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Multi—-objective Design Optimization of

Transformer for Bidirectional DC-DC Converter
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1. Calculate Ap,ref from the
converter specification by (2.2)

v

2. Choose a core type and size

v

3. Calculate Ap =4 eAcwfor the

selected core

Yes

4. Choose it as a core and
calculate winding numbers of the
transformer

AA WA ZEE,

A<t

WAL o] g3
Fig. 2.2. Ap based transformer design flow chart
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1. Calculate Kgfe,ref from the
converter specification by (2.10)

v

2. Choose a core type and size <

v

3. Calculate Kgfe for the selected
core by (2.9)

5. Choose it as a core and
calculate winding numbers of the
transformer
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Q7] AA B EEE

19 25, K, WAE 0%

Fig. 2.5. Kgfe based transformer design flow chart.
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/ 1. Choose initial variables g

v

2. Calculate core volume and
winding configurations

v

Genetic 3. Calculate total transformer loss
Algorithm and phase-shift loss

v

4. Plot the pareto front

No

Generation > Generationmax:

5. Choose optimal transformer
specification with the most cornered
variable in the Pareto front

™26, w3 [11]9] W] HA s AA S5k

Fig. 2.6. Design optimization of the transformer flow chart [11].
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Table 2.1. Comparison of converter efficiency according to the different

transformer specification.

Wkl A4 ¥ N 6 5 4
Ly =24% E¥3}7] 9% FE D, 0.3699 0.3082 0.2466
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Fig. 2.8. Comparison of balancing current according to the bidirectional

operation.
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Table 2.2. Comparison of converter efficiency according to the bidirectional

operation.
AWE B2 me= ENR=RES HAE D&
Ly =245 E93t7] 9% 7y 0.3699 0.2301
W] 22 3 RMS A L., 1.24A 0.85A
WY 28 82.41% 81.36%
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/ 1. Choose initial variables et
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2. Calculate core volume and
winding configurations
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3. Calculate total transformer loss
and control objective fucntion
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4. Plot in the pareto front

Multi-objective
Optimization —
Algorithm
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Generafion = Generationmax:

4 S. Simulate optimized solutions

with the proposed battery
application

Circuit *

Simulation

6. Choose the most optimized
solution from the simulation

\ results
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Fig. 3.1. Flow chart of the proposed multi-objective design optimization of the

transformer.
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Fig. 3.4. Bidirectional battery equalizer converter.
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Table 3.1. Battery equalizer converter specification.
Name Symbol Value
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Inductor current I,

-2 - Boost mode .

4 ]

-6 ]
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Fig. 3.6. Average inductor current change according to the operation duty.
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Fig. 3.7. Computed Pareto front for the battery equalizer.
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Table. 3.2. NSGA-II algorithm parameters for the battery equalizer.

Name Value
e 200
WSS 0.9
ol gt s 0.5
Aol 50
WHol 4w 0.05
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Fig. 3.10. Battery equalizer energy efficiency simulation PLECS schematic: (a)

converter circuit with a battery subsystem; (b) implementation of the battery

subsystem.
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Fig. 3.11. Power efficiency simulation result from the Pareto front for the

battery equalizer.
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# 33 WiE Y E53t 3= oy & AEdeld A

Table. 3.3. Battery equalizer energy efficiency simulation results.

Name Symbol Candidate 1 Candidate 2 Candidate 3
A A N 5.96 49
ad N, N 30.8:5.17 36.7:7.24 42:8.58
o] Viore 3006mm’ 1969mm’ 1476mm’
oA & Nenergy 85.83% 86.12% 86.33%

3% 34 Ky %2 ey d5sh 528 Wehy

| AA A

Table. 3.4. Design parameters of the A , method for the battery equalizer.

Name Symbol Value
A A N 5
A Ny 408
Wk Aol AU e 5, 0.2T
Hol fra @H A A, 52.5mm’
so} 4 WA A, 87mm’
S0 %3 Veore 3020mm’

3 35, Agtd wiEY et 328 Wk AA A

Table. 3.5. Design parameters of the proposed method for the battery

equalizer.
Name Symbol Value
A A N 49
A 5 Ny 449
W7 Hof ASHE = B, 0.26T
510} A Veore 1476 mm’
BA ¥ boundary 0.24
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3¢ Proposed design point
Y Ky design point

Area product Ap (mm4)
L

EE25/13/7

EE25/19
EE20/10/6 005

—
—

Number of primary winding Np ' Maximum flux density Bm (T)

2% 312, N, B, ol tig Wety] o] AA A4, FRE (N=H).

p

Fig. 3.12. Transformer core decision A, point by N, and B,,.

& 36. TDK #|gto]E EE@ A aio] 140 w& A, 4, 4,.

Table. 36. 4., 4., and A, parameters of the TDK ferrite EE cores.

0} 4 A, (mm®) A, (mm®) A, (mm)
EE10/10 12.1 23.3 0.0028-10”
EE16 23.0 55.8 0.0128-10”
EE20/10/6 32.1 574 0.0316-10°
EE25/19 40 79 0.0457-10”
EE25/13/7 525 87 0.0833-10”
EE30 128 164 0.2099-10”
EE40 226 262 0.5921-10°
EES0 247 407 1.0053-10°
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7hH AME EZ2x 9 a9y B

a9 18 B3 AzE S e Zolth AAE wiE e ) S Y] Al2F

2o AZAE e glon, 420VE Hul Aoz e

SRV E DC W2l g g wel KB ol A
FaAY DC W29 duAR 2ES 3o

nE) e AWEHe 1§ 3139 EA1E olF 5% EE A (Dual active bridge.

DAB) ZAWY EZZAE ARG P8eF s2be o 93 27 314 YEry
Ak AWME 9 AbSFS 3 379 YERdT

0% 5% HalA A¥Ee) PuF AHALEe AW 14 37 27 3 2949
gdlo] HeEulel Dok AE Agua L, @ol weh Aojfr) AwEe vE

91x HElE 052 AoEY 12 = 29x Ql, Q47 Q2, Q39 WWFH I 23 =
2914 Q5 Q87F Q6, Q7% W HET} o]F TE B AWEE 13 = 29X
ate] 23 3 2999 9ol WAHD>0) 4 AS- 13 Fo® AqUAE st

D(1— D) (3.21)
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Fig. 3.13. Battery charger converter specification.
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Fig. 3.14. Battery charger converter waveform: (a) buck mode(D>0); (b) boost

mode(D<0).
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% 37w W A7) AmE AR

Table. 3.7. Battery charger converter specification.

Name Symbol Value
AA 1 n 0.56
DC ® 2= A<t Vi 750V
el g At Vy 320V 7420V
29" Fyld Sfsw 40kHz
4 "E AR A G S5F
== 4¥ 7|9 G 100pF
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Fig. 3.15. Reference phase transition depending on battery voltage status.
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=M o AL (3.29)
Ik

2 2
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[27rms = T (331)
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A Ptot * 104 (Iflll,rms + I/2[2,1"7ns> * 104 (3 32)
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4 Vil * 10 (3.33)
sind = .
b Bm,md,fstK}‘K;
N V- 10 (3.34)
! Bm7trnsfsw e,trns[(f ‘
Ny =0 (335)
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trns + V;nd (336)

8
Pcor&trns = fsw m,trns V;rns (337)
7T2 [4Ddesign (1 o Ddesign )]’Y
Leore,ind = ° Kyl ol (3.38)
core,ind 71_2 [4Ddesign (1 . Ddesign )]74» 1 sw m md ind .
pN,MLT
PCOPPQTWM - I/I/('l pri [17rms (339)
pN,MLT
Pcopper,sec = m 2,rms (340)
P, Pl g (3.41)
copper,md I/I/(;,ind 1 ,TMS .
Ptotal = ‘Ptrns + ‘Pz'nd = Pcore,trns +Pcore,ind + Pcopper trns +Pcopper,ind (342)
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Fig. 3.16. Computed Pareto front for the battery charger.

¥ 38 "Hy 2 WAy v Ae AE fd dag S0 A",

Table. 3.8. NSGA-II algorithm setting for the battery charger.

Name Value
A 200
W AFEHE 0.9
ol g5 0.5
ol 50
ol e 0.05
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ind — (348)
bzm’ a ‘Pcore,ind

PN, MLT
Boa = 37— (3.49)
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B, inding S 17 AR} 27 A4, 22T Ry yinaing S AEE A AR A Gl
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Fig. 3.17. Simplified magnetic circuit model for the battery charger: (a)

transformer model; (b) inductor model.
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Table. 3.9. Design parameters of the /&, method of transformer for the

battery charger.

Name Symbol Value

R B esign 0.375

Wt Ao A& E o, trans 0.42T
A7) Al N, : N, 22.46:12.58
Ll 3] Viore.trans 59735mm’

AYE Ho A& % B, ind 0.3T

A4YE dAd + Ny 14.41
AYE 5] Viore.ind 45715mm®
A b F1o] 7] Viotal 105450mm’

# 310. Wi g # A7) A9 A Z& AlEHA 23

Table. 3.10. Battery charger energy efficiency simulation results..

Name Symbol Candidate 1 Candidate 2 Candidate 3
47 943l esign 0.3094 0.2645 0.2181
W) A AELE | B rans 0.3869T 0.3976 T 0.3886T
Wet] A & N, N, 242511358 24461137  252814.16
Wty o] -9 Vioretrans | 60213mm®  57058mm®  56215mm’
olgE Ho A&UE B, ina 0.3T 0.3T 0.3T
JAEE AL Nind 13.9 13.52 13.11
JAYE o] 73] Veore,ind 43329mm®  41907mm®  40585mm’
GRS Viotal 103542mm®  98965mm”®  96800mm’
AUA && Nenergy 97.86% 97.95% 98.11%
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Proposed
design

Conventional
design

Y 4.1 AAE A% HAE ATE,

Fig. 4.1. Designed test samples.

3 41 vWiEY FE3 3= Y] HAE AlE A de

Table. 4.1. Hardware design parameters of the test samples for the battery

equalizer.
Parameter K. Proposed
o] A5 TDK ferrite N87
o] 4 EE25/13/7 EE20/10/6
ol fE wHH 52.5mm’ 32.1mm’
o] F HAH 7mm’ 57.4mm’
o] %9 3020mm’ 1490mm’
A M N, N, 40:8 44:9
12 A4 gd A 0.3mm’ 0.16mm’
22 A v F 0.7mm’ 0.7mm’
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Fig. 4.2. Battery equalizer test equipment setup.

I 42 WEY Hes A2 29e A% Ay A

Table. 4.2. Parameters for the experimental setup for the battery equalizer.

Name Value

e e = PSR A V. 76V
A ALB =AYV, (B RE) 3.6V
A ALB A Vy (FEE BE) 4V
BatAE (8 me) 1.80)

BEA e (FAE BE) 1.2k
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Fig. 4.3. Battery equalizer power efficiency test results: (a) buck mode; (b)

boost mode.
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: 70 Sampling time: 0.5sec

0 5 10 15 20 25 30

Experiment time [min]
—Conventional — Optimized

(a)

High efficiency period: Boost mode

Low efficiency period: Buck mode

(b)

9 44 vE e et 3 E AUA B8 A A9 38 WE Fol (a) HA
A3 35 (b) o 9.

Fig. 4.4. Battery equalizer energy efficiency test power efficiency changes: (a)

total experimental waveform; (b) enlarged waveform.

# 43 viEeE Fest 3= oduA a8 A 2

=

Table 4.3. Battery equalizer energy efficiency test results.

Energy efficiency type K. Proposed

HoRE JquyA &8 (%) 86.01 88.10
F2E BE quyA g8 (%) 82.37 83.11

AA oA & (%) 84.19 85.56
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4.2 125kW+ 238 wge] 4 S8A718 AA40x A
421 125kW+H 2AFE wWigeg 9 S8 AAdLA 2
a3}

(o

125kWH #lElg] 3 =94 7]8 Welr]= PLECS RT box HILSE AFg3te] 7
S s} AN 41143 2, wEy @ SHAVE AR AA HSS
HILS 34 oA Aaslmz 7 449 72ro] 3148A AAE AFFS nlgoz wWet

719k Q19 E& PLECS HILS 45 S8 A7 v wmpiiriA= 22 dA9 ¥

2

71k mlatetz] Sl K, WA o® ke AEHE A7 ske] HILS &4+ &

=
A Az

F 44 98 Y 9 A7) MYY] HE AE A W

— -

Table. 4.4. Hardware design parameters of the test samples.

Parameter K. Proposed
o A& TDK ferrite PC47
A 1A el 0.375 0.2181
Wt Aol A&HE 0.427T 0.3886T
HAA F NN, 22.46:12.58 25.28:14.16
Weky] 13 & A A% 0.0085 2 0.0109 Q2
Wety] 22 & Al A 0.0027 2 0.0034 Q)
o] %9 59735mm® 56215mm®
olYE Ay A&ww 0.3T 0.3T
AYE AN F 14.41 13.11
JAYH AN A 0.0326 2 0.0285)
JAYE o] -7 A5715mm® 40585mm®
A b F1o] 7] 105450mm’ 96800mm’
12 = MOSFET A& 0.065
22} 2 MOSFET =& 0.0302
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23 PLECS RT-Box22 A}g&3te] HILS 37404 dt=go] A=< A3kl A
ot daigFel a3E ASetr] f18 750V DC W zme AZd % 420V 100kWh
e e 9 S 9%k 125kWH vlH 2] & SUA7E Azsld giaesdon, 5=

of AFL 918 g T A ABdelde Fawth WA AE AAe AE A

a

o

A 7ol W mE Ree wE Ag 54 vE ARYAS FAgYon, deo
2o 58 A9 Ba 9 mE @ Hae weg wwss wee 20 5

AlEE ol AH & 1 453 Zow Ay Hopw|E = F 459 v A9
& A AU L A9, HdWE = 30A9 SHA AR #s 2 CC REER F
Zpslo] W RE BAE mE Ezio] fidk AnE &S 3t HILS A&l
A 974& RT-Box 2t & d4dste], 17 46 3 o] 74z} Aojr]ef ZHE A
S Tt E AAg) ST Aol YXE PL Al A w9 [21]1¢] A

H(Feed forward) A|o1E 37 ALgsln], ZWHES A9 Discrete JH o2 74
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Plant part

: RT box2
Simulation PC (» j

Contl Oller part
. RT box2

% 45 wigy 2 FWd7] HILS 28 74,

Fig. 4.5. Battery charger HILS test setup.

E 45 wEE B F9A7] HILS sehv) e 74

Table. 4.5. Parameters for the battery charger in HILS setup.

Parameter Value

293 Fa 40kHz

RT-Box 2 °©]4ts} 258l Alo]= 0.25usec
AN E5 W3t 28 Alo]= 0.01sec
el 4 S A5 30A
el 4 gl A ~30A
e # x7] SOC 35%

¥ 46. MHY @ FUAY] A8 g8 HILS 28 23

Table. 4.6. Battery charger power efficiency HILS test results.

Power efficiency type K. Proposed
HoRE d8 g8 (%) 96.51 97.86
HrE 2 AY 88 (%) 97.35 98.41
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Figure. 4.7. Waveform of battery charger energy efficiency HILS test: buck

mode; (b) boost mode.

3 A7 e W AT olvuA &6 HILS 43 23

Table. 4.7. Battery charger energy efficiency HILS test results.

Efficiency type

K

gfe

Proposed

HA el A

28 (%)

96.73

97.99
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Multi—-objective Design Optimization of

Transformer for Bidirectional DC-DC Converter

Tae-yeong, Im

Dept. of Electrical, Electronic
and Computer Engineering,
The Graduate School,
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Supervised by Prof. Sung-Jin, Choi

ABSTRACT

As the demand for bidirectional power transfer systems, such as Battery
Energy Storage Systems (BESS), continues to grow, bidirectional converters are
gaining popularity. Additionally, due to their high voltage and voltage conversion
characteristics, these systems require isolated designs using transformers,
leading to active research in this area. This paper employs a multi-objective
optimization design algorithm, namely Non-dominated Sorting Genetic
Algorithm-II (NSGA-II), to optimize the volume and energy efficiency of
isolated bidirectional converters. This algorithm allows for the simultaneous
analysis of trade-offs arising from different design parameter combinations, and
it necessitates additional optimization research regarding the overall energy
efficiency based on derived design parameter combinations in accordance with

bidirectional operation sequences.

This paper proposes a multi-objective optimization design algorithm aimed at
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optimizing the volume of magnetic components and overall converter losses in
isolated bidirectional converters. The emphasis is on battery system application
converters designed to reduce volume and increase energy efficiency. The
proposed algorithm utilizes NSGA-II to generate 200 design candidates optimized
for magnetic component volume and converter power losses. These candidates
are evaluated through PLECS-integrated simulations to analyze bidirectional
power efficiency and energy efficiency concerning battery charger sequences,
thus determining a single optimal design point. This approach offers the
advantage of analyzing system energy efficiency throughout the optimization

design process, unlike conventional optimization designs.

The proposed algorithm is applied to two types of converter designs: a 20W
2-switch forward converter for battery equalization and a 125kW DAB
converter for battery charger. The simulation compares the volume and losses of
converters produced through the conventional design approach and the proposed
algorithm. Furthermore, a hardware implementation of a 20W battery equalizer
and a 125kW battery charger HIL simulation is designed using the proposed
algorithm to compare hardware volume, converter power, and energy losses with
those of the conventional design approach. The converters designed using the
proposed algorithm exhibit reduced volume and the highest converter power and
energy efficiency, making them highly beneficial for isolated bidirectional

systems requiring battery chargers.

Keywords : Isolated Bidirectional DC-DC Converter, Multi-objective Optimization

Algorithm, Non-dominated Sorting Genetic Algorithm-1I (NSGA-II), Optimal

Converter Design.
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