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Case 1: High Frequency Transformer
for Server Power Supply

Case 2: MHz Cellular Transformer
for Energy Storage System



Power Demand of Data Center

» Trend of increasing computing power (EFlops)[1]

EFlops

600007

50000

400001

300004

200004

10000

Lo mon SN
2019 2020 2021

309 429 615

2020-2023
CAGR=50.4%

56000

2025-2030
CAGR=76.2%

"2030E

¥ Data center

NPEISER
[2]Gartner
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> Predicted Power Demand of Al Data Center[2]

A

600 1.5 times 500
XL
= 401
g 335
g 300 261
a 195
g
2 74
[«
0 >
2022 2023 2024 2025 2026E 2027E (year)

> By 2027, the electricity demand for Al
servers will reach 500x 108 KWh/year

» High efficiency

= Half Year power generation power
generation of the Three Gorges Dam

(REIEHERERSREY (2022) )
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Increased Power Demand for Server Power Supply Unit (PSU)

> Server rack Power supply architecture Power demand requirements:

Server Rack

Power Supply Unit
(PSU)
AC
oT PFC - DC/DC
HVDC

2024 year

» Higher power density for Server PSU
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The Peak Efficiency of Commercial PSUs need Improving

efficiency requirements » Commercial Server PSU:
99
- Prediction & Target:~98.0%
32 ocPvi o B -7 T T T
= @2022 5 e, Zovee & Ny @,
: ocevz 5 ST
o @2016 = : ) P @ Navitas
S w97 Qg “230Vac/54V
E % 277Vacl53V
1] g_’ @bel
Infineon O;FUSION
96 & L
0 20 40 60 80 100 0 50 100 150 200
Load(%) Density (W/in3)
> 98% efficiency for the future PSU @ PSU efficiency need improving




L. . N1 V1 o
DC/DC Stage Efficiency needs Further Improving FIVile,
Innovation Consortium
AC O Interleaved TP PFC O Half Bridge LL.C
PFC -DC/DC 48V =
AC L S1+ S3_*_ Ssdﬁ. o
Ls1 ' " Sl Sz
vin @) i = C. Vie = g =V,
ACN S2.H SiH So s, WS,
O PFC Efficiency _ Llti-Level PFC:
© Navit C@fineon 2o v on e O DC/DC Efficiency
avitas - 1 W ] )
P00 Two Phase Cri T PFC; . Hhree Pitese Cil TP PFC; 100.0
~99.5% Peak eff. : 99.4%
R oo Peakelidh
~ 990 %8.9% 98.8% Target:~99.0% ' 4
§ ) —— —0 :\;99_0 ___g_.__._o_ __________________ —_——
2 3 98.5%¢
i g
" 90 E w
97.7% “"98.0
97.0%
e 10 40 70 100 97.0
10 40 70 100

Out Power (%
ut Power (%) Out Power (%)

[1] https://www.infineon.com/cms/en/product/promopages/AI-PSU/; 6



The State-of-the-art Academic LLC Efficiency reaches 99%

Peak eff.: ~98.5% Peak eff.: ~98.7%

1.0%
0.85%
0.8%

0.6%

04%

Loss Proportion (%)

0.2%

0.0%

Semi-Cond

Trans.-Lr

Loss Breakdown @ 1500W

Peak eff.: ~99.1%

‘N AR a1
A | |

Power Management
Innovation Consortium
0 The academic DC/DC:
2000
B 400V/48V Regulated
A 400V/48V Fixed CPES, EEGaN
~300kHz (2024)
~.1500 - u
2 e
c [ |
= . CPES, BEGaN
< =), EFEGaN 500kHz (2023)
~1000 1MHz (2021) A
>
=
2 . |
GCJ CPES, 5/EGaN
O 500 ~1MHz (2021) %
- e
* CPES, BESiC
= 500kHz (2021)
0 ~500kHz
93 94 95 96 97 98 99 100
Peak Efficiency (%)

» Minimum magnetizing current;
» Without resonant inductor;

[3] A. Nabih, F. Jin and Q. Li, "Efficient Integrated Transformer—Inductor With High PCB Ultilization and Optimized Core," in IEEE TIE,2024
[4] R. Gadelrab, A. Nabih, F. C. Lee and Q. Li, "LLC Resonant Converter with 99% Efficiency for Data Center Server," APEC 2021
[5] R. Gadelrab and F. C. Lee, "PCB-Based Magnetic Integration and Design Optimization for Three-Phase LLC," in IEEE TPE 2023



Series resonant Converter (SRC) is suitable for DCX

Power Management
Innovation Consortium

> Key Waveform of SRC

T I Ves 010445154 |
— |=-

0 IZVS on : }t

»Series Resonant Converter (SRC) N Vos o2 : |
' |

. 0—T ) L >t

' || Small t
| malt curren
|

¢ Perfect soft switch characteristics
¢ Small switching losses at MHz




Device Conduction Loss Model in DCX Circuit

> Key Waveform

Vas 010445154

'

Vos 02
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> Pri Device Conduction Loss

2 T
( i,(t) = I,sin (T—t - 0,,) to<t<to+ ?r (D) Resonant current: Sinusoidal wave

2 CotrVin

Ly(to) =1psin(0p) = Ippms =—,— (2) Dead time: I, =1,
Pols _ (i (Pe— 0 )at (3
> —ft OpsmT_rt_" t (3)

0

2 COtT'VO

tq

_ . 2 2 __ ZCM,-V,-n 2 nPaTs 2 _ . L
\. I, =/(I,sin6,)% + (Ipcos6,)?= o) @ 0, =arcsin—;
olr p

=)

Xinke Wu. Hongbo Shi. “High Efficiency High Density 1 MHz 380-12 V DCX With Low FoM Devices” IEEE TIE 2020. pp1648-1656 9



i e Selects - DPMIC
Primary Device Selection according to Loss Model for Server DC/DC

Power Management
Innovation Consortium
»Series Resonant Converter (SRC)
¢ 0 0 > Primary Device Loss @half Load 2000W
1
1
81 . A WALy
4h 42 '|E Sl 1 S3 Ppri. = tlzi—Ts_Rdson_p + deson_p
1
Vin = Lng ; g =V H — 650V Si
C, 0.8 —— 650V GaN
0| o, g5, 193
EI_T i =06
@
®
904
DCX Parameters
Input Voltage 432V 0.2
Output Voltage 48V | fs=500kHz td=80ns
L
Output Power 4.5 kW 0 12mQ 20 40 60 80 Rds_on(mR)
fs 500kHz
Turn Ratio: Np:Ns=9:1 Two 25m(2 GaN parallel
~12.5mQ2

[1] X. Wu and H. Shi, "High Efficiency High Density 1 MHz 380-12 V DCX With Low FoM Devices," in IEEE Transactions on Industrial Electronics, vol. 67, no. 2, pp. 1648-1656, Feb. 2020.; 1 0



Sec. Device Selection according to Loss Model for 4.5kW Server DC/DC

»Series Resonant Converter (SRC)

n.l-l S, 14

14 S,

Q1 Q3 j_
1 1 i
7\ IU\
I/m == Lma %
G,
0| ot S
LI
[
A Vas 01045154 l‘dl
— Ie
0= | ’t
A | I

|
|
: Vbs sz : /I_ X
|
; |
|
|

Psec _

4V3T,C2,
ths

T POTS
Rdson_s + 4-V2T,. Rdsons

fZN\TM=an a1
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> Sec Device Loss @half Load

Loss(%)

A
0.8
0.6 /
0.4 //
0.2 /0$S,%‘
/ |
1 0.3mQ .
0 0.2 0.4 0.6 0.8 1.0

2.2mQ

Ron_parallel(mR)

mwunawuaaﬁ |
8 devices parallel
~0.28mg

11



Transformer design for 4.5kW server DC/DC

»Series Resonant Converter (SRC)

Q] Q3
]
BT BT

Vio T C £n3 % T" H

> Estimation of winding loss:

D(r,w) =

41?2 4+ 2ar + AWr

ko= 1.5[1]

P, = kac [RpDC(rr W) ’ izz)rms + RsDC(rr W) ’ i.%rms]

> Estimation of Core loss:

Peore = Py - Ve (r, W)

W (mm)

15

10

[1]Mingkai Mu. Fred C. Lee. “Design and Optimization of a 380—12 V High-Frequency, High-Current LLC Converter With GaN

Devices and Planar Matrix Transformers” IEEE JESTPE.2016.2586964

[2] Tianji Liu, Xinke Wu. High-Efficiency High-Density Multi-Module RDCX with Input-Series-Output-Parallel

Connection.2022 PMIC Winter Seminar, Hangzhou,2022.;

Transformer Loss Model:

P, ... = Pw+ Pcore
H=D+W+r1r)-2<32mm
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@ Half Load (2250W)

™~

45

40
7 \ .
\ Trans. Loss
Ho ™35

7

/

71— 7
\ T~
30 Y532 35
9\ 8\
[:0\ 9 \
1 ol
12 110\\\ 10\
\1 ; I\ \‘
™20 3 12——
4 5 6 7
r (mm)
r=4.8 W=7  ~0.4% loss @half load



Efficiency of DCX Ver.1 is below 99%

»> Topology with parallel device

STt &

8 rectifiers parallel

Ver.1 Prototype : DCX with parallel GaN:

» Efficiency test:

99.5

Ver.1

98

973 500 1000 1500 2000 2500 3000 3500 4000 4500
Po(W)

> Efficiency mismatch @half load
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Winding Loss Mismatch Leads to Efficiency Mismatch

> Transform model in ANSYS EM

> Loss Breakdown of DCX

i o }
. : 0.65% E B Estimated
0.6% i ! B experiment
1
| |
| |
| | . . —
0.4% i . k,-indesign =1.5
! 0.260 ::; Actually k,. = 3.8
| |
|
0.2% E i° 14%
1
I EII 0.03%
0.0% : ! -
S I @

winding loss: ~13W » Device loss matches design value

» Kac mismatches with deign

14
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NFoM = R 5o, * Cptrr ¢ LOW R

dson

leads to Large C .

650V GaN Loss

A A
1 =
B NFoM parameter of device 1000
120k !
% i
: 80k |
g 1
: :
% 40k |
~ 1
= |
0 T
600V 600V 60V 60V

Si GaN Si GaN

Rds_on(mR)

11 600V-Si IPB60RxxxC7 Series
2] 600V-GaN GS665xxx Series
3]1100V---Si  BSCxxxN10LSS Series
4]100V-- GaN EPCxxxx

————

[1]1. J. Kim et al., “New power device figure of merit for high-frequency applications,” in Proc. IEEE Int. Symp. Power Semicond. Devices ICS, 1995, pp. 309-314. 1 5



Large C .. need Large Magnetizing Current to Achieve Soft Switching

‘N AR a1
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» Soft switching of SRC during dead time (td)

T ol = Vs 0104&S154 |

! ZVS on . .
0 - | < » Magnetizing Current
;\ | | /
Vbs 02 1\l |
A I 8
I
0 || » L
<
| ~ 4
=
2 @500kHz
L, . td=100ns>
S S
1 ’ v (‘) 0 200 400 600 800 1000
v, i
+” = Cotr (pF)
SRR 2%Con
_ 2Vincotr
I Lm — t
d

[1]1. J. Kim et al., “New power device figure of merit for high-frequency applications,” in Proc. IEEE Int. Symp. Power Semicond. Devices ICS, 1995, pp. 309-314. 1 6



H-field Enhances As I, ,, Increases

» H-field Distribution
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Assume:
Ignore horizontal H-field

b/2

H [A/m]

10000.0000
. 9036.1445
| 8433.7344
7831.3247
7228.9155

6626.5059
6024.0962

. 54216865
H 4§19.2769
[ 22168672

3614.4578
3012.0481
2409.6384

18072289
I 1204.8192
602.4096

0.0000
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Obtain Loss Model of Combined Winding and Device

» Kkac is a Function of Parasitic Capacitance Cotr > Loss model @2000W S00kHz td=100ns
\ . 4 —— Device & Winding Loss
— Device Loss
3 —— Winding Loss
Kac 2
1
: : : or 0.23%
0 1n 20 30 40 50 0.1 1Previous} ) Optimized .
Coﬂ'(pF) 10 “12mQ 20 "25m§8 40 Rds_on(mR)

900 450 300 225

One 25mQ device is enough

18



Efficiency comparison between two version
> Prototype Ver.1

> [Efficiency test
99.5

—— Ver1
— Ver2

99

Total Loss reduced 18% !

98

97.5
500 1000 1500 2000 2500 3000 3500

Po(W)

4000 4500
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> Prototype Ver.2

> Loss Breakdown @2000W

Loss Proportion (%)

0.65%
o B Ver1
0.6% Winding Loss Bl Ver.2
reduced by 46%
0.4% 0.35%
0.23%
0.2% 013% 015% 0.14%
0.0%
)
«\ cv ~o&° Q~’°
< < & <&
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Case 1: High Frequency Transformer
for Server Power Supply

Case 2: MHz Cellular Transformer
for Energy Storage System

20



Efficiency at Full Load is Concerned for Energy Storage System

Battery Energy Storage System

Converter

48V

LFP Battery

—— |13 A

Load

Grid

LFP Battery Charging/Discharging

A A

4.0 2.0
=~ 3.6 =
S g
% 1.0 E
> 3.2 Heavy Load e

5

2.8 0

0% 50% 100%

Capacity

98%

97%

T
5
S
m

96%

Efficiency @Full Load

3-6kW 96%

95%

[1] D. Chou et al., “An Interleaved 6-Level GaN

42~59V/230Vac 4 cooowe  DCDC+DCAC
5kW 96.3% | e 3KW 96.5%

42~59V/230Vac

‘N AR a1
A | |
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Target: >98%

*

PMIC

) 0~60V/220Vac
3kW 97%
Berkeley (1t Gen. 2023)

40~60V/230Vac
3-6kW 95.5%

100 150 200
Power Density (W/in3)

...," 2021 IEEE APEC, pp. 1203-1208

[2] C. Wang et al, "Resonant Push-Pull ...," IEEE TIE, vol. 68, no. 2, pp. 1178-1187 21



State-of-the-art for Isolated Bidirectional Converter ¥ PI‘V‘“C

Power M t
98% innovation Consortium
I \
+
Low-voltage side vV
40~60V g ' bus rid side
LFP Battery , | o
4 High-voltage
| side ~400V
A Regulated DC-DC (isolated) ADC-AC Expected Eff, 99.5%
99% FomCinfieon I rom. <@
g —rFr -y r r rrr r T rr -EXP-eEt-eg -Ef_f-g-8-5:/o- g 99% 383\91(:‘;/;2;3(\),\:;;"::§W TEXAS " \ 2
o o FCML g 400Vdc-240Vac 2.5kW
- -l 99% 500W/in?
= 98% @ coonPHE \‘V) AL 5 450Vdc-240V : 3kW Wi
o, C- ac -
3 %% crowry g 7 s vz 4
> — 40;3\?;/7433V > 989 With Cap.: 0.5uF/W
g 97%| ~97.5% 100kHz 3 ° g 0
2 : 2
0O ~ 400V-50V 9
b 3kW 97.5% =
L 96% Unidirectional 1]
& Unregulated 450Vdc-240Vac 2kW
- 97% 97.5% 240W/in® -
0 300 600 900 1200 1500 0 150 300 450 600
Power Density (W/in3) Power Density (W/in3)
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Low-NFoM Devices Result in Lower Device Conduction Loss IViie
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— 120k
R

S H

o« 80k
E
\—/
= 40k
<

[ [——
2 0 [1]600V-Si IPB60RxxxC7 Series
600V 600V 60V 60V [2] 600V-GaN GS665xxx Series

. . [3160V---Si  BSCxxxNO6LS5 Series
Si GaN Si GaN  [J6ov_cGan EPCxxxx

» Conduction Loss

10.0%

NFoM = Rj5on * Cotr 0 1.0%
72
3
4V3T, NFoM* 1 2 P5T
Poon = —2 + ——Rjson s 0.1%
ths Rgson_s 4VoT, -

@1MHz 60ns

:> Peonmin _ 2TNFoM 0.0%
P, tq 0.1 1 10 100
Ryson iN Series (mQ)

Xinke Wu. Hongbo Shi. “High Efficiency High Density 1 MHz 380-12 V DCX With Low FoM Devices” IEEE TIE 2020. pp1648-1656 23
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Cellular Circuit with Low-Voltage and Low-NFoM Devices

» Device in Series » Cellular Topology

o 5P

i

600V -

N=1 300V
N-=

N=4
» Equivalent NFoM

otr

s i)

. NFoM =R son -

Xinke Wu. Hongbo Shi. “High Efficiency High Density 1 MHz 380-12 V DCX With Low FoM Devices” IEEE TIE 2020. pp1648-1656
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80V Device is selected due to low Conduction Loss

» DCX Part V, =48V Fs=1MHz Td=60ns

LV Conduction Loss
. @1MHz 60ns 10.0%
AL
;] Jm > g
J:Jli J':,J | 3 0.1%
>  0.0%

0.1 1 10

Rdson eq (mQ)

HV-Side

LV-Side

Power Management
Innovation Consortium

HV Conduction Loss

7 @1MHz 60ns
6s,
0
So l/G
VG W
L
>
0.1 1 10 100

Ryson iN Series (mQ)
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k.. is a Function of C_,,

» 1MHz Transformer design

Bmax = 70mT J=25Arms/mm?2
D

R =3.1mm
W =10mm
A=12mm

D=1.7mm

> 3-D FEA model

Power Management
Innovation Consortium

» Kk, from 3D FEA in ANSYS EM

10 : ,

(by given transformer)
(S
©
=

—
. Rds_on(mQ)
0 10 20 30 40 50 60
Cotr(pF)
300 150 100 75 60 50

C,i of Device Used As Variable
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Prototype Construction based on Combined Loss Model ‘) Miw
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n
7]
O 2.0%
ke
T
T 1.5%
+
n
7]
@)
:ID 1.0% — Ver.1 Si
c = \/er.2 GaN
© @1MHz 60ns Vin=48V
= 0.5% P0=3000W
. 0
3 1 10 100

Rds_on(mQ)

(1MHz&1kW/in3 with 80V GaN in 2024)
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Comparison between Two Versions of Prototype

» Two Versions of Prototype » DCX Efficiency
99% Ver.2
o
(1)
c 8% Ver.1
2
2
[
I 97%
@Vin=48V
96%
0%  20%  40%  60%  80%  100%
Load Ratio
Ver.2 .
9% /\2~ 99% Ver.2
Ver. _—
> 0q0 >
o 98% 2 98%
()
& 97% e 97%
L . = .
@Vin=40V @Vin=60V
96% 96%
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

(1MHz&1kW/in3 with 80V GaN in 2024) Load Ratio Load Ratio 28



Conclusions s 7 PMIC
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AR EERACFREREE - HFRA R

EIREERA

®m  IGI60F1414A1L (HD-GIT)
H (asml — — — —ISOP with in phase control ‘ 1.6
= —— @2nd, FQ HS —=—@2nd, FQ SS
. 358 1S0P with combined control |—s— @2nd, TQ HS —— @2nd, TQ ss‘
2 1.5
: < 2 -
S4B Sy LY s infineon 140mQ
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| \\ -
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= | 8 TQ'ss
" E 12
d . 5 FQss
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.
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DCX Cannot Be Directly Applied to the DC/DC in Server PSU

DCX:

o

dode

L, n:1

-~

\EIQz

0,

Ln3

I_
C,

N> 1 V1 o
IiVile
innovation Consortium

400/48V PSU:
PSU
AC 48V
AC/DC —e—— DC/DC
bus

................................................ Vbusripple
""f """"""""""""""""""""""""" Vbusavg
Vott
¢ :
0 t- > t
0
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Operation Principle of Regulated DCX (RDCX)

RDCX for 2"d-stage DC/DC: Operation principle:

. EEp
Vdcx
N s

Vin

Hold-up Time

+ +
Ve P D2D v,,+

» High-frequency high-efficiency DCX;
> Very low P, @normal operation;
> Simple control strategy

[6] T. Liu, X. Wuand S. Yang, "1 MHz 48-12 V Regulated DCX With Single Transformer," in IEEE Journal
of Emerging and Selected Topics in Power Electronics, vol. 9, no. 1, pp. 38-47, Feb. 2021, 36
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Device Selection Using Combined Conduction Loss Model 9 van:!g!m‘,'

HV Combined Conduction Loss

Cotr eq (pF)

~
L_

—L
I_

C M B u Device EPC2218

1.0% 650V Ga » Cellular RDCX Topology
§ OV Si J -1 DCX i o
- 80V GaN Vin | % { J.E[Tl =
J J ; ; Power 3kW
@1MHz 60ns Vs Vin 40~60V
0.1% P % 330-420V
100 1000 10000 ]i 153 153 Core DMRSIW

J-JI R

I_

LV Combined Conduction Loss

10% g, § i J
R I i J%ﬁp
‘9’1’ —h Ve
| - Projected Efficiency :
" E; : { i I!! ‘ 98.8%
- @1MHz 60ns Jr I @Vin=48V (DCX part)

1000 10000 100000 Cellular RDCX
Cotr eq (pF)

Loss
=
o
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