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Fig.17 Operating waveforms of the converter before and
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after current stress optimization at input voltage 40 V

W 18 FroR A AN HL s 30 VT AR 4 s FE R Y
JIRAHT Ja % BB o« AHIT G X Bl DUR 2, At
BRI 2k 7 A, 3 I SR YA ST 4 1 S s
i, RIS TR 5.4 A i

19 JE7R T AZHANTT R Sy AEAF] THUA AL
i %1 ZVS AN 5P, I 19a ME 196 5355 0



3232 LN B S N 2025 4 5 H
TSt W0 e wessw o BORURECRPEFIOOT A B, B 200 A 20d
g el oGOV L R A RE R AT B B Rk
e 2 . o] < v s
il 0 ) o il (1) 43 2 SR R PR R
N St o Sis ¢ LR FF O I 11 45z /N FLUR LI 0.06 Ao 71 ] 20¢
o) (10 (4 PE R, AR R T 0.06 A, A5 B8 IF 64T S5
N : L ZVS Sl e 20d &1EF, BRI T

1(5 us/k&) (5 us/k%)

(a) k=0.5 I A4 2% TAE P TE
K18 BN 30 VI AR 3 2% FEL U N AL ET S 1
TAEIE

Fig.18 Operating waveforms of the converter before and

(b) PAb 5 A2 e 3% TARBOE

after current stress optimization at input voltage 30 V

Tek Sl @ Stop 1 Pos: -20.00us Tek N @ Stop M Pos: -1.200us
Vad(20 V/H%) ¥, (10 V/k) V420 V5% ) v 110 V/ES)
: Lt L\
e L 1 - i l :I | \é J
. (E :
b TN BTN N A0 AKS)
4 ~‘<‘/ N FANS
i, (10 Al :
1(5 us/k&) (5 us/k%)
(a) H#H (b) B
K19 —kMIJTRE S, 1 ZVS W E

Fig.19 ZVS waveforms of the primary switching tube S,
BB AT P IBOT RGO W ELNE A 3,
Sy JLP 8B T 4yl ZVS il

20 7R T HUMITRAE Ss AEAN R L AA AL
i %I ZVS 417, b B 20a FTE 200 435 0y &

T“k Sl @ Stop M Pos: 42.50ms Tg.l-,‘ S [ ] Smp+ M Pos: 0,000
R i V(10 V/FB) i S VBNV
-_1 WOV D ! B ; :
ot j f J . im0 O
- \*‘K S\ (10, V)]
i (10 A/FR) =] P o o
: o™ ™ ]
: 1 (10°ATHR)
145 ps/Hg) 14(5 ps/H)
(a) T ZVS 411 ¥ (b) BT ZVS 4159
Tﬂk 1 . @ Stop M Pas; 4250ms T..k J’].. . @ Stop M Pos: 4243ms
I V(10 Vg e 2 V(10 VIR)
V(5 VIS E{kl V(5. V%) (lgr
[: ! ‘I_‘
v/ 17
I i iz
i (10 A/H)...2 10-A ) ]I\E
XY TR J06°A: LA ) == 006 A
(1 us/k&) t(1 us/k%)

() W T ZVS JRHBokE

K 20

(d) Wi T ZVS ok El

TR TFF K Ss M) ZVS BT

Fig.20 ZVS waveforms of the secondary

side switching tube S;

0.06 A, I CHE Ss ARSI ZVS T,

21 JEoR T HIMIF G S 7 A [R] T ATUAH 47
2] ZVS 45 BE, Hor B 21a F1E 210 4550 4
BRI RS N IERIT R Bl . W LA 3,
EEBAE BTN S ST Zzvs 3, JLF
SCIL T ASYuE ZVS BiE

Tek Sl @ Stop M Pos; 4250ms Tek Jy @ Stop M Pos: 4250ms
F g H : 3 A M
[ / iy ' 1 fant | = s 1

il R l
AN ATCIY 72 B : 7
T (1O Ny 2 AL b (5 VR (10 VR e
an i Y B G i Sl
St N AN
£ (0 ATHR) 110 A
14(5 us/k) 1425 us/k)
(a) HE (b) %,
21 ZIRMJFRE Ss it ZVS e
Fig.21 ZVS waveforms of the secondary

side switching tube Sg
22 JEOR T AR AR N 50V, i B
KIIZE 100 W AL HT J5 A Al A B e xf e . A
AT TE R AR TR EL k=0.5 W, ASHe#% i s R 40
91.6%, 1M R HI A SC T 42 1) SR 5, AR e 3 0%
B Ik 93.8%, AR G F AR T T 4 2%,

95
93 T e SRR S S
S 9 e
< "
§ 89 ,n/' 7 -
— —=— AL
87 / ——fAb)E |.
M4 ]
10 20 30 40 50 60 70 80 90 100

TR (%)
K22 A feds A AN R G038 DL AE B R ARt
Fig.22 Comparison of converter efficiency before and

after optimization at different loads
6 %t
AR SRR PR O JEHE AC-DC A2 4 45% 1 1l
FRL LM LYY T B ), S T AR Tk

AR 1) A 5 2% 0 /N HL VAL B T 428 1) SRS o 1242 1 SR i
AT LR A AN R AR Lk pR R e AL, R AR e 2e



o540 B2 10 3] ERRE TN RGN EHY AC-DC A8 5 & d /N BN ) 428 1 S 3233
M AR R Rl B, @B A TR AL analysis of conductive and inductive charging
AE T K B AR AR e 8% BB YR R ) 1K) [R) I AR UE T o B B solutions for plug-in electric vehicles[J]. IEEE

LI LRI IEVE s JF H A AT LE AN T S0 DL
BB 3R . dde s JE I A7 0 S0 A S I i 4%
T SRS HEAT S, TR W] T 4 I SR (1 nT AT

(5]

[6]

2% 3wk

B, REM, w7, & U KO RA ik RE B
AN A5 i R G R R RIS [T]. W DR,
2024, 39(3): 745-757.

Gao Fengyang, Song Zhixiang, Gao Jianning, et al.
Energy management strategies for traction power
systems with PV and energy storage access[J].
Transactions of China Electrotechnical Society, 2024,
39(3): 745-757.

VIR, M, AF. GW HAE e L e AL
REEPARBATFL[I]. HBOR, 2023, 24(7): 56-63.
Xu Mengyang, Zheng Peng, He Chun. Experimental
research on key technologies for energy management
system of gigawatt-scale energy storage power
station[J]. Electrical Engineering, 2023, 24(7): 56-
63.

pCI a5, ], S5 i s R A O
KAk BE R GUAN PR B AL VRS (0], I ARG E B
1%, 2024, 48(5): 38-47.

Wu Zhaoyuan, Liu Jingyu, Zhou Ming, et al.
Quantitative evaluation of externality value for
distributed photovoltaic energy storage system under
decentralized decision-making[J]. Automation of
Electric Power Systems, 2024, 48(5): 38-47.

Bedl, B &, AT, 25 XCH AT DC-DC 284y —
o MR 1) S L BE DR o A MM EE D], i TR 2
i, 2024, 39(6): 1907-1922.

Kang Wei, Xiao Fei, Ren Qiang, et al. Three-phase-
shift modulation and its dead band effect analysis and
compensation of dual-active-bridge DC-DC con-
verter[J]. Transactions of China Electrotechnical
Society, 2024, 39(6): 1907-1922.

Sun Kai, Wang Xiaosheng, Li Yunwei, et al. Parallel
operation of bidirectional interfacing converters in a
hybrid AC/DC microgrid under unbalanced grid
voltage conditions[J]. IEEE Transactions on Power

Electronics, 2017, 32(3): 1872-1884.
Khaligh A, Dusmez S. Comprehensive topological

[71]

(9]

[11]

[12]

[13]

Transactions on Vehicular Technology, 2012, 61(8):
3475-3489.

TFEESR, AU, AL, S TR AR SR A 1
7 g A M AL DC-AC AR #e33[7]. W L4
A2, 2024, 39(21): 6865-6876.

Wang Yaoqiang, Li Hao, Li Xiang, et al. A single-
stage dual active bridge DC-AC converter based on
dual mode modulation of variable frequency and
phase shift[J]. Transactions of China Electrotechnical
Society, 2024, 39(21): 6865-6876.

Gu Yunjie, Li Yitong, Yoo H J, et al. Transfverter:
imbuing transformer-like properties in an interlink
converter for robust control of a hybrid AC-DC
microgrid[J]. IEEE Transactions on Power Elec-
tronics, 2019, 34(11): 11332-11341.

JEG, W, EImb, 5. LA RBEBENRE
V2G R OG i ELA R I R B R (7], L
HAR AR, 2022, 37(1): 82-91.

Zhou Wei, Lan Jiahao, Mai Ruikun, et al. Research on
power management strategy of DC microgrid with
photovoltaic, energy storage and EV-wireless power
transfer in V2G mode[J].
Electrotechnical Society, 2022, 37(1): 82-91.

Su Mei, Wang Hui, Sun Yao, et al. AC/DC matrix

Transactions of China

converter with an optimized modulation strategy for
V2G applications[J]. IEEE Transactions on Power
Electronics, 2013, 28(12): 5736-5745.

Khaligh A, D’Antonio M. Global trends in high-
power on-board chargers for electric vehicles[J].
IEEE Transactions on Vehicular Technology, 2019,
68(4): 3306-3324.

b, O, X 7. R AR XU AC-DC
AR e 3 PR S [T]. T ER 4R, 2019, 34(12):
2499-2506.

Mei Yang, Huang Weichao, Liu Ziyu. Bidirectional
and isolated AC-DC converter based on reduced
matrix converter[J]. Transactions of China Electro-
technical Society, 2019, 34(12): 2499-2506.

RS . B2 e R B A = A XU AC/DC AR e 75 4
FEER[I]. E AL LR, 2021, 41(21): 7434-
7449.

Gu Ling. A review of single-stage high-frequency-



3234

O A NI

2025 5 H

[14]

[15]

[16]

[17]

[19]

[20]

isolated three-phase bidirectional AC/DC converter[J].

Proceedings of the CSEE, 2021, 41(21): 7434-7449.
LK, KB, eIk CLL 422 i ds
143 B 5wk [7]. IR AR, 2017, 15(1): 92-98.
Jiang Longfei, Zhang Zhanwang. Analysis and design
of a full-bridge CLL resonant converter with double
resonant tanks[J].
15(1): 92-98.

BORE, LRSS, VrBEA, A3

Journal of Power Supply, 2017,

B AR 23R, 2023, 38(6): 1571-1583.

Guan Yueshi, Wen Zhaoliang, Xu Xiaozhi, et al. A
modular reconfigurable single-stage DC-DC converter
suitable for wide gain range and its magnetic
design[J]. Transactions of China Electrotechnical
Society, 2023, 38(6): 1571-1583.

Jung J H, Kim H S, Ryu M H, et al. Design metho-
dology of bidirectional CLLC resonant converter for
high-frequency isolation of DC distribution systems[J].
IEEE Transactions on Power Electronics, 2013, 28(4):
1741-1755.

FRE, MR, SR, S5 TR AR A
AN AC-DC A2 e 4 i F F 37t o 1 s [0]. i T
Hi A4, 2023, 38(14): 3888-3897.

Wang Zhangyi, Lu Daorong, Li Xiang, et al.
Boundary current modulation strategy of single-stage
bidirectional AC-DC converter based on phase-shift
and variable-frequency control[J]. Transactions of
China Electrotechnical Society, 2023, 38(14): 3888-
3897.

Zhao Biao, Song Qiang, Liu Wenhua, et al. Overview
of dual-active-bridge isolated bidirectional DC-DC
converter for high-frequency-link power-conversion
system[J]. IEEE Transactions on Power Electronics,
2014, 29(8): 4091-4106.

FEL, pmeng, GRE, AE. e BK b A% XUH YR
P B AR 4% 2 H AR DR A 22 S (7). F L ROR 27
#, 2020, 35(14): 3030-3040.

Zhou Bingkai, Yang Xiaofeng, Zhang Zhi, et al.
Multi-objective optimization control strategy of dual-
active-bridge DC-DC converter in electric energy
router application[J]. Transactions of China Electro-
technical Society, 2020, 35(14): 3030-3040.

gk, )R, EEE. W4 DC-DC A g5 3L T

[21]

[22]

[23]

[26]

[27]

FEL Ja% EL L Y g 1) 00 EE B A A A I (D],
#2, 2016, 31(22): 100-106.

TR

Zhang Xun, Wang Guangzhu, Wang Ting. Optimized
control based on current-stress of bi-directional

full-bridge DC-DC converters with dual-phase-

shifting control[J]. Transactions of China Electro-
technical Society, 2016, 31(22): 100-106.

Hou Nie, Song Wensheng, Wu Mingyi. Minimum-
current-stress scheme of dual active bridge DC-DC
converter with unified phase-shift control[J]. IEEE
Transactions on Power Electronics, 2016, 31(12):
8552-8561.

Huang Jun, Wang Yue, Li Zhuogqiang, et al. Unified
triple-phase-shift control to minimize current stress
and achieve full soft-switching of isolated bidi-
rectional DC-DC converter[J]. IEEE Transactions on
Industrial Electronics, 2016, 63(7): 4169-4179.
ROCME, ek, sQW X, 45, X ks DC/DC
AR e s o /)N W AR LU B LR UL D R AR R T D). R
HHL TR 23R, 2016, 36(18): 4990-4998, 5124.
Song Wensheng, Hou Nie, Wu Mingyi, et al. A
current stress minimization strategy of dual-active-
bridge DC/DC converters with virtual power control
method[J]. Proceedings of the CSEE, 2016, 36(18):
4990-4998, 5124.

Sha Deshang, Wang Sunbo. A single-stage natural
power factor corrector based on dual active bridge
DC-DC converter without inner current tracking
loop[J].
2021, 36(1): 342-352.

IEEE Transactions on Power Electronics,

Ma Peisong, Sha Deshang, Song Keling. A single-
stage semi dual-active-bridge AC-DC converter with
seamless mode transition and wide soft-switching
range[J]. IEEE Transactions on Industrial Electronics,
2023, 70(2): 1387-1397.

Kwon O, Kim K S, Kwon B H. Highly efficient
single-stage DAB microinverter using a novel
modulation strategy to minimize reactive power[J].
IEEE Journal of Emerging and Selected Topics in
Power Electronics, 2022, 10(1): 544-552.

Guo Dongxin, Wang Panbao, Ren Chunguang, et al.
Linearized minimum current stress modulation scheme
of single-phase bidirectional DAB AC-DC con-

verters[J]. IEEE Transactions on Industrial Electro-



%40 &5 10 1Y) I &% BT EIEMN P ZUUAT EN AC-DC 22 #e & dw /Iy FLU Y. J 2 1 S 3235

nics, 2023, 70(12): 12410-12420. Jy T
E-mail: WangyqEE@163.com
& &N 48 5, 1991 A, WA, YR, EZEETIIT RO s SEROT

E&5% Y, 1982 4EA, WA, B, WM LAERI, PRI MA AT I PRAT e 3% . B a0 AC-DC AR e 3% 45 b B 4 i R 4
BRI S IERE. ) RABBAT S M. LA BRIE B 5 AL 55 E-mail: lixiang91zzu@zzu.edu.cn CGEAF/EE)D

Linearization-Based Minimum Current Stress Control Strategy for
Single-Stage Dual Active Bridge AC-DC Converter
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Abstract In distributed power supply and distributed energy storage technologies, a bidirectional AC-DC
converter is an important energy conversion device connecting AC-DC hybrid microgrids, and its performance
index directly affects the overall performance and effect of hybrid microgrids. Compared with the two-stage
topology, the single-stage dual active bridge (DAB) AC-DC converter removes the intermediate DC bus
capacitance with a large capacitance value, reduces the conversion link, and has apparent power density and cost
advantages. The traditional DAB AC-DC converter mainly adopts the modulation strategy of phase shift, which
has the problems of high current stress and narrow soft-switching range. In addition, only adopting the phase
shift control leads to the nonlinear relationship between the system input current and the shift ratio, increasing
the control complexity. Therefore, this paper proposes a linearization-based minimum current stress control
strategy for the converter to address the problems of modulation nonlinearity and high current stress in a
single-stage dual active bridge AC-DC converter. This control strategy reduces the converter’s control
complexity and current stress, ensuring a wide zero voltage switch (ZVS) range of the switching tubes.

Firstly, the switching characteristics of the extended phase-shift (EPS) modulation strategy are analyzed. For
the nonlinearity between the input current and the shift ratio, the input current i, and the shift ratio D, are
linearly related by introducing the phase shift index k and the maximum switching frequency fim.. The
expressions of the shift ratio D; and the switching frequency f; are obtained combined with power factor
correction. The switching characteristics of the EPS modulation strategy are analyzed. The trajectory of the
phase-shift index & under the minimum current stress is obtained by the differential polarity method. Then, the
expression of the shift ratio D, is obtained. Finally, the soft-switching ranges are analyzed for switch tubes S,, Ss,
and Sg. Except for the DC-side switch tube Ss, which is difficult to realize soft-switching in the small range under
extreme light-load conditions, the other two switch tubes can realize ZVS in the wide range in other cases.

This paper verifies the proposed control strategy by combining simulation and experiment. Firstly, regarding
simulations, the proposed control strategy can achieve the linearization between the input current and the shift
ratio, effectively reducing the converter current stress. An experimental prototype is constructed with an AC 50 V
input, DC 12 V output, and 100 W output power. The current stress is compared before and after optimization
under different input voltages and the soft-switching realization under different load conditions. The control
strategy effectively reduces the current stress of the converter while ensuring that the switching tubes have a wide
ZVS turn-on range.

Keywords: AC-DC converter, extended phase shift, linearization, minimum current stress, zero voltage switching
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