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Multistate Initiative to Develop Solar in (¢ gleanA”
Locations that Provide Benefits to the Grid s o <

The Clean Energy States Alliance
(CESA) is working with five states and
the District of Columbia to identify
locations where solar and other DERs
could increase the reliability and
resilience of the electric grid.
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Learn more at: www.cesa.org/projects/locational-value-of-distributed-energy-resources
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Challenges Solutions Outcomes

e \/oltage regulation at
subtransmission impedes solar
penetration.

e Regulation devices are
uncoordinated, unable to cope
independently with system net
load changes.

Sub-Transmission
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Challenges Solutions Outcomes
e Develop a Coordinated Real-time Sub-
Transmission Volt-Var Control Tool
(CReST-VCT):
= autonomous and supervisory
control via flexible algorithm
= co-optimization of distribution and
subtransmission scales
Sub-Transmission
~ F"_"ﬁ‘n’%—"_! ___® Develop an Optimal Future Sub-
e Transmission Volt-Var Planning Tool
T "1 Tt (OFUST-VPT):
- niof _ || Varreed = Determine the size and location of
! new reactive compensation
rgulner S R Distrioution equipment needed to integrate high
-8 osibwed 1) saene i i i penetra_tion of photovoltaic (PV)
N | eoporme generation.
J@__;Jf T [ comesarey N = Consider the coordination achieved
@E'u; %ﬁ o | O by CReST-VCT.
o ' wind |\ | |
Ccome L I B March 28, 2019
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Challenges Solutions Outcomes

e High penetration of PV (100%
of substation peak load,
without violating voltage
requirements)

= Allow utilities to meet
ANSI, IEEE, and NERC

standards.
Sub-Transmission
Q F_____%Et/ig_fafs____! ¢ Planning and operational
Subtransmission ege,
- Control Center Support tO UtllltleS
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pacific « Challenge at Subtransmission Level
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e Under modest penetration of distributed PVs, controlling CapaC|tor banks in No
overvoltage becomes a challenge at the subtransmission level. g o nearby areas are still coordination
¢ \/oltage regulation challenges at subtransmission are a barrier to E SW'tChed onin the PV of capacitor
high penetration of PVs. Developers of new PV projects target ¥ case | bank
interconnection to subtransmission to reduce interconnection G S switching
cost. I ] I
*Lu S, NA Samaan, D Meng, FS Chassin, Y Zhang, B Vyakaranam, WM Warwick, JC Fuller, R Diao, TB Nguyen, and C 0 ‘ I
Jin. 2014. Duke Energy Photovoltaic Integration Study: Carolinas Service Areas. PNNL-23226, Pacific Northwest National Areas

Laboratory, Richland, WA. http://www.pnnl.gov/main/publications/external/technical reports/PNNL-22117.pdf
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‘7‘/ Substation Voltage Profile Comparisons under
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Voltage profile with PV
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e Coordinated Real-time Sub-

Footprint (CReST-VCT) (OFuST-VCT) Transmission Volt-Var Control Tool
A - Solar generation variability (CRGST-VCT)
_________________ - Sub-transmission voltage within limits | | . . .
Sub-transmission : - Loss minimization e Optimal Future Sub-Transmission
Control Center § 2SO G e R Volt-Var Planning Tool (OFuST-VPT)
E ............................................ c OordE’]ation ........................... for Short_ and |Ong_term plannlng
: - Penetration of
. - Solar variability and uncertainty solar generation
Distribution ; - Distrib.utﬁon. Vo!tage profile optimization - New equipment
Control Center | i zation ~“Ineeded, given Key Milestones and Deliverables
! i |- Energy efficiency through volt-var control the control
{ |- Schedule operation and settings strategies and Year | Stand-alone prototype of CReST-VCT
................................................ \5/ coordination ..
Ub- o - New
Local distribution| | | rensmision prsrbtion capgbilitie: of Year 2 Simulation demonstration of CReST-
or sub- equipmen VCT and prototype of OFuST-VPT
transmission bus - Autonomous control R
- Power factor control
'ge‘;'ftfi:e power control Year 3 Field demonstration of
. tat .
e - - > CReST-VCT, industry outreach, final
seconds minutes hours ~ seasons O years Time report, and the codes for the two tools
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e Objective function: minimize weighted ® Subjectto
sum of = AC power flow balance on each bus

= |oad bus voltage deviation from target = power plant scheduled real power, except on
value distributed slack

= transmission losses = power plant scheduled voltage and reactive power

= capacitor bank switching limits

= curtailment of controllable distributed = load real and reactive power
solar output = distributed solar real power output

= use of demand response = pounds on reactive power from distributed solar

e Qutput variables:
= reactive power requirements from distributed PV at each substation
= reactive power form capacitor banks at different substation
= reall/reactive power required from demand response
= real power curtailment from PV



7 Distribution Volt/Var Optimization Tool (NCSU)
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CYME Feeder
Model

Transmission-
level Load and
PV Data

Substation Voltage (t)
P and Q requirements (t)

P and Q constraints (t+1)

Distribution Inputs

Feeder model
converted to
OpenDSS

Disaggregated Load
and PV Data

Distribution
Optimization
Meets transmission P
and Q requirements

while maintaining
distribution voltages
within limits

Voltage

Sensitivity Matrix
Calculation

MINLP in GAMS

Distribution
Optimization
Outputs

Optimal Control
Decisions:
Smart Inverter Q
PV Curtailment
Demand Response
Regulator Action
Capacitor Action

Distribution System
Status:
Voltages
Total Power Flows




\7‘/ Improved PV Inverter Active and Reactive
Pacific . Constraint Model
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P2 Q2
Qmax — kPmaX

P (Watt)

k is the improved factor for reactive power
constraint, 1.1 for a normal IGBT-based PV
Inverter

'Qmax 0 Qmax
Q (Var)

e k should be adjusted based on power electronics devices and modulation method.

e The P/Q constraint is also dependent on the filter and DC capacitor design.

e During nighttime when P = 0, reactive power injection results in additional power losses that
might become an economic constraint.

e Three different reactive power regulation modes can be provided by the inverter

(constant Q, constant Power Factor, and volt-var). We are using constant Q that is obtained
from the optimization engine.



| CRGST-VCT Im p I em entati on CReST-VCT user interface

Pacific
Northwest through Python

GDX—>RAW or use Python to
update .sav file)

AC OPF for
Volt/VAR

Feeder

model

{OpenDSs MATLAB/
and GE

= GAMS
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AC OPF for Volt/VAR (GAMS)PSS/E(solve power flow)Feeder model (OpenDSSand GE Eq)  GDXRAW or use Python to update .savfile)GAMS PSS/E
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e Methodology

= PNNL is leveraging from previous efforts performing solar integration studies for Duke
Energy

= Production cost simulations for an entire future year, with and without PV were used
v"Hourly scheduling of generation resources using GenTrader software

v"Real-time (5 min) redispatch of peaking and Automatic Generation Control (AGC)
units using ESIOS (PNNL tool)

Transmission Analysis

Load, resource, fuel
>_Re\source Schedules /%ﬂd market data

GenTrader Resource Flan
AGC  Real-time Dispatch Unit Commitment Resource Flanning
Second Minute Hour Week Month Year

Hemerator Povwer Henerator Start Generator

Adj. Time Time Construction



:ai/ Duke Energy Data Collection Transmission Model
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Tie-lines with surrounding BAs

e Start with a 2025 Eastern Interconnection base power flow case; build an island of
the DEC transmission system.

= |dentify all tie-lines for each island.

e Use consistent import, export, generation, PV, and load assumptions with generation
analysis.

e Aggregate distributed PV to the nearest substation on the transmission model.

e Run chronological AC power flow for the whole system and for the entire study year
(8760 power flow cases).




\{ Duke Ener m Summar
roctc uke Energy Study Case System Su ary
e DEC/DEP System

= Maximum load of 39,114 MW

= Maximum PV output is 9,435 MW (24.1% of the peak load)

= PV installed capacity is 9,379 MW (24% of the peak load)

e This covers the two Duke Energy balancing authorities, DEC and Duke
Energy Progress (DEP).

e \We did the analysis for DEC only.

DEC Data

No. of Buses 3,246
No. of Generator Buses 194
No. of Load Buses 2690
Total Load 20,337 MW
PV Generation 5,056 MW

Total Conventional Generation 25,881 MW
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e Approximately 25% PV penetration was studied in the base PV cases. Projected
PV locations in the Carolinas were based on existing systems and interconnection

queue
e Projections of the size, technology, and locations of future distributed + utility-scale
solar were made.
e High resolution (1 min or less) solar data was developed
based on the selected reference weather model
DEC PV capaclty by 2025
e Simulated solar time series were developed at ZIP-code level and :

then aggregated at substations for generation
and transmission analysis.

-~ 100 N
- 1000
° 5000

© 10000 \\/b




\%/ Decomposition of Duke Carolinas Network
racific «t (DEC) for Vol/Var Control

NATIONAL LABORATORY

] Zone Xx1 e No. Buses = 3246
W ZoneXxx2 e No. PQ (demand) buses = 3203
B Zone xx2
M Zone xx4 XX1 384 XX5 388
B Zone XX5

XX2 369 XX6 460
[ Zone xXx6
B Zone XX7 XX3 394 XX7 354
[] Zone XX8 XX4 480 XX8 329

Network connectivity graph of Duke network
Not to scale
Not representative of geographical locations
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Feeder Model Conversion, Validation, and

Data Preparation

v" 10 Duke Energy feeders have been
converted from CYME format and
validated for OpenDSS.

v" Voltages in OpenDSS are within 1% of
voltages in CYME for all feeders.

Voltage Error(%)
5 05 5 b ° o o o
o [=7] - M3 =] M -4 [w}] ] —
L] 1

(]
=l

R —

o

5] 8
Distance (km)

10

12
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Feeder Model Conversion, Validation, and Data Preparation

e Aggregated PV at the substation level has been allocated to 3 circuits for substation R
and 2 circuits for substation G using

= present locations of PV projects
= future locations

Number of Utility scale PV Total PV
Feeder Name utility scale capacity

Number of Residential PV

residential PV | capacity (kW
PV (W) pacity (kW) (W)

capacity

R 1201 3 3,157 0 0 3,157
R 1202 0 0 325 1,624 1,624
R 1203 1 (existing) 5,000 0 0 5,000
G 1202 1 5,000 0 0 5,000

G1203 1 5,000 665 4,825 9,825




\K/ Voltage Profiles at Substation for a Winter Day

racific  (PV at Unity PF vs. PV Providing Reactive Power Support
Northwest
NATIONAL LABORATORY t h r O u g h C R e ST-VCT)
- 1.1 T - -
= —Voltage with Solar Reactive Control
o —Voltage with Solar Unit Factor
: — —Target Voltage Upper Band 1 — CReST-VCT
% — —Target Voltage Lower Band ——PV without Q support
e K iV alstoietaluidetutaleiui WS 08
z _________________________________________ %ua-
5 E
g 1 § 04t
U=) | I | | | | | 0.2
1 4 7 10 13 16 19 22
Time (Hour) ?0.1 005 0 0.05 0.1
— T T T T Target load bus voltage deviation (p.u)
E 15— ——S8olar Reactive Power
joa-"] ——Solar Real Power L
= 10 /—_‘\ —Load P Voltage deviation
g = —Netload P (Load+Solar) . . .
E 5k ~< . distribution for all
RN s ~ ] | subtransmission load
g ' . buses for one full winter
— ~ 7 . .
c > . Nt week at 5-min resolution
3—10— S~ __--1
‘ ‘ ' ' ' | | Overvoltage problems
1 4 7 10 13 16 19 22

Time (Hour)

Aggregated reactive power from distributed PV (red line, lower graph) is
able to maintain the target substation voltage (blue line, upper graph).

(red line) have been
eliminated (blue line).
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Co-Optimization

1.10 Reactive Power Compensation
-l 4000 -
‘; 1.05 =
o < 3000 1
8 = ]
-g 1.00 < 2000
'E 1000 4
0»95 1 1 Ll I 1 IE
0 5 10 15 20 = 07
Time (hours) E ~1000 -
. £ —2000 -
Conventional Control %
1.10 T —3000 -
5 o=
—4000 -
a. 1‘05 """""""""""" T T T T T
2 0 5 10 15 20
[1v] .
% 1.00 Time {(Hours)
> .y, ey
0.95 ' - = Transmission Q Requirement --—- PV + Capacitor Q
' 6 é 1'0 1'5 2'0 — PVQ Q Capability Region
. —-C it
Time (hours) apacitor Q
— Median Voltage Range
— Voltage Limits B Middle 50%

v" Voltage-Load Sensitivity Matrix (VLSM) control algorithm v'VLSM control algorithm successfully meets
successfully controls distribution system voltages. transmission requirements for reactive power.
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Demonstration

e Three hardware-in-the-loop (HIL) test
systems have been developed to test the
performance of

= CReST-VCT developed at PNNL

= Distribution voltage control based on
PV control and demand response at
NCSU

= PV control with smart inverters at
UT-Austin

¢ An integrated HIL test system have been
developed using an Opal-RT facility at
each site via a selected communication
protocol.

PNNL EIOC Testbed

wA l".‘.-.,

" Duke Carolinas ~
Interconnécted power system

Measurements Control
PV & DR limits actions

1
|
Database/Historian

oA OIbéI-RT simulator

synchronization

Distribution feeder
measurements,
PV & DR limits

NCSU Testbed

Duke

U-Texas Testbed

PV Inverter
e panets HIL

Opal-RT simulator = “new — PV
; neasurements f B Distribution
PV Voltage control
control

Dinfi_laujiun feeder ;.

...... Opal-RT simulator =

PV & DR
Control
actions

22
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After discussions between PNNL and Duke Energy regarding the Year 3 demonstration, the
following options are currently being considered:

A. PNNL will use historical operation data for Duke Energy system

« Validate that our simulation model is able to calculate voltage profiles at different
substations as observed from actual data.

* Apply CReST-VCT and show how voltage profiles could be improved with PV inverters
providing reactive support.

B. PNNL will import Duke Energy day-ahead dispatch, load, and solar forecast data to
perform the following:

 Use CReST-VCT to predict hourly reactive power dispatch for a solar plant connected
to one of the substations to meet a certain voltage profile.

* The owner of the PV plant will apply these values in real time.
» Actual measurements will be compared with day-ahead predicted values.

23
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e A Coordinated Real-time Sub-Transmission Volt-Var Control Tool (CReST-
VCT) has been developed to optimize the use of

* reactive power control devices and
= PV smart inverters.

e PV inverter models for active and reactive power regulation have been
developed and validated.

e Preliminary results show volt/var optimization at subtransmission can be
achieved by taking advantage of reactive power capabilities of distributed
PV smart inverters.

e \/oltage profiles are co-optimized on both subtransmission and distribution
levels.

e The proposed tool would enable higher PV penetration without negative
effects on the power grid.




= Acknowledgments
ific
Northwest

AAAAAAAAAAAAAAAAAA

e This study is funded by the U.S. Department of Energy (DOE) SunShot

Initiative as part of the SunShot National Laboratory Multiyear Partnership
(SuNLaMP).

® The project team wants to especially thank Mr. Jeremiah Miller, Dr. Guohui
Yuan, and Dr. Kemal Celik from the Systems Integration Subprogram at
DOE’s SunShot Initiative for their continuing support, help, and guidance.




i Questions?

Northwest

o LABO o

Thanks!
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