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Industry-University collaboration
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Achievement and Honors

Grand Prize, US$10,000

I» 2013 International Future Energy Challenge (IEEE IFEC) — Columbus, Ohio

High Efficiency Solar Micro Inverter
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Achievement and Honors

Grand Prize, US$10,000

B 2015 International Future Energy Challenge (IEEE IFEC) — Dearborn, Michigan
WPT Charging System
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Achievement and Honors

Google granted US$30,000

Primary Academic Institution

Principal Investigator

University of Colorado Boulder

National Taiwan University of Science and Technology

Universidad Politécnica de Madrid

Khurram K. Afridi

José A. Cobos

Texas A&M University

Prasad Enjeti

ETH Zdrich

Johann W. Kolar

University of Bristol

Neville McNeill

Case Western Reserve University

Timothy Peshek

University of Illinois Urbana-Champaign

Robert Pilawa-Podgurski

University of Stuttgart

Jorg Roth-Stielow

Queensland University of Technology

Geoff Walker
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Achievement and Honors
Empower a Billion Lives (EBL) US$4,000

Pacific Asia Regional Award
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B Core technologies

GaN based server power supply
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B Core technologies

PWM signal

GaN based server power module
high power density/ low profile

Circuit parameters

Input/ output 380V/12V
voltages

Rated power 800W

Switching freq. 1MHz
Primary GS66508T
switches
SEELG L) BSCO500NSi

switches

Core material ML91S

Transformer 16:1

Turns ratio

Converter size 6.5cm x 3.2cm x 0.7cm

Sec. driver

Neg. voltage generator

Pri. device

Pri. driver

Sec. device

Sec. device
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B Core technologies

Primary GaN devices Secondary drivers
GaN based 48V power module Y e
_Nordu Xue o )
PodT
Input voltage 48 V
Eﬁ] P
Output voltage 6V } o
o vy Quarter-turn
G
Output current 190 A 3 transformer
s
o
Rate power 1100W
Efficiency 98%

Power density 70 W/cm?3

Resonant capacitors

PWM signal and isolators Secondary GaN devices




B Core technologies

CLLC Resonant Converter

400 VDC A . : : 66 VDr‘\: 35"’50 VDC |°
© ! ' =
v —LC- ' Primary Secondary| | _L Multiphase SR c v
" . wope || Side Side i /[z\owp Buck/Boost /F&p‘;‘“ o“
7 i 7 7 7
12 Ver
Isolated * Isolated =
Auxiliary |12 Vo ! 12V;] I I Auxiliary an
Power i- Power
Se828A8 | | Lmsu1s | | voltage| | Lmis113 Voltage | |current| | (Fiyback+
Gate Driver Gate Driver Sensor | |Gate Driver Sensor | | Sensor Flybuck)
savee 11 T i O
Isolated TMS320F28069 )
Voltage , Controller . 3.3 Vic
"| Sensor 7
A A A
RXD RXD
TXD= TXD
VCC, | Bluetooth | vCC | UART To USB
GN GND

GaN based bidirectional power module

ST L




B Core technologies

Maximum load 2 kW
Input voltage 450V DC, 10 Q resistor
Output voltage 240V AC
Output frequency 60 Hz
Power factor of load 1 (Resistive load)

Ripple decoupler

switching frequency AUV

Inverter switching frequency 200~500 kHz

GaN based hlgh power den5|ty PV inverter

Volume : 22.055 in3
Dimensions : 5.985 inch x 3.685 inch x 1.000 inch
Power density: 90.682 W/ in3



B Core technologies

Lpanve Rpamp
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High power density GaN based adaptor

Value
110 Vac

Item
Vin

UCC24612 VDD

SWS HVG RUN
VO 19 VdC 23; RUN 2 Vin  Vsw Raiast
P 45W o o JEEan
,,,,, T alf Bridge
° (GaN) (Si);"k SET Hecsere PWML R FET+Dri?Ier L, Corr Rorr
oo | REF voD2
1 . VDD . Ruor
TU rns I'atIO 12 .2 Roue B NTC VS GND s l 'VV\/I oD }%1 Rensz g
—_ Cuvopz
FS 5 18kHZ | 7EREF —— Cvoot P Opto ¢
:f Raure c F{ Reeo, L . Reen . Rcowr coupler } }—’V\/\/
Core ERI25 » | 2| e s tor o
Qcowp n
— v | el :
EfflClency 93% '_f\(;\sz/\l_‘ Rust . iDm F RUN ATL431 ?sz
A
~

\|f~

Vout (V)

Iout (A)

Pout (%)

Efficiency (%)

19.065

0.5945

25

9140

19.064

1.1799

50

92.57

19.063

1.7644

75

93.77

19.063

2.3647

100

94.18

-

Miniaturization
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B Core technologies

icrogrid GRID . . e .
T C’}i“ﬂd"g;;:’m N 5 "oc aus SiC based bidirectional power module
DC-DC Converter ﬂ Ac/oc Controlled
——— = Rectifier DC/DC
— 1 B N AT wn O Switching frequency > 300kHz
= = T Grid - -
fu I I vt O High power density
I: Filter ) J_ = -
Phase A Phase B = o o
: ST T 15 _ T O R_obl_Jst apd simple control _
.. i O Bi-directional power conversion
i_ ) : o EnzrgT::::es —
- {:]LE {i]L + . or Storage —
I r I
| | ‘ DC Feeder = T

Modular Smart Transformer Architecture Application  wind Turbine in a Grid-Connected DC Microgrid

98.38% 98.32%

D, D D D, 98.50% 98.17% ° b 98.20%
Quh 7 Qs Qs —e
-k cosle—s'F% Coss | T 81 Tews A 1 Teow 98.00%

r n:
A A0AS C
s . o 97.34%
Vin C) — Ci %Lma Lm% H< Cout::RgVout 97.50%
I L -

o o D, ,JBS 97.00%

QEIEE QﬂEE 0 Qalfs Q_I':E
Cossz Coss4 Cosse - CossB 9 6 . 5 0%

3.7kW 7.22kW 10.84kW 14.45kW 18.02kW
14




Core technologies

m

High Efficiency High Power

Industry's highest level of '
efficiency charging, ove!
90% efficiencys &

WThe 20~12kW electric wireless
‘¢ 1g device developed can meet
Rarging needs of electric vehicles,

£ Smart charging system

Miniaturization
Small modular design is Smart charging system support the
easier to retrofit on existing different types of batteries.

AGV systems




B Core technologies

High Power - Wide range of output power

The L00W~20kW wireless charging system has been developed and can be applied to the charging needs of
unmanned aircraft, electric bicycles, electric motors, unmanned vehicles, AGV, electric vehicles, etc.

» Battery Range: 5V ~ 48V » Battery Range: ~ 96V > Battery Range: ~ 400V
» Power Range: 100W~3kW » Power Range: 1kW~6kW > Power Range: 8kW~20kW
» Application: Drone, AGV, robot... » Application: Electric Stacker, electric > Application: electric vehicle, electric bus...

bicycle, electric motorcycle....

3.7kW - 7.4kW - 11kW - 22kW
o Wireless electric vehicle charging technology

o Power supply ° Vehicle pad
a Base pad ° On board controller » 1 1G-BIT.COM
o Wireless power & data transfer Q Battery ,,',4

Electric Stacker




Core technologies

High Efficiency - Industry's highest level of efficient charging

The Efficiency of Low-Profile IPT Module The Efficiency of High-Power IPT Module

e

90% Efficiency for The Low-Profile Modules
@5cm coil gap

95% Efficiency for High-Power Modules
@25cm coil gap

250.00 500.00 700.00 950,00 1100.00 1300.00 1500.00 2k 4k bk 8k 11k







. Wireless charger for E-bike

Non-contact charging — Ensure safety

IP67 design — No leakage risk

No need to plug, stop and charge

Wireless charger — Extend the route range

Solar charging — To solve the outdoor power problem

Solar Panel Installed in the station’s
roof as the renewable energy source
for E-Bike charger

VVVVY

Wireless Charger is Utilized to
charge the E-bike battery during
the docking-mode



. Wireless charger for AGV/ UV light robot

PM BUS @
AGV MCU Q_l

UART/CANbus
Universal
AC Input D e [Xe7.1074
Converter ) ( Battery
o—
\ J A\ A

Y Y
defined as the AGV stop position

devices installed on the AGV
Receiver Side

Transmitter Side

120
'R
&
’_/1/20‘ |

V4.0 RX-Module (Coil + Converter)
Total Size: 180 x 120 x 50 (without connector)

214 x 120 x 50 (include connector)
Mechanical Parts: 4 Parts —®
Cooling System: Inner-Heatsink, DC-Fan
Power Rating: 1kW




. Bidirectional WPT system for V2G application

m Conductive EV Charging

f)

m Wireless EV Charging

EMI Filter

EMI Filter

Transformer

High-Frequency Off-Board ' On-Board

—

DC

+
—

Output Filter

L !

: High-Voltage
/-' Battery

High-Voltage
Battery

A

L=t

IPT Transmission

Parameters Value
Output Power (P,) 3kW
Input Voltage (V;,) 400V
Output Voltage (V,,0) 400V
Coupling Coefficient Renge (k) 0.15~0.2
Switching Frequency Range (f,) 81-89kHz

Coils

100% - @ 210 mm gap

0, 0 0,
o5ey 962% 96.5% 966% 967% 967% 968%,

059% - 94.6% : - 96.1% 96.3% 96.4% 96.40'; 96.4%
90% - ——AII{EARE & = B
87.0 -=-Bll{E AR R EAH]

85% T : T T T T T T T T 1
300W 600W 900W 1200W 1500W 1800W 2100W 2400W 2700W 3000W

21
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\ = = o _ 100%

2016
2017
2018
@ 2019
2020
2021
022
2023
# 2024

World market for wireless power

While a majority of the receivers are currently mobile phones,
the market for other products, such as wearable devices, is
rapidly growing with a number around 20 million units in 2015.

Source: "Wireless charging - from industry push to consumer pull, an IHS white paper on the
rise of wireless power", freely available at https://technology.ihs.com/550357.

22
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............... L=

Timelin

H.J.G. Bolger, F.A. Kirsten 2013 Wireless Charging RECENT KEY Co NTRI BUTORS
and L.S.Ng, “Inductive power
E Farady: 1978 coupling for an electric o=
I:(;ic)t/i'on highway system,” Vehicular S X
Technology Conferance,Vol. : Aukland Univ.

28, pp.137-144, March 1978 Society of Automotive

Engineers (SAE) Michigan Dearborn, USA

announced WPT

charging standard Oak Rldge National Lab, USA
e "J2954" for power
University of Auckland and frequency G |ST1 Korea
! e launched first WPT .

First wireless charger for EVs IEC61580 Hong Kong Polytech. Univ.
powered trai 2007 EV charging .
patented I standard Waseda Univ., Japan

Marlin Soljacic of K Uni ]

MIT lighted up a oto Univ., Japan

1990s 60W bulbat2 m 2015 Ve niv., ‘ap
.y distance AAWP and PMA, SOJO Univ., Japan
1964-1968 20fthe 3 Nat. Yokohama Univ., Japan

consortia, merged

1980s Univ. Zaragoza, Spain

NTUST, Taiwan
NUAA, China

2008 .

W.C. Brown Si W Southeast Univ., China
rectenna established ' Harbin IT, Chi
power arpin INa
laser 1989-1996 ‘ ;
microwave PATH 2010 YEAR SCUT, China
transfer (transportation i
i WPC HUST, China
1891 project) USA annouced the ’
1987 Qi standard Tianjin UT, China
Tesla coil lighted SHARP Wireless charging began > . .
up a gas lamp 25 microwave-powered commercial development Zh ejlang Un v., China
miles away aircraft from 2010

Surveyed by Qianhong Chen, NUAA, China

23
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Highly Efficient Wireless Charger
Pi ch

BEA—

e and Technology National Taiwan University of Science and Technology National Taiwan University of S

SR NS CES

it
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Specifications

Input voltage
Output voltage
Air gap
Output power

Size and weight
THD and PF
Protection

85~240 V AC 50/60 Hz (Universal input)
48 V nominal (30 V~60 V)
15cm

500 W @ 15 cm gap, no misalignment
400 W @ 15 cm gap, 10 cm misalignment)

Less than 1 liter and 1kg
THD < 5% @ 500 W; PF > 0.95
OVP, OCP, UVP, Soft-start

25
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Design Overview

PFC Wireless Power Transfer

-
- ——

U4 A
[ 1
: I
I

I T 17 | 1

1

L AC Bridgeless -:—IJEI -—I:’ﬁ I_ ]
' ,-9 PFC i _L | [Loapfl
: Input :_EI.J J'J | Rectifier | | !
: =':| .':| Air !
\ . . Primary Secondary :
Mmoo DY | ) O | E— Coil _______Coil ______________ $=mcz?
" [ Gate Driver -— Voltage [\

I RF Rx j7 *‘m RF Tx sensor/buffer :

: | Maodule feedback Module [ 1

I DSP | |RrF241014) (NRF24L01+) DSP :

: TMS320F28035 TMS320F28035 :

\ /

N e o o o e o o o o o o o o B B o o o -

Feedback and Control

26
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4 \
II \
Bridgeless Z$ |

AC
: Input rg PFC p— B :
1 Rectifier 1
1 1
o | |
: Pr[i!n ary ~Secondary I
' oil Coft r !
| 1 |
: Gate Driver 1 -— 1 Voltage :
1 = -— 1

I RF Rx :jj Wireless T‘; RF Tx sensor/buffer I
: Module I feedback H Module [1 :
1 Dse | |(nRF24L014)8 1linRF24L014) DSP 1
\ TMS320F28035 } 1 TMS320F28035 | |

\ 4 . ’

\N— —’, \\_ ‘II
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van University of Science and Technology National Talwan University of Science and Technology National Taiwan University of S

Primary Side PCB

DC Bus MOSFET
Capacitors  py|i-Bridge

Resonant
Capacitors

RF Module
and DSP

28
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Resonant
Capacitors

_____

RF Module
And DSP

Synchronous Rectifier

29
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3y National Talwan University of Science and Technology National Taiwan Universit

Bridgeless PFC

 Lower loss than conventional boost PFC

« GaNFET and SiC Schottky diode is used to further
Improve efficiency

' O

30

Q B 7 =@ f S A B




nal Talwan University of Science and Technology National Taiwan Un

- u S
15 51 ! Z$
- LOAD
pc(™) | i : _ €
_JFZ Jf: [ | | Rectifier
I 1
I I
: Primary Secondary |
L, Coil Coil E
. ’ Y
Gate Driver | T T T T . . Tt T - Voltage
RF Rx j? ‘Wireless T RF Tx sensor/buffer
Module feedback Module [
DSP (nRF24L01+) (nRF24L01+) DSP
TMS320F28035 TMS320F28035
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15 cm Gap 7 Pr|mary CO||
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600
400
200

e}
A S

-200
-400
-600

B g A N
\vcp
o — P . —
o / \ yd . / . /. L
oK / N N N/ \
eI N N N
0.03937 0.03938

Simulated waveforms at 500 W load: primary voltage, primary current
and primary resonant capacitor voltage

33
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400
200

-200
-400

/s

Is

e N p N\
d N e N pd .
o SRy S’ N
\/cs
) I i
N N\ yd N
SN SN

\/o

0.03937

0.03938

Simulated waveforms at 500 W load: secondary voltage before rectifier,
secondary current, secondary resonant capacitor voltage and output voltage
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Chil ™ soo v B ST00 A <2 M| 2.00us| A Ch1 o  10.0 W
/.
Chil 200 v SUESTAT T oo ns A EhT T F T g6 Y|

W+ [=1.56000s]
Resonant current
-+~ [~ 1.56000Ms]

Voltage and current across drain and source of primary side MOSFET.
Soft switching characteristic is verified
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Secondary Side

Resonant Cap. Synchronous Rectifier

7

Right H D

[

E
T

D12

; NTST3010

D13

; INTST301008G

< Q3

N Q4
[—] STP75NF7

) | I
G Right Hj |—] STP7SNF7

E
T

________~
'R (ol (NN el e
3]

Sk

E
T

WPTH——T—4. I

1T+

\|

=
=
=

—— i —————
a4

Right L D}

D6

; NTST301008G

> : Right L} I &2
; NTST30100E;G ight L [ STP75NET
RIS

1
[ STP75NF7

| T — S —————
.
s - -

-
;
I -

3900pF 2000V

I
|
|
|
|
|
\
’
N
4
\

Diode Rectifier (92%)—> Semi-SR (92.7%)-> Full-SR (93.2%)

36

Q B 7 =@ f S A B




awan Unwersity

of Science and Technology Nation

Feedback and Control

* Digital control with TI DSP TMS320F28035

AC
Input

A

g Jﬂﬁj i :
J';| Air -

Rectifier

LOAD

Primary Secondary

Coil

RF Rx j7 Wireless
Module

feedback
(MRFZ4L01+)

Gate Driver
e —
1 DSP H
i TMS320F28035
\

Coil

RF Tx

Voltage
sensor/buffer

Module

(NRF24L01+)

Q =7

t\E&
= =
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Measured Efficiency of Wireless Power Transfer (DC-DC)

Vpec=400 Vpe, V,, =48 Vpe @
94%

or— o

92% /

o /_'a

88%

86% /

849% / --15 cm gap,

No mislaignment

82% -=-15 cm gap,

10 em misalignment

80%
100W 200W 300W 400W 500W
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90%

88%

86%

84%

82%

80%

onal Talwan University of Science and Technology National Taiwan Univers

3%
vin= 120 vAc, Vout=48 ch

4_’»

—

/
// " o misatignment

- -=15 cm gap,
10 cm misalignment

200W 300W 400W 500W
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92%

90%

88%

86%

84%

82%

80%

onal Tawan

dverall Efficiency (PFC + WPT)

University of Science and Technology National Taiwan Univers

Vin= 240 Vp¢, Vo =48 Ve

—+-15cm gap,

No misalignment

P,

10 cm misalignment

200W

300W

400W

200W

Q E 7

== i=g
= /=
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Measured THD,

V,,=120 V¢

12%

P
10% .

8% N }
4% \\

*VOEQ)

2%

0% | ; !
100W 200W 300W 400W 500W
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YV V V VYV

| Talwan University of Science and Technology National Taiwa

N Summary
Efficiency:

-- 93.2% @ 500W, no sliding (WPT)

-- 90.3% @ 500W, 120V AC input, no sliding (overall)

-- 89.5% @ 400W, 120V AC input, 10cm sliding (overall)
--91.6% @ 500W, 240V AC input, no sliding (overall)

-- 90.4% @ 400W, 240V AC input, 10cm sliding (overall)
THD;: 3.8%; PF > 0.99 @ 500W, 120V AC input
Output Voltage Range: 30V~60V
CC/CV Charging Function

Protections: Brownout, OVP, OCP, soft-start, inrush current

Volume: 1,228 cm?; Weight: 9609 < 1 kg
BOM Cost: USD 98.8
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Bidirectional WPT System

£\
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National Talwan University of Science and Technology National Taiwan Univer

Bidirectional WPT System

» WPT technology has received much attention recently because of its convenience and
safety feature and has been used to charge electric vehicle wirelessly.

» Most current WPT systems only allow unidirectional power transfer (grid to vehicle),
therefore unsuitable for VV2G application.
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Laboratory Prototype

onal Talwan University of Science and Technology National Taiwan Ur

FCHO72N60Fx4 FCHO72N60Fx4
J J |It|_i lin lout _I 14 _I
S N v +
Vinoo) C—_D — gs \ﬁn (.:’,1 L, g Lo C,',Z V:ut p— §> RL
L L
Bt | J5g Ve ~Ve-| Jut | B
I I I
Si8233 Si8233 Si8233 Si8233
ePWM ePWM
(HRPWM) (HRPWM)
TMS320F28035 TMS320F28035 S
ADC ADC
=) @ = i
T NnRF24L01+ NRF24L.01+ B
F<Meode Tx Mode
Rx Mode RxMede
AR B g
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Measured Colil Currents

Chl:vy; ~ Ch2:iy; ~ Ch3: Vg, » Ché:ige,

Telc Prevu |

2l

o=
LT}
T

-

ch 1l

T o00kY

Tch=

AL chil &

TO.0 & o= M. DD pas] IR0 V]
ch3[_1.00KV e 10.0 ~ <= |

SO 40 %

@ 3 kW/ 210 mm gap

Ch1l Freq
EZ_E1kH=
Lowr sicgreal
amplitude

Ch2 RMS
TO_<F A

Ch-2 RMS
R 23 M

May 2016
al1:02

Q =

48
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Measured Primary Waveforms
Chl:vy, ~ Ch2:iy; ~ Ch3: v,

Tel Prevu | L

1. 6a4kw
Chi] 1.00kKw [Chz] 10.0 &tz |M[I.00ms] A Chil o+ I80 WV
EEEl =.00KWV | 11 May 2016
S0.90 % 1B S8 S7

@ 3 kW/ 210 mm gap
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Measured Secondary Waveforms

Chl: vy, ~ Ch2: i, ~ Ch3: v,
Telc Prevu |

3=::}j:m

Ch2 RMS
E_ZO M

7 Ch3I RMS
] 1. 6akw
Chil 1.00kKWv [Chz 10.0 &t |M[a.000s] A Chil - IR0 W
EHEE] =Z.00KW ]
(S0 a0 %= |

@ 3 kw/ 210 mm gap
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Measured Switching Waveforms

Chl: vy~ Ch2: vy,

Tek Prevu | [; i ] Tek Prevu | [ & ]

gy

A e ]
A

S0V Hchl 250V M.00uS| A Ch1 S 7.30V Ml SpO0V_wch2| 250V |M[1.004s] A Chl 7 7.80
11 Mav ?n16 bl 11 May 2016

i o[23.00% 19:10: ii ii i n23.00% 19:07:59

@ 300 W/ 210 mm gap @ 3 kW/ 210 mm gap
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Measured Efficiency

100% - @ 210 mm gap

96.2% 96.5% 96.:.6(VL 96.432/0 96.7% 96.8%

95.6% -~

9500 - 96.1%  96.3%  96.4% 96.4% 96.4%
90% - ——AffIl{E £ EE = 2 B
87.0 —=-B{[{EAFE = 2 A

85% I I I I I I I ]
300W 600W 900W 1200W 1500W 1800W 2100W 2400W 2700W 3000W
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100%

95%
90% -
85% -

80.
80%

75%

National Talwan University of Science and Technology National Taiwan Universit

Measured Efficiency

94.6%  95.0%

@ 250 mm gap

95.4%  95.5%  95.5% 95.4%

— =

94.1%

= —i
ity 948% 95.0% 95.1%

—— AR {EZERE B £ B
—= Bl ixpEE AN

300W 600W 900w 1200W 1500W 1800W 2100W 2400W 2700W 3000W
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University of Science

\ 4

*Inverter Cost

L

= 800 USD

M SiC(1200V Rating Device)

M High Voltage Material Applications

B Custom Design
B Low Noise Technologies
M e-Axle

I
‘\m

400V Class

4

*Inverter Cost
= 500 USD

4

M SiC (650V Rating Device)

M High Temperature Material Applications

B General-purpose Design
B Low Loss Technologies
B In-wheel Motor

i Technology National Talwan University of Sclence and Technology National Taiwan University of

4

= Inverter Cost
= 200 USD

n

M Si (under 200V Rating Device)
M High Temperature Material
Applications

B General-purpose Design MasayOShi YAMAMOTO

M Air Cooling System . )
B Super Low Cost @ Nagoya Un Iversity
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D3 (VW) mp iX3BMW) m) EC6(NIO)
Capacitor Air Cooling High Performance
Inverter
Super Thin
Double-side Cooling
150°C Capacitor
Oil Cooling .
Low dv/dt Masayoshi YAMAMOTO
| . @Nagoya University
[ SiC MOS-FET J Model 3 [ONIQS Multi-level Inverter
(TESLA) (Hyundai) 55
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wrals

L

Model S: June, 2012~

=

SiC
(Main Inverter, Onboard Charger)

Model 3: July, 2017~ - World First Model of SiC Power Device Application

Masayoshi YAMAMOTO - Achieved Miniaturized Performance!
@Nagoya University 56
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for Automotive Appllcatlons

HU3=/R VGIE(ZSIEM ENS

AUTOMOTIVE

Battery Management Inverter
BOSCH Systems K@g?&&

Invented for life

DC/DC OnBoard
converter ( Z’ . : ] Charger

1D.3 (VW)

Masayoshi YAMAMOTO
@Nagoya University

57
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- On-board
Charger

3-Phase
Inverter

AC Power /

Source
GaN

Li-ion Battery
(77kWh)

G3203 —_—

' Isolated DC-DC
/—? Converter

Auxiliary Battery ( 12V)

==

Si

12V Power
Line
AC Motor
3-Phase m Compressor
JI_>| Inverter for Air

ID.3 (VW)

Conditioner

Masayoshi YAMAMOTO
@Nagoya University
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Masayoshi YAMAMOTO
@Nagoya University

All Gan Vehicle
(Main Inverter, DC-DC Converter, OBC, Head Light)
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Multi-Phase Bi-directional Converter for MHEV

B

it

il

ERAE T RIS

TAIWAN TECH
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INational Taiwan Lniversity of Science and Tec

Circuit Spec.
operating modes Buck/Boost/Pre-charge
HV range 36 V ~ 52V (nominal 48 V)
LV range 8V ~ 16V (hominal 14 V)
LV maximum current 180 A
HV maximum current 50A
rated power 2.5 kW
switching freq. 250 kHz
efficiency > 96%
protection OVP/UVP/RPP/OCP/OTP
interface CAN/UART

61
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(5)
Pre-charge
Circuit

Back-to-back

ala
P&

ORing MOS

+ -
48V
Battery

48V
Battery

48 V Battery
12 V Battery

©)

ORing
Controller

@) Voltage
Sensor

Gate TM P Current Voltage
Drlver Sensor Sensor Sensor

Power

Back-to-back

(@)

Stage

1o — ¥
—Y

COT [5V 33V
BUCK *| LPbO
Aux Power.

(1) Power stage (3) Gate drive (5) Pre-charge

ORing MOS
. FTVS
- 12V
ORing
Controller Battery
Voltage @ 12V
Sensor Battery

() INtertace

(2) Sensor (4) MCU (6) Protection (8) Aux. power
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— Simple circuit and high reliability
— Bidirectional power conversion

— High current capacity
— Current ripple cancellation

1
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0.4

ipple Current (Ap-p)
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o
©
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Normalized Ripple Current
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Duty Cycle

Vv
Q1 Qs Qs Q7
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30 ¥ \ -|
T
VdSZ (1S » - -
Vds4 [C2 " v
Vise @ e - e ~ -
Visg i
-20 Y -5 us -4 us -3 us -7 us -1 us s 1us 2 s 3 s 4 ps 5 us
B f:200613kHz | BIE Phs: 9027° Phs: 9029 ° Phs: 90.24° ‘
0w . v X 30w X z0w X N4
(Ch1 : vy,(30 V/div) 3 Ch2 @ v, (30 V/div) : Ch3 : v (30 V/div) ; Ch4 :
; ] . 64
V(30 V/div) ; Time : 1 ps/div)
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ORIing ORing
Buck Pre-charge on Pre-charge on

1s 25 1s 25
2 I P — ~ 2 I P — ~
< Pie—Pi¢ > < ; Ple—Di¢ >
| I
|
|
\V -V I
LV , LV
[ |
: I
= e
/ |
ey / |
H, v <0 1r 5 m@3$—F B - 3
|
|20 ¥ . I
., ‘ds2 |
- o 00 e /00090 v om0 e 3055000 e [l ve e
-z L7 s 1.G%eenn s |1.39909000 ¢ 19999990 -999.990%0 me NI99.99990 v | 3 -11:4.25 1205 125
Blu:a2s iV 205 V213365V at12s BV: 13965V Vi:0v V2 47653V BV: 47,653V
s X v X v XED 4 sy “YBX wovw *X sow “XE] 4

(Chl : V(5 V/div) ; Ch2 : V(20 V/div) ;  (Chl : V(5 V/div) ; Ch2 : V(20 V/div) ;
Ch3 : v, (50 V/div) ; Time : 200 ms/div) Ch3 : vy,(50 V/div) ; Time : 200 ms/div)
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HV 48 V, LV 14 V, 100% Load

5.6 ms

[45 A

40 [T

ILref 0 A .

1 45 A -

-45 A

0.085
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5.6 ms

80

40

ILref 0A.

20

a0

-80

45 A

L1 w

L2 0A.
L3 0
La —45 A:

0.045 0.05 0055 - 0.08 0.085
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A
A 4
A
\ 4
7
Y
A

N

O
O

CV 14V | CcC

| |
I 1
= — s
— | : | T
" LV // . " HV "
l !
1 I
I : !

o ¥
E»

ey . h 2 3a 5 6 xo I 3 9w 1m 2w e » " -

-ﬂ:lls V1: 9.6674 Y 125.16 ms V214083V BLt5.16ms av: 43552V @ 105 Vi: 40015V 12451 ms V2 48.044Y Bt: 451 ms 0V:7.9292V

P Fabt ncﬂ m prd mﬂ_m_ @
20v/ 1mE 2v/ 01 20v 1[“ Ay i

Chl : v,(20 V/div) ; Ch2 : V2 V/div) 5 Chl: vy,(20 V/div) 5 Ch2 @ V(4 V/div) ;

Time : 1 ms/div Time : 1 ms/div
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Buck: Vi, =48V, V,,, = 14V, 100% Load

100 mt

Viv ;AV\N/AVWPVAWA MIAW/AWFVAW mf‘M A VAL I 64.68 mV

Viy = Dt a TN DN [T 67.62mV
T e - I R W R

250wl

300 wl!

-350 ! 5 us -4 Lz -3 s -2 us -1us P 1us 2 us S 4 us 5 us
f: 1.00515 MHz Vpp: 64.68 mV Vipp: 67.62 mV
B AC By AC DC
o 50 mvy 101 Q 50 mvy mw. 20vf 1m Menu

70

Chl : V(50 mV/div) ; Ch2 : V(50 mV/div) ; Time : 1 ps/div
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Boost: V;, =14V, V=48V, 100% Load

100 mi!

Vi @S eI NN :I 58.31 mV

R etV T . TN

V } , A r r AT -
LV @“\/\/\JAV'W VWAUW/\ANAVW ERRRVIVV ATV NMM-I 66.15 mV

—200 wl!

—250 mY
-300 mY
-390 m\! -170.5 us -169.5 us -166.5 us -167.5 us -166.5 us Z&SEAE s -164.5 us -163.5 us -162.5 us -161.5 us -160.5 us
Vpp: 66.15 mV Vpp: 58.31 mV
By AC T EGAC (i3
A somi "X sow” "X 20v JE3 N4

Ch1 : V(50 mV/div) ; Ch2 : V(50 mV/div) ; Time : 1 ps/div
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Buck Mode Efficiency
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Boost Mode Efficiency
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RICHTEK

your power partner.

i >@tﬁmﬁﬁmmﬁ¢u

Center for Pow rgy Technologie

QOutline

v 48V-t0-12V Power Solutions for Data Center Applications
O Why use 48V as the DC bus voltage to meet the industrial trend
OO0 Benchmark solutions
v Non-isolated Resonant Switched Capacitor Converters
O Potential resonant switched capacitor converters
O Pipelined RSCC
O Prototype converter
v High Power Density Three-level Buck for Voltage Regulation
O Output voltage regulation design
O Effect between V, regulating and V¢ balancing
O Efficiency

74
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Center for Power and Energy Technologies

48 V-to-12 V Power Solutions for Data Center Applications
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Center for Power and Energy Technologies

PP T R oo B C et e """""""""""E Datacenter Products
: Growth Trend

E —

i Car System D ® e
2020 2025
m12V 48V w48V Car App.

Train System :
Computing

— System EV Car System

—>

5V oV 12V 15V 19V 24V 48V 72V 110V 240V 380V 400V 800V

*Reference data from Vicor 76
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your power partner. - e e o @ )\ BAHEBEEEAHIEARO
Center for Power and Energy Technologies

" New Specification for Data Center

« Advances in the peak current requirements of CPUs, GPUs, ASICs, FPGASs require increasingly

larger currents to achieve their power efficiency.
 Higher current requirements will result in higher conduction losses and lower power efficiency.

 Typically, beyond 15kW per rack, 12V systems become too inefficient to manage.

1,600

Power Distribution Network: 1,400

UpPs ICT equip. Rectifier ICT equip. = oo )
@- Ec Déc Log;\:‘ A:;c D:D) c| Motherboard @_ ACBC m l:‘;)c Motherboard g 00
— — -E‘-‘ 600

Conversion STGs=4 - Complicated Conversion STGs=2 —simple
400
12V System E> 48V System S
o
2000 2005 2010 2015 2020
Implementation Year
*Reference figure from Vicor and The HVDC Power Supply System Implementation in NTT Group -

and Next Generation Power Supply System

) Bl 37 = ) 35 o B
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’ Center for Power and Energy Technologies

Why Use 48V as The Bus Voltage

 Based on the UL-60950-1 standard, 60V is considered the SELV limit. Utilizing distribution voltages above
60V would require additional insulation, spacing, and testing (such as hi-pot or fault testing). Therefore, 48V
has the same safety level as 12V without extra safety concerns for 48V application.

« 48V is 4X voltage of 12V, which reduces
power loss by 16 times.

B
@
<

—

o

(1]

 Cabling, cost, energy storage volume.

CPU CORE

—m—p_ Pols for Non CPU Core
—m—b_ PoLs for Chip Set
—m—p_ PolLs for STBY Rails
—m—’_ Driver, Fan, Etc.

« CPU, DDR just needs a non-isolated high
step-down ratio.

-4
g
8
0
H
°

« Fans, HDDs, DDR5, POLs, etc. require VR
to obtain precise voltage regulation.

*Reference figure from Wiwynn 8
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Center for Power and Energy Technologies

Benchmark solutions

79

O B 7 =BT K2




RICHTEK

your power partner.

2600

2400

2200

2000

1800

ty (Wiin')
o
(=
(=]

" 1400

1200

Power Densi

1000

800

600

400

Comparison of Intermediate Bus Converters

48V-12V s Intermediate Bus Converters

P 5 i O queen’ suniv * Vicor’s solution has the advantage of highly integrated
WA, RSy | O ucerely  package.
V. — T h - - H i
: roinia fee Even GaN transistor applied, conventional topologies
Vicor

Vriic still remain low power density due to bulky output

Matrix Transf?rmerf[fnregl.llﬂled G I . .
e @ Google inductor (high current output) .

Google STC Gen3 @ ‘ Else

Non-Isolated/Unregulated —» .
W/ GaN

« LLC with matrix transformer solves the issue of output

Vicor

Nowfolsodapned | | Coe 0 O s g P filter but the efficiency remains around 95%.
. \W(\}:N ;
® i o ® O - By applying GaN transistor, LLC with MT has better
waifie o E e efficiency but lower power density.
) = .4—\’icor
R .® &, « Google STC with Si MOSFET has excellent
¢ e M oo performance between density and efficiency.

o4 94.5 95 95.5 96 96.5 97 97.5 98 08.5 99
Full Load Efficiency (% )

D. Reusch, S. Biswas and Y. Zhang, "System optimization of a high power density non-isolated intermediate bus converter for 48 V server applications,”

2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San Antonio, TX, USA, 2018, pp. 2191-2197 80
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-~ ~ : B ) BR BB R B o
—_— ro-Inductor Voltage Converter

Output Stages 1.3"x0.9"
M5-M8 (Q5 to Q8 on back) .

7
w == Cl ons i1

Two Phase

Single Phase

Z1V (Zero-Inductor Voltage Converter)  vin=48v, Vout=12v Vin=48V, Vout=12V
« Consisted by Inductor and Switched Capacitor ~ 0ut=70A, Fsw=60kHz lout=40A, Fsw=60kHz
* Fixed-Ratio Output Full Load Efficiency =97.2% Full Load Efficiency =97.8%
« Hard Switching Peak Efficiency =99.1% Peak Efficiency =99.2%
. High Power Density Power Density =2500W/in? Power Density =990W/in3
S. Webb and Y. Liu, "A Zero Inductor-Voltage 48V to 12V/70A Converter for Data Centers with 99.1% Peak Efficiency and 2.5kW/in3 Power Density,"
2020 IEEE Applied Power Electronics Conference and Exposition (APEC), New Orleans, LA, USA, 2020, pp. 1858-1865, 81
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,ascaded Resonant SCC

Center for Power and Energy Technologies

40 VMOSFET  180nHL, 25 VMOSFET 50 nH L,
First stage Second stage ;

1.38*0.46*0.22 inch

Phase2 & ]

C.. Gate driver BO'CtOlTl side Cascaded bootstrap

CRSCC (Cascaded Resonant SCC) ~ Interleaved Two Phase
+ Consisted by Inductor and Switched Capacitor Vin=48V, Vout=12V, lout=60A, Fsw=100kHz
) _ Full Load Efficiency =97.23%
» Fixed-Ratio Output
« ZVSor ZCS
« High Power Density

Z.Ye, Y. Leiand R. C. N. Pilawa-Podgurski, "A 48-to-12 V Cascaded Resonant Switched-Capacitor Converter for Data Centers with 99% Peak Efficiency and 2500 W/in3 Power Density,"
2019 IEEE Applied Power Electronics Conference and Exposition (APEC), Anaheim, CA, USA, 2019, pp. 13-18

Peak Efficiency =99.2%
Power Density =2500W/in3 82
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your power partner.

fie
$|—«
£

1.06 inch

s
0.236 inch

Vin=48V, Vout=12V
lout=50A, Fsw=350kHz

o
RUUO o
B 102044801 M3 200
T LI B Py
: 2 !

STC (Switched Tank Converter)

« Consisted by Inductor and Switched Capacitor

« Fixed-Ratio Output Full Load Efficiency =98.2%

e ZV/S or ZCS Peak Efficiency =98.79%
Power Density =1500W/in3

« High Power Density
X. Lyu, Y. Li, N. Ren, S. Jiang and D. Cao, "A Comparative Study of Switched-Tank Converter and Cascaded Voltage Divider for 48-V Data Center Application," ==

in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 8, no. 2, pp. 1547-1559, June 2020
9 VEERBRKXKXKE

TAIWAN TECH




& HA N T : \r - i ‘ = :‘: PRI i i
hind Technology National Tall Iniversity, of; and Technolog . _
RICHTEK B \ @R AR
your power panner. AL 1 Center for Power and Energy Technologies
ith Matrix Transformer

Matrix Transformer Core Structure
And PCB Winding Arrangement

4:1 LLC-DCX

- m 10-15V

40-60V Cr Lr TR1 _B_OOW Core Structure
-I -': 4:1:1 _ %?id
A L =
T o il :
15 4 TR, 1T )
~ 4:1:1 P

A |
_IT_
LLC with Matrix Transformer Vin=48V, Vout=12V, lout=75A, Fsw=1MHz
» Fixed-Ratio Output(DCX) .
Full Load Efficiency =98.1%

« ZVS, Hard Switching When Light Load
» Integrated Planar Transformer(Inductor +Transformer)
« Complexity of PCB winding and Customized Core Power Density = 1600W/in?

Peak Efficiency =98.4%

M. H. Ahmed, A. Nabih, F. C. Lee and Q. Li, "High-efficiency, High-density Isolated/Regulated 48V Bus Converter with a Novel Planar Magnetic Structure,”
2019 IEEE Applied Power Electronics Conference and Exposition (APEC), Anaheim, CA, USA, 2019, pp. 468-475
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Comparison of State of the Arts (48V to 12V)
VALY ZIV (Two Phase) CRSCC (Two Phase) LLC with MT
Switches 10 12 12+12 8+8 8
Capacitors 2(Resonant)+1(Clamping) 3(Clamping) 3+3(Clamping) 4(Resonant)+1(Clamping) 1(Resonant)
Inductors 2 2 4 4 O(Integrated)
Power Density 1500W/in3 990W/in3 2500W/in3 2500W/in3 1600W/in3
Transistor Material GaN(350kHz) Si(60kHz) Si(60kHz) Si(100kHz) GaN(700kHz~1.6MHz)
Components Commercial Products Commercial Products Commercial Products Commercial Products Customized

« Though ZIV and CRSCC have highest density performance, but quantities of MOSFET is way too much (Cost Consideration).
» Due to consideration of switching losses, ZIV and CRSCC choose to operate at low frequency.
» LLC with MT have least Components and fine density performance but need customized magnetic component (PCB + Core).

85
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48V-12V Intermediate Bus Converters Efficiency

99.0 « All SCC has better light load and peak load efficiency.
98.5 « LLC with matrix transformer has better high output
98.0 current extensibility.
S 77 * Due to light load hard switching, LLC with matrix
p. 270 transformer have poor light load performance.
g 965 —— CRSCC(2-Phase) _ _
2 060 ZIV(2-Phase) « LLC W_lth matrix  transformer have much more
a —— Google STC complexity of PCB winding arrange and customized
732 —— LLC With MT core design.
95.0
94.5

0 120 240 360 480 600 720 840 960
Output Power (W)

86
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Potential of Resonant Switched-Capacitor Converter

Compared with matrix transformer, RSCC has lower PCB layout complexity.

Compared with Vicor, RSCC has more flexible circuit design.

Topologies have great scalability for output voltage.

Minimum the RMS current on components.

— By operating symmetrical 50% duty and resonant frequency

A great quantity of driver signals and circuit needed.
— Can be integrated by IC design

Resonant components can be easily obtained from vender, customization will be unnecessary.

87
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Potential of Resonant Switched Capacitor Converters

88
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Selection of Suitable RSCC for IBC

Normalized FOM for various RSCC

10% —— ' ' ' 1+ Aoverall performance figure of merit (FOM) is a

=w= (Cascaded resonant methOd Obtalned by mUItlpIylng .
FCML

|- Dickson - — | — Normalized switch stress (reflecting power loss)
10" E |=de Series-parallel s

— Normalized passive component volume (reflecting power

density).
_ ST t

Normalized total FOM

5 P — Lower is better.

10° b B----° T o : .

: e e { < Itis based on the general trade-off that a converter with

' ,..-'g’* - : smaller switch stress can operate at a higher switching

1 ' frequency for the same conduction and switching loss,
—l ¥ ! I I I - - - - -
107 i ; . I o which results in reduction in passive component
Conversion ratio volume.

Z.Ye, Y. Leiand R. C. N. Pilawa-Podgurski, "A resonant switched capacitor based 4-to-1 bus converter achieving 2180 W/in3 power density and 98.9% peak efficiency,"”
2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San Antonio, TX, USA, 2018, pp. 121-126.

Y. Lei, “High-performance power converters leveraging capacitor-based energy transfer,” Ph.D. dissertation, University of Illinois at Urbana- Champaign, 2017. =
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A 48V to 12V/50A Series-Parallel Resonant Switched-Capacitor Converter (SP-RSCC) has been designed
and realized that peak and full load efficiency 95.44% and 94.39% respectively.

98
97
96 95.27 9544 9542 9529 95.02

L L 94.78 —— 94.76
i 1! _IEEI BT 1! . 93.56 T
Cr

94
93
92
91

-

v =
;s IT
THy T

i

Efficiency (%)

I_ E
- —|E v+

TT
»l

90 gg
J 89

88
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Test condition: 48V - 12V (50A) ; f,, = 280kHz

T T I
—||——I F—lEE —||——I - - i i I -
1€ C L . . C . ) ' L
LT L v r ICr G T |r_rva:v\ e Vin == Coss Coss Coss Coss © esg 1 Load
J__ 5 - - L
Vin + Viank2 — + Viank1 — I
q J J E 7Y T 4
i Simplified Equivalent circuit of discharging state (red on)
v
'l File T Vedtical =+ Timebade [ Trigger [= Display # Cursors || Measurd Elimlﬁ ‘Em‘s | N Utilities | © Support
Series state Parallel state
? <N 000
’ ‘h ,/\.\ |
tank2 R W\’W“ p—— /\““"“ £ I \'?M Resonant tanks are greatly clamped
Viank1 = ks / \/’ AMMGINRNNR - WA by output capacitor.
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Test condition: 48V - 12V (50A) ; f,, = 280kHz
. Vo7 a0v — Vg9 25v

L —_ 1 c J-C J'C
0SS 0SS 0SS
Wy ‘IEEI ! .~ N
ar Vin a
e e e L L e (e -
Vin + tank2 - I
_ i R V V

q T . . . Q6_60V . Q08 _40V . i

i Simplified Equivalent circuit of charging state (blue switch on)
surdl G Math - Analysis X Utilities @ Support hnie l? B
Parallel state
] e s e a L‘L‘/ J‘ U\\/W
g Vo7 VQ7_40V B

| However, in charging state, |
~_| voltage across on Q6~Q9 will Vos_aov "
| resonant to over rated voltage.

| . |
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Potential of Resonant Switched Capacitor Converters
» Advantage of STC solution

93
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Google's STC (Dickson)

Google STC’s Basic Operation Principle

Vout Vin Vout
N - ==
VCRl_avg = 3Vout VCFZ_avg = 2Vout VCRZ_avg = 1Wout
@ Stores energy for the resonant capacitor and provides energy 4 The resonant capacitor releases energy, and the resonant
to the output by the power supply through the resonant capacitor provides energy to the output load through the
inductor resonant inductor.

94
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i

2Vo
r—'u‘; .
4%'1‘7{’----3\:-:&_5%055
Vins = Co + : L1 7
T Uload 5 pminate l\_____','__ lcoss
nl[ v ']
BULK CAP Charging state (red switch on)
« Cg provide a stable voltage to clamp switches voltage stress.
* Due to considering the non-ZCS condition , voltage stress Vo

of switches Q1 to Q4 are chose 40V and the others are 25V.

4V0‘-|‘T icoss *":l:,

ldominate

Although the bulk capacitor occupies a larger area, it can\ oSS <n-

provide all switches that are always automatically

clamped. [ v,
. J

Discharging state (blue switch on) %
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Potential of Resonant Switched Capacitor Converters
 This work (cooperation with Richtek)

96
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Introduction of RSCC-1 and RSCC-2

RSCC-1: The inductors are series with resonant capacitors.

RSCC-2: The inductors are placed on the output side.

N (P >

Both of resonant tank and switches are fully clamped by bulk cap (CF), similar to STC.

Q8

“E

Vin°—|':]$—‘
Q10

Bulk cap Q9

Q1

Circuit schematic diagram of RSCC-1

Inductor Inductor
—
! ! Q7
= E-ﬁ Resonant ca El]z}ﬁ
C2 .2 - P C2 I:,l;| L2
: ||_r ”’,f ~~~~~. 1 || 'a'a n g
Q6 _="" S~~ao ] TSG
Q5 P s Qb
— @E Q2
C|1_.-"1 CIF ” (ill L1
—°Vout Vin : 1
Q3 Q10 Q1 _J Q3
Co Cos
Q4 Bulk cap a9 Q4

Circuit schematic diagram of RSCC-2

O B 7 =BT S K2
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Q7 = i): . — Vdsl(off) =V - Vcrp
el Vst 2 35 =
C2 I:.';l L2 ; A ‘ o
i Y= = 12 — i — S —
Tge VdSZ 3 s f ¥ ﬁ' Vaszorf) = Vo + Verp
Q5 i .
Q8 Q2 = ]§ — —— *‘
‘E,E ‘%E' VdS3 2 : — E ¥ Vds3(off) =V - Vcrp
CF C1 L1 . 16 — - —
Vin Fl;' : — % i 1 m o °Vout V E]Q 1 ‘#:
Q%T Tgl —%E' %3 c ds4 = b i i Vasaorr) = Vo — Verp
O s —
o9 o Vi =
Circuit schematic diagram of RSCC-2 dsS . ' — Vassorr) = Vo = Verp
1 1 H H - E ]i: H T ‘h;—E.F:
 Since the voltage ripple of capacitor of RSCC-2 is not shielded Vase = | ' v
) : . 5 ‘ , Vassorr) = Vo = Verp
by the inductor, the voltage stress of switch will be affected by Vier —— =
. - s7 = = H
the inductor and capacitor voltage. R - . Vasrcors) = Vo + Verp
_ Vass =7 '
Although voltage stress will be . Vass(ory) = Vo + Verp
affected by the inductor and Vaso 2 [ . . —
capacitor voltage, it can be designed. - 2 - = PP
Vasio # tH———F+tF

Vasioorr) = 2Vo 98
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Power stage and driver stage are combined into 5.2cm X 3.2cm.
With a six-layer board, sufficient current stress is available.
Low parasitic inductance and reduced trace resistance.
Conduction losses due to trace resistance reduced.

The optimized version is shown below.

~ R 7
e mmeamastARRnns

' g

TOP VIEW (1% version), 10 layers TOP VIEW BOTTOM VIEW 99
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» The test results confirmed that the optimized version greatly reduced the voltage spikes of the switches.

« The switching voltage stress shown in the figure can be used.

» The resonant tanks are symmetrical and nearly equal in length.
* Charging Cr: Qq4, Qq, Q,

* Discharging Cr : Qqg, Qg, Qs Qﬁ
nral

» Discharging C,: Q,, Q, vin
CF== 3V
« Discharging C, : Q;, Q, m '%_l 0

 Switching frequency can be increased. § HA%
 Improve effective duty utilization. ! HHor.e,
« Conduction loss improved fae.., o,
due to decrease of RMS current. o Ahe. TOP VIEW (Power stage)
100
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« The gate drive voltage is provided by an external 15V power supply and the LDO is removed.

« Use Schottky diode to reduce voltage drop during cascaded transmission.

ll .l'---{i-n : . | @
Level shift + Cascade bootstrap o Level shift e ‘-\- -:.ﬁlﬁ;' ;fjj l_ i ""l
< H; I Clotk Clock i sy o} "~ EE N
— i L { T el
Bl R2 B2 : 1 : = e
%{i i é@? Q2 B | =S e
\;in_ B | yvi Vout

=C1 Co

\‘\ L2

+VL2
4_ —_—
Q9 Q1 Q5 Q6 Q4 Q3

R2 Bl B2 R2 R1 B1

0
__“__—
lv‘;

o

—

21

o

@)

é

——

BOTTOM VIEW (Driver stage) 101
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+ Test condition : V. = 48 V; V= 12 V; f,,, = 311k Hz Switches Vo | Vo | Vo
Turn-on delay time (ns) 11 7.1 5.3
 t.and t; of the 3V, switch are large than other switches, Rise time (ns) 15 36 26
which causes the temperature of Q8 to be very high. Turn-off delay time (ns) 54 21 27
Fall time (ns) 31 4.9 5.3

Light Load: 10 A Full Load: 50 A

. L I

25.1

22.6

04/07/2022 €=0.95 BG=20.0 T=100% 18:48:31 04/07/2022 €=0.95 BG=20.0 T=100% 18:52:48 102
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« Under light load, turning off early to let loop3 reach ZVS can reduce Q8 switching loss so that improve efficiency,

Under heavy load, using ZCS can reduce conduction loss, The best point needs to be found by fine-tune.

98
—8— Loop3 turn off early L
~¥— All loop turn off early T L T
975 .e. ZCS . e,
Y
S
.596.5
i
96 0
0% 5 < ZVS ZCS
0 20 40 60 80 100
Load(%) HE
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ondition : V, = 48 V: V_,= 12 V; f,, = 311k Hz
 After replacing the 3V, switch with a Iower Cossand Qg switch, the light-load efficiency has been significantly improved,
and the peak efficiency reached 98.3%

Efficiency (Current 3V, switch)

Vin(V) | 1in(A) | Vo(V) | 16(A) | Load(%) | Efficiency (%) Efficiency Curve
48.04 | 254 |11.94| 10 20 97.67 99
4%+ Current 3Vo switch
4805 503 1189 20 40 9829 &+ Previous 3Vo switch
48.03 | 752 |11.82| 30 60 98.10 0% E— S
48.02 | 10.04 | 11.77 | 40 80 97.68 = e d e
> AT A
48.03 | 1252 | 11.73| 50 100 97.53 207
2
Efficiency (Previous 3V, switch) é
Vin(V) | Tin(A) [Vo(V) | 16(A) | Load(%0) | Efficiency(%o) m%
4801 | 261 |11.98| 10 20 95.61 *
4801 | 5.10 |11.92| 20 40 97.38 95
0 20 4() 60 80 100
48.03 | 758 |11.86| 30 60 97.73 Load(%)
48.00 | 1006 | 11.79 | 40 80 97.52 = 104
<7 EE W8 S B,
48.00 | 1258 | 11.77| 50 100 97.41 & B 3 | EH IR KR
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Compare with matrix transformer, RSCC has lower PCB layout complexity

Topologies have great scalability for output voltage.
Minimizes RMS current on components by operating with a symmetric 50% duty cycle and resonant frequency.

Drive signals and their circuits can be integrated through IC design.

Series-Parallel STC Pipelined RSCC
]
| T w B "
L L = ll—n—f ‘I{éﬂ
‘|EEI ‘|EEI = e
schematic | Eiﬂ]j | 2l L % . {
I i J i
Switch 3(BVp), 2 (2Vy), 5 (1Vy) 4 (2Vy) , 6 (1Vy) 1 (3Vyp), 2 (2Vy), 7 (1Vy)
Inductor 3 (Series) 2 (Series) 2 (Series or locate at output)
Resonant cap 3(1Vy) 2 (3Vy) & (V) 2 (1Vy)
Non resonant cap - 1 (2V) clamped 1 (2V) clamped
105
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2600

2400

2200

2000

1800

1600

1400

1200

Power Density (W/in®)

1000

800

600

48V-12V s Intermediate Bus Converters

PARN

QU ZIV(2 Phase) UC Berkeley CRSCC(2 Phase)
Non-Isolated/Unregulated Non-Isolated/Unregulated

VTLLC
Matrix Transformer/Unregulated

\W/ GaN

Google STC Gen3 .
Non-Isolated/Unregulated —m .
W/ GaN
Vicor )
Non-Isolated/Regulated Google STC Gen2 QU ZIV(Single Phase)

Non-Isolated/Unregulated —Non-Isolated/Unregulated
. W/ GaN {
Vicor o . O
o Non-Isolated/Regulated  Pipelined v2 VTLLC

(Include driver circuit) Matrix Transformer/Regulated
VTLLC

4 W/GaN
Matrix Transformer/Regulated . Pipelined v1 ..
~4—— Vicor
SPR\C‘ . Isolated/Unregulated
() Forward Isolated/Regulated Google STC
W/ GaN Non-Isolated/Unregulated

\ Ericsson.GE. Delta
Isolated/Regulated

94 94.5 95 95.5 96 96.5 97 97.5 98 98.5

Full Load Efficiency (%)

> #:L;

() Pipelined

() SPRC

() UC Berkely
() Queen’ sUniv
@ Virginia Tech
@ Vicor

@ Google

@ Eise

fechnology National Talwan University of Science and Technology National Taiwan University of

We have prototyped Series-Parallel, STC, and
Pipelined RSCC, and the efficiency and power
density can be further optimized.

48V to 12V/50A with peak and full
efficiencies of 98.3% and 97.6%, respectively.
The pipelined RSCC power density includes the
driver circuit area and the results are marked on the
graph.

98

load

: S;‘?(I:e-vse-:;i:onz ) ..o‘.........-..._-'-_-_-.-_-.....-:3:::_';.-'- ............... TP -
o EmEE ST e
< o R t
=96 .
: e
205 T —
Eﬁ ......... R
94
03
0 20 40 60 80 100
Load(%)
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» Three-level buck is chosen to deal with the high efficiency and power density of RSCC to achieve the function of output
voltage regulation.

» The efficiency of both is expected to reach 98% respectively.

Revolution of Implemented Prototype
» Prototypes of RSCC and Three-Level buck can be further optimized.

Series-Parallel Pipelined RSCC Three-Level Buck

9.5cm
11.6 cm

6.5cm

A
v

5.5cm 107

TAIWAN TECH Q ET=EERFE AR




your power partner.

Center for Power and Energy Technologies

and Technology National TaiWwan U , ty of .~", ,
RICHTEK =t (2@ > B H B AR AR R

Three-Level Buck Topology

« The topology has two extra MOSFETSs and one extra capacitor compared to the traditional two-level buck. The flying
capacitor stores 1/2V,, can reduce the switch voltage rating, and acts as a second source while being discharged.

 Transfer function V /V;,= D, just like 2L buck. The complementary signals drive switches Q1 and Q4, and another pair of
complementary signals are phase-shifted by 180 degrees to drive Q2 and Q3.

Ql % 4.1
—
Q2 L:+ a
. = I
Vin v L v
+ L SW ¢ 0
C_) Cr
Q3 |2 + L;o
i—
I
Q4% 4L
'_

108
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Operation (D<0.5)

 Phase 1, Q1 and Q3 are turned on. Vin

charges the flying capacitor, inductor, 2 25 h ) 2R
ar?dlou;put capacitor as well as supplies e T eEf | «gp
the load. O o v v o Ve vo v | ol S I s A B
- Phase 2, Q3 and Q4 are turned on. The o l i I % L T HHE
inductor and output capacitor supplies the B 2R el % 2Ri %
load. ) v :
» Phase 3, Q2 and Q4 are turned on. The ‘ } ;
energy stored in the flying capacitor Vil - Ve Vil 2 Ve 2Vnl2 |
charges the inductor and output capacitor Vo
as well as supplies the load. 3
» Phase 4 has the same configuration as e
Phase 2.
Tt Tt
Time

1 1
DT, (3Vin — Vo) + T(0.5 = DY(=V,) + DTy (5Vin — Vo )+ T,(0.5 = D)(=V,) =0 — ¥, = DV,

109
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Operation (D>0.5)

Phase 1, Q1 and Q3 are turned on.
V,>0.5V;, the inductor discharge.

Phase 2, Q1 and Q2 are turned on. Vin
charges the inductor, and output capacitor
as well as supplies the load.

Phase 3, Q2 and Q4 are turned on.
V,>0.5V;, the inductor discharge.

Phase 4 has the same configuration as
Phase 2.

TAIWAN TECEH
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hnd Technology National TMJ
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¢ i
B

Rl Sl of e 2=
Q2 |y Q2 | 2 =
o 22 . O_LE . . DQ_I;:] .

_) cr VW Vo C Vin L Vsw >—’W"L1 Vo CD Lo Vsw Vi
AL co 2Rt co 2t ¢
Q4 | - -
2hit % It % 2t %

=~
Vin V
V = V|N/ 2
Vey = Vin/ 2

I
o Typap —>
TswaL

Time

Ty(1 = D) (5Vin = V) + To(D = 0.5) (Vi — Vo) + Ty (1 = D) (5Vin = Vo )+ Ts(D = 0.5) (Vi = V) =0 —> V= DV,

110
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Inductor Ripple Current

« C as a second source while being discharged, making the effective output ripple
frequency two times the MOSFET switching frequency.

« By keeping C balanced at V,, /2, the three-level converter reduces the volt-
seconds across the inductor by half.

=
)

3L Buck

B
o

Normalized Al
=
I

« The combination results in a one-quarter reduction in inductor ripple given the 02 /"*‘< /—\
same inductor and fgy,. / N \
« Smaller inductance and output capacitance can be chosen to reduce total solution Duty Ratio, Vour/Viw

size for design requirements. Figure Reference = .
Texas Instruments, Maximize power density with three-level
buck-switching chargers (2021)
__ DTsV in(1-D TSV Al
2L Buck : Al = 21X mt=D) Aly 210max) ==, »When D = 0.5 Coot =5y 7
DTSVm(O 5-D) TSVm A
_ TsVin(1-D)(D-0.5 TV Al
3L Buck : Al 3, == in L)( ) Al 31(max) = ——,whenD =0.75  C, 5, = 16'Alfo'fs

111
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Component Design
« The maximum inductor current ripple occurs at duty=0.25 or 0.75, selecting duty=0.25 to design component.
* Design condition : D=0.25; Vi, 1a=54V; Vcrmay=27V ;V,=13.5V; 1,=25A; Al =5A; AV =0.135V

Item Value
Input Voltage (V) 24~54
Output Voltage (V) 3~24 V(05— D)-D
I, Ripple (A) 02 iy = AT = 2.8uH
Ve Ripple(V) 0.1V cpmax) D
V, Ripple (V) 0.01*V, Cp = AV > = 4.82 uF
Switching Frequency (Hz) 240k
Max Output Current (A) 25
Output Power (W) 600

112
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urrent Mode Control (ACM)

* OQuter voltage loop gain : T, = HG,,G,

* Inner current loop gain : T; = RfGaV Gia ~
V 1 1
Gvc(s) =St = Gci(s) P Gvd(s) _
V |74 1+T
H c m i
T e D
Voltage Loop Current Loop
) Compensator GUC (S ) Compensator A
Vies ¥ V.t d v,
ch(s) 4’@_' Gci(s) > 1/Vm ™ Gvd(s) >
i
T > Gijy(s) >
Ry
Current Sampling 1 13
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« Determined parameters of L and C,, then Ry can be calculated.

« From the simulation, it can be seen that V. equals I, * DCR.

L =2.2uH;DCR = 2.8mQ; Cy = 1puF

Ql . L
2ty w o Ry = ﬁ /Cx = 7860
—w—o——]|—s i
Q2 E*
L DCR
Vin (—) L Vsw -——-—”‘:’;L AMNA—>9 o
E ==Co .

Nl
&
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. Comblne two control loops to handle the three-level buck, the output voltage regulating control loop and the flying
capacitor voltage balancing control loop.
V.. @S an adjusted duty reference, plus balancing control single Vg generates V., and minus Vg generates V...

Example Condition: V<1/2V;,
- ds 1
> d, Three-Level Buck
> d,
Y Ve
N
- >
Vycantl + VB VOltage - VCF T
Balancing A ; §
<— Ve ko Controller A ¢ [ 1 |_...
{ 1/2Vin
! d
, Output GT, 1
Veon p _ Vo ]
: Regulating |« @ >
Controller +\{ A d
_04— Vref GT, % |_.__
Reference :
Active Capacnor Voltage Balancmg Control for Three Level Flylng Capacitor Boost Converter Based on Average-Behavior Circuit Model; 1 1 5
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for Voltage Balance Testing

» The load transient from OA to 4A within 10 s, testing the voltage balance function. |
*  When V¢ overshoot or undershoot occurs, it will return to 1/2Vin in about 200ms

Vm(.) V-tq: =Cr :Y‘Ii:\ :
Test condition : Result : I
V,, =12V, V,=9V; D = 75%; f,,, = 240 kHz; Charging cycle D, = 75.31 % ;
lo = OA-4A/10ps Discharge cycle D, =69.41 %
m:::m133%19‘“02“01(2202“3” [T 4 s Auto 200 ms/ %6 weR m:“;13:%““:“““2:““2:“ b & o ! Auto sl = -
Hidd ik wE  HEER @R FFT T ? 35V 6.58 MSa/s  -552.000 008 ms AR 5 fL Ll HE @R aw il EH . 35V 6.58 MSafs -1.113500016 s Wi =

1 *ﬂil:-ssz.mwsm . T L, EERIE: S pst
o’ R o T T T T T o

7 ’ L 7 \ | "'\‘J' - '\“J“ '".u;"" By ".bjl

b L

P A [AAS WA A AVAYAFAWA
E N N AN AW ANTAWANAVAVA VAVAY

Ly Lo s L2 s - o2 we o2 we P 252 ns o2 0 e o ve 40 ve -aa Fassmese s |.03000 s LTS s [LUTE002 8 10050500 8 ADAIT02 5+ LASMESIZ ¢ LASMONR s LASBES2 s |L1U3ew2 s [-1113e7m0z 3
B 145337 kH: @ fys71% E Dy+5000% El fean: 4718 my El Mean:2.6987A § M| 1:241.488Ktz | Dtye:75.31 % I RDy:os9.41% Bl Mean:6 111V Miean:3.1356 A @

n o [ o e
u Svf |:(| Sv ‘:f E 500 mvf m;‘i 24/ wﬁ S/ 101 sy 101 Syt 1001 28
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Efficiency(%)

Vin(V) | Vo(V) | 16(A)

Exp Cal

48.09 | 20.56 1 90.88 | 92.23
48.07 | 20.42 3 95.60 | 96.63
48.04 | 20.38 5 96.95 | 97.44
48.01 | 20.29 7 97.44 | 97.73
47.99 | 20.23 9 97.70 | 97.85
4796 | 2019 | 11 97.83 | 97.89
47.93 | 20.15 13 97.88 | 97.89
4787 | 20.11 | 15 97.88 | 97.86
47.85 | 20.08 17 97.85 | 97.83
47.82 | 20.03 19 97.79 | 97.77
47.80 | 19.99 21 97.71 | 97.71
A7.77 | 19.95 23 97.61 | 97.64
47.74 | 19.89 25 97.44 | 97.56

TAIWAN TECH

(=)=
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= 240 kHz

Test condition : V,,=48 V;V,=20V; D =41.7%; f,,
Vasmaxy Of Q1 Is 34V, spike is about 10V and didn’t over the voltage stress 80V.
Peak efficiency is 97.88% at load 13A~15A.

RTM3004; 1335.8794K04; 102601 {01.4 018-12-11)

1301
Efficiency 4 I @ ’\; Q b & o @ 7 Auto Tos/ = ]
#l B BE MR A4 i i3] B 3.4V 2.5GSafs -104ns i =5
100 4
Vgsl ! [E &E: -4ov T
99 *g.———..... *-—.—-n-——- *—-——-—-—
98 [T |mvsmrmemmmimmensty W W
. Vv
96 dsl N e [ UPSTS el [P Grm—"—
95
#-————-'- Prrmmsertontiompo R
94
—Experiment '
92 ——Calculation
91
90 B
1 3 5 7 9 11 13 15 17 19 21 23 25 2 104 2104 s 1 At y
1:57.96 M Dty+:0.19 % [ Mean:22.017V [ Vpr:336V El Mean: 11.96 A l Mean:22.077
Output Current(A) a Sy : .,( ;:)VI o 2?:, o :;, @
ot 01 1001 100 mV; u

Test condition: 1,=12A
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@Peak Efficiency

» Switching loss is a major part of the total loss because of hard switching.

Loss Analysis Input Cap ESR Loss, 0.488 , 9%

Q4 Conduction Loss, 0.110, 2%

Q4 SW Total Loss, 0.502, 9%
Output Cap ESR Loss, 0.031, 0%

Vi (V)  Vo(V) I5(A) Efficiency(%)  Loss(W) Q3 SW Total Loss, 0.502,, 9%
Flying Cap ESR Loss, 0.143, 3%
4793 2015 13 9788 567 Q3 Conduction Loss, 0.110,
2% Inductor DCR Loss, 0.481, 9%
Loss Item Loss(W) | Proportion(%)
. . Q1 Conduction Loss, 0.329, 6%
MQOS Switching 3.822 W 68.33 %
Capacitors Conduction  0.662 W 11.83 % QL SW Total Loss, 1.118, 20%
Q2 SW Total Loss, 1.700,
. 0 30%
MOS Conduction 0.628 W 11.23 % 0 Conduction Loss. 0,075 1%
Inductor Conduction 0.481 W 8.60 % ® Input Cap ESR Loss ® Output Cap ESR Loss ® Flying Cap ESR Loss Inductor DCR Loss
_-_ m Q1 Conduction Loss m Q1 SW Total Loss m Q2 Conduction Loss m Q2 SW Total Loss

® Q3 Conduction Loss ® Q3 SW Total Loss ® Q4 Conduction Loss m Q4 SW Total Loss
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=
Efficiency(%) -
Vi (V) | Vo(V) | 15(A) « Test condition : V;,=54 V; V,=24V; D =44.4%; f,, = 240 kHz
Ex Cal . G :
P Vasmaxy OF switch is 38V, spike is about 11V and didn’t over the voltage stress 80V.
54.08 | 24.94 1 92.61 | 93.03 . _
» Peak efficiency is 98.25% at load 13A.
54.06 | 24.76 3 96.70 | 96.97
54.02 | 24.67 5 97.64 | 97.69 o s
Efficiency ‘\I ﬁ ﬂ ’*; Qo ol & o B Auto Tps/ ]
53.99 | 2463 | 7 | 9802 | 97.96 | ., oo s MY ek bew
53.96 | 2455| 9 | 9817 | 98.07 | = Vot AP W SO0 N B VSR, SO N
5394 | 2449 | 11 | 9823 | 98.11 | Vo, —— W——— R —
n S
5390 | 24.44 | 13 | 9825 | 98.11 |« — p—— o
—Experiment WW
53.86 | 2439 | 15 | 98.23 | 98.09 | 1 I
5383 | 24.34 | 17 | 9819 | 98.05 | N O O O
53.80 | 24.27 19 98.12 | 98.01 Poeos 7 e b s s e s S B o i yr
Output Current(A) FSW x 20v x 200/ m:t‘m SW
53.77 | 24.25 21 98.00 | 97.96 ..
Test condition: 1,=15A
53.74 | 2419 | 23 97.89 | 97.90
53.72 | 24.15 25 97.80 | 97.84
119
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@Peak Efficiency

Switching loss is a major part of the total loss because of

Vin(V)  Vo(V)  Io(A)  Efficiency(%) Loss(W) hard switching.
53.90 24.44 13 98.25 5.66 Loss Analysis Input Cap ESR Loss, 0.492 , 8%
Q4 Conduction Loss, 0.104, 2% Q4 SW Total Loss, 0.554 , 9% Ot Cap ESR Loss, 0020 , 0%
Cossw) | Proportion®®)
Q3 SW Total Loss, 0.554, 9% )
. . Flying Cap ESR Loss, 0.152, 3%
MQOS Switching 4233 W 70.37 % A
Q3 Conduction Loss, 0.104,
Capacitors Conduction  0.663 W 11.02 % 2 Inductor DCRLoss, 0,478, 8%
MOS Conduction 0.641 W 10.65 % | Q1 Conduction Loss, 0.349, 6%
Inductor Conduction 0.478 W 7.94 % LS Total Lose 1242 215%
Total Loss 6.015 W 100%

Q2 SW Total Loss, 1.883,
31%

Q2 Conduction Loss, 0.083, 1%

m Input Cap ESR Loss m Output Cap ESR Loss Flying Cap ESR Loss Inductor DCR Loss
m Q1 Conduction Loss m Q1 SW Total Loss m Q2 Conduction Loss m Q2 SW Total Loss
m Q3 Conduction Loss ®m Q3 SW Total Loss m Q4 Conduction Loss m Q4 SW Total Loss

=0.95 BG=20.0 T=100% 120
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Efficiency
Due to previous loss estimation, most of the losses are 100
generated by switching loss. It can be optimized by -
these two direction : o
* Increasing the inductance: lower the switching 97 -
current point to decrease the RMS current. 96
 Lower the switching frequency: reduce the frl 95
switching period but it require higher inductor 2 o
] . —Exp(240kHz)
saturation current and doubled the flying 93
capacitance. 92 —— Cal(100kHz)
91 —Cal(6u8H)
90

1 3 5 7 9 11 13 15 17 19 21 23 25
Output Current(A)
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