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Applications of High Density High Efficiency Power Converters Pl‘v‘iiz
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Outline of the tutorial >1 W <

o . . Power Management Innovation Consortium
1. Introduction of power supply architecture of internet datacenter

and popular high density high efficiency applications.
2. Topology for MHz high efficiency 380V-48V/12V power
conversion
2.1 Unregulated DC-DC techniques
2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-48V&12V conversion
3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.

3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

Conclusions
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Power Architectures of Internet Data Center (IDC) PRVl
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48V DC Bus for IDC

- 1 ]
I1Vile

o High power density
o High efficiency

Load increase of racks:

— 40
2
S 30 ~27kW
©
(4+]
[T
© 20
<
Limi rea for power |
9 . T ted area for power supply
2020 2021 2022 2023

Year

-T

A

N
N
)}

\N

) Sk nERR s

ZJU-Hangzhou Global Scientific and Technological Innovation Center

Loss of Bus (%)
o N f =N » oo

R,,~300 IJBWBI' Management Innovation Consortium
us

PSU (AC/DC)

~0
~30 | ~93%
3t 12V ’
12V |
48V —
15kW 30kW 30kW
Bus loss at different input voltage 5



Power Architectures of Internet Data Center Vil
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Increasing Efficiency Requirement of AC/DC for 48V Bus =V &,

Rack power architecture:
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HDVC Feeding Server Board Requires ~n AP
High Density Embedded DC/DC Module I1Vile
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48V Power Delivery Solution Comparison Vi
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48V DC Bus Feeding the server Board
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48V with Intermediate Bus for ~n 2P
Low power low profile isolated power supply system IViie
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Industry robotics Unregulated Intermediate Bus Architecture (IBA)
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Outline of the tutorial Vil

Power Management Innovation Consortium
1. Introduction of power supply architecture of internet datacenter

and popular high density high efficiency applications.
2. Topology for MHz high efficiency 380V-48V/12V power conversion
2.1 Unregulated DC-DC (DCX) techniques
2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-48V&12V conversion
3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.

3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
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Trends of Isolated 380V DC-DC Power Modules
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Unreqgulated ZVS Resonant DCX Topologies V&
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Comparison of High Frequency DCX FMIiS
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Conduction loss of Primary Switches ~n 2
Makes the Major Difference Ii1Viie
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Primary Switches Conduction loss model Vi
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Simplified Conduction loss model Vi
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Primary Side High Voltage Si with Large NFOM Requires Large t, Pl‘v‘iiz

Normalized primary switch conduction loss:
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2" Side High Frequency Design Requires Low {,
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Pcmin @and ty @ given NFoM Devices
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Series-connected Low Voltage Devices = Single Device NFoM |'=|"v‘iiz
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Primary Side Device selection @ given power with 1MHz NI
Power Management Innovation Consortium
P i /W
". -------- t;=80ns
] = —+
30-_ 4 (
"“ 8 2 2 2 22
200N g 5
...’ _______
10 | .
0 501 100 150 @ = \/i =
Min. Points 4 (oM™

N
\\
)

:\\\\~
\

33T | MBI I

&&(

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

24



MHz DCX Topology Based on Low NFoM Devices FPMIC
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Verification: 380V-12V/150A DCX Prototype Vil
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Measured Key waveforms of the prototype FMIC

» Waveforms at full load range
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Cell Circuit Structure with Output Voltage Adaptation=N\ig
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O For wide output voltage adaptation
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380V-48V Output DCX Input-series Output-series (ISOS) I'=I'Viiu

O voltage sharing of series connected cell circuit

Cell 1 circuit

Cell 1 circuit ‘ Vin ! = Vo +

T Cell 2 circuit
Cell 2 circuit
Parallel-series Hybrid
ISOS
(7 ) #s22:4 ammmrsmnn 29




380V/48V SRC Based on Low Voltage Si Devices Vil

O Chain structure with balanced voltage sharing ability
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Daisy Chain Structure for 48V output
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Design of the PCB transformer

O Winding arrangement

F—=——=- o S —

Circuit CeIIE

8000

6000 |

4000

2000

‘!Vtr(mm3)

- 1 ]
I1Vile

O Design @12V/turn, 60mT B,

1

1.5

2

1
Rdc=1.6mQ_
Rdc=1.8mQ_
Rdc=2.0mQ
25 3 35 4
Fieg(MmM) 32



Key parameters and topology
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Primary voltage and current waveforms PTVTi:
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Input and Outputs voltage sharing capability at dynamic =Vji&,
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Efficiency and Power density of the Prototype
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Input: 380Vdc

Output: 48Vdc — 1800W
Frequency: 1MHz

Peak efficiency: 98.0%
Power density: 900W/in3
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Outline of the tutorial >1 W <

1. Introduction of power supply architecture of internet datacenter and
popular high density high efficiency applications.

2. Topology for MHz high efficiency 380V-48V/12V power conversion

2.1 Unregulated DC-DC techniques
2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-48V&12V conversion

3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.
3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
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EMI Issue of PCB transformer in MHz DCX Vi

O Large Inter-winding capacitance

E3]
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=h € small termination loss

97% 700W/in? _ ) @ slight proximity effect
—- 4-core matrix transformer

¥ serious CM noise
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Matrix transformer with shielding layers V&
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Shielding lays

Matrix transformer with shielding
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Layer Capacitance Modeling of 6-layers PCB Transformer [=Vijit,

6-layers matrix transformer

¢ full winding usage
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€ winding loss reduced
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Common Current in Conventional High Voltage Schemel=\ji&,

Conventional scheme
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icy IN Input-series scheme
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Single switch VS. input-series FPMI&C
Power Management Innovation Consortium
Multi-switch Input-series scheme

single high switch scheme
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Experimental Comparison FPMIG

Conventional

i
[ ®

Average 20dB reduction

within test frequency range

=

=
i
600V GaN dBuv —— Conventional
140
i g | — Input-series
I
! . 120 —— [
i ~, Yl - - N
1 - 100 \\//\\\ \\ e
ot pbe win | v
Identical P$B winding N \
structure 80 ‘ HT- H
% W & A I
40
20
150k 1M 10M 30M
//,ﬁ-- Frequency(Hz)
6;/ 2 F rnERR e 44
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Complementary control scheme in Cell FPMIC

R L L L L L EELLCLEL PN ‘ Cell circuit

Pyge EAtE _lﬂ
—| Pys : 1 Ay 8 Af Total CM current

L4
*

4=|
.

P,.\ 8 A1
i A 1Ay
0 8 At .
*ﬁE LAy Cancellation?
O

\)
Il
1
‘:°:°
S o
2|
SE
A
S

=
O\
¥
\e-.
“
L
| =k
=
==
[H
]
e
[
—_
+
@
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Experimental Verifications FPMIC

Input-series
' Asymmetry traces in cell PCB
transformer deteriorate the cancellation
dBuVv
140 Input-series
reversing between sub-cell
120
] o
100 10dB \\// ~
- L—
1 reduction \/ \\}\\
80

| RN

60 L4 m,
40 A
20
e W o
_ s +I§E ?4 o 150k 1M Froquency(Ha) 10M 30M
. i . i
ﬁ’/ #J1 F s o T _______________ =T 46
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Optimization of control scheme (2)

- 1 ]
I1Vile

Input series scheme interleave between cells

Cell 1

dvg
| dt

0 1

0 J”
50 J”
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Experimental verifications

-1 L o
IViie
Power Management Innovation Consortium
@ Symmetry PCB transformer of cells
i dBuV ——Without reversing
L DC/DC +Hp 120 - —With reversing
C‘ - 0 | \ ------ EN55022B
Av| 2 100- -40dB —T ™\
2 ]
DC/DC 80+
-0- Sl N e e AT “Iiiim“ ifw
‘ | 1 1ly |1
S 40 - | ” l‘w‘ [ H i
pemcyy| | 207
+ o
<t> _== 0 T L | LA | !
Avi 150k 1M 10M 30M
2 @ Frequency(Hz)
DC/DC 40dB reduction
J 4 BRSO

Y. Han, G. Li, H. Shi and X. Wu, "Analysis and Suppression of Common-Mode EMI Noise in 1 MHz 380 V-12 V DCX Converter With Low
NFoM Devices," in IEEE Transactions on Power Electronics, vol. 36, no. 7, pp. 7903-7913, July 2021, doi: 10.1109/TPEL.2020.3042632

at fundamental frequency
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Outline of the tutorial ViK%

1. Introduction of power supply architecture of internet datacenter and
popular high density high efficiency applications.

2. Topology for MHz high efficiency 380V-48V/12V power conversion
2.1 Unregulated DC-DC (DCX) techniques

2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-48V&12V conversion

3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.
3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
%;’/ 7. P37 BMEIFRR IR0 49
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Frequency Modulation Control MHz LLC Resonant Converter = V]i&,

Power Management Innovation Consortium
360-400V

input 12V/62A

Conventional LLC Resonant Y Lr=17uH,
half-bridge Converter ~220 kHz Cr=35nF

98%

91 Tok? Lm—23 SuH, Lr—3 4uH Cr=7nF @220kHz +gr=;O;F
m-u---w-m---‘ . ) 0, - Cr=/n
5 | L . 97/0
_VLr/Cr By~ ‘:"' -~ Voz: 5Vld|v ———
o R ooy pamfremene ey L e > 96%
| \ SR O J ©
: vvvvv . \‘l R R ./;," ..... R . -q-, 95%
! T T T T T 0
H . ! . . I —_— 00
. | - , 4 f D VS Ty  TIRTE I 93%
0 05 1 15 2 m / | ir:5A/div ZVS |°5t
tire: '200'n's'/d|v*- R ‘ : 029,
fs/fr . S o . VI f@‘;ﬁ?:; ‘3'40@ ]mm 0 100 200 300 400 500 600 700
//%/,/E—;-\:\ VOItage Galn VS fSIfr bFrequency Yé(lllé]elMHz tle\;nsignal amplit?dir; M stper ] HEES Output Powerlw
.//‘ ’ Iy
[l /) #iztd smmmsas @ 500W 50
\\\/%


https://ieeexplore.ieee.org/document/9288630/
https://ieeexplore.ieee.org/document/9288630/
https://ieeexplore.ieee.org/document/9288630/

MHz Frequency LLC Leads to ZVS leflculty at Heavy Load =iVvii&,

V ‘ I<—~> Power Managemem Innovation Consortium
g1 N
0] ‘ N ‘

diode
C

\
|

Ry,

)
05Vm - T

-0.5V;,
UCrO R |
0.5V 1 ———

to t1 fé‘

® Lower Lr Chigh fs) leads to less energy Mode 1 Mode 2
@ High Ucr0 results in Difficulty of ZVS ”
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W. Qin, L.Zhang X.K Wu “Re-examination of ZVS Condition for MHz LLC Converter Operating at Resonant Frequency” IEEE PEAC 2018



Inter-capacitance Sinking Magnetizing Current Deteriorate ZVS at MHz [=[\V]| &,

Powgr Management Innovation Consortium
1MHz  200kHz

\V/]g) T— :
Core :
S, I . S
P, P,
S, I S,
S, I S,
P,, I N P,

S, . I S
L: the length of winding : : -
C: the physical layer-to-layer capacitance 0 80ns 150ns t
—_0 ' A — _A Drain to source voltage
Common Mode current of Switch at different fs
between PCB windings
Py
AL E
v, | S £ > PCB inter-winging capacitance sinks
di 0o .
Lo —Il—é magnetizing current much high at MHz
Y
Py because of the common mode current

<

e "

— —1
Zpara pp—

\
)}

Q:: )
'&

| ok
N

B

i

o

=

B

C/

|

=
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Solution 1: Two stage DC-DC Scheme achieving Tight RegulationPi‘v‘iiz

Processor

Socket

Two stage: DC-DC+DCX

~Vin

Pre-Regulator Load

_ Block of DC-DC system

’\;b ) i 2k mnEms e 53
\_\_//\—/ ZJU-Hangzhou Global Scientific and Technological Innovation Center




Solution 1: Efficiency Sacrifice of Two stage Scheme PFFMIC

O Two-stage for on-board power module

0.98

0.96 )
0.94- —
~QE0
HV Bus g 0.92 of 95%
2 . £ BCM: BCM400x500y1K8A3z
. = | = . t;s /  PRM: PRM48Bx480y600A00
unregulated regulated 0'86 / DCA:BCM x PRM
0.84 : : : : .
0 0.2 0.4 0.6 0.8 1
DCX Non-Isolated DC-DC To/Tomax

unregulated regulated

Efficiency decrease

98%,2735W/in3 97.6%, 2072W/in3

~1MHz ~1MHz One stage ?
=, Source: BCM400x500y1K8A3z
i1 #7124 pmEsseE0 PRM4SBX480y600A00 54
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Proposed Solution: Series Voltage Regulation Scheme =Viji&,

3

O |+r| B | B+

V. \= Cr L Vo
iz M Rectiior -
f Inverter 1 1
DC Bus High DC Bus
Frequency
/ AC Bus
AC DC Controllable Two ports network :

Voltage
source

source +
:‘ SOou C§ hrd :'»V
V. or Ve £

.. ®
- -
......

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

. Inserting a Controllable
) #ird mhEmsae, vOItage Source

ZJU-Hangzhou Global Scientific and Technological Innovation Center

Vc: in series
Vx : paralleling
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Three Types of Tight Regulated DCXs (RDCX) PV

O concept of six RDCXs based on isolated DC/DC converters, Power Management Innovation Consortium
¥ . & . .
% SEEPNb | || |
. T * =, : * : Cr Lo v,
Vm MHz Rectifier ) :Vin _gl'_m:r\ % + : <+> Re]\s/:)]:'czmt Rectifier
L l}rcli(;:fer;t E Rel\s’{)l;f:m Rectifier - v, E Vi \= r Inverter <
- . Voltag + E + olta + E + Voltage ';7 ]
VJ?@ gv‘ : v [ D : b Ve <> e — (Sigma Converter
Two-port network Two-port network from CPES)

2t . i 3
v +’°“ * TV = 35 *_l Eak *

. A%
MHz . u ! v 0 um V.
Resonan t Rectifier . MHz Rectifier . " MHz Rectifier +
Inverter | . + Resonan t . Resonan t il V4
= - V — Inverter - l  Inverter °
- in = = -
| | [ |
| | [ |
| |
+
V.

1. AC in series / DC parallel " 2. AC Parallel /DC in series 3. DC parallel /DC in series
7 Pt Y 4 HMEFRE 8B, 56
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.}. ™ ]
oltage sour@ \A . + + . + Voltag /|
T . V. <>"ageS°“rce Vi = Two-port network Vx e \>

o source




RDCX- AC in series/DC in parallel - Example V&

Resonant Tank WJ. Resonant Tank T (N:1)
il N.l ' 1 Loy
_§_| Y _Clr L, | (o *
i Cr Ly i0)iie * ---------- b i = SV
o t -t g 0=
{4] r@ §§ Vin@ ) v 1,
in - —-
v 1Ll [pwm]| L
Controllable * TCA D2D l
AC Source A
T,(M:1) eedback
Concept block Implementation block

@ » Regulated Vo

> Partial power regulation

» Simple control

» Most power transferred to load by DCX

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

A
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) ik PMBIFF 1% Sf
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RDCX- AC in series/DC parallel — Implementation V&

Power Management Innovation Consortium
O AC series/ DC parallel

Resonant tank

||Ero'{:— n:1:1 T
0.5vin@) _% € * I i

’

|\
Vetrl i -
1 |
Controllable ac i
source W

© Tight regulated
(Quasi-single stage) DCX & D2D non-synchronous

© Fixed switching frequency for resonant converter

© Simple PWM controller to regulated output

© High frequency, high efficiency

\))

=0
N

) W Zid L © The frequency of PWM is independent to DCX 58
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RDCX- AC in series/DC parallel - Operating Principle

- 1 ]
I1Vile

\
j
/

=)\
N
)

i mYV cmax

mYVcmin

t

Px/Prtotal

Ptotal

_ Pdcdc _ m I/C

Prota mVe+ nV,
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RDCX- AC in series/DC parallel — Example 1 380V-40V =iVii&

Vin: 350-380VDC
fs: 1MHz

Vo: 40V/25A (1kW)
Density: ~700W/in3

3 4 5 6 Z
e

.‘ [

(year: 2015)

Prototype of RDCX
J 4 BRSO

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Primary voltage

with ZVS
émhgi{: 2640/ v ][og Jfg 212015]
Full load, Io—25A
Tekstop —
t'm”"ms/dw e H s IbuckZA/d‘V T -
V 20V/d1v
. Vbuckdrlve SV/ le
Duty cycle

@ different lo

2oovl—w @ 200A I—“ 250MS/s .J’ 1Nov2015
¢soo\/§m s 5M points  56.0V 1235:13

WW MB st “m bttt b
WMD“SW Lj D=0.8 | L 60




RDCX- AC in series/DC parallel - regulating capability =iVii&,

DCX RDC X Power Management Innovation Consortium

Tekstop | Tekstop

R 430V | VasSOVAiv
1 Vu3OV/diy | i T ——

‘Tin}le:4(;)0ms;/div

' Time:400ms/div

400ms 250kS/s o 20 Jan 2015 @ 500V & 400ms 250kS/s @ 20 Jan 2015
] 820 )ms 1M points 313V 14:52:44 @ 100V & v 808.000ms 1M points 346 V 14:38:25

(l,. 500V &
@ 100V &

» Vo tight regulation with load jump

Tekstop

Tekstop

'Vo':l'V/diV"" R £ £ AR

~ Time:20ms/div

Time:20ms/div : : : .
—— (@ sS00mAQw @D 1.00V A& )[20.0ms 5.00MS/s @ S ][22 Jan 2015]
47.0000ms 1M points  680mA 20:32:45

) i1 F mmEEs e 61

ZJU-Hangzhou Global Scientific and Technological Innovation Center

(@ soomaow @ 1.00vV V& )[20.0ms 5.00MS/s @ 22 Jan 2015
~~51.2000ms 1M points  680mA 20:26:23
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Comparison between RDCX and two stage

- 1 ]
I1Vile

Two-stage
scheme

" RDCX

efficiency

200 300 400 500 600 700 800 900 1000

(a) Measured efficiencies vs.

/%,:;}_\: commercial two-stage products
i /3 ¥ AL UL

Density: >700W/in

Loss breakdown (W)

|7
[—]
i

— [ b3
n = i
L L 1

—
=
i

n

(=]

j: nhmhmhn \n\\n\umnwnlnulum‘ i mgemem Innovation Consortium

~1MHz

Proposed 380V-40V
RDCX

Proposed converter Two-stage solution
A A

r N r ™

|IEE PN
BEEE Pyriver haa
_ mos
r\}hPcoreTl
I windT1

7 PsR NN S
:A"::?-':}Plerminals )

Pyc_qc[28]

5553

DCX T}' and Buck DCX Cascade de-dc[28]

(b) Loss Breakdown
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RDCX- AC in series/DC parallel Example 2: 380V-12V

- 1 ]
I1Vile

0.921

T, SR10

Auxiliary Transformer

Two stages

\
)}

/ \\‘ ) » 0.91
7 4 52 F mERRR IR 100

ZJU-Hangzhou Global Scientific and Technological Innovation Center

e
—

\

200

300

400 500

600

700

800

Vin:340V-380VDC;
Vo:12V/65A
fs:1MHz

32mm

Two stages density: 560W/in3
Ref:BCM6123xD1E5117yzzPI3526-00-LGIZ

Power Management Innovation Consortium
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RDCX - DC In Series / AC In Parallel - Example Vi

Power Management Innovation Consortium
P-S-SA=N-1 :M

A I, * H}J? g ¥
v.© | o g* T2 Vo VmC c I8

-?r * V + N PWM + * ~+o
=3 AY V,
V: Controllable ‘ [ D2D -I-_ * - .
- T DC Source - f Feedbacki
»Regulated Vo
»Part power regulation
»Without additional transformer
»>Suitable for high normal input voltage
6;/ “) ,M,.-) 4 wmzwm@um\ 6 4



RDCX - DC In Series / AC In Parallel - Principle V&

+#1 1 1 V-
% + S VAN Vv
-|- i E V E cmin cmax
Vin({) Vdcx 'IH} "g * C_o -RL%_VOE

& EE P
+« & p D2D

Feedback

Regulated DCX (RDCX)

Tight regulated;
Optimized DCX;

Partial power regulation;

Simple control strategy.

65



Device stresses among Two MHz RDCXs and conventional LLC |'=|"v‘iiz

Power Management Innovation Consortium
O Main power stage stresses

ST T Acseries | DC sories

Voltage
stress Vin_max Vin-max N*Vo=Vin-max
et 2P S 7 Fo 7 Py
stress : W
2 I/in min fv min énmin 2 I/m min

Cr Lr n:1:1

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

- %
+onii e
w® (B ~3E|%|T5.
Vrlppler\’
I
-+ +®
0.5vin T8 Ve = | DCDC + *m‘uf_g
=N v = 1
//-’/ ’ 2 F ponERR e b e e e 66
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Example: 48V output RDCX cell circuit with Multi-input in AC/DC Convertef= V][ &L

CHB PFC RDCX Cells ]
Cell 1 CHB PFC:
T T T 1
|
B
e
th :_ _______ . 6mm
o Power density: 1500W/in3
EMI| 1L Cell 48V Peak efficiency: 99.1%(@220Vac)
Vaé filter ] - T—Vdcz DC _I./OZ _
| = e [ DC/DC:
Lt ) . . >48V-level input
i J_+ DC >Total 48V output
] Cell_6 T Vies DC Vos > Tight regulated and isolated

67
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RDCX Output Connections in the Front-End Rectifier FFMIC

Power Management Innovation Consortium
Only 4 choices: 48V=48V*1=24V*2=16V*3=8V*6

_.
I5; SRR
= Cell_1| TV, [RDCXI _foz RDCX1 [isv | [RDCX1 [fiv
v ! |
|
L rRDCX2| ! (RDCX2]
I | -
| n o + ° v | =
EMI| L — Cell 2 J_ . |RDCX2(p , 48V . : :_ 2 modules
— dc2 o2 °57°0 T -
Vil |filter| 1= o - RDCX6[ - --- H
Isx: . . L2 modulés |
Lt | \ e (1) 48V (2) 24V*2
+
1 Cell_ 6| +V,,RDCX6|V, jp=====r-1 -
— o 1| RDCX1 LoV RDCX1| 8v
| ]
Different Vo: | RDCX2 E RDCX2
| " -
> Loss of Sec. (voltage stress of devices) i RDCX3| | . _:
> Parameter design of other parts ______%! RDCX6
S il 3
p PN Loss model of Sec. switches at different Vo (3) 16V*3 (4) 8V*6
i P ki F s o 68
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Normalized Sec. Min. Loss Model Based on FoM Vil

Loss of Sec. switches:

TI 7 FoM
Ps = Ps_con + s _dri = ST ktempkdyans_on + 2ng; |
r ds on
IO)‘ (FOM Q ds on)
- S + Minimum loss:
M — VO T 4 \/T Vf -FoM
P in 7[1 V FOM @ s _on =g |
> SZ CO _ smin o\/ ]:, f sk temp d)n d T Io Ts ktemp kdyn
X Vv

Normalization:

Determine the output voltage 69
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Min. Loss of Secondary-Side Rectifier Fiviik

Power Management Innovation Consortium
I, FB: —

>— " g} +
] s, s,

CTR:

Min. loss: Min. loss: T
I)smin N = 27[ T V f temp d)n ’
1.4
0.7 GaN O «| EPC 30V GaN
0.6 .
—_ EPC 60V Q EPC 30V
L 05 é 1.0
Z 0.4 EPL 80V z 0.8 EPC 40V
I - . . .
g 03 / EPC 150V £ 06 / - -
E | g o EPC SOV ||
7 /] . I
= ol 0.22% i N
' ' : 0.24% :
0 0.0 i
/A_ 8V 16V 24V 48V SV 16V 24V l\ 48V _J
= Output voltage ===

Output voltage

2, 2 MR Bl

ZJU-Hangzhou Global Scientific and Technological Innovation Centt
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48V-FB: Higher utilization of transformer winding



Transformer Design - Turns Ratio Selection

I;,
>

D2D

Minimize Vc to improve efficiency:

= + = =

%J_:tsv >

V. =72V

Inv.: Full bridge

Aux. circuit:

— i — ~

Na =1

|:> Aux.: Center-tapped Rec.
D2D: Buck

Relationship between the shape and loss of transformer

Vo 48V
Po S500W
Vin 61~71V
fs 1MHz
6;/ 2k F pmEmre

[1] T. Liu, et al., 1 MHz 48V-12V Regulated DCX with Single Transformer, JESTPE,

- 1 ]
I1Vile
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Transformer Design - Core Shape and Loss Modeling [=ivii&

O ——

a,r, W;D need design

p——

Area limitation to design a:

Area of leg:
S..=D-Qr+2W +a)=0.54,

leg
Area of pillar:

S =r* +2ar = A

pillar e

a

_AD(r+W)—zxr
-~ 2r-D)

Height limitation to design D:

Copper loss in function of shape 72



Secondary-side Winding with Interleaved Terminal FMIC

Ppex » N, N, P,

10-layer board: . L. +
I8 T T

== Mirror N - | -

VinC L FB.

I op
o e 11

Buck t+v

— 2 \'%

T+

I 13 =

4
)

TR

I e e L2

_
-1

]

h
.

]

_

ol

= W

nterleaved terminal

73
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3-turn Primary Winding in 2 Layers FMIC

Current in L1 and L3:

10-layer board:
. 4 Top
i I
Irror I |
e T op COl‘e L2
I .3 =
] L.

Primary-side winding structure:

__ L1&L38 L3&L6
/%//.’;-\:\ . . .
#2  pmEmnea Design w, and w, to get minimum loss 74

4
\(\‘O// ZJU-Hangzhou Global Scientific and Technological Innovation Center

— [1] S. Wang, et al. Integrated Matrix Transformer with Optimized PCB Winding for High-Efficiency High-Power-Density LLC Resonant Converter. ECCE 2019.



Primary-Side Winding Width Selection FMIC

Top DC resistance of primary-side winding:
_hIA‘_
L2
1
I 3= dc p(l‘ W W )_ [2Rdc_2(l’,W,W1) + ERdc_1(r9W9w1)]
L4
Achieve minimum Pri. copper loss:
dc (l" W wl min) = 2.Rdc_2(r’W’w1_min)
|
|
' > Wy . de_p [F,W,Wl_mm(l" W):| de p(l",W)

Copperloss: P, =k, k,,,| R, (W) io, +R, (rW)-i +R, (W)L, |
/If%//‘/”;:-\:;
/(,’ r” 22 f A EI PR 8 Oy Transformer loss at different volume 75




Min. Transformer Loss under Each Footprint

- 1 ]
I1Vile

Core loss:
Footprint= f(r,W) P, (r,W)=P,(Ae)-V,(r,W)=P(r,W)-V, (1, W)
I Copper loss:
: P (I" W) kac temp|: dc p(r W) lprms dc s(r W) lsrms dc a(r W) larms:|
[ Considering the width of transformer window:
I 18
I 2 ~50% Load
n
_AD(r+W)-nzr’ § 1.2
2(r— D) T 0.9
= 0.6 —e
€ 0.3
o
— < 0
/%,,;j-.\ 200 300 400 500 600
/‘// ,}ﬁ/.’-} ; *)'L)‘NE”‘T*—I-@UEF 1L Footpn nt (mmz) 76
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Design Point of Transformer FPMI&C

Power Management Innovation Consortium

Normalized Loss (%)
W O W N O o0

0
200 300 400 500 600

v

2]

Footprint (mm?
+
'|E| %mv
FB.[—

L, }
14
© &
J . H .
o Bl O
AP
v e[ LB (TS 1 soowsins
c_- 'TVa | ii = In
‘E CTR. - # 1
= Height=6.5mm == FV-EE2210)17]11H == S
/;//’ ,M,J! MBI 1% Area(mmg?) 77




Switching Device Selection FMIC

Np:N:N,=3:2:1 Secondary-side full bridge:

B1ToRIT i {‘3* . FoM
- > smin T k k

+
L Ci| Le g= d CO_— L?’ Vo ﬂ-Io s em .
VinCD TCu L. g | Rey - femp Loss: 0.29%
kst A F F
4E+ 3E+ {Flss {FIS4 Aux. Buck (600kHz):
= SRy e
v.i L g6 L1 [3 ~ PeakEff. Peak efficiency: ~95%  Po2p =9%Po
_[C. SRs CiT a @50% Load — Pbmin_Nz 0.45%

(by experience)

Primary-side full bridge:

ov,  |[I6N V:NFoM’T? 4V T FoM
- + =2.5mQ

R
iV LT, N k, k

dyn”"" temp

==l BN L ERTJON Loss: 0.3%

/8




Prototype and Parameters of RDCX Cell FPMIC

Np:Ne:N,=3:2:1 DCX
E Q1-Q4 EPC2053
i }} 1k * o F
; Q, N, Ns{ S, S, S1-S4 EPC2206
— T 1 2* SRA1-SRA2 EPC2045
C r % ; % Co| Rys
+ r 11 - C 1000nF
Vin<-> L M d -
Core Material DMR5S1W
E * E * £Flg3 {F“& fs 1MHz
= i v Buck
vV SRy
+ 2 -.55} N, In: 61V-71V Q5 EPC2015C
Ve w8 ¢ 16 =3 Out: 48V/500W SRS EPC2030
—é_ = SRa2 L 2. 7uH
fb 600kHz

Size: 43.5*19.5*6.5mm?3
Density: ~1500W/in3
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Key Waveforms of RDCX Celi

1 *“ 9
Q 2E
—>
Vin_ripple T I, C,
+
vin_dc = +
Bt ok
4_ 3
+ + 14
£ | Buek | T
Vel = Vi Alﬁx.
200ns/div

ir: 10A/div

e Vgs qqat S0VIIV
ey o Sy —
40.0 3 b LY i
i 3 2ZVS
6.42u (\W\'ﬁ‘wu—) 7.28u ( (.\\“\7"\ T - ;oeu
/////,?’E‘-.\:; Full load waveform @ Vin=66V

| 424 mnEms e
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160V

Ve 20VIdiv

9 1,: 10A/div °
oo\ 20V div t
48V
: 5ms/div
! -20.0m -10.0m 2.00n * 10.0 20.0ms

Load step from 3A to 10A

- 1 ]
I1Vile

30



Efficiency of RDCX Cell PMIG

Parameters:

»In: 61-71V;

»Out: 48V-500W
»Density: ~1500W/in3
»Peak Eff.: 98.1%

O
=)

0.8

\O

o0
®
®

®

A

97.9% 0.6

0.4
) I I I
0.0 —

92 P_mos S_mos Aux_mos Buck T _Core T_Winding

0 2 4 6 8 10 12
== Load (A) Loss breakdown @50% Load

) ik pmEE 31

Peak: 98.1%

Efficiency (%)
O \©
9] (=}
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2-Cell ISOP Input Voltage Sharing Control Strategy =iVl

fmmmmmmmmmmmm e
| Np: Ng: 11\\11 = 13 2:1 i
i bg o Voltage Gain:
SR AR A
Vdc1: T ¥B. _(|3 ;; FB. Li1 Vo _ Ns
—: rNaig : Vdcl Np_DloNa
! : + s !
! VoL T cﬁk.]n i
v i o RDEX T} V. ___ N,
| =TT T U TNG N 2T Vi N,-D,-N,
i N,: N;: ip ;;2.1 E dc? p 2
i 4 L 1
. - 55{ 1 ! Common-duty-cycle control: D =D,
V"fzi FB. & | FB. L‘g:
} "N, Ei | o
HEED
Ve kb = { CTR. " |
. D} V. RDCX 2 !
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2-Cell ISOP RDCX Operation

FED i

[
1
[
+1
|
vdc1l
|
-1
A

|

| = Buck

" ot
V., . N [ A

in_ripple z | Isolator
"

Vin_dc = e e e e e e e e e e e e e e e e e e
T T T T T T T T T T T T T T s T T s T s s |
|
1
]

+
|

vdcz:

=1
t A
|
| == Buck
| o
I A
"1 Isolator
| Ll
| e e e e e e e e e e e e e e e e e e o o
Common Duty Cycle

DCX
= Controller SRs

A

R
N
)}

2k F pnERR e

\

ZJU-Hangzhou Global Scie
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Vref E
LM2742 i

- 1 ]
I1Vile

|
. -20.0m -10.0m E.OOnﬁ 10.0m 20.0ms

160V

Vi 2OVIdIV___t__

@Null Load

120

100

w0 Vac2: 20VIdiv Vet 20VIdiv

60.0

W
V,: 20Vidiv

|
20.0 :48V
|

Sms/div

40.0 )
V,: 20Vidiv !
20.0 ? :48V
! 5ms/div
. -20.0m -10.0m 0.0 L4 10.0m 20.0ms

" Vuer: 10V/div  lo step from 15A to 5A

S
~

. vdc2: 10V/div

1

I5: S5A/div
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Prototype

of 6-Cell RDCX

- 1 ]
I1Vile

I
. ! n— ' 48V
[} T " ]
1l 'll'_J" i -IE 4
Vr 1t t‘B 55{ T v
| pinetl v B okl IR
¢ : X EE :
! 1 £ i -
: = Buck . C.§R. ] " :
E: Isolator —T RDCX 1 i
vi PTIE( pney » v
S ! RDCX 2 °
_>: — :
[ J
[
Vs L Yy A '7
dc6 |
- RDCX_6 V.
— — :
e e e e - I
Common Duty Cycle <L_ :
E { AM I/r‘ef
b IM274
= Common-duty-cycle control
(i ) 87k mmmmssese

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

\

6-cell RDCX

L4l

N _‘:Pmnmr Management Innovation Consortium
=

Parameters:

Power: 3kW
Height: 6.5mm

Density: ~1300W/in3
(with Controller)
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Front-End AC/DC Rectifier Prototype with Six RDCX Cells =V} &,

+
— Cell_1 +VM RDCX1

3 Top View
L# Bus (2.4mF*6, 80V)
a L PR Capacitor
§ emill Yega| L lroexe
V. oC | filter| | T2 e !
| ° ° %l
Lt | > -
|| 1+ +
Cell_6| =V, RDCX6|48V
-
Proposed front-end rectifier with 6-cell RDCX G\
99 CHB Cell W\
_ f:’\z. Anerra Boost ’
g, 78 - Inductor " CMFilter
> i
= ”
;f;: ., ETH Prototype Front-end rectifier prototype
=
e >Density: 190W/in3 (3kW)
96 & >Peak Eff.: 97.2% (half Load)
20 50 PSO d ltl;’](Wf 3)140 170 200
— ower aensi n
//%/":;-\: J! M
: N flED
/ 7er IEII‘TH FRg 85




Sub-total > 1V ile
- TTTTTTTT/////"""""vowermanagementinnovation Consortium
O Cellular 380V DCX namely 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.

O Cellular RDCX for a multi-input DC-DC stage in AC/DC converter

O MHz frequency with low voltage switches
O High efficiency and high density are both achieved
/{-;/ ) ;‘#ﬁj-'ek}ﬁfmgwmeum:a\ 86
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Outline of the tutorial ViK%

1. Introduction of power supply architecture of internet datacenter
and popular high density high efficiency applications.

2. Topology for MHz high efficiency 380V-48V/12V power conversion
2.1 Unregulated DC-DC techniques
2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-12V conversion
3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.
3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
i ) #4725 § mmmeen. 87
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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

j

/

i
\\\\\\\
\)

A

—~
~

) ik pmEE 38
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Bus converter with 48V Input Vil

By regulating capability Power Management Innovation Consortium
2000
Unregulated DCX

I A

I
1600 A ;

: 48/12V, MHz, GaN :

: 1.6MHz, GaN I

A NDSU/UD STC

40-60/12V, I
360-1100kHz, Si | @

University of

800

Power density (W/in®)
(-
e ]
S
S

o

- -60/1 1.2V, " a060i2v, | Fpton
400 180kHz,-Si 0.8-1.8MHzZ, GaN o e e s s s s s s s s e s s e s e
96 96.5 97 97.5 98 98.5 99

Peak efficiency (%0)

[1] DRQ-11.4/88-L48NB-C, murata
[2] Q54SJ108A2, Delta
[3]1 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.
Z = [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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\
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ZJU-Hangzhou Global Scientific and Technological Innovation Center
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Open Frame 48V dc-dc Commercial Products

- 1 ]
I1Vile

}

N
W\

@

A

\\
)
yZ4

)

99

98

97

926

95

Efficiency (%)

24

S22 ! MR Bl

ZJU-Ha gh u Global Scientific and Technological Inn

tion Cent

® : PWM Converter B : Resonant Converter Power Management Innovation Consortium

By topologies

Resonant converter ~

ﬂ VICIC)R’[S]
Amsmm e

. Fixed duty ratio
DCX
Resonant

4 ionverter
|

100 200 300 400 500 600 700 800
Power Density (W/in®)

[1] E48SC12025, 2017, Delta
[2]ORCY-D4T12x, 2017, Belfuse

[3] E54SJ12040, 2017, Delta

[4] IEH48025A120V, 2013, Lambda-TDK
[5] IBOE120T400xx-xx, 2016, VICOR

Single-stage Converter with regulation capability:

» Limited power density

> Limited efficiency (<97%)
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Conventional Resonant DCX Topology for 48V Applications = V]i&,

Power Management Innovation Consortium
Resonant topology working at resonant frequency

—iF il

C, T

T
o
L
]
2007
_fU\._
Phol
—e—

DCX, GaN @ ng} n:1:1 =

N =N
)
<
-_—
N
<
o
=
-
N
=
=
|
|.
N
z
Il

2

=~ 1

oad

Features:

O High efficiency
O High density
3. Only one magnetic device; O Large amount of devices

2. ZCS-off;

48V/12V, 1MHz

)}

S

4. Optimized at fixed frequency.

ZJU-Hangzhou Global Scientific and Technological Innovation Center E 1
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Bidirectional LLC Resonant Tank Vil

\\\\

Sl.l
Vin
@ Center tap rectifier
for LLC half bridge
524 T §RL
-
Lr
SSON__ i S;ON — 00—
Cr=F R, Equivalent
_ P S Bidirectional resonant tank
0 L~ < .
derived from LLC converter
S
. ——>
;;///,':’;-\\‘ N -’9‘)«§+ — 1y N
( A% )2, fn’)‘l‘llill‘mﬂﬁ']EF'lL.\ 92
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Low Power Applications Needs Simple Topology FMIC

Industry robotics | - ;m Innovation Consortium
Bidirectional resonant tank
Telecom exchanger  Bias & driver
. SiON i S OFF
Lo Tin] " ' '
Im<> iic ’m}
A - R,
Sl AN 7, SRR
Unidirectl?;?lgflizgonant tank R ' o
With DC current source ~ ‘see?

93

W. Qin, X.K Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....” IEEE T.P.E. 2016



Two Types of Unidirectional Resonant Tank FPMIC

Type |
Input current source S1 ON |‘ S1 OFF

»
i

LI" Iy,

I;, Yic
Cr=F
[ o3
S]/ <

iLr Lr J S ON =L S OFF V
C) iic I, |
v, T Cr Io
= in ' ll
S C) ; | /
L%é;}\ POSTRY Jaman Qutput Jgﬁzr?t source 0] - \ 7
() === TR o



Derivation of single switch DCX topology with Unidirectional _

Resonant Tank

Type |
Input current source

Lr

70—
I,'n \/ic
Cr= §Re
T SI/ Z
<

Lr

Type ll
Output current source

)

VuC

T
I1Vile

L T Lmé_g é’*r"ﬁ :%RL
) (o) mféﬂhﬁ

" Q) N i}é

Single Switch Forward
I, @ Resonant DCX

1t

.|
M

77
{l ZJU-Hangzhou Global Scientific and Technological Innovation Center
\\\‘D/// W. Qin, XK Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....” [EEE TPEL. 2016
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Operation of ZVZCS Forward DCX

- 1 ]
I1Vile

A
Leakage Vg -
Inducta‘ce o[ _Ton [*  Toff *|
L Lr i ZVS off |
LmZ) % — <R
> C L —
in( ™ o~ l
Qe :: : | N

© Very simple.
© Very good ZVZCS.

© High frequency operation

=)
.\Q}\
)
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Two Operation Mode for the Forward DCX PMIG

Ton Toff
VgA Mode 1 . E Mode 2 S
M
0
| |
Vmos :/\
0 , |
Ver — | %=
Vin | |
0 ! :
I |
| |
iLr l |
0— .
| |
. | |
Mode 2 IDo | /
. I
== © ZVZCS operation P t tjl
(;f” ) 2 F mEmseis How to determine the Ton and Toff? 97
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Relationship between Ton and Toff Fiviio

(1) ZCS (2) Charge balance
Condition of switch during switching cycle ! Vmos
. T — ) ( + —
l( on) O 0 Toff :':
!
Neglecting the I
magnetizing current 0
im0
The equation between Ton and Toff ol " !
sinoTon (coswTon—1) Vere
Toff =— _{ : ) Vin
0 wsinmTon 0 '
|
_ -V . |
Vinos (]—;)ﬁ” ) =0 [mO Vm TO” /2 iLr !/
. =1/ Soft switching is Load independent! iDc : :/
(’//I N L3Y ; BN BRI 8155 1 t, 2 08

ZJU-Hangzhou Global Scientific and Technological Innovation Center

W. Qin, X.K Wu, et_al “A Family of DC Transformer (DCX) Topologies Based on ....” I[EEE T.P.E. 2016



Low Duty Cycle will cause High Current Stress FMIC

' 2 Power M i i
sitnw/lon B (COS o Ton — 1) Case B owe Digfn:ggwtel_}t;l:‘nouauon Consortium

Toff =- o osinoTon - with different Cr
=1/ \ Case A |
I |
[ : AN ¢
: . /21  IT,, X
..... Forgiven Cr,Lr,Lm, Ceand Vin A A
....................... -
Calculate Ton according tov,  (T,) =0 i @ CaseB
2(cos T, —1) Operating curve for }
. 1"=gff
= - Ton and Toff C A
on . o =1/, +L,)C, f ase
o, syl
o D=T /(Ton-I-TOﬁ,)
D and f definition: :
i Ton
— 0 : 3
e s = 1/(Ton + Toff /o
ﬁ;/"’\ 2k mmEms e Ton_min 09
ZJU-Hangzhou Global Scientific and Technological Innovation Center TrI2
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https://ieeexplore.ieee.org/document/9288630/

High Duty Cycle will Lead to High Device Voltage Stress={Vji&,

-~

ON-timer; i,

\
”66‘7‘;
\

Cr

= Ver (:) Vo

OFF-time

Vin C:) — Vmos

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Vmax/ V,,

\/ 2 2 2 .
= + +

4 1-

4

3 ‘w‘{/

2

1_ D=T /(T +T0ﬁ)—
0 . . . .
0.25 0.35 045 0.55 0.65

D
Calculated Voltage Stress
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Measured Waveforms at Different D

- 1 ]
I1Vile

Te

K 7 AT

<

Vgs _pri: 1()V/d1v

: MA‘W‘\\ | |
- IV - e A
. ip: 1A/div \\“4« K
™ : : I Ny
Mb’*\awrvwr I T A

/ ip: I/\/dlv o

i

. e
LR : ) 3 .
£ . I .

v Y.»"ib-‘\ My

@ 1.6MHz

H 250G/1 @ 7
s 1M & 3.20V

100ns

][“w] 7212

@ 200V
@ 5.00v

96H 1905 ——
A 10.0V
1.00A @

T

15:30:31

@ 200V T00ns 250G/ @ 7
W+v1.96880us 1M & 3.20V

@ 5.00v

| ~150 W/in3

15:53:44

:

’ ][;9.6)5]‘ 905

J

Cr=99nF, fs=1.25MHz

Up to 96%
High D, high Vmos, low Irms

Cr=66nF, fs=1.45MHz

&

@sprllOV/le A

=33 nF
Cr: =f=cc nF
== 99 nF

. L S,
i 'ip? 1AMiv \ '";,""A‘IVm:()s:'20\'?/(]1\'\6-9.;‘%'
” . : Ny

patad i R T R AT

]

I T T Y

96F 1905
16:08:23

100ns 2.50G/%/1 @ 7
B+v1.53960us 1M A% 3.20V

@ 200V
@ s.00V

10.0V
1.00A @

/;T—_\\ 0.88 T T T T T T T T T 1

\\

N

&&

8 10

/W

A
I

4 6
Output Power

| imj22 4 wwmmnans Cr=33nF, fs=1.6MHz
wrmssresse=_ow D, low Vmos, high Irms

=

Input 12V
Output 5V/2A
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Limitation of Single Switch Forward DCX

- 1 ]
I1Vile

L Lr iLr A
Lm% = R
iLm [ é ECIDO ? : 0 |
vin(_) Cr == Ver ) Vmos _I I/
M + " 0 I
—n\-ll_l--|E *—-Vmos |
g - I:_.!'!
Cds 0 ~ M : N\\,&_,J!‘wp
Vcer |

@ Advantages:

*ZVZCS operation.

Y Disadvantages:

*High voltage stress (at least 3*Vin)
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Vin
0

S B S

ILr

ip

t1

_M_'R__
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Secondary Clamping of Single Switch DCX FMIG

Power Management Innovation Consortium
O Reduce the voltage stress | Ton ? Toff?

Ve [« ‘
- Ton >41. Ty

Illlllllllll..

<)
<1
(e)

’.llll“llllllll’

v Less Turns

v' Magnetizing energy transfer to load
v Keep ZVZCS
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Frequency (f.) & Duty Cycle (D) EPMIC
Q Given : Lr, Cr, Lm, Ce " Power Management Innovation Consortium
Torf | o
2GS off Toi-Ton CcOnditions—— To b<0.5
o) \ o’
( _ /" ZCS condition
=— — PP 7
ZV/'S conditiprf /
ZVS on 2 s
O" /
B tA A At+At, Lo’ / " Tot=Ton
» Duty cycle and fs: / T..
0 ' >
_ T./2
D=T,/(T,+T,) R T
f.=1/(T +T)) g —
v Simple control and drive . AR
i v ZVZCS v /WWWV"W"\
i : ? 104
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Measured Efficiencies at different input voltages V&

Peak 95.3% 20
0.96 g 18 '_g_*—ﬁ-——‘___‘- , :
. Y ;:i;o 16 == 18V In
0.92 - / § ”
E. 0.9 { / e=f== |8V In :é" 12 -_**ﬁ—ﬂl
088 / == 24V In S .
0.86 / @le= 36V In 8 = 4‘4‘_.‘ .
0.84 — — T T T T T T ¢ 1
0.82 1 127MHZ, D=032 ’ . 6iitput %jsllrren%cfA 2 >
0.8 T T T T T 1
0.5 1.5 2.5 35 4.5 55
Output Current/A
Po: 66Watt @24V Vin
fs: ~1.2MHz
Efficiency : 95.3%
Vin 18~36V
Transformer 2:1:1
%/:2;:'\:\ 1 ° ~ 1 3
B msra T Cr 300nF Power density: ~270W/in 105

y
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Experimental verifications

»>@1.18MHz D=0.4

ek Prevu

X

VOV
: 10V/H%

¥

| v
il Vg_‘SR

il

...........................

. :\erﬁ»mw#ww&mvmtwﬂ

o,
Mag

- f;f,»"’\m;ﬂgl,{.;;‘.‘,‘;,,;.;;..;;f " Quasi-ZVS

e @ 0.0V @ 2. 100ns
@& 5.0V @ .oV v

2.5065/s @ ][ 22 Jul 2016

SM points 5.00 V 16: 16: 44

]

24V Vin, Null load

Tek PreVu

©r

Ao |

:
Ve

. .

;$R:'1O'V/*§ K bl

.................. A ]

86V

< T A
-, .

A P LN LN SR PR v
"\,"v \,.\,,' -.N:v i !

Toc i A

Loy WV, :
: \“*»{ Cr;

"

R ey
,,,,, \j‘l

o | o, S5 SIS SIS S [

9. 10.0V @ 100ns
@ 100V @ 100V 399,

SM points 5.00 V 16:24: 30

2.5065/s ® ][22Jul 2016

)

=
-

,‘
Cam
/

4

N
N

\-/ ZJU-Hangzhou Global Scientific and Technological Innovation Ce
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1 pwmmnass S0V VIN, 10=5.9A

- 1 ]
I1Vile
Power Management Innovation Consortium

Tek Prelu \z W o\ W 4 v a—
WVQ-|*UVI’|‘ﬁ

Vo

e
. Vg_‘SR: '

TV e ea——

i | | | ™Y

£ S :LMN.«‘.wﬁw.m@»w.w»gm/. T I T

9. 10.0V ) 100ns 2.5065/s ® 22 2016
& 5.0V @ 1.0V v SM points S.00V ) 16: 14: 02

24V Vin, full load, 10=5.5A

ZVZCS in full voltage and load

ranges

1 Stress: 2.4*Vin
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Active Clamp Forward DCX using PMOS FMi&

Ves s L T —)
L L, L n:l &V | E >iHT T —
r ; gs_
N — A T L 0 T e E—
M + ) < > + T : | I
M, Vim L, = C,—— | vl ™ .. | 1
. Lm g SRl | TR g T NG L L ZCS off
I - T s = S
Ver v ¥ 0 4 "#JI"‘ I

:“-_ ZVS on for
i+ all switches

i
0 I "i.-i’ ol .
| = IP. "’
0T o L
| L !
0 Leakage energy recycling i /\ | I
| T
| Lo Loy
O Low side drivin Vor fgee———— - '
9 Vim | /1 —
. 0 H
O Simple transformer structure /i \ | /i
1]
| Y o
O Large duty cycle (D>0.5) lt tl t Iy
. 0 1 b 3 Lls
%/’ :‘:ff /g h’i?ﬁﬁ“?‘“’;ﬁ?’ﬁuﬁ@ Ref : W. Qin, X.K Wu, et_al “Active-Clamp ZVZCS Resonant Forward DC Transformer (DCX) With Load-Adaptive ON-Time 1 07

= Control” IEEE TPEL 2018. pp 10490-10500



ON-OFF Relationship (ZVS on)

- 1 ]
I1Vile

Lm volt-second balance

@Vin_max & estimated large D

V T
c—_— o ___41~1/(1-D)
Vin Toﬁ”_ZTd

Given:
Td, Vc_max

V T
In max on
T,=—" + 2T
off V _ V d
¢ _max in _max
=
(;’/’ “N Pt Y 4 BN BRI 8155

I
T (I [
V on | |
gs_Sw0 }Td Td Hl_
| | |
| L Ty I
0o+ ' :
V4
Vgs_Sa : i\ ’:
| I Lo
Iy : I : : I
X - . | 7
03— ———

*Neglect voltage ripple of Vc
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Determine Maximum Duty Cycle using Device Voltage Stressi=[Vii&,

ZCS condition

sino?,, (coswl, —1)°

T, =-
” ® osmnol
ZVS condition
V. -T
In__max on
Tof R — + 2T,
¢ _max In_max
D:Ton / (Ton + Toﬁ” )
f.=1/(T_+T )
(”/ | 22 f mmmser.

S

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

2Td

N

Toff
Slew rate

Z\V/S condition

7CS condition
D=0.5

/ &
or® Duty cycle
higher than 0.5
| Ton
t/® ’

O ZCS off and ZVS on are both load independent
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Key parameters of ACF Prototype

- 1 W1
IViie
Power Management Innovation Consortium
L L, Prototype parameters
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fs: 1.25MHz
D: 53.3%

Efficiency: >96.5%
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Measured waveforms at Fixed Ton, Toff and Td V&
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Adaptive dead time (Td) control to Achieve Full Range ZVS Pi‘v‘ii‘,
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Light load efficiency deteriorate with Fixed Ton FMIC

Full Load--5.5A
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Voltage - Second Can be Reduced for Core Loss Reduction [={V]i&,

2Td

Larger D, less conduction loss

Lm , volt-second balance
v._ T, \

Z == V;n off 2Td
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N

) 2k mnERR e
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Vgs_Sw Ton |

v AR L}’TdToﬁ . _
VGQ ‘i ....... e -ﬁ Vds sw i\i
MOV s N IRY,

 Ton Can be Reduced to Reduce
Transformer Voltage — Second

« Toff will increase that leads to lower
Switching frequency
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Relationship Between Duty Cycle (D) & Frequency(fs)FivVii&

N N

Toff fS

« Core loss decreases.
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Adaptive Ton Control with Different Loads PV
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« Light load point.
« Small duty cycle
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Adaptive Ton Control Strategy Vil
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Duty Cycle Slow Adjustment won’t Affect Voltage Stressi={Vj}| &,
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Adaptive Ton Control Achieving Maximum Efficiency Envelop [=[V]i&,
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Comparison among ZVZCS Forward DCXs FPMI&C

D~0.5
Without clamping Secondary clamping active clamping
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Family of Forward DCX Topologies
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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‘“C

Power Management Innovation Consortium
For higher power level
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Topologies with Resonant Tank | V&

Power Management Innovation Consortium
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Verification with Simulation Vil

Push-pull DCX 22
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Extension II- FPMIC

Integrating method-- ’1?6‘ N
independent resonant Cap.
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Family Topologies of Resonant Tank FMVi&
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Verification with Simulation Vil
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I,

Resonant cell with

Topologies of Resonant DCX with output DC current sourcef={\Vjji&,
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Full bridge

Y.C, Ren,, et_al., “A family of high power density unregulated bus converters”. Trans. on,

Half bridge

Power Electron., 2005.pp. 1045-1054.

Push-pull forward
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Sub-total V&

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.
) )2 mmmm e 130
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Outline of the tutorial ViK%

1. Introduction of power supply architecture of internet datacenter and
popular high density high efficiency applications.

2. Topology for MHz high efficiency 380V-48V/12V power conversion
2.1 Unregulated DC-DC techniques

2.2 EMI design considerations of planar PCB transformer
2.3 Tight regulated 380V-12V conversion

3. MHz high efficiency 48/12V/XV power converters
3.1 Low power DCX converter for intermedia bus application.
3.2 Tight regulated DC-DC converter for 48V-12V in server
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
/(;/ ) Pt i RMBELRR 8 131
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Two-stage Converter FMIS

48V/12V: Power Management Innovation Consortium

Regulate Isolate and Step-down
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Three Types of Tight Regulated DCXs (RDCX) PMIC

& = bk 1.
VinCI'I{ i * =V, I _E},m % * : Cr Ly * Vo

MHz :
" 7 Cr L = Rectifier
MHz Rectifier "Vin ' + u ; Resonant
Resonant u MHz C u
= Rectifier —_ s V. \= Inverter
Inverter - Resonan t —_T V o a in .4
1 | |

[ ] ] + +
- Voltag + = + = Voltage
v. | & I Voltag + . \% <> s
i @ e Vs : v Dl : < purce

_—:‘ (Sigma Converter

source 3 : T :ource - . I ¢ CPES
Two-port network : Two-port network : rom )
e e f
+ ¥ : 13
——- — M + n
Oln| BRI B Dacld b Lol @ (4
MHz . : Cr L _ o : Vin Cr L,
Resonan t Rectifier . MHz Rectifier . MHz Rectifier +
L Inverter [~ | . C"‘) Resonan t . Resonant p— Vo
= - Vi“ - Inverter - = | Inverter -
+ . r . —|
V, Itage sour V. + + - + Voltag /] +
< | 1 Ve <>'tage Source] V7, = Two-port network Vx | e Ve
=L a — source

. 2. AC Parallel /DC in series 3. DC parallel /DC in series
7 ;‘fﬁj«'a“gﬁfmgﬁmu%a\ 133




RDCX --- DC In Series AC In Parallel PTv‘iiC
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e

Steady State Voltage Gain RDCX with Primary in Series ML,

P:S:S,=N:1:-M

Iy - P S L,
Le o H + Voltage Relationship:
<+ Vdcx 'lﬁ} ii C= =R VO
Vi - ¢ i 1 ™3- v _VutVe
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V+— PWM J_+ * ° ii A~ Yo
T | b2p | T* i
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Gain of D2D: Vv, M-V
. V. 1
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Transformer Design: N, M
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Relationship between M and D2D
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48V/12V-30A RDCX Prototype FPFMIC

P:S:S,=5:1:2 Prototype:
A o : 4
' ife SR
.3 gé_c T RLT v,
UL Sl I
v

=V, 450W/in3
T_ Size: 45.0%34.5*8.5mm3
Driver |« Isolater |« PI |« Based on 5*6mm?2 Si MOSFETs
Parameters:
Vin 42V~60V, 55V
Vo 12V
Pout 360W
/’/;,?;“-\:\ o fs 1MHz
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ZVS Waveforms at Different V,, or Load
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Dynamic and Startup Performance FMIC
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Measured Efficiency— RDCX
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Sub-total FMIC

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.

/fl/ I E2T MBI L 141

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Outline of the tutorial ViK%

1. Introduction of power supply architecture of internet datacenter
and popular high density high efficiency applications.

2. Topology for MHz high efficiency 380V-48V/12V power conversion
2.1 Unregulated DC-DC techniques

2.2 EMI design considerations of planar PCB transformer

2.3 Tight regulated 380V-12V conversion
3. MHz high efficiency 48/12V/XV power converters

3.1 Low power DCX converter for intermedia bus application.
3.2 Tight regulated DC-DC converter for 48V-12V applications
3.3 High Density Transformer Design for 48V MHz DC-DC converter

4. Conclusions
/{-;/ ) Pt i RMBELRR 8 142
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Relationship between height and length of Planar Transformer = [\Vji&,

O 48V/12V isolated DCX converter

Turns ratio 4 1:1

Side view of the transformer
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Limitation of Planar Transformer’s Power Density V&

Given: Vo=12V , Ns=1 Turn
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— V /2
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2p
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R4 - DC resistance for one turn of the winding
/%/";;._\:\ . p - Re§|st|V|ty of the copper
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Wey le—0l Wleg = dc¢ore

Winding in PCB
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3D PCB Transformer FMi&

A}i

Winding Rebuild Core

90 ° turn around

Concept derivation of 3D PCB winding
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Implementation of 3D PCB transformer FMIG

Power Management Innovation Consortium
Multilayer PCB ’ ' |
winding

Cross Section

f Components | W wmm wm Integrated winding +
ool SMT devices
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Construction of 3D-PCB Winding Vil

> Explosion diagram of the proposed transformer

3-D PCB winding transforme

The space of the whole converter

is used efficiently




Design of the 3D PCB windings FPMIC

> 48V/12V Series resonant converter

4:1:1

components

C
A i
—

B_side3

P - The primary windings
S1&S2 - The secondary windings

S m=

— H
P

=N PCB layers
/ “) —}! BRSO B_side3

L4 - 148
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Winding arrangements FMIC

» Optimizing the winding arrangement

B Fs=1.6MHz
Edging Windings Windings

. S2 I <2
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Determination of the Core Height EMIC

B Fs=1.6MHz, Ae=30mm?
| pcB | [ ]
Ae

Required surface
area for components
amount, leads to
maximum D g,

Larger D.q,e
. Less W,
Core

Cross section

15000
: - : Define Ae=30mm’ @1.6MHz
Same ac resistance coefficient = Fixed Ry, efine Ae=30mm" @
VTr’(dcore' Rdc = ME 10000 E
= -
Y - , £ :
(4G+42—+(8G+8 —— + 80y + 40 A (Doore + Opoard = =
Core Clore S 5000 \ :
2p \ Rdc=2inQ
a' = s
dcu'Rd ¢ \H: .
Rdc - DC resistance for one turn of the winding E
- deore - thickness of the copper 0 .
/%,,.7;‘-.\:\\ . dyoarg - thickness of the PCB 1 2 3 4 5 6
fr” ) 2 F pwansa deore(mm) : 150
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Design of the proposed transformer FPMIC

H=2h+a I H'=h+2a
15000
Define Ae=30mm?’, Rdc=2mQ
VTr(dcore! Rdc P
) 2 = 10000
=4 Mg dgore + dz— + Ne (deore + dpoara £ _ Conventional
core T H=8mm Version
VTr,(dmre, Rdc — E A /
2 e = 5000 Proposed
(40l +4 —+(8a +8 — + 80 thore + 402 (Cre *+ Cocara Yersion g
core core ]
H’=7mm
N 012 3 4 5 6
/%/,‘2-\:; dcore(mm)
f;/ 24 F pnEms et 151

\



Prototype parameters and Specifications FMIiY

» Main circuit > Photo of the prototype
4:1:1 ‘
= >5Ry
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Prototype and Primary Key Waveforms FMIC

> Main circuit

4:1:1 ‘
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'm| € €] Vin 8Y
{EE T
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- 84 =, E
Yo il o 25A §
g::; f, 1.6MHz
s v

»Key parameters

20Vidivy

4{/«’;‘ RPSY T CETER T 153

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



Efficiency and power density FMi&

48V, 12V,
98 Peak: 97.3% @10A P @300W
<
~ 1380W/in3
.96 . i . .
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48V-12V DCX Prototype
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Sub-total MG

O A 3-D PCB winding transformer is proposed for high density dcx converter
O The devices can be surface mounted on the PCB winding

O The manufacturing process should be further investigated
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Conclusions
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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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