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Lightweight Design Method of Low-frequency Transformers Based on High-temperature
Insulation Systems
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Abstract: In order to solve the problem of increasing the size and weight of low-frequency power transformer, a light-
weight design method of low-frequency transformer based on high-temperature insulation system is proposed. The
breakdown characteristics of mineral oil, synthetic ester, and synthetic ester oil paper insulation system under low fre-
quency and power frequency conditions were measured through experiments, and the influence of frequency change on
the breakdown characteristics of insulation materials was explored, which laid the foundation for the optimization design.
By combining the material properties with multi-objective genetic algorithm, a weight size loss comprehensive optimiza-
tion model is constructed. A 330 MVA/220 kV transformer is taken as an example, and the effectiveness of the
optimization scheme is analyzed by comparing with the same type of low-frequency transformer used in low-frequency
transmission projects. After optimization, the total weight is reduced by 12.7%, and the tank size is reduced by 12.05%,
which is not more than 1.5 times of the weight and size of the same type of power frequency transformer. The optimiza-
tion results are verified by temperature field and electric field simulation. The life cycle cost analysis shows that the
maintenance cost of low-frequency transformer with high-temperature insulation system is lower, and the life cycle cost is
reduced by 7.36% compared with the traditional mineral oil scheme. The research results can provide an optimization
scheme for the lightweight design of low-frequency transformer.

Key words: low-frequency oil-immersed transformer; lightweight design; synthetic esters; high-temperature insulation

system; finite element simulation; whole-life cost analysis
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[T [7] 3172 /mm HEGEA 4
flESedd 3.5
fpasee! 153
A ) B B /mm T ESes 126.5
fRESed 28
O/t 209.94
SRV E/t 44.17

R AR s 2% 0K A [ 2 A 4 [ A 7
] 27/090 B4R A, ARG ZE 1.93 T, 20 Hz R LAE
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Fig.9 Optimization results of 20 Hz transformer

®3 ARELSR

Table 3 Results of optimizing variables

K4 MRAFIRARESTE, RASHSE
Table 4 Optimized structural parameters of iron core and

winding of low-frequency transformer

24y 14
o HAR/mm 1420
RS cm? 14 914.235
Bk B /mm 2070
R HG B /mm 2375
S FEH L B /mm 1587
32 i B /mm 1710
il 114.5
48 1) %5 fE/mm R ESEAH 112
fRESedd 9.5
BRI B/ 194.88
SR/t 33.39

R5 R IR S 2% ke

Table 5 Losses of the optimized low-frequency transformer

AR R HFE 14
AR W 1 449.69
AR FE AW 63.77

RPFE AW 1513.46

® 6 MALFIRBR LA INE R 5 U
Table 6 Dimensions and weight of the optimized

low-frequency transformer

SR A RS (Kex 58 < 7 )/mm HREA W EL
aui=t 10 200x3 300x4 400 385 79

RTOTH220 kV AR A RGE BTER BT SR A 5
Table 7 Typical estimated values for the size and weight de-

sign of power frequency 220 kV transformers

v & Hia 24 ThAE R (Kox 8 > i )/mm SR MR
U BT 1504 AT 9 000x3 180%4 450 260 50
pe— P B 8 100x2 7604 478 280 55
RS ’ c/ 8 300x3 300x4 600 304 58
HLILE /(A -mm ) i GEAL 422 M 8 100%2 760x4 478 260 50
RS 0.9 PR 8 467x3 080x4 510 282 55
RSN 6.7
AR AL " IR TR L, R e
fRIESA 6 . o
JE 5 T AR RS A2 TR 1 28 9 AR B /N RSF ) 1.48
[ [R] 718 /mm 3.5

EE TR, ATAERIEESSSRS . S
RS AIAR R348 R S S5 S R R A ke . hAk)s
AR 28 %5 TUANER 4. 5+ 6 Fiw.

MRAE AT AR EE A, P LR R #8 A = il
1T T 330 MVA/220 kV SR8 R~FL R
W SR BE IR 7 B .

%, S LAV R 2RI A P8 RS 1.26 %5 R4
A% R TAR R 8 /N B 148 £, & T4
A2 A E R 1.37 5%,

SEARAT G R AR AT 330 MVA/220 kV 4R
SRR ST RIFES R 8 frk.

L5 S o AR iy [A) B S5 AR AR TR 2% (5 SCRRON
R A AKX EG, AR A 5 AR AR 2% (5 SO
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AR BYMA R ST 7 12.05%, BFRERE T
12.70%, ARFEREIN T 24.83%, MARFERIIG N F
FH il 4625 2 G o e e 2R JB] v (1) L S P 1T i R
ISR EE I, H7= S B A R A3 AR ek«

#£ 8 Lbr LR RIS 28 S 5k

Table 8 Parameters of low frequency transformer for actual

project
S RN WA RS (KX TExF)/mm EAHHEAW
HiE 441 10 100x3 730%x4 470 1212.464

32 SREAFEEN IS
AR VT SRR VAL R NP Vs il T
£ 0.9y, (20)
0; <0.6Rp 1)
e Fifl oy 0 St Bl R D)) s Reoo
PUE AR LL BT o
R T WO, U A R LA
73 A2 Q4) T
8.04k K}

i anchITin\?am (22)
12.8k2K2I*WR

i el L (23)
mnH 4 x10

W ke b g R, B 1.7~1.8; KooK
PR EEAE, STHHEAT 5.814; A NImia 5
fE, cm; po NI IRFREL, HL 0.05~0.1; InAFEA
Hi, As W ONBEABUE AL Rer RLEIEGE P
B4R, em; om NIRHEALA 2 M E 43 b, B 0.84;
m AR S B, n LR IR S AR
Hx RGBS, om; A R FLR#TH
i, cm?; N'HX 0.6~0.95,

2 i SIS - R TR IR I AR A
202 MPa, 4EFINUIK A1) 183.2 MPa; i [k Se4H i
4 WL S 298 220 MPa, 58 mIHLEE 140N
149.6 MPa, Y-t 5 ki 7 T4 Cs [ Reoz N
220~260 MPa, W] & SR 2H A0 Bl B ) 225K
3.3 REMSHIBHES R

FIFA BR e pE 5t 42 1 8 B 347 Hidg 5
L= T o 0, T S 3 W RPN O T O 3
TTIRE S E ), SR el B3 AT 4 Eoat
o K 4 4 YF4-400 A 2028, A FEARAT EOR TR
OMTIIE LT, BT, SRS H L TRE
BT AR . SRR S ERE S G S %
BR[26]0 SRyl G A AL AT IR, SedH by i ik

FEHIE 0.5 m/s?2, B 45#) 545 Banpd 10 s,
iR EREREES RIS B R R
Bl 10 ] %0, B S FERER T, SegH iIa R ki b
Tt HIREAEGAH P T X A B E . GezH#
BEER97.7 C, MR 20 C, KItGH PR
BTN 777K, R R PR ER

e i E/C & %/C
it 4 97.7
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90.4
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Fig.10 Simulation structure diagram of transformer B and

(b) {5 FE 35 4T

overall distribution diagram of temperature field

HATHIS AR, HE gEEARR. Ak
B A A L BN 3.2, 2468 25 40N 48 2% ZRAR AR S A
L B0 I B 3.1 AT 4.4 B IR R TR SR 4L TR A
FEHAL BRGSOt A . I B4
ARELE SN I DO i R i 2= E2CEe S e A g VAT iy
RN 10.5 kV/imm, Za22 2AREEZI>1.4020, |l
MR 28 2 1 S B T AR 58 )8%<7.5 kV/mm. HHE 11
AT, i EE R 3T o BRI s SR 2L TOUR (14 3% 5 8 1 »
B RIRLI N 7.11x10° V/im, B 7.11 kV/mm, i /&
Fig 2 A i AR 4 BT R
34 SHGEERSF T

T ERBI E A Bc  ar—oh 20~30 47,
AR SR F A A i A AR (LCCO) B 28], 78 35 s
AT A0 SR IRIGTE T 1B THER SRR AR :

C'LCC = Ccap + Cmain + Cdisposal (24)
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Fig.11 Diagrams of electric field simulation structure and

electric field distribution of transformer B

Ccap = CFe + C'Cu + Coil + Ccooler + Ctranspon (25)
s Cre WEYSIBLA ;s Cou NGRAIAM FEAS 5
Coil 7\3?@?%/2% é}ﬁ}:&j_(, Ccooler y‘j‘/?\ jﬁ‘ﬂ :% éfﬁ}:&j_(, Ctransport

IS LI R -

gﬁf)‘j Eizlg Cmain -H_ﬁ'
Cmain = n(Coil + Chandlc) + nyCm (26)

e n NS AR TE R RE Chandie 972 115 45 B
BRAS ;s ny AR AR IR (30 £F); Cn NRREEH
FRLES A . P ) S P Il AR 5~10 SEZ
], Tl RIS g™ HE A 2 N 1 2
e, e S . e vl A AT DT AR
PPERE SR, P SEAAR i A #e i A L B ARis AT

UEY A
R EM A E T 5
Cdisposal = GFeRFe + GCuRCu (27)

U, Rre M1 Rew 73 70 J9TEAN P ANGEZH A A4 B4 [l WAy
1%, Fotte L, 2R LCC Xt thin
K 12 B

DRl 65 RS (4 RS i T Pl R A, 3 BCR A
iR G ARG EA B VIR AR 5E =
27.49%; EH VMK SE AR, FECRES A K
UEY A0 A AT 4 )T AR IS4 B,
M AR, A2 g A (14 A 1Ak
AE AR RS B (4 dn A A 7.36%. MK
WS T ML, S Tl b CRAs e e Ok
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7 RGN KEE ST, B BT D X A5
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Fig.12 Cost comparison chart
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