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Selection of Tank Inductance
State plane analysis gives equation of the form:
Pou = ([ Cor Co, o () e > fldmge, )
If we select some minimum power P, for ZVS
design to place ZVS boundary (J, = 2), at P,

f(L,, devices, f.)
0

* From resulting equation, L, 20
determined from converter devices,
application requirements, and
placement of ZVS boundary

* Now select devices for minimum “;Fwo
loss in converter i~ T
T g

\Mz\l‘ﬁ 50

f.=1 MHz
C,=100 pF
C=2nF

10 20 30 40
L [uH]

Selecting MOSFETs for DAB

50 V FET —— —  QavEETS)
Device Fon Coss Qg I Fon Coss Qg
Variant | Type |[mQ]| [pF] | [nC] Device Variant | Type | [mQ] | [pF] | [nC]
EPC1012 |GaN 70| 80| 1.9 EPC1014 GaN | 12.0| 150| 3.0
EPC1010 GaN]) 18| 310| 7.5 EPC1015 GaN 32| 575| 11.6
FDMS2672 |MOS)| 64| 95| 30 CSD16325Q5C |MOS 1.7| 2190| 18.0
IPD320N MOSSS' 35| 135| 12.0 STD60N3LH5 |MOS 8.8| 265| 8.8
IRFS4020 | MOS 85| 91| 18.0 CSD16411Q3 |MOS | 12.0| 330| 2.9

e Representative sample of HV and LV devices, including Si and GaN devices

e Above P
losses

min’

I:)nd

CcO

=P

cond, p

+P

cond,s

=2r_ i

on,p'g,rms

+2r

i2
|

on,s out,rms

all devices have no switching loss, so efficiency only depends on conduction
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Selecting MOSFETs for DAB

150 V FETS 12V FETS
Device Fon Fon
Variant | Type | [mQ] Device Variant | Type |[mQ]

EPC1012 GaN 70 EPC1014 GaN 12.0
EPC1010 GaN é) EPC1015 GaN 3.2
FDMS2672 | MOS 64 CSD16325Q5C | MOS Cﬁ)
IPD320N MOS 35 STD60N3LH5 |MOS 8.8
IRFS4020 MOS 85 CSD16411Q3 | MOS 12.0

e Representative sample of HV and LV devices, including Si and GaN devices

e Above P, all devices have no switching loss, so efficiency only depends on conduction

losses —

e Initial conclusion is to select lowest r,, devices

e Can solve analytical loss model from state plane analysis

Device Loss Comparison: 150-12 V

25

20+

15F

1.0+

Total Loss [W]

05r

FOMS2672

e e s B —— l\

FOMS2672  |PD320N
EPC101f

SxCSD16411Q3CS018325Q5C

[] Secondary Gate Drive Loss
[ Primary Gate Drive Loss
[ secondary Conduction Loss
I Primary Conduction Loss

Lowest r,, combination is not
lowest loss

IRFS4020 IPD320N

EPC1010 'C EPCYl W EPCI01Z. _ EPCI012
5 CSD16325Q5C CSD16325Q5C EPCI01S SD1B325QSC @ AEPCINS CSD16325Q5C
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Effects of primary-side device

capacitance

0.5

I [A]

r r

r
0 01 02 03 04 05 06 07 08 09 1

,—._a\/\ time [usec]
400m T T T
V, =400 V C,=70pF
s [ Vo =12V = 200 N cF =40 pF ||
Pout = Prin = 150 W 16 "
£'= 1 MHz 5“ °r — =
316.25 14 200 Vp |
E’ls mg 74000 O.rl O.rZ 0.r3 0.r4 0.r5 0.’6 O.r7 0.’8 0.’9 1
i,' :-'. time [usec] l‘{ - M‘P
2 * * Higher RMS currents lead to greater ¥"&
1375 s conduction losses Pwiv\
Ter * * RMS currents strongly dependant on C,
= 100 200 400 508 yrrent iM‘i - o S\'W \
‘“‘k Cuwend gt = C dwer Y
Selecting MOSFETs for DAB
150 V FETS 12V FETS
Device C, ) ) Fon
Variant Type [pF Device Variant | Type | [mQ]
'EPC1012  |GaN | =70 _19] § EPC1014 GaN | 120
|EPC1010_ _ | GaN _ 358 _[_f=F|EPCI015 ___ 1GaN_| 3.2 1000] 11.6
FDMS2672 |MOS 177 1CSD1632505C IMOS_ || 4.7l 2200|100
IPD320N MOS 379 STD60N3LH5 |MOS 8.8
IRFS4020 MOS 140 CSD16411Q3 | MOS 12.0

* Analysis predicts that optimal selection consists of lowest C, primary device and lowest

r., secondary device
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Device Loss Comparison: 150-12 V

23 [] Secondary Gate Drive Loss
[ Primary Gate Drive Loss
[ secondary Conduction Loss
207 Il Primary Conduction Loss 7

1.5F b

1.0+ .

Total Loss [W]
>-

[

FOMS2672  FDMS2672 IPD320N IRFS4020 IPD320N EPC1010 |
S«CSD16411Q3CSD16325Q5C  EPCI01S  CSD16325Q5C CSD16325Q5C  EPCI01S

Efficiency, »

140

D. Costinett, H. Nguyen, R. Zane, and D. Maksimovic, “GaN-FET based dual active bridge DC-DC converter,” in Proc. Appl. Power Electron. Conf. (APEC), march

2011, pp. 1425 —1432.
D. Costinett, D. Maksimovic, and R. Zane, “Design and control for high efficiency in high step-down dual active bridge converters operating at high switching
frequency,” IEEE Trans. Power Electron., vol. PP, no. 99, p. 1, 2012.
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Linear Model Comparison to Simulation

* At high output power and low
switching frequency, square
wave model of DAB converter
accurately predicts behavior of
full circuit simulation

I [A]

v, V]

]

Simulation
0.5 —===="Linear Model
otf, =50 kHz T ﬂm‘\w“&
05} Pou = 120 W W‘Wl—w
1 : : : : e S
0 2 4 6 8 10 12 14 16 18 20
time [usec]
200
100 ,

0 i
-100 - —
200 : : : : : : : : :

0 2 4 6 8 10 12 14 16 18 20

time [usec]

High Frequency,

* At low output power and high
switching frequency, square
wave model is poor fit to circuit
behavior

» Effect of switching transitions
need to be considered

Low Power Operation

I [A]

v, [V]

f,=1MHz

time [usec]

P,:=60W
0 01 02 03 04 05 06 07 08 09 1
time [usec]
02 03 04 05 06 07 08 09 1
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~Application Example: Automotive
3
1 I8
15V +
W " a
10V =
| I 240V.. 450V RiaY
: nominal | }
sv | operating point | - -
| | | (a) Reca pe
240V 340V 450V
|
0 l - " I
0 100V 200V 300V, v
80W
Fig. 1. Converter operating voltage ranges required for automotive
application switching
60W o
Digital Control and ~ HF-Trans-  Water Cooler  Terminal losses
Modulation former (10p) LV-Bus
40w . —
MOSFLTs, .
conduction| 10885 swvitehing
20W ' losses”, > : losses
"PCB, cond. m?g;:‘:‘y ———r— HV s?dc
o  losses /, i cond. losses LV side
Low Voltage  Transformer, High Voltage Auxiliary
Auxiliary Terminal Power  Water Cooler Side Inductor Side Power Supplies
PowerSupply  HV-Bus MOSFETs  (botiom)
Fig. 13, Calculated distribution of the power losses for operation at Vi —
Fig. 3. Automotive DAB converter (273 % 90 % 53 mm) 340V, Va = 12V, and P
——
*F. Krismer, J.W.Kolar, “Accurate Power Loss Model Derivation of a High-Current Dual Active Bridge
Converter for an Automotive Application, IEEE Trans. On Industrial Electronics, March 2010
Effici Result
p4()V — 11V 340V — 450V — 16V
100% < 100% — 100%
;.—-a—e,\ﬂ___: M’Ar_ﬂ—{l
90% e 90% 90% 7
7 /ﬂ—' \\ 1 n
80% 80% 80%
70% - 70% = 0% -
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 P /W
11V = 240V 12V = 340V 16V — 450V
100% 100% 100%
__D—E‘EL_‘ /E_.ﬂ-—(i
3]
9% A0 o o0 90% /n/‘ I
Y / " d
80% T 80% 80%
0% - 70% - 0% - <
=500 <1000 -1500  -2000 =500 <1000 -1500  -2000 =500 <1000 -1500 22000 P /W
Fig. 12. (Solid lines) Predicted efficiencies and ((J) measured efficiencies for different operating conditions. The efficiencies are calculated with the improved
DAB loss model which includes all methods discussed in Section [V.




Alternate Modulation Schemes

V=340V, V=12V, P,=500W, n=89.0% V=340V, V,=12V, P,=500W, =92.4%

| 400V —— 40A 400V — 40A
. 200V _nvp 20A 200V Uda 20A
M—00 717V : .
) e 0 /'\LT {/’ d
400V 5 20A 200V 20A 200V : -20A
% 8- ] e ! + 1 4 - =
200V AT AR Nt = 1A 400y — 40A -400V 40A
: 3 o 0 Ts/22ps  Ts 0 6 nTs/22ps Ts
*II (a) (b)
200V -10A
200V B ~< V=340V, Vy=12V, P,=500W, n=92.0% ¥,=340V, Vy=12V, Py=2kW, 5=94.6%
-400v L1 I 20A 400V - 40A 400V - 40A
I~ VTl -
(©)
—_— 200V 20A 200V nvp 20A
L I, ik
\, 1] 0 I,- =
q =N\ 200v| 20A 200V} 120A
% 400V 40A  -400Vk L 40A
/ 0ty bt Tg214 2us  Ts 01 6Ts/22us Ts
(c) (d)

o ZVS e noZVS
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