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ABSTRACT: Accurate assessment of transformer winding
short-circuit strength has important theoretical and engineering
value. To address the issues of underestimation in stress
calculation and lack of experimental validation in traditional
static models based on winding discs, this paper first analyzes
the influence of the stiffness effect of individual turns/strands
within discs and the dynamic shock effect of short circuits on
winding stress. These effects are then verified through finite
element simulation, followed by an analysis of the mechanical
distribution characteristics of the windings. Then, based on the
stress distribution, a dynamic model of partial turns/strands of
the winding taking into account the two effects is established to
evaluate the short-circuit strength of the developed 10kV
fiber-carrying transformer, and compared with traditional
methods. Finally, short-circuit withstand tests are carried out on
the transformer. The results show that individual turns/strands
of discs will significantly reduce the winding stiffness and
increase the stress by more than 90%; under the short-circuit
dynamic force, the deformation of the middle part of the
winding lags behind the end by about 1.2ms, and the
deformation of each part of the disc lags behind the electric
force by about 1ms. The inertial force and deformation
hysteresis cause the stress to increase by about 90%; the
evaluation results of this paper are consistent with the
experimental measurement and deformation trend, but the

traditional method seriously underestimates the short-circuit
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axial risk due to ignoring the winding structure characteristics
and dynamic effects. This study overcomes the limitations of
the static model based on discs and provides an important basis
for the short-circuit strength assessment of transformers.

KEY WORDS: transformer; short-circuit strength assessment;
stiffness effect; dynamic effect; short-circuit withstand test
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Fig. 3 Winding structure discretization and

one-dimensional simplified system

ERTTIEN B TR, A AR
PEBEATHUE KA . i T R B A R 5, DA
FAE H R -SR-S B AR RO R, i AR R
I8 ISR, W 3(b)Frs, FEY m i)
JFAR EHEINA 1A Fot), Bl Fs(t)s Fo(t)7dil
NERMETRE JIRIBEIE 77 K ¢ 2l R i W RE R4
AP JE %5 BELJE Z 50 y(t) 9 i AAAE 0 T4 82 & 1R 3
fif%.

1A B DUJR J5 (D’ Alembert  principle) S #. H
HEAR RGBS T 1R N

my +cy +ky = F (t) (5)

i, G ER@BA MR REE
SRR IR, AR AT Fo(t) R S A A — R A
Fo(odofE 8 & 0, AL 95 Hg 81 70 (Duhamel’s
integral) 45 #. H H B2 A& RAEAT =30 Ay far 8U4E R 1Y
KRS M N Ay

y(t)= L I \ F ()" sino (t-7)dz  (6)
Me, -0

X o=vk/m NEIRMAIAE; &=c/Cmo) NI
JRL: @, = wy1- & AR AR M.
BAE R T AR BRI Fyt)=Fy XA



6094 i oML T O % # i 46 &
A(6), 0

F
P 02 [1—e“*(cosm,t + ér—a)sin ot)] (7
ma o,

y) =

A AT, 2 ten/og W, ARSI
o,
Yimas = Yo (177 ) (8)
Rty =Fpo/(Ma?) 9 5 3 I IR AR S5 1 77 4
T BB RIAS o FEAE B RO BE IO 2 8L
wh
y

p= —;m =l+e e 9)
st

PRGN E, B AHJEE0.1,
I 7T LA om0, UK (9) FT R4 2520y
pu=1l+e " =2 (10)

HIERT L, SN AR, BRI R 3K
NIFER A s o W TR B HAL S B — oo, H
R MU GRAHAEIZAL RIS s BRI 5%
ARIEMRIR R, WFIIATEAE T, Sl )=
JS2 A AR R 25 K. TR R LB ) SR
RIRIRG R, HEe AR 2%, Mah&R0
RISZ MRS L A T A2 AL o
1.3 SREEEEETENERGA

AR s e SE A I R R (A U VAT, i el T i
R ™ A BN 7, IRIESE RO AR RS
RISy FERBA i R,

1) S I[a] Ll 70 25 il LA

S 2 i 0 £ U 52 BRI Al ) Fa B A =
PR HIN T o ARG T IR AH AR 8] (1 AR A AL

PR B B [ T 32 1) AU B B, A&l 4(a) P
N, MZ Gl 255
_ F,-a-h-L’ an
™ 12

s Fox WEDFREEAAAR L2 B 85w ),
N/mm’®, H e AR PR B E k1S a A
FUR S LRI 7] R RE . mm; h AR S 2R RS A =
FE, mm; L, AMEBIAIRZDHCE, tHRAN
nD

Ny,

A D ST, mm: ng, AL
YOl By ARIRITEE, mm,
AL 24 T 5 Wy

L

Sp

By (12)

1] I, @I O,
L

(a) HIRIA) S (b) HEAKIR) AR ST

4 RIAFYHFRE
Fig. 4 Equivalent mechanical model of windings

_an’

LR 5 2 d Kl 70 25 il ST o (M P) N
— Max — FaxLSPZ
Cpax = TR (14)

2) FEIK IR TR A2 AT
LR AL [P0 HL B 0 A PR R RE A 4 2k 2 TA]
SLPEB A . AHWIER Z AP
i ] 52 IR I PR B, &l 4(b) . S5l
A TS I, LR 2 R 1) S
N1 01 raa(MPa) K
F.l

O-b,rad = ra;aSt (1 5)

s Frg ALY LA 32 211 IE ),
W AERO AR BR T HAb RS, a NIRRT
ol ER, mm; Ly PSRRI ML, i
HAN

L, =—-B, (16)

X ng AR HOR; By AR INTEEL
2 AASETERNATILREETESY

2.1 TESF[ER

R G 2H A T P AT A R R O A AR T
X3, A — G N E R AEEOLE ) 10kV
MR R, HASh SY-400/10, FEAZSH N
£ 1 Fin. (RIEFLME N ZB-0.45-2.24x5.3; &
JE-S LRI ZB-0.45-1.7x4.5; & RESA N
i 00 HH 4% o
22 XAKHEFRNERNTHEBREKRFE

RRIRAR S R & T4, el
ARETHIMRMT T, KRR EmR RS
LR DHEAMN, SRIGEENAE A LI Rk
GE, RSN IR T A A R ]
th, BB BRI T8 b, Wik A=
YR, W S@). (b)Fiw.



14 1

ZREIR PRS2 8GR 7y [ R ) W R R 5 o o 280 25 250 ) 28 s 4 L i L 7 6095

*®1 TEFRELRSHY

Table 1 Basic parameters of transformer
28 Bl ZH L
BE 25 #/KVA 400 FLHE BB/ % 4.5
BUE FUE/KV 10/0.4 IR/ W 7290
HUE LA 23.1/577 HHTT ONAN
e RS EHR RIS TE X B
AR 1 TG 2x8

I ES 4L 2 /mm 313
RS AMF imm 363

LR S4H P44/ mm 235
R JE G4 HME/mm 279

T R U BE B /mm 30 IR BT FE /mm 30
o 43 2% 9 B /mm 15 IR 2% 95 /mm 15
T IR SR 2h M 4 525 %R S8 41T £ 21

RS AL 48 (R ESE4H D5 42

(a) 2% 5 75 4 Ak 1) (c) etk
B 5 10kV HATERAVWHI
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Table 2 First peak value and arrival time of
the disc deformation

e R D TEAS I E/mm P UEAE R % /ms
1 -2.99 9.8
G4 b 7 -1.37 103
24 -0.24 10.7
25 0.62 10.9
SR T 42 8.43 10.1
48 3.65 9.7

WG, WIEE 24 GHELES 1 DO IEE R 52 0.9 ms,
5525 YHELER 48 PhifE 40 1.2 ms, XERHLAKIIE
A5 FN3E B H 95 s S T ) o A

FH 5 2R DT AR (1 B WAL R /NPT, A i 3 21
i, ARSI KB R ANME . JERUNEER/IME, WEE
1. 7. 24 9f. WEE EE, 21 90T Fimis, A
JERR SR E 200, SRR ZBIBRE]; M 7 Uik
T b, A N IR UK, (H LA XL
AN, MOHEAEEE K. WK EE, SR L
19172 5 NS e 1 . 5 NS S TG R R b
ERARE T K

PA b6 T3 SR AE ) B AR 3 A iR AT TSR, R
B0 M BRI )R, DS 48 BRI,
SIRT IR S . BT R TR sh AR,

WK 15 Fios.

8 T T T T T T 6
S Bsh 7 1200 1,
7 - - A 1180
6 /x\—'—ithr'ﬂﬁﬁfl‘é A | 1160 4
z AN ! oda0 ]
)\ \ 3 g
=<5 / ‘\ N I ] g
R ) I \ P20 e =
R4 A T T =
i) / "\ .I N ‘. | 180 S Al 3\:.\:\
3 . \ . 1 . = T
F 3 .- V! 4\ Jo
& / IR A j60 210 =
e / \‘/,// A \ ] 140 -1
1 /oss\ . W T N R R Y
-7 T / 9] 10
0; $7+ 7971 1 L L L — 13
0 5 10 15 20 25 30 35 40
FF 8] /ms

15 =ESE 48 R EI 1. M AOSRERSHFY
Fig. 15 Dynamic characteristics of electrodynamic
force, stress and deformation of high voltage 48th disc
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Fig. 16 Field diagram of transformer short-circuit test
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Fig. 17 Stress cloud diagram of windings considering
stiffness and dynamic effects (at 8.7 ms)
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Table 3 Calculation and evaluation of
transformer short-circuit strength
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Fig. 18 Two-dimensional axisymmetric model of winding
and leakage magnetic field distribution

MRYE BT b 1.3 ISR, THE R G4
) B ) 1 ) 25l S e 4 oo PR 28T
e IR GRA MU o, TER T AR [ B N
&4 SUAHEAREESHE DRI ESER
Table 4 Calculation results of axial and
radial bending stresses in windings
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Fig. 19 Measurement curves of optical fiber strain and
short-circuit reactance and their comparison
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Table 5 Measured values of optical fiber strain and

reactance change rate after each short-circuit test
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Fig. 20 Photo of B-phase high voltage winding after
transformer tank lifting and simulation results
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Table 6 Comparison of
stress calculation results using different methods
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