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Wide-Bandgap Semiconductors

» GaN and SiC devices allowing to improve
performance in various power electronic
applications

M

100k
Source: Infineon
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1) PV = photovoltaic inverter
2) OBC = on-board charger
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State-of-the-Art PSU for Server Systems

» Si-based supplies
» 1+1 redundancy scheme
» 12-V output, kW-range

» High efficiency standards
m 80 Plus Titanium
m 96% peak efficiency @ 50% load ‘Sl

» Defined front frame, variable length
m40mmX72 mmX265 mm @ 3.0 kW
185 mm @ 2.4 kW

» High power densities
m from 50 to 70 W/in3

Source: Lenovo
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Next-Generation PSU for Server Systems

» GaN-based supplies
» 1+1 redundancy scheme
» 12-V output, kW-range

» High efficiency standards
m 80 Plus Titanium
m 96% peak efficiency @ 50% load ‘Sl

» Defined front frame, shortest length
B40mMmX72mm X170 mm @ 3 kW

» Ultra-high power densities
m Above 100 W/in3

» Is GaN a key enabler?
» Are there other players?

Source: Lenovo
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Presentation Content

» System-Level Analysis

» DC/DC-Stage Analysis

» DC/DC-Stage Demonstrator
» AC/DC-Stage Analysis

» Conclusion
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System-Level Analysis

‘ » Reason for Two Conversion Stages
» PSU Volume Partitioning

ETH:zurich
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Reason for Two Conversion Stages

» Hold-Up Time criterion
m Requires a component that stores energy

m Defines the DC/DC-stage input voltage range

vinl

AC

DC
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C

+
—=

l Udc

Cy. = 1000 uF 2> £,,,4=6 ms

» 96% system efficiency
m AC/DC: 99%
m DC/DC: 97%
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PSU Volume Partitioning

» Targeted form-factor
m 40 mm x 72 mm x 170 mm (100 W/in® @ 3kW)

DC-Link
(14.2 %) DC/DC
(34.8 %)

Fan + Connector

(16.4 %)

AC/DC —
(34.6 %)

» DC/DC module
m P, =1.5kW, sy, = 97%, p = 350 W/in?

» Challenges on GaN-based DC/DC stages?

ETH:zurich
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DC/DC-Stage Analysis

» Impacts of Choosing GaN Devices

» Topology as a Key Enabler
» Control as a Key Enabler
» Magnetics as Key Enablers
» Design & Efficiency

10
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Impacts of Choosing GaN Devices

AC DC l

+
Uinl C’dc E lvdc

DC DC

~

11l

Sy »_—] Sy :l
i G o
v, +| Cae Al lv N l I i s,
@ = AB v| R 4 Dy
- m ol 7T T s T

sol s L IC° lV
» Topology & Control » CoolGaN™ Devices » HF Passives
m Low Ipys /],y ratios m Small on-state resistances m Efficient
m Soft switching m Small capacitances m Small
m No reverse recovering m Cost-effective

m Easy to control
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Topology as a Key Enabler

» Hard-switched, buck-based DC/DC converters

Sy ) SIJ
Vae '+———' lUAB *ii— =—=C, |V,

54 ,_I Sy 1 m Wide V), range
Y 7 T Y m Lower efficiency

» Soft-switched, LLC-based DC/DC converters

S0 Sd

opl— opl— /Z:r II‘ LI‘ ii .

CC A [ I - 1l
KO e oy

B H . Lo |v, m Higher efficiency
S, 53»':| n m Narrow V_ range

| Ao
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Control as a Key Enabler

» Boost-Mode (LLC-mode)

N UAB

P —

7 fi<h, 4
/_( _____ DK e — /__/_ -
AN

LLC-mode

» Boundary Conduction Mode (BCM)

fr<fs<fs,max VAR
= Boost chr Buck
% s — ____L_\_ _________ 5 1.2 - '
M \\ i \/\ ,‘ \im N
il /
' LLC-mode /\
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Control as a Key Enabler

» B/DCM > LLC
30 W
430 v/ 40 W 430 430 ¢
\/ - 40W , 60 W
410} 60 W 410 1OW 410} Y
390 390- 20W 30W 390
= 370t 3370 = 370t
350 3501 350
330} 330 3301 D
310} / 310 310} 140W
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

Load (%) Load (%) Load (%)
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Magnetics as Key Enablers

» Litz-wire or PCB-winding transformer?

Source: M. Kasper et. al., "Ultra-high Power Density Server Supplies
Employing GaN Power Semiconductors and PCB-Integrated
Magnetics", Proc. CIPS 2020

1
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Magnetics as Key Enablers

» Number of turns?

‘/:1 + C'dc

C ——
——

Sy )

ol

B
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ol

A

‘VON N

Sy

™
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o

» Number of windings?

Single winding

ETH:zurich

e}

Multiple windings

A 7T10NS a ‘/O
p— B p—
T =34, 1f-NeA,

m Single-turn secondary windings!

» J; ] _ 1 72
Jymult = Sl;ge P= %/[/J av

m Losses reduce proportionally to the
number of windings!

16
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Magnetics as Key Enablers

» Matrix transformer

m State-of-the-art core

o 7;1. T .
Vv +| Cac Al | |
dc = l'UAB
| B
Sy

m Snake Core

Source: G. Knabben et. al., "New PCB Winding ‘Snake-Core” Matrix
Transformer for Ultra-Compact Wide DC Input Voltage Range Hybrid
B+DCM Resonant Server Power Supply," Proc. PEAC 2018
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Magnetics as Key Enablers

» PCB-winding inductor?

10~ . \
" T == |x par. Litz Wire
sy . 3 = 2xpar. Planar |
8 s \ = 2x par. Litz Wire
_ %, £t i =e= 3x par. Planar
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Source: M. Kasper et. al., "Ultra-high Power Density Server Supplies

Employing GaN Power Semiconductors and PCB-Integrated
Magnetics", Proc. CIPS 2020
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m CFFC PCB Inductor

Source: J. Schafer et. al., "Introduction of the CFFC -
Compensating Fringing Field Concept and its Application
in PCB Winding Inductors", ECPE Workshop 2020
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Magnetics as Key Enablers

» Custom ferrite cores

» Ferrite machining

ETH:zurich
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m Water-cooled, 1 mm diamond drill bit
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Design & Efficiency
» DC/DC module 0.98 ¢ Calculated
|| Vdc = 400 V, VO = 12 V, P0’100% = 1-5 kW /
m 90.0 mm X 68.0 mm X 11.5 mm 0.97 ¢ ———
u N5y, = 97%, p = 350 W/in3 0.96 F
& 0.95
g
‘5 0.94
Snake-Core &=
Transformer M 0.93+
0.92F
091
0.90

0 200 400 600 800 1000 1200 1400 1600
Load (W)

» Measured efficiency?

Control &

Auxiliary

ETH:zurich
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DC/DC-Stage Demonstrator

» Design Challenges

» Measurements
» Loss-Model Improvement

21
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Design Challenges

» Shielding layers

» Inter-winding capacitance
» Output layers

» Current transformer

» Thermal management

» Synchronous rectification

ETH:zurich
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Design Challenges

IO
» Shielding layers AC DC
+
» Inter-winding capacitance v, ”inl S —— l”dc lVo 3 kW
» Output layers DC DC
T PE ~PE
S?) H Sl I—I 72
A C b o ; C, L, ] 20
| a. A o] |——-—
) “m Vie | == lUAB vpl —C, |V
DC | B i,
— 54 H SQ H I _T_
PE A I “PE
Ucm,acdc Ucm,dcdc Cpri—shi C’shi—sec
(3 (3 I I
= =) =) I 1l mi
" PE PE
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Design Challenges

Add New...

[ET I

» Current transformer e

| r

Results
Table | POt

m Detection of current zero-crossing in BCM

m Low CM
Impedance

Ch 1 Ch2 Tha T
10 V/div | 500 mA/div | 130 mV/div Add  Add

1M 1Mo o New New

200 MHz & | 120 MHz & | 500 MHz

Math Ref

File  Edit  Utility  Help

Waveform View Add New...
Cursors  Note
Measure  Search

Results
Table | Plot

m Use of CM
Chokes

Ch1 Ch 2 ch4 —\= quisition
10 V/div [ 500 mA/div | 65 mV/div Add]l[AddlfAdd 4ps Auto,  Analyze
1Mo 1Mo an New|[New|{New sample: 8 bits
200 MHz & | 120 MHz * | 500 MHz [Mathj| Ref 25 kpts A s 5:
m J . l J




=1C I Power Electronic Systems
I"'— Laboratory 25

Design Challenges

» Thermal management
m Cooling by convection (fan)
m Cooling by conduction (PSU walls)

D=---- 9/4/20 14:35:28 T=100%

mV, =400V, V,=12V, P, =1.5 kW

ETH:zurich
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Design Challenges

» Synchronous rectification
m MAX17606, Maxim Int

File  Edit  Utility s
Waveform View > & - S Add New...

Cursors Note

Measure = Search

Results

Table Pl

m Premature turn-off | | . =
due tO ﬁnging EHIZ e EHE ‘ Add || add || aqd Horizontal Acquisition Ready

2 V/dlv 2 V/dlv 200 mV/div 200 mV/div 1 ps/div 10 ps Manual, Analyze
New New SR: 1.25 GS/s 800 ps/pt High Res: 13 bits 25 UG 2020
SUU MHz 500 MHZ SUU MHz 20 MHZ By Math | Ref RL: 12.5 kpts -1.01 us 0 Acqgs 12:57:18 AM
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Design Challenges

» Synchronous rectification
m NCP4306, On Semi

Edit Utility Help

Add New...

Cursors Note

Measure = Search

Results

Table Pl

m Body-diode conducts for

L] ] L] ] - = = Ty
Ch1 Ch 2 Ch 3 ch4 Horizontal Trigger Acquisition Read
a S.Ign.lﬁcant t] me 2 Vidiv 2 Vidiv 5 Wdiv 5 V/div 1 psfdiv 10 ps Manual, Analyze
o 23 o © SR: 1.25 GS/s 800 ps/pt High Res: 13 bits 04 Sep 2020
500 MHz 500 MIHz 500 MHz 500 MIHz RL: 12.5 kpts -1.01 ps 90.092 kAcas 5:38:58 AM

ETH:zurich
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Measurements

File  Edit  Utility  Help
Waveform View

VAB
CH2: i, , ]
CH3: v,
CH4: 1V,

" 1l

V,. =400V

File  Edit  Utility  Help

V, =300V

[X] h2 ch3
100 Vidiv | 2 Al 100 Vidiv
1Ma 1Ma 1Ma

100 MHz 5 | 120 Mz % | 100 Mz &

IR

Add | Add | Add
New New |New
Math | Ref | Bus

A Add
New New New

Math | Ref | Bus

st

Horizontal
1 psldiv. s
SR 1.25 GS/s 800 ps/pt
RL: 12.5 kpts 0 50%

Horizontal

2 pisfdiv 20ps

SR:3.125 GS/s 320 psipt
2.5 kpts ¥ 50%

on
,_Analyze
ts

Add New...

Cursors  Note

Measure  Search

Results
s Plot

Meas 1 Y
Mean
12,02V,
Meas 2 -
Frequency

(3200 kHz

a )
Ms

I
[
Rl

32,985 A

Stopped

Add New...

Cursors  Note
Measure  Search

Restl -
Table | PIot

04 Sep 20201
12:34:39 AM|

File  Edit  Utility  Help
Waveform View Add New...
Cursors | Note

Measure  Search

Results
s Plot

Meas 2 -
S

\ )

e:
RM:
I 4.682 A

— — " Horizontal er “Acquisition o
Add||add add | gy 10 s Manual, Analyze

w New New | [ELEIPEETIE High Res: 13 bits )04 Sep 2020
Math | Ref | Bus | [ERPSEE 2.933 kAcas 5:40:12 AM

File  Edit  Utility  Help
Add New...

Sveform View
Cursors  Note

Measure  Search

Plot

h2 Horizontal

[¥) ===
2 A/d 100 Vidiv 2 pisfdiv 20
1Mo 1Mo N e SR:3.125 GS/s 320 ps/pt
120 iz * | 200 Mz = Math | Ref | Bus 2.5 kpts ¥ 50%
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Measurements

» Efficiency
mV, =400V, V,=12V

0.987 Calculated
0971 /

0.96 1
0.951
0.94 ¢
0.93 1
0.92 ¢
0.91¢
0.90

Y:\\o

Measured

Efficiency

0 200 400 600 800 1000 1200 1400 1600
Load (W)

ETH:zurich

m Mismatching between simulated and measured waveforms

m Accuracy of ferrite machining - different resonant and
magnetizing inductances

m SR body diodes conducting for a significant time

m Significant losses of PCB tracks that are not part of the model

m Difficulty in predicting transformer-core temperature

29
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Loss-Model Improvement

» Efficiency
mV, =400V, V,=12V

0.98 1

0.977 Calculated
0.96 /

0.95 | N
0.94 |
0.93 |
0.92}
0.91}
0.90

Measured

Efficiency

0 200 400 600 800 1000 1200 1400 1600
Load (W)

ETH:zurich

m Mismatching between simulated and measured waveforms

m Accuracy of ferrite machining - different resonant and
magnetizing inductances

m SR body diodes conducting for a significant time

m Significant losses of PCB tracks that are not part of the model

m Difficulty in predicting transformer-core temperature

30
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Loss-Model Improvement

» Loss breakdown
mV, =400V, V, =12V

Ind LV Tracks HV Tracks, CT, Logic
nductor (1.3 W)

(1.6 W) (1.4W)
Trafo Cu Pri AN \ GalN Swit. Loss
rafo Cu Pri _— (10w

(3.0W) T
Trafo Cu Sec GaN Cond. Loss
21w) (1.3 W)
—— Sync. Rect Driver
(4.1 W)
/ Sync. Rect Diode
Trafo Fe \ (4.9 W)
(116 W) Sync. Rect Channel
(1.2W) Total: 33.5 W
P, = 750 W

ETH:zurich

LV Tracks HV Tracks, CT, Logic

Inductor (5.7 W) (1.9 W)
(7.4 W) |
\ \ GaN Swit. Loss

- (1.1 W)
GaN Cond. Loss
- (4.4 W)

___ Sync. Rect Driver
(3.9 W)

Trafo Cu Pri
(10.0 W) ~_

Sync. Rect Diode

Trafo Cu Sec
(9.9 W)

(9.4 W) ~_
/ Sync. Rect Channel
Trafo Fe (5.2 W)
(12.0 W) Total: 70.9 W

P, =1500 W
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AC/DC-Stage Analysis

‘ » Active EMI Filter

32
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Active EMI Filter

» 6 dB gain in attenuation compared to passive CM filter
» CM chokes are 40% smaller
» Overall filter-volume reduction of 16% :

0
o)
S,
©
g -50
o Passive mode | ! |
= Activemode | ! = 6dB '
2100 F Passive fiIteT : | | : i
= T = — i
10* 10° | 108 107 |

Frequency [Hz]
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Conclusion

‘ » Summary & Outlook

34
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Summary & OQutlook

» How to increase power density in server supplies?

Sy Si.._ . c, L
Ya +'==‘Cd * UA; L. %) H .
SR I R Lo .
S S, L ! o [T
» GaN devices » Proper topology » Advanced planar
& control magnetics
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Thank You!

Gustavo C. Knabben, et. al.

Power Electronic Systems Laboratory, ETH Zurich
Zurich, Switzerland
Knabben@lem.ee.ethz.ch
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