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Duke Energy Smart Grid Laboratory

A Laboratory for Smarter Grid Research
Mission and Lab Focus

* Primarily supports the education, research and outreach activities
related to modernizing the power grid.

* Laboratory is a unique state-of-the-art facility designed to perform
advanced studies and tests in modern power systems.

* The facility includes a real-time digital simulation test-bed that
perform smart grid device testing, education and professional
training in grid modernization.

* A server backbone, using powerful high performance servers, is
interfaced with this facility to make it a unique power analysis
laboratory.




Duke Energy Smart Grid Laboratory

®* Educational and Research Activities:
*  Emulation of power, control and communications
*  Grid Modernization, Generator exciter testing
* Model validation and integration




Equipment List:

* SEL

* Real — Time Simulators
* Power Amplifier

Measurement Equipment
* PV Simulator
* Loads

Protection, Automation & control System
Protection, Automation & control System
3 Rack RTDS Simulator/Cubicles/Software
Rack RTDS Cubicle

Real-Time Computer Exp System

RS90-3Pi-SNK-EXTD-480-Programmable 90 kVAPower System
Tektronix PA4000 4CH pwr analyzer w/ Tektronix DP03034
Oscilloscope

Tektronix PA4000 4CH pwr analyzer w/ Tektronix DP03034
Oscilloscope

Protection, Automation & Control system (421)
Protection, Automation & Control system (421)
Protection, Automation & Control system(487B)

Line Current Differential Prot & Auto system(311L)

Line Current Differential Prot & Auto system(311L)
Advanced Line Differential Protection, Automation & Control
system (411L)

Other SEL equipment

PV Simulators (5)

Smart Grid Server

San/Network/Data/Bak up

DigSilent - Software

DSA Tools - Software

EMTP-RV - Software

PSCAD - Software

PSSE - Software

CYME - Software

RSCAD - Software RTDS

Hypersim - Software OPAL-RT

RT-LAB - Software OPAL-RT




Duke Energy Smart Grid Laboratory

e Lab Equipment & Modules:
*  RTDS digital simulator (4 Rack)
*  OPAL RT digital simulator (1 Rack)
*  SEL Synchrophasor testbed
* OPALRT HyperSIM (1 Rack)

* Data Storage & SCADA Gateways
* Interoperability and Security Tools
*  Simulation Software




Duke Energy Smart Grid Laboratory

Test Bed for:

Real-time G-T&D simulations

Integration of electric vehicles

Protective relay testing

* Hil Controls (HVDC, SVC, FACTS, Exciters)
Phasor measurement-based techniques
Model validation and control

Distributed
Power System Model Power Sources

Real-time Power System | . I Power Hardware | %":
Analysis [ in the Loop Photovoltaic

Simulation and 3 L 'ﬁ
Control Workstation

II | I | "*"’ i Wind Turbine
| . o | — =2 | Ay
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Electric Vehicle

= Storage Device
] Power Hardware
Controller Under Test | d
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Smart House

Firewall

Network  Data Server | | SYne
Interface = 2 5
=== CHIL: Control Hardware in the Loop

PHIL: Power Hardware in the Loop




DESG Laboratory Configuration
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Main Focus Areas

®* Real-time power system

simulation platform:

v

Precise modeling and analysis of ‘4— .
udies |\ sl A raining

dynamic and transient phenomena SmaGLab

Hardware'in'thE'IOOp (H”_) teSting
osed-Loop Testing
of Protective Relays

of monitoring, protection and
control devices

Power Hardware in the Loop - Generalized Experimental Setup

Power Hardware-in-the-loop (PHIL) i
simulations | i

Hardware
Component

ini
- :L, < Under Test

* Example: Integrating renewable energy
resources (PV Panel, Wind Generator,
Storage devices) to power grid- real-time
simulation and testing




Main Focus Areas

®* Real-Time Power System Simulation & Testing

* Research & Educational Activities:

*  Hardware in the loop testing, model va

*  @Grid Modernization, T&D Automation, ;!‘"“‘“‘E
Generator exciter testing 7 Sg{nﬁlf’,r;'wfd r';

' Real-time simulation of power, Segeid®
control and communication devices

* Real-time simulation of protective

N8 e U R

e

devices
Real-Time Digital Simulator (RTDS®)
* Test Bed for:
* Contract Research Py
* Graduate Research Projects \/~

UNC CHARIOITTE

* Undergraduate Projects (Senior Design) EPIC






Software Test - Bed

Software Test = Bed * Perform advanced
Non Real- Time Real — Time p .
Power Gri d_C.l:l—Sim ulation St u d IeS a n d te StS I n
modern power and
s Sl Direct Link Emﬁ? e n e rgy SySte m S
* Eliminates the
] redundancy of design
semi-Detail Model ::::
and development of
models
: * Use for testing and
Dynamic Simulation / Phasor Simulation | =

evaluation of device
functionality, dynamic
and stability studies

PHiL, and CHiL

Matlab / Simulinkk Models




RTDS/OPAL- RT Software Test — Bed




RTDS/OPAL- RT Co-Simulation Test Bed
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FDNE Solution




PHiL and CHiL Test - Bed

Study the impact of

renewable distributed Dottty [0 (SIS e Moo St
generation and distributed ‘N = N :
storage Urility Tnterface

Analysis of renewable
integration

Synchrophasors
PMU'’s
Study faults and operating

conditions of protective
relays

Interface with Utility for
data and device validation

Study Harmonics, HVDC,
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Control hardware-in-the-loop test

FACTS, etc.



Real-Time Control Test Bed

‘Real-Time Simulator
(RTDS)

Real-Tife System Centric
+w: Controller (T1 28335)
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Projects

* Device Functionality Testing

* Closed-loop testing of physical devices
Protective relays, metering devices, and PMUs
Digital controllers for FACTS and system automation

-

-

* System Integration Testing
* Protection scheme testing
Closed-loop system and sub-system testing
Integration of renewables and micro-generation
Interoperability Testbed and communication/data management

-
-

-

* Real-Time Power System Studies
* High Speed Power System Studies

Impacts of renewable energy resources
Investigation of switching events, power quality and transients
Assessment of operation strategies, contingencies and restoration plans

System level modeling and control
Distribution system studies
NERC’s standards compliance study, validation, and testing

-

-

-







Example Project 1:
Power System Wide Area Controller

* Advance Adaptive PSS designs and validation in RTDS:

Temporal Differences as the solver of reinforcement learning Problem
Small-signal stability analysis in offline mode

Fast Fourier Transform techniques for evaluation

Tuning the cost function based on energy or eigenvalue analysis

Value Priority for working with conventional controllers

NSF CAREER: A new generation of scalable intelligent supervisory loop based
algorithm for complex system control and optimization

Award # ECS 0748238, Pl: Sukumar Kamalasadan -\ ’-
=~\V/ 4




Power System Wide Area Controller

MATLAB

Pathl

SIMULINK

Path 7: GTDI Hardware Implementation

Path 8: GTAO i
Path7

- GTAD

FOR GTAQ

GTOI
- DIGITAL INPUT
Processor # 1

QUTPUT TO
12 Channel GTAQ

Power Grid Model in Real-time Real-Time System-Centric Intelligent System-Centric
Controller in Tl Board Controller in Simulink

Digital Simulator




Power System Wide Area Controller

URTDS_USERVileman 39Dvk\Copy_ol_3%bus.sib  Compiled on: rack1 to rack2 Started: 13:53:14 Stopped: 13:53:39 Run Time: 00:00:25

1 peay




Example Project 2:
Harmonics

* Study Power Quality — Harmonics found in projects with PV
penetration

* Study Harmonics based on amount of PV penetration,
topologies and control options

* Study Real time Harmonics — Power Hardware in the loop

10 kW 1 kW PV Inverter 10 kW Network Simulator
PV Simulator 1to 3 in parallel

Norma D 6000 u. uter ’

Power Analyzer cope i
/=

Waveform
UNC CHARLOTTE

EPIC



Harmonics — PHiL Test Bed
,_;—

Power
Amplifier
90KVA

RTDS Connect with
PA to send input
signal or system
schematic data




Harmonics — PHilL Test Bed

Subsystem #1|Node Voltages

003333

006687

Harmonics
Measure
as System
Output

rtds_risc_ctl_GTAQOUT

( OVERSAMPLING FACTORS | SIGNAL ALIGNMENT DELAY OPTION

' D/A OUTPUT SCALING PROJECTION ADVANCE FACTORS
CONFIGURATION ENABLE D/A OUTPUT CHANNELS

Cancel All
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Example Project 3:
SCE: Co - Simulation

Distributed simulation of complex subsystems at different time steps
Interface different real time simulators

Simulate subsystems in different simulations

Study and Analysis of test cases

RTDS ‘_"—' TYPHOON HIL

* Design Large System Digital Signal Processing e Design Smaller System
* Frequency: KHz * Frequency: MHz




SCE Co-Simulation

a1Ds | mertace }—s| HVPERSM

* Design Large System Digital Signal Processing * Design Larger Detail System
*  Frequency: KHz * Frequency: MHz

Transmission System




Example Project 4:
Energy Storage Control Management

Study implementation of energy T ccvage e oms recvotage
storage applications

-

Renewables (PV) Capacity Firming
Energy Time Shift
Voltage Support

Voltage (PU)

-

-

16:00 20:00

-
ase eg eg €g
mmmm

Bus Bus  Bus Bus 5 5 3 Bus  Bus

m::l—:h

Capacitor Regulator i _ Regulator
| |

1

Regulators:
ON 098 | 1.0051
Compen ation
Regulators:
£55
Compensation

"l v
Station

BESS




Practical Implementation Energy Sto rage
- Control
Management

* A new control method for multiple applications
of BESS in the SMS, that allows three main
Battery functions of BESS, energy time shift, PVCF and
i;‘:{jz Voltage Support integrated to perform optimal
battery management based on State of Charge.

e PVCF using a BESS is effective in smoothing
power swings of double the capacity of the

Active Power (kW)
State of Charge (pu)

g
T 40
8
£
g

Charging Batery L | [ ’ battery used.
erkod | e © Consideration of SoC during PVCF application to
‘L allow proper coordination with ETS leaded to
o more efficient peak load shaving.

* \Voltage support application was successful at
tightening the voltage band at the PCC of the
tested feeder with feeder voltage regulators
offline. *

N\IZ4

UNC CHARIOITTE

State of Charge [pu)

EPIC



Example Project 5:
SCADA and DMS Test - Bed

Can handle big data
from the power grid
(Utility Interface)

Network Visualization in
Real Time

Analytical and Remedial
Actions

Planning and
Implementation of
System Protection
Schemes

Feeder
Reconfiguration

Automatic Load
Control

Volt/Var
Control

Feeder DINs

Distributed
Generator
Control
Automatic
Storage
Control

Volt/Var
Control

Transformer DINs

Community
Storage DINs

Feeder
Storage DINs

Distributed
Storage DINs

Storage DINs

Residential
Load DINs

Commercial
Load DINs

Mixed Load
Load DINs

Load DINs

SCADA receive status
signals as well as control

—> Control Signal
—> Status Signal




Distribution Management System

SEL Project Duke Energy Project EG Duke2
. SG_SCL
SUBNET Graphical User : gg:;cu

SEL-351S SubSTATION Interface (GUI) SG_S0

Displays SG_SOB1
Relays

Server
N

SEL-387E
Relay

A 4

E-terraControl
Server

Ld_SOB1_5
Ld_SOB1_&
Ln_SOB1_S50_G

ulckokclit
s llll

RTAC I/O List SCADA 1/0O List

DESCRIPTION RTAC Point Point-by-point DESCRIPTION DEVICE |[SCADA Point
Instantaneous Target |DUKE_DMS_TEST_DNP.BKR_HT_Trgt_Inst data mapping Instantaneous Target 387E Duke2 Relay_Cb_HT Inst
Differential Target DUKE_DMS_TEST_DNP.BKR_HT_Trgt_Diff Differential Target 387E Duke2 Relay_Cb_HT Diff
A Phase Target DUKE_DMS_TEST_DNP.BKR_HT_Trgt_Phase_A = A Phase Target 387E Duke2 Relay_Cb_HT Apht
B Phase Target DUKE_DMS_TEST_DNP.BKR_HT_Trgt_Phase_B B Phase Target 387E Duke2 Relay_Cb_HT Bpht

Subnet Solutions e-terraControl Duke Power 100kv
LEGEND Sub-Station #2

Status Value

|
_— |
- = i | B Breaker Closed | Manually EJ
- Receive | DNP 1* ) Operated Switch 371.33MVA

{ Calculate Protocol !
\ Point Status Control rotoco ! q] Breaker Open =~ De-energized 100 /12.47 kV
! — Energized

P
[ Store

\ Point Status -Reset Control

Switchgear #1
Send Point DNP Display Point e B

Status | Protocol | Status

Switchgear #2

Calculate Display

DNP
Analog “Protocol | Analog

Value Value




Example Project 6:
PV Integration and Penetration Study

Urban Feeder — 43MVA
* Study of PV integration

In a residential feeder
and a rural feeder

* Study multiple cases of
PV penetration levels

* Study steady-state and
dynamic models
(substation, voltage
regulators, cap banks,
breakers, loads,
Islanding, etc.)

* Assess mitigation

i AGGREGATED LOADS

% CAPACITOR BANK

strategies



PV Integration and Penetration Study

Example PV Model Performance against Field Data

= PSCAD PV Power Line/Cable SubSta
output (kW)

90
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10 Solar e TUTE e | J I

o — L g0 §0n €0
7:12:00 AM  9:36:00 AM 12:00:00 PM  2:24:00 PM  4:48:00 PM  7:12:00 PM = st

L

Time - hours = : | . ?

Dynamic PV Model (in
PSCAD)

\ Line/Cable Line/Cable

Power Production - kW

T
=
11

Voltage Profiles: PV at Multiple Locations éﬁl éﬁ}l éﬁ“‘
-i ’ 7 ‘%

t
.13
1

=V (pu) = No PV

= \/ (pu) — 33% PV Penetration

w—\/ (pu) — 75% PV Penetration

F
;

20000 40000 60000 80000 100000 120000 140000 160000

Distance from the substation - ft




Example Project 7:
Wind Integration Study

* Study Voltages and R
Currents 1n a 34 Wind | Al R ais| I
Generator System In a I . o S TS
Real Time Simulator

(HYPERSIM)

* Compare voltages
and currents of a
detail model, single
machine equivalent,
multiple machine

Feader2

I
13Viind Genaralors

equivalent model



Wind Integration Study

Comparison of 3 Wind Power Pant model during faults on 230kV network
34 Wind Generator Detailed model --¥S-- Single-Machine Equivalent Model --VS-- Multi-Machine Equivalent Model

RMS voltage measured by selected wind generator
= DetaileWPP.WT 15 WTG_type3 Vmeas_pu=Detaile SWPPWT 26 WTQ_type3 Vmeas_pu— MultiMachineEql WTG_type 3. ¥meas_pu=MultiMachineEq2 WTG_type3 Wmeas_pu
~SingleMachineEq WTG_type 3. Ymeas_pu

Active Power measured by selected wind generator
= DetailedWPPWT 15.WT G_typed Pmeas_pu=DetailedWFP.WT 26 WTG_type3 Pmeas_pu — MultiMachineEql WT(_type3 Pmeas_pu—MultiMachineEq2 WIG_type3 Pmeas_pu
~SingleMachinefq WTG_typed Pmeas_pu

Tl

i

012

0.2 01§ 02 0.24 0.24
H

DC Bus voltage measured by selected wind generator
= DietaileWPFWT15.WT G_type3 Vdc_W=DetailedWPP WT 25 WTG_type 3 Vdc_W = MultiMachineEql WTG_type3 Wde V= MuhtiMachineEq2 WTG_type3 Vi v
~SingleMachineEq WTG_typed Vdc W

Reactive Power measured by selected wind generator
= DetailedWPP WT 15 WTG_type3. Qmeas_pu=DetailedWrP WT28 WTG_type3 Gmeas_pu=MultiMachineEql WTG_type3.Qmeas_pu=MultiMachinefq? WTG_type3. Qmeas_pu
~SingleMachineEq WTG_type3. Qmeas_pu

(X}

03¢ 036

04

004

Internal signals at some selected wind generators

TPL) WPP_equivalenting_wl - bypersim_32core:l - Ts: 0.00002 Perf: 1 Data Step: 0 - Real time - hypersin_32core - 2004704/02 19:55:13.000000
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