- 1 ]
I1Vile

MHz High Efficiency High Density DC-
DC Converters for Datacenter
Applications

Xinke Wu Ph.D

) k2 mmEmR 1

ZJU-Hangzhou Global Scientific and Technological Innovation Center




High Density High Efficiency Power Converters M
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Electric Power Consumption of Datacenter in China PFjvii&

Power Consumption of Data Center in China
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Outline of the tutorial FMIC

1. Introduction of power architectures of internet datacenter

2. MHz high efficiency 48V-12V/6V power converters for 48V
bus

2.1 State of the art of DC-DC converter for 48 Bus in server and other
applications.

2.2 Unregulated DCX for applications with low Bus voltage

2.3 Tight regulated DC-DC converter (RDCX) for 48V-12V in server
3. MHz high efficiency 380V-48/12V power converters

3.1 Unregulated DC-DC techniques

3.2 EMI design considerations of planar PCB transformer

3.3 Tight requlated 380V-12V conversion
4. Conclusions




Power Architectures of IDC Vil

O AC structure AC: 220Vac

AC UPS AC Setver
[ L1 ACADC powermoduge

QD—{Ae) o>

Total Eff.: 70%~80% Server racks

DC: 380V/270/48V

DC UPS DY PC Setver
PCADC powermoduke
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DC Bus montherboard
Total Eff. : >90% ’
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€ Reduced power stages
€ Lower distribution losses
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380V input DCX feeding motherboard FMIC

| Mot oard 3)
Motherboard 2
DC: l Power module
38ov/270v. | Motherboard1 |

" :“iﬁl ........ : 12V I s 7 " E
(380V/48V ete YA & ; = - 1 - :
—1 DC/DC VR F=>{Load
‘ v VRS, -
Embedded high voltage bus dc/dc module Motherboard
380V-12V DC/DC
O Ultra high density
O Ultra high efficiency
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48V DC Bus for IDC FiViiko

Rack | Motherboard n
....................... | Motherboard 2
Front-end rectifier Motherboard 1

[] [}
H '
E 5 vR H2Y
AC|: : 3.3
' 48V :
: ' VR Load -
‘ 1
H '

T DC/DC [
3 ple | Owjesy] | -

Power architecture of 48V rack

Front-end
rectifier
Challenges: Limited area for power
I
OB8'Mcrease
Demands: ngh efficiency
High power density
B, 48V-bus rack of Google
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48V DC Bus for IDC FiViiko
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Efficiencies of different power architectures
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HVDGC/
36-60V

Batety
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12V two stage structure

PCit M X Geven
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48V DCX two state
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Conventional 12V
DCX with 48V
2 4 6 8 10 12 140 (A)
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O Higher Efficiency

O Higher Density



48V input DCX Feeding POL FMIC

XY Equipment

Server racks

‘48V Bus

i
SV\L 3.3\
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Intermedia bus

N
N
)}

\\

"fﬁ"z'}‘gﬁ'mmﬁg'ﬁutp"} .White, R.V., Emerging on-board power architectures, in APEC'03. p. 799 - 804 1 O
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Low power low profile isolated power supply system ={VjiT

Industry robotics Unregulated Intermediate Bus Architecture (IBA)
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Telecom exchanger Bias & driver

Tight regulated

v' Easy control

v' Optimized magnetic components

A

) 2t 4 pmErnass Portable instruments v' High efficiency 11
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Outline of the tutorial ViK%

Power Management Innovation Consortium
1. Introduction of power architectures of internet datacenter

2. MHz high efficiency 48V-12V/6V power converters for 48V bus

2.1 State of the art of DC-DC converter for 48 Bus in server and other
applications.

2.2 Unregulated DCX for applications with low Bus voltage

2.3 Tight regulated DC-DC converter (RDCX) for 48V-12V in server

3. MHz high efficiency 380V-48/12V power converters
3.1 Unregulated DC-DC techniques

3.2 EMI design considerations of planar PCB transformer

3.3 Tight regulated 380V-12V conversion

= 4. Conclusions
#4725 § mmmsens. 12
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Outline of the tutorial ViK%

2.1 State of the art of DC-DC converter for 48 Bus in

server and other applications.
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Intermediate Bus Architecture Vil

~54V Normal p
(42V~60V)

\ Motherboard
Intermediate Bus Architecture

O High Efficiency

O High power density

Requirements: O Voltage regulation capability (option)

O Wide input voltage range
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Bus converter with 48V Input
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[1] DRQ-11.4/88-L48NB-C, murata
[2] Q54SJ108A2, Delta

96.5

By regulating capability
Unregulated DCX

I 1
|
| 40-60/4-6V, % :
| 813kHz, GaN CPES I
i “EE 48/12V, |
i 48/12V, 1MHz, GaN 1
| 1.6MHz, GaN I
l------------------_--‘
A\ nema
40-60/12V,

360-1100kHz, Si
g | cFes
36-60/11.2V, 40-60/12V,

180kHz, Si 0.8-1.8MHz, GaN
97 97.5 98 98.5

Peak efficiency (%0)

99

[3] M. H. Ahmed, et al., High-efficiency, High-density Isolated/Regulated 48V Bus Converter with a Novel Planar Magnetic Structure. APEC 2019.
[4] G. Li, et al. High Power Density 48—12 V DCX With 3-D PCB Winding Transformer. IEEE TPE, 2020. 35(2): p. 1189-1193.
— [5] M. H. Ahmed, et al., Two-Stage 48V VRM With Intermediate Bus Voltage Optimization For Data Centers. IEEE JESTPE, 2020, Early Access
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Open frame 48V dc-dc Converters

@® : PWM Converter B : Resonant Converter
99 r
By topologies
98 I
p— .
< 7 . pVICORE
z} ABELT4[3] e
g % T 7 Fixed duty ratio
) DCX
= o5 | AI\ELTII[I]
€3
|
100 200 300 400 500 600 700 800

Power Density (W/in’)

Single-stage Converter with regulation capability:
[1] E48SC12025, 2017, Delta
[2]JORCY-D4T12x, 2017, Belfuse
[3] E54SJ12040, 2017, Delta
[4] IEH48025A120V, 2013, Lambda-TDK > Limited efficiency (<97%)
,Mj 2 F mNEmRIRY [5] IBOE120T400xx-xx, 2016, VICOR
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> Limited power density

b))

- 1 ]
I1Vile

16



Outline of the tutorial ViK%

2.2 Unregulated DCX for applications with 48V Bus
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Conventional Resonant DCX Topology for 48V Applications |'=|"v‘iiz

DCX, GaN
48V/12V, 1.6MHz

48V/12V, 1MHz
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Power Management Innovation Consortium
Resonant topology working at resonant frequency
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Features:

O High efficiency
2. ZCS-off: O High density
O Complex control

3. Only one magnetic device; and driving

4. Optimized at fixed frequency.
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Equivalent LC Resonant Tank
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Vin

7).
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-

Center tap rectifier
for LLC half bridge
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Unidirectional Resonant Tank Vil
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Unidirectional Resonant tank

With DC current source @ Ys..c
%/’T‘.\ W. Qin, X.K Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....” IEEE T.P.E. 2016
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Extension of Unidirectional Resonant Tank V&

Power Management Innovation Consortium
Type |

Input current source 1 S1 ON | S1 OFF |
Lr i, .
1, \\ 20
>t o 5
SI/ /
iLr Ll"
() iic Io
i V., T Cr
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Derivation of single switch DCX topology with Unidirectional __ R
IVileo

Resonant Tank

Lr
90—
Iin \/ic
Cr= §Re
T SI/ y
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Single Switch Forward
Resonant DCX
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= W. Qin, X.K Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....” IEEE TPEL. 2016
( | i 22 F womErs e o

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Operation of ZVZCS Forward DCX FMIC

© Very simple.
© Very good ZVZCS.
© High frequency operation
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Design examples for the Forward DCX
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© ZVZCS operation
® High voltage stress (at least 3*Vin)
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. Tan Toff
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How to determine the Ton and Toff?
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Relationship between Ton and Toff
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ZCS condition
. 1 Ton
Z(Ton):O _jldf:[
Ts 0

Neglecting the magnetizing current

Voros L0 A 1 o = Vi - T 12

sinwTon  (cosoTon —1)°

0 owsin®lon

W. Qin, X.K Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....”
IEEE T.PE. 2016
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Determine Duty Cycle & Frequency FPMIC

1o |
Toﬁ”——Sianon _(coswTon—-1)>  £CS % ; |
o osinoTon condition l i \‘\\\ t

T ot

------------------------------------------------------------------------------

------------------------------------------------------------------------------

2(cos w15 —1)

Ton = . ZVS condition
@, sm a1,

o =1/ (L, +L,)C,

m

T,/ (T,+T,) | I..

0 /® '
=1/(Ton + Toff)
=N on off Ton_min=Tr/2
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Voltage Stress vs. Duty Cycle (Frequency) FMIC
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ON-timers i,
AP>— T Y
\ /I Vmos_Max = \/in + \/in. % /Lm [C'+1

Cr = Vcr (:) Vo

4
OFF-time
ImO : 3_
1 3755

/
|

i 2
Lm
+ 1 D=T /(T +T0ﬁ)—
Vin <+> = Vmos |
T - s 0 1 1 1 1
c 025 0.35 045 055 0.65
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Measured Waveforms at Different D
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Cr=99nF, fs=1 .25MHz
high D, high Vmos

»¥»1.96880MS

@ : : :

B ; |
() sEie R SRR |

S T : 1

................. lA/dlv \ L]

i N .

; M

i, " ‘V“"‘u"‘? e R Y ATAY L% o
@ 100V @ 200V 100ns
@ 1.00AQ @ 5.00v f1++1.5396

2.50G%/1 @ 7 ][ 968 1905]

3060us 1M /& 3.20V 16:08:23

Cr=33nF, fs=1.6MHz

low D, low Vmos, high Irms
| 52 ronEms el

ZJU-Hangzhou Global Scientific and Technological Innoval

N\
))/

@

tion Center

T —

. .Vgs prl 10V/d1v o

Vgs sec SV/dlv

: CipsTA/div: ,Vmos 20V/dn o R AR

@ 1.6MHz

. . . . \ /-f w\ . |
e v AT * b gfmemitin, R narisyind
.- W

~150 W/in3 =

0.0V @ 200V T00ns 2.50G7/1 @ 7 964 1905
B-v1.72120us 1M J& 3.20V 15:53:44

1.00A @ @ 5.00V

Up to 96%

Cr=66nF, fs=1.45MHz

0.98
0.96
Y- 0.94
S 1o ,’
09 I Cr: =@=gc nF
' _1 == 99 nF
088 T T T T T s T llO 1

1 4 L] 6
Output Power

28



Limitation of Single Switch Forward DCX
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@ Advantages:

*ZVZCS operation.

Y Disadvantages:

*High voltage stress (at least 3*Vin)
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.« ye . Second Clamping of Single Switch DCX ~an Al
Unidirectional Resonant Tank & 9 J V&

Power Management Innovation Consortium
Ton ? Toff?

O Reduce the voltage stress

Vg e -l

Ton } Tnff

'llllllllllllll.

QAaEEEEEB

v Less Turns

v' Magnetizing energy transfer to load
v Keep ZVZCS

30




Frequency (f;) & Duty Cycle (D) =M
Q Given : Lr, Cr, Lm, Ce \ Toff Pciwerleq,agememlnnouatinnconsortium
Tos~To, cOnditions —-. . D<0.5
/ ZCS off ‘,oT
_ o’ ZCS condition
_ ( ) A
~ ZV'S conditiprf / L
ZVS on Lo /
l" /
B A +A At,+At, ," / R_Toff—
» Duty cycle and fs: 7 T
| o\n
D=T, /(T,+T,,) T 2
f.=1/(T +T,) I
v" Simple control and drive 0 AAAAAAAA
N v ZVZCS Va W
(;////’ ,:ﬁ/)?fmmlzwmeum ° 31
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Measured Efficiencies FMi

Peak 95.3% 20
0.96 §18 -_=—ﬁ__.q___*_‘
0.94 &0 16
092 - . :‘3 == |3V In
' / S 14 24N A
0.9 =
= of / = 18V In 25 _-_.__.._.=_';'ﬂ:1
088 / == 24V In S .
0.86
= 36V In ———— e — .
0.84 / A ™ 80 T 05 T 15 " 25 " 35 " 45 " 55 °
0.82 1 127MHZ’ D_032 Output Current/A
0.8 : . . . . .
0.5 1.5 25 3.5 45 55
Output Current/A
Po: 66Watt @24V Vin
fs: ~1.2MHz
Efficiency : 95.3%
Vin 18~36V
Transformer 2:1:1
ﬁ,fi‘x P Cr 300nF Power density: ~270W/in3 30
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Experimental verifications FMIC

>@1.18MHz D=0.4 Power Management Innovation Consortium
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Active Clamp Forward DCX FMIC
~
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ON-OFF Relationship (ZVS on) FMi&

Lm volt-second balance | @Vin_max & estimated large D

V T
c—— o 41~1/(1-D)
Ki’l ]—;ﬁ _2Td v T (I I :
S Sw on |
gs S 0 );Td Td:H!_
| [ Toff | |
01— — :
Given: Vs i : | | “:
Td, Vc_max i || /\:\ |
00— — w/
| ih ] ]
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0 | |
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Vi wax Lo o AIM™™
_ _ Lm | I\ [
ly =7 +2L : \/
c_max | in_max ] P s i
6;’;/;\5:'\:\ M/,-_,_,kgﬁlmwmﬁw@ *Neglect voltage ripple of Vc 35
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Frequency (f;) & Duty Cycle (D) PMIG

AN
7

ZCS condition

r __sinol, (cosoT, - 1)’ Tor
K ® osinwT
ZVS condition
V T
in_max ~on
Iy = y + 2T, e Loee
¢ _max In__max
/
| Ton
0 t/® f
D=T /(T + Toﬂ)
S =1/(T,+T,) O zVS is Load independent
7=
(;// | 22 f mmmser. 36
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Key parameters of ACF Prototype

- 1 ]
I1Vile

)
||
I
0

+
R,

Prototype parameters

N-channel
MOSEET BSC190N15NS
P-channel FDMC86259P
MOSFET 150V-137m-20nC
Secondary SR BSCO052N08NS
Transformer Bl
Turns ratio: 2:1
Resongnt 141nE
Capacitor

K )
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fs: 1.25MHz
D: 53.3‘70

Efficiency: >96.5%
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Measured waveforms at Fixed Ton, Toff and Td
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Adaptive dead time (Td)control FMIC
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Light load efficiency deteriorate with Fixed Ton V&
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The rated operating point of ACF-DCX PMIG
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Relationship Between Duty Cycle (D) & Frequency(f,) =42

/

N

Toff

N\,
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A\ 4

e Core loss decreases.
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Adaptive Ton Control FMIiY

/N 4 \Duty
Totr C
ycle

« Light load point.
« Small duty cycle

« Small core loss.

® Heavy load point
® Large Duty cycle
® Lead to small
RMS current

A 4
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Adaptive Ton Control Strategy FMIC
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Load Transient Process
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Efficiencies with Adaptive Ton Control FMi&
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Comparison among ZVZCS Forward DCXs
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D~0.5

Without clamping Secondary clamping active clamping
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Family of Forward DCX Topologies PV

e Power Management Innovation Consortium
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Verifications of Two-switch Forward DCX
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Extension-l of Unidirectional Resonant Tank with DC current Link Pi‘v‘iiz

For h Ig her power level Power Management Innovation Consortium
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Topologies with Resonant Tank |

ran AP
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Lr s Power Management Innovation Consortium
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Verification with Simulation
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Extension ll- Pl‘v‘iiz
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Family Topologies of Resonant Tank Il FMIC
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Verification with Simulation Vi
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Topologies of Resonant DCX with output DC current source [=[{V]|&,

Lr Power Management Innovation Consortium
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i ket | FMEIRH Bl 2005.pp. 1045-1054. 56
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Sub-total FPMILS

O The unidirectional resonant tank with DC current source has following features:
B The single switch forward DCX achieves ZVSZCS for low power low voltage
applications. MHz frequency is easily implemented with high efficiency.

B The active clamping forward DCX can reduce the voltage stress and improve the light

load efficiency with adaptive on time control at MHz frequency.

B Based on the proposed unidirectional resonant tank and tank integrating method, more
resonant topologies are derived for high power applications, which are also competitive

with conventional LC resonant DCXs.
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2.3 Tight regulated DC-DC converter for 48V in server

=
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Two-stage Converter FMIiY

48V/12V: Power Management Innovation Consortium
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Tight Regulated DCX (RDCX)
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RDCX- ac in series/dc parallel
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©

> Regulated Vo

» Partial power regulation

» Simple control

> Most power transferred to load by DCX

[1] X. Wu, H. Chen and Z. Qian, 1-MHz LLC Resonant DC Transformer (DCX) With Regulating Capability. IEEE Transactions on
Industrial Electronics, 2016. 63(5): p. 2904-2912.
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RDCX Operating Principle PV

Power Management Innovation Consortium
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RDCX --- DC in series/ac parallel FMIG

Power Management Innovation Consortium
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Regulation Principle
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Voltage Gain M

P:S:S,=N:1:M Power Management Innovation Consortium
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Relationship between M and D2D PMIC

P: S . SA=5: 1 :M Application:
S "~~~
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48V/12V-30A RDCX Prototype PMIC

Prototype:
P:S:S,=5:1:2 roToLYPe

P S I,

SR,

3 | 2y,
" C R
Gk, | T
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450W/in3
L - T_ Size: 45.0%34.5*8.5mm3
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Parameters:
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Vo 12V
Pout 360W
) f 1MHz
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ZVS Waveforms at Different V,, or Load
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. Tah 41
Dynamic Performance FPMis
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Measured Efficiency— RDCX FMIiS

Peak: 96.7%
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Sub-total M

O A family of MHz RDCX converters with voltage regulation
capability is proposed.

O High frequency, high power density and high efficiency are
achieved in RDCX with tight regulating capability.

O The auxiliary transformer is not necessary to implement partial

power regulation

O Different RDCXs have different sweet operating point.
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Outline of the tutorial Vil

1. Introduction of power architectures of internet datacenter
2. MHz high efficiency 48V-12V/6V power converters for 48V bus

2.1 State of the art of DC-DC converter for 48 Bus in server and other applications.
2.2 Unregulated DCX for applications with low Bus voltage
2.3 Tight regulated DC-DC converter (RDCX) for 48V-12V in server

3. MHz high efficiency 380V-48/12V power converters
3.1 Unregulated DC-DC techniques

3.2 EMI design considerations of planar PCB transformer
3.3 Tight regulated 380V-12V conversion

4. Conclusions
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3.1 State of the art of 380V DC-DC converters

.32 T i BN BRI 8155 73
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Trends of Isolated 380V DC-DC Power Modules Vi
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3.2 Unregulated DCX techniques for 380V systems
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Z\V/S Resonant DCX Topologies FMi&

i | B LC series resonant topology
B Matrix transformer
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Comparison of High Frequency DCX FMIC
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State of the art of DCX Module
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Conduction loss of Primary Switches Fiviic
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Primary Conduction loss:

1. Load current

2. Magnetizing current =
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Conduction loss model
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Simplified Conduction loss model > TV &
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Design of t4 PMIC

Normalized primary conduction loss:
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Design of t, > 1V H

RMS current vs. £,
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Pcmin and ty @ given NFoM Devices
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Series-connected low NFoM devices Vil
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Pcnin and ty @ Different NFoM Devices > 1V ile
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Device selection @ given power
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MHz DCX Topology Based on Low NFoM Devices
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Verification: 380V-12V/150A DCX Prototype Vi
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Measured Key waveforms FMIiS
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380V-48V Output DCX L
-Input-series Output-series (ISOS) FMIiY

O voltage sharing
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Daisy Chain Structure for 48V output
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Experimental verifications FMIS
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3.2 EMI design considerations of planar PCB transformer

(Zb 722 4 powmmaem 93

\-\// ZJU-Hangzhou Global Scientific and Technological Innovation Center



EMI Issue of PCB transformer in MHz DCX Vil
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Matrix transformer with shielding layers Vil

_ Power Management Innovation Consortium
Matrix transformer with shielding Shielding lays
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6-layers PCB Transformer FMIS

6-layers matrix transformer
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icy iNn conventional GaN scheme >hV i <
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icm INn input-series scheme > hWH
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Single switch VS. input-series FMIC
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Experimental Comparison FMIC
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Complementary control scheme in Cell FMIS

. . Power Management Innovation Consortium
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Experimental result FPMis
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Optimization of control scheme (2) FMIS
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Experimental verification
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3.3 Tight regulated 380V-48V/12V conversion
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Frequency Control MHz LLC
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Issue 1: SR Voltage Transition Bypassing magnetizing currenti=\Vji&,

T,  PowerManagement Innovation Consortium
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Issue 2: Inter-capacitance sink magnetizing current =ML
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Two stage efficiency sacrifice VIS

O Two-stage for on-board power module
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Regulated DCX--RDCX
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DCX & D2D non-synchronous

© Fixed switching frequency for resonant converter

© Simple PWM controller to regulated output

© High frequency, high efficiency
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RDCX Operating Principle PV
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Prototype and Key waveforms FMIC
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Tight regulating capability of RDCX MG

DCX RDCX  PowerManagement Innovation Consortium
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Comparison between RDCX and two stage M
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380V-12V RDCX verification
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Stresses Comparison among Two RDCXs and LLC FPMILS

Main power stage stresses Power Management Innovation Consortium
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D2D Power Comparison between Two RDCXs FPMI&C
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Sub-total =EMIC
- //""rowerManagementinnovation Consortium

O High voltage DCX using Low NFoM device in stead of

high voltage switch
O Achieving MHz High frequency and high efficiency
O Low common mode EMI
O Reduced conduction loss and flexible output

O Regulated DCX (RDCX) instead of two-stage scheme
O MHz high efficiency dc-dc with regulating capability
O Fixed switching frequency for DCX and PWM converter
O Most power is transferred to load by DCX, small portion

power is transferred to load by two stage.
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Conclusions Vi

1. The ZVS on and ZCS off for MHz DC-DC converter are necessary ,whatever for 48 or 380V applications.

2. Single switch DCX topologies are preferred for low power (<100W) low voltage application at MHz
frequency.

3. The topologies for ZVSZCS MHz DCXs can be derived by integrating unidirectional resonant tanks.

4. The tight regulation of the MHz converter can be implemented by partial voltage (power) regulation.

5. The partial voltage(power) regulation topology (RDCX) can be derived according to the inserting points of
two-ports network structure. Different RDCX topologies have different suitable voltage range and different

nominal operating points.

6. Cellular circuit structure with low voltage MOSFETSs can be utilized to improved the switching frequency

and efficiency for high voltage applications at MHz frequency.
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