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Experimental Verification for Dual Active Bridge Converter by Switching Equivalent-Magnetizing
-Current Method

Hayato Higa™®, Student Member, Senior Member, Jun-ichi Itoh™
(20XX /@ F @ H A, 20XX 4@ F @ A fi=zf+)

This paper proposes a novel dual active bridge (DAB) converter that has an auxiliary inductor and a bi-directional
switch connected in parallel to a transformer to achieve zero voltage switching (ZVS) and reduce the inductor
current over a wide load range and wide battery voltage variation. In the proposed converter, the equivalent
magnetizing inductance is changed by switching the auxiliary inductance depending on the output power. To achieve
ZVS at a light load, the equivalent magnetizing current is increased by connecting the auxiliary inductance in
parallel. In addition, the inductor current of the low voltage (LV) side is also reduced irrespective of a leakage
inductance of a high frequency transformer. At a heavy load, the equivalent magnetizing current is reduced without
connecting the auxiliary inductance because ZVS is achieved without any increment of the equivalent magnetizing
current. In addition, the auxiliary inductance is switched without the occurrence of DC-offset of the
auxiliary-inductor current and the surge voltage of a bi-directional switch. In the experimental results, the ZVS range
is extended by up to 49%. In addition, the converter loss at a light load is reduced by up to 36.1%. A high efficiency

in the wide load is achieved by the switched auxiliary inductance.
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Fig. 1. Circuit configuration of DAB converter with switched auxiliary
inductor.
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Fig. 2. Equivalent circuit of DAB converter.
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Lawx=1 mH, L=75 pH S= /2 rad Law=1mH, L=75 uH k=1.0 with Lagcand Ly,
5F 5T 6= n/2 rad

k=0.995 with Lyxand Ly
’
4 F 5= n/2 rad L

SN

k=1.0 without L

Secondary current|ls[Al
Secondary current]lg|[A]

k=1.0 without L 6= n/2 rad
s|  Ke089with Lyand Ly - d L 5l o and L,
z " 5= nf2rad =" k=0.995 With Laand Ly,
T
2 2= L )
~ _ =™ k=0.99 with L,and Ly,
. BT
O e i S
£ 7 %20.98 ith Loy, and Ly, 1p.u. = 1162 W —ree=="k=0.98 with Lay,and Ly 1p.u. = 967 W
0 02 04 06 08 1 %% 02 04 06 08 1
Transferred power [p.u.] Transferred power [p.u.]
(@) NVou/Vin=0.76 (b) NVou/Vin=0.63
Fig. 8. Secondary current characteristics against coupling coefficient of high frequency transformer.
Vin T Vin
Inverter output NVDE 1 v 1 ‘ 1 T 1 Inverter output  NVoy | 1 VA | 1 | 1
votage Vpr,Vse  NVou | ] pr | J 1 VOtage VprVse NV, | 1 IVer.. | |
“Vin “Vin

Inductor current i_ P —— Inductor current i pr g

Magnetizing current ium Magn_e_tizing_ current iy i
Auxiliary-inductor 0 Auxiliary- inductor (e

i i current iy N\ o
current iy Lm o a 1 Hard switching
Switching signal 1 2 Switching signal 2 S1
S1,S2 0 S1,S2 0

S1:Surge voltage----»

. S1:Hard switching .
Terminal voltage NV A Terminal voltage Nv,,|

of 51,52 ol StL__S2 Jje of S1,52 0

(a) Turn on of bi-directional switch (b) Turn off of bi-directional switch

Fig. 9. Operation waveforms of DAB converter with switched auxiliary inductance. At the turn-on of the bi-directional switch, the DC-offset might
occur depending on the turn-on timing. At the turn-off of the bi-directional switch, the hard switching also occurs. As a result, the surge voltage
occurs.
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S2 ONrange S1 ON range
LV side inverter ~ Crpk+ g g

Carrier Crpkl%

&> S1 OFF range

LV side inverter NV,

Output votage 0

Vse ‘Nvou(

Magnetizing current iy
Auxiliary-inductor
current gy

Switching signal
S1,52 0

Terminal voltage NVou
S1,52 0

s2 A [ a

1 - e e
| Step1l Step2 Step3 Step 4] (c)

(a) Operation waveform at turn on of bi-directional switch

OFF S1 ofFf .S1 oON T[St

O
N| sz ONr~sp ON 52,
\ \
\( Jﬂ % W
\ \

Step 1 Step 2 Step 3 Step 4
iLm>0x iaux=O iLm>0v iaux=O iLm<0v iz-1u><<0 iLm<Oy iaux<0

OFF S1

OFF S2 o

(c) Turn-on of bi-directional switch

A I S

ESEp 1 Step2 Step3 Step 4] (d)

(b) Operation waveform at turn off of bi-directional switch

OonN ||SL ON [SI ON[SL o st
= [ \
|« J \ \
[} ‘7 O ‘ O ‘
ON || s2 OFF s2 OFF| S2  OFF S2
% [
|
f‘
Step 1 Step 2 ) Ster_) 3 Step 4
in>0, ian>0  Im>0, Tax>0 im<0, la=0 i y<0, ia=0

(d) Turn-off of bi-directional switch

Fig. 10. Proposed switching sequence in order to switch auxiliary inductance. In the proposed switching sequence, the current detection is not required
because the switching timing is synchronized to the carrier peak and bottom. The turn on of S1 or turn off of S2 is ZVS because the body diode in S1 or
S2 is turned on before the turn on of S1 or S2. Moreover, the DC-offset current does not occur. ZCS is achieved at the turn on of S2 and the turn off of
S1, whereas ZVS is achieved at the turn off of S1. Hence, no surge voltage occurs at the turn off of S1 and S2.

(32 RETBRAVFUITI—H IR X 10 (2%
FTHMEA X7 ZEV R —r o AB IO Y B X
OBPISEW 2 R~T, K 10@IFIRET DA 2o &
DE—rF v, FI0OWIAMA v X I 2R — 1 F T —
oA, K@) (dIER AL v FOF Ly, F7IRMER X
OB A v & 7 ZEROKRKEETR LTINS, ETDHAA
OF T RNT = F T, =BT 4 o
DAT v TR ESNnDd, £7, K10@), C)DPAT v
1 TIEHTRNTORL v FNA TIREDSBIET D, RO AT
v 72T, ¥V TOIUNIBWT, 22X —rF 1D
L CHMEEROE R R TAL v F I TEDH-, ZCS
BERTE D, RIZ, A7 v 7 3 CIHBIBERTRNA L
720, S1 OBRAAA— RNE =2 A bind, BRAA
F—FRFOZ—FNIEBRERTHDT=0, U Y ER
BLOHBERICA 7 &y MIFEEMICEA LR, ik
W2, FYUTARNLDOZA I T TIESLORIRA A A— K
DA NRIEETH D2, SLOF— 2L ZVS B ER TE
%, X 10(b), (@)D, MEBAA T NA L RENL X ¥
UTHRRLDHEAIVTT S2 H—AFT7 LT2ELTH
S2 DIFWH A A — RICk-TC, M+ v &7 ¥ Bk
HERTDHID, P—VBENBE LR, ROAT v 3
TILE BT E 2272 5 L [FIRFIZ S2 DIRIES A A — R
B—=F T b, BEDAT v 7 4 TIIREERD
NEIZRDIHEFR (XY VTR N2 EFXFy U T E—I DY

HETNCSLEZX—> A T7FTHI L TZCS #ERTE D,
4. EERKER

AETIE, B 1 ISR TRIEREMA L, ERICI VIR
HEOZYHEERFET 5, £ 1 1ORTEREMEZHANT, &
BREAT O, 70k, MEREMEA 27 2 o 2FAT)AT
HD ZVS B TE HAHEEDGMEDD Leg IZDWTHES
ZET, ByRERn,

L, < . (34)
! V é‘Z\/S V

in

NVout { T _ 5dt} Nvoul

B, ffighA v Z o & LA X 7 2T B &
NTNBTD, ERHBIA 77 2 A E(35)R &7 b,

(34) B L @5 A& AWV T ovs=n/19 rad, Le=145uH,
Lm=5.2 mH, Vin=190V, Vou=15V 75 SHEERhA v & 7 &
2% Law<385pH & 72 0, ARIEERTIL 378uH 285 H L7z, 7o,
FERILOBLEDN D R/NMER E R DA V& 7 2 DFkE
WOWTEHAS%OMEL T 5, SIEMETITX
SCT3012AL(JE ¥ FEJE 650V, EHEF 21A, 4 Kbt
120mQ, ROHM Semiconductor), {&EAR1Z 1% IRFP4110PbF(E
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¥EE 100V, EREIE 180A, 4 #KHT 3.7mQ, Infineon
Technologies) £ H L T\ 5,

X 11 IEH A B E L 7o A 18D 0.63 DS
T AHBA L F T ZU)0 R i%OBMIERE R, I
11(a), (b)IXEAMEVIE(H J)E ) 55.0W I L O &)
573W)DHIETH D, £72, X 11(0)B L Vd)IFEAMEME
(B 123W B L E N 124W)@«ﬁﬁ/13@<3 Y
11(a), ()5, #iBhA > & 7 Zi2 X 0 SMe iR E T %
EnsEsZ &ﬂf&ﬂﬁmﬁm% 26. 5%1&?& LTWb, —
¥, EAMEE I, SMREROEMCL > T, KT
BRI L TWD, Ziut 3 TR LY, (\iH
ZEPRKEVEAMBEK T, SMlEBERICE Y, ®ehE
M 572D ThH D,

12 \ZHBhA v &7 2810 R 2 R OMRIEIS BT % R
o B 12Q@EH — > A R OMMEIREEN, K 12(b)iX % —
VT OBMEINERE TH D, 12 B M F M AA v F
DA HAI VT EXY YV TOE—7H LIEAR MA LR
BT oL T, 2=V A UREOMBIA 7 ZERICA T
Ty FRFEL TN, 61T, M12(h)TiX, S1BnA4~7
L72E LCTHHBA v X7 X EROFTOBRATH D=8
SINHF—2 A7 LIzt LTHRBE A A — RIZk - T, ?'-é]
TOERNEE RS> TWND, ROAT v T THA 7o %
EIRNY O > 72112, S1 OBRL A A — RI3F 7 4k%E
LR, WA T XEBRDFNR N0, S2 DF—
A 71 ZCS HEMR L TWD, UEDZ ENBAL vF T

Table | Experimental condition

Element Symbol Value
Rated power Prated 200 W
DC voltage in HV side Vin 190V
DC voltage in LV side Vout 15V,18V
Dead time at HV side To hv 100 ns
Dead time at LV side To v 150 ns
External inductance Lex 128 uH
Auxiliary inductance Laux 378 uH
Leakage inductance | 17 pH
Magnetizing inductance Lm 5.2 mH
Swiching frequency fw 100 kHz
Transformer turn ratio N N1:N,=32/4

Auxiliary inductor

Litz wire ¢0.1*150
N87 ETD 59 (EPCOS)
Gap: 3.4 mm, Turn number: 53

Transformer

HV side: Litz wire ¢0.1*150
LV side: Litz wire ¢0.1*504
N87 ETD 59 (EPCOS)

External Inductor

Litz wire ¢0.1*150
N87 ETD 59 (EPCOS)
Gap: 1.5 mm, Turn number: 23

MOSFET HV side

SCT3120AL 650 V 21 A 120 mQ

Output voltage of HV side inverter 500 V/div

MOSFET LV side

IRFP4110PBF 100 V 180 A 3.7 mQ

..... 5uS/d|v o | o | ||_v—'5.91AI '

(@) Pou=55.0 W without Layx

- Reduced by 26.5%
Inductor current of LV side 20 A/dIV I i

5 ps/dlv

(b) Pou=57.3 W with Layx

Output voltage of H\]/ side inverter 500 V/div

5 ps/div,

..... ILV_893A

Inductor current of LV 3|de 20 A/dlv .

1.y=9.37A 5us/d|v
1 1 L Il

() Pou=123 W without Lau

because the real part of the HV side voltage is close to that of the LV side voltage.

(d) Pou=124 W with Loy

Fig. 11. Operation waveforms with/without switching the auxiliary inductance when input voltage is 190 V, output voltage is 15 V. At light load as
shown in (a) and (b), the inductor current in (b) is reduced by 26.5%. At heavy load as shown in (c) and (d), the inductor current with L, is increased
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With Laux

) Wlthout Laux lll Wlth Laux N

H

L

H

L
No DC offset current

. i ALAA A Al

o N W \/ V \/ V

10 'u's/'div' """ e Inductor current of: LV sirje 20 A/div

I|l Without Lale N
: Gate 5|gnal of 81 '

ontlnuous

Gate srgnal of Sz

current

/
5,/“

J>-=r'--(')

' 10 us/dlv

Inductor current
1 1

xrlrary mductor current 1A/d|v

of LV side 20 A/div

(@)Turn on of auxiliary inductor

(b) Turn off of auxiliary inducto

r

Fig. 12. Transient response of switched auxiliary inductance in discharge operation. By using the proposed switching sequence, DC-offset does not

occur in the auxiliary current.
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LpWi=®, b—IVBERRRBTE 5,
X 15\ 24fiBhA v & 7 Z Y10 B 2 itk lC 1) D ARERIE bR

DOENEFR L ZVS #2777, X 15@1TEktLEZE L
7= A SIEELEAY 0.63, K 15(b)iX 0.76 DFERTH 5, X 15
DORBA X7 2K, SRR A NS T 5 2
& CEARTIREORIEM A v & 7 2 EFi % ok 38.9%{K3 L
TW5b, F£iz, AMIZHE> TEMEEA v &7 2 2 %)
DEEZ D Z & TIRWATTHEPH TR ERER 2K L T 5
ZENDLND, S BICEMEMEEE RO X - TERA R
BH{ERFD ZVS &Rk L, BEATRFZIB TS, ZVS #ifH
ZRK A%TER LTV D

X 16 \ZAHBhA > & 7 2800 8 2 Rtk OB REEE R T,

X 16(a)i3 &5t % &8 L 7= AH 1B NVou/Vin 28 0.63,

[ 16(b)i% 0.76 DFERTH D, X 16 22b, fihA o »
XD, SMAICERCE T 2 BN S 5 2 & CRAN IR
DOHEEZIHTE, KA 36.1WER L TWD = LRkbng,

———  With Lay

_*_ Wlthout Laux _’

Auxmary

|nductor current lA/dlv

Gate signel of S.z 5 V/div

Yo : ey

Gate singeI of S; 5 V/div

5 us;div
Fig. 13. Transient waveform of switchi

ng auxiliary inductor. In Fig.

13, the surge voltage at turn o ff timing is lower than that with

auxiliary inductor.

R ST Dram source voltage of
Frra st e

e shHard swrtchlng
SRS (TTITITIPPRVEST

Gate -source voltage lower arm 20 V/dlv b

ol

Drain-source voltage of lower’ arm 10 V/dlv 400 fis/div

(a) Without Ly

(b) With Law

Fig. 14. Waveforms of gate signal and drain-source voltage at LV
side. ZVS is not achieved without the auxiliary inductance, whereas
ZV/S is achieved by the switched auxiliary inductance. Therefore, the

recovery surge is reduced by ZVS.
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z ZV/S range
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S ) o without Layy
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Output power [W]

(b) V=190 V, Vo= 18V, NVout/Vin=0.76

Fig. 15. Characteristics of inductor current with/without auxiliary inductance. With the auxiliary inductance Laux, the inductor current of LV side at the

light load is reduced by 38.9% at most compared to no auxiliary inductance. In addition, the ZVS range is extended by 49% at most.

98 r
Max. eff.: 95.6%
95
> o >
% 92 é
8 'S
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83 L L L L L J
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(b) Vir=190 V, Vou= 18V, NVout/Vin=0.76

Fig. 16. Efficiency characteristics of prototype with switched auxiliary inductor. At the light load, the converter loss is reduced by 36.1% at most when

the switched auxiliary inductor is active. In Fig. 16 (a) and (b), the changing points between two operation modes are 98.7 W and 71.2 W. Therefore, the

high efficiency in wide load is achieved when the auxiliary-inductor is switched at the changing point.
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