

Ar = 2T(T, + Tw) (2.46)
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[ '

2. NUNRINITEUILAINUSDUTTIRUA
3. NUNRIVDIATUTZUIEANTOUAL) NIFDIN1TAARAILIL B35 LARY
HUN13

AF = AR —AT (247)

yinavasriuszutsarmioutiuaisonddld 2 dnvusfo ATuszUIsATwSouTTinudy
(Radiator Fin) wagAsusTUIEAUITaUTilnaaugniin(Corrugated Fin) N15MIUIAAINNIN
wazmugavesauluusiaza oy HoBnLUUITABINITHAIsUIRNYUInYRIATULY
wigauivrwevesinmlianUas  uarlilanuduiusiurunianisnanvedlsanugngs
Frfusiuauusueiussusanufeusdinusuansanldfsaunis

FNR = AF / (FV\/R X FHR) (248)

Taofi
Fug A9 MUIULAUASUSEUNEANUS DU TR LAY
Fur A9 AUAINNUDIATUTEUIEANNS D UTTALA (L)
Fir AD AINNEIDIATUTEUNIEAINSBUBTALA (L)
TudiuvesimuiuasuesusEUIALTouriinaauaniin(Corrugated Fin) ansanle
il
1. ATUANYNIVBIIEITIUIUADUATUTTUIEAINTRUTARBUGNYIN

AU lansauns
FNCL = (TL - ZAL) / AD (249)

Taeh
Fuol D 31UIUADUASUSYUIEAIINSOUATUAINNYTIVDIF 169

A, fie szevaneiiAsvesniussuieauseustinaougnin(uy.)

Ay A9 SEuEueTERIeeaUAI UL,

2. MUATUNTYRIMSTIuINABUATUTTUIEA NS o U dnaaugniin
anunsamlanaanng

Faew = (Tw-2A0) 7 A (2.50)

Taeh
Fuaw A8 91U3UADUASUIZUNYAIIUTDUATUAINAINNYBIAINT
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AU IUINABUASUTLUIEANUSDUNINUA(Fycr) Y bARSENNTS

Fner = 2Fnel + 2Fnew (2.51)

2.3 Msngaungivewmdoudasini
2.3.1 NM3AMIUNYNWNVRISaLUAY

TunsAnnugamgiifiuvewilowlasdmuie axnsamlaanaunisaweludl
1. gaugilliiundgvesvnain(Average winding temperature rise) @315

ANNFUNTT
®Wr = ®w2 - ®a (252)
=2 404+ @,, ) -k (2.53)
Rt1

Ry  AB Ausumuesnainfigamgivinges,

Rp A8 anusuvuvesunainiigasdati, €2
k  Aa 234.5 dwsuneaun uag 224.5 dwsuegililley

2. gauniliinvesiusuuuniiialuan(Top oil temperature rise at rated load,

®.), aasamleannaunis
Q,-0,- 0, (2.54)

2.4 W193iNa3 U8t UAUZAN DS
TuNMTIATIZNEINMZAN NIV DUUAIADIVINNITAIIUMIAINI TR A

aunsmaluil
2.4.1 NSATUIUSTELIAINITAND9RS (Short-Circuit Current Duration) @3150A U8

laannauns

t="" (2.55)
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Tne
t A9 SLeLIAIN15aN99s u)

I <~ v d! ! a a
1= A9 NIZLARNI99TANNIN TR TUAINIAUDINTEUAUNG
R

VUBLYG)
aun1sh (2.55) TodumileuUasnfivuialuiiu 500 kVA drundeutasidauinle
nidusEEEnalunsan995agliiu 2w suunsgu

2.4.2 N1SATUIUNTEHEANINRS (Short circuit current calculation)  &10150kUINTS
AMuIlanatl
1. nSElEauuIng (Symmetrical Current) @nunsamilaanaunis

Isc=7, ., (2.56)
T* %3

Taofi
I 79 NIzUATIAR(A)
Z; Ao Builunudvemiioudanduandeosen
Zs fio Builunudvosszuuiluaesyis
VELA)
Tuunanutazndmiamsdmasitivemiouadaglifnedufiuaudvosszuy
(NTEUATAI9ATUAGIER)

2. nszudldanuing (Asymmetrical current) ansnsamlaannaunis
ISC(pkasym) = Kl (2.57)

Tnei
K =1+ PTG g1
way
e fa base of nature logarithm =~ 2.718
& fo arctan x/r , in radian
X/r A9 ONIIEIUVDINAVDINTLUAAAUABAISLOALAUTULAZAIAIIUAIUNIUY

2.4.3 MSANUINIUNNTVDIVAAINVULANINTT
UNNNENTINEVDIVARINUNENNNTENINRTAUGR (T) aunsamlaainauns
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T = (T, +Tg).m(1+E+0.6m)+Tg (2.58)
Tned
(Wt
=1 2.59
TTOm Ty 259

aunsf 2.59 azilugnslaeUsznanldlunsdiiian m = 0.6 uaziieandn dwsuen
m 73A1INAT1 0.6 A1 T @NHN5aMLAaINaNnNT

Tp = (Ty +Tg )[\/ezm e oy - 1] +Tg (2.60)

Taofi
t A9 SrYLIAINITANRT (FUh)
T, A 234.5 dUSUNDAULAS
Ao 225 dmsueaiiiley
T, Ao gaumnivnsduduCC) Ingasiiadail
(1) 30 °C Fgamgiinanden(Ambient Temp.) Vanfumgamaiindsveswnainun
fugamgiigaieuaniivesli(a1n specpdlsanu) vie

[

(2) 30 °C Amaumgiwinden(Ambient Temp ulnfiurigumgiynseugailiuyy
YDIVARINALTBAMUA (specification) YensianUausiayyiin

2
|—Tk +Tr—|

T
Tk +TS

E=E (2.61)

E, M@ per-unit eddy current loss Nigaumniansds
dl a o

d Ay a a 1% o Y a
T, Aig 9unioeds (Raumgilnindeu 20°C vINAUgUMTRReYDIUARIATINTA)
Ws fi8 Short-Circuit resistance loss ¥asuaaInigaumaiiisusy; Jnd/Joun voeiandiiu

wg =—- XL“ Sj (2.62)

[

W, fie resistance loss YosunmaifitanszuaLazamgiiensds; Jnd

N B YWINVDINTLUATAIIRTANLNT; wou

M fo thmiinvesunanngai; Uous

C flo Ammgarideuaderevausvasiandn annsamidainainis
dmiuneng
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Ai
C=174+0.0225(Tg + T¢) +110(—) (2.63)
Ac
dmuegiiiey
Ai
C=405+0.1(Tg + Tf ) +360(—) (2.64)
Ac

Tned
Al 719 WUNVTNAAYDIAUIY
Ac AB NUNVUNAAUDIFLN

2.5 MIAMUIUUNYIFATINEVIIVARINVYULANNAIANUNNTZIU IEC (Calculation of

the Final Winding Temperature according to IEC Standard)

PuNNIafegeEn (6,) YBIUARIAVAININNNTAARTANNTAMLAINANNTS

dmTuvnaianeIuns
28, +235)
_ 101000
6, =0, + 20—y (2.65)
It
dmiuvnainegiliiley
2(0, +225)
_ 43600
6,0, + —200 | (2.66)
At

'
al

lny
0, Fi9 QAUMILSUAY, B3FwaLTYa

! > 2
J A ANUMUILUINYDINTEUAYUEAA9RT, A/mm

t A9 LIA1VULANIIDT, TU

M19197 2.1 ANEIEATDIRUNNIIRRYYBIUARIANAINITANIITT( 6, )

U
LYY

yipvemiioudas | seuduguuniivesauiu | A1geanvesgumgii(e,)

(°C) vouas | ogliilew

wuugathify 105 (class A) 250 °C | 200 °C
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2.6 W'ls']a‘ima%mawa’iaLmae&umzé’maaimwmmgfm IEC (Transformer Short-Circuit

Parameter According to IEC Standard)

2.6.1 nszuddn29asveladuunns

ATEMARN9TUAE laNNNNS @unsavlaannauns

-7R
I =\2x(1+e ¥ ’)x(%’—h)
zZ

Tnei

ILn Ao nszuaifndema

R Ao lWosSloudn iUy
X fAg 1UasuAsLoALALD
Ez fig Buiiuaudiloselln

2.6.2 N1SATUINULIIVUSANNIANULUISA (Calculation of radial forces)

(2.67)

LU SR NS IUBUILAUNT LN UNTLLEVDIVAAINLAN VUL DI NI INULUY
Sedi(radial force, Fr) @UUseNauvaBduULIINIULUISANNTEYINAUNTEWEVBIUAAINLANUY
HID99INLIINNULLILAY (axial force, Fa) WIM9@aetagyintAvunaIndeie Tun1siaeIunie

wUasUnAnaly LsasaIliatesunn waoIaLUaUAAENIZEAINDT NTZLE LAZLIINIY

wilmanae A iuTuamIN MTUNTERadnITaTgNALIAIEYINNTORNLUUNIBRUAT U3

YULANMITANUBUISAL @1u15aumtaanauns

2
NxI
Frad wo.m’xe(—#)xm mx ()% 0

Tned

D,, Ao tusigudnaniadsvesunaIn (ua.)

H, f8 ALeRasNIsTIRSRveIUnaIn (1.
N fo IUIUTBUVDIVAAIA (58U)

| Ao nszuaUsEaNSNaveIInaIn

1 A U a
r=— AB MIUTENOUNTZLEALNU
EZ
-TIR

( ) S U a
k=(+e X ) A9 MUTZNBULONUIYNGIEA

Y 9

2.6.3 N1SATUIULIIVULANNRIANULUILAY (Calculation of axial forces)
ﬂI'VU’eNLLNG]'WlILL‘U’JLLﬂ‘L!‘UZL!%VT'Wﬂ’]ﬁ/l(ﬂﬁ’e]Uﬂ’]iVlUﬂ’]iéjﬂ’N‘ﬂi mmmmlﬁ@faﬁ

(2.68)
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N2
Fax:ﬁ.azxx((—gzi)x x ;,1@(1+7‘%’A2—)2x( 0)x 2x()Px 0 (269
(H"w)

Tne
d A9 AUNINVBIVBUILUTEUIANUSDUNAN
a;, a, A® ANUNINMINLUISAYeIRaIN

2.6.4 MIAUIUAIYIFUEAATH (hoop stress) YENARBUNITNUNITANINAS A1NTavla
i

>¢

NxT
Hw

07 = 0.314x(———)x Dy x J x 12 x (kx2)? x 1070 (2.70)

[GEL
& 2
G, Ao guawsa (N/mm’)



unii 3
YUADUNTITDBNLLUULAZNSNAdDUNLIDLUAS

Tuuniazuanstunouniseanuuy wadalnllunisudumsifines waznsveaey
nifouvadliinildluszuudiming vesmsluihdruginig nmsneaeunsiouvasing
8UsENBUAIY NISNAFBUUTEIN ANSNAFDULANIELUY LALNISNAADUNLAY Laedl
sreandunsad

3.1 funauniseanuuuvsioulas

Tunseenuuuniouladlviiinduimnsgenuuuasrhmsinudeimunsisazden
(Specification) vesvifoulasuazdoyasinsg Aewhmssenuuuiilefiaglrldnadnivesnis
sonuuukazihlundanauasnsldnaantiduluaumasgiunazauninudeinislunis
Tinutumeunisoanuuy wagdiangimimedvomifoudadlnihilfluszuudming
wisvrnmaihdeyaiiuduresnisesnuuy  svhmsswmeenuuuiiuiinddanasdiu
USYNOUANNIOIMAUIAAN  DONLUUIAAIALAYALIULAYEIUUTENBUANSY  YIIANSATUIM
ymapaudimsliih Wy merwgadevadliiinaawazanugadevasilivaniifiie
AesiwudBuiiuaud Ussavsam uazliadinasniadu Weldnadndueaniseenuuuiduly
mudermusudiiaasyhnsiuin  warienginniineiiiiedesiummaaounismy
N3EAIIT LayANNUMLTUMEdAssmuInadalaifiviaue Ingagiinsusu
W1SWADTHNY W msUfuituiinFaunundn i AugNaN N UmEN
ANAUALMLILTBAAULSIWIWEN  Nsidenvuieaind niuiuaeed  N1sdenAIAIN
NULUUNTE LA nsidenauIuluaIumge Hudu Fonsdmesivanil
wdsmaroviouaniidy  feghadunisideniuIArenaInf Y ANANTENURINITNLLS
YULANIRT  wazdidamansenusiegumivesvaainrusielvan  UATUNEARINRIANY
Foulvvesnseenuuunaumaielmsife azAoseanwuulviviiauUasiiAinnugaLde
Wesigudduiiuaud Julumudenvueves PEA A1U84SIUMEaRINasHazRnglanTiny
YesunaInUIEamsTardesimmniimssenuuuluLUUIAN  MIFInAaTNTIATIEA
yn51ilimedeineg annsnosuneldegud 3.1
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Initial design
parameter

Optimum design

v

Find no load loss ,
load loss , %z

No load loss , load
loss , %z

Parameter for s/c
withstand
calculation

v

Find Isc , 6 mean ,
Fra, Fax

no

yes

5UN 3.1 Tunaun1sesnuuundowUasiiinzaulagnIsAUINM TN YRINTNABUNIT
NUNITANINRT

3.2 nManageaundianuasiniii

mMannaouLludsiiddny ieiduirdosfusuisnuninueansiineiosnuuy
LarAMAMUDIMIAwTenAn  viulasiminefiadadendntufiuiufovsdoninig
nadeuliionTasounuantivesiouUad et nduluamdormuavielsl uazifievh
MITNTATIUU wergUunIniaeg  veadewdasmeinannsaldnuldedislaansie
AmuRanIEFNIANen  flomanfetu  nsveaeundieutasimhedieandenlunis
yaaoudail



28

3.2.1 MsnagauUszd (Routine Test)
nsnaaeulsEivdeudasimiieindannieainsliuaraeswiunmaasuuseann
W30d  AnvaizvasmIaaeuliinnsnaaeufigamiiuindeu(Ambient  Temperature)

581374 10 - 40 °C navesmvaaeuliviunanisnaaeulunaamgiionsdaiansai 3.1

M15197 3.1 aumniansdevasnsuTunanisvaaey

YAYDIRUIUUUINNUD NN aounndensds (°0)
ClassA,E,B 75
Class F, H 115

nMneaeuUsTaissandonlunsnaaoudll
ASINAIANUAIUNIUVDIUNAIN (Measurement of winding resistance)
annsaulsnsiale 2 dnwasdad

1. TAAIANUAUNIUN AL TIAUE

ﬁ]zv‘hﬂ'1ﬁmmmwéfmmuﬁ%’mamﬂaLqumqé”mLmé’ugq Fuduldeuund
(Nominal Tap) titethenfildluifugmuuszneulumsdnamameugadevazinelvan
Tagazynsiaste 3 wia (hsaifidundteudasanuma) udwhnsmanaiy

2. AL UL I U

nsalfSuvsioutasanumanzyinnisiamanudunuts 3 wa udwhnsmeLaas
waglunsaimlunsoutamilana@ 49) ssvhinfruiuniy vewamniEsd al-a2
ey bl-b2)

N139IA9RTIEIULTIAY UaznsIasaudydnualine viatamainiy
(Measurement of voltage ratio and check of phase displacement)

M5ingnsIE@INTINILTOU UNTIAMAIINTIEIUTIUIUTOUTEAIN VAR IALTIAY
39 uazvnauswu  Ieevhmsveaeuynuiivsesmsldnuvesmniiasasnamesniy
nsneaeulngldiriosiiotn Transformer Ratio Meter  wievinistouuseiuniedy
usags udlihadfimosTadussduiimenuussgauasissiuduhaildudunumsng

d@7u(Ratio) ANlAann1snaaaulAIANLAaTIaAaRUle T 0.5%

N3inABNNuALTanI9RsSHAaTAIANNgYIHE ML naaNiin (Measurement
of short-circuit impedance and load loss)

& P ' = ] a o« ¢ o

Junmsmegeuiiemaiauagydevaedtglvan(Load Losses), BufiuAuGanems,
TadmalsnatusasUssdnsnmeemlioudasiiidansewa  Maveaeurlalnedounseiu
lAAINTTUANTAIUAIINAWNGY  MAUUSIRUEY  WaeinnsaneRs(Short  Circuit)
MNIPULTITUAN
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n3inAgeydevacliiilvan (Measurement of no-load loss)

HumseaeuilovAranugadevagliflivan, nssuavarlifinan vemsioudas
Ffifausidu(Rated Voltage) msvaasurilalaetouwssiuifidaudainasine ey
usaFuslaen UL IugHiinsI AR

asnagaulszanladianasn (Dielectric routine test)
annsausndemsnaaouldal
1. MFIAAIANNATUNIUALIN (Measurement of insulation resistance)
Sosewineqeeng 4 el
® SEMINIUAAINLTIUGITUYAAIALTIFTUA (HV-LV)
® SEVINNUARIAUTIIUGITUNTIIRGMIBULUAS (HV-EARTH)
® SI9RAIALSITUIAUNS IR IsTauUas (LV-EARTH)
AUTEAANITNAADUNIAIAIIUA UV URLIUTENTNARNA Yossoulasiionsia
daenuduitognielunsiouvas feruduannaeadumuaiiuremiendassdan
Yosuazdiimnuiutosnnuiunuauiuwemsieulasasiidunn ANANNATUNTY
awufineaeuldazdosdialdesninansied 3.2

A5199 3.2 ANPNNAIUIURNIY (unnglaviudliaes 1000 V %158 2000 V)

LSIAUVBDIVAAIN ANAUAIUNIURUIU(IM ohms)

20°C [25°C| 30°C | 35°C | 40°C | 50°C | 60°C
22-33 kV 1000 | 750 | 500 | 375 | 250 | 125 65

11-12 kv 800 | 600 | 400 300 200 100 50

fnTn 3.5 kv 400 | 300 | 200 150 100 50 25

2. MINAFBUAMNAINULIIFUIINUMETNEBU(Separate-source voltage withstand

test)
gasaluIn1snagauls 2 dnwuzfAe
2.1 Applied Voltage Test 58 High Potential Test

L‘fJuﬂ'1iwmaauamuﬁﬁy’uiwdﬂw@amLLiqqqﬁ’UﬁummmLmﬁ’w, UVARINKIIFITUNTIIA,
YAAIRIINAUNTIRRAZAILA  AunsasnsvedeuLUsilunsnade ULy
gqLLasmwmaauwé’mt,l,iqé’uﬁﬂ@swhmiﬂammﬁumaaummzﬁuLmﬁuﬁuaw:ﬁmwaa
Fams1eR 33 msvedeuliasiuseuialifunar 60 Aund udhanusssunageu
A99819790L57 auuvewideuladludiuniee azesliidems nMmadeuaziio LN
dlowsssunaaeulaiduman
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M13197 3.3 sEAuNsaLIULAEsEEEvsluaMAinand unininve vl

WIIAUGER wsefunuiimun szaevingluainie
KV r.m.s) | wsadumusnuaud ussAunuduadi s
mdsluiluiane | kedudufidinue mga (mm.)
Fuiisuakv rm.s.) kV (peak)
laAiu 1.1 3" = Y
3.6 10 40 60
1.2 20 60 90
12 28 7 757 1257
24 50 1257 225
36 70 170 ¥ 315 *
12.5 140 350 630
123 <— 185 450 830
\ 230 550 1050
245 <— 360 850 1600
TN 505 950 1800

mneg  nssryveioddeanmssedunmsauiuguiunsdimudus
nadidedl
1) “10 kV rm.s.” “30 kV peak” uag “25 mm.” aua1au
2) “34.kV rm.s.” “95kV peak” Wag “140 mm.” AUaINU
3) “150 kV peak”
4) “200 kV peak” Wag “330 mm.” A1UAGU

22 msvedeUAMLAIUReLSIuMTei ALY (nduced over-voltage
withstand test)

UNNTVAABURLIUSENINITOUVDIVARIN, AUILTENINTUVDIUAAIR, AUILTEAIN
AoUduazSTIAETRIRaIn  nMsvageurhlalaedounsuiiidnvazadulndieeiu
pAumethnnigafiruiganinnudiifundissvediogliviliiRnnssuariusivin(Mag
netizing current) snniAUlY - mMavpaeuazdeinussuiTouEiaayiniedosinguls
Tupgreiesaiane  aunserlieusssunedey  Irasmusessunageulifunar 60
wd Fenudliifuaearivesmudiitvuaudanusstunagevaegeninga wn
anudflalunisnageuiirunnnitdesviivesmnudfimuuslimuingaiifesnimus
suildlunmsmageudulumuaunsi 3.1 lagazaesiinanlunsnageulidesnin 15
9

Time of test = 120 X L seconds (3.1)

fi
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lngh
£, Ao anudndida (Hz)
a

dmsuinasianuraInfsuTeINIIAguLandlafwsei 3.4 alulassyinoue
AnuranaaulikansiI M mege vt liiinaeivesruAfInRGoU

AN5199 3.4 LNUNAINUARIALAZDUVDINITNAZFDY

578013 NAIIANABIALATDY
1. (n) AugEaydeiaan + 10% VoIANUENFLTIavIIA
(v) AugaLdevasEIutoY + 15% YeenuaduvasdIutoy

wiazdiulpeiauaydeiain
soslilliuinaeiNivun

2. omsdusen U laidilvan + 0.5% m@qﬁmj’]ﬁguﬁuzﬁqvﬁ

3. DUNLAUTINI9DS

PINADUNWAUG > 10% + 7.5% v99A N0
PINADUNBAUG < 10% + 10% va3Akaly
4. nszualiflvan + 30% Yp9AILIILY

¢ A a = ' = = v
YR InuANAAIALAGeUTLAYTUANA1NINASEy b lunns1ei 3.4 Tiduluany
ToANAeTEnIHANIULTe lUTURDUYDINITTRVY NMINEAVTBNITNAABY

3.2.2 N15NadauRnNIskuu(Type Test)
nsvageulE AN nde oL At ineiaddufissunadowionuiigld
Fasnslimnaey srwazBealunmsnaaeuiised
m‘m%auqm%qmﬁlm (Temperature rise test)
gnansayinsvaasuld 3 35 fAe
® TSsolnanlnuns
® JSuuAnLUA

® J59n2999

Biteululaevhlufeisdmas
msnageuhldlagdmaammenuussiusiuddeussiilifunioulaunseisindiine s
SrurAnugyddldvhiuaaugdssuiammemiouaudvhmsiauasduiindg
UNHHNNY  FINIAIVBINITNARBUAUIARANE) il

® Yagamgivesormanindenlagliineslufinesednaios 2 #  1efigasneg fu

seuntfeuvammsssiulszinanimilwesdiugaesinszuieanuiou danns
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W95 LA NN19INRITLUIEANNS UYL 1-2 LUAS
o Tngaumniivenidiumuui(Top Oil Temperature) YoemsiauUad

¢ Ingauniivasunadn tngldIsn1sAuIalagn1TInAIANATUNIULA IR
MRUNNNAIEUNITN 3.2

R
0,- > (k+0,)-«k (3.2)
2 R1 1

lagd
0, waz 0, Ao gaumgivesunain
k Ao Ameiidla 235 dusunesns wag 225 dmiuegiidey

nsnageulihnmsvnasusieiiosaunseiigamnififisduveniiuduuuanedlu
A0ULAIFINGTIAE muﬂ?ﬁuuﬂawammmﬁﬁLﬁm?ﬁyusuaﬁwﬁumuuuqmamaqﬁfmfj'] 1
st luadunareiiionty 3 dlus anduliinnisvaaeudelulneannseuannaouas
Tvihfunssuaifidavemseulasdndunar 1 alus antulivinisuanunasdnglnoon
W& Iamnuiu Y aaaisuiunaeg ISt mludsunsidienaray
AU B q;mé’fmlwLLé”;@i’mmmqmmﬁmawmammuammsﬁ 3.2 NANISNAFOUNIAN
QmmﬁﬁmaqﬁwﬁuuazﬁumafmLﬂuiﬂmmmiwﬁ 3.5

o

M19197 3.5 gaungiiiindmiuniisudasviingulutiiu

'
a a

gampiluiia (°C)

Y

3

Wnsudauuu (Top Oil) TaiiAu 60
YAAIN laiifiu 65

nsnagdautanizuuuladianasn(Dielectric type test) waniidalasail

® NMsnAapUBNWAdHIHN (Lightning impulse test) seauussnunageullu
TUmunsnsit 3.3

o manaaeulndidneingr nvnaeuidldseyliiluedndunazdens
naaeUlnBENARNT v NS NAEeUIRAE LAY MsneaeUYsEEn
ladlanmsn ualvanusTunAdaUALtesoYay 75 YausItunndau
Tumauusn

3.2.3 NNINAFIUNLAY (Special Tests)
ASNAADUNLAYLILVINNSNAFDUTL B UAIINNUNENAS 19V ULNEIUIAT DIUS DANUN
Hldseanishineaeuadeiunsnaaeuanizuuy MuaziBenlunmmageuilsail
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nsinasluiinvasnszudlaifilvan (Measurement of the harmonics of the
no-load current)

Tngvmsiasanuauaylfuansmuin(Magnitude) vosondludndudevavunsdiu
Usgnounanya (Fundamental Component)

n3indunuaudirsugudvamdoutasanuma  (Measurement of  zero-
sequence impedance on three phase transformer)

Imi’m%mﬁLmusz?é"lﬁugméﬁmmﬁﬁﬁmuﬂmLLammLﬂuiaﬁmiaLWa(BU /1 adle U
way | Aousssunasnszuanldagaunusi)

a a & a . . .
msnadauniawladiannsn (Dielectric special tests)
Wunisnegeuamnunusstsisuniuanudfdsliiivessiangdu nsvegeuden
NN LilBusIRunaaaullduman

ANSNAFBUNITNUNTTAN9T (Short circuit withstand test)
NUDLUAIIZADIMNUABHATIINAIINSOU  LAZNAYIINATRIINAITANINITANYUBNAIE
wilouwlasdailiAnnnenszuaiunsluanan  A158A9asNEUBNDIANIINNITENIIDT
3 ld wazN1IEANRTaNEUEEUY WY
- am93ssEnIeEe(Euln) Auana(dul)
- an29955¥MIeEesana(@ulv) AuA(Earth)
- Smnsasseminailsane(@ul) AUuRu(Earth)
dwunoutanisfuauannsameauderlunisnunsdasasanunsamudey
Ig@ensAuassl

ANUDINTEUAANINITANUINT
annsamualaanauns

U

1= Z + ZS)\B (3.3)
Tned

| A9 NTTUARAINATANNINT (KA)

U Ao ussdufimnunvesaanafimidiansan (kv)

7, fo duiuauddmsasiduiusivnamaiimdiansan (oviureia)
Z. fe duiuaudvasszuulni (leviuseina)
Z. =U/S
U, fip useuismunvesszuUlnin (k)
S

A o w

Ae Masliiusnganeasvasszuulni (MvA)
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299 A1VDINTLHAAAINTAUNING
fdlemnasdusgredurialraniglunisiuin@e 2 Jui

nsmuInA1vesanmgiitadegedn (0,) Wetufivaain

AvetgamgliiusureIvaaIaneunsanis (0, MmuwinldlaeuinAvesgumad

De
=D

a

-paumgivesannialagseuigenlvilauings

'
a

-pumiindumuaMznsidundmue  FedalagisTaaumuniuvselden
Ui iinAugsandmsvunaInnulssiandanauiulii

Y

Avesgamgiindgean(0,) ntuiluaaiavdsannmadmees  donseuadnans
aunas ansnsadaldanaums luund 3

e O, fiewndls  azdedaliifuandidivun dwmsed 3.6 Faduailag
dsmn iflesonenudumnuiisdunugamgilaedlémilidnisgandunnutouves
Sanaunnlwihviethiufidudadiulany

M13197 3.6 AN NNveulAlANINTIgAveIRUN)TRALUDIUARIANEINTENIAT

AUnNsELaanIasaNtng (0,)

gaungivesianauiulii Aasgaues 0, (°C)
Usstan A (Class A)
°Q) UAHIANBILA nanegilife
105 250 200 *

vaeing * onnnasiudu 250 °C Ald dlassasnvesunaIndauudus
nnatisanaledithegluanimeuseuiud



unii 4
NANNITIDNUUU NISNATDULLAZNANITNAEDU

Tuunisuanannivedsg  Aldnmasenuuy  FBnmedey  waskanIsvadeu
ysfouvaslifililuszuudmirevesnisinihdiugiann wiowdasihsnveaeuduin 3 e 50
Hz 22000-400/230 lias Dyn 11 #WAawuim 160 KkVA, 250 kVA uag 400 kVA
HANNTOBNUUULALHANTINABULARIR T

Tummegeudsedlinerinusil  asvihnisveaeumaaugaduvemsiauUasaglil
Wian uazaizdnelnaniifiin 1995n15MaaeU AegUN 4.1 uag 4.2

Y

JUT 4.1 2sasnaaeundeuUasvuylifilvan

5UN 4.2 19snaaeuvdewlasuairdnglvanfiiinlaeIsdanieas

4.1 Nan1sNaaauUsEan

paagUanantAneliidl  9nmsnegeuUsEinvemtowdadlnihnlavinisesnuuuaiy
wadalya vilawUasrunn 160 kVA, 250 kVA wag 400 kVA wandlananisnen 4.1
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M990 4.1 wansedeuUsEsvsanadiniin 160 KVA, 250 kVA wag 400 kVA

Ainndowas
160 kVA 250 kVA 400 kVA
Anugaydsvazliiilvan (W) 327.0 439.0 610.0
AugayLdsTilivan (W) 1881.0 2686.0 3949.3
Builuawd (%) 4.37 4.23 4.32

RN8LUA : S188BUANINAFDUUTLIN ﬂ?iﬂ@ﬁ@qu%QﬁL‘WilLLﬁ%ﬂ’ﬁVl@ﬁE]‘U BIL LaAIAINIANLIN

N BATNTIANUIN U

4.2 nanInadauAIAUgydsuazauniivamidoutas 160 kVA uag 250 kVA
Mntunsulunisesnuuunarieszimived fuanduunil 3 nadnsannsesnuuy

HAZAATIERNITITLN DA FIMDINANITNAADUUTEIN NTVAFOURNE LagazyinnIsiasuLieuiy

wioulafildsenuuulimufuiilavinnsesnuuul Tnouandlgsed

s 4.2

[y

regulation) NU

nmMswisuiisunanisadeurilonlasioonuuuseningeenuuuliiiy  (original
fvanuuulni (new regulation) vsniianUas 160 kVA

Parameter 160 kVA
original regulation | new regulation

1. No Load Loss(w)

-Guarantee 360 360

-Test 332.70 327.00
2. Load Loss(w)

-Guarantee 2100 2100

-Test 1990.30 1881.00
3. Total loss(w) 2323.00 2208.10
4. Hottest-spot of top oil. (°c) 73.00 72.00
5. Hottest-spot of H.V.wdg. (°c) 89.67 871.27
6. Hottest-spot of L.V.wdg. (°c) 88.28 84.87
7. Top oil Temp rise . (°c)

-Guarantee 60 60

-Test 47.90 43.00
8. Winding Temp rise . (°c)

-Guarantee 65 65

-HV. Winding 61.67 60.77

-LV. Winding 60.28 58.37




A9 4.3

[y

regulation) NU

NSSeUgUNaNISNAARUNLBLUaINDBNWUUTENINgaankUU LAY
fvenuuulud (new regulation) vesnsdaluas 250 kVA

37

(original

250 kVA
Parameter original regulation new regulation

1. No Load Loss(w)

-Guarantee 500 500

-Test 478.50 439.00
2. Load Loss(w)

-Guarantee 2950 2950

-Test 2852.00 2686.00
3. Total loss(w) 3330.50 3125.00
4. Hottest-spot of top oil. (°c) 80 75.00
5. Hottest-spot of H.V.wWdg. (°c) 87.10 82.44
6. Hottest-spot of L.V.wdg. (°c) 87.90 83.30
7. Top oil Temp rise . (°c)

-Guarantee 60 60

-Test 48.90 44.00
8. Winding Temp rise . (°c)

-Guarantee 65 65

-HV. Winding 56.00 51.44

-LV. Winding 56.80 52.30

4.3 W1513MBIIINNTTODNLUULAZVUSNATIUNITNUNITANINTS

WISRMDIINNITODNLUUNUINATUIUMINI SRR DI VULYIAGDUNITNUNITANIIDT

circuit withstand Test) LLamﬁﬂmiNﬁ 4.4 ay 4.5

(short
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a159f 4.4 wisfiwesanniseenuuuithindnuminesuneaaey  short  circuit
withstand ngianuasuum 160 kVA
Parameter original regulation new regulation
HV side LV side HV side LV side
Reactance (%) 3.70 - 4.20 -
Resistance (%) 1.20 - 1.22 -
Per unit impedance 3.89 - 0.0437 -
Resistance per phase at 75 34.15 0.00832 36.39 0.008451
deg. C (ohm/phase)
Winding height (mm) : Hw 360 385 340 340
Number of turn per limb : N 4700 a7 4500 a5
Current density of winding 2.34 2.14 2.55 1.56
(A/mm’) : J
Mean diameter of winding 234 162 254 176
(mm) : Dm
Radial of winding 1 : al - 21 - 16
Radial of winding 2 : a2 28 - 36 -
Width of main duct (mm) : d 10.5 10.5
a5l 45 Wsfiwesainmsesnwuufiiunduunsfmesvasnadeu  short  circuit

withstand 250 kVA

Parameter original regulation new regulation
HV side LV side HV side LV side

Reactance (%) 3.83 - 4.04 -
Resistance (%) 1.24 - 1.24 -
Per unit impedance 0.0398 - 0.0423 -
Resistance per phase at 75 19.24 0.004995 20.14 0.004674
deg. C (ohm/phase)
Winding height (mm) : Hw 400 425 353 375
Number of turn per limb : N 4000 40 3300 33
Current density of winding 2.14 2.33 2.14 2.29
(A/mm?) : J
Mean diameter of winding 250 174 277 195
(mm) : Dm
Radial of winding 1 : al - 21.5 - 24
Radial of winding 2 : a2 30 - 31 -

Width of main duct (mm) : d

11

11




4.4 NANISATUIUNITINNDSVUZAN935VBIMLBUASLHAN
Naﬂqﬁﬁ']U'Jm‘W'ﬁ']ﬁL@@%Tm%ﬁ@'ﬂﬂﬂiﬂ@ﬂ%ﬁ@LLUaQ‘l‘V\I‘WW‘U‘NWG‘I 160 kVA wag 250 kVA LLaG‘IQ(’#ﬂ

91’13’1\1‘17]' 4.6,4.7,4.8 LL’d%Wﬁ’N‘ﬁI 4.9
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MINA 4.6 HANITAIUIULIHALOUNANEATNEVUENAROUNTNUNITAR DTV BUUAIUUA

160 KVA fMULIISIUE

Parameter original new % difference
regulation regulation

Asymmetrical short circuit 119.95 109.95 9.09
current (A)

O mean 23.38 22.34 4.65
Radial force 715.40 657.52 8.80
Axial force 47.71 42.14 13.22
Final winding temperature(oC) 154.83 145.52 6.40

MIN 4.7 HANTAUIMLIUALOUNNEANE VUL NIARRUNTNUNTANNITVDIMIBUUIYUA

160 KVA $11ULS9SuA

Parameter original new % difference
regulation regulation

Asymmetrical short circuit 11426.93 10474.51 9.09
current (A)

G mean 13.19 10.66 23.73
Radial force 420.30 396.76 593
Axial force 26.41 24.86 6.23
Final winding temperature(°C) 146.18 139.39 4.87

M990 4.8 HANIATLINLIIUAYOUNATEATNEVUENAFBUNITNUNITAN DTV BUUAIUUA

250 KVA ANULIInUEs

Parameter

original new % difference
regulation regulation

Asymmetrical short circuit 183.27 174.92 a.rv
current (A)

O mean 26.12 23.95 9.06
Radial force 1162.03 879.09 32.18
Axial force 73.69 66.14 11.42
Final winding temperature(oC) 144.23 139.50 3.39
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MTNA 4.9 HANTAIUIULIHALOUNANEANEVUENIAAUNTNUNITARIITTVDIVIBUUSIUUA
250 KVA AULSIAURN

Parameter original new % difference
regulation regulation

Asymmetrical short circuit 17459.05 16664.06 a.77
current (A)

G mean 17.75 16.18 9.70
Radial force 690.82 528.69 30.66
Axial force 41.50 37.76 9.90
Final winding temperature(oC) 152.01 144.80 4.98

INANS1T 4.6, 4.7, 4.8 warms1i 4.9 asiuiwasnmsoenuuulmizyilimstines
Fifedestunimedeu  nisnunsansasanasanmsoenuuuludnvasiy dadulusudeuls
wefialndaeanisesnwuuniieulasiiiiauefonseonuuukasUsumsfmesanae 1zfoteonwuy
Tindlouwlasimeanugads  Weoidudduiiuaud Julumudedvunves PEA  A1vesusswy
891995 LazeUnNLgnvng YOsUnEaIATRTaNasITSasiammniniseenuuuluLUURY
ANUDSIUUARINULANAITIUATT andusviglunsinaulaimavesniseanwuulutdazyinli

[

wilowUaadlaussous uazUszansam Avuuandulumudaiivun uazunasgiuiinivue

4.5 nan1magauaMuiiuvasduniialvan
HANSNAFBUEMVTLYRIUT ALY 160 KVA NfiiAlvan 5811319 original regulation fiu
new regulation kaneRsgua 4.3

= new design

g 0]d deSigN

01 2 3 4 5 6 7 8 9 10 11 12

Hours
U 4.3 wamsvadeuuuiiiiuvesidiumiuuy 160 kVA Niiialvan

Han1sVadeUguMTiiuvaniiun iUl 250 KVA Wiiialvan se13Ne original regulation fiu
new regulation uaRIRsFUN 4.4
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el New design

g 0dl design

01 2 3 4 5 6 7 8 9 10 11 12

Hours

UM 4.4 nanmsvaaeuauniiliiuveaidusuuy 250 kVA iiiialran

4.6 NM3WTULTBUNAIINNITNAFIUAIANNGYLHE JUUATLINUYDIUARIN
tazunduvaInianuastiin

nswIguifigunaaINNITNAdRUAIANNGYLEY  QuUNIINYeIAaIn  waziduvemiiauyad
Irirvurn 160 kVA and 250 KVA 581318 original regulation fiu new regulation u,amgﬂﬁ 4.5,

4.6, 4.7, Loy g‘dﬁ 4.8

Watt
4000 -
3000 -

2000 -

B Old design
1000 -

ONew design
0 L | | |
160 kVA 250 kVA

Capacity (kVA)

sUN 4.5 nsSeuimgunaInNIsadeuAIANgadesEnINe original regulation U new

regulation

Temp. (°C)

62 [
61 |
60
59 F
58 1
57 |
56

Old design

ONew design

HV. Wdg. LV. Wdg.

Winding

sUN 4.6 nslUSeuisunanisnageummaumiliiiuvemiaulas 160 kVA s81I1e original

regulation U new regulation



a2

B Old design

O New design

HV. Wdg. LV. Wdg.

Winding
U 4.7 asmldSsuifigunanmsnageumagamiliiiuvemilaulas 250 kVA 581319 original

regulation AU new regulation

Temp. (°C)
50 ¢
48 |

46

44 |

40 0ld design O New design

40

160 kVA 250 kVA

Capacity (kVA)
UM 4.8 nylilSguiigunanmisnageumagamiliiureniigiy vifoudasuin 160 kKVA uag 250

kVA 521174 original regulation AU new regulation

RA8LA S18ALLDYANANITNAZDUNLDUUAUEAIFINIA WUWIN N WAE AIANWIN U

4.7 HAMNNTTIDAUUU N1SNAFBU Lazkan1snadauvdaudasininvunn 400 kVA

warluinendnust  Seldmslouvadlaihfldlussuudmisvesnslaiduginiaun
400 kVA 3 i@ 50 1B4m 22000-800/230 Taadt Lame$nFu Dyn 11 Gudumifoudasidnislédmou
N tUlSIURNAIMNTTUNWIINITORNKUULALIAT BTN Tmesua WM mageulsedn  uaglel
AndamoslududadmivTngamgivesnamnuazinduluiundesingg wanafegudl 4.9 wdwhms
yageUmMeamiiififalvan 19snsmagey faguil 4.2 Jeyaimluvessioudas uansdannsnsd
4.10 wansvndey uanslddall



51971 4.10 Feyavinluveamsiontas 400 KVA

Capacity(kVA) 400
High voltage(V) 22000
Low voltage(V) 400/230
No. of phase 3
Frequency(Hz) 50
Vector group Dyn 11
Impedance(%) 4.0
Insulation Class A
I - S
T Top oil c e & c ‘E @
32cm I; g ; ; ;
~ CORE @| ~= F 5
- = .V\.\. AN
o110 g
AR O R
13.2 cm --.-- - ) . y o ---.- @
53 cm . '\_N'b »'A_/'f( [ N
- el ililell e
26.5 cm = -\N» n/ .
13.2 cm =2 @\ /@) \®
T‘ II\
& I Hy. | @
20 cm . .
I winding
J L.V. winding

Front view

5UN 4.9 nisdnnunesluddidandmunissine vewloulainagauvuin 400 KVA



Temp. (°C)

60 1
50 -
40
30 +

20 4

aq

Time (hours)

UM 4.10 HaN1SVAERURMNYIVARIANIULTITUIMULN 1, 2, 3, 4, 5 uag 11

Temp. (°C)

80 -

70

60

50

40

30

20 4

10 4

Ambient Temp.

0 T

Time (hours)

JUN 4.11 HANSNAADURUUANUARINMUSIRUAIAIUUT 6, 7, 8, 9, 10 ULazaanilwinaey

VUTN&DU
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Time (hours)
gﬂﬁ 4.12 mamsmmaauqmmﬁﬁuaqﬁﬂﬂuﬁﬁﬁLmu'q 12, 13, 14, 15, 16 wag 17

Resistance (€Q)

10.90
10.80

10.70

10.60 Y
10.40

10.30
10.20

10.10
10.0

—&— Resistance of H.V.-Winding

0 1 2 3 4 5 6 7

Time (min)
JUN 4.13 HAMTINAUAUNIUYARINKTIAUED 04 QsA b

Resistance (m{))

1.22
1.21

1.20
1.19 J——
1.18 ﬂ\‘\ckﬁ.:.

+—e— Resistance of |[L.V. Winding

Time (min)

JUN 4.14 wanTInANUAIUINUIATIARTIIUAT AR LN



A a

M1919% 4.11 wan1svede U ininalnanvamidoulasuun 400 KVA

Capacity(kVA) 400
No load losses(W) 610
Load losses(W) 3949.3
Total losses(W) 4559.3
Hottest spot of top oil(°C) 73.0
Hottest spot of HV.wdg. (°C) 76.7
HoﬁeﬁspmxﬁLVM@gioQ 78.8
Top oil temp. rise(°C) 42.0
HV.wdg. temp. rise(°C) 45.7
LV.wdg. temp. rise(°C) 47.8

N1513LNIANNSNAEDU

PNWANINAABY @1115amdmesiasad

1. gungivinvasvnadn (O, ; [2, 4] suussgiudanliiiv 65 °C)

2. gaumgiiveafuduuy (©,)=73 °C mumasguilaliiu<105 °C)

3. goungivinvestiu (O, = 42 °C anunnsgudiabiius 60 °0)

U

M13197 4.12 NanSAIAIVILA YRR IAVdawUAEIn 400 KVA

#

LV.winding | HV.winding
O, o 31.00 31.00
Ru (€2) 0.00103 9.13
®,, o 78.80 76.70
R, (€2) 0.00122 10.82
®,, °0 47.80 45.70

Temp. (°0)

45
40
35
30
25
20
15
10

Hours

o 1 2 3 4 5 6 7 8 9 10 11 12

A a

4.15 wavaaeugviiiuvesdlduiuuL (Muvdi 17 3993 4.9) nifialvan

a6



ar

NSWIBULTIEUNANISANINTUNANITNAHE UM NN TOUEAUDIUARIANTDUUAIATUL TSN
LAZLTIRUAITENINHAN TNAFRURUNaNISAIMATIRAIAA uanalaragui 4.16 uaggun 4.17

Temp. (°C)

80 -

70
60
50
40
30 4

20 - ——8— Practical =——s— Calculated

10 4

[
—
(S}
w
~
w
=N
-
0
el
—
o
—
jt
—_
S

Time (hour)

JUN 4.16 nswSeuiieuanngiyniougavesunainusdium (O,)
ENINWANTNAADUAURANIALITTIRALYAR

Temp. (°C)
80
70 |
60 -
50
40 -

30 +

20 ——&— Practical =——s— Calculated

Time (hour)
Ul 4.17 msFsuiisugumnligafeugnvesnamnusiiugs (O))
SeiNanIIedeURURaN A naiiRAalan
NUBLAR:

2/ v o

1. 3U71 4.16 uar 4.17 guugiwindeniian = 30 °C Wieldlunsvhwesamalignseugauosdio

(®,).



A15197 4.13 N1SWUSHULTIBUNANITORNLUUML B U TERINILUULAL(original regulation) AUYIN
nseonuuulnt(new regulation) miloulasuuin 400 kVA

Parameter

400 kVA

original regulation

new regulation

1. No Load Loss(w) - Guarantee 720 720
-Test 700.5 610.0
2. Load Loss(w) - Guarantee 4150 4150
-Test 4040.3 3949.3
3. Total loss(w) 4740.3 4559.3
4. Hottest-spot of top oil (°c) 81.0 73.0
5. Hottest-spot of HV.wdg. (°c) 88.3 76.7
6. Hottest-spot of LV.wdg. (°c) 89.8 78.8
7. Top oil Temp rise (°c) - Guarantee 60 60
-Test 51.0 42.0
8. Winding Temp rise . (°c)
- Guarantee 65 65
- HV. Winding 60.3 457
- LV. Winding 61.8 47.8

A5 4.14  W151THBTIINNITOBNLUUNUINIATLIUINISITMBSUENAFDU

withstand nslawUasaunn 400 kVA

short

Parameter original regulation new regulation
HV side LV side HV side LV side

Reactance (%) 3.77 - 4.18 -
Resistance (%) 1.11 - 1.10 -
Per unit impedance 0.0393 - 0.0432 -
Resistance per phase at 75 11.82 0.00146 11.05 0.00125
deg. C (ohm/phase)
Winding height (mm) : Hw 425 465 365 385
Number of turn per limb : N 2700 27 2600 26
Current density of winding 2.38 2.61 252 2.48
(A/mm”) : J
Mean diameter of winding 285 207 162 212
(mm) : Dm
Radial of winding 1 : al - 22 - 23
Radial of winding 2 : a2 31 - 30 -
Width of main duct (mm) : d 12 11.5

a8

circuit
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NANNSANUINNIS NSV ANV anUad AU 400 KVA  LARISERNSI9N 4.15
LATANIINN 4.16

MTNN 415 HANITAIUIULIHALDUNANEANE VL NAROUNITNUNITARNITTVDIVIBUUSIUUA
400 kVA ;NUKSIAUES

Parameter original new % difference
regulation regulation

Asymmetrical short circuit 304.57 285.20 6.79
current (A)

Omean 34.53 34.40 0.38
Radial force 1491.49 1351.47 10.36
Axial force 99.45 98.80 0.66
Final winding temperature(oC) 155.55 151.65 2.57

A1TNN - 4.16  HANITAUILIILALOUNNTAATINEVUENAAOUNITNUNNTININDTVRIMDUUA UL
400 kVA AULTIFUA

Parameter original new % difference
regulation regulation

Asymmetrical short circuit 29015.09 27169.38 6.79
current (A)

G mean 23.77 22.32 6.50
Radial force 892.06 848.97 5.08
Axial force 62.69 59.26 5.79
Final winding temperature(oC) 166.73 150.09 11.09
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Temp. (°C)

15 + =—@=— New design === Original design

Hours
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Watt

4500 -
4000 -
3500 -
3000 -
2500 -
2000 -

1500 - @ Original design
1000 -
500 -
0 -

O New design

No load loss Load loss

Loss
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o
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& Original design

0 New design

Winding
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transformers by using top-oil temperature rise
models. In addition, [6] described the application of
finite clement methods  for  determining  the
distribution of losses over windings and determining
the value of the hot-spot factor and hot-spot
temperature. Researchers in [7] and [8] revealed that
external short circuit can produce high current in
transformer winding and create high internal forces
which are the major cause of damaging transformer.
Moreover, [9] has found the impact of transformer’s
losses from harmonics which can deteriorate
transformer lifetime. Hence, it can be seen that
many researches aimed focus to transformer’s
lifetime analysis and study. Researchers in [10] have
proposed an assessment on aging model of
IEEE/TEC standards for Oil-Immersed transformer
by using thermal model to analyse the behaviour
transient thermal performance while [11] has
defined the smart meter functions required to
accurately assess the aging of distribution
transformer according to IEEE Std. C57.91 and
(C57.110. Although many articles have been studied
and focus on distribution transformer hot-spot
temperature and lifetime, however, no one has been
considering the design of DT which includes
features to withstand the loading and short circuit
conditions among the integration of various
renewable generations mixed.

Therefore, this research is not only present new
design methods of distribution transformer but also
implement the testing, evaluating, and analysing the
winding temperature on various loading and short
circuit conditions of an oil-immersed distribution
transformer. Then, based on analysis results, this
research proposes new techniques for improvement
and development of distribution transformers design
for power system security enhancement and extend
transformer’s lifetime.

2. Method of analysis

Typically, the winding insulation aging depends
on the thermal inside the transformer and operating
time. The degraded insulation usually occurs at the
hottest spot temperature. Therefore. in this study,
main focuses aimed to these followings:

2.1 Specific parameter from a transformer
tem perature rise test

In Thailand, the Provineial Electricity Authority
of Thailand (PEA) [12]. who responses for almost
90% of distribution system in the country, has issued
the regulation and limitation of distribution
transformer  parameters  within - specific  range.
Details of each parameter are shown in following

International Jowrnal of Intelligent Engineering and Systems, Vol 11, No.6, 2018
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equations:
2.1.1. Average winding temperature rise [13-15]
Oy~ 3Gy (1)
Rt2
By2= Ril (‘h’ Oywi ) -k 2
Where;

& is average winding rise, °C

€, is ambient temperature, °C

G, is initial average winding resistance, °C

@, is average winding resistance at shutdown, °C
R:; is winding resistance at ambient temperature, £
R is winding resistance after switch off (graphical
extrapolation),

k= 234.5 for copper, 224.5 for aluminum

2.1.2. Top oil temperature rise at rated load
@m' @{J'@a 3)

Where;
&, is top oil temperature rise at rated load, °C
@ 1s top oil temperature at rated load, °C

2.2 Parameter from transformer short-circuit

During short circuit condition, following critical
parameter need to be calculated [16]

1250

==
7

4

Where;

t 1s short-circuit current duration, in second

I = LJ/Iz is symmetrical short-circuit current. in
multiples of normal base current

Remark: less than 500 kVA. However, for the larger
transformer, the duration of the short circuit should
not exceed 2 seconds by default.

2.2.1. Shori-circuit current calculation [13, 16]

The short circuit current calculation can be
caleulated as following equations.

1. Symmetrical current can be found from the
equation.

Ip -
"bt’=—7 = (5)
ity
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-tk
Isc ={Zx{l+e X )M%) (13)
Where;
Iph is Rated phase current
R is % Resistance
X 1s % Reactance
FEz is Per unit impedance

2.3.2. Calculation of radial forces

Axial leakage flux interacts with coil current
generating radial force (F,4). Radial flux component
interacts with coil current generating axial force
(Fi:). Both forces directly damage transformer coils.
In normal operation, the forces are minimal, but if
the transformer experiences short circuit conditions,
current and magnetic force will become very high.
Thus, short circuit current must be considered when
designing a transformer. The radial force can be

obtained from Eq. (14)

ﬁ\r«ﬂ?
H

w

Fg=0.628%[ P Dy r? < (k2 ) % 1076

¥

(14)

Where;
Dy is mean diameter of the pair of windings, mm.
H, is geometrical average length of windings, mm.
N 1s number of winding electrical turns, mm.
I is rms value of winding current, A
r= 1/EZ is overcurrent factor
-TR

A==, ;

k=fl+e X " ]is peak amplitude factor

2.3.3. Calculation of axial forces

The value of axial force at short circuit withstand
test can be calculated by Eq. (13)

w12

H2w
s (2K-D 522 P 41070

2 qxDy g+ 22

Fpe=0.628%[ 7

EE &)

Where;
d is width of the main duct
ay. a: are radial width of winding
The wvalue of hoop stress at short circuit
withstand test can be calculated by Eq. (16)

N
F

<]
o =0.314x[ J#DyJ 52 (el 2 P 21078 (16)
W
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Table 1. Maximum permissible values of average
temperature of the winding after short eireuit (8))

Transformer Insulation Maximum values of
Type system 2
temperature | Copper | Aluminum
CC)
Oil-immersed 105 (A) 250 °C 200 °C

Remark: Refer to [14, 17, 19]

Where;
o is hoop stress, N/mm?

2.4 Calculation of the final winding temperature
according to IEC standard

The highest average temperature & of the
winding after short circuit can be caleulated by Eq.
(17

For copper
2(6,+233)
o=0,+—120000 __; (17
Jet
Where;

8 1s the initial temperature, °C
J is the short circuit current density, A/mm?
t is the duration, seconds.

3. Transformer testing procedures and
tested results

3.1 Test procedures and results

For better test results and accuracy, during the
transformer temperature test, following procedures
are carefully prepared and implemented [18, 20-21]:

1. The tested transformer is sealed type oil-
immersed distribution transformer of 400 kVA 3ph
50Hz 22000-400/230V Dyn 11.

2. Figs. 1 and 2 show the tested circuit of
transformer open circuit and short circuit test
respectively. Then, Fig. 3 shows the installation of
type K thermocouples at the different points of
transformer windings.

3. In test procedures, the increasing voltage
supply at high side until the total loss (no load +
load loss) was constant at 610 + 39493 = 45593
Watt, from open circuit and short circuit test.

It can be seen from Fig. 4 and Fig. 5 that both
temperature on low voltage winding and high
voltage winding tend to be constant after 12 hours of
loading. Morcover, result clearly revealed that the
winding temperature obtained from type K-

DOT: 10.22266/j1es2018.1231.02
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Remark:

1. In Figs. 10 and 11, the assumption for ambient
temperature is 30 °C when calculated hottest spot
temperature of conductor (Gy).

2. From [16, 18], (@) < 140 °C and () < 80 °C

3.4 Comparison of short circuit withstand
parameter between traditional design and the
newly proposed design

In this comparison, the traditional transformer
design parameters [12] will be compared to the
newly proposed design procedures of distribution
transformer which already considering about
improving short circuit capability. The newly
proposed procedures in Fig. 12 will provide the new
set of optimum designed parameters. One can find
the numerical comparing result in Tables 4-8.

Initial design
parameter
Optimum design

Find no load loss |
load loss | Yz

No load loss |, load
loss , %z

Parameter for s/c
withstand
calculation

Find Isc , 6 mean ,
Fra, Fax

no
yes

Figure. 12 New proposed design algorithm and procedures
considering short circuit withstand capability
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The top oil temperature rise comparison between
original regulation and new regulation of 400 kVA
transformers at rated load are presented in Fig. 13.

It is clear that the new proposed design
parameter will offer the lower temperature raised
compare to the original design regulation.

Although the newly proposed designed
algorithm for distribution transformer will offer the
benefit in improving the short circuit current
capability which will offer more system security. On
the other hand. for the distribution utility side and
consumer side, transformer losses and transformer
lifetime are still the important concerns. Therefore,

Table 4. Comparison of transformer design parameter
between original design regulation and the new regulation

400 kVA
Parameter Original New
regulation | regulatio
n
1. No Load Loss, W
-Guarantee 720 720
-Test 700.5 610.0
2. Load Loss, W
- Guarantee 4150 4150
- Test 4040.3 39493
3. Total loss , W 47403 4559.3
4. Hottest-spot of top oil, °C 81.0 73.0
5. Hottest-spot of HV.wdg,, °C 88.3 76.7
6. Hottest-spot of LV.wdg., °C 898 8.8
7. Top oil Temp. rise, °C
- Guarantee 60 60
- Test 51.0 42.0
8. Winding Temp. rise, °C
- Guarantee 65 65
-HV. Winding 60.3 457
- LV. Winding 61.8 478

Table 5. Parameter required for calculation at short circuit
withstand test (HV side)

Parameter High voltage side
Original New

Reactance . % 3:77 4.18
Resistance, % 1.11 110
Per unit impedance 0.00393 | 0.00432
Resistance per phase at 75 11.82 11.05
°C , Ohm/phase
Winding height (mm) : Hw 425 365
Number of turn per limb : N 2700 2600
Current density of winding 238 2.52
(A/mm?) ;]
Mean diameter of winding 285 162
(mm} : Dm
Radial of winding 1 : al - -
Radial of winding 2 : a2 31 30
Width of main duct (mm) : d 12 11.5

DOT: 10.22266/j1es2018.1231.02
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circuit conditions which mean it can prolong
transformer insulation and extend transformer
lifecycle time. Therefore, it not only provides more
safety transformer to reinforce power system
security but also provides a lower losses transformer
result in economics benefit for both utilities and end
users in distribution system.
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Abstract

Fault contribution from various sources of mixed
renewable generations creates new operation issues to
many devices and equipment in the new smart grid
system environment. The increase in fault level may
affect not only the relay setting but also the protection
schemes. Moreover, for the distribution transformer,
the higher fault level may lead to deterioration of
insulation winding and shorten the life cycle of the
transformer. In addition, the short circuit force and
stress in low voltage winding coil will also damage the
shape of the coil Therefore, in this research, we
propose a new assessment technique to calculate: 1)
short circuit force, 2) stress in low voltage winding and
3) transformer winding temperature under fault
condition for a 160 kVA transformer with 3 phases, 50
Hz, 22kV-400/230V, Dyn 11. This 160 kVA
transformer is considered as a popular size of
distribution transformer in the mid-size industries in
Thailand. Many key characteristics of tested-
transformer will be compared and analyzed when a
short circuit occurs, such as oil temperature, inner
pressure of the transformer and winding temperature.
Typically, following TEC standard, the processes and
expense to have a short circuit withstand test on one
distribution transformer 1s rather complicated and
expensive.  Therefore, with the newly proposed
methodologies, one can have a simplified and low-cost
design method while giving a better result for
transformer insulation to increase the lifetime of
distribution transformers.

Keywords
Winding temperature, Short circuit withstand, Hottest
spot temperature, Short circuit forces

1. INTRODUCTION

When a short circuit oceurs while a transformer is in
operation, current will get higher. This, in turn, causes
higher temperature in winding coil and damages
insulation. The high current generates force on coil and
the coil will be deformed and damaged. This paper
proposes a method for calculating short circuit force
and stress in low voltage winding, and coil's
temperature during a short circuit in accordance to IEC

standard. We consider a 160 kVA, 3 phases, 50 Hz, 22
kV-400/230V, Dynll transformer which is widely
used in Thailand’s distribution system. The transformer
15 tested during short circuit whereas various
parameters, such as oil temperature, winding
temperature after a short circuit, short eircuit force and
stress, are calculated to improve transformer design
that will improve short circuit withstand capability in
accordance to the standard. A short circuit withstand
test requires high test field power and is very costly.
Therefore, the results from this paper can be used to
adjust various parameters when designing a
transformer, reduce the cost, and extend transformer
msulation hifetime.

2. METHOD OF ANALYSIS

The insulation lifetime depends on the temperature and
operation period. The degraded insulation occurs at the
hottest spot temperature on the winding. If transformer
has a short circuit, the temperature of winding will be
extremely high which may cause the winding to
deform due to short circuit force. As a result, when
designing a transformer, we need to calculate
temperature during rated load, force to the coil and the
final temperature of the short circuited coil. In the
calculation, we consider the following:

2.1 Specific Parameters from a Transformer
Temperature Rise Test

In Thailand, according to Provincial Electricity
Authonity (PEA) standard and regulation, some critical
designed-parameters need to be within the acceptance
range. Details of related parameters are shown in
equations as follows:

A Average winding temperature rise

O = Bz -8, m
Rt2
B=—(k+6, )-k 2
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where

B, 1s average winding rise (°C)

@, is ambient temperature (“C)

By, 1s imtial average winding resistance (°C)

B, is average winding resistance at shutdown (°C)
R, is winding resistance at ambient temperature (£2)
Ry is winding resistance after switch off (graphical
extrapolation)(£2)

k = 234.5 for copper, 224.5 for aluminum.

B. Top oil temperature rise at rated load (8,,), °C
©,=0,- 8, (3

2.2 Transformer Short-Circuit Parameter According

to IEC Standard

A, Asymmetrical short circuit current
The asymmetrical short circuit current will be
calculated as follows:

-KR.
I.=2x(1+e* ’)x(‘f—";’) “@
where
Iph is Rated phase current
R 15 % Resistance
X 15 % Reactance
Ez is Per unit impedance

B. Calculation of radial forces

Axial leakage flux interacts with coil current
generating radial force (Fr). Radial flux component
interacts with coil current generating axial force. Both
forces damage coil. In normal operation, the forces are
minimal, but if the transformer is in short circuit,
current and magnetic force will become very high.
Thus, short circuit current must be calculated when
designing a transformer. The radial force can be
obtained from:

aoe? 2
Frad =0.628x( VT Dy *r
Hw
<22 %1078 () )

where

Dy 15 mean diameter of the pair of windings (mm)
H.. is geometrical average length of windings (mm)
N 1s number of winding electrical tums (mm)

I is rms value of winding current

o ! is overcurrent factor
EZ
=-TR
( ) ]
k=(+e¢ X ) ispeak amplitude factor

C. Calculation of axial forces

138

The value of axial force at short circuit withstand test
can be calculated by

2
Fyy =0.628x (M)x =Dy w(d +m)
(H™w) 3
2 -
2K -Dxr2 227 51070 ©

where
d is width of the main duct
@y, 8, are radial width of winding

The value of hoop stress at short circuit withstand test
can be calculated by

M=l

Gy = 0314 (—)»Dyy w1xrZ wlead 22 51070 ()

Hw

where
O is hoop stress (N/mm?)

2.3 Calculation of the Final Winding Temperature
According to IEC Standard

The highest average temperature 6, of the winding after
short circuit can be caleulated by the equation:

20, +1235)
106000

o=}

-1 for copper (8)
It

where
6, 1s the initial temperature (Celsius degree}

T 15 the short circuit current density (Amperes per
square millimeter)
t is the duration (seconds).

3. TEST AND RESULTS

3.1 Temperature Rise Test

After carefully designed process to obtain the proper
winding, insulation and all transformer’s parameters,
new prototype transformers are assembled. It should be
noted that newly constructed units use class A
insulation (temp. 105 degree C). The transformers are
sealed type oil-immersed distribution transformers of
160 kVA 3 ph 50 Hz 22,000-400/230 V Dyn 11, to be
tested under short circuit condition according to circuit
in Fig 1 and Fig 2. The results from the proposed
design technique are shown in Table 1, and the results
from the test are shown in Table 2 and Fig. 3. The
parameters required for caleulation at short eircuit



139

wnanstiuenansianubidmiunislsnuiionisfnwimitu lweygsinilulysslegununism

lnnsdilag wedu Snvanudlndawdasilon wasnesendaduavesenaisynassinisuiluly



140

wnanstiuenansianubidmiunislsnuiionisfnwimitu lweygsinilulysslegununism

lnnsdilag wedu Snvanudlndawdasilon wasnesendaduavesenaisynassinisuiluly



141

wnanstiuenansianubidmiunislsnuiionisfnwimitu lweygsinilulysslegununism

lnnsdilag wedu Snvanudlndawdasilon wasnesendaduavesenaisynassinisuiluly



142

wnanstiuenansianubidmiunislsnuiionisfnwimitu lweygsinilulysslegununism

lnnsdilag wedu Snvanudlndawdasilon wasnesendaduavesenaisynassinisuiluly



Under this new environment, the traditional power
system will dramatically be changed. These situations can
lead to many impacts on power system operation issues
including: system re-configurations, power flow re-pattern,
protection schemes, stability and reliability issues etc. In
order to prepare for this newly configuration changed,
Provincial Electricity Authority (PEA), the utility agency,
who responsible for the distribution network all over the
country has developed the new rules and regulation
program for any newly installed distribution transformer.
This regulation will require the distribution transformer to
withstand short circuit conditions for more safety and more
reliable on system operation under the mixing intermittent
renewable generations. Typically, after the transformer
experienced with the short circuit conditions, the winding
temperature will radically increase. This high temperature
can deteriorate the winding insulation and shorten the
transformer life time.

Therefore, this paper proposes the method to evaluate
the final winding temperature of distribution transformer
after short circuit condition. In addition, the newly design
technique for choosing and optimizing the proper design
parameter of distribution transformer are also proposed and
recommended.

2. Method of Analysis

The insulation aging depends on the thermal transformer
and operating time. The degraded insulation occurs at the
hottest spot temperature on the winding. In order to obtain
the precisely estimation of winding temperature, necessary
test procedures and key equations will required as follows:
2.1 Specific  Parameters from a  Transformer
Temperature Rise Test

In Thailand, according to PEA standard and regulation,
some critical designed-parameter needs to be within the
acceptance range. Details of related parameter are shown in
equation as follows:

1. Average winding temperature rise

Ou= Bu-0, ()]
Rt2

Oy = —= O -k 2

i k+@y ) @

where

@\, 15 average winding rise, °C

@, is ambient temperature, “°C

B 1s initial average winding resistance, “C

B, s average winding resistance at shutdown, °C

Ry 1s winding resistance at ambient temperature, Q

Ry is winding resistance after switch off (graphical
extrapolation), £2

k = 2345 for copper, 224.5 for aluminum

2. Top oil temperature rise at rated load (8,,), °C
Bu=8,- O, 3)

2.2  Parameter from Transformer Short-Circuit

According to ANSIIEEE Standard

In the analysis of transformer short circut conditions,
one needs to calculate various parameters of the following
equation.

1. Short-circuit current duration shall be determined as
follows:
1250

1= @

where
t is short-circuit current duration, in second
l‘iC

T ]' is symmetrical short-circuit current, in multiples

R
of normal base current

NOTE:

Equation (4) applies to no larger than 500 kVA
transformer at the transformer that 1s larger than the
duration of the short circuit should not exceed 2 seconds by
default.

2. Short-circuit current calculation shall be as follows.
2.1 Symmetrical current shall be determined as follows:

I
R
Ise= ., (5)
oy +2g
where
Ip is rated current, in rms amperes

Zr is transformer impedance, in per unt
Zg  is impedance of the system, in per unit

NOTE:

This paper discusses short circuit the terminals of
the transformer without charge on impedance of the
system. (Short circuit current is maximum).

2.2 Asymmetrical current shall be determined as
follows:

ISC(pk asym) = KIsC (6)

where
K=+ Wm0 s w2
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e 15 base of natural logarithm
115 arctan %/t | in radian
/1 is ratio of effective alternating-current reactance to
resistance, both in chms
2.3 Calculation of winding temperature during a short
circuit
The final winding temperature (Ty) at the end of short

circuit shall be determined as follows:

Tp = Ty + Tg).mil+ E+ 0.6m) + Ty (@)
where
{we it
B — ®
C(Tk i TS)

One should be noted that these equations are the
approximate formulas, and should be restricted to value
s of m = 0.6 and less. For values of m in excess 0.6,
Ty shall be as follows:

Ty = (T + 'rsu[ ML g™ |] , Ty 9)
where
Ty 1s 234.5 for copper, 224.5 for aluminum
Tg is starting temperature. It is equal to:

(1) 30 °C ambient temperature plus the average
winding rise plus the manufacturer’s recommended hottest
spot allowance; or

(2) 30 =C ambient temperature plus the limiting
winding hottest spot temperature rise specified for the
appropriate type of transformer.

¢ is base of natural logarithm = 2.718
E is per unit eddy current loss, based on resistance loss
Wy, at starting temperature

1 .1 T
Ty 'r,] (10)

k*Ts

E=E;

T

E, is per-unit eddy current loss at reference temperature
T, is reference temperature:
= 20°C ambient temperature plus rated average
winding rise.
Ws is short-circuit resistance loss of winding at the
starting temperature, in watts per pound of conductor

wer .“(Tk 'TS\'
Wy =———x[—— (1
M T 4T,

W, s resistance loss of winding at rated current and
reference temperature, in watt

N is symmetrical short circuit magnitude, in times
normal rated current

M s weight of winding condugctor, in pounds

Cc is average thermal capacitance per pound of
conductor and its associated tum insulation, in watt-

seconds per degree Celsius. It shall be determined by
iteration from either of the following empirical equation:
C = 174+0.0225(T+T g+ 1100 A1/ Ac) for copper (12)

C = 405+0.1(T+TrH360(AVAC) for aluminum  (13)

where
Al 1s cross-sectional area of turn insulation
Ac is cross-sectional area of conductor

2.3 Calculation of the Final Winding Temperature
according to IEC Standard

The highest average temperature 8, attained by the

winding after short circuit shall be calculated by the
equation:

_2(911 +235)
6,=6, ,.L;]U‘U_l for copper (14)
It
20, +225)
6, =0,+ L{‘}UU.] for aluminium (15)
It

where

8, 1s the initial temperature, in degrees Celsius

I is the short circuit current density, in amperes per square
millimeter

t s the duration, in seconds

Table 1 Maximum permissible values of average
temperature of the winding after short circuit¢8 ) [1], [5]

Transformer Insulation system | »q 1m values of 6
1
type t ture (°C
P emperature (°C) Copper | Aluminium
Oil-immersed 105 (A) 250°C 200°C

3. Test and Results
3.1 Temperature Test

After carefully designed process to obtain the proper
winding, insulation and those all transformer’s parameter,
two new prototype transformers were assembled. It should
be noted that newly constructed units use class A insulation
(temp. 105 degree C). Those two transformers are sealed
type oil-immersed distribution transformer of 100 kVA and
250 kVA 3 ph 50 Hz 22,000-400/230 V Dyn 11 and to be
tested under short circuit condition according to eircuit in
Fig 1. The results from the proposed design technique was

shown in Table 2 and the results from tested was shown in
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