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.,i., m’\ff’ﬂf 1. Emergence of 4D electrical systems: why and how? Agenda

1‘1"??

uits:Pwhiyr  Electricity generation
Electricity consumption will more than double by . ggggggf:g;g:mnd B Siomass
2050, from 27 PWh/year in 2018 to 60 PWh/year . —
I Solar thermal Bl Oil-fired
Hl Hydropower Hl Coalfired o

e Covid19 changes likely to continue: 4 demand for aviation,
commuting travel and offices

Renewable energies will provide +60% of the mixed

electricity: wind and solar at 50-50%. 1980 1990 2000 2010 2020 2030 2040 2050

DNV

* IEA: 90% of new capacity worldwide in 2020. 10, Share of renewable energy (%) in total primary energy supply

® [RENA “1.5- 8" (2050)

70%
: IRENA 'TES (2050)" & A BMEF 'Climate Scenario (2050)’

Deep decarbonization also requires energy

11 H 60% 2
efficiency: 3 times less energy consumed / % of GDP * PCC Below 1.5° C (2050) ¥ 8P ‘Net Zoro (2050]
50% A [EA'SDS (2030)'
— 4 BP ‘Rapid (2050} =
‘o L 2
In Quebec, 100% of electricity is renewable but . DIV (2080) shel ‘Sky 1.5 (2050
o
represents only 40% of the energy used . 4 Eauinor Rebolance (2050)
& Current status (2018] # Enmpmi:::wiﬂ\hpmhh:uy:l.sl‘;:;h o
i i i i 10% 4 Cempatible with pathway "we w2
e It will be necessary to electrify to decarbonize the energy mix PR TP
While we installed a record 82 GW of new wind capacity in 2020, we need to be installing around 180 0 ! T T T 1
GW per year to get to where we need to be. Every year we fall short, the mountain to climb gets higher. 400 S0u 6%8ta| Primary Er?grgy Supply ir?%?(ajoules/yea?oo

Global Wind Report 2021 /J[\ GWEC
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B 'AVAL  Electricity networks to propel a future in 4D: Context

TT’?Y

Agenda

Massive integration by power electronics of decentralized production with zero marginal
costs: intelligent but without inertia, changes the economic situation

Cyber-physical systems of systems: large number of technologies integrated at the edge
of the network, with two-way energy flow, with partial autonomy

Low systemic observability / controllability of intermittent REDs -> Electrical storage and
intelligent loads essential for supply-demand balance

Disruptive developments, rendering historical design assumptions obsolete: But we
have 20 years to adjust ... Phew!

Distinct classes of planning tools are used to support operations over
each of these time scales - most are used "off-line" long in advance
of operations, some are used " during real-time operations

One aggycle ; Renewables
AG nal : .
. i integ n studies
Synchrophasors, Dynamic system Win & Solar '
Smart inverters Protective relays response Interrmiiency estoration

o Pl T&D Plaming Planing GES
High-frequen (Sability) of gervice Day-Ahgad enflssion goals
P scheduling
switchi .
A A 4 ( | |
6 3

| | seconds
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Percent of US households

100%+ 48020 had
(telephone, stove,
electricity, auto)
~30-40 years
754
3720-40 tach
50
254

1900 1915 1930 1945 1960 1975 1990
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S 'AVAL  Time for DER technologies to reach 100% penetration

100% DER
1960-80 tech penetration
(color TV by 20502
microwave, VCR)
~20 years

Post 1980 tech
(computer,
cellphone,
nteémet)

15-20 years

/ ’ Tipping point?
7/
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LAVAL Managing uncertainties related to DER: Yes, but how?

Installation of 50,000 battery racks and 132 inverters at the
Manatee Energy Storage Center at Florida Power & Light.

Costly operating margins and / or preventive actions

based on solving very complex stochastic
optimization problems

e Monitor and analyze the operating conditions of a system of
cyber-physical systems

e |dentify your true security boundaries and make / execute
decisions in seconds, balancing network cost vs security and
stability.

Fewer humans in the loop, more automatic closed-
loop control systems

e Humans too slow to coordinate / execute multiple actions in real
time (1min).

* Replace them with artificial intelligence machines trained to
make "good" decisions by imitating humans while evaluating the
associated operational risk.

Largest solar energy storage prOJect in the world:
409WW / 900MWh (August 26, 2021)
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¢ Advanced operations
and protection
Advanced algorithms
Control ¢ Integrated

Vision for desired end-state is In future Grids, with limited

increase of transmission
capacity:

not clear

e An integrated system-wide (region- Methodologies Probabilistic Risk
wide or greater) control perspective e Capture a modest share of the safety Assessment (PRA) in
has not been formulated margin (say 5% of the total) while real-time operations

counting in last resort, on a wide-
area intelligent SPS as an automatic
safety net?

e Compute the operational limits using  Semi-autonomous

the actual conditions, focusing on Decision agent software

. . . Support & oA .
contingencies really threatening over Human (decision assistants)

the next operating time-frame? Interfaces * Dynamic simulators
for training

e Widespread deployment of intelligent
electronic devices has not occurred,
nor has a universal interface

¢ Integrated communications
infrastructure is missing

e Availability of data is limited
e Cost of sensors (e.g. ITs) is too high

_ _ e Consider changing the way
* Slow state estimation; operational reliability is assessed
supercomputers not employed and used, to include probabilistic

« risk management » aspects?
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Improve
the Wide-
Area
Network
Visibility

¢ Real-Time Operational Security Margin
assessment following an outage: We have a
15-mn time-window to perform computer
analyses and make preventive decisions

e Situational awareness for operators through
early warning systems based on zonal angular
separation and transient voltage profiles
¢ Wide-Area Phasor Measurements Systems
(WAMS) used in Fast Computation Schemes to
provide
¢ Tracking mode vulnerability assessment (e.g.
Damping and Synchronizing strengths)

¢ Post-Contingency (on-demand) vulnerability
assessment (e.g. post-fault disruption energy
and voltage dips)

through
FSM: Fast
Modeling
and
Simulation

9 CRC in Decentralized Sustainable Electricity Grids for Smart Communities

What Software is Inside?

How are Automatic Controls Executed over a
Wide Area?

Why Not Hierarchical-Decentralized/Distributed
Decision and Control?
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Activate the edge of the network
in support of new business
models empowering the
1 consumer

Stable and reliable use of DER by
the network operator in the
presence of systems dominated by
power electronics

Active simultaneous management
of the technical and economic
performance of the electricity

network in the presence of
uncertainties

Empowerment of tools and
4} technologies for large-scale DER
integration

11 CRC in Decentralized Sustainable Electricity Grids for Smart Communities

Research tracks for sustainable DER-dominated networks

¢ 1.1 P2P control of micro-grids to establish clustered dynamic virtual production plants
¢ 1.2 Tendering strategy for multi-layered decentralized markets;

¢ 1.3 Electric hybrid vehicles + hydrogen as a deep decarbonisation pathway;

¢ 1.4 Advanced management system for battery storage with multiple network services.
¢ 1.5 Benefits of Network Conscious P2P Energy Storage Sharing and Trading

2.1 Predictive hierarchical control of DERs for system frequency and voltage

2.2 Detection, localization and attenuation of oscillations in networks dominated by power electronics

2.3 Grid-forming converters: optimal placement, storage integration and inertia emulation

*2.4 Autonomous micro-grids, in clusters and virtual DC power plants, optimized and powered by Al

2.5 High-resolution, time-synchronized network monitoring and measurement devices

2.6 Understand / explain through Al the underlying mechanism of instability in electronic dominated systems

3.1 Robust optimization of the flexibility needs of a 100% renewable network

3.2 Simulator of a system of systems for the integration of millions of DERs aware of the limits of the network
3.3 Electric hybrid vehicles + hydrogen as a deep decarbonization path

*3.4 Emergency automatisms based on DER, powered by Al and big data,

3.5 Remove humans from the loop using machines imitating operators and powered by Al

*4.1 Aggregated models of DER considering network topology, operational constraints and uncertainty

4.2 Estimation/machine learning of the dynamic state of dynamic virtual power plants

e 4.3 Integration of EMS/SCADA applications in real-time simulation for network digital twins

*4.4 New approaches to real-time simulation of systems dominated by DER using extended dynamic phasors
*4.5 Power simulation of network services from electric-hydrogen hybrid vehicles

4.6 Digital twins of electric machines and DERs on a real-time simulator
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Research Agenda

Inverter Design

¢ Development of
capabilities, services,
design methodologies
and standards for
IBRs.

Stability Tools &
Methods

¢ Development of new
tools and methods, as
well as modifications
or supplements to
existing tools and
methods, required to
ensure reliability,
security, and stability
in power systems.

Control Room
of the Future

¢ Development of new
technologies and
approaches for
enhanced real-time
visibility and analysis
in power system
operator control
rooms.

Planning

¢ New planning metrics,
methods, and tools to
capture the
characteristics and
influence of a
changing resource
mix.

Restoration &
Black Start

e Creating new
procedures for black
starting and restoring
a power system with
high or 100% IBR
penetrations.

Global Power System Transformation (G-PST) Consortium’s

HSPA Micro

Services

e Quantifying the
technical service
requirements of
future power systems
to maintain the
supply-demand
balance reliably and at
least cost.

D ST D G

No of research questions in each Track
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Acquisition
ofSignals

detection
and decisi

protection the installation acquisition

Source: IEC TC 57 AG22 (Jean Raymond, Convener 2021)
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Real-time Reaction to

Agenda

of power grids via 61850

-----------------

Network Local control in Signal measurement and DER measurement

and control
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Z (4] N 3
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g 2 Situation room
AN g
-] (] bo)
Sl 2 N2 =
£ = :
g S Operations room 2
K 4 5
- & o
. N1 g
(@] Q
= Surveillance room

Analytical foundation Open communications platform - Unified Architecture (OPC-UA)

@ver plant

Dynamic state esgfimator

=== IEC 61850
=IL 1

A. Kummerow;S. Nicolai;C. Brosinsky;D. Westermann;A. Naumann;

M. Richter, « Digital-Twin based Services for advanced Monitoring
and Control of future power systems, » 2020 IEEE PESGM
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Prerequisite for Removing Human from the Loop in 4D Grids Operations

Buildon a
converged and
upstream
architectural
approach

Phase 2

Phase 3

Implement the architectural approach

Develop, design and define the reference architecture of each phase

Use an
interoperable,
autonomous and
adaptive
infrastructure
over time
(substation layer)

IEC 61850 Eiﬂ*ﬁasubstation

~Tl-1_""'!- .1- ’ U

higher level of voltage)

a
C) C)
D&ploy*Optrcaltdrren

IEC 61850 Digittzation of

Deploy a telecom infrastructure

all types of substation

and-make decisio

|Dep|oy an analytical infrastructure|

Awareness
(software)

Deploy a converged telecom

| Enhance the time = offi 2 tto ™ ged wavaU

infrastructure

Deploy the time synchronization

Define, develop and implement a new
IEC 61850 RAS and SPS (RPTC)

Define and implement a gateway
(legacy inputs IEC 61850 outputs)

Enhance the time synchronization

Collect and transport an IEC 61850 unique
data

Implement a generic converged HMI tool

Implement a generic HMI tool

Define and deploy IoT in the courtyard

Substation

rt Communities

Define, develop and implement a
centralized protection control
system

Deploy massively IoT in courtyard,
lines, etc.

Centralize and process all types
of data

Define and implement
» Separation of software from
hardware
» New 61850 RAS and SPS
» Synchrophasor (F,P,C,V, etc.)
> Intelligent MU
» Optical Voltage Transfo
» Augmented reality
> Artificial intelligence

Develop and implement an
automated and
converged event analysis

Define and implement a dynamic

Automated asset inventory

Define, develop and implement

» Advanced algorithms
(calculus, prediction, decision
making, etc.)

» Dynamic state Estimator

» Dynamic load prediction

» Web-of-cells

» Power electronic

» DERMS

» Adaptive protection and RAS
» Other

» Other

Develop and implement a
collaboration tool with

market analysis




R e loT architecture conducive to proliferation of
s LAVAL RED - towards an |IEC standard

@ Cloud computing, big data and machine learning

Transmission between the "cloud", the "edge" and the

Communication " . "
= terminal
" Ed ti - . .
Edge computing e eting e Distributed intelligent agent close to the data source
= ? & i i istributi
(=) @) ®) »od  Provides the operating status of the distribution
- (&) — e .
Smart terminal - network to the "edge" or "cloud". Execution of

Smart terminal Smart terminal
commands and controls.

Use case of loT

architecture for Planning and optimization of the
operation of EV charging stations

istribution
distributio Real-time assessment of equipment Optimize(5min)
network condition and predictive maintenance

Precise isolation of fault location and

p_Z LI

Smart
int ti g restoration of service Control(1s)
Integration an e Real-time analysis of regional line Substation and Distributed and P2P
ma nagement losses Power plants control viathe loT

Deployment of the N-1 with parades
https://www.lfenergy.org/

of REDs
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s LAVAL Possible 4D Grid-Edge Architecture
Hilo v3

HQ Connect

Ll
o) >
v m

. 3
) & S U ) -

PP
e g
B>
P

—o HQ Connect
) VT B
Micro-grid 2 — Substation 2 HQ Connect

\ @”ﬁ
O |

- z
Micro-grid 3-substation 3 ‘i, “N

P g

Substation Management in micro-grids with open market between customer 3, 'ﬂ
HQC

NCC=Network Control Center onnect
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Passive Management Active Management
Key: Build Infrastructure to suit Customers Key: Control Customers to suit Infrastructure
Timescales: Long-term Timescales: Short-term

4004132k

Trans former

400/ 132KV
Transformer

132kNV Network

2 x BOMVA
132/33V Capacity Line 113/33V

Transformer

i 33kV Network
33KV Network

1o : 1 Ol
Skm 2x20mvall 2
Capagcity L E
. 40MV A 40MVA
Full Generation Capacity Met Windfarm Part Generation Capacity Met Windfarm
No Constraints Necessary Generation Constraints Apply
Cost of Implementation = £4-6M Cost of Implementation = £1-2M
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AGM is required

. e From the ERO viewpoint, AGM is required to stop the * Grid/Cluster Computing for naturally
(o) iImprove the growing trend of blackouts Favored parallel problems
overall grid e Improved Network Conditions Visibility and Anticipation TEChnOlogy * Intelligent Software exploiting Decision
g to guide/advice the operator during difficult times q Trees/ Fuzzy Logic & Agent Technology
EffICIEI'ICV ¢ Preventive Control in the operations time frame: A Optlons - ;%;p:ri(\j/-igg Rii;:)r:::»bllzalgzlclgigr:zblems
probabilistic risk assessment of security/reliability to 3 i
through cost- enable the « looking before leaping » strategy Generic * RTDS for faster than real-time stand-

alone grid Stability and Dynamic
Simulators for Operator Training

effective Non- * Adaptive Defense Schemes: “unmanned” safety nets TOOIS
. . more and more required for stressed grids
Wires solutions

e Multi-Agent Power Grid Control
Next Simulator, in the renewable energy
driven electricity market context

In long term,

¢ Added-val licati built on t f A
AGM iS re uired ”int:ro;:rl;zlzg-p cations bullt on top 0 Generatlon * Probabilistic Risk-Based Assessment of
q o X 'k f V I Dynamic Security/Reliability in the
to enable the eNsor NELWOrk, . o dalue- operations time frame
e Advanced communications and controls
i - b Added  Adaptive/Response-Based Special
old dream Of a e Intelligent demand and distributed renewable Protection Systems
Smart Grid with resources Applications * Intelligent Demand as Resources for

Power Grid Control
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e VAVAL Use Case #1: Wide-Area Situational Assessment (WASA)

T 'r'v T
Grid-Edge Computing

mart PMU WASA

Substation Phasor Analytics T PR RS
'Vp .| Curentand o
p e Lo 5 g {PMU} \ WASI L Thodenein| =
v | Transformer & & 1 | =
. IaCS.'."s?N‘lI 1P?M 0 Calibration 8 f N prfocegglng {T'nzf} features E
or
HarrmMm i 2 ) variables, | {PostFitg} STFFT-Based 8
i PiGS CIEA”V Fault E features
Tracking Dy na_m'c State { PMU}{ ‘;,_g:,t?:l::t ——
sematen features { Tt 5,,,.} Based %
1 o £ 4 features S
-
Harmoni Fauk and st - Fiter Bank | =
rmonics ault an s . erpllggod 5
W N‘?sﬁ/ \PMU}, Harmonics 9 S

based GMD

Summary functions of PMU data analytics for power grid stability monitoring and control:
1-Smart PMU; 2-Dynamic state estimation; 3-Data digestion for actionable information

3

| Kamwa, L Geoffroy, SR Samantaray, A Jain Synchrophasors data analytics framework

20 CRCin Decentralized Sustainable Electricity Grids for Smart Communities for power grld control and dynamlc Stablllty momtonng’ IET Eng' Technol. Ref, 1-22
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fe=60Hz ...EKF-P...Ma)([TV‘E)IO.HxZM'/a .._fssUISQHZ: . ) fc=60Hz ...EKF-P...Max(TVE)=0.051469% ..fss0=30Hz; oo . oo .
_uf T 120 =11 7 (1> PMU/Cisan IEEE certified PMU with Class P speed, and
g 018 i’ 100 1 004 CI M .
3 S ass daccuracy:
£ 2 1 003
S S - u.. = Frequency range of +-20Hz
£ w8 i ™ = 0.2% Harmonic rejection and 0.05% OOB rejection
—_—— e at 10% interference
Hemere Rark s * AM & PM modulation pass-band 9Hz
fe=60Hz ...EKF-P...Max(RFE)=0.28908mHz ..fss0=30Hz; — fc=60Hz ...EKF-P...Max(RFE)=0.0054592mHz ..fss0=30Hz; §10” .
. W’ = 31msresponse time and 25 ms Latency
2 0.2 N 4
H < = Very fast Frequency and ROCOF measurements: M-
= 0.15 c 3
3 . 8 ; class accuracy with better than P-Class reporting at
£ w B ‘ 240Hz (4 samples/cycle)
’ o
2 3 4 5 10 " 12 B < 4 -
Harmonic Rank Frequency Offset(Hz)
I A AR RN RRRRRRRERRRRRRRRRRRRRRRRRRRRRRRNYN]
Tracking Estimate of fs¢ Tracking Estimate of f. ; :
w N [
- - — Yoo -
Kalman Filter Bank with 1 -
Adjustable Center Frequencies {——p X (t) Fundamental .' n
Anti-Alias Filter Harmonics and . -
fass = 720Hz  XtP® 3 oycios ‘mﬂ_.'_')w) Subsynchronous H o .
response __fss T | e Resonance E 2 i .
X_(t)’ gf rgtzlllzs / e Interference : ﬂlﬂllmhl - E
= < e[| T : :
Residuals Tr:cklngy .IIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIII
Self-Tuning Kalman Filter Bank
x.p(t) ! Fundamental
d Harmonics
1 cycle . 0 an ] )
[22p0098 N I. Kamwa, S. R. Samantaray, and G. Joos, "Wide Frequency Range Adaptive
Accurate Frequency | "\ Phasor and Frequency PMU Algorithms," IEEE Trans. on Smart Grid, vol. 5,
Estimation with —>
2 cycle smoothing e pp 569-579, 20 14

21 CRCin Decentralized Sustainable Electricity Grids for Smart Communities



UNIVERSITE

LAVAL

| System Disturbances | System Disturbances |

Predisturbance L Postdisturbance Predisturbance Postdisturbance

—

Power Systems Power Systems Power Systems Power Systems

|
1 ) !
1 Actions : [ Actions :
| 1
1 ! I !
1 [ | p 1 j
Conventional : L : Proposed Online : ( Online Critical Generator h 4 |
Remedial Action | Identlfv tOpOIOgV Char'IQES y | Remedial Action 1 ‘ Identification and J‘f Dynamic State Inputs l :
1 and select action from L } 4 \ monitoring Estimation |
1 3 = Inputs ! ! i
| Offline Decision Process : 1 | |
- ,,’_ . ~
: list | : Instability Detector |« |
K S I
| | 1

Design a response-

based RAS from
dynamic states

¢ Online detection of instability
Proposed RAS offers the ¢ Detection of critical generator and operating on the fly

adva ntage of ¢ Requires individual generator dynamic states to operate

¢ Using ensemble Decision Trees
or LTSM based Deep-Learning
of sliding windows features:
Determine impending

¢ Making DSE robust to data quality issues and cyber attacks
; bility § i » Extending instability detector to other forms of instability eg. voltage and frequency
Instability from online Future work involves  Extending scope of possible actions eg. generator run-back, shunt capacitor etc.

measurements ) )
¢ Evaluating RAS performance under massive amount of renewable energy

¢ Determine corrective actions penetration

in real time and implement in
incremental steps
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HHHHHH a1 iscrete — — Communication channels
| il 27 Ts = 6.51e-05 sec
30
|| . 23 6 | [ 28] | | [ .
| O | | A
o ez 0,
Fault |
| | + 18 [ ] w 24
| e | 1 o |® :
3 16 ES
| |
1l @& — =]
38 4 ‘ N |
[ i |
| [[ExF=30 [ I@I
[ |
~ERFG3L L 12
i‘L EKF-G32 | : I ‘ | |
H ERFG33 23
_1-| | EKF-G3d | & = | |
il ===2 I o
| ||l| EKF-G37 | e |
|r|1| EKF-G38 ] el = s E | |
EKFG39 |—
== B L] > & E=,
Il 5
i P Em©  © N
|::I il i [Pwioa2] : O
|l === ===""_"1_"7__~_ __
|l_::::::::::::::::::::::::J———" ||

Test System : IEEE 39 bus network with 10 generators
Communication channel data transmission

Data transmission fidelity A, =90%
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2
— % (?j + W;Zl + VV;24 + W;ZS + VV;26
t

Generator Components Load Bus Components

W =-P, (5-6,) - —%j‘l’ ds,
24 _ Irio o ' 22\ L - -1 Mt
w —5[(d—zd0)xd+(zq—zq0)xq] !
E, E; WB—NZ].QU( Z)IIV
W;zs = _[ iddE(; W;% = _J iquc; - =y, 4 l
E) E}p

Assumption (during fault)

N
W 21 — Z(i W-21 — W 22

i=1 Caveat : assumptions valid for
W2~ 0 few cycles after fault initiation
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Recent indicators from centralized state estimator | | [T EREIEens

would result in a robust detection of instability. 002
€
o copP § 0
Veor = 251 (a)z — @, ) © |——s180sE - - -B18PMU B20PMU| |
i=1 -0.02
G 2 21 22 23 24 25 26
oP
Keop = Za)l (5: —5,.C ) . 002 | ——B1B-DSE = = =BIBPMU e B20-DSE ===+~ B20-PMU|
i=l1 ® qmsmamane _‘_ _."_' --------------------
] ' 2 ' [ 2 § 0 ------- |
W= aw; _ | T de, + Lo de, < 00 ~
di — = ' ,
dt (x =X ) dt (xq —xq) dt 2205 21 215 22 225 23 235 24
G ' d . ) T' ' 5 0 feemmmmm—- PR _I //\_
Wdot = —dW = _Z ];Oi i + o dedi § -0.2 _\,MAv AL SN Yon, |
dt ~ ( . —x ) dt ( ¥ —x ) dt ' —— B18.DSE Ve
i=1 d d q q 04 = = =B20-DSE K
NG NG NG NG 2205 21 215 22 225 23 235 24
o COP 'OP
Vi= 1, 2""Ng and -0 = Za)kPek Zf:k and 6" = Zé‘kek lek Time(sec)
k=1 k=1 k=1 k=1

Wi, is total energy of generator i
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UNIVERSITE Generalized features extraction for mstabllltv detectlon
LAVAL  in New-England Test System FERIN oy |

[ Databases ]

unstable
D1 D2 =
§=3
Speed RoCaoTE =
k= =
12 564 observatl ons , 540 attributes & =
D1&D2 D1&D2 £
]/ =
Di1&D2
Extraction 1 Extraction 2 /*\ Extraction 3 Siablc
Lyapunov Exponent Power Spectrum Wavelet Decomposition
Parameter: Window Periodogram method Daubechies wavelets: db3-level
Theiler; Neighbours: 3 ; with Hamming & 2; db3-level 3; db3-level 4;
Time delay: 1,2,3,4 . Rectangular windows db3-level 5; db3-Max; db3-Min;
; : db3-coeff; db3-entropy; Attributes data matrix for rotor speed (IEEE 39- and 68-bus test systems
4 Functions Welch Method with db3-Median; db3-mean; db3-std P ng Plot Y :
Hamming & Rectangular
T windows Symlets wavelets: sym3-level 2; 1.00-
. f sym3-level 3; sym3-level 4;
Fast Fourier Transform sym3-level 5; sym3-Max; sym3-Min; B
5 Functions sym3-coeff; sym3-entropy; §I
Lyapunov . + sym3-Median; sym3-mean; sym-std i ERs
Features 3 &
Spectrum 22 Functions J _ﬁ' . l
Features g =
g H
I\ & 0.50- s
‘ Wavelet &
Features Databases Fasbing s y
Power Features | = I
~——— 1 Engineering + 500 = J .g 0y e
Features 1
H
RT Dabou, I Kamwa, CY Chung, CF Mugombozi, Time Series-Analysis Based Engineering of o0 :
High-Dimensional Wide-Area Stability Indices for Machine Learning, IEEE Access 9, 2021 At e ndiaRie

Group
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Instability Indicators

oF . g, 1NS1PIY Indicators
|[pMuGl|  |[PMmuG2| |PMUG3] ... gl ' i/ 1
v h 4 ) 4 -1 F HE .
[DsEG1| [DsEG2| |[DsEG3 ]| ... |DSEGN i : .
. 1 15 75 3 35 4
0
OTF
wd, | | W, | [wdy | ... [ Wy 02}
‘Gamma(;v)| |Kappa(;<)| 0.3 ;
1 1 1.5
y A 4 +
Feature Feature Feature Feature Feature Feature ok T
Extraction Extraction Extraction Extraction Extraction Extraction
-0.05 -
0.1 F
1 1.5
Ensemble ok :
Decision Tree
002~
Classifier -0.04 -
-UuoT
-0.08 - .
1 1.5
(Stability Prediction) xl
Feature Extraction Hb
. . - X°
These three indices enabled by the centralized —»| Feature Extraction |—3> Feature it tability
state estimator would result in a robust detection of instability. Feature Extraction L= Matrix (X] Decision Tree Prediction
4
: X
. . —>| Feature Extraction I—b
Extracted features are based on Fourier operation, but HDSI can be used

as well which makes the feature space of a very high dimension
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Trrgrt

PMU G1 }» DSE G1 }

| PMU G2 | DSE G2 1

[PMU G3 | DSE G3 H]]

..........

| PMU GN p»{ DSE GN H|

Does not require feature extraction

Training time higher than Ensemble DT

Prediction time lower than Attention - LSTM

Wd
1 Instability
| e
E Muilti-variate
» Wd3 = Moving Window
Classifier
—{ 7,
A
|—>_(iamma(;/) (Final Outcome)
Kappa(i()—

Classifier details Values(Testing set) Values(Robustness set)
Classifier Type MLSTM | Ensemble DT | MLSTM | Ensemble DT
Accuracy 99.86 % 99.59 % 98.15% 97.60%
Reliability 99.99% 99.86 % 99.69% 99.14%

Security 99.87% 99.73% 98.47% 98.45%

1.5

1 20 3 35 4
0 : -
P 4 ~_”
0T F P ~
02t ; P
0.3 : o e : '
1 1.5 2 25 3 35 4
i :

-0.05 1

-0.17F

-0.02
-0.04 |

UUe T

-0.08
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WSS

t=t tot=1+T

Concatenation and

Softmax layer

|
\
_L’,- Stability

' prediction ";

Multivariate Attention LSTM FCN

), s o Y s o . e e s ' e s,
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1‘1"??

wT - WhE . wWPE Absolute Gen. angle
2|:'| d T | O g 1
T
- 80
e Compute individual
enerator ener T o
senelator ==Y W, F
e |dentify critical @ 2 ol
generators from /W " o
) . di>"" i - 5 o
e |dentify critical 20 t
generators and rank
i}
them based on Wdl,,W;T 0
e |f instability predicted,
. . . - 5 . 20
trip the first generator in 2 25 3 2 25 3 35 4 2 3 4 B & 7
ranked ||St Time(s) Time(s) Time(s)

Comparison of instability index (W.), transient energy function and rotor

* Monitor critical angle of individual generator following a 3 phase fault on Line30B25B26.

generators through
coherency matrix and
Instability predictor

e Trip subsequent - : : - o
generators if instability The Instability detector predicts an impending instability

persists at t = 2.3 s with critical generator G38
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Identified critical generators(order of priority) : G38 , G37

Contingency Line30B25B26 - After Proposed RAS O Generator numbern,l=1,2 ..... N,
100 T T T T T
7 - .
8 o, Oy Oy Ay,
o
5]
v 0g
© ay, 1255 258 aZNg
o
= M
& = Gy Oy O X3,
O 100
=150
1 2 3 4 5 6 ¥ aN 1 OlN 5 OCN 3 OCN N
" g '8
Time(s) - -
t=2.5s t=3s t=3.5s
0.8 04 0.4 =
P31, 35 *e3 539 %
Ga7
06| * 0.2 —%ﬁsaa
' Tk G39 o 02 1 T
b3 o ® o &% 637 a Plot the first two principal
= G4 5 GP §
S 048 = @ o 2 o eey components, cluster generators and
2 2 G 2 o . .
(=8 (= o
£ 02463 %0 £ 02 M g ks monitor distances between them
5} * O Gaozt % G5
< 0 < 04 < .
& 532 39 £ £
o 3 él& 04 630
DG% 0.6 J*r
G311
G35 G34
0.4 0.8 .6
0.5 0 05 1 156 2 0.5 o 05 1 156 0.5 0 0.5 1

PCA Component 1

PCA Component 1
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Dynamic State Estimates of all

\

generators in network

-

Compute Individual machine
Transient Energy Function i’

Index Computation(y. ycop Ko )

/ Y

Identify critical generators and
rank them based on ;" W,

Instability Predictor

Y

Trip the first generator in ranked list

Y

Monitor critical generators through coherency matrix and Instability Predictor

Y

Trip subsequent critical generators if instability persists

PCA Component 2

Gen angle (degree)

Contingency Line22B16B19 - After Proposed RAS
T T T T

1
(S,

1 G34 trip

IEEE 39 Bus Test System

— G33 tri

10 -
15 1
G30 G31 G32 G35 G36 G37 ——G38 —639\
_20 | | | | | |
2 3 4 5 6 7
Time(s)
05 t=2.4s 1 t=3s t=3.5s
QG G37 G382 25338
G332 G| N 33? Gaox N G3 2%1
38 = |G37 = 5
0r 536 630 G 0 5 337
c c 0
g g
0.5 £ -1 £
[e] [e]
O >G30 (@] -1
. < . ¢ 30
1 ou S 2 5 ©
»G39
-1.5 -3 -2 €39
-2 0 2 4 2 0 2 4 6 2 0 2 4 6
PCA Component 1 PCA Component 1 PCA Component 1

Network stabilization through multi-shot RAS scheme following a 3-phase fault and subsequent clearing by tripping Line22B16B19
and coherent generator group monitoring at t=2.4,3,3.5 s after first critical generator tripping

30 CRCin Decentralized Sustainable Electricity Grids for Smart Communities



Use Case #2: Co-Simulation of Grid + Automation(SIL)+ICT
Fully Digital RAS to prevent blackout after the loss of three lines

‘ InsystemLab (ISL) is adopted: middleware with support of

‘ DLO 0 DLO 0—»
m DLO EEDLO : FMI/ HLA protocols, based on shared memory
: DLO 2 DLO 2 !
poicul doig TELECOMS Hypersim RTDS is synchronized with telecoms and Simulink
SIGNALS OPNET SIMULATOR AUTOMATION SYSTEM at each time step.
LAN-SUSBTATION 1 SIMULINK
EVENTS CLASSIFICATION ] o .
IEC 61850 GOOSE packet is formed within ISL in telecoms
TELECOMS simulator to ensure proper load traffic and routing
OPNET SIMULATOR
WAN INTER-SUSBTATIONS 1 & 2 .

De facto parallel/distributed setup

AUTOMATION SYSTEM

OPNET SIMULATOR

BETWEEN ALL
SIMULATORS AND ISL

Z
& |
& /
e White-box co-simulation, using off-the-shelve preferred
| Command Command e expert’s simulators
Signal Signal 1
LINKS THROUGH
TELECOMS SHARED MEMORY

. SIMULINK
- TWO onl h
LAN-SUSBTATION 2 -\ erATION REJECTION [T oY ere shown)
UNIT J

ISL Shared Memory, Synchro APl and Web Interface |-~

OPNET

window

Hypersim
HOST window

Simulink blocs can be replaced by actual
SEL Real-Time-Automation Controller
(RTAC) devices for HIL-Simulation

8 a8

(=1 (=]

Telecoms/security
expert

Electrical experts
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.,i., m’\ffﬂﬂf 4. Scripting of 4D trajectories with awareness of the Agenda
physical constraints of electricity networks and markets

1‘1"??

: In the event of an explosion by the millions of DERs, script the

/\

optimal set of assets to replace, upgrade, move, or add in exploitable y \
4D networks /\\"

e Exploitation and planning studies considering millions of DERs, in millions of scenarios, —" \
/

with stable and exploitable network schemes: Sliabiy & Resiie"™
DER everywhere, often behind the meter

Prioritizing the rehabilitation of the assets of an aging network
Decentralization via Transactive Energy and P2P Controls

Robust modeling of uncertainties at DER: prosumers, aggregators, ...
Digital communications and cybersecurity

Safety vs Affordability, Sustainability
and Resilience: Unstable Balance?

: Integrated simulation of production, transmission,

distribution and consumption (PTDC)

SM Mohseni-Bonab, A Hajebrahimi, | Kamwa, A Moeini, Transmission and distribution co-simulation: a review and

Texas governor calls for investigation into grid operator over

propositions, IET Generation, Transmission & Distribution, 14(21), Nov. 2020, p. 4631 — 4642 ‘unacceptable’ power outages 02/16/21 02:24 PM EST
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* Cosimulation and co-optimization techniques with
network and market constraints

* Uncertainty simulation techniques and robust
probabilistic approaches

* Large-scale integration of hydrogen electric or hybrid
vehicles

* Grid-aware P2P energy transactions and multi-layer
electricity market modeling

* Iterative coupling to ensure precise convergence at
T&D interfaces (compared to decoupled P-T and D-C
cosimulation models)

Maximizing 4D innovations
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LAVAL PTDC simulator as a demonstrator of emerging 4D concepts

CVvD . ___

Bidirectional energy N Multidisciplinary Software Platform

and information flows i
saas | @) openVFoAM,
+ . . python
sector coupling g s 7 OPNET|
NET s A |
Altair Activatel ™ @MNeT++
# Open
| Altair C
l Java mcl

GAS
1 /ﬁ\ /
U=[|2 /Q N )vv\/‘>« /‘/{ﬂ\ \E\rv‘\

\y \/u \,\,

@iﬂg@i = F Eliw@ig

Energy exchange platforms

E. Sahraie, | Kamwa, A Moeini, Two-Layer Structure for Initial Settings of Power-To-Hydrogen
Devices in the Electricity System, IEEE Canada Electric Power Conference, Toronto, Oct 2021



* Income: Market auctions Capacity, Day-Ahead + Real time,
Operating reserves + Emergency reserves

* Costs: investment, operation, replacement, Day-Ahead + Real-time
energy markets

1) Investment Decision: Optimal Size (NYISO)

EN N

Investor 1.82 76 MS 6.27 50 MW

Maximize profit

System Operator 2.86 1422M$ 5.33 491 MW

unversite - Network and Markets Conscious Storage Scripting

Constraints:
NYSO market

2) 7T Resilience in an active distribution network

Scenario:
: Avec Stockage
Lossof1, 2,...6

lines

Perte de charge

o |
N - 2 -29% D61 DG2 DG 4

v o 2 2 Placement de 2 batteries dans
le réseau IEEE 33 bus test system

7%

A. Alizadeh, |. Kamwa, A. Moeini, M. Mohseni-Bonab, Toward A Consensus on Financial
Assessment of Battery Energy Storage System, Technical report, Ulaval, June 2021
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Premier étage(décisions de planification)

1. Minimisation du CAPEX/OPEX des systémes de
stockage sur 15ans: incluant dégradation,

maintenance, rendement, frais de recharge, etc.. 2

Linéarisation du probleme
Min-MaxMin pour résolution
par Cplex

Constraints:
Networks

Second étage(Attaquant-Défenseur)
2. Maximisation perte de charge sur contingence
«N-K» : Identifier les pires (Attaque).

3. Minimisation valeur de la charge non desservie
vs pire continence (Défense): Mobilise toutes les
ressources du réseau pour satisfaire les contraintes
opérationnelles selon AC-OPF
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in 4D networks

Simulation of
electrical
systems +

¢ Replicas of central energy
management systems (EMS,
DERMS) in // with zone
coordinators and local inverter
controls >>> simulations with
very precise representation of
+ each dynamic range of T&D

¢ Detailed representations of DER,
bulk and P2P micro-grids, bulk and telecom

telecoms

MELES networks with their
interrelationships
+ * The high fidelity of this platform
makes it a true digital twin of the
ContrO"erS, smart gnd

EMS, SCADA

D Rimorov, J Huang, CF Mugombozi, T Roudier, | Kamwa , Power Coupling for
Transient Stability and Electromagnetic Transient Collaborative Simulation of Power
Grids, IEEE Transactions on Power Systems, Early Access June 2021
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5. Co-simulation platform for the training of qualified personnel

Agenda

Planning
Training

@;’

RAMSES
ASPEN ONELINER
CymbDist and OPenDSS

b4

Unified Historian

ypersim : Devices and
3 terminal ETnuiators:
' Omicron, PMU,
Controllers,
Protections, Etc.

Hypersim-target

OPNet or GEN-S3
(Telecoms Models)

3,
N

Access/
Intelligence

| B
bt |

Analytics Platforms:
Osisoft PI, ...

Hydro
>, Québec

i LAVAL -
INNOVATION.CA

CANADA FOUNDATION | FONDATION CANADIENNE
FOR INNOVATION POUR LINNOVATION

t
BN OPAL-RTESE
— TECHNOLOGIES 1IZIMaX
Institut de recherche

[ f e

Telecoms/security
expert

Electrical experts



W\Efrﬁf Research infrastructure at Laval University (650kSCAD)

1 Systeme de simulation en temps réel
OPAL4710 [—™| OPAL5707 [—™| OPAL PHIL-uGrid >3
° Already exists: Satellites [«—| Central |=— Platform < E‘ §
. . . d > ol 5
1. Real-time simulation subsystem |, Y f ! ,f ty g R’
2.  Protection and automation subsystem 3 Emulateur RED base sur OPALRT PHiL | L, |E B
— ! =& |®
3. The control subsystem B 2 ! 3 EE
4.  Measurement subsystem i = Systéme de protection et d'automatisation i é 2
1 = 1 o |
5. Development and prototyping platform i I JED/GENTEC- IED/SEL-3555/ | [ IED/SEL-2740 -
| - 2 ALP4000 Subnet Digital Software DR ==
! 4 61850 Relay 61850 Substation | | 61850 Switch D 4 |
E s s Controleur d'automatisation en temps réel SEL i E
e Will be developed: 3 Le systéme de commandement
1 HPMU algorithm fOF distribution Ievel ./ PT—"—1 Economic Optimization, System-wise Control, Monitoring, HMI : :
' ! — B ! i
measurement (ROCOF) ! A A T ! T |
2. Grid-forming converters with storage on the ! ’ : v ! ;
PHlL-].LG rid pIatform E Plateforme de développement et prototypage i
3. Al-inspired control and protection applications ! Rt 1Dynamique § Renouvelables | NGEHERY i
E MatPower GridPack OpenDss GridLab-D !
for the command system ] DSATools PSS/E EMTP Digsilent ||, !
4. Al-powered autonomous and clustered DC _ _ —_— —
: id & [Co-simulation, Scripting & Optimisation
mlcrogrl 5 MATLAB; Simulink; Python: HELICS; C Compiler
GAMS; ISL-Plugin; GENS3; RT-LAB ORCHESTRA
— Connexion physique —+> Connexion digitale —>ChargerI'ago. dans le matériel

36 CRCin Decentralized Sustainable Electricity Grids for Smart Communities



“a" UNIVERSITE ConCEPtS
Liygr LAVAL For real-time simulation

% Back to overview

fmm————————————————— Software suite for real-time simulation of
power grids by OPAL

A large simulator with 16 processors to
simulate a large power network

Very big
30,000+
Nodes
Big
1200 single- 12.000+
phase nodes No’des
simulated
with a step of :
3msec Differ imulation Q Medium
req i i" 1000+
]
_8 Nodes
Three small 4-core simulators to simulate >
single or cluster REDs Small
<100
Nodes

2

[
R
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Power Systems & Power
Electronics

SLOW FAST VERY FAST
(100 Hz) (20 000 Hz) (2 000 000 Hz)
10 - 15 milliseconds 10— 50 microseconds 100 to 500 nanoseconds
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e LAVAL Unique laboratory in academia Serving the teaching of engineering sciences

TrgtTy

EA TN

The only university infrastructure

offering a real-time simulation
environment that can accurately
represent the temporal dynamics
of real-world 4D networks

Engineering

Sciences

With high quality components,
such as OPAL-RT simulators, SEL
IEDs and Vizimax PMUs, the
platform can produce credible
research results..

Its high scalability allows up to 25
HQPs working simultaneously to
study a wide range of
decentralized smart grid issues.

from ps to min in this unique
platform

e Electrical system planning, operations, stability control and resilience assessment.

¢ Algorithms for signal processing, data analysis and machine learning

¢ Control techniques: “retrofit control”, “model predictive control” and “Al based control” approaches.
* Robust multi-objective optimization using the scenario tree approach and uncertainty modeling.

¢ Real-time simulation of electrical networks with power equipment in the loop.

e Cosimulation of electrical, IT and telecoms infrastructures.

III o III
7

Hydro
Québec

Institut de recherche

INNOVATION.CA

CANADA FOUNDATION | FONDATION CANADIENNE
FOR INNOVATION POUR LINNOVATION

Mol UNIVERSITE

ot .
! Egﬁu%usRlE-ls- Vizimax
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Intelligent, autonomous and
cluster power systems capable
of forming networks

Decentralized transactional
systems that empower
electricity consumers

Planning and operations tools
and strategies maximizing the
use of flexibilities offered by
new technologies

Data-driven measurement,
control and automation
systems

Technological outcomes

* to enable new ways to maximize the benefit of
variable energy resources and propel sustainable
mobility

e by transforming them into active participants
equipped with green energy supply technologies
behind the meter.

* by ensuring the security of the network without
spills of wind / solar energy or equipment overload,
and its resilience in the presence of uncertainties

¢ to maintain dynamic stability and reliability of
systems dominated by smart inverter DERs

M UNIVERSITE

Hydro
yQuébec _D_.

Institut de recherche
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OPAL-RT

TECHNOLOGIES

Simulator 2
LSRR E LR MULTI-PHYSICS CO-SIMULATION SYSTEM for
Renewable Energy Integration Analysis
LA Fibre optique 5 Ghits/s protocole Muse sur Aurora

Simulator control and

resultsdisplayfonalysls | =

Simulateur 1
Transmissi i

POWER AMPLIFIER

res
Simulator 4
PHIL: hybrid analog-digital test
bench to test real equipment

HYPERSIM

Simulator 3

Cyber security

1 rusicrionad MATLAB
-ﬂIl!i?fﬁ‘iEJ SIMULINK % OPGHVFOAM
} I python
. AW Scilab g |
Microsolft L v 3 P e ey
1 FPROJE F5 simuLia ——
@ SCHAONO ~ ABAQUS |
= - . “rmn 7
Altair Activate] @MNeT++
- 5
Open S @ VTP RY
MODELICA
Altair Compose] .:mqmmL . LPSSE |
< Rszag) MusA T
= RS232 g P
Java s i v SQL Server
(‘_"\ﬂ COMM iSQl_ne
?
s fd? INNOVATION.CA
Vl lm ax CANADA FOUNDATION FONDATION CANADIENNE

FOR INNOVATION POUR LINNOVATION




4th International Symposium on Smart Grid

Methods, Tools, and Technologies

Jinan, China

§29-30 October, 2021

&h fi_: ' “/ /Ww.in’resgmi.sdu.edu.cn/




