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Development of T-type Dual Active Bridge DC-DC Converter with Switching Operation

Mode Over Wide-Voltage-Operation Range

Hayato Higa*, Student Member, Shunsuke Takuma®, Student Member,

Keisuke Kusaka*, Member, Jun-ichi Itoh*®, Senior Member

(201846 A 30 H5AF, 20184E9 H 24 HFHZAY)

This paper proposes a T-type dual active bridge (DAB) converter with switching operation mode to improve the con-

verter efficiency over a wide range of load and voltage. The T-type DAB converter outputs two waveforms: a square

wave and a square waveform with half of the input voltage. By applying the switching operation mode, the converter

efficiency is improved. In addition, voltage control for the T-type DAB converter is also proposed. Owing to the

proposed voltage control, the slow voltage response is avoided because the operation modes are seamlessly switched

by matching the transferred power of each mode. In an experiment conducted using a 1.5-kW prototype, the validity

of proposed method is confirmed. A maximum efficiency of 97.9% is achieved at the nominal voltage condition. At

the half-output-voltage condition, the converter loss is reduced by up to 62.3%, when the switching mode is applied.

Moreover, the output voltage control is effective, regardless of switching operation mode.

X—7—KIDC-DCIAYN=%, FTaTNVNT 77477V yTaryN—% BIEHI#H, YOBEAL v F 27
Keywords: DC-DC converter, dual active bridge converter, voltage control, zero voltage switching

1. @FU®IC

A, BATELALF-OREEAYTRIC, DC ¥
A7071)y FOORLDCAVY— M7 v N AT LOHE
AMIFFRENTVE, TNHDY AT LICEAT AENE
BRI T ORI E RSN D,

(1) Bl & BN A OB R HE%

(2) KREz, /M

(3) JRVEEHBIIT L LW ESTE F CEalE
(4) BUFIEIZEEIE

29 L72ERke 6, — iU m#EE DC-DC I > /3 —
T OBANEIITH S, Tz, BFHEIEDC-DC 2 ¥ /3—

a) Correspondence to: Jun-ichi Itoh. E-mail: itoh @vos.nagaokaut.
ac.jp
* R BB AR
T 940-2188 ik M EE AT 1603-1
Nagaoka University of Technology
1603-1, Kamitomiokamachi, Nagaoka, Niigata 940-2188,
Japan

© 2019 The Institute of Electrical Engineers of Japan.

388

FD—HFRELT, P AICF VISV Y 2 EFEHR L
HIRFAAL CRESNTWD OO, THE(S) T, BE
BERAMEEIF LT, K4 v NN—FDONMELE AL v
FrrEEREHET A TERERAL v F 7 (L
T, ZCS) R ¥ UuBEAAL v F 7 (LT, ZVS) %iEWK

L, 2 d®ELTwb, LaoL, BRI EER
BIRTHIET T HICinsd -0, KESLEHET
B lay T ESHIENERT ALENS Y, R v
7Y KELT %,

—75, IR KBz DC-DC 2 > /N — % L
LT, T7a7MT 07477y yaryn—% (L'F, DAB
IYN=%) NHBHO, DAB 2 Y N=FETFy KFA
LHEHRICAAL v F v PR ORNFEOBM A YT T
METE L7720, ZVS % EKTE D, LHL, BFEELER
BRI EEOZEE & B8 A ERERS L %
WA, ZVS #FHORIR, SEB L MREMo 1 > 52
5 BIE — 7 HOBIMZ L) RFRIMET T 5,

—JiC, BIEEBFEO ZVS #HFALAS L OER Y — 7 i
D E HMIZ, TNFETICE L OEREPRES LTV



T-type DAB O#fEE— FEI) Bz (JLgE, )

% -8 ek (12) T, BEEEICH LT, 1 oN—%
WHEFOPOBEFEYEB L OMHEZHE TS LT
MEALEER L T D, LAL, BELEHICKLT, ZVS
FHEAGLR L VO BUL TRl v, $72, CHk(14) T
&, A4 v FrIEEREERL, SEMAB X REMO
4287 ¥ BHROMISB L OTZVS FFHZ I KT 5 FiE0%E
FINTwb, LaL, EAMEWETAA v F v FREEK
PR 25720, BREMONULZYITE—KE %5,

Barb77u—FL LT, 1 L7OATEZ#H L7 DAB
TUN=F ERFEL, BEEHIN L CERRIL e EHT
BAAYF L ITNRY =Y PREINTND D, LaL,
KBNDSN—=T 7)) v VHRNE R B0, BEETRKELT
LZETTINT Yy VHRERMUENENZESNDH b
TV ABROBEIMEHL o F72, THLAS) O kM7 )V
Ty VHREMEHAT B LMY T b A R R A
WIS B0, T U AICF Y8V Y FEGERT S0
EDH ), FEEORBIBEEIND,

KX Tld, BEEHIT 5ExZbr B, TE
DAB I ¥ N— % &R T 5, IERMRITEELB I L
T2ODEEE— FEYNKHR D 2 & TERhfb M
Bo T, HHIAN=23 70Ty VR ERH LT
Wh7w, ERMIELYUETE S, 612, BfEE—F
V=L VAN LR EREL, REBEHR
EED L WEEHIEARZHEET 5, LT, Kiwlid
B Z2BIEE— FY DB 21 L )L VWERHIPToOER)Es
by =LAV ABEEE— N R FEIC XD B2
FEHTLHICERAEEE LT,

K LOMRIIRD L ) I2Hh>Twh, T, BEER
W5 T DAB 2 v /N— % O & BIfEE — FY)
D2 HERBET B, KIZ, BIfEE— PO B BORE
KB X OEEREEZ R RZICERK 1L.SKW ORIER
EHOEBRERIC L VIRETFEOFME L RT,

2. T DAB O /N— 2 DOEIRIER

Fig.1 |2 T X DAB 2 > /3— % ORI & 7R $, A0l %
FZ1VZDORTEA U= Z@HLIZTINT) v T4~
N=%, fhA T2y BLOGIGA v 52 5 &2 EE L7z
EEE N T A, BINA YTy, 2 LNV o= 8 THE
BENL, TRLZDF ¥V ¥ 3 ETOBRBENT V AD
HEEZZNUTLI VDT, NEETLW, TELZOZXA v
FUTNRY =V ERAWAEZETEMEE— P2 R 52
EDRTE D,

Fig.2 IZ T DAB 2 > N\— ¥ DREIEE— KD AL v F
YUY — U ERIRT, EIEMIREEIE T L SICOAR T v
N=F o Twbizd, THRLIZHNORFIMAAL v FB
JOEFT7T—2AA v FDAAL v F v 7REEIZEY, (1)
b7 ¥ ZZEIME N B BEEIES AT EEORIEEZ b D)
BkEnsr7 V7Y vy (FB) @ik, (2) ANEED 12
OIFNEZE O H L e B N—77 v ¥ (HB) BIfEHTH]
RECTH 5o FB EIEIZAAIAA ¥ F Sucp, Suen ZHIZH 7

389

High voltage (HV) side Low voltage (LV) side

N= M Swp Sxp 1_)
Svp N2 b out
- / Ni:N, JI— ol T
C, —_— o) [a P __Ca |
Val "= v NvLVT ||§ 7 vir | 1 | [Vou
T Vi |
Sxn
=G Sn ] b
J S Jag
Uphase V phase W phase X phase
Fig.1. Configuration of T-type DAB converter.
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(a) Full bridge (FB) mode
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(b) Half bridge (HB) mode
Fig.2. Switching pattern of FB and HB mode.
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Fig.3. Operation waveform of FB mode.
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Control block diagram with switching operation mode.
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Inverter output voltage of HV side

500 €. B.mode ——pig——e FBmode ——0u—— >
= of- | R | EEEERI TS EETEPRCN [EPRCRRY FEPPIES BRPIPRS
SO00becceeeeeeeeee b e
200 Inverter output voltage of LV side
o s O o o O o O B
200 : :
Inductor current of HV side
10
. DC-offset current
Z 0 —\ :
» 3 \/ \/
20 Inductor current of LV side
: DC-offset current
2 o RN AN o]
V. v

(a) Switching operation modes at asynchronous U-phase carrier peak

U-phase carrier

Peak €—— JBmode 5 ¢ FBmode ____5

Bottom

Switching operation mode —
. at U-phase carrier peak

Inductor current of HV side

10 .
- N\
¥ G~

No DC-offset current

NG N
0| 105 g >/ !

(b) Switching operation modes at synchronous U-phase carrier peak

Inductor current of LV side

10f i

[A]
o
J

Fig.6. Transient waveform at switching operation
mode.
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Fig. 6 ([CEIfEE— FEI ) B2 RO Mg B L % R T o
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UMFvy 70— LE L2 TH 5, Fig.6(b) D
LA U Fr Y BROBEEL ZEETICEEE— F &
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Bottomy---:
512
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Peak {---A
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Bottom-- -}
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Peak{---: 44

Bottom{---tV... V. VWV VL VLV

500

Switchfng ‘mode at U- phase carrier peak

Inverter output voltage of LV side

Inductor current of HV side
10 ——————— No DC-offset current
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Fig.7. Operation waveform of each operation mode.
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AE B XM ERSEE G2 5, 72, RERHER
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oDy AT (Fig.7THoO Cri) TUME WHFYY
T, HEXXVTERINLDOYA IS (Fig.7HoO A )
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Table 1. Experimental conditions.
Element Symbol Value
Rated power Pratea 1.5 kW@V,,=200 V
DC voltage in HV side Vin 400 V
DC voltage in LV side Vous 200 V, 100V
Dead time at HV side Ty nv 125 ns
Dead time at LV side Tarv 100 ns
External inductance Lo 101 pH
Leakage inductance ! 23.1 uH
Magnetizing inductance L, 10.8 mH
Swiching frequency Jow 80 kHz
Sampling frequency Samp 20 kHz
Propotional gain K, 02 AV
Integral time T; 100 ms
Output capacitance Cour 40 puF
Unit capacitance constant!'”’ H 267 us

@Vout=100V, Py, =750 W

Threshold output current

45A£0.5A(H; is width
for switching operation mode 5 05 A(Hysteresis width)

HV side: Litz wire ¢0.1*150
LV side: Litz wire ¢0.1*150*2
N87 ETD 59 (EPCOS) N,:N,=38:19
Litz wire ¢ 0.1*150

N87 ETD 59 (EPCOS)
Gap: 2.5 mm, Turn number: 23

Transformer

External Inductor

RENAHY 7 VEOEEPLETH D, L3> T, (itl
7 MREFROREXF Y ) TE-S LR LD LI
72 (Fig. 790 A mE CE), Bfft— FghEz
BOUMIFY ) 7205437 (Fig.7H0 B 1)

DEET3MERD, B, 200N EEZ I A I v 73R
b1z, ALy F U7 1 EPRICHEELZE LTOER
RAEZIHTE 5,

5. EERFER

(5+:1) FEEBEM  AKETIE, Table | [RTEEBRSM

Z W72 1.5KkW OFMESR I & 0 FERHIE O L% % 1%
AES 5o RAERICH WS ~ 7 v AT ARG L
TBY, WA VT2 85 v ADKRTITEKREN &AM
ENIEFINEL Do THIIMH Y 7 b EDOSEREDK
TaELTD, 4 V¥ 0 7% bT 2 ZAOEEMICES RS

é ECRMZEDSRRERZ M LT\ 2%, T/, BIfEE—
WCEDLST, Whl7r 4 % 02A/V, FoER % 100 ms
:&%waé hb, BET— PO BRAROL S WE
1245A &L, AT AR EET S L FB 8RS
HB BifF~DY) ) #: 2 Tld 4 A, HB #i{E2> & FB BifF~ D
YWOBRZTIESAICERELTWA, 72721, YhEzrh L
e AW BRIEERNICEHR L TEBY, {EQE@ZH‘E L 54
DEZHOEN IS HOBELE T 5, MMEROREEMIZIE
SCH2080KE (EM&ETE 1200V, EMEE 40 A, + VKt
80 mQ, ROHM Semiconductor), fEFHI1Z1x SCT3030AL
(EHTEIE 650V, EHETER 70 A, + » #4130 mQ, ROHM
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Inverter output voltage of HV side 1 kV/div

O_Lifif .....

- Inverter output voltage of LV side 500 V/div :

BT

Indt@ctor current of: HV si(:ie 10 A/div

2 Inductor current of LV side 20 A/div 4HS/ div

Fig.8. Operation waveform at rated power of 1.5kW,
Vin =400V, V,,, =200 V.

1”;.2‘56 A "]

Inductor current of HV side 10 A/div ~ 1=52A ..

=312 A

4us/d1v 4us/d1v

Inductor current of LV side 20 A/div

(a) FB mode at P,,, = 300 W (b) HB mode at P,,, = 300 W

Fig.9. Operation waveforms with each mode at V;, =
400V, V,,, = 150V.

1F

: Inverter output voltage of LV side 500 V/div
ST e e WU | e I

: : H : 1 : : : :
b 1,,=3.06 A === Reduced by 39.5% m> I,;=1.85 A -]

: 1L;:5'93 A Inductor current of HV side 10 A/div -IL,,:3,7-0 A 1

: 4us/d1v

Inductor current of LV side 20 A/div
. . it . .

4ps/div

(a) FB mode at P,,, = 350 W (b) HB mode at P,,, = 350 W

Fig. 10. Operation waveforms with each mode at V;, =
400V, V,,, = 100V.
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FEA A >N — 8 B BEOIRIEAEIEE — FIZ & - T&1E
LTWbZeNbhrd, $7-, HBEMEICW W B8 L
TH FB 8fEICHRTEEME L IREMO 1 > 77 75
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Loss is reduced by up to 62. 3%
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o . , 500 ,
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Output power [W]
(©) Viy =400V, Vour = 100V, NVou/Viy = 0.5
Fig.11. Efficiency characteristic of each mode at input
voltage of 400 V.
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Fig.12. Efficiency characteristic of each mode at some
input voltage conditions of 350 V and 300 V.
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FonTI0W Py =750 W S Feu=150 W‘_ Py =150 W S
< < — >
i 8 H H [ HB mode H i FB mode T i !
R O A SN S ST Outputvoltagevau, E Foo Output voltage v,
:  142ms (AC coupling)25V/div : © 140 ms ; (AC coupling)25V/div
0 : N - : g : ; ; 0 ; N : - =, x : :
AEREEREN B TIR R SR Outputcurrem75A/d1V ......... SRS SRR CRRLE RN S Outputcurrenl75A/d1v
mn_......-"f,_.:_.wv_._. Inverter output voltage of HV side 1 kV/le M Inverter output voltage of HV side 1 kV/div 4

Inductor current of HV side 10 A/div 400 ps/div

Inductor current of HV side 10 A/dlv 400 ps/div

(a) Load step change: 150 W to 750 W with conventional only FB mode

(b) Load step change: 150 W to 750 W with switching mode

Lu=TOW Pou=150 W R P =750 W, _ Pou=150 W R
>l » «= >|< >
: I : FB mode j HB mode ™7 :
............. 24V }....:. Outputvoltage vy, o io LAY o fL .t Output voltage vy,
(AC coupling)25V/div (AC coupling)25V/div
: e : 0 e : ; ;

Output current 7.5A/div

Inductor current of HV side 10 A/div 400 l»lS/d'V

0
0

Inverter output voltage of HV s1de 1 kV/le

Inductor current of HV side 10 A/div 400 HS/le

(c) Load step change: 750 W to 150 W with conventional only FB mode

(d) Load step change: 750 W to 150 W with switching mode

Fig. 13. Load transient response by output voltage control with conventional only FB mode or switching mode.

Lou=150 W, Pou=750 W R Pouy=T50 W Pou=150 W N
< < — » -« >|<
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mﬂw lnvener output voltage of HV 51de 1 kV/le E
MWWMWWMWWMWWMMWW ‘ i |

Inductor current of HV side 10 A/dlv 400 HS/le

Inductor current of HV side 10 A/div 400 uS/le

(a) Load step change: 150 W to 750 W with 80% nominal inductance

LouZI0W, Pou=T50 W >
HB mode FB mode : :
Lt Ut o Ut ok o0t Output voltage vy,

(AC coupling)25V/div

(b) Load step change: 750 W to 150 W with 80% nominal inductance
<P_m,/=750 W P, =150 W R
[ FB mode S T HB mode T s
R Output voltage v,
(AC coupling)25V/div

Inductor current of HV side IO A/dIV 400 ps/div

Output current 7.5A/div

Wi [ " [miip e e
LT T e i i i i

Inverter output voltage of HV side 1 kV/div

Inductor current of HV side 10 A/div 400 HS/dlv

(c) Load step change: 150 W to 750 W with 120% nominal inductance

(d) Load step change: 750 W to 150 W with 120% nominal inductance

Fig.14. Load transient response by output voltage control with error of inductance against nominal value.
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