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Synthetic Grids

* “A fictitious network that has a similar topology and
characteristics of a real power system, without revealing
sensitive information”

* Design, test and validation.
 Robust/meshed networks.
* Phasor-based (RMS) models.
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https://electricgrids.engr.tamu.edu/
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The Need for EMT / RT Simulations is Well Understood

.
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e Oscillations may reach 5% peak-to-peak.

* Frequency varies from 7 to 19 Hz.

* \Very low system strength increases the potential of
resonance and converter-driven instabilities.

* New and existing variable renewable generation will be
constrained.

*  Full system strength impact assessment will be required

» Significant delays in project assessments.

https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/participate-in-the-market/networ
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The Need for EMT / RT Simulations is Well Understood

 EMT-type models can better represent power system dynamics

“RMS model does not predict
sustained oscillations
following a credible
contingency in an inverter-
domain network area” 1

mmmm RMS | Kﬁ__ U PN RSN S I SIS SR
EMT S 1

- Real-time simulations interface with external devices (HiL, CHiL, PHiL) while improving
computing time.

e Digital Twin technology provides an intelligent platform that accurately reflects a physical
system.

1 https://aemo.com.au/learn/energy-explained/system-strength-workshop
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Structural Characteristics of Networks - Graphs
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Methodology for Creating RT Compatible Models

(Confidential)

Clustering

[ Input Network Model }

* Synthetic grid: ot e
. Dominant Model Modeling
* Emulates the size, structure and Voliage Leve Reauiremnents

complexity of modern power (s s
tatistical Analysis —  pprp,»2v>66>>©60Z<-=?>7? > > , > 75979/ 9

systems B |
« Does not contain confidential o
nor sensitive information .
 Shareable
Yes

Adjustments for
' Real-Time Simulations

________ —

{Real—Time Compatible Synthetic Model}

F. Arrafio-Vargas and G. Konstantinou, "Synthetic Grid Modeling for Real-Time Simulations," (Open/Shareable)

2021 IEEE PES Innovative Smart Grid Technologies - Asia (ISGT Asia), 2021, pp. 1-5,
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Methodology for Creating Synthetic Grids

Statistical W no
analysis
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| conversion
Suitable for: RT compatible .‘/ . |
v I-ti ] Iati e i Adjustments i
Real-time simulations A | forRTSs |

v’ Fast parallel simulation on cloud high-
performance computers
v’ Offline simulation tools (PSCAD, EMTP)
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Input Model

* Phasor-based model of the NEM (PSS/E):
* +2,400 buses

+350 machines

+1,800 transmission lines

+1,500 transformers

+450 user-defined models

Statistical P .
analysis -
Yy
|{ . RT compatible
. . . | Domain X
Input model Clustering Adaptation Obfuscation . synthetic
| conversion
I model
N ___
Real-Time Simulations
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Clustering and Statistical Analysis

Category m Participation

* Group of common components:
* Dynamic models
e Control models
* Voltage level

* [dentification of prevalent models

Statistical

Sync.
generators

SVCs

User-defined
models

no
analysis
S
D
Input model Clustering Adaptation Obfuscation ' L)
| conversion
8 QUT - PECT Seminar - 21 April 2023

GENROE 29%
GENSAL 18%
GENSAE 14%
GENROU 13%
CSVGN4 2%
CSVGN1 1%
Machines 14%
Wind systems 6%
HVDC link <1%

____________

P ISERS RT compatible

for RTSs

synthetic
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Adaptation

e Definition of models to use:

- Constant parameter lines (VIC > ¢

e Pllines (VLC < t) Machine GENROU GENSAL

. GENROE GENSAE
* Dynamlc Ioads Governor TGOV1 HYGOV
* 2 types of synchronous generators e citer -
* Replacement of user-defined models Stabilizer PSs28

Statistical nho

analysis

___________

(
|
Domain
[Inputmodel H Clustering H Adaptation H Obfuscation J—M'
| conversion
Real -Time Simulations B
Labpratory \
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Obfuscation

‘l
User-defined functions:
* Obfuscation
e Customizations
e Constraints

. 8<§>DB connector i)@

PSS®E L4
(Adapted model)
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At @)
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(S-NEM2300) === lore on this later!

4= User-defined 3" party
converter tool:

e Software/hardware
e RMS/EMT
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Domain Conversion

e RMS to EMT domain
* Assumptions:

e Balanced network 6.6 - 220 0.5
* Typical values of transmission line reactances 275 -330 0.39
e Ro_qplo_3%_¢s5 500 03

Ry "Ly "¢y '

Statistical no

analysis

|{ RT compatible
| Domain :
Input model Clustering Adaptation Obfuscation synthetic
| conversion
model
Real -Time Simulations '%
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Initial Validation

. . 1.1
* Transmission lines: [
1 1.05 -
V = — < C = 1 gg
=~ 0.95F —
* Load convergence: ;
* 5jterations 0.9

* 0.94 MW mismatch (0.003%) 0 S 10 15 20

Statistical

; no
analysis
|{ RT compatible
| Domain :
Input model Clustering Adaptation Obfuscation synthetic
| conversion
model
Real -Time Simulations
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Adjustments

» Addition of decoupling elements ine_6112_to_4123_1
* S-NEM2300-bus benchmark model: . :

* +2,300 buses, =200 synchronous machines r a il e it
* +43,500 kms of transmission lines
e Spans over 3,700 km

[

M
—
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]

Statistical

no.

analysis
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| | . | RT compatible
l Domain yes  Adjustments .
[ Input model H Clustering H Adaptation H Obfuscation ]—hl conversion for RTSs !—b synthetic
? 1 model
7/

_______________________

https://bit.ly/S-NEM?2300

Real-Time Simulations
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Properties and Comparison

Property | NEM' | S-NEM2300 | Variation
n 2,340 2,340 0
m (#) 3,579 3,579 0
m (km) 43,564 43,578 +14
k 3.059 3.059 0
c 0.0936 0.0936 0
I (edges) | 21.393 21.393
I (km) 1,223 1,213 -10
d,.x (edges) 53 33 0
d.. (km) | 3,826 3,793 -33

15

QUT - PECT Seminar - 21 April 2023

e Evaluation Metrics:

Number of nodes (n)

Number and length of lines (m)
Average vertex degree (k)
Clustering co-efficient (C)
Average path length (l)
Diameter of graph (d)

=
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The Real “Real-Time” Part

* Implemented in HYPERSIM

16

Load Flow convergence in 7 iterations (0.94 MVA mismatch)
50-us simulation timestep

Would require ~400 cores for RT simulation

RTS@UNSW has 7 cores on an Intel(R) Xeon(R) CPU E5-2667

* 10 seconds of simuation -> 450 seconds

The “other” challenges of RT simulation for very large models

Lo

Real-Time Simulations
Laboratory
UNSW RTS@UNSW

SYDNEY
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Validation
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Application Examples

140 50 * Assessing the performance of
g 120 ’g 5.5 o .
g z. renewable energy integration
= 100 - . .
- a5 into weak grids.
80
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t(s) t(s) Real-Time Simulations
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Application Examples

* Testing ‘what-if’ scenarios.
e Real-time models are updated

520 4
based on measurements from the e Bus 1002 Bus 1002
grid, and potential threats are O == g _—
analyzed under realistic sl < 4
circumstances and alarms can be '
raised accordingly 5 0 15 20

t (s)
(b)

Stable
Region

A6 (%)

5 10 15 20 -1 -0.5 0 0.5 1

t(s) S (Hz)
R,eaI-Ti e Simulations
19 QUT - PECT Seminar - 21 April 2023 Laboratory

RTSQUNSW | NSV

vvvvvv



What is a Digital Twin?

“virtual representations of physical systems and/or
processes, enabled through data and simulators, that
allow real-time monitoring, controlling, prediction,

optimisation, and improved decision making

”1

A, Rasheed, O. San, and T. Kvamsdal, “Digital Twin: Values, Challenges and Enablers From a Modeling Perspective”

Igaer eSimulaﬁons
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Key Elements of a PSDT

21

The physical counterpart

The digital [part]
Communication infrastructure
Data / Models

Services

QUT - PECT Seminar -

Processed
power system
measurements

—

PYc)

Relational
database

Economic

Real-time
application

T
=
I
I
I
I
I
|

Planning.

Diagnostics

Offline
application

Other relevant
information and
constraints

P

I,

" Triggered

application

|Prognostics|

Digital Twin
Module 1

Digital Twin
Module 2
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Digital Twin
Module 3
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Digital Twins in Power Systems

FINGRID

nationalgrid

AMERICAN
ELECTRIC
POWER

[ —

22

—

Asset and operation
management

Improve efficiency,
reliability, and
utilisation of

distributed assets

Enable better
coordination of
network model
information

Real-Time Simulations
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Digital Twins in Power Systems

The NEM’s digital twin and the
imperatives for new market
signals

At a CEDA event exploring ‘Opportunities in the Future Energy
Market’, AEMO’s Audrey Zibelman and a lineup of energy
thought leaders highlighted the need to value firming services in
the new asynchronous energy market, and heralded real-time
visualisation of grid and asset performance in the form of digital
replicas of the NEM and WEM.

SEPTEMBER 9, 2019 NATALIE FILATOFF

February 23, 2022

OPAL-RT TECHNOLOGIES and Coordinador Eléctrico
Nacional (CEN) Sign a Collaboration Agreement to Model a
Digital Twin of the Chilean Electrical Network

[MONTREAL, February 23rd, 2022] OPAL-RT TECHNOLOGIES is pleased to announce a collaborative agreement with
Coordinador Eléctrico Nacional (CEN) of Chile to start using OPAL-RT's real-time simulation expertise and experience
in the modeling of a digital twin of their electrical network. CEN is responsible for coordinating the operation of the
Chilean electric network in order to ensure its security and economic operation. The network includes 35,501 km of
transmission lines, extended over 3,100 km of territory, and has the capacity to generate 25,284 MWs of energy—
sufficient for around 97% of the Chilean population.

23 QUT - PECT Seminar - 21 April 2023

“Digital twin": Online simulator to help wind
and solar farms connect to the grid

Giles Parkinson 19 August 2021 a

Utilidata And Sense Team Up To Create End-To-End

Digital Twin Of Electric Grid

Utilidata
July 2, 2019

AEMO completes pilot testing
for world-first grid connections
simulator

& PUBLISHED: 21/09/2022 © 2 min
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An Evolving Concept

* DTs remain an evolving concept in the context of power systems.

* The setup and implementation of power system DTs vary depending on the
requirements for the services provided.

* A DT should create comparable behaviors of its physical counterpart in a digital
environment and provide insights or predictive analytics of the physical system.

e Within a DT-enabled system, a DT can establish comprehensive digital models of
physical entities with full support for bi-directional communications to enable
real-time interactions between digital system and its physical counterpart.

* Data measured on the physical twin are used to update the DT concurrently so
that the DT can follow up and analyze the latest status of its physical entity.

* Analyzed results of the DT can be sent back to the physical system so that actual
systems can be manipulated or guided by advanced data analytic technologies.

Real-Time Simulati m
eal {R;,;g:ya ions
RTSQUNSW | NSW
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One-to-one Power System Digital Twin (PSDT)

* Power systems are large and complex physical systems.

A PSDT is limited to smaller portions of the grid, or focuses on
specific aspects of its behaviour due to high costs of
implementation and maintenance.

* A power system is critical infrastructure that contains sensitive and
confidential information.

Information is often protected from public disclosure which
restricts the research that can be done.

Real-Time Simulati m
eal {R;,;g:ya ions
RTSQUNSW | NSW
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One-to-one Power System Digital Twin (PSDT)

* A flexible and versatile PSDT implementation would allow to:

* integrate a variety of services and applications, making the expansion of the
DT possible, even beyond the electricity network (e.g., gas, hydrogen
industries),

* unlock the full potential of DT technology, increasing the breadth and depth
of services and applications,

e provide a robust and adaptable solution for monitoring, operating, and
planning future power systems, and

 accommodate a potential environment for R&D outside the industry,
integrating new actors such as research institutes and universities.

Real-Time Simulati ..
eal i;;r;r;l:ya ions
RTSQUNSW | NSW

vvvvvv



Current Approaches for PSDT Implementation

Asset
oriented

»

Application:
prognostics

User:
the asset

Owner of

Model-driven libraryl | Data-driven library | |

Expert system

Virtual space iteration | |

— | Digital Twin (DT)

A 4

L ____|

Decision)) Virtual deduction
maker / Virtual data/strategy

Reliable strategy
y

A
( Actuator )

Operation management
scheduling control

Human-computer
interaction

Real-time perception

H—

Field data

Communication

Entity

H. Pan et al., “Digital Twin and Its Application in Power System”

27

System Application: User:
oriented situation awareness TSO
............................................................. » min-order path
RTU SEATA State Currdent1
—_ D —_ DO ---» | Periodica
Estimation DSA
[ Gl GBh -F - - - ;_ ---------- 1
1 v Digital Twin 1
[ |
I : |
Net Analysis CEP ML-based
[
I = Engine _:_> Fast DSA
: Data Grid :

5 ~ sec-order path

M. Zhou et al., “Digital Twin Framework and Its Application to Power Grid Online Analysis”

QUT - PECT Seminar - 21 April 2023
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Current Approaches for PSDT Implementation

Grid Application: grid User:
oriented assessment TSO
5 Control Room
Datapool RT-Running Applications User Interface Op -
Instances W ) erator Team
S - — Services
Customized Functions EMS Applications

DT
Database

DDM Steady State Digital Twin* Dynamic
1 merf aces Assessment Applications Assessment
— Services
Customized
L. ] Phasor Data
Dynamic Digial Mirror S

ool Functions

Interfaces

Digital Model

Twin Parameter Tuning
, SCADA

Telecontrol
IEC 60870-5-104

IEC 61850

Continuous Data Exchange

® ®
- -
= -
= [
L) L)
&) Q
= =
= =
= =
= =
@

Processlayer
(Substation)

Virtual || Virtual HIL
Sensor || Actuator || Device
RTU PMU/PDC
C. Brosinsky et al., “Recent and C. Brosinsky et al., “Digital Twin—
Prospective Developments in Concept of a Continuously
Power System Control Centers” Adaptive Power System Mirror”
Real-Time Simulations
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Current Approaches for PSDT Implementation

Limitations

Electrical-related
measurements from
the asset or grid.

Only one user is
envisioned to
operate the PSDT or
benefit from it.

PSDT includes self-
adaptation and/or
limited number of
services, but no
room for expansion.

Potential Improvements

Other sources:
weather conditions,
spot prices,
operational
constraints, thermal
measurements, etc.

Additional parties can be
included: energy policy
advisers, investors,
utilities, retailers,
researchers, etc.
measurements, etc.

Streamlining design
procedure when
implementing PSDTs.
measurements, etc.

=
Real-Time Simulations Q%
Laboratory
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Modular Power System Digital Twins

Digital Twin

i Self
Quality asses Data modeling adaptation
3 Ilgﬁ@-! A\
l. ©
B0 Ge

Integration and

Services Real time
Collection A o
visualization

) ee

Physwal Twin Data

Investors ¢ What if
Market participants scenano 4_
Retailers A :
sse
; manaement
Renewable '
System operators < ¢
c-n . Utilities
U
D Y (Cromms ) =1 4—

ffllne

Government(s)
o N N - — /T 4
System operators Data

F. Arrafio-Vargas and G. Konstantinou, “Modular Design and Real-Time Simulators Toward Power System Digital Twins Implementation,” in IEEE Transactions on Industrial Informatics.
(Early Access). DOI: 10.1109/T11.2022.3178713

Al
X

Real-Time Simulations
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https://doi.org/10.1109/TII.2022.3178713

Digital Twin Module (DTM)

e Basic, function unit of the modular PSDT that co-exists with other
DTMs.

* [t inherits the capabilities and functionalities of a DT.

* It plays the role of a DT for a specific component, asset, or system,
and provides a service or a set of services.

* A DTM can be supervised or self-regulated.

* A DTM can run in real time, automatically or manually triggered, or
executed in offline mode when required by (one of) the user(s).

Real-Time Simulations
31 QUT - PECT Seminar - 21 April 2023 Labosatory 2
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Digital Twin Module (DTM) — App. Examples

* Monitoring and controlling a power system assets and/or grid in real
time.

* Diagnostics based on multi characteristic measurements and
parameters together with algorithms to determine cause of failures.

* Prognostics of power system components and assets.

* Forecasting and prediction of generation, demand, and faults among
other conditions.

 Grid integration applications to support, test, and validate studies.
* Training of system operators, maintenance personnel, etc.

* Integrated system planning to meet security of supply, grid reliability
and network resilience targets.

Real-Time Simulati ‘
eal {Ri,:tﬂl:ya ions
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Implementing a Synthetic Digital Twin of the NEM

*The layout of the Australian -=--
map is for illustrative purposes only.

33

S-NEM2300 S-NEM2300
as physical twin*  User as DTM

P

P

Synthetic data
V,LT,$,.)-~»

Data
(Vﬁ I’ P’ Q’ "')

-------- » Other DTMs ----3

Service output

QUT - PECT Seminar - 21 April 2023

E.g., PLEXOS, PSS/E,

1 MATPOWER, PowerFactory
1
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Digital Twin of Weak Area of the NEM

SVC1 Legend
BESS = 25 MVA =000 kV == <22 kV
50 MW SV = 33 kV == [BRs
25 MVA - 09 KV

!‘ Type-111
~ l\ WPGS
50 MW

PV-PP 1
26 MW
PV-PP 2
26 MW

266 km

( Rest of the
Network

.

R’eaI-Ti e Simulations
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Digital Twin of Weak Area of the NEM: CHiL

Multivendor approach

1
1
1
1
|
1
1
|
Grid signals 1 T Inverter control | A—
signals (per switch) '
V.1.P.Q & P i Integration of grid
----------------------- A I measurements
: ! T | |
| N 3 Z |
NE .
b s S i
Inverter control | ' |
signals (per switch) I Controller |
L e e e e e e e e e e e e 1
West Murray Zone
and BESS
Real-Time Simulations
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Data Concerns in Al Applications

Data Availability

 Sufficient datasets required for .
training, testing and validation Data Quality

 Limited timely data in real-world * Demanding requirements for

more detailed information

applications
] ] * Synthetic and offline simulation
Source Diversity data with certain simplifications
* Information across multiple . cre s
domains P Time-Sensitivity
« Different types of data (e.g., time- . Operationalodata representative
series, numerical, categorical data) for a short time period

* Effectiveness and timeliness of

(close-to) real-time applications
Shen, Z., Arrafio-Vargas, F., & Konstantinou, G. (2023). Artificial intelligence and digital twins

in power systems: Trends, synergies and opportunities. Digital Twin, 2, 11.

Real-Time Simulations
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Challenges of Al Implementation

Interpretability
* Internal logic of Al algorithms are not easily explainable, [ Intelligent }

which compromises the use on security-critical system.

Repeatability
e Successive tests under well-defined and identical —

Applications

configurations are required to validate and tune Challenges:
applications. i) Interpretability,
ii) Repeatability,
Resources . - iii) Resources,
* Extensive computation and storage resources are needed iv) Simulation-to-reality gap.
to operate Al applications at scale in real power systems. T
. . . A 4
Simulation-to-reality gap [ Real-world ]
* Since differences exist between model/datasets and real implementations

system, robustness and safety should be ensured.

Real-Time Simulations B
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Time-Scales for Applications

Time-related issues are concerned in power system applications that
have different levels of time-sensitivity of data.

Long-term planning Short-term forecasting Predictive control Real-time operations

Lifespan Preventative

Event forecasting Decision-making

management management
Infrastructure Renewable power Emergency control .
_ . . Optimal control

expansion generation scheme design
I Years Months Weeks Days ||Intra-day [Minutes| Seconds Real-time
] | ] ] L | ] L ] [ - — [ [ [ N [ [ I o e e B AR E R EE T

———
\ v J
Ad-hoc Time
Post-event analysis
Methodology innovation & Further investigations
Real-Time Simulations
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High level structure of a DT-based system

e Bi-directional communications are built
between physical twin and virtual twin.

Communications f
)

. . . Physical Twin [« P Virtual Twin
* Data is measured from physical twin to — ——
updqte/self-ada pt wrtual twin to (Fomtcstion J———— (Decison )
continuously reflect its behaviors. 1 F
. . . . Control/ -
* Virtual data is generated by virtual twin to Et] E,'D
support the applications based on ——
additional data, intelligent decision- measurement s

making and insights.

Real-Time Simulations
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Power Grid Digital Twins

Services: across different domains from generation

to trading and consumption, for instance,

* Al-enhanced optimal decision-making toolbox
e Al-supported prognostic control

* Al-aided “what-if” scenario testing

* Al-based multi-domain analyzer

Virtual twin: digital representation of one or more
specific domains of power grids

Database: storage of operational data from PT and
virtual datasets from VT for further applications

Function of Al: high volume of data from both
power grid and its virtual twins to support
operations

—>

Physical-Service interactions

40 QUT - PECT Seminar - 21 April 2023

Power Grids

Physical Twin

Generation: renewable resources, conventional plants

Transmission: HVDC and HVAC transmission systems

Distribution: loads, distributed generation

Physical-Virtual interactions

Measurements & Model creation and update

9 Data fusion

Power grid database )

€ Data compression and management
€ Data cleaning and pre-processing

Network status Monitoring data
Demands prediction Operation limits

Virtual Twin <

Analytic
feedback

High-fidelity
simulation data

Virtual-Service interactions

Services for power grids

Investigation / Optimization / Diagnosis / Prognosis / Planning

6 Decision-making assistant Q Renewables forecasting
Optimal decision-making Prognostic control
What-if scenario testing Multi-domain analyzer

'

( Power grid user interface )

Operators
Regulators
Policy makers

Q : Al-based functionality
<«»: Communication infrastructure

=
Real-Time Simulations
Laboratory 2
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Power Asset Digital Twins

Services: through the whole life span of power assets, g ier ASEEl
such as, A = . :
> Physical Twin Virtual Twin <
° Al_alded Ilfespa n predlctlon Wind turbines Synchrono_us_genferators - P\I- panels
Tr T lines Circuit breakers

Static synchronous compensators

Predictive maintenance with Al support

Physical-Virtual interactions Analytic

feedback
Power asset database

@ Data compression and management
Data cleaning and pre-processing
Model creation and update

Fault diagnosis and alarms with Al enhancement

Al-based asset testing & optimization

Measurements High-fidelity

simulation data

Virtual Twin: digital replica to easily access the
operational data and identify erroneous behaviours

Maintenance logs Expert systems
Visual inspection Empirical knowledge

Physical-Service interactions
Virtual-Service interactions

@ Data analytics

Database: storage of maintenance data and historical Services for power assets
information for a series of components e e S it Al

. . . . . . . Lifespan prediction Predictive maintenance
Function of Al: online prediction and identification of Faultdiagaosis and alarm Online testing and tuning
the potential issues of critical assets ¢

(Power asset user interface )

Developers
Maintenance engineers e : Al-based functionality
Asset managers <« : Communication infrastructure

Real-Time Simulations B
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Summary / Conclusion

* Synthetic networks provide open benchmark to design, test and
validate any proposed implementation.

* The proposed methodology for development of synthetic grid models
is aimed at real-time simulations compatible open models.

* The S-NEM2300-bus benchmark preserves the main characteristics
and topology of a longitudinal power system.

* The S-NEM2300-bus benchmark will allow better visualization of
fast phenomena and dynamic stability evaluation. —

Real-Time Simulations
Laboratory
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Summary / Conclusion

* Most critically, Real-time Simulations are a key element in the
development and deployment of Digital Twins in Power System
applications.

* Model-driven design for DTs

A modular approach allows for enables the expansion of the twin
beyond power system components and facilitates the integration of
multiple services and users, without affecting the functionality of
existing modules.

* Integration of multiple services that can represent distinct domains

Real-Time Simulations
Laboratory
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Summary / Conclusion

* Power system digital twins (PSDTs) can uplift how data from power
grids and their equipment is processed, providing operators new
ways to visualize and understand the information.

* A modular design allows to potentially achieve a one-to-one digital
twin of any power grid and its assets.
* Addresses key implementation barriers
* Connects existing and additional services to a unified platform
 Allows for participation and actions from new and external actors
* Unlocks advanced and dedicated applications

* A synthetic PSDT is seen as a testbed that can be used by researchers
to test, develop, and propose new methods and applications that can
be implemented in real PSDTs.
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Questions
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