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Global minimum current stress control strategy for dual-active-bridge converters
based on dual phase-shift control

ZHAO Zhiyi, JING Long, XU Wenzheng, WU Xuezhi, ZHANG Dongsheng
(National Active Distribution Network Technology Research Center, Beijing Jiaotong University, Beijing 100044, China)

Abstract: Current stresses in dual-active-bridge (DAB) converters increase rapidly in the event of voltage mismatch
between the two sides. Excessive current stress not only complicates the selection of switching devices, but also reduces
the efficiency and operational safety of the DAB. To address this issue, a global minimum current stress control strategy
based on dual phase-shift (DPS) control is proposed. First, the feasible region of the phase-shift pairs under DPS control is
analyzed. Based on the analytical expressions of transmission power and current stress in each region, an optimization
model for minimizing DAB current stress over the full power range is established. For the multi-region and non-convex
current stress optimization problem, the global optimal solution region is first identified by analyzing the results obtained
from a genetic algorithm. Then, using the KKT conditions, an analytical expression for the global optimal solution is
derived, leading to the proposed DPS-based minimum current stress control strategy for DAB converters. Subsequently,
the soft-switching characteristics of the DAB under the optimized control are analyzed. Finally, the correctness and
effectiveness of the theoretical analysis and the proposed control strategy are verified through experiments.

This work is supported by the National Key Research and Development Program of China (No. 2023 YFC3807000).
Key words: dual-active-bridge converter; dual phase shift; current stress; genetic algorithm; KKT conditions

0 3= DAB “F i K FH R AR R H I H A
= WA EL S AR IR AN S AT L HEAT R 38, SEBLJEUL 5 A

WA JEAM (dual-active-bridge, DAB) B 281EN W2 MR . IRt 25, 7]
MBS M DC-DC AR g iy L R BH 41, DAL A B LU 4 28180, B A $% 1 (single phase shift,
RGN mINREE . B THIFRMR R SPS). ¥ B AH T (extended phase shift, EPS). X
ZNHTEBREMN. E3R4Eam. FeliitMssE  HEM W (dual phase shift, DPS) LK = B FE 1%
AR, fill(triple phase shift, TPS). HH, SPS #%Hil{} A HrH]
SARE AL — ANl B R, R ER R, HIE
HEWE: BREELALRITE %8 (2023YFC3807000) DAB P L B AVCECH, HL N 2 2R3, B




R,

i OB M AR 2 8l ) 00T AT 42 SR i /D PR IS s i S s - 79 -

bz 4b, SPS 4% N DAB AR s fE 823 5 3,
THF, —M H #ek R TR #(zero voltage
switching, ZVS)IRZC, 1 KA He g imke . 720
fih b, EPS 5 DPS #& i3 0 7 #r R AH ELAE BT I
BHIEHE, KIER L DAB &I 55 R AR
PN 0] DRI TR B el R S AR 4 25 1 Ak 4%
H1U21 BT DPS #5541, EPS $2H1 DR 74 i 42
HLAETh 2R AL 77 7] ORI D146 PR 3, DRI DPS 32 il
FE AN o R e Ve ), TPS 45 B A 3 M
W, (BAE R AL TN 2 ARAE 6 FARTEIf
LS, SEHAR B ERiANE 2%, b
ASTAEHIE e 1) 1 S s o 5 3 R4,

DAB B 28 [ LN ) 8 SUNFRAS TR A
JRHEIR — N s RE . 7E5 2 DAB f&81) %
TR MTETHE NI/ 77, AT DATE PR AR H2% N
T A O AT A3 (1) TR B OBl N S 1) S i A R 5 5%
e, IREA SR, % DAB A g
TN AARAG I B, SCHR[16]9E T DPS 563 1 T —
Fhf /NN /7 4y B st g, FEPAL SR AR I IS A2
HRAER X BN DX I AR 1] RS T SR B H e 1
%o BRI, PRSI B TR, HlT
WHEEBM LT A /AT, 27 EE RS A
BOLOU R VR R A R B fd . SCHR[17-20]352K
Pi k& B H R ik R B W - B B - 3 50 (Karush-
Kuhn-Tucker, KKT)2k{475:%F DAB HLIf N 44K 1]
AT RAFE, ARMTIX STV e SRS X 5k
W H b bR B 5 20 R AR IA RN 10 R 3B B AL
X T DAB HLJ N AKX TP 2 X AE N AL i
FE G IR SR A T 12 AR DR 45 SR 1 & R de fIe

AR, xRk B HIR LS KKT 444k
76 DAB AL SR A A 3k DAAS 3 42 J) S5 A0 At 14D 1) R
SCHRT 141K T 3 55 B i 5 5, 5 22 X8 6 =g
SR AREAT X L E T 15 B 4 R Fe L . (H% 7V
Z RGeS, T e DASR 15 30 7 4 R a A A
B e X 3 A S % A o SCHR[21 8 i gt % B0t
DAB HEJLN S ARA 1) AT SR A, 75 PR 3% ] od
& REA N RN A S, BEERENTIANE
X PR RS B P2 AR AR e . SCHR[22-23 135151 A
TR FR ALK L R, (BRI S N
FAE X3RN R i s U R R A b, 724 = i L fg BT
T DX 35k ] R AT = a0h T LR B P 4 B A 9

gi b, 75 DAB MR A= G, Of
WA 2 b g R R i, = 24 H
W A R R 7k . STk, ASCEXT
DAB LN IR AR BT TR AL, LT
DPS =il DAB HLRMN S 12 XA, R

NI T 22 X 3 i) R AN [F] Dl 26 X 8] 38 B 1 52 )
B 5 NI LR E T ERREATE XIS X
BRI S A, EXS MBS KKT 445453
TR RIER . TR R T
4 JRy d /N R . 14 1 SR, R A i i BT
REFWEHT T 0. BeJa, 2ETHrieish| sens 5 2
TSEIRENL, SEIGLE ISR T TS 18 S R g
A E A 1 A R .
1 DAB BRIt i i=
1.1 DAB T2 HFATNE S BT HI RIS
DAB 25 RN W 1 B, AR N
1R AR S A A T LA S 1320 P ) ] A7y H A
H, k. Hrb: U AEIAMEIREE; U, NED
ML C M C, BN R B F ek f
Ky LMW Uy, NEIDMEEE; U, N
BB EEIE; Uy, MU, &FEEITH IS
AR U, AR, HEST
U 55Uy 2% 1, N HHUE IR

[El 1 DAB ZE#25HhIMNE
Fig. 1 Topology of DAB converter

JEEAWM H MF T RE S, — S Mk, SR
EHMRENE TN g, SN 50%. BAHEL D E
XA
D=

=2/t (M

P ¢ NIRBIE S 2 RIS (R 225 T, JF i S
[f]; f, ATFRAR . BARsEhlh, H—0E X
EWIRENE S EAh. E DPS i, JRELL H Hf
WNF ARG H D3RR, MraIsME ARG D, R .
IR ZhRE TR, D~ D, BUETEEI A 0 2] 1
ZId, DPS #4 T DAB IRENE 5 5 B IR I
K 2 fis.
1.2 LA TR X ST 54

K2, DYD,ZIWfF4&D,-D, =0 D, +
D, 1< 0 IAERLI W e, N ZIH0, M ¢, = DT,



- 80 - B 2GR 54

Dyl
8s1 | »
8s [ » {
8s3 1
s ' >
gSi I # t
8s6 » 1
S
8s7 | [ >t
8z _1 l —> ¢
U, — > ¢
Upy —>
U, > ¢
LY
I, > ¢
M
6 4 b L
& 2 DPS #=HIE R E
Fig. 2 Waveform diagram of DPS control
t,=D,T, > t; =(D,+D,)T,» t, =T, » ILEto @JQZ

R o i = Wl A [ NN E 2 T S e e 4 )
KU, BIRRN

nU
IL(tO):—4f (D, +2D, ~1+ k(1= D))]
L) ==Y [_p +2D, ~1+k(1-D,)]

SW

1. (t,) :_%[Dl —1+k(D, -2D, +1)] 3)

nU,
IL(ts)—_4fswL
]L(t4):_IL(t0)
b n BRI F OB RS, & X
@), FH LA & R 0] o e i AN DL R P
k=11, U, =U, .

U, _ Ui
nU, Uy

[D, =1+ k(-D, - 2D, +1)]

“4)

2 fR T, U TE ¢, 3¢ B B E KT
0, R 7, FESEIG I AE ¢, Bl ¢, FIRIBE PN, 2 k < 1R,
U <0, BN AELRZIEE] 2k > 10,
U, >0, FERN I, B2,

H1 30 (3) Pk — 20 HE 5 15 H LR HL I A B Y
PreRIENX T (1) - BN DAB AEHIThE P RIE
XA

1 1y
P= Ej U, I, (1)dt (5)

W 1 () RANRG)IFREAT 20 Bei 7, IR 4E
D,-D,=0. D +D,-1< 0% F, DPS il
[¥] DAB A4 AL T %y

nUU, ) )
P= m(wz -2D,> - D) ©6)
4D 5D, ZEKXREMNWNLD,-D =0,
D, + D, - 1< 0 AR FAFIS, 1 (1) HIfg b R &%
AR, BT S BUE T 2 5 N )T g .
N T RS RLIRN J) 5 Z R SR A — 0 B LA A5

B, A AT AT I AT 70 X, g5 R 3 Fos.
AKD’_’
1
AL p,-D, =0
4)
(€] 3)
@ by D, + D, -1=0
& D,

3 DPS #ZHIFB L ATTEI Y X
Fig. 3 Feasible region partition of DPS control phase-shift ratio

BT 3 1 XA R, IER AR EE T AT b ok
138 XIA F AR Dh 2 5 s, Rk 3 [R]I
NORAIER AT S E R, BLA(7) 3
EXHE R DS BN S BEAT AR LA E] . Forpe
I NHIBHIIEE: R, N DAB & H iz i) i Kt
TN RA A PO HAR LA AL B S IRME, Ya RN
021,

_nUU,
base Sf;WL
;- nU,
base Sf;WL
1.3 DAB BN AR LRE

DAB  HLAE I 7 DE A 32 1) 75 A 16 2 T 2 A%

SR BRI TN BB T, ANTE] XA A i P Rk

0



R,

i OB M AR 2 8l ) 00T AT 42 SR i /D PR IS s i S s - 81 -

KA. X)X, kEARES S5
HLIR R JIhR LH 1, RIE AR 7. BE, g7
V)% 6 H DAB BN IR TR T D, . D,
g XS kB RANHAT R ie. BT, &
LAk PN SH, D, D, Atk
A, WBATHRILE DAB HLN S04k i) i A5
NI
H0<k<I1Kf, DAB HLHN JMRALHIEL 5351
() — ()R
DX I (1) PR
min 2[1-D, —k(=D, —2D, +1)]
st. D,-D,=0,D,+D,-1<0,-D, <0, (8)
P -2(2D,-2D,’-D})=0
X IR Q2) ALY«
min 2[1- D, —k(-D, 2D, +1)]
st. D,-D,<0,D,+D,-1<0,-D, <0, (9)
P -2[D,(2-2D,-D,)]=0
XIRG) M A Y .
min 2[1-D, +k(1-D,)]
st. D,-D, <0,D,+D,-1=0,D,<1, (10)
P -2[1-2D,+D}?]=0
XA (4) AR
min 2[1- D, +k(1- D,)]
st. D,-D,>0,D,+D,—-1>0,D, <1, (11)
P -2[(1-D,))(1+D,-2D)]=0
Xk >10, DAB HLFLN AR AL 53 50l dn =X
A2)F=(13)Frs
XA A A .
min 2[D, +2D, —1+k(1-D,)]
st. D,-D, =0,D,+D,-1<0,-D, <0, (12)
P -2(22D,-2D,>-D’)=0
XA Q2) ALY .
min 2[D, +2D, —1+k(1-D,)]
st. D,-D,<0,D,+D,-1<0,-D,<0, (13)
P —2[D,(2-2D, - D,)]=0
XIH3). K@M 0 <k <1If5%E4
LEICE
DAB LS. A A A 2R 35 DL A% X I3 H I S
b ZAB I AF N B AR RE, 205 A 2H X 38 2% A
AN AL AR ) Z AL S5 A S5 A A B

2 =R&/ERN IR R

2.1 BRNARUERIRYGRSH

FE A DA RN R B s, P s ik
PRRSR G2 Rt — RN T 18 . AR L AT 4738
TR R Qs 4 s

1.0
0.8

0.6
0.4}
0.2}

0 1.
L0 08 06 04 02 g 03
DZ Dl

4 DPS #Z#IT DAB ThE$F4E
Fig. 4 DAB power characteristics under DPS control

NEBL PR S XK R R, H D, 1E 9k,

P AE GG, 2l P I e Rt 5 R
B 5 N 4 (IERLIE, AT U GF R AR fan ) A X
(] 55 8% A L AT AT 380 P9 45 XA R 2K AR

1.0

08 M
P'=2/3
0.61
B P'=1/2
0.4} 2 (O]
0 L n L I
0 02 0.4 0.6 0.8 1.0

D,

5 DPS #Z#T DAB Z#Th &M
Fig. 5 Two-dimensional power characteristics of DAB

under DPS control

H &S vl R ASESS € AR SR g
R, M P >2/30, AREEAEET X5
(WA, RBEXT kAE#EAT K08, FIAH KKT %
PVEEAL G TERIBEE O <k <1. k>1WMiEN
TR R AT AR 2] A R . 12 <P <
230, AREMEATRETE) (2)s OEM—AX
R, H X BB R 3 MASELER T X3, AU
F KKT ZAHETIERRITE 1/2< P"<2/3 YR X ]



-82- B 2GR 54

WA R s, {o<P <12K, 2REiiE
ATBETEQR) (B)s (AEAT—ANIX 8, [FIFEIGI2AR]
F KKT &Rk 4 R i

Bribz 4h, KKT 41 E5L 40071k L REsR i H
ANESE A ESTAN B3 o v W I D NV Kok R A T P
A SR I A R S N S B A T AR H bR R3S 4
WA R 2 AN XIS, LS50 DL 4 SR
s PR AR I AE DX 3 ) AN 3 X i

T UL ESHT, &% DAB LN S AR A, 0]
HAL S8 5 M DA ) 22 DX 3k m) R, A SR F s
HILRRE DAB ML JRAESY, 15 25 NS5
555068 N A R R A A O B B R A, A R I AR I
FIAE X ek BT X dakads Ft vl i, g B R 4
14 R ARG 7 R T2, 133804 RS g A
TE XS E X . FERA XN, EFX bRk
5 2y A2 IA A AN AR AR A i,
KKT s R 52 R AR iR ik X e ks
TFAENTACH 2 R I BT T fe /N LIRS g ) 3
W&, fEfF37E DAB AR¥ag I sEhr M A, X FHEHET
FEAT SO AN S E A T IE SR AT 5 21 4 R B AR S A
LLAH &, TERRAS RN T SR AT 42 R {RIE T DAB
AR 2 1) 2T A ) N
2.2 ETBEAEEINEBRMBXIEHIES T

R0 <k <1ZMT, BN
LR B A i fid . b HAR kg, 255X
LRI I T A G XL KA B o BE ek . X T
WMASH k. P, LLO1 N KKK, 0.01 NP 1Y
HEHATRUE, BEAMASEANEL, ke
14 R s g 6 Firs .

% 02 04 06 08 10"
Dl

B6 0<k<IRHTEEEZLKRBER

Fig. 6 Genetic algorithm solution results when 0 <k <1

HE 650, fE0<k<I%&MF, &Rtk
IFEIX (1) 5 X Q)R] . JEEUX (1) ()P MR
&R R, RGNS k. P& T
o ARIELEREEE, TRFFE kAR, EEA L
R UESIEEE) N AYNAE PN O N EE IO B 3
L 0.001 ABKSt PT k2D BB, ARANBUEE T
BRFEHMASEIE . RAWEEE R MK 7 o

Ny B FLITTEN P = (3K + 2k +1)/2 .

1.0
X [XIg(1)
0.8 +  Xik2)
— Pk
0.6} B
u l
0.6265
0.4 ——
0.6255
+
0.6245
02}t 0/4995"0.5001
0
0 0.2 0.4 0.6 0.8 1.0

k
Bl7 0<k<1FZHTXEHIFEIUEER
Fig. 7 Fitting results of regional dividing line when 0 <k <1

H5o<k<1%MHFTFEEL FELe>1%8T,
FEAH LA AN 53 4% B3R B B k) 4 Jm) e AL
fit, ZERWE 8 Fros.

(=]

O =LA L1000 =
.
1,

-

0 ‘a (A .4\
0 02 04 06 08 1.0

L)l

B8 k>1FMHTEEREERMER

Fig. 8 Genetic algorithm solution results when & >1

8 AI%D, 75k > 15604, 2RI
X(1) 5 XikQ) g E] . EE X)) MATE
M4 R AR, RIGMASE k. P& RELTr
. MELERWE 9 fiax, MESTARLTEN
P =(-3k2+2k" +1)2.

1.0

x XE(1)
0.8 + X45(2)
0.6 .

A,

L 0.6675
0.4 0.6670 X
0.6665
0.6660
0.2 0.6655
29995 3.0005
0 | ] ] i ] ] H
1.0 15 20 25 30 35 40 45 50

k

B9 k>1FHTRESFEIUNGER
Fig. 9 Fitting results of regional dividing line when & >1

K7 A 9 rrdbl A 7 RE B AT D, = D,
K2R KKT SAHER R R B e i) 77 58
IR (B AT A T TR R RS X



R,

i OB M AR 2 8l ) 00T AT 42 SR i /D PR IS s i S s - 83 -

W) EUX B Q2) W 5 H s E] D= D, B2k /1)
WINSEEE, HASBEVALE W% 52 4 R i p i
P T TfE. R 1 AH T IRTBEREE 4R
P32 (1) 42 Je S A0 At X 3090 o

®1 2BRREBRXIEHE

Table 1 Global optimal solution region criterion

k P FE K,
F<ﬂ2#i X5(2)

0<k=<l1
Péj@%ﬂ <1
ijﬁ%ﬂﬂ KH4(2)
o P‘>M X 45(1)

2

2.3 EF KKT & i BB ES

I 2.2 W AT, AR g R AL
FXIB(DHAXIRQ). BIEERASE k. P ARNE
1 DX, ] E— A AR R e A P R 1 X 3
SRS X335 A P 0 e 00 AR D A A A ) R 11 4 S e £
fifto FIFH KKT 25 PSR X S0 1) Je3 50 s A A »
gl A DX B T 15 B g b A 4 R e e

FEO<k<1HP <(3k>+2k+1)/2 %1F,
X 35(2) A B HL S AR AR AR 5 (9) . 2 F20(9)
Fig KKT 264 =X (14) s

KRBT HRAME, £ 0<k<1 H
P <(=3K7 +2k+1)/2 M, XKILQ)W 4 R

D, Dy, 52 BRSAGLE L,

2opt
fiEEtr = (15) B
L=2[1-D, —k(-D, - 2D, +1)] +
u[P"—2(22D, —2D,D, - D,*)] +
ﬂ'l(Dz _D1)+A‘2(Dl +D, -+
A(=D,), u#0,2, = 0(=1,2,3)
oL
oD, oD, (14)
ﬂ1(D2 _Dl):(),
A,(D,+ D, -1)=0,
ﬂ’:)(_DZ)=07
D,-D,<0,D,+D,-1<0,-D, <0,
P -2(2D, -2D,D, - D,*)=0

¢

o =14 —
d 203k +1)(1—k)
_ |[Pa=h (15)
ot 23k +1)
I}y on =N 2P Gk +1)(1— k)

Ffelih, REREAFBASEEZM 2R KR
DLfi, 1534 ThZEE DAB HRN I bRk
g BRIt Ah, 16 kEEE BT, g P
B0 [ 1 3hn, éﬁyﬁﬁnﬁw 5 D, FEXIK(1)

lopt

H5XQ)EMHLMER R, BE5WER 2 Fir.

D,

*® 2 £IETTE DAB BN M HIEEKRER

Table 2 Solution results of DAB current stress optimization model in full power range

MAS T Dy Dags Licgam LR FR
o 3k +2k+1 P~ Lo f k-1 1-k
<k< <= =1-(k+1 . =\2P Bk +1)(1-k) D, =——D, —
0<k=1P D, opt (k+1) 2(3k+l)(1 k) D,, op! 2(3k+l) I, opt = ( ) 2o = g Dion +1+k
3K 2k +1 1-P 1 1-P' . x 1
<k pzk 2kl -k |t D, =~ =2-20-PY3K —2k+1) D, =—_p 41
0 k I,P 5 Topt ( ) 2(3/{_ —2k+1) 20pt P 2(3/{2 2k+l) L opt ( )( 2opt -1 opt + 5

3k 42k +1

Do =1= (kH)\/Z(kz 2k — 3)

k>1,P <

P (k-1)
2k +3)°

1-k k-1
Ligs opt =2P" (k=1)(k +3) Dy =——Dyp +——

k+1 k+1

-3k +2k +1 1-P 2 1 1
> =z k-1 =— =2k —/2(1- P*)(k* =2k +3) D, ,=——D o~
k l P lpl ( ) Z(kz 2k+3) 2p| 2 2(k2—2k+3) L opt ( )( 2opt 1% 10p‘+2

R85, RN IR LB L, 5
MASH k. P IR RTNE 10 FIi7R o

HE 10 &RE—Soas, KT
0<<hk<1MFHETH, k>1EﬁVEI/RT1 d

Lecs opt

Ko PAAFITEDLN, I o TAMELE k=150 &
MIFHEBLR, 11, 5 P" 1IEAH5S. DPS 4% i DAB

TEINZE k. PPN B 2R KT, -

9 B H e e AN DL FC HL ik (19 B s T 00 T, DAB L
N IHR ZAE K

EO AR 2 RIASE R, Wil DAB 2R/
N3 F HIAE EAn i 11 Fos.

Kl 11 1, DAB AB4eds i i 4 i i, &l
i AP R E, SRR REEIEU,, U, IR



-84 - o) R R HiEH

BHEESEME. MASHD, Pl RS Ete
M, kSR S R N R N A T AT
BN R B4R SN AT BE DAB A2 4t
e IR SRR P S 12 R 2 R T O LR AR A BT
AN

)

— N W A LN 0O
k
Icht

10 2RRMBRNDFAESWASHXR
Fig. 10 Relationship between global optimal current stress per

unit value and input parameters

Umef » —
= L
2 553)
L S RN [ )
g3 %2 i

" BNERNDEHIEE
Fig. 11 Block diagram of the proposed minimum

current stress control

3 EFFREFEDR

T DAB e [F] —HrE T8 1 ZVS Fitk
HAFE, HIEAT/E DAB [ 4 MR HUEELS, S, -
Ss~ S IX 4 NIFRE AT ZVS FrtE . FFRE
() ZVS A5 T30 I 2060 B 1) F J% L B A
K, BR/NHETUN IEE] T I RE R ZVS FA kR
3 e

®3 FXE ZVS £#
Table 3 ZVS condition of switching tubes

PN XR(1)ZVS FfF X(2)ZVS &1t
S, Iy (ts) <0 I o) (1) <0
S, I (t) <0 I} ) (ts,) <O
S, I} (tss) <0 I} o) (ts) <O
S, I ) (t) <O I o) (ts) <O

W 1 () BRI FIFKAF S, Fhadm
I AR 2, K x=12, y=14,5.8.

H0<k<1W, 2REMHES ZVS KK
ZME 12 Fis. Horb, 1 XRIX () FFES, [

ZVS UG, L+ L XD KIRQ2)TF R E
S, ZVS L Ft. HE 12 /4, Ho<k<1Wf, &=
LN DAB &R H G KA IT R B RESEBL ZVS.
HER SR THT, S, IENE RPN E ZVS
FR, HRITREHRESLIL ZVS.

1.0
h

(XY CS——— L
L
I 5t

0.6 R R

ZVS: S S4~ Ssv Sy
o
/
0.4f ®
=Y D, +D,-1=0
ZVS: 81+ Ss.: Sg
0.2 Fressisa
b
D,-D, =0 P
0 0.2 0.4 0.6 0.8 1.0

B 12 0<k<I1&HT2RmiiEZVS &4

Fig. 12 ZVS characteristic of global optimal solution
when 0 <k <1

L k>0, RBES ZVS JEEIR SR W
Bl 13 Frose Hodr, 1 RPRIX 3RO S, 1) ZVS
WA, L L AR LX) XIEQ2)FF RS, 1
ZVS gt HE 3 I, Hk>1R, EER TR
DAB ¥ 28 F FT A FF R E B RE LI ZVS. H 55
BLOLN, S FTEMBERM AN E ZVS R,
HRIFREIRESEI ZVS.

1.0
Iy

0.8+ By
Is
[X 4y 7+

0.61 EADEodYN

. ZVS:Siv Sin Ssv Sy
Q
iy >
04 o
&7 D, +D,-1=0
<
ZVS: S| Sus Sg
02K .
Is /
D,-D, =0 Io
0 0.2 0.4 0.6 0.8 1.0

13 k> 1 FHT2RHEMEZVS FiHt
Fig. 13 ZVS characteristic of global optimal
solution when k£ >1

s 12, 13 ik, K HURLN F14E )
5 SPS # i N # DAB A8 g8 4R ZVS Ju
HATX L, g5k 14 Fos.



BB R, & T OOE R AR B XA VR 4 JRd /S FRLUAL 455 ) SR - 85 -
5k + 4k +1 x4 THRHENSH
. m’ 0<k=I Table 4 Parameters of experimental prototype
Bars =1 40y a0 s 2 #if
K2k >1 (16) B IR UV 100
Lk 0<k <1 HHBESHEE U, /V 50
. ’ JR I FL 2 /uF 120
Basrs =12 -1 k>1 AU Lt 18
K FEHIE £ kHz 70
HH: Blns 15 Blsps 7N 4 k 45 7€ I AR08 S A0 AR AL 111

TR ZVS B /NP .

1.0

0.8F ______________________

0.6} . [l Bl
Y “‘_ ',."’ """"" Fgses

04+ % o

021

0 i 4 I 1 I
0 0.5 1.0 1.5 2.0 2.5 3.0

k

14 H/NEBIRNEEHS SPS 15§ ZVS SEExftE
Fig. 14 Comparison of ZVS range between minimum current

stress control and SPS control

M 14 750, Mk=11, BFhEEHRReE 4
DNZEJEHE N SE A BT R ZVS. 2 DAB AR
73 LS ASUCC R & (R 5 1 B, e /INFRRUR. /4%
AT G ZVS Tu S /N T SPS il SR
2 P < Blygps M, SPS FE K Z R BEA H AR ZVS,
A= H MFSEIL ZVSe 4 P < B BT, HT A
FHECHIAAAE, S/ N LR 4 I 5 R AN TR
1 ZVS. % b, MWAThZJEER A, S hE
TURL 2 i AR R ORI 4

4 SKIGUE

FRHE AR SC R 4 Jay g5 /0 FELIA . 7792 il SR s 45 7
WK 15 s DAB B4 88 SEIRFENL, FENLS R
4 fiR.

AR AR E LU R SPS 5 4]. SCRk[16]42
H 23 B AR A 35 ) 5 AR SR HH ) 4 ) B/ N FR ALY

15 SEEGHFAL
Fig. 15 Experimental prototype

PEHIEEAT RS b o B2 SRR AR 2 518 20 Q. 15 Q.
12Q. 10Q. 7.5Q, WIEAFRERINEIRAME PR
AR R

A 15Q B, HHRITERLEP AN
0.33, DAB BH#taHiziT THE Tit. FREIMEE
5 HUB LR SIS R Wi 16 Fis.
T T N T

IL/(5 A/K%)
U, Unp/(50 VIR

(4 us/k)
(a) SPSHz

/(5 A/F%)
Uni, Unp/(50 V/E%)

/(4 us/k)
(b) FLIALSE g 43 BeAf Ak 2]

1%)

/(5 A/K%)
Uny, Una/(50 V/

(4 ns/H%)
(c) 4R e/ INHLIR I 5]
16 P" =033 TR TFSERAXTEE

Fig. 16 Comparison of experimental waveforms when P = 0.33



- 86 - B R G AR 54

Kl 16 1, SPS =il F RN 1A 12 A, 4
B A S R AR I 115 A, AR/
N 3R R 1A 8.5 A

TR FBHA 10 QB B3 TR bs Z{E PN 0.5,
DAB A ¥ 28ia 47 T8 Tl . JR B R 5
RIS R W E 17 Frs .

/(5 AIK%)

Un1,Un/(50 V/H)

/(4 us/f)
(a) SPSH% il

IL/(5 AJK%)
U1, Ui/ (50 V/H%)

(4 ps/k%)
(b) MR A 43 BLAR Az 1

1/(5 AIKR)
Usi, Uno/ (50 V/ES)

e
(c) 4= R /IN EL R A
17 P =05 TR TSEWH Az Xt

Fig. 17 Comparison of experimental waveforms when P* =0.5

Kl 17 #1, SPS =il F RN 1A 13 A, 45
BRACTES R RN TN 12 A, &R/ NIt
FIEEH N BTN I 11 AAER B ST TR T,
WIEEE 2 T8, IR RS SR AR AT AE 2 [X 5k
[ DR TV N 2 = B N E A el 0 €7 S )
NEAR, HAERBTH LA RE.

LN 7.5Q B, BHIHRRLE PN
0.67, DAB BH#8Hiz/T THEK Til. JREDHE B
JE 5 HUR IR SIS R A P 18 TR .

L/(5 AJK%)
Usi, Usn/(50 V/H%)

t(4 ps/H)
(a) SPSEz

/(5 A/K%)
Ui, Uin/(50 V%)

(4 us/t%)
(b) BTN 7373 BARA 4 il

IL/(5 AR
Usn, U /(50 V/K%)

/(4 ps/i%)
(0) &R /N HL N o s
18 P"=0.67 TR FSLIHA XL

Fig. 18 Comparison of experimental waveforms when P" = 0.67

Kl 18 o, SPS il NN /1A 14 A, &
B A R 5 4 e /N HLIR . T 45 1 T R LR
IR 125A. B THR, MERREAGFES
DX s v, R b4y B Ak i) 5 4 R B/ N B R
BRI LS AR, SReEE A R N T .

3 Fhds il NS RS 0T RNy S gt R
AT & Wi 19 Frs .

H P 19 Fros g sest gt ot bl LUE H, 7EAfe
WERAFAE 22 DX IR a4 . R T, A
Bt () 4 JR) B /N HL AR 345 ) S g T i DAB AR
e S SEI /NN, /13847 . TEEFB T TH T
FHEC ATAT 3 O X1, RGBSR A EAE 2 X
i), DR A S AT PR AL i S5 4L 48 DPS HELR N
FTIRACIEHIZI AT {E DAB A5 Ha % S B/ FELIL N 7

izf7.



R,

i OB M AR 2 8l ) 00T AT 42 SR i /D PR IS s i S s

- 87 -

14+
12F
*\3
10f
—o—SPS#EH
— & — r BRI
g A SRR
6 1 1 i i
0.2 0.3 0.4 0.5 0.6 0.7

.
19 3 FIZHISRME EE A R ST EE

Fig. 19 Current stress comparison of three control strategies
5 £5ip

A SCIRN M T A% GE A A SR i 77 1242 SR
DAB HLii NI ARAK Il RIS 1) JRy BR A o ZE AR S T3 A
L0 PP <2BETRE. PEINT, BT P R
HIZESR, R IR ) XS 57, X
13 DAB R AL ROy — M EL B2 X
R ) A SRR TV B T = 4 R U RE
2T A DA B 45 A4 SRy s LAk

BT obrasie, RE TR T AL EE R X A
s KKT RS &R IT%, BT
$:T DPS 1] DAB 4 Jayfie/IN I JJ 4% i) o XT3
MAAERIIEAT 7RO R, R, hERITH N
DAB e de i — MVERITOE Bk ZVS, R T
SPS FEHI IR E T4 . S fim, I SEIRXTEE T
SPS #% il FLIRLN )7 B A i 5 A SO i 4
/N FALSE A 4], e 4 AR B[R] T R AR SC
PSR AR A 7 1] g T (1) DAB A2 e 85 HL IR /) 5/ o
S 30k
(1] VERPE, BE, M, 5 —Fhim SR IR IR

AIEMA SRS MNLE B PEEAI]. BRGE RSP

S, 2023, 51(23): 141-150.

FAN Enze, ZHAO Lu, LI Yaohua, et al. A structure with

IVS self-balancing for an ISOP-DAB converter[J]. Power

System Protection and Control, 2023, 51(23): 141-150.
(2] ZBABLE, Z0ME, HRFEE, . 5T 2 BHirthb &

DAB W2 il & £ E A AR R SRR [J]. S E AL LR

#, 2024, 44(4): 1517-1534.

GONG Linxiao, LI Wenhui, XU Junzhong, et al. Hybrid

phase shift control strategy for high-frequency DAB

converter based on multi-objective optimization[J].

Proceedings of the CSEE, 2024, 44(4): 1517-1534.

(3] Pae?, skerk, MR, & =W HEE2H DC-DC

(4]

(5]

(6]

[7]

(8]

[9]

[10]

A 4 JRy PR S0 MeAG 5 IBIAR DA A X L 3 A 0],
ML RGP 55, 2023, 51(4): 126-137.

TAO Haijun, ZHANG Jinsheng, XIAO Qunxing, et al.
Comparative analysis of global current stress optimization
and return power optimization of a three-level hybrid
full-bridge DC-DC converter[J]. Power System Protection
and Control, 2023, 51(4): 126-137.

SH, WAL, BT, TR RO ) 0 e A\ T I
i Y R DDA VR AR e 28 2 R AR SRR [1]. B R Gt
TR 5, 2024, 52(22): 12-21.

MA Zhi, LIN Hong, FAN Yanfang. Model predictive
control-based voltage equalization control strategy for an
input-parallel output-series dual active bridge converter[J].
Power System Protection and Control, 2024, 52(22): 12-21.

ARG, PR, M, 55 BT IEAMER DC-DC
AR 2% LR PRI T VE]. I s TS BRI, 2023,
39(7): 44-53.

SUN Yugqing, CHEN Zhuo, LIANG Yaoxian, et al. A current
stress control method of the DC-DC converter based on
power compensation[J]. Power System and Clean Energy,
2023, 39(7): 44-53.

TAIK, PlURE, BRFHANE, 55 XA IR Bt th4has
F S SRIS BT FOERAR ). IR, 2024, 22(4): 53-65.
HUANG Yunfei, ZHONG Qihao, OUYANG Youpeng, et al.
Overview of topologies and control strategies for dual-
active-bridge converters[J]. Journal of Power Supply, 2024,
22(4): 53-65.

HOU N, LI Y W. Overview and comparison of modulation
and control strategies for a nonresonant single-phase
dual-active-bridge DC-DC converter[J]. IEEE Transactions
on Power Electronics, 2019, 35(3): 3148-3172.

ZHAO W, XIE N, LIN W, et al. Investigation on the
transient performance improvement of dual-active-bridge
converters based on optimal current stress control[C] //
2024 1EEE 7th International Electrical and Energy
Conference (CIEEC), May 10-12, 2024, Harbin, China:
1278-1283.

P, EE&8, Mth, S5 TR RRIR T ) [ AR
JE ARG IR B AR 2 )], B RS RS
i, 2019, 47(6): 141-150.

LU Linyu, WANG Luyang, BAI Yang, et al. Research on
dual-active-bridge DC-DC converter in solid state
transformer for energy internet[J]. Power System Protection
and Control, 2019, 47(6): 141-150.

HEBALA O M, ABOUSHADY A A, AHMED K H, et al.
Generic closed-loop controller for power regulation in
dual active bridge DC-DC converter with current stress

minimization[J]. IEEE Transactions on Industrial Electronics,



- 88 -

Y AR

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

2018, 66(6): 4468-4478.

SONG C, SANGWONGWANICH A, YANG Y, et al.
Optimal control of multi-level DAB converters for
soft-switching and minimum current stress[J]. IEEE
Transactions on Power Electronics, 2024, 39(5): 5707-5720.
WU F, FENG F, GOOI H B. Cooperative triple-phase-
shift control for isolated DAB DC-DC converter to
improve current characteristics[J]. IEEE Transactions on
Industrial Electronics, 2018, 66(9): 7022-7031.

ZHAO B, SONG Q, LIU W, 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, 2013, 29(8): 4091-4106.
HARE, SKOREE, #508, & WEBAH DAB ALHdRHE
TIFARAL FIRLRL T LA % LEAIF FET]. o AL
TREZAR, 2020, 40(HEF) 1): 243-253.

HU Yan, ZHANG Tianhui, YANG Lixin, et al. Comparative
study of reactive power optimization and current stress
optimization of DAB converter with dual phase shift
control[J]. Proceedings of the CSEE, 2020, 40(S1): 243-253.
Vig2E, E24h, B0, BT HY REAHI 4
M AR fh i P e — T R AL S AL R AR AR (D). e
IR, 2024, 58(10): 1585-1595.

TAO Haijun, WANG Hongyi, YANG Naitong. Current
stress optimization in Buck-Boost mode based on new
extended phase-shift dual active full-bridge converter[J].
Journal of Shanghai Jiaotong University, 2024, 58(10):
1585-1595.

IR, ZEgRa, SRR, XUE R AHSE S T KX 4
#i DC-DC A& e/ NN 7 Be A f il [0]. o
TR G RY 5451, 2023, 51(20): 107-118.

SUN Biaoguang, LI Jingzheng, DENG Xuzhe. Optimal
control of minimum current stress in a dual- active-bridge
DC-DC converter under dual phase shift control[J]. Power
System Protection and Control, 2023, 51(20): 107-118.
LIL, XU G, XIONG W, et al. An optimized DPS control
for dual-active-bridge converters to secure full-load-
range ZVS with low current stress[J]. IEEE Transactions
on Transportation Electrification, 2021, 8(1): 1389-1400.
TR, TR, BT, S YT B AR R WA
DC-DC A feds IR AL F ] SEmk (7], b AL TR 24K,
2019, 39(13): 3889-3899.

GUO Huayue, ZHANG Xing, ZHAO Wenguang, et al.
Optimal control strategy of dual active bridge DC-DC
converters with extended-phase-shift control[J]. Proceedings
of the CSEE, 2019, 39(13): 3889-3899.

XIN L, HAOYU Z, YA Q, et al. Current stress

optimization of dual active bridge converter based on

dual phase shift control[C]//2020 IEEE 9th Joint
International Information Technology and Artificial
Intelligence Conference (ITAIC), December 11-13, 2020,
Chongqing, China: 717-724.

[20] &R, ®W, F7F, % ETAHEEBMHINE
UM DC-DC A2 s oI B/ LA F il [J/OL]. FLRF
e 1-15[2025-04-19].http://kns.cnki.net/kems/detail/12.
1420.tm.20221207.1034.002.html
YU Weichen, GAO Ming, GAN Fangyu, et al. Optimal
control strategy on current stress of dual active brdige
DC-DC converter based on combined dual phase shifting
[J/OL]. Journal of Power Supply: 1-15[2025-04-19].
http://kns.cnki.net/kems/detail/12.1420.tm.20221207.1034.
002.html

[21] MA W, XU B, ZHENG H, et al. DAB converter current
stress optimization based on genetic algorithm[C] // 2024
IEEE 19th Conference on Industrial Electronics and
Applications (ICIEA), August 5-8, 2024, Kristiansand,
Norway: 1-6.

[22] SKKF, WEN, B, 55 WA EHAZ# S BTN )
FIAE R 7 M S LA ] [J/OL). HL A AR 24k
1-16[2025-04-19].https://doi.org/10.19595/j.cnki.1000-6
753.tces.240701
ZHANG Laiyong, TU Chunming, XIAO Fan, et al.
Intrinsic law analysis and optimization control of current
stress in dual active bridge converter[J/OL]. Transactions
of China Electrotechnical Society: 1-16[2025-04-19].
https://doi.org/10.19595/j.cnki.1000-6753.tces.240701

(23] BG&JE, e, g, 55, &58 s A 5

PR AME XA R DC-DC A8 38 = E R AR
] B IIERZER, 2022, 37(10): 2559-2571.
CAI Fenghuang, SHI Anbang, JIANG Jiahui, et al. Triple-
phase-shift optimal control of dual-active-bridge DC-DC
converter with current stress optimization and virtual voltage
compensation[J]. Transactions of China Electrotechnical
Society, 2022, 37(10): 2559-2571.

YisHEA: 2025-01-20; 1EE HEA: 2025-04-21
EEE N

MERF (1998—), F, WHEARA, HRF % AHDC/DC
T B A%, E-mail: 23111447@bjtu.edu.cn

O ORWAU977T—), F, W, HEZ, MRAFTEOARSH
W, T A A 4L R AL 94K, E-mail: ljing@bjtu.edu.cn

BB (1992—), F, @EHEL, W, 95, SR
FMARAELTER. RABELH. E-mail: xuwenzheng@
bjtu.edu.cn

(%% ) m)



