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Fig. 1.1 Energy Storage System Configuration.
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Fig. 2.1 Single-phase DAB converter.
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Ea

S1, So, Sz, Suok FHSF EF BEA Q, Qo Qz, Quek 2L Atololl HE Q9w
$H 1 ns 7HAE Ag7], dEY AFAE Cs, CoE 7HAH, 85 Fote 5714
g RE Yeddth Vit Ve d=9 A7 dstolal dAd At vyt olxkd At
Veees = BB Ao o3 otz Wtd Wi dgolvh. 22 i vt veeedl #
BaHg)oll o BAdE JdYY wi{ dAFelw, Wkl 145 w{ dFelth

DAB ZIHH e H=Es st 7 BEAQ WS o 94 Mol wx Wy

¢

(Single Phase Shift Modualation, SPSM)¢|t}. SPSM& &8 =3 ZH o] AdZ2% 2
Mol F BRA o oA RFEo1X vy Vel AAHP)E F HEES ddstes W
2lolth, SPSM WA 125 =949 225 291X 9 50% 1174 FEHE AM§-3ho
s2etal, 50% TEIVIS T vt veeeEs AT it veecdl A AolwrE
Al Q7tH w{F HWFE A dE€ES AdLdgrt. o] $22 DAB WY A

_5_



S1,S3

S5, S4

Q, Q3

Qo, Q4

Vpri

lia

D
T, T,(1+2
3 ( 2)

)
ST
YN

% 2.2 &% DAB AHE SPSM %4 F4a 24 39,
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2.2.3 DC AFA g &4
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ESR= 99, 8 AdUAHY A" SrpAq Pt B, DC AFAAE ] FEa
& YWEWaL v 2ol 7 5 Q)

= Ppse.c T Prsr.c. (2.26)
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f)loss,DAE = f)loss, T + f)loss, L + f)loss, al + f)loss, sw (233)

0
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Fig. 2.5 Waveforms according to load (a) Heavy Load (b) Light Load.
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I9H2.62> 4(2.36)= M3} Dyoll tiek Fadds 3ad gz
of waw Dyo] zeF 1

Bl
Ho
fols
o
e
i)
2
2
=
=
-

Vds Vds

Switching Loss

Turn on signal Turn on signal

.\ o

(a) (b)

a8 2.7 293 25 (a) 2ZE 294 (b) 3= ~9A.

Fig. 2.7 Switching type (a) Soft switching (b) Hard switching.
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3.3 Al EHlA

Azgl Abgel M Ho) EE AR AkWolth 98 AYE 400Vela ¥ =RolAE Zy
s M = loA Helfe wel gsol ANES PFer] WEel Y Age

100V, 140V, 180VelA z+7 &4 & 38ttt

F 3.1 Algdeld # A3l AbgE 29 A] vz

Table 3.1. SIMULATION AND EXPERIMENTAL PARAMETERS OF

SWITCH
Paramters Symbol Values
Name of the product F4-23MR12W1M1
material silicon carbide
Vendor infineon
Switeh DC drain current 1D wom 50A
Drain—source voltage Viss 1200V
Drain—source on resistance Y as(on) 29.5mQ
Turn-on energy loss per pulse E, 0.43mJ
Turn-off energy loss per pulse Es 0.11mJ
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F 3.2, AlEdelAd 2 Aol AEE AlAE wisE s

Table 3.2. SIMULATION AND EXPERIMENTAL PARAMETERS OF SYSTEM

Paramters Symbol Values
Input voltage |78 400V
Output voltage v 100V ~ 180V

Converter Output Power P, 0~ 4 kW
Switching
/s 50kHz
frequency
L 50uH
R, 412mQ
N, 40
A 2.270cm?
Inductor )
(CS778026G) Vores 1o-40em
L, 26
K 146
a 1.357
b 2.103
N, 20
Magnetics
n 0.5
L, 2.7mH
L, 11uH
Transformer A, 7 38.8cm?
(MAGNETICS R Ve 1 207.86cm?
Material) R, 29mQ
R 103m&
K 3.93
a 1.420
b 2.880
Input C, 940uF
Capacitors Output G 940uF
ESR ESRc 322mQ
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Fig. 3.12 Light load steady-state waveforms over various voltage ranges of
the proposed burst mode. (a)M=0.5, R=80%, P,=125W (b)M=0.7, R=80%,
P,=245W (c)M=0.9, R=80%, P,=405W (d)M=0.5, R=50Q, P,=200W (e)M=0.7,
R=50Q, P,=392W (H)M=0.9, R=50Q, P,=648W.

re
(i
Sl
=
>,
rlr
)
i)
[
Ho
o,
N

T
=2,
>,

>4
Ho
o,
ftlo
>,
.t
ol
rlr
>,
o
o,
S
4
ful
=
il
i
aic)
o

e AEERA Fe AP 29FS AAT u) ANH SPSM WA 9] A A o]

dgke] wtHem AX7] wIel a9 A TIHoAA dAsE e Al £ Y
Al A A Ao

T193.13(b)2 AlgtstE V1ol Agw Aolth. A8 Ax g F7] vhel] G
el EgelA =HHA DC wpolo]x #AE Aok me 193,129 QIYE HF
& DC Hloloj = A A 7S ofv] A &g A o= vheke Fa}, %ol

=
A el 7ol RS BAh

)
ot

_44_



TELEDYNE LECROY

youlook
ARARNN

o'

TELEDYNE LECROY
!"‘tlu whereyoulook™

Vori : 500V/div Ve : 500V/div iy : 20A/div 500us/div
(b)

18 3.13 Aorsl= DC npolol = A A 71W E32 3}

(@ 48 d (b) A& .

(?ﬂ‘,

Fig. 3.13 DC Bias Elimination in Waveforms with the Proposed Techniques.

(a) before application (b) after application.

_45_



71He 28 A% 2%

-
T

3

2t

3.4.3 Al

ElR) 7k 242k D,=0.33, 0.165 7]&9]

=
T

g

A

al

I
S

TH

el
o
od

ol

H

=95 19

o 2kW7A] 2]
A ®tk, 1%3.149 Aore vk

S

HA 7] wiE

Z 5

5

719 o]

e
of Yetilvt. Mo] Wstg wf H=#e] D,gk

1 3}

ke
T

¥ 7F 247 D,=0.33, 0.165 o we] & &0l

=
T

g

1A

1

o 3

ot

0]
s

PN
T

Mo] g} do] uwel

ki3

1:3

gl o]

1
T

o] WA

47l D,ol

&FA]

I
LO

B

ol

_MOL

o

olt}. SPSM

o, 28l 2383.15(a)9

5|
pud

o M A ysteba Aol

Aeol oF 40% A A

il

-
s

Atk 1 3.15(b)

g€°] H

b7

S

)

ol

—_
o

<7F5o] ¥ 7]

289

IR ER

[l
=

FdEN

ol ¥ wolAA =

B

jgase)

)

g0] ol

o

BR
o
No

&

_46_



95 -

945 -
94 -
93.5 -
g 93 -
)
.é:_) 92.5 |-
KE]
=
w92
91.5
91 |-
M=0.56
90.5 ~—d— Proposed(Burst+SPSM)  =——#— Existing 60°(Burst+SPSM)
=—f— Existing 30°(Burst+SPSM)
Q0 L 1 1 L 1 1 1 1 ]
(] 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
(@)
98 -
97 |-
96 -
__95
<
>
S
=
i
93 |-
92 |-
o1 | M=0.7
E ~—dh— Proposed(Burst+SPSM)  =——#— Existing 60°(Burst+SPSM)
=4 Existing 30°(Burst+SPSM)
20 1 1 1 1 1 1 1 1 1 J
0o 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
(b)
98
97
96 |-
95
S
oy
S 94 -
o
=
w
93
92
91| M=0.9
~dh— Proposed(Burst+SPSM) ——t— Existing 60°(Burst+SPSM)
=——f4— Existing 30°(Burst+SPSM)
20 1 1 1 1 I 1 1 1 1 J
0o 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
©

a9 3.14 AckstE 71WH 71E7IHe 28 val (a) M=0.5 (b) M=0.7 (c) M=0.9
Fig. 3.14 Efficiency Comparison between the Proposed Technique and the
Existing Technique (a) M=0.5 (b) M=0.7 (c) M=0.9

_47_



Light — load

95 -
AAAR ASAAA-Od—A-A A AA A & &
'\ Cross point
90
L85
=
(8]
=4
2
o
i 80
75
[ M=05 |
g |—e—sPsM —A— Proposed(Burst+sPsw) |
70 1 1 1 1 1 1 1 1 1 ]
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
@)
Light - load——mm——>
95
'\ Cross point
90 -
S
385
=
o
(5}
2
w
80
75 -
M=07
|—e—sPsm —A— Proposed(Burst+sPsw) |
70 1 1 1 1 1 1 ]
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
(b)
Light - load —mmM8M8M8M8M8M8 —>
95 - Cross point
90
S
385
[ =
2
O
&
w
80
75
[ M=0.9
|—6—sPsm —A— Proposed(Burst+sPsM) |
70 i 1 1 1 1 1 1 J
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Output power (W)
©

19 3.15 Algtet= 713 SPSM 7IW &8 Blal (a) M=0.5 (b) M=0.7 (c)
M=0.9
Fig. 3.15 Efficiency Comparison between the Proposed Technique and SPSM
Technique (a) M=0.5 (b) M=0.7 (c) M=0.9

_48_



} A 71 H

& Ao

¢

X

4
N

o
oF

GH
o

Zl

1Ho

mK

ﬁo

T

m

ol

nze]
-
T

= AAe ol

=it ol A

4.1.1 W

o
<]
o

DAB 718 ¥ ¢]

she

SPSM 42 A&

Lo,

DAB Z®E 7} a1ef s

o149l

)

ﬁo

o

o] Qojzit.

(4.1)

D,(1—=D,)V,T,
2nl

[s, SPSM

]
ol

X

)

(4.2)

D,(1-D,) VT,
2nl

[o, SPSM

o 7y9] Z7]] sl thAl

A 2(4.1), 2(4.2)

_49_



(4.3)
(4.4)

2nl

D,(1=D,)D,V,T,
2nl

D,(1-D,)DV.T,

nF
T
W
A
Iz

ﬂv_wo

o
v

X
o

o

I

ﬂv_wo

o}

o
=R
olo

N

el

t 219 DAB Z1HH

tol 2H4.13 o] b

°

&

o]

[e)

=

(4.3), 2(4.4)

Al
a

o

ﬁo

X

4

A

(4.5)

Vo/lo

.

]

fid

TsVs:

2nl
Fig. 4.1 Average Model of Burst mode in DAB

D,(1—D,)D,TsR
2nL

3 o] Qofx

o

-

D,(d-D,)D,

2nL

(-D,)D,T;V,

e

=
=

) &

VS<+

°] DAB ¥ ¥ 9] HSt o]

=
m
b=

ﬁo

!

—

;AO
oF

;oe

a9 4.1 DABY 1

ol

Aol A T

FA o,

hvi
=

Ao 7]

=i}
=

o <ty

ﬂv_wo

o)

TH

fint

{]

ol
o)l

Iz

ﬂv_wo

ol

o

ms

|
—~

(4.6)

2nl
- 50 -




© Azgel B2 548 SAse o 2 BA gl Ae 4 i,
gt Pt
. [D,a-D)Vd+D,0-D,)Dp,+(1-2D,)V,Dd,)T,
i = - (4.7)
2nl
292 RPOE 45S 1P 48 7 4 An
d(V—i—vO)_ ) (V. +v,) (1.9)
) 7 =+, P .8
[+ = (4.9)
0 0 2nlL
olF A% FEWS mE wojuoA ey 22 s =& 4 Sl

Cdvo_¢ 230 (4.10)
“dat ' R 10
. [D,a-D)Vd+D,0—D,)Dp,+(1—2D,)V.DA,] T, 41D

Lo ™ 2nl

A4.7), (4.10), 4.1D<= 3 v 22 FE29H 7IHe AHEE we] DAB

Avee) 2% BEs 2AL 2L 4 Atk 2FP42E o IPoT FAD A0
o g gEegs W3 & Aeletd o 2o
Z,'\s (3) = gis,db(’%b (3) +gis,vo&o <S> +gis,dnén (3) (4.12)

;0 (s)= Gio,at%p (s)+ gio,vsés (s)+ Gioin@y (s)

. R .
%)= Zarr el

_5"_



Gvndb - Ab(8> ’d,(s) =0, 53(3):0, Z,W,(s):o = ol <RCS+1 ) (413)
0,(s) (1-2D,)DV,T, R
G,a, = An (s) 2d,(5) =0, 0,(5) = 0, Fuls) =0 onl <RC3+1) (4.14)
50<3> R
Vplia ;Z()ad (s) 2dy(s)=0,0(s)=0,d,(s)=0 RCs+1 (4.15)
0,(s) D,1-D,)DT,, R
GW\.— 53(3) 24, (s)=0,d,(s) =0, 7 as) =0 onl (RCs—i-l) (4.16)
() _ (1-2D)V,DT,
Gz;dn_ 5 <S>’Jb<s>:o, () =0, dals) =0 onl (4.17)
_4(s) _ D,0-D)V,T.
Gisdb B Ab(s) ’ll;n(é‘):(), I;S<S>:0, Z,md(s)zo - ol (418)
2,(s) ol RCs+1
Gyi, = j z PESTE) (419

07 oy amie=in =~ pa-pinn) g

&

<
©
PN
®
i
o
®
£
Qo>
/\
«—
v
®
&
o
/\
>
\/
®
i
o
®
i
o
®
i
£
<
I 31+
1
0O
=

19 4.2 DABS 8293 VWS 2 25w

Fig. 4.2 small signal model of DAB considering Burst mode.

_52_



4.2 A7) AA

4.2.1 A ¢F3lE Burst-Mode9 PI Aol 7] AA

q 7@ 245 29 Dol dE v, AN FZ 4GRS 6,2 o8 e Pl A
718 AAEATE PI Alo)7] G 21(4.2003 2ol 7] sty Ai7] stz o] F

o1z lem olF ol&sto] M Ao BAAV|E AATH.

G,=K+— (4.20)

L

o HlE e A, K= A2 A drdn. 44.13)3 4(4.20)s Sel

>,
>

i)
1o
=
o%
s
[kl
o
Jn

(Loop Gain)& th&-3 o] 8 4= it}

B B k, D1—D)V.T, R
G,(s) = GL.’b(s)Gyﬂb(s)—(kp-i-?) 5T <Rcos+1> (4.21)
ks k. D1—D)V.T, R
= ( ,j +1)— ( )
; S 2nL RCs+1
H =R A AFR3 7FE A9 A FuE 2.5kHzo|al A2 A-08 Fuk4E 250Hz

A%, O2¥44= MY FZ o5 Buldxo|th, a22-2W F34% 250Hz, 9174

wpe o 90wolM, DC o5& A= U5t

_53_



40

Magnitude (dB)

‘20— L o1l L Ll L Lol 1 o1l Liay " P
107" 10° 10" 102 103 104 105
Frequency (Hz)

0 . ] ooy HEREEEELE] LR R R Tr oy

Phase (deg)
a

1l ol ool PR |

100 b =

107" 10° 10" 102 10° 104 10°

Frequecy (Hz)
a9 4.3 Dyl gk V, Ao HyAe,
Fig. 4.3 Db to Vo transfer function in Bode plot.
G(s)

50 .
)
z
(0]
3
= 0r "
c
[e)]
(3]
s

_50 " Lol n L1 a gl 1 | .E.‘...nl n Loaa ol L

10" 10° 10" 102 108 104 10°

Frequency (Hz)

‘84 ¥ rrimn T Ty H HE- R | H HIE- B | X v T rEyoT
D861 .
z
(0]
&
< 88 4

_90 " Lol " Lol L Lol b | L

107" 10° 10" 102 103 104 105

Frequecy (Hz)

OF 4.4 AAlE Ak Aol BAVIE AEde W i F2 o5 HAd=

Fig. 4.4 Compensated Loop Gain in Bode Plot.

_54_



F2 Aol Wash 2 DAB AWM HE2A0F WS A8 gA o

= Aol Aol dasitt. DAB HUHEHE FHstolA 2 = S44<2 SPSM W
5

T o
i
N
B
=)
2
l—'O
ol
ol
rlr
L
i)
[>
do
o
~
s
o
it
2
riet
ol
ol
e
2
ol
X
o 2
o
ied)
[
o
o,
N

Agtate 71gel Aol thed merh
® SPSM Aol A Aleksh: @2

- 21(2.8), 2(2.9% B3 1, 2 FAs
- 4 (2 14) 2] (3 16) = %LH [7fms,prz’127msl‘ rms, pm% —i"xé %E}_
- 7%15 pri >[bmsl‘7ms [,WZOE] Iﬂ] ﬂﬁéi%fg 71%2; %Z}éﬂ% Iﬂ] lj L‘:L’:‘% E%% O‘—j-%

—

F e AA AR e Ao AT F odvh WA, Lo > D i
Aol A AN ALAow wiR A GA st7] 9, 12 FRE EYAE
AAB 7] AsA 100 o] =903 Alo]2 Hel HE =94 mER H3hgi

- RE A3 Aol A7) A" ddge] niHE A WAS] 98 dFgRd Ao

g olgdt H4@.5e Tl ved 22 e de 7 3

D= (4.23)

SPSM W4 el A AlQtsl= 7IWM o= gk Ao 2(4.23)= ol&3to] AFRG Ao

o Astal: 4R AMelA SPSM BA o AREE A(ARe> FRa)

3= Fdl KE FAIH



21(2.14), A(3.16)% =3 I I o =R}

rms, pri’ “burst,rms, pri = o -
[rms, pri < [bmsl‘,rms, pr[%—]’ U;H SPSM Hc}él '04 Z-ﬂ O—] 7] ‘:1)-1j O] E—] hj_;% E%% Oé% '/'IE 9}]\
= A Adel A Aew Az & Ak wepA, L, < 270

A 10We] 2913 Alo]E He Aleta= 7R ~93 7HdA SPSM WA o2
s},

Vref Verr

G Feedforward

19 4.5 SPSM Alof7].

Fig. 4.5 SPSM Controller.
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Table 4.1. SIMULATION PARAMETERS OF SYSTEM

Paramters Symbol Values
Input Voltage Vi 400 [V]
Output Voltage . 140 [V]
Switching frequency /s 50 [kHz]
Switeh Burst frequency 5 2.5 [kHz]
Serial reactance L 50 [uH]
Transformer turn ratio n 0.5
Proportional Gain K, 0.3
Integral Gain K 5.0
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ABSTRACT

Dual active bridge converter 1s widely wused 1in many applications.
Nonetheless, efficiency degrades significantly under light load conditions due to
high switching and conduction losses. Burst mode control techniques have been
widely employed to increase efficiency under light load conditions. However, in
the previous research, the burst mode was applied to the DAB converter
without taking into account optimal operating conditions The optimal burst
mode control for the light load condition region is proposed in this paper. The
DAB converter is designed to operate in the ZVS condition regions and at a
minimum backflow power condition. Therefore, the switching loss and
conduction loss are simultaneously minimized, thus the light load efficiency is
significantly improved. The 4 kW DAB converter prototype is built to verify
the analysis.

Besides, the conventional burst-mode have a problem with DC bias. current
in the inductor since the DC bias may cause transformer saturation, it is
usually avoided by adding a DC blocking capacitor in serise with the the

transformer. However, the addition of series elements increase the circuit size
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and cost. This paper introduces a method of DC bias eliminaion by adjusting
the duty ratio of the first pulse in the burst-mode operation without additional
elements. The proposed method is verified through simulaion and experiment,
shwing that the DC bias is removed.

For the control of the proposed burst-mode technique, a controller is
designed through the transfer function, which verifies the model feasibility. By
the way the SPSM mode for light load condition and the proposed burst—-mode
for ligh load condition should be switched for high efficiency. To address the
i1ssue, we also propose a integrated control algorithm for smooth mode
transitions between the two schemes. The stability of the controller and the

smooth mode transition has been experimentally verified.

Keywords:DAB converter, Burst—-mode. Right load efficiency, DC bias,

Seamless transition
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