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What is the Future of Power Electronics?

Micro- Power Electric
electronics Electronics

Moore’s Law: Between 1920 - 1970,

“Every 1.5 years every 1.5 years
the cost of a ‘bit’ the cost of kWh
drops 50%.” dropped 5%.

T Since then it Is constant.

<
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Microelectronics vs. Power Electronics

Enleluly)

[ + N

Information
Processing

. )

Input Signhals — —> Output Signals

Control Signal

v

Power
Processing

JDun Enorgy mp

\_

F—%

Jipon zagf]

CPES June 7, 2016 SRC Packaging Review On-site Workshop db-3 ﬁ



Paradigm Shift #1: Standardization

Input Digital Revolution /<:>
Output

Devices
A-to-D ;
. Ve '! Conv. D-t0-A Devices

Conv.
A-to-D
Conv.

o

Most of Information Processing has been reduced to arithmetic and logic manipulation of binary numbers!

High Frequency Synthesis (‘PWM")
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Paradigm Shift #2: Modularization

CMOS CMOS Technology BL DRAM

Inverter All of “number crunching” is WL Cell

_| implemented by 2 cells types
— e The cell design is optimized
J — through technology development T
] e System design is reduced to
“combinatorics” and geometry

|

Topology Convergence?

574 L' ¥,

+
SPMT 1 SPMT |—®t|
Voltage Current
Unidirectional Unidirectional
Switches | Switches
i s
T B
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Information Processing Paradigm Shift #3:
Integration

Product Quality, Reliability, and Cost Factors:

o= e

. L
Design
S Manufacturin Materials
Development J
] [
* Rule-based » Batch e Small « Small number
» Optimized macrocells processing number of different
« Standard interfaces of materials
. . . steps « Efficient use of
» Hierarchical design .
“_ L materials
——
Volume Production
~ — -

Cost Reduction
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Power Processing #3:
Integration

Product Quality, Reliability, and Cost Factors:
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Integration in Power Processing !

Or Power Electronics Converter
Design in the Last Century

Digital Interface =T s R
Analog Interface = HEE S .40 S

Power Supplies

Gate Drives

T N

A
I B RS

Power Stage
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Center for Power Electronics Systems
A National Science Foundation Engineering Research Center, 1998-2008
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Center for Power Electronics Systems
A National Science Foundation Engineering Research Center
Datacom Power Systems and Motor Drives

Electronic Power Distribution Systems

Ther H T [J(

Integrated
Motor o o
Drive System Frontfend conve_rter with  Integrated front-
discrete devices end converter
1998 1999 | 2000 , 2001 , 2002 , 2003 2004 2005
| | | | | |

I

I
=]

-

Passive IPEM Integrated

IPEM with

T s EMI Filter
State-of-the-Art ActlveIPEM Double-sided Lo g
Benchmarks Cooling g < Integrated
Transmission Line Filter Power Supply  |ntegrated
. o S HID Ballast Datacom
1 —:"#ll' X -' Lo Center Testbed
§ e A Condutty:> 21 :L- G
[ - Embedded < P
Discrete Devices Fl'p Chip R0 Connecton
on Flex Power Steogt:  >25%

unrforrrl sructure

Nano Silver Die Attach

Sitrench diode MPS diode SiC diode

A

IGBT+ MPS GaN MOSFET GMR Fleld Detector _
Generation 111 Generation |

V,
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Different Approaches to Integration

 Integrated Load Converters:

. . Motor and
— Low-cost, “intelligent motors” Converter
* motor as output filter Integration

Microprocessor
and Converter
Integration

— Fast power delivery to microprocessors
« minimum distance to load

e Power Distribution Converters:

Discrete converter

- - PR Standard-Cell
=W o] = IPEMSs:

&S | | - Active IPEM
' . Passive IPEM
« EMI Filter IPEM

=F
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Current Research Areas in CPES

_ Emerging Applications

Electronics

......

Application Areas

Vehicular : Power Management
Point-of-Load
Power Converter . for Computers &
Conversion .
Systems Telecommunications

Sustainable
Energy Systems

Technology Areas

Power : : : Power Conversion
Electronics High Density EMI and Modeling and Topologies and

Components Integration Power Quality Control Architectures

& watts to megawatts 53C
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CPES @ VT Achievement Highlights
(1983 — 2014)

— 295 graduate degrees awarded
(136 Ph.D., 159 M.S))

— Over 3100 technical papers,
theses and dissertations

— 245 invention disclosures
— 93 patents awarded

— Almost 100 government- and
Industry-sponsored research
projects

— Over 175 CPES industry members

— 97 invention disclosures reviewed
by IPPF (2002-2014)

— 65 IPPF-sponsored patent
applications (2002 — 2014)

CF"éS June 7, 2016

Current year:
e 84 industry members

e $2
e $2
17

.3M from industry consortium
.2M from sponsored research

research SPONSOrsS.
ABB

- ARPA-E

- Boeing

- Department of Energy

- Energy Research Corporation

- GE Appliances and Light

- General Motors

- Halliburton

- Huazhong University of Science & Tech.
- NBE Tech

- NSF

- Office of Naval Research

- Panasonic

- Safran

- Texas Instruments

- Toyota Motor Engineering Mfg. NA, Inc.
- United Technologies Aerospace Systems

SRC Packaging Review On-site Workshop
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CPES Industry Consortium
84 Members

40 PRINCIPAL PLUS MEMBERSHIPS ($50 K/year)

« Same as Principal Member

+ Membership in a mini-consortium:
 Guidance on research directions
 Advance reporting of research results
 Advance IP information

12 PRINCIPAL MEMBERS ($30 K/year)
* Preferential access to Intellectual Property

e Seat on the Industry Advisory Board
25 ASSOCIATE MEMBERS ($15 K/year)

 Free access to CPES publications, conference, and other information
 Representation on the Industry Advisory Board

* Industry residence and student internship programs

e Discount on short courses and other services

12 AFFILIATE MEMBERS (in-kind contributions or <$15 K/year)

 Free access to some CPES publications and conference
e Limited discount on short courses and other services

June 7, 2016 SRC Packaging Review On-site Workshop



Power Management Consortium

NEC TOKIN
E n C Ll ‘
QM&%M 0’0 Macroblock
w\'\"Z a
v w
HUAWE! SONOS
LAnewTa  Work scope A\ O[S RYA
* High performance VRM/POL converters x T
muRa_ta « High efficiency power architectures for laptops, IE%??FS{UMENTS
desktops and servers
RICHTEK . High frequency magnetics characterization and design
» Digital control (
LTIER - o csn
& . Solid state lighting — International
EMEI}SON. « Power management for PV system ( Infineon_ TR Rectifier
Network Power

 Power management for battery system

High-efficiency and high power density power supplies Panasonic
— with wide-band-gap power devices

55
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Mini-Consortium for
Wide Band-Gap High-Power Converters & Systems

Renewable Energy B Work Scope:
o e DC and AC Microgrids

 Architectures and design

* Grid-, battery-, PV-, and wind-
interface converters

* Power management

 Modular Multi-level

Converters

» Modeling, design and control
» Grid-interface converters

e Power Electronics for

Enhanced Grid

Performance and for

Integration of Renewable

Sources and Storage

B Systems

Energy }l\==== sa

SIEMENS () #O£/NE ), \E\ T4 ooloars  HUAWE!

Research Sponsors: @ Newport News Shipbuilding @ﬂﬂf]ﬂg TNSTROMENTS

.“—*

= -i:__f - Sustainable Buildings

A Division of Huntington Ingalls Industries

ner: I:LEANF'IELD [ ENERGY
& X,E{Elst%n% + [ VirginiaTech o N\ O 9
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Mini-Consortium for
High Density Integration

mﬁ.ﬂ %]ﬂj]{}] Work Scope:

» Material and component

o]

characterization (interconnect,
dielectrics, magnetics, SIC, GaN, ...)

« Active module integration

« Passive component integration

« Converter integration

« Wide power range (10 W - 10 MW)

» High frequency (10 MHz - 100 kHz)

. High temperature (= 200°C)

ALSTOM T
8 < AC

ROLLS i3 Texas ‘ GRANE ' '
AEROSPACE & GE Global Research SUMITOMO ELECTRIC

I:R{ INSTRUMENTS (,’ \‘ » I
AL ED BB % United Technologies
o ANELTAa DOwA ABB _.2.. 5%

» \.il l.i\.i
/ A A rch Projects Agency » ENERGY

ROLLS

%‘; UTC Aerospace Systems

b SAFRAN R GE Global Research

unry  |[ROYCE
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SIC Switch Comparative Characterization

Continuous Normalized Die
Device Current Rating Tuax (datasheet) Area to Cree
(datasheet) MOSFET
31.6 A (25 °C); .
(C2M0080120D) 20 A (100 °C) [0 L0
Rohm SiC MOSFET 35A (25 °C); o
(SCH2080KE) 22 A (100 °C) 150 °C 1.21
GE SiC MOSFET 30 A (25 °C); .
(GE12N20L) 22.5 A (100 °C) A 0.97
Fairchild SIC BJT o
(FSICBH057A120) 15A 175 °C 0.64
GeneSiC SIC SJT ' o
(GA10JT12) 6A((25°C) 175 °C 0.33
Infineon N-On SiC 26 A (25 "C); o
JFET (IJW120R100T1) 10A (=150 °C) HERS 1.29
17 A (100 “C); o
(SJEP120R100)  10A(150 °C) e e UAE

C'PéS June 7, 2016
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SIC Switch Comparative Characterization

Specific On-Resistance
vs. Temperature

35 N-On JFET (I,= 10 A)|
30 IROHM MOSFET (1= 22 A)|
S 95 Cree MOSFET (I,= 20 A)|
% 20 GE MOSFET (l,= 22.5 A)|
= SJT (I,= 6 A)
o 15
D
£ 10 -
o N-Off JFET (I;= 10 A)|
@ )
& 5 . —
0 BJT (I.= 15 A)|
25 50 75 100 125 150 175 200

Temperature (°C)

Conclusions:

Total Eg (J)

Switching Loss
vs. Load Current

1200 ' Rohm MOSFET (102 mQ)
1000 | N-On JFET (87 mQ)
' Cree MOSFET (88 mQ)

800 "GE MOSFET (115 mQ)

600 \ BJT (53 mQ)

400 | SJT (215 mQ)

200 N-Off JFET (100 mQ) |

0
4 10 16 22 28 34

Load Current (A)

» All devices have much smaller conduction loss than Si MOSFETs with similar ratings.

» All devices have much smaller switching loss than Si IGBTs with similar ratings.

* All devices operate satisfactorily at temperatures of 200 °C and higher.

o —

<5

CPES June 7, 2016
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SIC Device Characterization and Modeling

Double-pulse Tester Geometry Model Extraction of Impedances

o

.- r}‘k_.-"' S

o p———— . Vdrive
o | Experiment (10 V/div)
E e e e ey e -w-—-lrr “e oo
S A -
— i W

S B | Y
G s -.11.-""""““'\'““*-"'-'-—‘*_---..-‘””"*-..4”‘-‘,"a,"“-w--" o g™ dS
) : (200 V/div)
: e B
S g - -
= e ~A d

. it L Y P i (5 A/div)

=7
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Design of a 0 Q Gate Drive for
EBOEING _
- 1.2 kV SIC JFET
5y +30 V 1
l—__ R-C-D ngJ:
Log e Res s Ry Cuas | Dbody
> |SIC Out N In A N LS ZS
G| Cob |1
ADuM524T Z IXDD414 |= | c:gs:F
= L3 Sic JEET
TO-220

[

\
T

Vds: 100 x Probe, 2500 V, P5100 'Shun
Vgs: 10 x Probe, 300 V, P6139A

Ids: 0.1 Q Coaxial Shunt SDN-10 \

CPE June 7, 2016
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Turn-on/off at different temperatures
T 600 V — 10 A

File  Edit z L heag Math Llilit ath LGl

Tek __Stopped 4 hgs 10 Mar 09 17:23:01 Tek __Stopped 47 fiogs 11 Mar 09 11:52:20
- ~ ; - - ? ! : ~ !

Max(CZ) G0Z.8Y

e Turn

by i i e i

LowiGd)  78v.5my

o oAt

Ch2 2004 [ M 100ns 25655 1T 20 Opsht Chz 200 Ds M 10.0ns 28G5 1T 20.0ps/pt
Ch3 200% A Ch1 o -1.48Y Ch3 200 A Ch1 ~ -103%
ath1  S00mY 10.0nz Math1  S00mY 10.0ns

File  Edit z Dizplay L h Math  Utilities ath Lt

Tek __Stopped 3 hois 10 Mar 09 17:26:08 Tek __Stopped 21 it 11 Mar 09 11:65:13
- - - v v ’ : : : : : ’ o d *

Max(CZ) G393

Highit11) 1.04aY I u r n

T e e

ties

Imaniczy  eotsv

IHmhinty 1027y

LowiC3) 268V ON i : : : : : |Lowicay  -ze.gsy

{Lowic4)  7E7 SmY

lities

Imaniczy  esmov

IHghinty 10EEY

~Toff 23 ns
R ey rogr Vds 200V/divV S e s e e
Ml Sy 100ns A . Mt Somy 100 S R
Ids 5A/div
Vng 20V/div
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Generations of GaN POL Power Module ‘i 1osre

th Projects Agency = ENERGY

CPES Gen 1 CPES Gen 2 CPES Gen 3 CPES Gen 4
2 3 5
14mm 10.3mm
L\ oop=1.32nH L\ 60p=0.89nH

Comparison of Efficiency

T 0.9
O ’lll!ltllll:
. - 0.88
12V |= _+ /S
i - L>;0.86
— C ———
Cin [= Driver -)JIE SR T % 04
n [ 1MHz . 25W G
o :lllllllllll. 'e) m0_82
= 0.8
High frequency power loop 078

to be minimized 0 5 10 15 20 25
Output Current (lo)

£
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Presenter
Presentation Notes
About Gen 4 efficiency curve: The curve is still calculated. David had the Gen 4 converter but never run it at 1 MHz, but 2 MHz. So he’s got efficiency for 2 MHz.



PCB Embedded Inductor Substrate
for 3D Integrated POL Module

Multi-layers PCB substrate with

embedded magnetic layer

f.=1"2MHz, V, =12V, V,,, = 1.2V, |, = 20A

7 “out

Conventional

Magnetic layer Two
PCB via
Turns
Copper layer
FR4 Epoxy Three
Turns
Single Turn Inductor 00

|
)

= e——
3

CPES June 7, 2016 SRC Packaging Review On-site Workshop db-24



Module Design and Manufacture on 4-layer PCB

OCRIEE] © @
GND1 THMONL
GND1
‘ "\. P

;‘Q\

=9

CPES 2-Phase PCB Module EUB July 2014

Open loop evaluation motherboard
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Power Density Achievement

Power A
densit
(Wyin®)
1000
Eff. 89%@1MHz
700
EN23F0QI
W — 4 L%ﬁlanafoh\f
e éNpmlau “ “&"j;':__“]':m.
500
300
Power density is
calculated with 1.2V,
100 The pictures are not \
scaled to real size. N
1A 5A 10A 15A 20A 30A 40A
- Current
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Demands for High-Power-Density Converters
Main Size Contributors for Motor Drive (R. Lai, 2008)
T
g
L

Inverter

T

Front End| |
DC |

20~30%
_____ A
Converter
B

AC
AC  |'Input
. [

c
Heat Sink

Size & weight restrictions

More Electric Airplanes:
Limited space and more

power converters

|
\
-
"-\-\,-\.-\

Semiconductor switches of
and high temperature

high voltage, high frequency,

Electrical
Power

High-pressure  High-pressune
burbine
]
.1 m—

COMPrassor
=
I

"" an
| L TR BRE
gy RRRIRE.§
ST
Combustion Low-pressure  MNozzhe

stian
chambser hurbing
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Planar Packaging

Soldered Bonds

Plated Bonds

Metallization

Solder-Free Package

db-28
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Bi-directional Battery Charger for PHEV "
with MHz GaN Converter el

3.3 kW, 500 kHz, GaN-based, Bidirectional Battery Charger

80
g0 I L HH e |
'Y WA \ \ \
a ck\ i } -+ } LT 11 ! +
MM recvm AV I ~ 3
40 | \\G;d‘gf": dc ) Vy
20
- |~ Dpbcem 100v
|—DCDM 100V

-20

; | i i
10° 10’

500 kHz hardware test result

Hi/Lo Caps

Ld=3nH Power loop

—_—_-_.—F__—
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High-Power-Density, 10 kW Motor Drive

; . BOEING
with High-Temperature Modules =
230 V ph-n rms - - _-_.
360-800 H l Converter
é Filter : Active Inverter
L | Front End T
V @ ] — Ve 4.'::
ac T1 1 _
MeetPQandEMI| T TTT77
requirements Motor Controller System

Passive cooling with air at 70°C
Objective:

— Reduce weight through integration and high-temperature operation
Targets & Desired Features

— Specific power: > 2 kVA/lb

— Device junction temperature 200-300°C with SiC devices

— Advanced topologies

— Reduced filter size

Y

e
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High-Power-Density, 10 kW Motor Drive
with High-Temperature Modules

70 kHz 40 kHz

e

@_ﬂﬂfﬂva

e High-temperature SiC modules
 Sensorless control

e Soft start t 1
AC

* Fan load application

AC | EmI
Filter
Positive % AC )

Neutral

T

Positive JEET

Ayl
/1

Negative

Negative
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High-Power-Density, 10 kW Motor Drive

; . BOEING

with High-Temperature Modules =
 High-temperature SiC modules 70 kHz 40 kHz
e Sensorless control
* Soft start A [ FEEE 1 {} {} {}
* Fan load application Cy

P T T3 (v
@=215cm ac | Filter I

SRC Packaging Review On-site Workshop

41 Ot 17 19:24:48

DC link voltage (200 V/div)

40A/dNY

Chz
Cha

250°C Converter




Interleaved High Power Density AFE Converter () #oemwe

CPES High-Temp. Module

2 SIC JFETs (normally ON)
250°C, 1200V, 20 A

Ch3  200Y By Ch4  SOOmY @ Bw |cm [2 5 A/dlv]
Mlath® B0 A [1 ms/d|v]

= " 15kwW @ 6.3 Kwii ﬁ
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Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

250 13 min
200
0wl [T
o © =
3 100 ° €
Ceramic © g 3]
ag)_ 50 2 S
) 0 . . . .
= -
. f 50* 100 \ 150 \v'_ZOO
|— 13 min
-100
Time (min)
« DBC substrate fails in <20 cycles

S

Sy bE

Before temperature After temperature
cycling cycling

Il

)

i
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Presenter
Presentation Notes
To improve the lifetime, two methods are possible.

Firstly, we can create a small step on the edges of Cu foils. This is to reduce the total Cu mass at the edges. Also, we can use a polymer material to seal the edges of DBC.

Both methods are able to improve the DBC reliability.


Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

Al,O,

Direct-Bond-Copper Substrate

« DBC substrate fails in <20 cycles

Before temperature
cycling

After temperature
cycling

Ml
|

)

C ES June 7, 2016
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Presenter
Presentation Notes
To improve the lifetime, two methods are possible.

Firstly, we can create a small step on the edges of Cu foils. This is to reduce the total Cu mass at the edges. Also, we can use a polymer material to seal the edges of DBC.

Both methods are able to improve the DBC reliability.


Reliability of Direct-Bond-Copper (DBC) Substrate

Reliability of DBC substrate in thermal cycling between -55°C and 200°C

+» Creating stepped edges s Applying sealing material
Sealing
Step-edge Material
Al,O,

Direct-Bond-Copper Substrate

Cu, coated

with Ag S No.crack observed at
~Cu/Al, 0O, interface

i i

)

i

=F
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Presenter
Presentation Notes
To improve the lifetime, two methods are possible.

Firstly, we can create a small step on the edges of Cu foils. This is to reduce the total Cu mass at the edges. Also, we can use a polymer material to seal the edges of DBC.

Both methods are able to improve the DBC reliability.


.

High-Temperature Single-Switch Three-Phase Rectifier

ROLLS

R

ROYCE

Targets:
» Junction temperature up

to 250°C.

» Ambient temperature over 150°C.

High Temperature >150°C Ambient

[ _l____T_T_________T_T_________l_ - —; Udc
1] D3] D5 Els: B
gAY ]
. [ i
va La |la U . | : i
()_' vy "|_'-' . T I
AC input: vb_Lb [ o 2 s | c=— Rgi DC output:
100V, 400 Hz ="M= | T FTITS 270, 1kw
Ve _Lc c | ! | |
_@ml — ——s | i L |
'D4| De| D2| |[Cae] | s R
| Dri emp |
: :Zg AN ZS: +r|ve Sensor o
| || I ! |
| __________ b ; - |
| |F":Jwer module i Prote:ctlon It ! \li |
Voltage Pulse |« PWM Voltage| |
24V _:’ Regulator Generation [*----1 Controller |~ | Sensor |
P 30 kHz Switching Frequency
CPES June 7, 2016 SRC Packaging Review On-site Workshop db-37 ﬁ



Presenter
Presentation Notes
Both the topology and control are simpler than the undergoing project, how ever, it’s still composed of three parts… SiC JFET and diode are used to build the high temperature power module



ROLLS

Modified Hybrid Packaging Structure R

Epo-tek 600 Nusil R-2188

Lead frame Bond wires
v Kapton
—_ / spacer
ﬁ_;\nac
SiC Diode substrate

Nano Ag SIC JFET

S$FLIR Junction Temperature
thermal coupler

Case Ten’iberature |
thermal coupler

Trefl=25 Tatm=25 Dst=0.2 FOV 37
6/23/11 7:05:19 PM +0 - +250 e=0.96

Multiple chip Hybr|d Power Module
Power module thermal test

5
H

{m
Sill

SRC Packaging Review On-site Workshop db-38
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ROLLS

Integration of High-Temperature Three-Phase Rectifier

Mother board (driver, sensor, etc.)

Power module U
dc

—— | —  — — — e
- {

- -

[ —— T —
High temperature controller | S i  — - SIEEELEE LD
- 10 -;' Pulse GenErator . E '3.: S R HTT
ElECtI’ICaI teSt > L AIRER A T WHE @il ot = aw .
Tek  Stopped 24 hous 23.Jun 11131459 = S . i -
Rrotection Temperature

U0 H""I L

Power module

TJ. = 225 °C

la ZQWW W HFQM% uL”l l'“ IWUJLLWDWWM

M 400us 1.25MSks  500nsit
A Chl » 80 ¥

rvf**

Heatsink

i i
Ch2 S00rmY Q

Ch1 200Y
Chd  S00Y

Ch3 100¥

n

CPES June 7, 2016
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[ROLLS]

Converter Thermal Testing

ROYC

Thermal coupler anc

¥, 200°C wire thfough the
A connection hole
: Bias Power

Thermal Coupler

Monitored
Temperature:
Ambient,

Gate resistor,

_ P Core,
o . Prlmary MOSFET,

D ) “Gate drive MOSFET

-

' o
LLER ]

Ambient temperature test point:
-50°C, -25°C, 0°C, 25°C, : , 100°C, 125°C, 150°C Test Picture for 150° C
Ambient Temperature

Electrical and thermal performance met design targets.
Ceramic capacitors and their attach to PCB exhibited early failures.
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ROLLS

High-Temperature 3-Phase AC-DC Converter for R

Embedded Generators in MEA
50 kW inverter/rectifier for starter/generator ,
 High-temperature and high-power-density
« Ambient temperature: 200 — 250 C /
e Switching frequency: 70 kHz //g
R : High-temperature Commercial products
i environment (1200 V, 100 A)
N ST > Powerex
: 4 ; 4 <
EJH} ;JH} JH} SiC MOSFET module
5 E (2012)
Voc | | GIS 150 °C
540V|
— — genEer;tt)g(rjlgffrter Cree
oy VERSY Y o SiC MOSFET module
i i i (2013)
’ T X High-temperature power module 125 °C

Need a power module capable of both
high-temperature & high-frequency operations!
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High-Temperature Packaging Materials Used

ROLLS

ROYCE

-- Encapsulant (NuSil R-2188 silicone)

o __.-- Bonding wire (Al)
e ~15Afor al0 mil wire

SiC MOSFET/diode

i Solder (Pb95-Snb5)
' e Liquidus point 312 °C

\| - | « Better solderability on Ni surface
\\\ .\ \\\\‘ e
[ = | - Surface plating (Electro-less Ni)
\ « Works best with Al wire-bonding
R « Upto300°C
™ Substrate (AIN DBC)
\ o . .o
L > * High thermal conductivity
\\ N  Best overall performance
Terminals (Ni-plated Cu) Baseplate (AISIC)

High-temperature capability of the material;

Suitable combinations of materials to achieve higher reliability
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1200 V, 60 A SIC Phase-Leg Module Design

ROLLS

R

ROYCE

Improved substrate layout to
minimize loop inductances

Fast & clean switching

Veos
i
ll"
. D
] :..Q1,2,3 123

o :
: Vour
FJ B NN
H
:
: —
Duse & 4 Quse
ok Qe
|

Ve

Fabricated module with
DC decoupling capacitors

I VGS(h ot) (10 V/dIV) |

,,,,,,,, , VGS(top) (10 V/le)*

o Tu,rn,,off,,

VGS(bot) (10 V/dIV) 0

42.8 mm H
o

|t (50 ns/dlv)

77777777777777777777777777777777 k VDS(b ot) (200 V/dIV) ‘- lan dewces(bot) (10 A/dIV)
i i

|t (50 ns/dlv)

; Ves(mp) (10 V/dIV)

Hard switching w/ Rg =0 Q
Fast di/dt & dv/dt with small V5 overshoot

Switching Loss
iIs 10-20% of an equivalent IGBT

1800 | | |

SiC MOS HT e e T f
. 1400 Solid — Measured _»

SiC SBD ceramic 1200 - Dashed — Projected /’./' Ar'/E‘+

caps 1000 /',/’/, on

Thermistor

A

CPES June 7, 2016

| ik
IlL

200 -
y
600 - : |
'//// Eo
400 Jp— i

Switching Energy (wJ)

4?” - -
200 7—7--""
0 T T
0 10 20 30 a0 50 60

Load Current (A)

70
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ROLLS

ROYCE

200 °C, 1200V, 60 A SIC F_’hase-Leg Module

Continuous Operation at 200 °C
Test results at 560 V & 100 kHz
—

o]

Buck-mode operation

Power

| VGS(bot) (10 V/d|v)

IGBT shoot-
",,_-.-51.7’.‘.‘?!’_'.’ e .
Vs(topy (10 V/div)

through protection module

N/

T
VDC " - CBqu
540 v@ 820 pF
70kH |
43%d.c. ! | |
—————————— h“‘ o .'T oo . Lol
V¢ (200 V/div) |y oaq (2 AVdiv)
Test setup Specral moduLe ton
IamilR thgrmal ma
-| r SlrS
\ ‘;,+

Cissoid HADES DC bypass caps
gate driver T

¢=

§ fd

Trefl=20 Tatm=20Dst=2.0 FOV 37z=2.0
12/ 2/12 10:08:50 PM| +0 - +250 e=0.96

db-44
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ROLLS

ROYCE

200 °C, 1200 V, 120 A SIC Phase-Leg Module
Module Design
Each switch: _
6x 20 A MOSFETs F Nomex HT
insulation
HT ceramic
caps
Torlon
HT plastic
AlISiC
baseplate

4x 20 A diodes

Decoupling capacitors

Nomex strip

s I\'M'HWH\U\ i H TR \\‘\\\\\\\\\\\\V\\\“
9 - 100N |

L: 119 mm
VPOS VNEG VPOS VNEG
D

W: 69 mm g
H: 19 mm [

i oich |[>1°]

5 6 .7 8

db-45

4

3

7

Fabricated
module
T |||II|||"|I||||I|||‘I|||||||1'i||||.1":.a.|:|_||' e SR RCC
2 3 4 5 6 i 8 9 10 1 12 cm
SRC Packaging Review On-site Workshop
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4'."_‘*_

CPES June 7, 2016

!n



System Design — IR

HT power module HT dc capacitor

Capacltance {uF)
t m o~ @ o

design and reliability testing
fabr|cat|0n 0 25 50 75 100 125 150 175 200
Temperature (C)
SiC MOSFET | HT ceramic

—~ decoupling
. capacitors
i

Active Power Module

w

KLY
L]
1
7T
Lo
i
IFLT
L

1

S/G

HT EMI

L__
0T

o

1

IFT

[

1

IEgS
W

i TG filter survey
i SE 54 SE ! I i WLdm-‘Nlﬂ}. i
e e e e e e e e .
o ; HT bus bar design
11| AC Current| ~ 7 Protection IZ:_" Temp !
i e el R L copperpc. || [ Nover
g NN R comprnes et |
Assumed HT . AC Voltage i ¥ | |DCVoltage e b
________ ] sensor | Galte Driver | sensor . . !
Controller from TI : igh Temperature Ambient
could be used :
HT gate drive
HT sensors
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Converter Layout

ROLLS

ROYCE

Current
shunts

Laminated DC Busbar

Cold Plate

chassis

Module Motherboard
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ROLLS

Converter Layout
ROYCE
High
temperature
modules
Cooling |
terminals AC terminals

DC terminals 7
a

SRC Packaging Review On-site Workshop
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m
il

CPES June 7, 2016



Converter Testing

ROLLS

R

ROYCE

Bottom Sw.

Cables °

Chiller

Thermistor Connections

Coldeplate
Thermocouple

Ringing from
B measurements- not
seen on the modules.

June 7, 2016

SRC Packaging Review On-site Workshop

200 °C ambient

Rgon @Nd Rg o 3.3 Q

Liquid cooling temperature: 70 °C
Protection:

over-voltage

over-current

over-temperature

Ringing from
measurements- not

db-49
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Utilization of 10 kV SiC Devices for Grid-scale Applications

Characterization of 10 kV SiC MOSFET Modules
Turn Off Turn On _It L
980 ns, ,
10 | : VGS 10 :’/ AR |
° ' ' 0 2020 ns 1
I I
1 I L Biatg o SN NREN 1 —w—J I
%3 24 25 26 Qs 39 40 41
150 150
N
100l L 240 ns J_ 100
N 0.33 A/ns D
50 I 50
0 ! km““*—-—- 0
23 24 25 26 38
s I : 4—>I
4000 170 ns i v 4000 | 460 HS
22 Vins. ' /! DS I\ ' 82vins
2000} L 2000 -\t :
|/ I Y
1
%3 24 ' 25 26 e 39 40 41
Time (us) Time (us)

~ Vps= 4.7 KV, |5= 100 A, Vgg= +18 V10 -8 V, Rg = 5 Q
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Design of a high-voltage, high-density phase-leg

 Low-inductance interconnection achieved |
using molybdenum bumps and DBC. +Voe
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Design of a high-voltage, high-density phase-leg

 Low-inductance interconnection achieved |
using molybdenum bumps and DBC. +Voe
G119

SI——"__OHT

s}

S2 Ve

db-52
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Design of a high-voltage, high-density phase-leg

* Low-inductance interconnection achieved )
using molybdenum bumps and DBC. T Ve
I}

 Embedded decoupling capacitors shorten
the commutation loop.

A QD

[ Oul
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Presenter
Presentation Notes
AVX, C0G, 680 pF, 5 kV, +/- 5 %, 9.14x10.2x2.54 mm


Design of a high-voltage, high-density phase-leg

« Stacking DBC substrates can help to reduce the peak electric field.

+Vm
Quat
F R e
: Ceramic _ oOoult
i Ceramic Ell}
,\\ |
So 2\
SO ') i
~
\\\
\\\\\
~
==

'

Il

:—‘:-ﬁ:_
CPES June 7, 2016
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Stacking DBC substrates can help to reduce the
eak electric field.

5 kV/imm

AIN (ceramic)

e —
l " ’ ulnll Copper -
AIN (ceramic)
L1 —

1. High-Density - Thermal & Electric Field
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Each MOSFET pair has its own gate and power
loops.

N . T +Ve
. 2 High-Power - Stress Imbalance | —Iﬂ
il

r
™
"

N
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+Vpe

to prevent partial discharge.
~G1-19
_%—hi_@m

:GZ_I'EI}J |

The system interface must be carefully designed

10 mm for 10 kV!

db-57
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Surrounding pins with an elliptical conductive
shield minimizes the peak electric field.

DC
Fer}

T

i
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Conclusion

 The goal of standardized “Integrated Power Circuits” that enable
high-density integration has not been achieved.

There are too many different functions:
— Electrical switching,
— Electrical conduction,
— Thermal conduction,
— Electrical insulation,
— Electrostatic energy storage,
— Magnetic energy storage,
that require too many different heterogeneous materials.
* New semiconductor materials and devices impose new challenges
on packaging:
— Reduced layout and interconnect designs for reduced parasitics that
enable high frequency operation;

— New high temperature materials with better matched CTEs for high-
temperature operation;

— New high-voltage materials and designs for eliminating “air” as
o insulator.

C'PES June 7, 2016 SRC Packaging Review On-site Workshop db-59 ﬁ



	The Center for Power Electronics Systems�– High Density Integration Research
	Center for Power Electronics Systems
	What is the Future of Power Electronics?
	Microelectronics vs. Power Electronics
	Paradigm Shift #1: Standardization
	Paradigm Shift #2: Modularization
	Information Processing Paradigm Shift #3: �Integration
	Power Processing #3: �Integration
	Integration in Power Processing !
	Center for Power Electronics Systems� A National Science Foundation Engineering Research Center, 1998-2008
	Center for Power Electronics Systems� A National Science Foundation Engineering Research Center
	Different Approaches to Integration
	Current Research Areas in CPES
	CPES @ VT Achievement Highlights�(1983 – 2014)
	CPES Industry Consortium �84 Members
	Power Management Consortium
	Mini-Consortium for�Wide Band-Gap High-Power Converters & Systems
	Mini-Consortium for�High Density Integration
	SiC Switch Comparative Characterization
	SiC Switch Comparative Characterization
	SiC Device Characterization and Modeling
	Design of a 0 Ω Gate Drive for�1.2 kV SiC JFET
	Turn-on/off at different temperatures�600 V – 10 A
	Generations of GaN POL Power Module
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Demands for High-Power-Density Converters
	Planar Packaging 
	Bi-directional Battery Charger for PHEV�with MHz GaN Converter
	High-Power-Density, 10 kW Motor Drive �with High-Temperature Modules
	High-Power-Density, 10 kW Motor Drive �with High-Temperature Modules
	High-Power-Density, 10 kW Motor Drive �with High-Temperature Modules
	Interleaved High Power Density AFE Converter
	Reliability of Direct-Bond-Copper (DBC) Substrate
	Reliability of Direct-Bond-Copper (DBC) Substrate
	Reliability of Direct-Bond-Copper (DBC) Substrate
	High-Temperature Single-Switch Three-Phase Rectifier
	Modified Hybrid Packaging Structure
	Integration of High-Temperature Three-Phase Rectifier
	Converter Thermal Testing
	High-Temperature 3-Phase AC-DC Converter for Embedded Generators in MEA
	High-Temperature Packaging Materials Used
	1200 V, 60 A SiC Phase-Leg Module Design
	200 °C, 1200 V, 60 A SiC Phase-Leg Module:�Continuous Operation at 200 °C
	200 °C, 1200 V, 120 A SiC Phase-Leg Module:�Module Design
	System Design
	Converter Layout
	Converter Layout
	Converter Testing
	Utilization of 10 kV SiC Devices for Grid-scale Applications 
	Design of a high-voltage, high-density phase-leg
	Design of a high-voltage, high-density phase-leg
	Design of a high-voltage, high-density phase-leg
	Design of a high-voltage, high-density phase-leg
	Stacking DBC substrates can help to reduce the peak electric field.
	Each MOSFET pair has its own gate and power loops. 
	The system interface must be carefully designed to prevent partial discharge.
	Surrounding pins with an elliptical conductive shield minimizes the peak electric field.
	Conclusion

