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Energy Systems Integration Facility

The Energy Systems Integration Facility (ESIF) is a national user facility located in Golden,
Colorado, on the campus of the National Renewable Energy Laboratory (NREL).

£

http://www.nrel.gov/esif Photo by NREL
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Controller- and Power-Hardware-in-the-Loop

NREL's megawatt-scale controller- and power-hardware-in-the-loop
(CHIL/PHIL) capabilities allow researchers and manufacturers to test energy
technologies at full power in real-time grid simulations to safely evaluate

performance and reliability.

Photos by NREL

Power system studies
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Technology Readiness Levels (TRLs)

=1
* Metric system developed to edcinesslLeye?

support the assessment of the TRE R
maturity of a technology TRL2 Low cost, idea
* Allows for consistent comparisons " Moderate cost, idea to proof
of maturity among different types TRL4 Moderate cost, proof of concept
of technologies TRLS5 Moderate cost, proof of concept
e Usedinthe space industry TRL6 Increased cost, validation
° Nine |€V€|S Of maturity are TRL 7 Increased cost, validation
: o : - TRL 8 High cost, depl t
identified in the original paper 81 cost, ceploymen
(Ma nkins 1995) TRLS Ideally market price, production stage

Source: Mankins 1995
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Technology Readiness Levels

Technology
Readiness Level

TRL1 Basic principles observed and reported

TRL 2 Technology concept and/or application formulated

TRL 3 Analytical and experimental critical function and/or characteristic proof of concept
TRL4 Component and/or breadboard validation in laboratory environment

TRL 5 Component and/or breadboard validation in relevant environment

TRL 6 System/subsystem model or prototype demonstration in a relevant environment

(ground or space)

TRL 7 System prototype demonstration in a space environment

TRL 8 Actual system completed and “flight qualified” through test and demonstration
(ground or space)

TRL9 Actual system “flight proven” through successful mission operations

Source: Mankins 1995
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Borrowing Technology Readiness Levels

for Power Systems

e What s a proof of concept?

e Whatis a breadboard validation in
a laboratory environment?

e Whatis a relevant environment?

e Whatis a demonstration?

Source: Mankins 1995
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Borrowing Technology Readiness Levels

for Power Systems

What is a proof of concept?

What is a breadboard validation in
a laboratory environment?

What is a relevant environment?
What is a demonstration?

Source: Mankins 1995

Boundaries of physics

Electromagnetic transient (EMT)
simulation

Dynamic simulation

Steady-state simulation

Hardware experiments

Software experiments
Hardware-in-the-loop experiments
Field deployment.
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Borrowing Technology Readiness Levels

for Power Systems

What is a proof of concept? °
What is a breadboard validation in °
a laboratory environment? .
What is a relevant environment? .
What is a demonstration? .

It depends

Source: Mankins 1995

Boundaries of physics

EMT simulation

Dynamic simulation

Steady-state simulation

Hardware experiments

Software experiments
Hardware-in-the-loop experiments
Field deployment.
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Evaluation Approaches Used in the Industry

A) Pure simulation B) Controller-hardware-
!: ) in-the-loop
System
Distributed

Enelgy Resource

Micrognid Controller

Mmognd C1roner
A) Pure Simulation B) CHIL
. Simulation
C) Controller-hardware-in-the- oi? D) Hardware only

Electric Power

loop and power-hardware-in-
System

el rull i
mE e

Distributed Generator .’
Energy Resource A '
'

Micrognd Contraller

Microgrid Controlier
C) CHIL & PHIL D) Hardware only

Source: Maitra 2007
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The

Challenge

" High-Pen PV/DERs

e Low fault current
* Reverse power flow

Resiliency

e High-impact, low-
frequency events

e Damage prevention

e System recovery

Traveling wave-based
fault signatures to
reduce roadblocks to

high penetrations of PV
Phasor-based P Speed

prOteCtion e Distribution network of
the future needs high-
speed fault detection

¢ One full cycle
observation window

SOLAR ENERGY
TECHNOLOGIES OFFICE

U.S. Department Of Energy
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Software Simulation: Traveling Waves

in Transmission and Distribution

.
* Transmission and @"VWWY‘ 25mi |50m|\! 140mi | 25mi | "YTYVW@
distribution are modeled | |

230kV

at 230 kV and 13.8 kV, Fault
respectively, with source
impedance.

e Second-order band-pass . .- | . |

filter from EMTP-RV is @'\/\/V’WY‘ 1§ | |
tuned at 20 kHz in 13.8kV l
transmission.

* Low TRL. Vo—t—

0.5mi
o
[
F
—
[ ]
[a1]
[

v
Load

Source: Prabakar et al. 2021
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Results: Traveling Waves in Transmission and Distribution

100 + 4——Reflection from Terminal U 5.
50 - —First Reflection from Fault 0
< <
g 0 € -5
@ ( , o First Reflection from Fault
S _gg- i Sedond Reflection from) Fault 5 _10 Reflection from Terminal V
o I o
¢ 1.6 ms ) !
—-100 - -15
<4——Initial Wave «4—Initial Wave
—150 - i ‘ 1 ! i i i i =20 1
52.0 52,5 53.0 53.5 540 545 55.0 555 56.0 51.80 51.85 51.90 51.95 52.00 52.05

Time (ms) Time (ms)

Filtered data at terminal S in transmission system Filtered data at terminal S in distribution system

Source: Prabakar et al. 2021
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Modified [EEE 13-Bus System

OH - Overhead Line
UG - Underground Cable

o
o &
imi ’
1.64ps e 1.64ps 2-69[15/4.501!;32 T 2.69ps 1.64ps .
647 646 645 632 633 634 I
. . . ’ : o +—{—{—onu —( o0 _+——{_on |
. e _ 3 - — — 647 646 645 ol i 633 634
0.3mi 0.3mi 0.5mi 0.5mi 0.3mi I °
n
imi 671A |
671A "
ol w
e o
1mi k&
. 164ps = 5.39s SEIBT ,2.69s/4.50ps
611 684 671B 675 - - | L_m_l
. ~ $ n
0.3mi imi 0.5mi 611 684 - = 8 675
=]
e w
0.3mi 1mi 13
so2l] |7 680 |
692 680

Source: Prabakar et al. 2021
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Overhead Lines with Fault on Bus 680

* Initial wave times estimated at 671B,
684, and 611 are 5.39us, 10.78us, and
12.42us, respectively.

* Low TRL.

S2.3p

0 5.3us 4»

Current (A)
b
o Ln

I
—
un

,

I
N
o

680 (Faulted Bus)
671B

684

611

51.82 51.83 51.84 51.85 51.86 51.87 51.88 51.89 51.90

Source: Prabakar et al. 2021

Time (ms)

13.8kV
OH - Overhead Line
UG - Underground Cable
650
[] w
il
632 [
. 1.64ps . 1.64ps 2.69pus/4.50ps | 2.69ps 1.64ps
1 I I 1 I -
——or +—+——on 1 TOHI—'—IOHI—'
647 646 645 P 633 634
=
wn
671A 4
3
n
w
g o
w
1.64ps 5.39us S?IBT +2.69us/4.50ps
|—< OH OH l—l J— L—l:EBIDE:I—‘
on
611 684 " = I 675
@ &
=Y
Poeso]
692 680 il
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Challenges
in Digital
Real-Time

Simulation
of Traveling
WWEVES

Analyzing traveling waves in digital real-
time simulators (DRTS)

Fidelity and scalability of the models
Transmission products released in 2018

No DRTS modeling approach is available for
short transmission lines.

We must skip CHIL and PHIL and move to
power hardware experiments.

NREL | 15



Goals of the Experiments

e Use real-world overhead and underground lines (no digital or analog
emulation).

e Use real faults.

* Use off-the shelf, available, inexpensive CTs.

e Capture wide frequency data (up to ~100 MHz).
* Show traveling wave in a field experiment.

* Show capability to differentiate between noise and high-frequency waves in
real time.

* Mid to high TRL.

Source: Prabakar et al. 2021
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Experimental Setup

Photos by Ismael Mendoza and Colin Tombari, NREL

Source: Prabakar et al. 2021
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Field Experiments

Setup for Single-
Phase Faults

Photos by Ismael Mendoza and Colin Tombari, NREL

Source: Prabakar et al. 2021
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Length of the Lines and Theoretical Traveling Time

Subgtation Red arrow assumes 50 percent the speed of light Fault

Green arrow assumes 60 percent the speed of light Al time measured in microseconds

610 meters

80 meters 50 meters 400 meters 160 meters 211 meters

43 meters 8 meters 1 meter

0.003336

4.069482 0.533703 0.333564 2.668513 1.067405

A

0.026685

8.672666 0.143433

0.70382

0.444752 0.27797 2.223761 0.889504

3.391235

A

0.877274
7.227222

Underground cable Overhead line

Source: Prabakar et al. 2021
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Results

| race Properties @ x
= Appearance

Trace Color ] adaabo
E Scale
Horzortal/Div 148 p=
Vertical/Div 6TV
= Fame
Horizontal Start  -95.450000 p=
Horizontal Stop 52 550000 ps
Vertical Start 2458V
Vertical Stop 2680V
B Misc
Points 185.002 kS
Hor. Center 3=
er. Center -1.819V

<=

15 ps

Source: Prabakar et al. 2021
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Advanced Mathematics-Based Signal Processing Result

25 1

20 1

-5

discarded

= denaised signal
®  max
® min

T T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 17.5

Time in microseconds

Source: Prabakar et al. 2021
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Current (in 4]

Current {in A)

Current [in A}

Filtered current measurements at fault location for Line-to-Ground Fault

Advanced Mathematics-Based Signal Processing Result

Line-to-Ground Experiment 1

Time {in us)

Line-to-Ground Experiment 2

Time {in us)

Line-to-Ground Experiment 3

Time {in ps)

Source: Prabakar et al. 2021
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Controller-Hardware-in-the-Loop Evaluation

UCSD Microgrid ) Control
e —»| Control Function | —-— Remote Control UCsD
— -
Implementation . .
PQ Targets ! P | Function - o 3
- SE= =
I'pMU Data | DER Dispatch & = = '-§
T T T ﬂ********W ******* 1 = ==
| ! |
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| Microgrid Switch, ~p% | NREL
| Point of . 69KV |
| Interconnection PMUL Substation Bus |
: ¢ PMUS I , |
|
| 26MW |
| v 12kV |
Power TCP/IP
| Substation Bus | Power control - distribution %m)
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| PMUG  § PMU7 | Digital “;al
| PMU3 PMU4 | tfime simulator
| Protocol TCP/IP
| BESS BESS Circuit Circuit Circuit | Conversion < C37.118
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________________________ |

Source: Prabakar et al. 2020
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Controller-Hardware-in-the-Loop Evaluation

DG 1 real power
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Source: Prabakar et al. 2020
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Controller-/Power-Hardware-in-the-Loop Evaluation
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Source: Prabakar et al. 2019

NREL | 25



Controller-/Power-Hardware-in-the-Loop Evaluation
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Presented background on technology readiness levels

Critical to understand the maturity level and for comparisons between
technologies

Presented background on software simulation, power hardware
experiments, controller-hardware-in-the-loop experiments, and power-
hardware-in-the-loop experiments

Appropriate use of evaluation technologies can reduce the risk.
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