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Research Topics

Switching Power Supplies
--Adaptor

--PC Power

--TV Power

--Server Power @
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Lighting Applications
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Design Projects

« Funding over US$1,000,000/year supported by industry
|IC vendors: ST, TI, Infineon, ON semiconductor

» Power supply manufacturers: Delta, Lite-ON, FSP, AcBel, Meanwell
« System manufacturers: Chroma, ASUS, Gigabyte
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Demand for Higher Power Density and Higher Efficiency

Electric Vehicles

[www.greentechmedia.com]

Renewable Energy Inverters [frontera.ne]

- . LITTLE BOX
T CHALLENGE

>
[http://blog.cet-power.com] m

o cET-
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Design Example From CPES (VT)

600V GaN based Converter

The State-of-the-Art: Objectives:
Frequency: 100 KHz Frequency: >1MHz
Eficiency: 96% Efficiency: > 96%
N . Power density: > 200W/in3
Power density: 30 W/in3 y
Design for Manufacturability

12
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Wide Bandgap Devices

Better reverse-recovery characteristics

Faster switching speeds

Can reduce switching and driver loss at MHz switching
Used for high-efficiency high-power-density converters

GAN transpherm

S y S t e m S EFFICIENT POWER CONVERSION

CREE= ® Navitas
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High-Frequency Converters

v How high-frequency converters achieve high efficiency:
« Soft-Switching
« Commonly used topologies for high efficiency

« Phase-Shifted Full Bridge (PSFB) Converter
 LLC Resonant Converter

1
PQA,switch_on = E Vp - Ipeak . Tf_max fs
1
PQA,switch_off — E Vp - Ipeak Ty max ° fs
VDS
Switching loss Ips Ips
Ips
[t QO _\ [
b r— >t
Turn off Turn on ZCs ZVS
Hard Switching Soft Switching 14
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High-Frequency Converters

v How high-frequency converters achieve high efficiency:
« Soft-Switching
« Commonly used topologies for high efficiency

 Phase-Shifted Full Bridge (PSFB) Converter
« LLC Resonant Converter

o0ss,E
Np:Ng | |
CossA _' Coss,C
Q | L, L:i i ‘ N
p_IJ- oss,B ,»,} Coss,D
-

Phase Shift Full Bridge Converter

Disadvantages
Lagging leg cannot achieve zero voltage
switching (ZVS) at light-load conditions
Additional magnetic components
(inductor) needed at output

Vin

_l_

-
$R,
.P

H—r—
¥

15
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High-Frequency Converters

v How high-frequency converters achieve high efficiency:
« Soft-Switching
« Commonly used topologies for high efficiency

- Phase-Shifted Full Bridge (PSFB) Converter
« LLC Resonant Converter

Q_llt DBl COSSi/
* S T Compared with PSFB Converter
Vgsl L, Cr n:1:1 D, N wh t t t =
Vo Q) e P 1T—1+ en resonant converter operates in
0, . 1PsCossa I Voo 1L ! g CoRm RSV, LLC region, primary-side ZVS is
TIIZ % ;L-\_/dsz Vin! 3 ~ i independent of load
Vs lumif e} § > « Secondary-side ZCS achieved
+ D, « No extra magnetic components needed,

in addition to transformer
LLC Resonant Converter

16
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High-Frequency LLC Converter

‘/ 100-kHz LLC Converter Resonantindtii:)?fnantcagiicr:z:ysideswitches
« Specifications and Parameters Transformer \ j

SR boards \‘

3.5¢cm

Output capacitors
Input Voltage 380V
Output Voltage 12V
Output Power 1 kw
o
Primary -side MOSFET (Q, - Q,) IPP6OR09ICT 3:2cm
Secondary-side MOSFET (Q; -~ Q,) BSC028N0O6NS 3D Model
Core of Transformer PQ32/30 (Material: P47)
Core of Resonant Inductor PQI26/12 (Material: P47)
Turns Ratio 16 Vin (_)
Magnetizing Inductor (Lm) 140 pH
Resonant Inductor (Lr) 25 pH
Resonant Capacitor (C,) 48.2 nF
Output Capacitor (C,) 5.96 mF

LLC Converter 17
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High-Frequency LLC Converter

v 100-kHz LLC Converter Power Loss Analysis
« Main losses are transformer copper loss and
secondary-side switch conduction loss

12

[ Core Loss i
I Copper Loss(Rac) QR+
B CopperLossRe) [ | | o~ T L
B Corttion L O LT = L
LK Vin & Vs — =
gL [ Switching Loss N | +

o]
AY
/1
O
<)
X
o

AN
<

' o

| s Litz wire :
‘@(«&T 6@‘\3 @C\ oM _
o W g@‘?* Primary Secondary SR MOSFET
& ¢ winding winding 24
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High-Frequency LLC Converter

v 100-kHz LLC Converter Power Loss Analysis
« Main losses are transformer copper loss and
secondary-side switch conduction loss

« Others include resonant inductor loss and driver loss
12

= — — 7 [ CoreLoss
I Copper Loss(Rac)
I Copper Loss(Rdc) a
I Gonduction Loss Qi
[ Switching Loss

1

Q2_Ix

Y|

Loss(W)

= C, Rév0

Additional Resonant Inductor 19

TAIWAN TECH

&) National Taiwan University of Sciefice and” Technology



EEREKXR - .
BHBFHAHBHRL

High-Frequency LLC Converter

v Pros and Cons increasing frequency to 1 MHz

- Advantage
« Reduce transformer size
- Use leakage inductance of transformer as resonant inductor
- Small resonant inductance is very improves efficiency

and decreases volume

- Disadvantage

« Core loss and switching loss will increase

g Rt
L, Cr 1, s Coopl_ Lk s
W R gégem ’ 0w il
° + ° +
Qu% L Hg =Ca R%vo Qu% Lm Hg =Ca R%vo
L L

lss2 lss2 20
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High-Frequency LLC Converter

v 1-MHz LLC Converter Power Loss Analysis
- V,,=380V,V, =12V, P,= 1 kW
- Main losses are core loss and switching loss

50
A5

[ Core Loss

40
RS
30

25
€20
—
15
10

+
=<C, R0§V0

SR MOSFET

h
T T e el we e el e e e el T

21
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High-Frequency LLC Converter

v Comparison of 1-MHz and 100-kHz LLC Converter
- At high frequency:
« Core loss increased by 37.65 W
« Switching loss increased by 2.05 W
« Driver loss increased by 3.88 W

12 S0
[ Core Loss i [ Core Loss
I Copper Loss(Rac) 45r I Copper Loss(Rac)
I Gopper Loss(Rd) L I Copper Loss(Rdc)
I Conduction Loss I Conduction Loss
sl [ Switching Loss [ Switching Loss

TANAIWAN T ECH & National Taiwan University of Sciefice and” Technology
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High-Frequency LLC Converter

v' 1-MHz LLC Converter Optimization

- At high frequencies, optimization of the magnetic components
and switching losses are critical

« Core loss increases with switching frequency, so a core material
suitable for high frequency applications should be utilized

« AC resistance of the magnetic coil increases with frequency,
which increases copper wire loss

- Even though zero voltage switching (ZVS) is achieved on switch
turn on, there is still some turn-off loss and reverse-recovery loss

« Faster switches (wide bandgap devices) can be used for their
faster switch-off time to further reduce losses

TNAIWAN T ECH & National Taiwan University of Sciefice and”Technology
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Magnetic Component Lo0sS

v Transformer Loss

« Core Loss
Core Material, AC Flux Density, Frequency

« Copper Loss
Copper thickness, MMF, Air Gap, Frequency

Core Loss Copper Loss

Hyiteresis Proximity
0ss Effect Loss

Edd);- Current Fringing
oss Effect Loss

24
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Copper Loss: Resistive Loss

v Loss from DC Resistance

Related to wire length and cross-sectional area, does not depend
on frequency

v Loss from AC Resistance

Related to switching frequency, magnetic field strength, and
cross-sectional area

Skin effect: effect of eddy currents caused by current flow
through the conductor itself

Proximity effect: effect of eddy currents caused by current flow
through an adjacent conductor

Skin and proximity effect cause current to be unevenly
distributed, increasing effective resistance

Using PCB traces reduces the skin effect since the thickness can
be controlled

Thus, the proximity effect is the main source of loss in high-
frequency transformers that use layer-stacked windings

TNAIWAN T ECH & National Taiwan University of Sciefice and”Technology
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Copper Loss:

v Skin Effect Simulation using ANSYS Maxwell 2D

« Comparing copper loss of litz wire and PCB traces
« Conditions: 5 A of current, same cross-sectional copper area

Skin Depth

JJJJJJJJ

-
Litz Wire l
I %:ZSZEETEZZ
0.88 W
600 kHz, .
| >
PCB trace - -
0.27 W 0.32 W 0.48 W

TNAIWAN T ECH & National Taiwan University of Sciefice and”Technology
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Copper Loss: Proximity Effect

v Proximity effect simulation using ANSYS Maxwell 2D
« Transformer can be modeled in Maxwell 2D for the LLC resonant converter
« Copper losses can be compared for different windings

Pri. windings Sec. windings

Transformer Model for Maxwell 2D

i

Schematic of LLC Converter 27
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Copper Loss: Proximity Effect

v Proximity effect simulation using ANSYS Maxwell 2D

- Case 1: Non-interleaved windings

J [A/m~2]

1. 000BE+207
§. 6667E+0B6
7.3333E+006
6. 0BBBE+DB6

4. 6667E+006
3. 3333E+086
. 2.00DBE+006

i 6. 6667E+B0S
6. G667E+BES5
-2, BBOOE+B06
-3.3333E+006

J [A/m~2]

1. 00B0E+B07
8. 6667E+006
7.3333E+006
6. DBOOE+DBE6

==

4. 6667E+0B6
3. 3333E+006
2, B0BBE+B06
6. 6667E+0@5
-6. BB67E+B05
-2, DBDBE+DB6
-3.3333E+0086
-4. 6E67E+006
-6, DBDBE+DB6
-7.3333E+006
-5. 6667E+006
-1.0000E+0B7

-%. 6B67E+BBE6
-6. BBOBE+DBE
-7.3333E+006
-8, BE67E+D06
-1.00PBE+BA7

At 100 kHz, 7.22 W of loss At 1 MHz, 22 W of loss

28
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Copper Loss: Proximity Effect

v Proximity effect simulation using ANSYS Maxwell 2D
« Case 2: Partially-interleaved windings

1. BBBE+0B7
5. 6667E+006
7.3333E+006
6. 0BBBE+DBE

J [A/m~2]
4, BEG7E+DO6
3.3333E+006

2. DOBBE+BB6

! 6. 6667E+BB5
-6. 6667E+0B5
-2, 0BOBE+B06
-3. 3333E+006
I -4, 6EE7E+0B6

-6. BOOBE+B06
-7.3333E+006
-8. 6B67E+006
-1.0B0BE+B07

At 100 kHz, 1 W of loss

TAIWAN 1TECH

J [A/m~2]

.
-
-

1.0000E+087
5. 6667E+0B6
7.3333E+086
6. BDBBE+006
4. 6667E+DB6
3. 3333E+006
2. B0BBE+B06
6. 6667E+DB5
-6. 6B67E+B@S
-2.DD0RE+DB6
-3.3333E+006
-4. BE67E+DB6
-6. DBOBE+DB6
-7.3333E+006
-8. 6667E+D06
-1.0000E+007

At 1 MHz, 3 W of loss

&) National Taiwan University of Sciefice and” Technology
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Copper Loss: Proximity Effect

v Proximity effect simulation using ANSYS Maxwell 2D
« Case 3: Interleaved windings

J [A/m~2]

2. 0BEBE+0B6

[ 6. 6667E+0B5
-6. 6B67E+B@S

-2, DBORE+DB6
-3.3333E+006

. -4, BEG7E+DB6

-6. DBOBE+DB6
-7.3333E+006

-8. 6E67E+DB6
-1.0B0BE+B07

At 100 kHz, 0.8 W of loss At 1 MHz, 1.8 W of loss

J [A/m~2]

1.0000E+007
8. 6667E+006
7.3333E+006

1.0000E+087
5. 6667E+DB6
7.3333E+006
6. DBBBE+206
4. 6667E+006
3. 3333E+006
. 2. DBDBE+DB6

6. 6E67E+005
-6. 6667E+B@S
-2, BB0BE+B06
-3.3333E+006
-4, 6E67E+B@6
-6. DBDBE+BB6
-7.3333E+006
-8. 6667E+006
-1.0000E+0B7

6. 0BOBE+DB6
4. 6667E+206
3. 3333E+006

TNAIWAN T ECH & National Taiwan University of Sciefice and” Technology
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Copper Loss:

v Comparison Summary

« Losses for each winding structure are summarized in the table below

- AC resistance (R,.) is much higher at higher frequencies than lower
frequencies

- For transformer windings, if complete interleaving is not possible,
partial interleaving can still greatly reduce copper loss

« At 1 MHz and higher, complete interleaving is most effective to
reduce overall copper loss

winding Structure 100 kHz 1 MHz
Non-Interleaved 7.22 W 22 W
Partial-Interleaved 1W 3W

Interleaved 0.8 W 1.8 W

31
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Copper Loss:

v Frlngmg Effect Basics
In transformer applications, an air gap can be added to reduce the attenuation of
inductance caused by high DC bias
« However, increasing the air gap also increases leakage flux
« Leakage flux through the conductor can cause eddy currents to generate hot spots
and further losses

Fringing
|~ flux

N\

Winding
|

000000000000

0OCO00CRO000
\Q- NV YW N YN
000LO0CO0000

™~ Bobbin

TNAIWAN T ECH & National Taiwan University of Sciefice and”Technology
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Copper Loss: Fringing Effect

v Fringing effect simulation using ANSYS Maxwell 2D
« Transformer with air gap can be modeled in Maxwell 2D
- Effects of different air gaps can be compared
« Case 1: Litz Wire
» Adding a gap at any location increases losses by 2.5 to 3.7 times

T2 02000893999
TTT080600TLILL
1104000002000
LLL8800022222

Core structure without air gap
1.53 W

5.65W 573 W 33
Core structure with air gap

TNAIWAN T ECH & National Taiwan University of Sciefice and” Technology
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Copper Loss: Fringing Effect

v Fringing effect simulation using ANSYS Maxwell 2D
- Case 2: PCB Windings
> Adding a gap at any location increases losses by 1.6 to 2.58 times
» Compared to litz wire, the PCB windings are less affected by the
fringing effect

:ﬂﬂllllﬂl
Il

I

il
I

3.37W

(i
(I

T

Core structure without air gap
2.07W

\'I’IIIIIIIIIIIIIIIIIII
M
A

5.21wW 5.35W 34
Core structure with air gap

TNAIWAN T ECH & National Taiwan University of Sciefice and” Technology
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Power Loss Summary

v Transformer total loss
* For transformers operating at 1 MHz, electromagnetic effects
and losses are amplified
« Itis important to design for reduced core and copper loss

« Core Loss
> Eddy Current Loss: Choose an appropriate core material for high
switching frequency
> Hysteresis Loss: Considering core loss at high frequency
operation, B, _, should be designed to be less than 1000 Gauss
« Copper Loss
> Rdc Loss: Need to consider cross-sectional area and length
> Rac Loss
O Skin Effect Loss: Choose an appropriate conductor thickness
O Proximity Effect Loss: Reduce loss with interleaved windings
O Fringing Effect Loss: Choose a proper air gap position and
winding shape to reduce losses 35
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S Fractional-Turn Transformer Structure Analysis

- Specifications: V, =380V, V =12V, P,=1 kW, f_,,=1 MHz
« Find out the design of the best fractional-turn transformer turns ratio

under this specification
« Only considers core loss and copper loss during analysis

== SRb, 16.5 T/ T P o S e e e o e e

L : e s [l Te IREEE

C_E g 3 ... .

Si - ' SRa,

VinQ o :
2 . .
" Lm; ; : L £V

ool A\ o oo A

Total Loss(W)

750 Xt | ‘

L _SRby, aslo o

T * N; = 4 yields the minimum transformer loss
Transformer turns ratio is 4:0.25
4 sets of center taps are required on the secondary side

¥
3
2
il

36
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Quarter-Turn Transformer Design

- Specifications: V,, =380V, V =12V <
- Equivalent Turns ratio: 16:1 V:%l C. _/ l\_
- Fractional-turn transformer’s turns ratio: 4:0.25 Og—+— O

37
4:025:0.25:0.25:0.25:0.25:0.25:0.25: 0.25 ] _\l I/_
1

_ TA=SRb,
r g‘rL: Transformer primary side wiring
ol 1 L
S TT
N

H

SK iy |_0u_|t
| - SRb,
g 1 tlj S_Rbl
]

I
I
I
I
Vm() “ : e _1 L = =
S: - K = ! Ssz SRcu
:hl-b- L Lm? | I —1 gﬁgi — 3 Vaut T
s
I
|
I
I
I

?—:_T_‘U T Vc)tttI IV ‘
I SRa R SRb
| %= SRb, =SRH2 |/_ 1
| =
% 1 |‘SR(1;
TT %
- SRa, '——|

(mz

Fractional-turn LLC converter Transformer secondary side wiring 37
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Quarter-Turn Transformer Design

v The winding layers and SRs arrangement (SPPS)
O The primary windings are the middle layers, and the center-tapped secondary
windings are the top/bottom layers
O The SRs and capacitors are mounted directly on the secondary windings
O In this way, the SR’s termination loss is greatly reduced

4:025:025:025:0.25:0.25:0.25:0.25:0.25

C
251025 / ore
r ‘@—L"‘J T MMF
- / Layerl

Layer2

/ Layer3
/ Layer4

.~ Layers

/ Layer6
/ Core

C

I
I
I
I
Vv |
OS IS L7
2|_ L I >
:l-;_._ , mI I_7IF_-|-S.RIJ3 —‘éVam P
r : ?:_‘LH-' =
I
I
I
I
I

TT I
Sﬁ'a; S

- k. TSRb4
dl B rri. Windings

. S’l-(_a,; I Sec. Windings

. Ground 38
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Quarter-Turn Transformer Design

v' Confirm the secondary current distribution using Q3D
O Except for the corners, they are evenly distributed.

Surface Loss Density
[W/m?]

300

™ ..

227
192
155
123
80
45
1

Bottom
Layer

39
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Quarter-Turn Transformer Design

Neg. voltage R . .
senerator \Pl‘l. driver Pri. de'v1ce Sec. device

 The secondary side is a quarter turn
> Effectively reduces copper loss

« Core height: 6mm STEnales
e Circuit volume: 26.4cm3 §

WG

4:025:0.25:0.25:0.25:0.25:0.25:0.25:0.25
- — = TSRk

?‘I’T—@
E:—T-_ﬁ 8.8cm
SRa, .

S
Sh

+L Sec. device

I
I
I
I
I/l' C) H : ] 1 L
SZ e T > L
:'_‘E Lm?: ? SA a> gVouj
. I
I
I
|
I
I
I

- SR“J

40

Sec. device Sec. driver
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Quarter-Turn Transformer Design

v Peak efficiency at half load is 97.01%
* Primary side switch: GS66516T
« Secondary side switch: BSCO10NO04LS
« Core material: 3F46

98 L . [ Core Loss
: : ! ! ! i : : : 12 [ Copper Loss(Rac)
r I I Copper Loss(Rdc)
96 | _ I Conduction Loss
I 10 - [ Switching Loss
SUT J z°[
g; I \g 6
5 92 - S |
) - 4
b i
90 .
= - 5 |
88 |- . Al
PR S S RS TR NN S R PR S S B! ¥ S 6‘ 5
0 100 200 300 400 500 600 700 800 900 1000 5&0‘1& \QﬁQ&‘) 6665\ 06‘
Output Power (W) R Q,BC“ G
Experiment efficiency results over load range Loss analysis results at full load 41
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Circuit Size 3.2¢cm * 9 cm 7 cm * 8 cm 8.8cm *5cm

Volume 100.8 cm3 39.2 cm3 26.4 cm3

42
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: 1. The minimum number of  The secondary-side layout
1. Complex design : : :
. - : : secondary-side turns is 1 must be symmetrical,
Disadvantage 2. Limited by iron core high : -
) N 2. Secondary-side copper loss otherwise it causes current
3. Higher termination loss : : :
cannot be effectively reduced and magnetic flux imbalance 43
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High Power Density DC-DC Converter
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EEREXS

*  Operation frequency: 120~190 kHz

« L6599A is used as control IC

« IR11688s is self-adaptive SR control IC
*  L6599A is supplied by auxiliary power

360~400 Vpc moTT T T ! 12 Vye

| |
¢/ L) ) C O
_I_ 'l Primary Secondary| | _I_ +
VDC# TC‘” | side Side | ! TCW‘ _ Vo
& ! ; = o
ikt Sl il S wk -
] BRI
- IR11688 |« gl
Auxiliary SR Control IC—¢
Power
12V,
; L6599A e Vs
Ve ,| Control IC | Ve Isolated :VOUt
> < Compensator |«

45
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ectronic Technologies

C
Taiwan Tech

Power Density

Synchronous
Rectifiers

\

Control IC

. Output Cap.
e ]stversion

» Power Density: 7.44 W/cm? or 121.93 W/in3 3.2cm |

« 2nd version

» Power Density:

9.94 W/cm?3.,162.88 W/in3

Synchronous
Rectifiers 46
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* Operation frequency: ~ 500 kHz

» DSP chip TMS320F28035 is used as the controller _LLC Resonant Converter _
360~400 Vpc ! ! 12 Ve,
. : : . o , ! o—O0
DSP is supplied by auxiliary power y —T—c || primary [3¢]secondary] ! —T—c + '
DC in 1 3 i | out
- Tested under closed-loop control R D Side 1, T . o
_ v | — | Y
«  All GaN devices are used ﬂ_l B
Isolated ™1
Aucxiliary »| Isolated SR Gate :—l
Power _y » Gate Driver Driver 5V
p
11 11 33V, |
p— R TMS320F28035 —] Buck
N oo > Controller p
VOUt

48
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\ersion Power Density Core of Transformer
1st 5.32 W/cm3 31.75 % 20.3 * 9.5 mm?
or 87.18 W/in® (Material: P61)
ond 7.93 W/cm? 24 % 20.3 * 9.5 mm?
or 129.97 W/in? (Material: P61)
11.1cm

9.6 cm

12.7 cm |
N19.8cm

1st version (Height: 1cm)

TAIWAN TECH

2nd version(Height: 1cm)

&) National Taiwan University of Sciefice and” Technology

Efficiency

0.98

0.96

0.94

0.92

0.90

0.88

0.86

0.84

0.82

0.80

0.78

0.76

Efficiency Curve

Original Version
—— Present Version

20 30 40 50 60 70 80 90 100

Load(%)

49
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Taiwan Tech

TAIWAN TECH

Center for Power Electronic Technologies

BFRHHERL

~ GaN based server power supply

| 1 MHz %% LLC 4R 8% 5

BT &R 1692190 « AR US 20200883817 Al
WKV, Lol "Quaner Turn ioe e High Pnwer Doty
i IEEE Vol 67, L . 58011591, o 2000, ok
8 101109716 2010.2002821

1.5 MHz %4 LLC #f ik £

A5 £M 1692190 « KB US 20200883817 Al
WL BET

| 1 MHz %48 LLC *%#ﬁ##ﬁ%

| 3410 61692190 - RE US 2020/0883817 Al
| % x : 1 SCl journal paper and 1 conference paper (reviewing process)

s

| RAER IR0V KGR 12V KTk 8IA | d nH o
HBAE 959 % ERA0) Wem'  REERTRW a RATR 0V NEER 12V KAHEA OIA L ) ’
" R ﬁ R(Mh.nml l‘”‘::h:m\ x l,l‘f;':nml RS 971 % HAER : I8 Wem' Rd R TRW L WA ARV B ER 6V W R 190A
LAt R60mm) x K(S0mm) x (8 9man) LERKE R2% A REA 70 Wen! N A kW

R T &(54mm) x W3S 2mm) x &(8Imm)

/’fi

f' v&'

high power density/ small form factor/ digital control
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GaN based server power module

PWM signal Sec. driver Pri. device

Circuit Parameters

Input/ Output
voltages

Output Power
Switching Freq.

380V/12V

800W
1MHz

Neg. voltage generator  Pri. driver

Sec. device

Sec. device

4:025:0.25:0.25:0.25:0.25:0.25:0.25:0.25
— — ===SRb
|— TT !

|
|
|
|
V”C) : e 1 1
8- & %
I SK a> 4 <;
i, I a | I _7I|<_‘|'S£'b3 T S Vout
r : |
|
|
|
|
|

3D Layout

GS66508T
BSCO500NSi
ML91S

Turns Ratio 16:1

T T
- SRa,

Primary Switches
Secondary Switches

Core Material

Dimension 6.5cm x 3.2cm x 0.7cm

MWrri Windings
W Sec. Windings
B Ground

g A T
Prototype

&) National Taiwan University of Sciefice and” Technology
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GaN based 48V DC-DC module

Circuit Parameters Primary GaN devices Secondary drivers
Input Voltage 48 V :
Output Voltage 6V gl
Output Current 190 A 53
Output Power 1100W o
Efficiency 98% _ [ fall oy ﬁ
] : L - l==| Quarter-turn <&
Power Density 70 W/cm3 Em o) . Wk| transformer | =
Transformer Turns Ratio 2:0.25 g ¢ 0m3 | TR L)
Core Material P63 {H’
Primary Switches EPC2053
Secondary Switches EPC2023
Primary Driver IC LM5113
Secondary Driver IC UCC27611
Resonant Capacitance 1.05 puF Resonant capacitors SRb;4pt FSRa;
Resonant Inductance 23 nH PWM signal and isolators Secondary GaN devices | IIZ;', I
Magnetizing Inductance 2.4 pH

TAIWAN TECH

&) National Taiwan University of Sciefice and” Technology
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GaN based 48V DC-DC module

Secondary drivers Primary drivers
Primary GaN devices Secondary drivers

CCF:

£8E
SR

2 Quarter-turn =k
transformer

Quarter-turn
el transformer
Coutd

Bottom

gt

-~

e
e

- =S 6

—

N7

M) O O |
AR .
(i g! D
sl i
ok

03,65 0I15.68

Resonant capacitors

Secondary GaN devices Resonant capacitors
PWM signal and isolators Secondary GaN devices

— Core Dimension : 19mm x 19mm x 8.3mm "
— 14-layer PCB : 80.6mm x 56mm x 2.6mm

TAIWAN TECH
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GaN based 48V DC-DC module

— Peak Efficiency 98.2%
— Power Density 70 W/cm?
Power Losses@1100W
98.5 — 777 12
98.0 Efficiency .
975
X = 8
Z. 970 %
S 2 6
;g 96.5 q;
= 960 : = 4
95.5 i d 2
95-0 i 2 L M [ " [ " L M [ " [ 1 M L M L ) 0

110 220 330 440 550 o660 770 880 990 1100

Output Power (W) q{\') &7
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GaN based 48V DC-DC module

Circuit Spec.  This work [1] 2] :z NN A S R A A B A
Topology LLC LLC S.C.C. ors |

Voltage Ratio 48V - 6V S

Switching Freq. 1.05 MHz 1 MHz 70 kHz g vesf

Output Power 1100 W 900 W 240 W £ 6o}

Power Density 70 W/cm3 69 W/cm3 102 W/cm3 :z :[T;}gz{ j

Peak Efficiency  98.2% 98% 98% S | B 1 R S S S S S S ST

0 110 220 330 440 550 660 770 880 990 1100
Output Power (W)

1. M.H.Ahmed, F. C. Lee and Q. Li, "Two-Stage 48V VRM With Intermediate Bus Voltage Optimization For Data Centers," in IEEE Journal of Emerging and Selected Topics in Power Electronics.
2. Z.Ye, R.A. Abramson and R. C.N. Pilawa-Podgurski, " A 48-to-6 V Multi-Resonant-Doubler Switched-Capacitor Converter for Data Center Applications,” 2020 Applied Power Electronics
Conference and Exposition (APEC)

56
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[\

T
- |

< | d

R
s !
1 I
/
/!

_—L— |

— low frequency leg

V, 90~264Vac

o zero-crossing soft start
Efficiency 99% @ 230Vac
v
Power Factor o= a0 ooy 2O S [ PrCDu
Vot 400V j T
1KW @ 90-132V Ve — o] e LT
Output power 2.6kW @ 180-264V A O
Vau » DFF
Control IC TMS320F28035 :
High Freq. Switches GS66516B Vac.rect o>/
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GaN based totem-pole bridgeless CCM PFC

RTM3004; 1335.8794K04; 101651 (01.300 2018-06-24)

B fad m Q I f # o v Auto 5 ms/ Complete dE
1 PF @ 90V3.C 0 9969 09978 0,998 09982 09982 09982 09981 Undo Redo Delete  Sueenshot  Zoom FET Setup ;’_ 16V 625 MSa/s -139.2 ps Sample =T
0.9957 e — thr——
0.995 Inductor current (5A/div)
0.99
0.99
N V4 N N 7N

0.97f6
0.98 Input Voltage (50V/div)

0.975
0 200 400 600 800 1000 - = — B
OUtpUt Power (W) 100w/ Bw::; LY mn:v:/fniﬂ m Cursor: On [ -
Efficiency(%) @ 90Vac 7 1THD (%) @ 90Vac
98.00 -
38 97.39
97.50 97.38 97.24 97.20 6.13
| 5
97.00
06 50 4 4.76 ha
' 96.0 : 421 .
96.00 95.89 s 3.99 377 37 372 392 4.04
95.50 2
0 200 400 600 800 1000 0 200 400 600 800 1000 58
Output Power (W) Output Power (W)
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e GaN based totem-pole bridgeless CCM PFC

RTM3004; 1335.8794K04; 101551 (01.300 2018-05-24)

PF @ 115Vac et el Pt
e —— i
0.99 0.9964 0.9971 0.9976 0.998 0.99820.9983 Inductor current (5A/div)
0.9916 0.9944
0.98
0.9... "\ /'\ /\
0.97 _
""""" N 7 SRR N R g ¥ SRREREE SRR N
AL \/ \/ \./ \_
0.95 0.0537 Input Voltage (50V/div)
0.94
0 200 400 600 800 1000 = — . —
OUtpUt POWGr(W) m 100v/ EHV‘:: 5af mn:?/?fm m Cursor: On ml o @
Efficiency (%) @ 115Vac iITHD @ 115Vac
98.50 sglo1 10 .78
97.89 “°¥* 97.90
98.00 97.83 97.83 gries - .
97.50 — 013 6
97.00 4
461 3.79 e —— A
96.50 2 9351 33 32 307 295 293 29
96.23 0
96.00

Output Power (W) Output Power (W)
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RTM3004; 1335.8794K04; 101561 (01.300 2018-06-24)

PF @ 230V8.C :r:d\n R(e:l DHE sughm % u::: ? fup cj m15Vf 52::;:&1/5 -1;::’;5 C:::r::::e is'::
1 - = A Inductor current (5A/div)
0.98 0.0919.99490.99650.9974 0.998 0.99830.99850.9985
' 0.9813
0.96
0.94 ‘ \
0.92
0.9 0.9167 _
: Input Voltage (100V/div)
0 500 1000 1500 2000 2500 A
OUtDUt POWGF(W) H:TOOW Ew:;éus SA/At;:ns:b\‘/?:E ”At:”m Cu-r-sor:On ol
Efficiency (%) @ 230Vac iTHD @ 230Vac
99.2 ' 12 11.23
99 10
98.8 £
6
98.6 A
98.4 2.17
' 2 2.71 e
98.2 0 183 18 177 183 185 173 181
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 250 60
Output Power (W) Output Power (W)
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GaN based totem-pole bridgeless CCM PFC

RTM3004; 1335.8794K04; 101551 (01.300 2018-05-24)

A lad m (O] Q (T ? ﬁ o 1] s Auto 5 ms/ Complete 2o os o
P F @ 2 6 4 Va © Undo Redo Delete  Screens hot  Zoom FET Setup - 16V 625 MSa/s -139.2 ps Sample -

1 e A :
Inductor current (5A/div)

0.98 097297 og77 0.9929 0.9954 0.9966 0.9974 0.9979 0.99810.9981
0.96 '

0.94
0.92
0.9

0.88
0.86 0.882

0.84

0.82 Input Voltage (100V/div)

0 500 1000 1500 2000 2500 @o o a0 1ot oo
Output POWe r(W) 100v/ wa‘:g SAl o :\L\J/I/):E m Cursor: On L -

Efficiency (%) @ 264Vac iTHD @ 264Vac

99.25
99.3 99.2 9918

99.2
990.1

99
98.9
98.8
98.7
98.6

98.5 0 500 1000 1500 2000 2500
0 500 1000 1500 2000 2500 61

Output Power (W) Output Power (W)

12 13.79

318 267 241 221 208 201 191 1.86

e e S O —

6
4 4.64
2
0
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aaaaaaaaa

“v%ha¥ﬁmﬁ¥¢v

Vin 110 Vac
Vo 19 Vdc
Po 45 W
Turns ratio 12:2
Fs 518kHz
Core ERI25
Efficiency 93%
Vout (V) lout (A) Pout (%) Efficiency (%)
19.065 0.5945 25 91.40
19.064 1.1799 50 92.57
19.063 1.7644 75 93.77
19.063 2.3647 100 94.18

TAIWAN TECH
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*  First stage: Open-Loop CLLC resonant converter
«  Second stage: Multiphase SR Buck/Boost converter
«  TMS320F28069 is used as controller

. Bluetooth is used for communication
CLLC Resonant Converter

400 Ve | ! 66 Vpc 35~50 Vpc lo
PN * ' ] . © © ——C © O
v J—C 1| Primary Secondary| | Multiphase SR J—C v
i in q A ut
" /|\330uF i Side Side | ! @WF Buck/Boost /1\159\"% R o
)G ! Cou E T T ‘f ©
12 VSR Y wN L
Isolated . \ \ Isolated
Auxiliary 12 VP I 12 Vs 2 v v v \4 Auxiliary e
Power i- Power
S:siﬁzfng LM5113 Voltage LM5113 Voltage | | Current (Flyback+
Gate Driver Gate Driver Sensor | |Gate Driver Sensor || Sensor Flybuck)
3.3 Ve J
| 1solated ; TMS320F28069 )
,| Voltage s Controller < 3.3 Ve
"| Sensor g
A A A A
RXD_ RXD
TXD, TXD RXD —
vCC| Bluetooth [VCC | UART To USB [TxD | aon toring
> Program
GND, GND

TAIWAN TECH & National Taiwan University of Sciefice and”Technology
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WAL

CLLC Resonant Converter

Advantages:
* Primary side achieves ZVS over full load range

* Secondary side achieves ZCS in LLC region

Transformer
Switching Bridge Resonant Tank 1 Resonant Tank Rectifier Bridge  Output Cap
\ 4 4 4 > 4
Sl ==—Cy Sgl—l S

gl A
Vi— == k/sq

.
PN | A VN | |
(:)VW% “ Vso(t)T =
[ 1 | N )

- —V,
]
n:i| c,
SZ 84 Ss
ZI*E = Cp :I"E :I-'E
& & & &
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Vi ==

%-I:

etkabld ~ Transformer Design

T A'A

’mﬁ

C12

LT 1

L,,:PQ2620 Transformer: EI150 L,,:PQ2620

\

‘ Single Core

66
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Transformer Design

=N
o
&

aiwan Tech

Ci OFf e \W 0 O AdDIE ‘-'o- Ntegra Of

«  Without primary and secondary resonant inductors

» Increasing the power density E S
P P
S P
P P
P S
Parameters Inductance P
Primary Side Magnetizing _ 36R, +81R
Inductance " R (R +2R )
Td)l | ¢ | b3
9 I |
Primary Side Leakage Inductance L.kp = R +2R ¢ ¢ p) o o > »
o TR Ro Rc Ro + +
Vpl Vsl
Secondary side Leakage L = 1 6|p Q Vpl VIO2 3|p - -
Inductance e R +2R + +

TNAIWAN T ECH & National Taiwan University of Sciefice and” Technology
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Transformer Design

ormer with controllable leakage integratio

»nwTVTTO

« The ratio between center leg and outer leg
*  Check the coupling coefficient by MAXWELL

VU TUWVWTUTDU

e Turnsratiois 9:3

Width of  Coupling

Center Leg Coefficient Lip(nH)  Ly(nH)

0.1Imm 0.9291 7.08 0.871
0.2Zmm 0.9197 7.58 0.934
0.3mm 0.9116 8.06 0.994
0.4mm 0.9044 8.49 1.04
0.5mm 0.8981 8.89 1.98
0.6mm 0.8922 9.29 1.14
0.7mm 0.8869 9.64 1.19 >
0.8mm 0.8820 10.02 1.24
0.9mm 0.8774 10.40 1.29
1.0mm 0.8731 10.79 1.34

TAIWAN T ECH & National Taiwan University of Sciefice and” Technology



v Transformer with controllable leakage integration
« PCB winding for the transformer
« Interleaved structure for lower MMF

e Check the value of Magnetomotive Force

30 (mm)

TAIWAN
B WASALYZANTECH s

Core
Magnetomotive Force

Magnetomotive Force
Layerl
Layer2
Layer3 S
Layer4
Layer5
Layer6
Layer7

*d

P
Layer10
o
Layerll
Layerl2
g S

M Pri. winding
M sec. winding
M Shielding

Core

69
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EEREXS

DC Buffer

Multiphase SR-Buck/Boost Converter

Advantages:

« Using the output inductor can reduce the current ripple

« The Triangular Current Mode is used to achieve ZVS

Disadvantages:

* The control method is complicated

o, ®

+

— —
Qo ; Qloi
}'_’1 :I-;_’] L

— Vbattery

TAIWAN TECH
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DC Buffer

Multiphase SR Buek/Boost converter

v’ ZVS condition
* |y is the key point for ZVS
*  When Iy is large, it causes the higher conduction loss

* When Iis lower, it loses the property of ZVS

* Q=Coss* Vs I

. A "-L ?
Ui peat + : Coss]_ L * 0 +

1
S, e,
VBus — 0
0 S,

.:r CossZ

-y -0 ® O -

&) National Taiwan University of Sciefice and” Technology
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Whole System& 3D Model
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Midterm version
Power density: 1.6 W/cm?

»  Six-layers PCB layout
*  Volume: 24.93*8.1*3.27 (cm?®)

)

*  Twelve-layers PCB layout Final version
*  Volume: 16.93*8.1*3.27 (cm?)

2

Power density: 2.3 W/cm3
73
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EEREXS

Efficiency Curves: Whole System

Forward Mode

* The efficiency is 93.41(V,=48V), 94.43%(V,=45V) and 92.78%(V,=40V)
Reverse Mode

» The efficiency is 92.39%, 94.07% and 93.59% with V=50V

Forward Mode
Reverse Mode
T v T v T v T T T v oo E - 1 T T T T T T T T T
097 b i -l iy
096 ® . e v ]
1 9.4 e ———— ]
095 b A 0.93 J
: ] 092 | ]
z 0sf & - z 091 -
.g i 1 _g 090 3
g:_' 093 | = é‘ -y 1
= i 1 =088 ]
092 ® e 0s7 L 4
1 0.86 | 3
r === Forward Efficiency | | sss L ' 1
[ ® Spec 1 - == Reverse Efficiency |
0.90 4 08 ® Spec. i
1 A 1 a Il . Il a 1 . 0.3 A S N SRR T BT TS TP S U U Tk
25% 50% 100% 10% 20% 25% 30% 40% S0% 60% 70% 80% 90% 100%
Lond (%) Load(%) 74
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Experimental Results

» CLLC test waveform (Forward Mode)
V=400V V=66V

250W 500W
g eV oy R TEomE sz
e T e | e e e
1 f b ) f \ / |
| | \/ ‘L " | } | \ | | ‘ %
A | [ | o
CH3:2A/div cHé:SA)aw
1000W

AN TELEDYNE LECROY
" Everywhereyoulook”

\l{ / \J CH2:50V/div CH3:5A/div CH4:5V/div 0.5ps/div
J ' ¥ . Ji B HV Side GaN Vg

‘ @S Resonant Inductor Current

= HV Side GaN Vg

T e e e
| |

CH3:5A/div 75
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* CLLC test waveform (Reverse Mode)
V=66V V=400V

250W 500W
- rhmi ey
s o — e | cm— v, T i E— g \ il
w: 7 x / ! / \ \ / “ / \ f Y
L [ ] \ | A | [ | ] \ ! A
e 1 ‘\JW, g f > g Y ') v - 1
CH3:2A/div CH3:5A/div
1000W
P e
oo s—— o ———: —
U{ [ " { U \, U CH2:50V/div CH3:5A/div CH4:5V/div 0.5ps/div
"N U T " B HV Side GaN Vg
| M \\ //V/ \\’ {f\*‘"’r \\ N EEmm Resonant Inductor Current
/ AN A L W me HV Side GaN Vg
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r Electronic Technolagie:

* SR buck test waveform (Forward Mode)
V=66V V=40V

A ‘.1 ‘, \ A A A A [}
AVAV AV AV AV AV AV AV AV AVIAV AV A

/ A/ AN I AR AL

“,’\i‘;if‘:\;:[»‘;,‘5/1/‘1,"\,'3,"“
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* SR buck test waveform (Forward Mode)
V=66V V=48V
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* SR buck test waveform (Reverse Mode)

V, =48V V, =66V
250W

: |
5 ooy
.

CH3:5A/div CH4:5A/div

1000W

P oo

500W

\ \ \\ \,"]\\f’\

o~ \\\/\\\\\\\/

/

‘TELEDYNE LECROY
g

,\ AN
/ \ ;' ‘\ 1;

/

CH3:10A/div CH4:10A/div

CH3:10A/div CH4:10A/div 2ps/div
B First Phase Inductor Current

B Sccond Phase Inductor Current

CH3:10A/div CH4:10A/div

79

TAIWAN TECH

&) National Taiwan University of Sciefice and” Technology



) SEREAS ’
4 BHOBFERBHBTRC

ai

T

SiC-based High Power Density
Bidirectional DC-DC Converter
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18kW/ 300kHz SiC-based HPD DAB Converter
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SiC based bidirectional power

98.60% 98.38% 98.32% O Switching frequency > 300kHz
98.40% i 0 . .
98.17% — 98.20%
98.20% o O High power c!en3|ty
98.00% O Robust and simple control
97.80% O Bi-directional power conversion
97.60%
97.34%
97.40%
97.20% D, D, D, D,
97.00% Qi FL QﬂEEC no wnld wsil
96.80% N ot o Lo n:1 - = o7
3.7kW 7.22kW 10.84kW 14.45kW 18.02kW v % % %H% r
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Google Little Box Academic Award

Primary Academic Institution Principal Investigator
University of Colorado Boulder Khurram K. Afridi
National Taiwan University of Science and Technology Huang-Jen Chiu
Universidad Politécnica de Madrid José A. Cobos

Texas A&M University Prasad Enjeti

ETH Ziirich Johann W. Kolar
University of Bristol Neville McNeill

Case Western Reserve University Timothy Peshek
University of Illinois Urbana-Champaign Robert Pilawa-Podgurski
University of Stuttgart Jorg Roth-Stielow
Queensland University of Technology Geoff Walker
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http://ecee.colorado.edu/afridi/
http://ece.ntust.edu.tw/files/11-1031-1420.php
http://www.cei.upm.es/people/faculty/jose-antonio-cobos/
http://enjeti.tamu.edu/
http://www.pes.ee.ethz.ch/en/people.html
http://research-information.bristol.ac.uk/en/persons/j-n-mcneill(6bf55d4d-f95d-46bf-a270-1e6cd2dde66b).html
http://engineering.case.edu/centers/sdle/node/101
http://www.ece.illinois.edu/directory/profile.asp?pilawa
http://www.ilea.uni-stuttgart.de/institut/mitarbeiter/roth_stielow.html
http://staff.qut.edu.au/staff/walkergr
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Photovoltaic Inverters

Photovoltaic DC to AC

D AC Grid
Array Inverter
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Parameter Requirement Comment
BELZN I obitherivyitiomiiontering
Power density é S 50 Wfirl3i Lgﬁjfgﬁ::tge with maximum load and volume
Volume E_ _{f[li'f_i Eﬁq;ii;e[}rzc;cg.ngular enclosure, max dimension 20
Voltage input 450:532{010 Q See voltage source description
Voltage output 240 +/- 12V AC | Single phase. See description below
Frequency output 60 +/- 0.3 Hz Single phase
Power factor of load 0.7-1 Leading and lagging, load description below
Voltage output THD+N < 5% Total harmonic distortion+noise o6
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Inout | YL Inverter
npu | : Stage
- : _ i -
: |'|_" Cauffer ——:
(o _____ :
Input 450 V, 2 kW = Cg 4 > 70 PIF
Voltage stress < input voltage (450 V) 90
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Overall Power Stage
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p— i Output
A -
— |
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|
T _____ 'L o o o o o ;
Ripple decoupler Full-bridge inverter
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Reverse Current Control

D 1D D, 1-D, D, 1-D,
X Without reverse current control it may cause high RMS current

v Maintain reverse current to a fixed value
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Inverter Inductor Current

Inductor Current

ol [ A — N o Output Current

i Lssaasadans , .................................... .................

N 0 L ossssisssssssisis .................

T [ S—— A— . -

e — T -

L") ———— S, SR — —— Koo . coust NSRS SR

Time (s)

Set reverse-currentas 5 A
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Circuit Specifications

Parameter Value
Maximum load 2 kKW
Input voltage 450 V DC, 10 Q resistor

Output voltage 240 V AC

Output frequency 60 Hz
Power factor of load 1 (Resistive load)
Ripple decoupler switching frequency 700 kHz
Inverter switching frequency 200~500 kHz

AA'm |
DCto AC o
450 V DC 10 Q Resistive load
Inverter

Thansphorm TPH3205WS GaN HEMT are used as power switches
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Reverse-Current Control

Stop ,1

Low Side Vpg
%‘vfﬁﬁmwm% Inductor A :"H'MM

-—

rrent
/ \‘[: Vbus > 300V

% e

i

§ T Fsw = 732 kHz .

W Low Side Vs
ST A g iy i e e byrasy Lvl.wmww
CH2 | |
9 5.00V 200ns 2.50GS/s e J |30 Apr 2015
& 500A Q »v-752.800ns S5M points 5.60V )|09:45:52

Set reverse-currentas 5 A Controller: TI TMS320F28035
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Output Voltage Waveform

@ 2000 W
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Overall Efficiency

99%
98.348%

08% 98.101%
97.528% 97.481%
97%
96.602%

96%
95%
94% 94.131%

93%

92%
200 W 400 W 600 W 1000 W 1500 W 2000 W

DC/ AC efficiency (CEC): 96.5 %
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Power Density

Top View Side View

Volume : 22.055 in3
Dimensions : 5.985 inch x 3.685 inch x 1.000 inch
Power density: 90.682 W/ in3
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Google Little Box Academic Award

Google granted US$30,000 award for research
of high power density PV inverters

B Lirie Box Ar [ 1

CHALLENGE

Z5 S0kt — A\ 33 8 BY
e K#¥Google
TMEFIBRBERNE I ZBX TS

r\ \(ilf
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http://www.ntust.edu.tw/files/14-1000-45044,r167-1.php?Lang=zh-tw

