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Outline

* Introduction

* Issues / Approaches / Challenges:
— Modularity / scalability

— High dv/dt, di/dt, EMI
— Sensing / control / protection
— High voltage
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Planned Future HVDC Projects by 2020 in China

(The year means project in operation)

Humeng - Tianjin

BtB China-Russia (HeiHe)
750 MW, 2008

Irkutsk {Russia) - Beijin

800kV, 6400 MW, 2015
Ningxia = Tianjing
Qo0 N ” 010

NW-Sichuan

h;

Hami - C. China 3aojl = Deyang
S00kV, 6400, MW, 2018 3000 MW, 2011
Xianjiaba — Shanghali Owiiang %
800KV, 6400 MW, 2011

Gansu
Xiluodu - Hanzhou

800KV, 6400 MW, 2015
Xiluodu = Hunan

800KV, 6400 MW, 2014
Jinsha River Il — East China

800KV, 6400 MW, 2016 ...
Jingping — East China

800kV, 6400 MW, 2016

800kV, 6400 MW, 2012
Jinsha River Il - East China

800KV, 6400 MW, 2019
Jinsha River Il - Fujian
800kV, 6400 MW, 2018

Nuozhadu-Guangdong

B800kV, 5000-6000 MW, 2015
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arEast (Russia) — ME China
3000 MW, 2010

Humeng - Liaoning
800kV, 6400 MW, 2018
Hulunbeir (Inner Mongolia)

- Shenyang

3000 MW, 2010

i
BtB Northeast-North (Gaoling)

Habaei ; 3
. 1500 MW, 2008
North Shaanxi-Shandong
3000 MW, 2011

i BtB Shandong - East

ECPG S h ang had
Zii 1200 MW, 2011
4 BtB North - Central

o 1000 MW, 2012

-3 ezhouba-Shanghai Expansion
3000 MW, 2011
ingbao BtB Expansion
750 MW, 2009
Goupitan - Guangdong
3000 MW, 2016

Yunnan - Guangdong

er Mongolia

TaMwan

Guangdong

Jinghong-Thailapd,

Bangkok Ey

3000MWY, 2013 800kV, 5000 MW, 2009
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Can we Increase Power Density
in Applications that Can Afford It?

Off-shore In densely populated urban areas

2016.04.15



Instability in Traditional System
Caused by Partial Loss of Generation

Load

2 7 8y 9 3 Protal Load = 180 MVA

D) < PGen. 1 + PGen. 3
Gen. 2 Gen. 3

(192MVA) @ 5 Load (128 MVA)
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9-bus system S
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Gen.1 1 4 5 °

(247.5 MVA) 2 0
o

Total generating capacity L R
> 550 MVA

Large transient causes overall system instability due to

undamped power oscillations between Generators 1 and 3.

CPES 2016.04.15 db-7



Mitigating Instability
with Power Electronics-Interfaced Renewable Generation
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Mitigating Instability
with Power Electronics-Interfaced Renewable Generation

Load
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Tutorial:

Is SiC a Game Changer?
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Conclusions

For Vdc <500 V:

« SiC SBD + Si Super-junction MOSFET will compete with GaN-on-Si
For 0.5 kV <Vdc <1 kV:

« SiC Schottky (SBD) will be increasingly used instead of Si PiN

« SiC transistors will start competing with Si MOSFETs and IGBTs
based on converter cost, efficiency, size and performance
— (A tough proposition!)

* For high switching frequencies (> 10 kHz) better module and
converter packaging must be developed

For 1 kV <Vdc <6 kV:
* SiC could be overtaking Si within 3-8 years

* Improved packaging for higher switching frequencies, higher

voltage, higher temperatures, and longer lifetime will provide
competitive advantage

 Much improved systems based on new designs for electric
machines, passives, and converters will be a game changer

N T B Apr
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Conclusions
For Medium and High Voltage (Vdc > 6 kV):

« SiC is the future! (Not a game changer, but a New Game.)

* Very innovative packaging and system design for high voltage,
higher switching frequencies and long lifetime is required

« Completely new systems and new applications will be developed

» This will become huge when the new electronic grid will start to be
built

For High Ambient Temperature (> 200 °C):

« SiC is the future! (Not a game changer, but a New Game.)

* Very innovative packaging for high temperature, higher switching
frequencies and long lifetime is required

 Novel components for the “balance of system” (sensing, control,
passives, interconnects, ...) will have to be invented and developed

« Completely new systems and new applications will be developed
— (“Physics” will remain the problem!)

November 29, 2015

Tutorial: Is SiC a Game Changer?




Ex: 35 MW 3-phase AC to DC Power Converter for
Bidirectional MV Motor Drive or Grid-Interface

. ~ 138KVAC
— \J — \J — \j
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SiC H-Bridge Modules
Power Electronics Building Block (PEBB)

« Concept: Integration of fundamental components into blocks with
defined functionality that can be used in a variety of applications.

* Motivation: The versatility reduces the cost, size, weight, loss, design
complexity, installation, and maintenance of power electronic systems.

J} J} h Series PEBB Parallel PEBB
—__I,"_- “_I,N_- B Connection ) Connection
-1 | T i T '_.._NW\__O .
et | _tat
y
PEBB H-Brid — -
neee PEBB 1 JEH PEBB 1 JE'J
PEBB 1000  PEBB 6000 o o
1.7 kV SiC MOS 10 kV SiC MOS L L
PEBB 2 JEH PEBB 2 JE’}
O o
ae™
gme BB I I
— PEBB 3 JEG PEBB 3 JE’J
O o
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Impedance Measurement Unit using 10 kV SiC MOSFETs
for Medium Voltage (4.16 kV) Medium Power (2 MW) Systems
» In-situ impedance measurements CR==& 70WEREX

pﬂﬂ T Smn'aml'm'mr &H’l‘”ﬂ’ll

Source I 'L Load

- \J
Z . C%D z

10kV /120 A
SiC half-bridge
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Impedance Measurement Unit using 10 kV SiC MOSFETs

P
for Medium Voltage (4.16 kV) Medium Power (2 MW) Systems
h

System Ratings: 10 kV dc or 4.16 kV rms ac
300 A dc orrms ac
DC, 50 Hz, 60 Hzor 400 Hz  —

6 &

It | ot

J

Reconfigurable Control
Medium-voltage Terminals § Cabinet
l IMU Busbar System

Source
Terminals

e —r——— R L e

¢ -
-
=T
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i
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-t
-
m—__— ________

__Measurement frequency range: 0.1 Hz - 1 kHz
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6 kV Power Electronic Building Block (PEBB) Design
PEBB Design

> PEBB Digital Controller

— UPS

SiC H-Bridge

E T E.LXTER
=} =} =} (IGBT) o_l OJEI}

Additional DC-link Capacitor
DC-link Capacitors 425 uF
= 1.275 mF

Inductor, 2 mH

|
o]

Hrh
+

|

7

C'F‘?-ES' 2016.04.15




Significant common-mode currents
limited the operation of the converter to 3 kV.

115

110

Continuous Operation

< 105

=100

50

\ [ >—'}
=} T =} Protec};n °J °J::l '
- 1 1y,
(IGBT) T .
Additional | DC-link Capacitor . J
DC-link Capacitors 425 uF
= 1.275 mF
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Significant Miller effect
limited the operation of the converter to 3 kV.

8 V/div
8 V/div |
50 ps/div

& c.ov  Offset:10.0v 1m0 ERETTTY
&7 &.0Vidiv CliTe B, 250M |

#TH 20.0mV/div CITo M, 250M |
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New-Generation PEBB Design

State-of-the-Art PEBB Conventional: Modularity in power stage only
(1990’s) - =
“A universal power processor”:

» Si IGBT based technology

Modular power stage

>
» Scalable in voltage & current
>

Low cost for easy production

switching frequency = 1 kHz

New-Generation PEBB (2010’s) 5x smaller, 50x faster
“ONE” PEBB (LRU) for all converters on a ship:

Merits of the state-of-the-art PEBB
with SiC MOSFET based technology

+ Modular & distributed controls

Power Converter

>

>

>

» + Modular integrated protection

» + Low sensitivity to parasitics & EMI
>

+ Integrated redundancy reconfiguration for high reliability >SW- freq. = 100 kHz

CPES 2016.04.15
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SiC PEBB 1000: 100 kW, 100 kHz

Intelligent
gate driver

with current \ -
and voltage ‘ . Z
sensing p f

DC capacitor
and laminated bus

controller

Wide input-range isolated
power supply

DC Filters d -|$ AC Filters
cTTTTTS ) e TS )

O—! r— —0)
1 kv DC | YV — ' Y 180 A rms AC
L ------ 'h L------'
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Intelligent Gate Driver for SiC Modules
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Sensing the device current will allow for faster
overcurrent protection and control.

iD Coll medsl I -
e M Ls/2  Ryf2 . I_I,I_ _
One L» | l :
turn g MM R» . i T
o] . -
== Sensed Iz RV
= | bus bar
22
-
Cree SiC MOSFET
CAS300M17BM2

MOSFET current directions

LFH )ﬂl W

VINT oUT

\Il Ii“"'w

J”mu

B,:1.0G T 10KV 1.0ps  15.6ys 35.6p8 [ e s.0psidiv 5.0GS/s IT 100psipt
im0 By:200M DOg AT 100A  1.0ps 15.6pus  25.6ps Feady HNarmal Proview Sample
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Reducing Control Logic Sensitivity to CM EMI

Reduced Gate Driver
Prop. Path  Power Supply Input lm pL: CM Line Noise
Impedance lem_PS lem ps: GD Power Path
GD }J GD }J 7 lom rogici GD Loglc Path
PS PS SRR RS P R N RO R
1 1 \
GD , [GD | S O O R O ‘ M
< Ll i vu m i/
* ik
& | {]red m iy n“ j
PS PS lem_PL 1WAt i
b r B b
GD | GD | 333::”‘ 3 3
IC IC -10 l l 11111116 l l 11111117 ‘ ‘
I-] I-bl 1OF H 10
Increased cm._logic requency (Hz)
rrop. Path Gate Driver Logic Input -
mpedance

« CM noise in all three paths have the same profile.
« GD PS path has higher CM noise than GD logic path due to CM noise

propagation control design.
2016.04.15 db-22
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Scalable PEBB-based Converter
with Distributed Hierarchical Control

= Mission Control

= = Converter Control
MV 3-phase AC | i = Mu|ti_phase
\ 2 ' coordination
= Application specific
control (E.g. Motor
< U U control)
e ~ = ~ = Stacking Control
| | . = Voltage balancing
<] <™ o = OQutput voltage / current
-~ ~ g ~= v be control
= i =l = Paralleling Control
N N < = Current balancing
= PEBB Control
. = (Gate signal generation
= Local high frequency
Scalable PEBB-based converter control (> fg,)
. = Fast local protection

CPES 2016.04.15 av-23 I 55T




Software Defined Controller

PEBB Controller

=S 2016.04.15
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Software Defined Controller

PEBB Controller

Secured Code

Paralleling Controller Stacking Controller Converter Controller = Mission Controller
CPES 2016.04.15 db-24b




Software Defined Controller

PEBB Controller

— Cloud based Code Execution

N_—
S 2016.04.15
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SiC power module design for
HF, HV, and scalability.

 Decoupling capacitors are integrated in the module to

T +Voc
« Each MOSFET pair has its own gate and power loop. | T Gl—IEB
shorten the commutation loop. _

iy
)

0
1:
i

20 mm x 35 mm each. db-25
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Finite element analysis (FEA) tools can be used to
simulate the electric fields.

E [¥/m]

. g, 3333 A6
3. GEGT A6
a, A6

7.33355 HE

5. GEGT A6

gl

5,333 3

5 kV/imm

l'fﬂ'ﬂ"o_‘

. IRAR AN (ceramic) |

AIN (ceramic)

lm_'

Stacking DBC substrates can help to
reduce the peak electric field.
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High electric field concentration can result in
partial discharge and ultimately breakdown.

Repeated partial discharge stress
can create cracks in the ceramic of
direct bonded copper (DBC) substrates.

AC voltages can cause bubbles
to form continuously in
encapsulants, ultimately causing
permanent destruction.

Ceramic

C. Bayer, et al., “Enhancing partial discharge inception voltage of DBCs by geometrical variations based on
simulations of the electric field strength,” IEEE CIPS, 2016.

M. Do, et al., “Partial discharges and streamers in silicone gel used to encapsulate power electronic
components,” IEEE Annual Report Conference on Electrical Insulation and Dielectric Phenomena, 2007.
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How to Interconnect High-density Apparatus?

Electric Field Distribution in
SF6 gas insulated HVDC wall bushing

Boteritidl 2000 1500 1 0‘00

 Avoid air as insulator?

500

* New architectures
(without bushings)?

* New materials?

S 2016.04.15
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