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Wind and Solar Power Growth in the United States
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14,000 97 GW 97,2 100,000
= Cumulative Capacity . 1 201 9 |
13,000 | 1] Q
. Al | New C Installati
. nnual New apacﬂyn al ons 1 90’000
12,000 [ 1aNew Capacity Installations
11,000 } . 2Q New Capadity Installations 1 80,000
s 3Q New Capacity Installations
S 10,000 | [ { 70000 £
2 . 4Q New Capadity Installations E
£ 9,000 z
° <
b} { 60,000 ®
<. 8,000 | s
- =]
"] [*%
8 o
& 7,000 { 50,000 ¢
o =
g g
3 6,000 2
o ’ { 40,000 T
2 g
£ 5,000 |
5 /| 2
©
2 4,000 1 30,000 =
) /
3,000
’ 9,046 I I - 4 20,000
2,000
B . | 1 10,000
1,000 | 2,502 H I -
0 l l 0

U.S. Generation Capacity = 1,203 GW

)

!
il

Q |
e

S June 7, 2022

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Center for Power Electronics Systems

18,000
16,000
14,000

~ 12,000
0

T
=
e
2
O
©
Q
©
O

10,000

0

PV Generation Capacity

70 GW
in Q2 2019

Q S Ak a8 W0
B Residential ® Non-Residential u Utility




Flexible Combined Heat and Power (F-CHP) Vision

NEW CONCEPT

* Flexible CHP system provides electricity and thermal energy for plant
processes and operations
* Flexible CHP system provides additional generating capacity when grid
. demand increases and/or renewable resources are not available. Flexible
Substation ; . ;
o CHP also can provide other services, such as frequency regulation, to keep
N

Residential Commerse e the grid stable

& Industry

_:___T::_T:_:_Ti_ H——sh W | Manufacturing
Facility p

L
II Industrial Systems
and Loads
>

Transmission Grid Solar Panels Wind Turbines | |’

\
TODAY'S ELECTRIC GRID : \.:'--. CHP System

* Power system serves residential, commercial, and industrial loads, and
interconnects with a growing number of intermittent renewable energy Power
resources Electronics
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Project Goals

1. To develop an F-CHP power converter featuring:

= Full compliance with the IEEE Standard 1547, category B, for operation in local
areas with high aggregated DER penetration

* Full compliance with the IEEE Standard 2030.7 for the specification of microgrid
controllers

»Stability-enhanced grid-support functions avoiding the onset of dynamic
iInteractions with the grid and other system components

2. To enable F-CHP systems for both microgrid and standalone
applications

3. To develop a modular, scalable MV power converter concept based
on 10 kV SiC MOSFET devices achieving:

= Efficiency > 99 %, and power density > 10 kW/I
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Instability Triggered by use of Droop-Mode Vo

t Q-Mode
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PV Inverter Tests in Droop Q-V Mode

AC Feeder PV Emulator AC Source AC Voltage

ANAAVAANAANAAN

\'/ NN COO0O0O /

Droop Q-V
Control Mode

10 Oms/div 10.0MS/s
1MQ By:200M |_Triggered ute | Sample
N Bpizom 16 740 acqs
N, Eai20M Cons

IMU PV Inverter DC Bus AC Currents
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The Modular Scalable AC-AC Circuit

Phase C
Phase B

Phase A

G/DES' June 7, 2022

Grid Side

CHP Side
Phase C
Phase B
Phase A
I Larm
I -2
| Lph Lg -°

Center for Power Electronics Systems
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The Prototype AC-AC Circuit Constructed
i Symbol Description Value
Ve F-CHP converter dc-link voltage 1000 V
V.. Grid and CHP generator voltage 480 V
Phase-leg A P Active power rating 100 kW
Q Reactive power rating +75 kVar
Phase-leg B J f Line frequency 50/60 Hz
L, Grid side filter inductance 4 uH
: R, Grid side filter damping branch resistance 0.56 Q
Phase-leg C C4 Grid side filter damping branch capacitance 20 uF
. C; Grid side filter capacitance 20 yF
Filier L, Phase-leg output inductance 200 pH
Contactors L.rm Arm inductance 10 uH
fow Switching frequency 20 kHz
Cac Cell dc capacitance 74 uF
N Number of cells per arm 1
device 1.7 kV SiC CAS300M17BM2 \
S. Zhou, B.r Wen, J. Wang “Design and hardware implementation of thé peak current mode
switching cycle control for voltage balancing of modular multilevel converters”, APEC 2021
Center for Power Electronics Systems

Constructed converter prototype, inverter side
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Peak Current Mode (PCM) Switching Cycle Control (SCC)

, Phase-leg COIftroller Vierefl 2 .
< é*.;_ Iphref
_gTU__ Modulator & | é( Gi (%‘.
Switching <<<_E ’ . Iph
gBU Cycle Control <<<—— —  Mode
ks e :
P h Selection &
Lph gTU ) Shoot <_<( Arm
EBU * Through Gate <
8TL < _ e Current Delay
l‘ h ViiTLds gBL < Signal ‘<( Limit Compensation
P D - Generation Generation
Larm ; e |8TL :
I — lphT Tvdcref
k._} VdiTUdt » —— |
VdiBLdt L gBL V4iBUdt »| Rogowksi-coil [
- VdiTLa -| intergrators

VdiBLdt >

S. Zhou, B. Wen, J. Wang “Design and hardware
implementation of the peak current mode switching
cycle control for voltage balancing of modular multilevel
converters”, APEC 2021.

CPES June7, 2022 Center for Power Electronics Systems




Phase-Leg with PCM and SCC

C?F_iES' June 7, 2022
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Distributed Control System

/ — C
. DC caps pre- - B
Controller > . »  Controller
(TI MCU 7 | SSC control 4 TIMCU )
PQ control, enable ] Phase-leg J]_ | ARSI SRS T e
Refs for Current > 1| Control law '
\ Phase-leg  JIRef iy f\ f\ J\ J]_

\ 4

I ’ ‘M@

(FPGA ) C FPGA )
Vews Ver, | phy omim.
Comm. Fault status J]. PWM
¢ .

Sensor inter.
\ Y,

IEEE 1588 Precision Time Protocol (PTP) Synchronization Proposed in 2002 for synchronization.

Dlgltal COntrO"er _ Y. Rong, J. Wang, Z. Shen, S. Zhou, B. Wen “A synchronous
= TI TMS320 DSP (Control algorlthm) distributed communication and control system for SiC-based

- Altera MAX 10 FPGA (Communication protocol) modular impedance measurement units”, IEEE Journal of Emerging
and Selected Topics in Power Electronics, early access.

C;' ES June 7, 2022 Center for Power Electronics Systems 11



Three-phase Test Results with PCM and SCC

50 1000 V
(
L]
] Inverter | ——
1
45Apk >
Designs | DC Cap Lim
MMC 1 mF 100 pnH
SCC 74 nF 10 nH

Phése A upper and lower cell cap voltages, 1 kV
Phase B upper cell cap voltage, 1 kV
Phase C upper cell cap voltage, 1 kV

Phase A upper arm current

100 ms

CPES June7, 2022

Center for Power Electronics Systems
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AC to AC Operation with Two AC Power Supplies

Converter 2 Converter 1 277 Vrms 1l 800V 311 Vrms 11
Y N p

CI Inverter Rectifier C1 15 kW
MX30 MX45
Cl:

—__ /U Y,
California

; MyScope El [IETH B
Inverteroutput'currents™ ~ " T T T Instrument

i

15 kW

Cursors | Measure | Mask | Math Analyze | Utilities | Help

File

Edit

Vertical

Digital | HorizlAcq | Trig | Display

Voltage
/1 MX30
~‘Zv%b

i : | | _ | | | | | Rectifier
& ! : ! _ ; : ! : 7input
{current

I O o R I i il S 2 e G - e e )] i | i ) S | e L L]

A X 136.0mv 10.0ms/div10.0MS/s  100.0nsfpt

(&l 200.0mV/div 500 By:20.0m

@2 200.0mVidiv 5001 By:20.0M Triggered Auto Run Sample 1
- 400.0V/div 1MQ By:20.0Mm 11 062 acqs RL:1.0M
[W-I'W) 200.0mVidiv 500 By:20.0Mm Cons March 14, 2022 15:40:13
Value Mean Min Max St Dev Count  Info
Vs @Y rRMS 295.9mV  |294.83836m |11‘92m 296.0m 4.192m 11.06k
- \ @& rRMS 286.4V 286.21473 |62,a1 302.8 116.2m 11.06k
= x @2Y RMS*  [313.0mV  [312.042m  [13.52m  [361.1m  [4.565m  [11.08k
=i "
PSS June 7, 2022 Center for Power Electronics Systems 13



AC to AC Operation @ 1 kV DC, 470 V rms AC

14.4 Q

Inverter

25 A pk
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Microgrid Power Hardware-in-the-Loop (P-HIL) Test Bed

POC

=
=
=

Flexible CHP

Center for Power Electronics Systems
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P-HIL Test Bed Implementation

Egston Amplifier]  current o 1 . ) AR Egston
> sensor Lransformer ransformer <
Around 300Vph [ T M) e
% — |F— CHP F—CHP [ | é It

E"" N 3 [ |converter1 converterQ_ 6 <_ -(E-TJO e
; ] ] isetpoints

voltage ! > g ] < : P

setpoz’ntsé |
R — I :
¢ /_L\ | W 5

Microgrid ¢ ;Z m
—O
OPAL — RT OPAL — RT

real — time simulation

real — time simulation

OPAL-RT & Current Sensor Transformer F-CHP Converter

Center for Power Electronics Systems - : _ 2



EGSTON Working with OPAL-RT and Current Sensors

1:1

Inverter 1

500V vab
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EGSTON P-HIL
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Center for Power Electronics Systems
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Network Configuration of Emulated Microgrid

 Microgrid Controller | Modbus
i o >  OPAL-RT Simulator
Modbus Client : é!‘ :
simulator : — OPAL-RT simulator
IP:10.52.254.24 I ) IP:10.52.254.60
255.0.0.0 255.0.0.0
F-CHP Converter
Controller
Laptop running Laptop running
Siemens Toolbox RTLAB
IP :10.52.254.26 IP:10.52.254.73
255.0.0.0 255.0.0.0
CF_‘;ES June 7, 2022 Center for Power Electronics Systems
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Frequency — power droop
Py

F-CHP Converter Grid-Forming Control in Grid-Connected Mode

+< @, o
P..s vV, i ¢, Current control
p + 1 + o | T l / Lag
‘ Ms+D| 4o s 1o,
Power balance synchronization
Vac

eref l
_ vref
>p— Pl t>dq_~7 . >
l Virtual impedance

_ref 1 ldq re
_I_ qv. Qre i%_ P] SLV —|—RV

Vrated Q

Voltage — reactive power droop controller wL,

ES‘ June 7, 2022
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Dynamic Benefits of F-CHP Converters

*» The F-CHP converter reduces the equivalent grid impedance seen by PV inverters
* Dynamic interactions between PV inverters and the grid are avoided

* PV inverters can increase their power generation
Impedance-based Stability Analysis

Imaginary Axis
: o

Imaginary Axis
' o

330 Vims, 250kW each temes LMW 1 \ !

S 400Hz-THHE Q |

L |— e 680 2 2 4

i| PV : . -

Anl‘ay— ’ i =|= pv Zgrld %} 2 4 0 1 " 3 4 P 1 0 1 2 3 4
—— = L Y L Real Axis Real Axis
- 5330,4160 : = — . .

: | WM | <:| |C°ntr°”ﬂ< i N (the number of PV inverters) : ontroller PV 45MW, 100% |Oad, PV 45MW, 100% |Oad,

s | c et yith F-CHP converter without F-CHP converter
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Benefits of F-CHP Converter

PV 6 MW, 100 % load, without F-CHP converter
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PV 6 MW, 100 % load, with F-CHP converter
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PV Maximum Integration Capacity

MW 3 times T
14 12.7
12 m without FCHP in grid
with FCHP in grid
With F-CHP

10
8
6
4
-v ‘l‘ t
0

10% Load 30% Load 70% Load

e

100% oad

Limited by triggering mstablllty Limited by voltage profile
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Islanding Operation in 13-bus Microgrid With Microgrid Controller

e s s s s .

Microgrid
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PV Facility

O\' S5kW x 4
h

PMU Measurements

Modbus

1 1
LYY -
L e % ") J7 Iéoka\];\j/1 B closed

B open

P »
< >

Load2
1, 10kw Circuit Breaker Command

22,

E = — _Jif@’f ] ; Converter Command
E - W T =)
-~ . ! ] Load3
Fixed Shunt ! i _ : :
Compensator 1_ 10 kW GF _(d3"f'P Plant |« Planned/unplanned islanding
= ri ormin : .
E < I, Re-synchronization
« P-Q setpoint
Grid-Forming/Grid-Tracking . Droop parameters adjusting
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Islanded Operation Control Schemes

« Scheme I. Reactive loop replaced by voltage regulation loop when switching to IS operation mode

1
: g
I Q??’Iﬂk‘ I
| PV Q-v Droop :
1
: L5 105 |
I - !
I 1
1
1

Voltage mag regulation

0 |
| - 1 1
s ! ,( ) N . Mode ]
v l Vg o Y Pl 1 selection i !

b q [ S 1 o
abqjabc w2+ oyl ——= ' ) —+ R, FEEOYy S PI :
dq 1T %2 = — e LsS ; da
1
1

Q droop 6 ) | « [
function PI 1 wLy, d v

- e

: |
Reactive Loop : oLy 4 Iabc I
abc , . I i :
- P calculation 1 1 I_ H
labe dq —— . H N S e
e A ! 1 ' dq ! I Peer I
I ! 0= s R ; | PV P-f Droop I
! 1 S dT'ejF 1 | Pavi i
o I ! . : , D, |
: 1 vq I’q 1 1 i
. i et ! 1 Ppre -
Virtual Impedance Loop  Current Loop 1 :
|
| Pmin :
« Scheme IllI: Reactive loop works uninterruptedly ! S T |
e e —— e e
v S . h
1 Reactive Loop i I
r--~-T=TT-T~T~-~T~T~T~T-TTST TS T s T T s s T i 1
1 P 1
_’vabc abc Vdq ! Q droop laref X
2 2 L > T
Uy + Uz ) function : @— PI dd |
o 1 |
| - L
; g —lda, " |Labe,
! ‘abc
labe ! d.
— (- Y= Pl 1
lu‘.re}'t :
[ - 1
i
________________ C ]
Power Balance Synchronization Loop Virtual Impedance Loop  Current Loop
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Islanded Operation Test Results—Scheme |

> Vo = 100 Vs
> R =30
> C = 150uF

PV

Grid-Following

4 kW

F-CHP

[ e — — --I r __l-____|
Von 'g 11 [
I (I | |
I (I | |
I (I | |
PF = 98.6%
Prefu
P-f Droop
D
8 kWl------=---
17/ S—— .
—

CPES June7, 2022

~ 59.964 60 60.036

\

F(H2)

Scheme |
8 kW

File| Edit | Vertical | Diigital | HorinAcq| Trig | Display| Cursors | Measure | Mask | Math | MyScope| Analyze| Utilities| Help |D
T T

__F-CHP Voltage

ra (=) (x]

e D\ CUFFE NS

| i e e T e e P P (U e P et PR e e e P | e P P | e CUR
(&L 300.0mV/div 500 By:20.0Mm A (i X 132.0mv 2.0s/div  500kS/s 2.0us/pt
@&y 300.0mVidiv 500 By:20.0M None Auto Preview
& 200.0Vidiv iMQ By:20.0Mm 0 acqs RL:10.0M
@ 300.0mVidiv 500 §y:20.0M Cons March 22, 2022 16:53:02

Value Mean Min Max St Dev Count Info

@ rRvs  [177.9v [177.90766  [177.9 [177.9 0.0 1.0
@D Freq®  [60.38Hz  [60.384043  [60.38 |60.38 0.0 1.0

PV power remains unchanged under grid following mode
Under Scheme [, the F-CHP injects reactive power as
needed to regulate the PCC voltage

Center for Power Electronics Systems
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Islanded Operation Test Results—Scheme I

> Vo = 100 Vpps

> R =30
> C = 150uF

PV

Grid-Following

4 kW

F-CHP

1

CPES June7, 2022
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r 1
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T T T I Scheme |l
1

1

1

8 kW

&
Qref
0 Q-V Droop
T
1 % 1.025
095 0975 1
B S

File| Edit | Vertical | Digital | Horiz;’Acq| Trig | Display| Cursors | Measure | Mask | Math | M’yScope| Analyze| Utilities| Help |B
1 T T T

e (=) (x]
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| .ils.landing. N

&) 300.0mVidiv 500 By:20.0M A iy 132.0mv 2.0s/div 500kS/s 2.0ps/pt
Q&2 300.0mVidiv 500 By:20.0M None Auto Stopped
@ 200.0V/div 1MQ §,:20.0M 1 acqs RL:10.0M
@& 300.0mVidiv 500 By:20.0M Cons March 22, 2022 16:57:18
Value Mean Min Max St Dev Count Info
@ RMs  [2002v [184.08672 [168.0 [200.2 22.74 2.0
@D Freq"  [59.93Hz  [59.897293 [50.87 |s9.93 44.4m 2.0
™
Run/Sto ) ®
P Run/Stop Single Sequence Status Force Trigger
( ) __Slopped .._>r §

DERs unable to meet the reactive power load demands in
the islanded system, which caused the instabilities
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Islanded Operation Test Results—Scheme I

> Vo = 100 Vs
> R =30
> C = 150uF

Grid-Following

PV 4 kW

F-CHP

CPES June7, 2022
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« After increasing the reactive power injection capability (Q,,,4x),
the reactive demand was met, instabilities disappear
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Concluding Remarks

*The proposed F-CHP converter has demonstrated its modularity and

high efficiency attained by the adoption of SiC devices
=*The F-CHP converter provides effective static compensation of PV

iInverter generation
*The F-CHP converter enhances the electrical system dynamics

avoiding interactions between converters AND enabling PV inverters to

Increase their active power generation
*The proposed grid-forming control enables the F-CHP converter
operation in grid-connected and islanded modes as well as under

severe system faults
»FINAL STEP: full microgrid P-HIL demonstration
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