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& Hybrid AC/DC

CPES Electronic Power Distribution Systems
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CPES Electronic Power Distribution Systems

Hybrid AC/DC
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e Load Converters:
Meet dynamic energy
requirements of the loads

e Source Converters:

- Meet distribution bus standards

- Improve source utilization

* Power Distribution Converters:
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- Improve energy efficiency
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But ...

= Weight & Size

= Reliability &
Lifetime

= Thermal
Management

Power
Management

Subsystem
Interactions

= Power Quality
= EMI
= Cost
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& Current Research Areas in CPES

Emerging Applications

P

Application Areas

Vehicular
Power Converter
Systems

Power Management
for Computers &
Telecommunications

Point-of-Load
Conversion

Technology Areas

Power
Electronics
Components

EMI and
Power Quality

High Density

Integration Control
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watlts 10 megawattis

Modeling and

Sustainable
Energy Systems

Power Conversion
Topologies and
Architectures




Zonal Power Distribution System
Bus- & SSPS-based

Notional £6 kV DC Zonal System for the Future Navy Ships

2017-06-27
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= 1 MVA SSPS Prototype
@ M omoo
(3x4.5 KV PP-IGBTs 10 kV SiC MOSFETSs R
%8| 7} +rﬁ IO
138 kv T z il 10 T 268 Ve Features
. /e 4 x 250 kVA AC-AC
250 kVA block converters with 20 kHz
/ transformers
, « Input and output bridges
\ switched at line frequency
A_ﬁi m/qJ 9
* ' « High frequency section uses
| ] series-resonance
\
//nﬂ = L7 .
o T—  — sy, ~ Leakage mductgnce and
v T b resonant capacitor
M= > . .
- : « Inputs in series and outputs
N I ] in parallel to enforce voltage
e and current sharing.
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s Power Electronics Building Block

~
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e Power Electronics Building Block

~
( Power Switches
DC-link
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< PEBB 1000 (SSPS 2.0)

CM inductors Back-to-back Half-bridges
DC-link caps
Laminated busbar

SiC Mosfet modules

Power terminals ADC
(AC) sensor
DM inductors

Fiber-optic
Interfaces

Gate
drivers
Digital Power terminals
Controller (DC)
. Control / Gate driver
SiC PEBB for 1-kV DC Bus Power Supply

100 kW, 100 kHz, 98%, 108 W/inch3
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& PEBB 1000 Fault Handling:
CPES Short Circuit Protection

4 e = Occurs Detected Protected
Switching-cycle
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PCB-embedded Rogowski coils
covered by shielding

Ti s)
ime ( u
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3 PEBB 1000 in Parallel:
CPES Peak Current Mode

Current comparator Paralleled PEBB with
: € Vsense
Driver PCM control:
: R Improved dynamics with
current limiters

A Load step

— —

Synchronized references

Switch current

[
Driver € ' Vsense =

Current comparator ; — N —

«Q
=
N
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& PEBB 1000 in Series: e
cPES Switching-Cycle Control of MMC Capacitor Volatges
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@ PEBB 6000 (SSPS 3.0)

CPES

PEBB 6000 H-bridge

Cawg
& TE

CREE SiC MOSFET
& CPES gate driver

DC Bus Caps

10 kV SiC
MOSFETS
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Current Limiting Function

CPES of Modular Multilevel Converter
DC +
IOJE}:UUJ IOJS}-'UU\J IOEEWJ e 1kV PEBBs operating at 100 kHz
an an an N .
1 ™ T AC using 1.7 kV SiC MOSFETSs
— e A three-phase PEBB-based MMC
{Ja&“ R R P o
™ ™ ™ prototype for MVDC applications
°“~ Experimental Results —
g Py~ Falllt event  DCvoltage |
Z 00k and clearing ]
U -
40 - . . . .
DC current
EZO B
0 i 1 1 1 1 1 1
0.0222 0.0224 0.0226 0.0228 0.023 0.0232 0.0234 0.0236
t(s)
Simulation Results
8000 I DCVoltage |
S74000 ¢
0 -
1000 T T T T r
DC Current
< 500 ‘__/L—
0.3996 0.3998 04 0.4002 0.4004 0.4006 0.4008 0.401
t(s)
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%}ES Patching-up the 20t Century Technology

Integration
of grid,
renewables, - o
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T 215t Century Electronic Power Distribution
efficient, programmable, safe, ... affordable

H%Cﬁ

Nanogrid * with the
bus architecture

* Two voltages

* Wireless GRID
communication 4 R R
() : HvBrD | : ARRAY |
Web-based GUI | 2 | 2
oy = - =)
In L___J L
— - 380V, DC bus
* Bidirectional
power conversion ;SVDC A S A R 1o I
. ! | I |
* Separation of N SR I | | | | :«% |
: | | =
dynamics | - L ;! o B
| | I
« Integrated | L] o o | i R N |
. 1) | | = +
protection | | | |f,} AN = @: | |
S N I LGN : @ : | @ L L 00
«Load management | &=l | 1k : | L 1o o |
————————————————————————— S
* DG man agem ent I————-! L Appliances - Washer, Appliances — Air Appliances — Stove/  LED light
Consumer Electronics - Dryer Conditioner Range/Oven (celllg)

e Data acquisition TV, Computer, Projector ‘ “! I-”
« Communication _ - @ @

* Islanded operation

*J. Bryan, R. Duke, S. Round, 2003
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LED light
(floor)
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TS 215t Century Electronic Power Distribution
CPES efficient, programmable, safe, ... affordable

Nanogrid * with the
bus architecture

* Two voltages

e Wireless
communication

380V, DC bus

Solid State Power Station (Energy Control Center)

Features:
Bi-directional topology

Bi-directional control system
Bi-directional current limit
Bi-directional decoupling due to dc-link
Bi-directional EMI compatibility
Low dc leakage current

High power density; high efficiency

2017-06-27 Presented at US DOE Solid State Power Substation Roadmapping Workshop, North Charleston, South Carolina 13b



@ _ Plug-in Hybrid Electric Vehicle ( Picogrid ) @

Bidirectional
Charger
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@ _ Plug-in Hybrid Electric Vehicle ( Picogrid ) @

Bidirectional
Charger
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% A house (Nanogrid)

House
Energy
Control

Center

2017-06-27 Presented at US DOE Solid State Power Substation Roadmapping Workshop, North Charleston, South Carolina 15a



% A house (Nanogrid)

House
Energy
Control

Center
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< _ Microgrid ©
Microgrid
Energy
Control
Center
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Y Microgrid
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< Miligrid ©

Miligrid
Energy
Control

Center
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< Miligrid ©
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- ¢, Intergrid ?

NUCLEAR HYDRO

= At least minimal level of 8 8

local energy generation HVAC T T
and storage, TRANSMISSION L]J )

= |nterfaces to the higher- i
level system through ( h
bidirectional power
converters;

= Ability to operate in
islanded mode;

. PV K‘#IND
) EXtenS Ve [ -T_ HOUSEHOLD
communication and @ ®Bprv /| winD ' ? LoADS

control capabilities; L OUSEHOLD SECe L—}rﬂ )
_ i - CONSUMER
= No thermo-mechanical LOADS /7 Bty
switchgear; —1 DC picoGRID LOADS
= Step-up/down and
Isolation functions CONSUMER

provided by the power ELELCSEEO)g”CS
converters (no low- DC picoGRID

frequency transformers); DC nanoGRID

DC microGRID
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______

HVAC

Intergrid ?

TRANSMISSION

— =3

HVDC

[pacmsnbmL |
| Loues

WIND

PV
HOUSEHOLD
C2J| LoaDs

CONSUMER
ELECTRONICS
LOADS

HOUSEHOLD
LOADS

pECC
A
g PHEV

CONSUMER
ELECTRONICS
LOADS

DC picoGRID

AC nanoGRID

AC microGRID
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LARGE-SCALE POWER PLANTS AND TRANSMISSION

PV F‘#IND

T HOUSEHOLD |
2

DC picoGRID

LOADS
HOUSEHOLD pECC L
LOADS & CONSUMER |
L) ELECTRONICS
S J.- DC picoGRID LOADS

CONSUMER
ELECTRONICS
LOADS

DC nanoGRID

DC nanoGRID

DC microGRID
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Intergrid ?
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o Smart System Integrator e
CPES with a New System to Build: China

= Coal and hydro resources
are located in Northern
and Southwestern China

m Load centers are in Central

3 -Lgad Centre and Eastern China
L Rral china > = UHVDC is required due to

] large power transmission
: over long distance

inaﬁ:{f_i,ﬁl?_l_'l-s

J. Cao & G. Tang, “Leading HVDC transmission technology and its application in China,” HVYDC 2015, Seoul, Oct. 2015.
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E;;“F_E = L] L
v Planned Future HVDC Projects by 2020 in China
CPES
(The year means project in operation)
Humeng - Tianjin BtB China-Russia (HeiHe)
Irkutsk (Russia) - Beijin 800KV, 6400 MW, 2016 750 MW, 2008
800KV, 5400 MW, 2'[”5“, T % arEast (Russia) — NE China
241 N0 = anping
3000 MW, 2010 3000 MW, 2010
i 'Nw_—Sichuan Humeng - Liaoning
Hami ~ C. ChinaBass Baoji ~ Deyang BODKV, 6400 MW, 2018
SO0KV, 6400 f, 2018 : mmw_, 2011 Hulunbeir (Inner Mongolia)
Xianjiaba — Shanghai 0t ang SN _ - Shenyang
800KV, 6400 MW, 2011 e = 3000 MW, 2010
Xiluodu - Hanzhou B~ = BtB Northeast-North (Gaoling)
800kV, 6400 MW, 2015 : .{wmusg\ 1500 MW, 2008
Xiluodu - Hunan @ North Shaanxi-Shandong
800KV, 6400 MW, 2014 | 3000 MW, 2011
Jinsha River Il — East China Ao BtB Shandong - East
o, oo ants o B
Jingping — East China g a 1000 MW 2012
800KV, MW, 2012 0 '
B0 g Ei ezhouba-Shanghai Expansion
Jinsha River Il — East China 3000 MW, 2011
Jinsha River Il - Fujian B ong 750 MW, 2009
800KV, 6400 MW, 2018 Gﬂgﬁ?&ﬁ;ﬁﬁgﬂﬂnﬂ
Nuozhadu-Guangdong Jinghong-Thailagd., Yunnan - Guangdong '
800kV, 5000-6000 MW, 2015 - 3000MW, 2013 800KV, 5000 MW, 2009
. .[Indlcalr\-'c map)
2017-06-27
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< _  Electronic Power Distribution System Stability &

Wind Turbine Rectifier ~ DC Bus Regulator DC or AC 60 Hz
stage Link stage Filter Bus Power
l — g Grid
% < | > M%M Grid Pow er Il
. | :
R G(s) G(s) Diode Rectifier

i # 11 be

| | Load
stc ZIdc

 Small-signal stability at DC interface: D. Rectifier  Motor Drive

R Nyquist # 16
ZIdc_l_stc 1 w

Criterion G(s) [
Active Rectifier
 Small-signal stability at AC interface: % DC Bus
1 Zsac f
Vac = [I °Vac0 ---- -t G(S)

¥ A. Rectifier Inverter

-E-§Bus

G(s) G(s)
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< Three-Phase Impedance and System Stability 6

Wind Turbine Rectifier ~ DC Bus Regulator DC or AC 60 Hz
stage Link stage Filter Bus

1 .: T Weak Grid
T 1

A

G(s) J«

PLL Jo--mm---

i BRRARLEENIE L SN AE L1 qu ....... IERELUE NN RRLEL MR AL
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g

N
o a1
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[N
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|
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N
(e»]
\

\

‘\
N}V
Q Y BB
o

| |

N

180
0 , it S

..l]
-1801 10

G(s) J----

= e e
v

[deg]

Phase Magnitude Phase Magnitude

PLL

C

10° 10° 1 10' 10° 10°
Frequency [Hz]

2017-06-27 Presented at US DOE Solid State Power Substation Roadmapping Workshop, North Char

eston, South Carolina 22a



-~ Three-Phase Impedance and System Stability

Wind Turbine Rectifier ~ DC Bus Regulator DC or AC 60 Hz
stage Link stage Filter Bus
PR

1 T Weak Grid

1 1
: 4
----------- G(S) G(s) o
H !
PLL [«-------- ! 7 A

Grid-tied VSI Output Impedance sac

[dB]

a
o

[deg]

[dB]

Active Rectifier

DC Bus

Phase Magnitude Phase Magnitude

 [deg]

100 100 0 10 10°
Frequency [Hz]

G(s) -

= e e
v

PLL

C
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-< Three-Phase Impedance and System Stability

Wind Turbine Rectifier ~ DC Bus Regulator DC or AC 60 Hz
stage Link stage Filter Bus
1 .: T Weak Grid
1 1
: 4
----------- G() G(s) ot
3 i
PLL <-------- : v
Grid-tied VSI Output Impedance B i
50 R A N S N I B S U S RS S S5 R I IE 23 S S st s Z
o 0 Zd lac

a
o

 [deg]

Phase Magnitude Phase Magnitude

_ Oh. ...............
m
S, -50¢
Active Rectifier
180
= : .
) 0 ..... ! ]
k= : i : DC Bus
_180 . H O H
10' 10° 10— 10 10° 10° | i
Frequency [Hz
q y [HZ] N G(S) P
1
! 4
: 1
> PLL
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~~ _Three-Phase Impedance and System Stability

Wind Turbine Rectifier ~ DC Bus Regulator DC or AC 60 Hz
stage Link stage Filter Bus
—
1 aiiiinaiitie Weak Grid
1 1 > V
: A PCC
"""""" G(S) G(S) * I | 2 o
H ! -
PLL «-------- :

splay | Cursors  Messiurs | Mask | Math | MyScope | Ansiyme 1

PCC Voltage V]

¥
AFE phase _ass | o | b @_ﬂ'ﬂt—‘lﬂﬁ
A current ‘ _ | ) y AFE
4 /s \\} Active Rectifier
N\ . :
Sl phaSE H H DC Bus
A current™a I |
i i
' :
- G(S) [----
|‘-mj-.w : 4
: 1
> PLL
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Using three
H-bridges with
10 kv, 100 A
SiC modules

8

» In-situ impedance measurements (Series and Shunt Injection)

 System frequency: DC, 50 Hz, 60 Hz, 400 Hz
e System voltage: 10 kV dc, 4.16 kV rms ac
o System current: 300 A dc or rms ac

« Measurement frequency range: 0.1 Hz — 1 kHz
2017-06-27 Presented at US DOE Solid State Power Substation Roadmapping Workshop, North Charleston, South Carolina 23



@ Substation Power Density (SSPS 3.0) ©
i AC T&D DC T&D
. 500 kV, 2600 MW | +400 KV,
AIS substation | . A 500 MW HVDC

= S N fJ. VSC
- Bl e i 2 — )

( e ﬂ' [ -- = .
> e TSGR A e

145 kV, 3150 A, Indoor GIS Substation

Cost 50 — 80% higher than AIS
(substation only - same rating)

Presented at US DOE Solid State Power Substation Roadmapping Workshop, North Charleston South Carolina 24
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Cost 200 — 300% hlgher fhan AI-S
(substation only - same rating) ‘

PD = 0.01 MW/m?3

GOAL.: ngh Den5|ty Indoor SSPS




~< _  SSPS at the Vienna Metro Station on 1-66

" 4 PEBB-based SSPS at every & W[
: relevantinterchange ¢ |

! - - e i { = .
ﬁ £ v (®)Vienna MetroiStatjon V/€n0345aiiaxC
N ] = r ) | "

=

New academic program
10 faculty positions at
Virginia Tech




