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Project Description

dObjectives/Summary

...................................................................................................................

= Develop a SiC based, modular,

transformer-less, MW-scale, power =
conditioning system (PCS) and a S 1
corresponding control system for
flexible CHP (F-CHP) systems - ST —
= The PCS and controller are designed to }{:ﬁ s LU
meet the distributed energy resources S AE s[5 f e s
and microgrid interconnection ‘ = = g s
standards (IEEE 1547 and 2030.7), | O+ L]
capable of grid support functions, as | 8| R | 4 |

well as operating under other abnormal ! Wt . Lo yoltage CHP sowees with tmpsformeres BS ).
grid conditions (e.g. unbalance, faults 0 edium Voluge CIIP
and transient overvoltage)
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Project Goals

1 Project goals are to improve the baseline technology (Si-based solution)
to meet the DOE FOA and other related targets:

= SiC-based PCS Features

1) integrate with different CHP sources (conventional turbines, reciprocating engines, micro turbines, fuel
cells) and other energy resources (PV, energy storage) etc.

2) modular and transformer-less for resiliency, scalability to MW level and low cost

3) support unbalanced loads and abnormal grid-conditions, and provide extra system benefits utilizing
SiC fast switching capability

4) meet IEEE 1547 and 2030.7 standards, together with F-CHP controller

= F-CHP Controller Features

1) integrate with different CHP sources and other DERSs, function together or independent of the PCS

2) meet IEEE DER and microgrid standards, easily integrated with existing distribution grid controller,
and provide grid-support functions

3) automatic transfer between various operation modes

4) general-purpose controller hardware for cost reduction
EcuURENT



Uniqueness, Barriers and Challenges

dUnigueness

= A SiC-based four-wire PCS that can interface flexibly with various energy sources on CHP side,
and interface directly to MV with grid support functions

= A F-CHP controller that enables automatic transfer between various operation modes, including
a dynamic microgrid boundary to maximize utilization of resources and better resiliency/
reliability and meet grid requirements

» Use of modular and transformer-less PCS, general-purpose controller hardware, and existing
smart-grid assets for lower cost

dBarriers and Challenges

= Utilization of HV SiC devices in PCS to directly interface to the MV grid without low frequency

transformers, considering grid requirements (var support, voltage/frequency ride through, mode
transition, unbalanced load, insulation, etc.)

= F-CHP controller development to support different flexible CHP sources, and to cooperate with
local renewable energy sources, storages and loads

= Cost reduction for overall CHP system including controller and PCS
CURENT




Expected Outcomes & Impact

d Expected Outcomes:

= Scalable MW-scale DC/AC PCS converter, as an interface between LVDC (e.g. 800 V to 1
kV) and MVAC (e.g. 13.8 kV), meeting related specifications and grid requirements. A
prototype with two 100 kW scaled PCS converters will be completed

= F-CHP Controller, including F-CHP central controller, local load local controller (LC),
source LC, and PCS LC

U Project Impact

= The developed power electronics and controller technology will enable F-CHP with various

types of energy sources to provide a range of services to the grid at low cost and high
reliability

= [t will help to increase the market acceptance of MW-scale F-CHP and accelerate the
proliferation of CHP for grid applications
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Overall Schedule

» Design SiC-based, transformer-less, M\W-scale,

(OCtBF;:).18 _ four-wire DC/AC PCS | Design report of PCS and F-CHP
Dec. 2019) » Design F-CHP Controller including F-CHP CC, controller completed
' Local Load LC, Source LC, and PCS LC
» Build A 100 kW PCS prototype based on the
design in BP1
BP2: > Build MV test platform and demonstrate PcS 100 kW PCS prototype and F-
(Jan. 2020 - functions CHP Controller hardware

Sep. 2021) > F-CHP controller tested and validated in HIL and démonstrated
UTK’s HTB platform

» Develop PCS paralleling technology

BP3: > Build two 100 kW PCSs prototype and test Scalable PCS prototype (two 100
(Oct. 2021 - scalability of the PCS kW PCS) demonstrated with test

Sep. 2022) » Test F-CHP controller to handle the scaled PCS report

ECURENT [ completed Il -ongoing



Team Members and Roles

OAK RIDGE

National Laboratory

EourL. - .

0

NC STATE
UNIVERSITY

Provide expertise on CHP system,
data, and model

Advise on siting and sizing
Promote developed technology

THE UNIVERSITY OF

TENNESSEE

KNOXVILLE

* Qverall lead and project management

%)

* Assist with control 0 » PCS design and development » Help on PCS design considering
algorithm development for * F-CHP controller algorithm development future manufacturing and
F-CHP system * Controller HIL and PCS testing commercialization

* Provide advice on testing - Report to DOE

Provide guidance on requirements
of PCS and controller

Provide data and model for
projected CHP system
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Overall Technical Approach

PCS Converter Development Scalable PCS
¢ Grid requirements identification _
e PCS converter design considering grid requirements Parallel! ° F-CHP controller design
¢ Multiple grid support functions Y O support scalable PCS. _
e Topology, control and modulation * Gate signal synchronization
e SiC device application issues 2 = - e Circulating current limitation
o PCS converter function test -
'l
/ SiC Based Medular Transformer-less MW-Scale ~
'“te'\éce Power Conditioning System and Control for Interface
Flexible CHP System

F-CHP Controller development

F-CHP controller architecture and functionality
F-CHP controller operation in different modes
Transition between operating modes
Controller design considering protection
F-CHP controller modeling and test

*® & & = @
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 Technical Progress

= 13.8 kV/1 MW PCS Converter Design Considering Grid Requirements
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PCS Specs and Requirements

Power ratin 1 to 20 MW
2 1)Low/high voltage ride through follow IEEE Std 1547
MVAC voltage rating 13.8 kV (-12% ~ 10%) 2)Lowlhlgh frequency ride through follow IE.EE Std 1547
3)Active power for frequency support, reactive power/power factor for
LVDC voltage rating 850V (-5% ~ 5%) voltage support
4)Current source operation for grid-connected mode and voltage
Power factor Four-quadrant operation MVAC side functions  S°urce operation for islanded mode
5)Voltage ride through in islanded mode
TDD in MVAC 5% (IEEE Std 1547) 6)Active power filtering
. o 7)Stability enhancement
Efficiency 98% 8)Seamless mode transition between islanded/grid-connected mode
Ambient temp -25°C ~ 55°C 9)Start up both from LVDC and MVAC sides
10)Ground fault isolation between MVAC and local load side
Cooling Forced air or liquid cooling
Reliability MTBF > 10 years LVDC functions 1+5% LVDC voltage variation
o L o -
Power density > 0.6 MW/m? Unbasﬁ;;i(:t load ?gé)+tj?gaé?nce load support for AC grid side, <4% voltage variation,
1) AC side fault including three-phase and single- RF requirement 47 CFR 1.1307 (FCC standard)
Fault phase grounding, and phase-to-phase short 1) No requirement in MVAC
2) Overvoltage and overcurrent fault in LVDC bus EMC 2) FCC 15 CLASS B in LVDC
1)Chassis grounded . voltage control bandwidth > 300 Hz,
2)Midpoint of LVDC grounded e LT el current control bandwidth > 1 kHz
3)MVAC side: Neutral is grounded in grid- : : . : . :
Grounding connected and islanded modes: No impact on PC(?a )zreor’:]eacl’;lon Over-voltage protection, over currfzrll’:tprotectlon, under-voltage, ground
temporary over voltage/current level under ground
faults for existing grid; No impact (or minor change) Transient overvoltage Lightning and switching overvoltage

on ground fault protection for existing grid.



PCS Converter Design Results

d Comparison Summary Between Baseline Design and Design
Considering Grid Requirements

m“ Commant
Baseline Grid Baseline Grid

Most of weight and size increase sre due to:
1) filter inductor because of higher inrush current

DUoYAT 206.3kg 314kg 0.236 m® 0.271 m3 during grid transients;
stage . Y :
2) transient overvoltage limitation device (e.g.
arresters)
Most of weight and size increase are due to:
DC/DC 1746 kg 2031kg 0.147m? 0.209 m? 1) transforme!’ because_ of increasing insulation;
stage 2) larger DC link capacitor considering

source/load change;

Specific power: 2.62 kW/kg — 1.93 kW/kg

3 3
Total 380.9kg 517.1kg 0.383m° 0.480m Power density: 2.6 MW/m? — 2.08 MW/m?

ECURENT
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 Technical Progress

= 13.8 kV/100 kW PCS Converter Prototype Development and Test

ECURENT
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PCS Converter Prototype Development and Test

1 Converter Hardware

= Modular design
» Separated LV and MV area and outlets

I

I

| & & w4 45% +%| I
1] 4453 1 4 9 i)
sov | L '
A

> Phase C
ac ————————— S
A A A Filter inductors, AC
T A8TKY féifeffﬁﬁ for ?f‘felriary tfr]xr])jials ?éilet VOlt.a.gefcurrent Sensors,
o Iﬁ% E}H ii? . PWM and sensors ~ supply auxiliary power supply,
\_ L7KkV SiC MOSFET 10 kV 8iC MOSFET Phase 4,5J Powe rm Od u Ie fro nt VieW etc.
Three-phase converter
hardware pictures
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PCS Converter Prototype Development and Test

d Test Setup 1 d Test Setup 2
= Hardware Test = DC/DC stage (active power) full rating test
* Insulation test = Efficiency test
 AC side full power rating test «  Power analyzer is used to measure both the
= Performance Test LV DC side input power and the MV AC side
« Power quality test output power

« Control bandwidth test

[ —_—

- - Vivoe Vmvoc

— 13.8 kV

Z (line-to-line) ki hE TRE ; ;

—hE — —+*F - —%} —cﬁj v ¢ 1 C1'E
1 Y Y Y VA ] . . I p— ’
E’EH T67 kg Lf [ | AP 5 - | é EJ
LVdc 850V B il LV DC 8kV/120V
b [] [] []2s00 PS nC
G

et
Ty
1

T % Cgi B7K
A —kE k& —kE
y
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PCS Converter Prototype Development and Test
d Test Setup 3

= Four-quadrant operation | . | |
. ;fr ) ! —cé} —J} AJ} _]_
u Grld normal and B - S S 5 4Jx % r N e l
agn f =f ) C Varv m\‘l:'}{“ﬂ Fuse — 0-850V
abnormal conditions 1IN L3 Lo oL | I jj STimEes:
) oy R R 2 A I ' % 1
. Grld-ConneCted mOde i c L;'Sdc - i SLV/120V/ 0-277V/277V _:T 45}17;‘?5‘1_:[;—[
and ISIanded mOde G 1 —Ei} :1: ‘.”;f;g; Ll o IGM:ZMBS [Converter controller}
O eration 480V ac T o \ rid emulator/loa '
p | o‘::l]:t A ﬁ} 4 = : 4;? Dg ‘T\ ¢ demullattor}rl ‘
- culati Bl T [
= Power circulating e PCS convekter (equipment under test) ,
dc/16A
= Safety consideration MV testhed
MV'test room T

= Multiple protection
schemes (both hardware
and software)

Contactor and variac

PCS controller and
controller

HMI

LV dc PS remote
controller

Grid emulator
HMI

Oscilloscope HMI

Control bench
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PCS Converter Prototype Development and Test

= Performances and functions tested

Gategory | Function

Full voltage and power rating operation
MV ac voltages: v, vz, and vc (10 kadlv (13.8 kV/100 kW)

mwmmmwmmmm .

Converter | cyrrent TDD ~ 0.8% (up to 50t-order)
MV ac current: : ,and i~ (10 A/div)

| Efficiency ~ 96.4%

] Test Results

File  Edit  Utility  Help
Wavedorm View

Voltage control bandwidth ~ 300 Hz
Current control bandwidth ~ 1.1 kHz

Var support (voltage support)

Grid Voltage ride through
requirements
/functions

~ Time (20 ms/div)

Protection (over voltage, under voltage,

5

6

7

8 Frequency ride Through

9

1

0 over frequency, under frequency, etc.)

MV AC voltage and current waveforms @ 13.8 kV/100 kVA

Balanced/unbalanced load support in
the islanded mode

ECURENT
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Outline

 Technical Progress

= F-CHP System Controller Design, Implementation, and Test

ECURENT
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F-CHP Controller Design, Implementation, and Test

(1 Central Controller State Machine

System shut down in Shut down

<+
Shut down succeeded sequence
Fault -
Grid-connected mode
Startup failed 5!?11'“111 to the i:n:x:urgga tu
p E1 d-connected sucoeed[:_ld}
Start up and the mods
MVAC grid is available Fy
Fault <
) ceured Transition MVAC grid Transition
>ystem trip failed becomes succeeded
i vy VY AN navailable
System on Fault occured Fault Pl 1 djd
Off < . Ready torun > Fault *IL"”EL—] unplanne
System off Ukt cleared Elﬂﬂ#{ﬂg A Reconnection
\ transition ~ © ot®
A A | o
f £ Transition MVACgridf |1 ..
%e, ded  becomes )
Fault % ucceede ¢ failed
occured S available
Start up but the MVAC
grid is unavailable Startup to the Startup .
Startup failed Fault islanded mode succeeded
occurad Islanded mode
Shutd ded .
oW sueceene System shut down 1n

sequence  \shutdown |
EouUREN



F-CHP Controller Design,

Implementation, and Test

L Power Control Architecture SCADA/DMS

Commands to override
generation/load dispatch

F-CHP Central Controller

PCS max/min
output power

State Protection Data-
Machine Coordination logging

Power demanc

F Long te'rm from PCS to

orecast generation . .
Forecasting result Energy plan Active Power support grid
— > Control

(PV/Load) Management T ——

Coordination

PCS Controller

Long term controllable

load shifting plan Dispatch command

}

Active Power Grid
Support

PCS output
power setpoin
RDemand Active Power / Setpoints ¢f sources
esponse i
: Control |~ source
Local Load ~  Controller
Source Local Controller

(Commercial)

Reactive Power
Grid Support

@ Controller
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F-CHP Controller Design, Implementation, and Test

d The Hardware Testbed (HTB) test

= Support grid-connected mode,
iIslanded mode, and mode transitions

= Normal and abnormal grid condition
emulation

= Emulators for CHP, PV, BESS, and
local loads

= PV and load profiles

= Small-scale PCS converter with the s e
same tOpOIOgy and ContrO”er Wall ac outlet

= Central controller implemented in a
CompactRIO

= Power circulating

CompactRIO

CAN BUS

AR JIE .
= ] A PCST
4*&3 Aﬁig & 4 & Jém
P, PV, BES T [P =
C2: Source emulator B 8o
? -G? hasel-yl-}"g
Wi .
Ji o o3 99 11l
—HE | . =
ls.la. 5 4953 T4a ]
C3: Load emulator PCS2 Phase A%
LV dc bus | PCS converter

CAN BUS

Configuration of the HTB for the F-CHP controller test

ECURENT
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F-CHP Controller Design, Implementation, and Test

File Edit View Project Operate Tools

Window Help

» @ @ N
Grid Emulator: SCADA Emulator: Functions in operation

Grid valtage: J 1

Grid Frequency: &0

Grid Conditions:' = | Normal
Grid Enable ]

SCADA Power Command: :‘} 0

SCADA Override

»

AC Load Support

PCS operation mode: | || Constant Pf mode

@ AC_Load_Support_Command

Central Controller Command:‘

@ Black start
@ !slanding

@ Resync/Reconnection
@ Power coordination
@ PV forcast

@ Load forcast

@ Energy management

50: CHP 0
38 source | -so:
[E -100°

Battery

CHPduty @ @ Battery duty @ | @

PV
B: J0
B[@  ONOFF 4

— PCS1

\
| DC gl‘ld v: 10,013 H oL @ |

MODE: Off @ Protection coordination
@ Data logging
ISLANDING
SYSTEM ON START/STOP @ External load
System Variables:
P |0 iy
100+ p: |0 100< o [Fm Curtail: 0
752 501

AC

l f o grid

Phase
B load

Phase
C load

— PCS2
oo
(® =l ol o
Critical Cﬁ;ﬁél Non-critical Satlis B Phase
load load 2 A load
load 1
P: |-0.01 P: |-001 P: |-001 P 0 P:j0
Q:j0 (o3 ]

Waveforms

Status(0: fault, 1: standby, 2 :runnin

DC grid voltage(p.u.)

Active power (p.u.)

e
]
Il
1355
51
255
b
0.75-]

0.5-}
025
0]

-0.25

-0.5-.
70100
Time

I
800

i
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! "
1000 1070

0 i
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! i
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CHP
PV
BESS
PCS1
]
CcL
NCL1
NCL2

LV DC

CHP
PV
BESS
PCS
PCSs2
cL
NCLT
NCL2

CHP_prj.hvproj/NI-cRI0-9035-5ync-01CDSEGS| <
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F-CHP Controller Design, Implementation, and Test

] Tested Scenarios

R S

1 From the LVDC side (to islanded mode)
F-CHP system start

2 From the MVAC side (to grid-connected mode)

3 Grid-connected mode operation(including PV and local load profiles)

4 Islanded mode Stand alone(including PV and local load profiles)

5 | operation Support external AC loads (including AC load profiles)
6 Planned islanding

7 | Transitions and Unplanned islanding

g |transient Reconnection

9 AC grid fault transient

ECURENT
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d Summary and Future Work
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Summary and Future Work

d Summary

The BP1 and BP2 are completed, and the BP3 is in progress
The 13.8 kV/1 MW PCS converter is designed considering grid requirements

A 13.8 kV/100 kW PCS converter prototype is developed and fully tested, which verified the
converter design approaches

The F-CHP system controller is designed, implemented, and tested in the HTB
The F-CHP system controller is also tested for the scalable PCS operation

LV dc bus

T b ] 44 581,
Q Future Work b T %
= Asecond 13.8 kV/ 100 kW PCS converter prototype, with better efficiency LA 7L R | -

and power density, is under development to validate the scalability of the 2t te ﬂ;:sf"““@:

PCS .
) T b5 ] H
iﬁi LTI T
ECURENT Ty e
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