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Abstract: With the rapid development of power electronics, high-frequency transformers are increasingly used in dis-
tributed power systems, electric vehicles, energy storage devices, and data centers. The trend toward high-frequency
operation has significantly increased internal thermal load density, making heat dissipation to be a critical bottleneck in
further advancement. To address this issue, we propose an optimized forced liquid cooling structure design method based
on thermo-fluid coupling for epoxy-encapsulated high-frequency transformers. First, a multiphysics thermo-fluid coupling
model is established, considering the temperature-dependent thermal properties of key materials, to analyze the tempera-
ture distribution and coupled heat transfer characteristics of windings and cores under high-frequency excitation. Then,
using the response surface methodology (RSM), central composite design, and finite element simulations, we construct a
response surface model to correlate the maximum temperature with critical cooling structure parameters, including outer
diameter, wall thickness, number of turns, and spacing. Finally, a multi-objective optimization is carried out using the
NSGA-II algorithm with the aim of minimizing both the maximum temperature and coolant material usage, yielding a set
of Pareto-optimal solutions. Representative schemes are selected using the entropy-weighted TOPSIS method based on
different design preferences. A 200 kVA/10 kHz high-frequency transformer is taken as an example,and the maximum
temperature under natural convection cooling is 105.61 C, which is reduced to 64.44 C with the optimized forced liquid
cooling design, validating the effectiveness of the proposed method.
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Fig.1 Forced water cooling layout of transformer
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Table 1 High-frequency transformer material properties

b
M EELHAE SRRy
N W /(kg-m) UIES
P (koK) ! (m-K) !
ZH (kgK)™  (W-(mK)™) (100 C)

M 8960x(1-5.1x10-5(T-283)) 390  401-0.025(7-300) 0.78

B2 700x(1-2.31x1075(7-293)) 903 237-0.04(T-300) 0.55

B2
S 1 200x(1-6.51x1075(7-298)) 1200 0.25 0.25
iIE]

gk

e 7180 450

&

18-0.01(7-300) 0.8

ST Bk s Qve 2023240, KBS K ARSI AR
Hom HWARER, HIKRON0 C, HAAZMERERE
FRAIIE, I U AR R . SREE
JE IR JUMA AR RO PR REXT HE SaE 26 . A0k
AT ECN 30% 1) & - BE-/KIR A RAE s H A
it ZECH R EIBRIK R ON-15 °C, HopidkRES:
HARUATERESHOLAL 3. 1ZIRG WG 1 BT r#
IAPERE. BIURREIMZELAE, & AR A8 T REMIE
ZRIAEGREENRAT, HAE T IR SEPr TREATE .



Mr M, BOER, BB S

BT TG B R IR S A S i it S ik 889

®2 AREEHHLER

Table 2 Comparison of different coolants

AT ot B
o B A B RS, AR
B i o i
i S
AR PR EEye
R LA TSR TR
Kl AT
WA A A 2
AL RGP HA
AT AR RS
o e
e é@i%i::;ﬁﬁﬂ P
ARG
SARHT A0 ©)
EETA WA K SR B SR
S, 53R TR
s UK RAT I MR TEK
LoBRRER R T LK

3 30%H B KA WM RS
Table 3 Material properties of 30% ethylene glycol-water

mixture
MRS HifE
B BE p(T) (kg m™?) 1072-0.96T
SRR K(T)/(W-(m-K) ) 0.4140.0017
S R eV (kg K)™) 3750
ENASBIE (T)/(mPa-s) 10.5¢700357

23 FHIRWERRIEHE

A2 T B s e 2 e 2
DUME 5 KA B A NF DhE R 28 il i 25T
BT H RS K R AR, T IR AU AR
e TAERES T STF N EE, TEASSH
Fegige 1 Mg, 7EMInsedl sz A
10 kHz. WE{EA 1427V W79 E, JREDSA
T, B IR OGRS FE N 3317 W,
LGRS BRI SR 4H R FH FE R T WL 8(a). TESeZH i
FED S350 75 A8 e 4% w1 e 21 it n A 2R Ry
10 kHz. 5 3UE 7 30 A [ IESZ IR, JFUD &4 5 B,
WG B30 G 2 1 F R R L IR B T DL I 8(b), R 4%
FEMEE N 1726 W, KIERIEE TN 193A, &
FARE 120 CIR 604.12 W, K251,

U”@f%m%W—UZU%m)(m

5. = 1%
235+ T
K — con
235+7, (12)

b I Texp 239909 SEBRISAT HEGURI RS FE AL A
B Pexp ATRER T BEIRFE; K JUBRFE N IR 5T

NF WF197445 55 2 3%

FERTWT3000E L 250 4%

NF 4520 AT UK % T AT 1 A
K7 {ErEHE

Fig.7 Schematic diagram of the experiment

<
S
=
— 1 1 1 1 1 1 1 1 1 —
2000705 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0.°
I IEl/(107 s)
() 30 LR I &= 8
200 — -
21% <
H o0 ES
@ﬂm i3
_200 1 1 1 1 10

0 015 1.|0 1.|5 210 2|.5 3.0 3.5 4.0 4.5 5.6
i A)/(107* 5)
(b) G845 4556 Il £ T
B8  H A HI B

Fig.8 Voltage and current excitation waveforms

FH Raero J9SEIERBER I« ORI LI FEL LA
Teons To AN HIREL . SCIIRFE o

TR I ] 2R R ARl RIS
Rl 1 B8 ) BFE Z 4 O 319.11 . 33849
22220 W, iR HEEHR KGR AR BT b ) #
TREIN, AT [EA EN S5 R T (R B o AR
24 AFRAZREABFRAERE

9k LEAN [R1 A A0 5 2O0) v AR T 4 P 350 34 4y
FFIFEIR, AT BT AR XA 5 38 A S
PIERR, iR MR- SRARHELE . 2 FiA &)
77 AR R AN SO S ek e iy, Ok
O Gl HEME . SRR A A AR S O
X AT AT

F AR XA BRI DL 2 SONA EIA i, (EAR TR 2R A
PRAMU AR e = R, v BT AR DU B 4R
B GERE . PR 22 7T, AR SR E
I DRAK 02 SRS s TR [T R B AR 110 DU T A5 43
DASR T T IR SR ATAS B s 28 B AR KL U 3R AT A



890 e B R 2026, 52(2)
EALALEE DL DT R, SRR A R B C
FHRALH DU T AR A% 5 T S 2L S I 1 i P B ks *1l6
THR-BERE R AR 2 s SRR 5 SR U ] o0
o U T AR A A 4 2 Al s TR, E TR AR AR, 80
FARA R, SRR TR, E AR .
TR 07 B4 R 9 Frx. mE 9w, A% 2
IR IR 105.6 °C, BURIE W RIS 30
v22.7

PR, AR R AR R B ey, HLR s X R
K IE1T il e REA GRS T A mAE. N
D PR R B G AR T o0 A, AL
FINGRIE AT TT

SR Y VA AR A AR T A 8 S R SR 4 2 (]
NIRRT 2 28, FFRERAAN DS H R
At Vo HIA B AR R 73 308 30% 0 £ —lg-7K IR
G BRI A R R A BN DA S,
WENERFME, DUEREENBRERZ . HT¥
WSS Y S g R~ % V1M
K, PRI @) T E R L ARSI
X, PR L £ R IR L k-0 i B A0 iR i ik
ITEAE, I IR SR ML R HERA P o A5
GYTTTH, 7K 0 R 7S TH AR X A% 5 B B 1 2,
BN EIKIEAT BT AR S, ARSI E S
H AR KA FH A o
25 AREABRRENTEREERNFI

AERIRE R KN ERA RERIRESE, B
MENGIN, AEREIIRT, HIEDIZEIRE EFHR,
ASONFEAERY (B 1Y) S 2 Tl RT (7 BE/ K THI AR H
T ARBH/NTAR L )55 3 A AR M T LA 4705 3,
BARZHANGR 4 . MAHBAERR ST S
HH#, % 0.5 L/min 20K M 1 L/mim 30 3
10 L/'min. XT3 At R, @54
RN 2 A2 g i i R S 43 51l 9 0.85
0.61. 1.36 m/s, IfFAEFARE AN 2.56. 3.52,
1.60 L/min. #2438 NAFR &N T AR, JishIk
BHER, KT HAER, PRSI

T A FL A BT A5 B [F AR AR & R %31 1
iR 10 Fror. A8, sRIBWYA T~
HEEEHEMTHARNA FESEE. HE 10
LA, HSARURE>3.5 Limin 5, BEEABRET
SN A S K QIO el e S R T S P SN
PO ATRRUL, dRB IR R E LR 2 .
DA b 7E J5 22 73 A ik B2 v B 20V AR RO 2
3.5 L/min, H N NI -

K9 HARXATAESLR

Fig.9 Natural air-cooling simulation results

4 BH/L BRI RN
Table 4 Key dimensions of B/H/L-type water-cooling

structures
Bt D/mm d/mm n s/mm
B 10 1.0 9 153
H & 12 0.5 11 14.7
L& 8 1.5 7 15.9

3 RAEMSRIMIRI A
31 myEERERPOCEERTT

M 5 [ 43 17 (response  surface methodology,
RSM)j2 —FiH T Z IR R gt @72 .
I EIEE A PR A RIS, SR 2 0
(] AL & R G SE 5 OB R 1 A R R &R
A AL 25 R R B — IR I, L IRILA R
DRI 2R () A2 ELIT, NI 28 458 23 B 45 IR 2 X i 5 A 8 )
oM, A S RGN RIS AT SRR,

AW T LA 008 T s e v T S R R AR R, oK
F A0 & A% it (central composite design, CCD)#4]
WEEMSHA G, HATART ERA R 2
HORAF FRETEE R, DL S A 2 1
I THT AR R R 280, Bl e, T 07 BLAS R LR T
YR SR SRR RS 2 TR e 2 T AR A, I —
R 2 WY 2 DA AU A ) fai vl 1t S ARG e, H
Fik Ay
=P+ Z;(ﬁ/xj) + Z;('Bffxz)j +2. 2. (Bxx) (13)

Xrb: y NEFFEEG B B By B AT
ARG xiv i NIREAEE; o NIREAA RN
ARIERAHEIME D B EVERER d. B H)
EIE ny AEVETERE s 1X 4 DIRA S SEEN
pe AL g, AR RS T UT SR FEAL . H



Br M, # Bk, B B S BT RGBS IRIE RS S it Sk 891

FHRALRFEON 4, 38 CCD R iHbriE, B4
7R H K gahd, FLA % 30 207 e A e ik
BT R S ow, i EA RN A
BE TV G50 S 805 A8 TR 45 e I B 2 TR
RIREAE, A E MR X (14) R ) IR £
AR, DU TRAUATNAS [ S50 2 30T s
IR T,
T =101.1+1.744D +30.46d +
7.156n —7.476s —2.517Dd —
0.4594Dn+0.1979Ds —2.962dn + (14)
0.075ds —0.03125ns —0.028 65D +
1.822d* —0.096 151* +0.195 65°

70- DR e SN
-\\\‘7;\\[\ -9
% s0F
= 40 O%E’Eﬁéﬁ@ﬂﬂ
*%%%@%&
| + Gh A e
30 v 7 I 3
20F
1 1 1 1 1 1 1 1 1 1
05 1.0 1.5 2.0 25 3.0 35 40 45 50
7K A #2 37 B/(L-min ")
(a) BES R~ i FE B AR B = 22 4L
o ST+ e
Q5o
% vl
I i TR T
<o St i i
301 + 5M G 2 B i
v ¥4 40V
20F
1 1 1 1 1 1 1 1 1 1
05 1.0 1.5 2.0 25 3.0 35 40 45 50
7K A B 3 /(L -min ")
(b) HZY R ~F i B bl A FR o & AR 4k
70+ ‘\’—M
M
601 S —— , » .
S s
= i
E Lol p % B
. < S i i
+ Gh A
301 v 4 E W B R R
20F

05 1.0 1.5 20 25 3.0 35 4.0 45 50
KA AL &/(L-min )
(c) LI R~F i J52 B 1A AR 2 A2 4k
10 RENAE N By Hy L BUARFE 255 J5E
Fig.10 Temperature response of B, H, L-type transformers

under different water flow rates
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Fig.11 Results of response surface
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Table 6 Constraint ranges for structural optimization
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Fig.13 The Pareto front solution set
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Table 7 Constraint ranges for structural optimization
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Fig.15 Comparison of transformer temperature distribution

under different cooling methods
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Table A1 Central composite design scheme and response values
REG I EL D/mm d/mm n s/mm 6/C [ 5R/€ 1 D/mm d/mm n s/mm o/ C
1 8 1 9 15.3 74.83 16 10 1 9 15.3 69.95
2 9 1.25 8 15 71.61 17 10 0.5 9 15.3 78.81
3 9 1.25 8 15.6 71.83 18 10 1 9 14.7 69.85
4 9 0.75 8 15.6 77.31 19 10 1 9 15.3 69.95
5 9 0.75 8 15 77.4 20 10 1 9 15.3 69.95
6 9 0.75 10 15 74.3 21 10 1 7 15.3 74.75
7 9 0.75 10 15.6 74.46 22 11 0.75 10 15.6 70.05
8 9 1.25 10 15 66.11 23 11 1.25 10 15 58.67
9 9 1.25 10 15.6 65.98 24 11 0.75 8 15 73.34
10 10 1 9 15.3 70.26 25 11 1.25 10 15.6 59.06
11 10 1.5 9 15.3 62.04 26 11 1.25 8 15 66.54
12 10 1 11 153 64.42 27 11 1.25 8 15.6 66.74
13 10 1 9 159 70.23 28 11 0.75 8 15.6 74.72
14 10 1 9 15.3 69.95 29 11 0.75 10 15 69.91
15 10 1 9 15.3 69.95 30 12 1 9 15.3 64.88
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