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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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e E.g. Decrease to
My<1
by decreasing output voltage
e Current now ramping, causing
more energy available for primary
ZVS, but higher RMS currents

e Can use behavior to extend ZVS range of one
bridge
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Soft Switching Range with Varying V_ .
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Design Trajectory Example: Operation
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Design Trajectory Example: Operation
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16V
15V
. U
v oy
| |
I nominal | }
sy | operating point |
I : |
40V 340V 450V
—
0 I ! | "
0 100V 200V 300V 400y
Fig. 1. Converter operating voltage ranges required for automotive
application
Digital Control and ~ HF-Trans- ~ Water Cooler  Terminal
Modulation former {10p) LV-Bus

Auxiliary Terminal Power  Water Coaler
Power Supply  HV-Bus MOSFETs  (botiom)
Fig. 3. Automotive DAB converter (273 x 90 x 53 mm).

Application Example: Automotive

core losses switching

- conduction
losses )
- €0l

losses

HV side
nd. losses LV side

1
oy
o
4
=
240V..450V
o—s
()
BOW
switching
60w losses
40W
MOSFETs,
-conduction
20W losses”,
PCB, cond.
N losses
Low Voltage
Side

Transformer,  High Voltage

Inductor

Auxiliary

Side Power Supplies

Fig. 13.  Caleulated distribution of the power losses for operation at Vi =
340V, Va = 12V, and I = 2kW.

*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
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Florian Krismer; Johann W. Kolar, “Closed Form Solution for Minimum Conduction Loss Modulation of DAB Converters”

V1=340V, V,=12V, P,=500W, n=89.0%

Alternate Modulation Schemes

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

400V 40A 400V 40A
—-VT1 —- V1
200V nvey 20A 200V e 20A
FT i im
0 =10 O A A 0
H I 1 1

200V 204 200V}t LTI
-400V ——40A -400VH—+—4 1 40A

0 Ts/2 2ps Ts 0ty 6 6Ts/22ps Ts
(a) (b)
V1=340V, 5=12V, P,y=500W, =92.0% V=340V, V,=12V, P,=2kW, n=94.6%
400V 40A 400V 40A

—-VT1 -V
200V | Jgeredmg 112 20A 200V, nvn——| 20A
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Efficiency Results

240V — 11V 340V — 12V 450V — 16V
100% 100% ——_ 100%
——e Y e
90% —— 90% 90% -
" /ﬂ—' \n\ i 7
80% 80% 80%
70% - 70% - 70% -
SO0 1000 1500 2000 SO0 1000 1500 2000 SO0 1000 1500 2000 P/W
11V = 240¥ 12V 5 340V 16V - 450V
100% 100% 100%
__D—l—_u__‘ /ﬁ_T—‘B
o
90% A0 o o 90% / I
7 //V " "
80% ! 80% 80%
70% - 70% - 70% - -
500 <1000 <1500 2000 00 1000 <1500 2000 500 <1000 -1500 2000 P /W

Fig. 12, (Solid lines) Predicted efficiencies and (CJ) measured efficiencies for different operating conditions. The efficiencies are calculated with the improved
DAB loss model which includes all methods discussed in Section [V,
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Next: SRC

Series, -lz’ewr\m(' Cenwf‘h’-\/
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Magnetics Winding Loss (DC)

/}k

DC Resistance given by \/ >
lb Aw
Rpc = P
o — W
* At room temp, p = 1.724:106 Q-cm
At 100°C, p = 2.3-10°Q-cm

i(1)

Losses due to DC current:

_ 2
Pcu,DC - IL,rms RDC

Ao et L% 1
'K(ﬁu'g

Current
density

currepls

i
]

v-w,"P K;
A
Ree = =
* Current profile at high frequency is exponefrbmfl‘g?"“‘ 3;5\

function of distance from center with characteristic
length &6
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Skin Depth

Wire diameter

01

— #20AWG
Penetration =
depth 8, cm =
T~ =
. -.._:::._ 100 o = #I0 AWG
5=,/-2 T
- p—— 0.01 — #40 AWG
L -
0.001
10kHz 100 kHz 1 MHz

Frequency
Fig. 13.23 Penetration depth 8, as a function of frequency f, for copper wire.
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Example Calculation
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0
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) ~50%
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o 0 1 @“/)
10° v 0 108

frequency [Hz]
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o Proximity Effect

* In foil conductor closely spaced
with h >> §, flux between layers
—_— L.
generates additional current
according to Lentz’s law.

Layer3 ® ~

_ 2
P1 - IL,rms Rac
® K * Power loss in layer 2:
_ 2 2
H 2 Py =1} yms Rac"'(ZIL,rmS) Rac

P2=5P1

Primary winding

See Fundamentals of Power Electronics, Section 12 2 TENNESSEE T
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1 =1500 ,
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Jecordons
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L

A,

-

’1 ms = lzrms

Simulation Example

AWG#30 copper wire

« Diameter d = 0.294 mm
« d=35 ataround 50 kHz

* 1:1 transformer

« Primary and secondary are
the same, 30 turns in 3 layers

+ Sinusoidal currents,
=1A

Numerical field and current density solutions usifig FEMM
(Finite Element Method Magnetics), a free 2D so
hitp://www femm.info/wiki’/HomePage
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Flux density magnitude Current density magnitude

9.5002-003 : >1,000e-002 I 9.500e+001 : >1.000e4002
9.000e-003 : 9.500e-003 9.000e+001 : 9.500e+001
8.500e-003 : 9.000e-003 8.500e+001 : 9.000e+001
8.000e-003 : 8.500e-003 8.000e+001 : 8.500e+001
7.500e-003 : 8,000e-003 7.500e+001 : 8.000=+001
7.000e-003 : 7.500e-003 7.000e+001 : 7.500e+001
6.500e-003 : 7.000e-003 6.500e+001 : 7.000e+001
6.,000¢-003 ; 6,500e-003 || 6.000e+001 : 6.500e+001
5.500-003 : 6.000e-003 | 5.500e4001 : 6.000e+001
5.001e-003 : 5.500e-003 | 5 000e+001 : 5.500e+001
4.501e-003 : 5.001e-003 [ | 4.500e+001 : 5.000e4001
4,001e-003 : 4.501e-003 [ | 4.000e+001 : 4.500e+001
3.501e-003 : 4.001e-003 [ | 3.500e+001 : 4.000e4001
3.001e-003 : 3.501e-003 [ | 3.000e+001 : 3.500e+001
2.501e-003 : 3.001e-003 [ | 2.500e+001 : 3.000e4001
2.001e-003 : 2.501e-003 [ | 2.000e+001 : 2.500e+4001
1,501e-003 ; 2.001e-003 [ | 1.500e4001 : 2.000e4001
1.001e-003 ; 1.501e-003 [ | 1.000e+001 : 1.500e+001
5.010e-004 : 1.001e-003 | .
<1.000e-006 : 5.010e-004 O zg%%%?,,%%é :1'50%3:0&0
Density Plot: |B|, Tesla Density Plot: 3], MA/m*2
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1 kHz

Flux density

Frequency

Current Density
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100 kHz
Flux density
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Total copper losses 1.8 larger than at 1 kHz
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Frequency: 1 MHz

Flux density Current Density
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Frequency: 10 MHz

Flux density Current Density

Very significant proximity effect
Total copper losses = 65 times larger than at 1 KHz
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Core
Mean core i
Magnetic
) ~Magnetic —————~ |~ length I, 1 fines
L flux lin -
+ O €
o= S0 | DR i
1] " ility ng 2 .
_ H—- len ]
P .3 Mmeti:iﬁm Fringing
permeability p
i R - fields
N turns

A simple magnetic circuit with an air gap

* Near air gap, flux may bow out significantly, causing additional
eddy current losses in nearby conductors
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Finite Element Simulation

P,.=330W % 450

] [A/mm?]

http://www.femm.info/wiki/HomePage
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Removing Copper From Fringing Field
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