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Monte Maria 120 kW Project

Guatemala is a country of great diversity in energy resources, and of great contrasts... 3



Industrial
Revolution

Context :

through the intro-
duction of mechan-
ical production
facilities with the
help of water and
steam power

Power Networks to a Cyber-Physical Systems

Industrial
Revolution

through the intro-
duction of a division
of labor and mass
production

with the help of
electrical energy

Industrial
Revolution

through the use of
electronic and IT
systems that
further automate
production

Fourth Degree of
Industrial complexity
Revolution

through the use of
cyber-physica
systems

The Fourth Industrial Revolution aims to leverage differences between

Smart

Two Perspectives in this Talk

The Technical Perspective:

(Micro)-
Grid

What technology is needed for
Smart and Autonomous Cyber-Physical Power Grids?

How can it be developed?

Autonom
ous
- Technical -

(most of the talk)

Zero-Net
Energy

What do communities need to
autonomously harness a

Society /
Communi
ties

Zero-Net Energy Smart Micro-Grid?

The Socio-Economical Perspective?



Smart Grids = Cyber-Physical Power Systems
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Domain ¥ System
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Controllable -7
The future energy system will be a complex cyber- . - Sensors
. . . . - -
physical system comprised by different domains =
interacting with interconnected electrical power -~ Digital
apparatus, through the cyber-system used to manage it. . Control .
omms Systems omms
U Control Measure Protect Record Stabilize Optimize
1 1 1 1 7 “Cyber” system (comms, timing, embedded systems)

Source: NIST Smart Grid Framework 1.0 Sept 2009
Updated

A Specific Example - Wide-area control systems (WACS):
WACS include an ICT platform that merges the input measurement data and transforms it to a useful input signal for
controllable devices to perform a given function.

WACS represent a true
cyber-physical system that
requires, at a minimum:
Tools for design,

Tools for simulation and
Tools for hardware
firmware deployment

WACS consists of: (A) a number of synchronized phasor
measurements units (PMUs — a sort of GPS time-
syncronized distributed sensor) from geographically
spread locations, sending data through (B) a
communication network (C) a computer system termed
phasor data concentrator (aggregates and time-aligns
data from different sensors), (D) a real-time computer
system where control functions are implemented, (E) a
physical component that varies electrical quantities
following the control function, and (F) using the GPS
system for timing.

These kind of tools don’t

really exist today for a

v gl joint “cyber” & “physical”
: Sysiem rponse 1 conrl acton system.

Fig. 1. A hypothetical WACS system in the Nordic-Baltic Region




In general, we have two
types of “data” that can be
used to take decisions:
measurements @ and/or
simulations@

*These tools should aim at

answering critical questions:

»What can be learned from the past?

>»What actions can be taken now?
»What actions can be taken in the future?

Deriving actionable information from
measurement and simulation data

What specific technologies will be needed for smart grids?

Core Technologies

Modeling Sensor
and Networks
Simulation (e.g. PMUs)

Tools using both
models and
sensor data

Measurement
-based Tools

Simulation-
based Tools

The development of these tools highly depends on

the evolution of M&S Technologies and Sensor
Networks Data (e.g. PMU)




Future Tools: learning from the past and predicting the future
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21 Smart Grid: Are we evolving towards the 4t Industrial
Revolution for the grid?

= Google Trends EXplore Interest over time @

® smart grid 0ct 2009
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Learning from ‘smart grid’ development

Two Examples Highlighting the Main Challenges

The Royal Sea Port’s ‘Active House’ Smart Meters

Structural Weaknesses in the Open Smart Grid Protocol

e

Smart meters: Hacking fear

- Motion sensors would extinguis* ts in rooms where N A
Ny eknlk no one was. Appliances sh~ | e% » automatically ahead of nationwide roll-out
I . . . e
when the price of ele ,a_(\\ eo\, tal emissions 25 May 2013 Last updatad at 12:07 BST SMART METER COSTS \\.\L\\ o
s rt f. f to ::::ul;“‘/jst. Er 006\ OQ‘(O # electricity Smart meters have helped many people take control of their energy DCC £2 47b O\J\PC\N \\10\\(
m a Ia sco o r p res Ige Qa‘b“ ée‘lé‘\ use by showing how much gas or electricity they are using, there cost - n T\('S .\\\\:"‘\
. . N g and then. \\\(\ 0‘\\
b O
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'(- at a cost of £11bn - but technology experts say some of the meters (,c’ NO
Royal Seaport 0 LW
™ (o% ons have been spent Trat (oot
o B o o
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-Anditbecame p, ¢ .c because valuable © cnerey ption 6:225 T -Oos\t\e"ek Smart meter IT system delayed until
spent trying to reso. < the problem with anott Active House in the sustainable city 20:10 Mil o e\\\\‘1 ¢ _rs in Britain are about to autumn
R X R . geta o .1g system - smart meters - By John Moylan
communications solution, remember Carin Tc¢ Smart power grids in urban 121.229.5 techne. ™ .hich has been rejected by Germany "5 corosponde, 550 Nove
lth h th d d . and found not to be cost-effective by other ©17 August 2016 | Business
Alt oug sae pro HCEWWas never rea Y t0 TRSLIxl | Total 1812 554 nations. The government wants every home and business to be offered a smart meter by
apartment, so ABB delivered the functionality p1 ¢, .. freray acenc the end of 2020. That requires 53 million meters to be fitted in over 30 million
: gy rgency premises over the next four years.

the form of software and a PC.
From the technical perspective: Why were these failures not identified and avoided from an early stage?

Two domains, previously loosely related, & release "to the wild’:

* Inadequate understanding of user requirements. * Cyber-security requirements and metering requirements
* Lack of a cohesive approach for ‘system-of-system’ design — should have been jointly defined, designed and assessed.

different suppliers NOT able to speak the same language and * Meter experts perhaps are not security experts
* Both domain experts NOT working in the same framework.

* Lack of joint integration testing, verification and validation

New kind of integration of tech and user needs:

working in the same framework
* Product integration and deployment w/o testing and verification.

Is it really that hard to develop a “systems-of-systems” /cyber-physical system
requiring experts of two or more domains? !
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Fresh start
The answers are in the new technology used in the 777 itself,
and in_the design-engineering revolution that stormed through

extent, Boeing was able to start afresh with the 777, changing the
way in which the company builds aircraft. The results have been
., during the creation of its first all- | so dramatic that practically every new Boeing flight product

new jetliner since the carly 1980s. Advances in electron- from the new generation of the venerable amily and F-22 air
ics and in computer-aided design_manufacture and simy- superiority fighter to International Space Station and the proposed

lation p rovided the foundation for the new (cchnolohvv. X-33 reusable launch vehicle—is adopting some part of the pro-
\Ing these 1ools an S}"S(cmS to an unprece entec

gram pioneered by the 777.

B

BOEING'S SEVENTH WONDER

10



Simulating

Success‘

How do modeling and simulation

Tooks Settings Help

activities, capabilities benefit Boeing?
Let us count the ways—9 of them

By Desgy AnkeLL
H‘mds—on experience often can be the best way to tackle com-

plex problems or master challenging skills. But when it comes

0 navigating intricate, variable-laden scenarios, or combat
situations involving complex military maneuvers using expensive
equipment, “on-the-job training” often is not a prudent approach.

That's why Boeing Integrated Defense Systems, Commercial
Airplanes and Phantom Works engage in a wide variety of model-
ing and simulation activities, designed to provide ever more realis-
tic si ions to internal across the ise—and to
external customers as well.

“There is a tremendous amount of diversity in modeling and
simulation being worked on at Boeing, encompassing very complex
issues within a very broad spectrum,” said Ron Fuchs, director of
Modeling and Simulation for IDS. “Right now there are more than

Boeing analysts have a variety of tools available—or under de-
velopment—that can demonstrate concepts and provide significant
cost savings by exploring ideas, developing systems, testing and
manufacturing within a virtual environment before committing to
specific approaches.

Meeting a “system-of-systems” challenge with

Product or system
testing

Models and simulations are used to test

ted
M&S used to test -
prototypes in variety of i
environments. e

NIEIWUIKEU COIMPULET SYSLEITS Il UIE LD SyS-
tem of systems will be tested in a large-scale distributed simulation facility
called the FCS System of Systems Integration Lab. The SoSIL provides a

Training systems
and maintenance

M&S are used to train users in
the operational environment —
enhancing learning.
Simulation costs 1/10 of
running actual scenarios.

Network communications

Tactical military communications networks—such as Joint
Tar

se Scale of networks: cost-
ne prohibitive or technically
;: impossible for field tests.
th

d M&S used to test and
o validate networking

protocols in laboratory -
environment acting as a test
bed.

iy i v vt that

acts as a distributed virtual
test bed, and the Boeing
Transformational Communi-
cations Laboratory in

El Segundo, Calif., performs
a similar function for satellite
communications.

Model and Simulation-Based Systems Engineering

Large Number of Vendors for the Final System

787 structure suppliers
=2 ) = o] =

Hawkerde  Kawasaki  Onex Corporation: Kawasaki Onex Corporation:

Havilland: Heavy Fixed and movable  Heavy Forward fuselage
Movable Industries:  leading edges, Industries: Flight deck
trailing edges  Fixed tralling  Engine pylons Main landing

Shenyang edges gear well

Aircraft o

Corp. Ltd Goodrich:

:g‘g':ad"‘ﬂ \ Nacelles

Boeing Messier-Dowty:

fabrication Landing gear

Fin structures

- ' Boeing =——

fabrication:

Chengdu Aircraft ‘/ Ipas's: n: ; :,' ‘Mrjg-l_o-boﬁy

Industrial Group: doors fairing’

Rudder ® 3 Hafei Aviation
- Fuji Heavy Industry
et I l Industries: Wing-to-body

o= Global Center wing box fairing’

L = a?dm":“mi Kawasaki Heavy components

Tor: Id and rear Industries: B Rolls-Royce:

idutrles: fuselage, Main landing gear | @ SIS Engines

Composit horizontal well Mitsubishi .

amposiies stabilizers H = General Electric:
Industries: Engines
*Fairing is used to reduce Wing box

drag and improve appearance

Boelng Commercial Airplanes:

Final assembly Source: The Boeing Co.

A Flying Micro-Grid!
Electric Power Generation & Start System (EPGSS)

= e

Auxiliary Starter
Generator (ASG) (2)

Q@@W P

56 0AD & seats Variable Frequency

Starter Generator Common Motor

Seal plate (2) (VFSG) (4 Start Controller
QAD adapter (4) (vree) ) (€MSC) @)
Bus Power Generator Overvoltage s
Control Unit Control Unit Transient Protection frwar
(BPCUY) (2) (GCU) ()  Unit (OVTPU) (4) EPGSS
cMSC
Installed in power panels Cel
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Mt

Requirements Integrated Modeling Hubs

DI Multi- System
Domain Modellng
Transformations
Model
Integration Lok
Modeling)
Model Updates DB

Multi-Domain Model Integration

Heterogeneity of Physics

Dynamics: B(1) =« ,(B, (0),...., B, (1))

Plant Dynamics Controller
¥ « Properties: stability, safety, performance

Models K= Models

signals, flows,...

z Phy.
g
&
3 Software Software Software :  B(i) = &, (B, (i),.... B, (1))
= Architecture K= Component * Properties: deadlock, invariants,
S Models Code security,...
g « Abstractions: logical-time, concurrency,
Theo % atomicity, ideal communication,..
Dynanjill 8
Toolll S
@ System Resource Systems : B(t,)=x,(B (1), B, (1))
: Architecture K-) Manag t « Properties: timing, power, security, fault
Phys":al ct.)mpc Models Models tolerance
Challenge: How System/Platform Design| Abstractions: discrete-time, delays,

resources, scheduling,

Cyber-physical are modeled using multiple abstraction layers

Janos Sztipanovits - Challenge: How to compose abstraction layers in heterogeneous CPS components?

Janos Sztipanovits — Vanderbilt Un. 4

« Abstractions: continuous time, functions,

Model and Simulation-Based Systems Engineering

an evolving framework for multi-domain multi-physics system design, manufacturing and operation

Requirements Allocation and Design + Integration
Testing
V&V
Implementation l I

(Code Generation)

Design Space
Exploration
(Tooling)

System Components & Models

Abstraction Layers, Behavior and Transformations

1. Structure 80 ABS_ActvationSequence (Sequence Diagam ] l 2. Behavior
bdd (Package) Structure [ ABS Structure Herarchy |] on ThoTrecton ]SIanumamﬂ l interaction
<<block>> prrrerE. <eblockn> - —
Library:: Anti-Lock Library:: SUProveaiacn (i Clegueg state
Sectronts. Conti[ind [Block] Anti-Lock Controler | Basic |] a machine
/

1

Activiy Sequence State Machin Use Case ternal Block
o. | Diagram | Diagram Diagram Oisgram Pashags Ogrm
[] sameasumL2

[ Modified trom umL 2

i7°] Newdiagram type

OMG 2010

Tools

Copyright® JohnS. Baras 2013
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Model and Simulation-Based Systems Engineering

Framework for Manufacturing to Operation of Cyber-Physical Power Systems components and services

Conceptual Application for the Development of a WT Synchro phasor-Based Controller

User Cases and Reqwrem%
(HLA Design using UML Spec and CIM)

User
Requirements
Models

Validation

»

s

&

Overall System
Models (incl. grid)

Testing Against Use Cases

Verification

(deployment and demonstration)

System Performance

Operational
System

v

a

System Level
Design & Specifications

(physical modeling and
off-line simulation)

Input

Controller I: (—
1 Proes | !

AN

Device Models

Component

Implementation &
Rapid Prototyping
(software-in-the-loop
real-time simulation)

dé)’ Unit Design
% 7 Models

Design Models

L

Testing with other elements
and within the environment

Testing

v

Integrated >
Systems =

/

Subsystem
Integration & Tests

Subsystems

(hardware-in-the-loop
real-time simulation)

J

a

Components
(SW, HW, Data)

A

Testing each component
in isolation and
with other elements

Im (@ entation

(Production
Generation

3

. ﬁ@! Implementation &

Testing

Units

(hardware-in-the-loop
real-time simulation)

(SW, HW, Data) =

13



Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

N Use Cases, Behavior and Structure

3

Using SGAM for Synchrophasor Applications for TSO/DSO

ToTSO € =======+ 3 K
p 544 AN
} . v 7 Synthesized s«e:)dy state model o R S GAM Laye rS
I 7 ~
! . Mapping of each layer/
Transmission | - c
system T omponent layer
: prirkry substation Distribution system

Interoperability|
Layers

OO 1)
a o
ré

Load bus of

2. DMS

interest for
voltage stability
analysis TSO
g

Use Case Actors and Scenarios

s c
| \@ 0

Enterprise

PMU application
Communication layer

Defining monitoring applications and algorithms that can d ef i ne d as use
Dynamic Info.

provide *dynamics” information for TSOs.
cases Key Dynamic &
. I |nfo Exchange .
Operation

Data . Data Curation and
Concentration Fusion : — e “

r DMS g
staion g— b Q ge
S e Detailed definition of W g
actors, step-by-step .
Dynamicinfo. scenarios, and all Field MU
S ' information objects

_ exchanged between = -
s actors. Process - I

Transmission Distribution



f@% Information Modeling and Exchange
KTH 3

L8578 (1M as foundation for future MBSE in Power Grids

TR

The Common Grid Modeling Standard (CGMES) V.2.5.
Dependencies Between Profiles

_ IEC61970:-457 ~ [EC61970-453 UML class diagram shows set of
Dynamic < (_Diagram Layout | |  classes represent the CIM classes
(Transient model) DL » .
L DY _ P and attributes for a Generator.
) S ) . | opt. i IEC 61970-456
Ter ref
S N Topology
Manifest IEC 61970-452 re
{ MF }\ref B el
———— S Network Equipment ref
- EQ-SC L0 State Var|ab|e
[ Contingency }\ EQ-CO
re
co ref B B el
Operation
i it 7 (Node-Breaker) Steady State
Availability Plan EQ-OP Hypothesis
AP ref* Y, /re SSH
ret/ ‘ref \ref
{Boundary equipment} €—opt. ref Geographical Location} 4 Al‘eacll';tnetl;illlange h
EQ-BD ' GL 2
A { [ - Physics not fully
ref H
S I defined!
Boundary topology .
[ TP-BD }4 opt. rer
CIM Provides means to model Behavior, Structure, 15

Parametrics and Requirements



Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

oW Model to Model Transformation

FKTHS
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L% 8 From the CIM Model to Simulation through Transformation

CIM Model (UML — RDF) Model Modelica Simulation Results
Transformation Tool

Add Physical Behavior!

OpenlPSL

(" ™
doi Transformation method

Proposed Mapping CIM Profiles OpenIPSL
Methodology

v
Mapping Rules SysML Meta-Model

CIM Model l J/ .mo model

Epopulate Map Structure———=Instantiate Network Objects%

16




Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

Model to Model Transformation

From the CIM Model to Simulation through Transformation

"%x&/ﬂ?“

CIM Model (UML — RDF)
SysML (Papyrus)

panies 4

UML class diagram shows set of
classes represent the CIM classes
and attributes for a Generator.

SysML component diagram shows
the definition of Modelica model
stereotypes.

«Blocke

Model

«FlowPorte

o m:‘ve::e;::::‘-m“ i Bﬂ @ inout pin: Connecto

Model

Transformation

OpenlPSL

Modelica

Tool

Simulation Results

Model Transformation through Mapping Rules: Example Mappings

Hc omponentMap

[E3 # rfdld: EString [1]

[E& # cimName: EString [1]

[E% # moName: EString [1]

[E% # moPackage: EString [1]

[E3% # moStereotype: EString [1]

[E # attributeList: AttributeMap [*]

Q AttributeMap

puyaFay gy

- cimName: EString [1]
- content: EString [1]

- moName: EString [1]
- dataType: EString [1]
- visibility: EString [1]

- variability: EString [1]
- flow: EString [1]

visik t
</pwPinMap

This classes compose an internal
structure of CIM2Modelica Factory for
storing the values from the CIM model

The mapping rules are used to read
value from CIM model and are used to
create instances of iPSL/OpenIPSL

classes.

fjachines.PSSE;

within iPSL.Examples

model GENSAL "SMIB s

L.Electrical.Machines.PSSE.GENSAL.GENSAL gen_ 1(

Class name and package name as data type,

and Instance name from
IdentifiedObject.name (CIM attribute)

connect (gen_1.PMECE, gen_1.PMECHQ);
1P5L.!1 connect(gen_1.p, gen_1.p);
R=C.0' connect(gen 1.p, pwLine.p):
The @ Connections are created with

rules  name and reference of

Terminal, ConductingEquipment
and TopoleogicalNode



Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

f@% Model to Model Transformation Engine
£ KTH %

{ig? VETENSKAP §Z,5

L %® 8 CIM2ModelicaFactory Workflow

Modelica
Tool

CIM Model (UML — RDF)
SysML (Papyrus)

Simulation Results

d5: Transformation method

CIM Profiles OpenlPSL
OpenlPSL

/ Mapping Rules SysML Meta-Model
CIM Model l

EPopulate Map Stru

.mo model
re—=>Instantiate Network Objects%

(1) Read
Mapping Rules 1

(3) Link Components

Components




Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

Model to Model Transformation

g user
4
‘Specifications

Sy,
FKTHY

\ Design
{ig? VETENSKAP r,% Jd P

L "* 8 CIM2ModelicaFactory Workflow - SysML e

CIM Model (UML — RDF) Model Modelica Simulation Results
SysML (Papyrus) Transformation Tool

OpenlPSL

SysML Model showing the Structure, Attributes and added Physical Behavior

«Blocks
MONetwork
: MOConnector
areferences areferences areferences «references wreferences «references areferences
2 Genl: MOClass 5 Busl: MOClass S Line12: MOClass, S Bus2: MOClass S Line23: MOClass| () Busd: MOClass 2 Genlnf: MOClass
B infu: { . : . . & inout n: MQConnector . & inout p: MOConnector
e SlgnalAlrg v & inout p: M Cogisitton & inout p: IQGRRaEESPS B inout p: MO f‘nnectcr Connectord i Connector5 8 In°“tpi,;)oc°""“t‘” ol Conne:torﬁp
outy: Sig 'ﬁrray O O O o)
& inout p:[MOConnector B inout n: MAConnector & inout pMOConnector 8 inout p: MO[Connector & inout p: M@ Connector

Connectorld Canhector13 Congector? Connecyrll

areferences
= ExcSys: MOClass

«reference» «references areferences
S Line24: MOClass| 5 Bus3: MOClass S Line34: MOClass,

& inoutn: OCCSHSE'&M & inout n: MQ!

B inout p: | OEonnec or ‘onnector

onnectorl0

Conector

E outy: [SignalArray B in u: §ignalArray

& inout p: M10Connector

Confectorl?
«references

= LoadBus2: MOClass

«references
(= FaultBus3: MOClass

& inout p: MPConnector (:)
& inout p: MI0Connector




Contribution towards the MBSE Foundations in Cyber-Physical Power Systems

"N Model to Model Transformation Engine -
L cIM2ModelicaFactory Workflow: Output Model and Simulation - v 4
e

model IEEE 9BUS CIM "something here"

iPSL.Electrical.Branches.PwLine Ln46(R=0.017000000923871994,X=0.09200000017881393,G=0,B=0.07900000363588333) "something here" annotation();
iPSL.Electrical.Buses.Bus BUS4 "something here" annotation();

iPSL.Electrical.Buses.Bus BUS2 "something here" annotation();

iPSL.Electrical.Buses.Bus BUS7 "something here" annotation();

iPSL.Electrical.Buses.Bus BUS6 "something here" annotation();

iPSL.Electrical.Loads.PSSE.Load Ld8 (angle 0=-91.6318588256836,V_0=1.0116652250289917,P 0=1,Q 0=0) "something here" annotation();
iPSL.Electrical.Buses.Bus BUS8 "something here" annotation();

iPSL.Electrical.Machines.PSSE.GENROU.GENROU Gn2 (S _b=0,M b=320,V_b=18,V 0=1.030107021331787,angle 0=-

82.5199966430664,P 0=177.21009826660156,Q 0=12.977800369262695,R a=0,X1=0.10000000149011612,H=3.3299999237060547,D=0.6700000166893005,3510=1.0099999

904632568,512=1.0199999809265137, Tpd0=6, Tpq0=0.5350000262260437, Tppd0=0.05000000074505806, Tppg0=0.05000000074505806,Xd=1.7200000286102295, Xpd=0.230
00000417232513, Xppd=0.20999999344348907,Xg=1.659999966621399, Xpg=0.3700000047683716,Xppg=0.20999999344348907) "something here" annotation();

lPSL Electrical Branches DesT 4mA TART7/D—=N N2ONNANNNTETOOQTOAA V—N TAZNOOOOOCQAENDTONA MmM—N D—N TENQOQ00Q0007T7120077NEK\ Mamnma+rhin~y havrAl A A+ at+ 3 An () o

equation connect (Ln69.p, BUS6.p);

iPSL.Electrical.Buses.Bus

iPSL.Electrical.Loads.PSS] connect (Ln46.p, BUS4.p); connect (Ln69.n, BUS9.p);
iPSL.Electrical.Branches.!
iPSL.Electrical.Loads.PSS] connect (T2.n, BUS7.p); connect (Ln78.p, BUS7.p):;
iPSL.Electrical.Branches.! i )

connect (T2. B= *
iPSL.Electrical.Buses.Bus ( By PIot[l] E@
iPSL.Electrical.Branches.! connect (Ld8 Py —— BUS8V —— BUS1V —— BUS2V —— BUS3V
T3 (R=0,X=0.0625,G=0,B=0, Al 11
"something here" annotati connect (Gl’l2 oy ’
iPSL.Electrical.Branches.: L ~ ——— —
T1 (R=0,X=0.05860000103712! connect (Ln37.p, 1.0 ST - == S
"something here" annotati« S T
iPSL.Electrical.Branches.! connect (Ld6.p, 0.9 ,./‘5'/"

_ = . : f

T2 (R=0,X=0.05759999901056: connect (Ln45.n, /
here" annotation();
iPSL.Electrical.Buses.Bus connect (Ld5.p, 0.8
iPSL.Electrical.Machines.!
94.33999633789062,P_ 0=58." connect (Ln89.n, 074 D
4632568,512=1.01999998092! L
47858, Xppd=0.100000001490: connect (T3.n, B
J:_PSL.ElectrJ:_cal.Buses.Bus- connect (T1.n, B 064
iPSL.Electrical.Branches.!
iPSL.Electrical.Machines.! connect (Ln89.p, 0.5+
12.135199546813965,R_a=0,: P
99866485596, Tpg0=0.600000! connect (Ln45.p, 0 b
9344348907,Xg=1.610000014: 4]
iPSL.Electrical.Branches.! connect (Ln57 -1y
// manully implemented connect (Tl.p, B 03
iPSL.Electrical.Events.Pw] !

connect (Gnl.p, 024

connect (Ln78.n,

0.14
connect (Ln46.n,
connect (Gn3.p, 0.0 — 7T T 7T
0.0 25 5.0 75 10.0
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L 8l using the Modelica (open) standard mathematical modeling language
MODELITA js an open standardized modeling language
Why standardized languages? among all Modelica compliant IDEs
* Modelica Language Specification:
N—— L PPN https://www.modelica.org/documents/Modelica
Spec33.pdf

32.5%

& Standard Language-based « Proprietary Language-based

Vo

vdcresearch.com & 15%

18.8%

OpenlPSL
OpenlPSL is an open-source Modelica library for
power systems

16.9%
E

Current Project In Two Years Current Project

In Two Years

* It contains a set of power system components

«  Modeling tools first gained adoption as for phasor time domain modeling and simulation
engineers looked for ways to simplify SW  «  Models have been validated against a number of
development and documentation. reference tools

* Today’s mnodeling tools and their use cases OpenlIPSL allows:

have evolved.
*  Unambiguous model exchange

* Now: need for addressing both system level ~ «  Formal mathematical description of models
design and SW development/construction. *  Exploitation of object-oriented paradigms 2

e Separation of models from IDEs and solvers
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L%l OpenlPSL Models — Wind Turbine Example

v 3¢ OpeniPsL

» P Examples
v Electrical
» Buses
» Branches .
v Machines v Wind
> PoAT » PSAT
v PSSE
» BaseClasses v PSSE
i~} GENSAL » WT3G
£} GenmoU
{~} GENROE i WT4G1
{— ! GENSAE -
5 { WT4E1
} cencLs -
v Controls v Submodels
» PSAT
» Simulink LVACL
v PSSE =
JEs -} HVRCL
» TG : D"
3 PSS2A .
3 PSS2B t CCL
£} STAB2A
¥ <> STAB3
¥+ STABNI

v Submodels

=} IEEEST
——— Bl vacL

drops below 0.8 pu stranglin

o 0 3 between 0.8 pu and 0.4 pu to red
; fSTBSVC ’.: I HVRCL Io_LVPL pnes Modelica.Blocks. ces.RealOutput Ip LVACL =;
» CGMES A Modelica.Blocks. ces.Reallnput Vt =n;
» Loads ) Modelica.Blocks.Interfaces.Reallnput Ip LVPL &;
» Banks b equation
» Solar I I LVPL L if V&t € 0.4 then
» Wind e Ip LVACL = Oél
» Events elseif V& > 0.8 then
» FACTS 1 CCL Ip LVACL = Ip LVPL;
L —_— AP -
» Essentials else
» Sensors Ip LVACL = Ip LVPL * 1.25 * Vt;
I' I SystemBase 9"3‘ if;
v NonEI(_ectricaI end LVACL
» Logical
» Continuous
» Nonlinear
» Functions 22

» Connectors
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System Level Design:
OpenlPSL Models — Power System Examples

User

_ Specifications.

OpenlPSL

System Data de o am
v Wﬁ OpeanSL Sys:maase.moMVA model 1‘\1?4@1_‘\-?;1 R
t Frequency: 60 Hz extends Modelica.Icons.Example;
‘ constant Real pi = Modelica.Constants.pi;
v ’ Examp'es parameter Real V1 = 1.0;
- . parameter Real Al = -1.570655e-05;
» B> Machines parameter Real V3 = 0.9999985000000001;
ameter Real A3 = 0.02574952;
> ’ Controls ameter Real P1 = -1.4988;
ameter Real Q1 = -4.334;
» P Loads ter Real Zr = 0.0;
— B4, GEN - . ~
b b ter Real Zi = 0.2;
> ’ Solar ‘ e ‘E' o B ter Real P3 = 1.5;
— < b ter Real Q3 = -5.6658;
. < ’
v P Wind ter Real R1 = 0.025;
— ter Real X1 = 0.025;
v > PSSE ter Real Bl = 0.05;
p— - ter Real dyrw([l, 9] = [0.02, 0.02,
v ’ WT4G OpenIPSL.Electrical.Branches.PwLine pwLin
— OpenIPSL.Electrical.Branches.PwLine pwLin
u WT4G1_WT4E1 OpenIPSL.Electrical.Machines.PSSE.GENCLS ¢
OpenIPSL.Electrical.Branches.PwLine pwLin
P WT4GH OpenIPSL.Electrical.Wind.PSSE.WT4G.WT4G1
OpenIPSL.Electrical.Events.PwFault pwFaul

OpenIPSL.Electrical.Wind.PSSE.WT4G.WT4E]L
inner OpenIPSL.Electrical.SystemBase SysD
. . OpenIPSL.Electrical.Buses.Bus GEN &;
Many Application Examples Developed OpenIPSL.Electrical.Buses.Bus BUS1 =;
OpenIPSL.Electrical.Buses.Bus INF &;
equatiocn

.gitattributes | _Tutorial > ' (YE%G:'p’ ?FN'p)
’ . - t (GEN.p, pwLine2.p) =;
.gitignore |7 AKD > - ¢ (pwLine2.n, BUS1.p) n;
travis.yml L;]lEEEQ 'S . £ (BUS1l.p, pwline.p) =;
c t (pwLinel.p, pwLine.p) =;
| 2
BB Application Examples 4 7 IEEE14 ) (pwFault.p, BUS1.p) n;
Bm ci » | 7] KundurSMIB > - (pwLine.n, INF.p) =;
e copyrightStatement.html [ Na4a 3 : (pwLinel.n, INF.p) =;
- . - (INF.p, gENCLS2 1l.p) n;
- LICENSE [J NamsskoganGrid_Norway » ) (wIT4E1 1.WIQCMD, wT4G1.I gemd) n;
1 LICENSE.txt | 7] PSAT_Systems > - (wT4E1_1.WIPCMD, wT4Gl.I pemd) n;
[ OpenlIPSL » [ SevenBus s ; (wT4G1l.P, wT4El_1.P) =;
. . - ct (wT4G1.V, wT4El 1.V) n;
README.md 7] TwoAreas - £ (wT4G1.0, wT4E1 1.Q) n;

23

end WT4G1 WT4E1l;
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R OpenlIPSL Models — Big Grids? N44!

Modelica model of Nordic44 system

Modelica can be used to build models of various sizes
Norwegian TSO Statnett provided a PSS/E model of
Nordic44 system

The same model was implemented in Modelica and
validated against a reference software, PSS/E

System Data
System Base: 1000 MVA
Frequency: 50 Hz

24
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System Level Design:

eeeeeeeeeeeeee

o (: DDDDDD W
L% OpenlPSL Models — Big Grids? N44! - =
E rasech g <
OpenlPSL =

Voltage magnitude at bus 3359 MSE= 1.6374e-08
T

T T T T T

 [——PSS/E Nordicaa ||
== == \lodelica Nordic44

| PsseE

Output interval length  0.01

Integration algorithm Modified Euler

Voltage angle at bus 3359 MSE= 2.6355e-08
Tolerance 0.0001 ! ‘ ' ' —— PSS/E Nordicad
0.22-. ' , —_—Modelic? Nordic44 ||
Modelica £ oz ]
Tool 5
0.18 | | —
(Dymola) 8 9 10
OUtpUt interval |ength 0 01 %107 Absolute normalized error of voltage phasors
. 8 T T T T T T T
Integration algorithm  Rkfix2 29 1
g4r .
Tolerance 0.0001 St . RN oo i |
o ' w0
Tlme [s]
Simulation Fault type Fault location Fault impedance Fault duration
time
0-10 sec 3 phase-to-ground bus 6500 (0+j5e-10) Q 1-1.05 sec

25
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L%l OpenlPSL — Continuous Development

and Implementation Framework

GitHub Platform

master } tngger check
o

DockerHub

\ ]
“\ docker pull imge v
|

p | ‘
~ - — get reference
git request-pull N~ \

Developer “mo ETP Server
L

/ \ 35 T T T T T T
=== Reference waveform

Modelica Model Reference Model a == Simulation results \

° All checks have passed

1 successful check

Display Errors

2
[F%]
T
p——

eld voltage (pu)
[yS]
o

Model Reference
Check Simulation ° This branch has no conflicts with the base branch
= e Merging can be performed automatically.
\
Reference % You can also open this in GitHub Des
Waveforms b=
j X15
Compute Metric I‘ T.csv - ‘
Y 0
Yes 1 1 1 1 | | 1 | 1 1
\” ’ 0 1 2 3 4 5 6 7 8 9 10
s ) Time (s)

No
y

Succesful
Test 26
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RaPld is a toolbox providing a general framework to solve
system identification problems.

The SW is modular and extensible, with a plug-in SW
architecture allowing to use different optimization,
simulation and signal processing techniques.
A common application of RaPId is to attempt to tune the

parameters of the model so as to satisfy the user-defined
fitness function

.\ meas ‘ °ﬁ/ =
'.'/\'.| —_ —

J \
ll‘ ;

Simulink Container [
[ With Modelica FMU Model

- -
,\' meas ’»\

Methods and Tooling for Validating Power System Models

n rapid_main_window

General settings

Model Settings

PSO Settings

GA Settings

Misc. Algorithms.

Naive Settings

FMU Generation Settings

Choose solver:
M O Simulink
(O matiab 0DE-salvers

Run Optimization
Plot Results
Last Result

‘Show Simulink Mode!

path to mea
output time vector
output data
expr time vector
expr time vector

expr data

Send new data settings

sured output mat-file

IRz
e 1S
0

= SmarlSLab g

Sma

rt Transmission Systems Laboratory

27
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* RaPId is a toolbox providing a general framework to solve
system identification problems.

* The SW is modular and extensible, with a plug-in SW
architecture allowing to use different optimization,
simulation and signal processing techniques.

A common application of RaPId is to attempt to tune the
parameters of the model so as to satisfy the user-defined
fitness function

PF_data System Data

Voltage magnitude at bus 58563

Methods and Tooling for Validating Power System Models

rapid_main_window

General settings

Model Settings

PSO Settings

GA Settings

Misc. Algorithms.

Naive Settings

FMU Generation Settings

Choose solver:
M O Simulink
(O matiab 0DE-salvers
Run Optimization
Plot Results

Last Result

‘Show Simulink Mode!

Data setting
measured output
time
utrabe

path to me:

output time vector

s data

MSE= 6.9124e-07

System Base: 1000 MVA

Frequency: 50 Hz

bus 58583

=== Modelica AKD
= =Modelica AKA

asured output mat-file

bus 58573

i
80 90 100

MSE-= 7.6819e-08

bus 58553
[1

== Modelica AKD
== = Modelica AKA

I 1 I I

30

40 50 60 70

1
80 90 100

0 10 20
x 107
ENS
g
] i Sof
bus 58567 bus 58566 >
bus 58563 .
0 10 20

Absolute normalized error of voltage phasors
T T

30

40 60 70

50
Time [s]

80 90 100

28
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Model Validation: e T
4 Methods and Tooling for Validating Power System Models ‘

-

RaPld was developed in MIATLAB. A number of optimization algorithms
«  The MATLAB code acts as wrapper to are available:
provide interaction with several other *  Particle Swarm Algorithm (PSO)
programs (which may not need to be . Genetic Algorithm (GA)

coded in MATLAB).

Optimization process can be set up and
ran from the GUI or more advanced users
can simply use MATLAB scripts for the i PSO
same purpose :

* Naive method
*  Knitro Algorithm

Plug-in Architecture:

*  Completely extensible and open
architecture allows advanced users to add: lteration # 0 lteration # N

— Identification methods KNTT'_QO GA
I Next
»

—  Optimization methods
— Specific objective functions

— Solvers (numerical integration
routines)

Leading solver for
nonlinear optimization
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Al Methods and Tooling for Validating Power System Models

Video!

https://www.youtube.com/watch?v=X8X89I1HBjo

0.19

Measured Measured 5 B Measured 1.02
0.185 ——— Estimated 045 —— Estimated ——— Estimated
: 04 4 1.01
~ 0. ) -
3 0.18 2 oug 2, 7 ! z
<0175 5 %, g !
] z 03 £ B
H - S s
g 017 o 31 L 4 2 0.99
© 025 c =
o 2 S ©
2 0.165 2 £0 : E
5 § 02 £, € 098
0.16 %015 o e
0455 01 2 0.97 30
-3
0.15 0.05
0 5 10 15 0 5 10 15 0 5 10 15 0'960 5 10 15

Time (s) Time (s) Time (s) Time (s)
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I"l

SoftwareX * '
Available online 25 August 2016 '
In Press, Corrected Proof — Note to users

Open Access

RAPIp: A modular and extensible toolbox for parameter
estimation of Modelica and FMI compliant models
Luigi Vanfretti®-®, Maxime Baudette® & & Achour Am
«  Our work on OpenIPSL and RaPld has e oo SoftwareX 0
been published in an Open Access K
J OU rnal , ava I | a ble On_l I ne: Under a Creative Commons license Open Access
. . . iTesla Power Systems Library (iPSL): A Modelica library for
*  http://dx.doi.org/10.1016/j.softx.2016 phasor time-domain simulations
. 05 . OO 1 L. Vanfretti®-®, T. Rabuzin®, M. Baudette® & &, M. Murad®

!

° http//WWWSciencedirect-comlscienc €& — C 3 https//github.com/SmarTS-Lab/OpenlPSL Q& E= ‘ et ghts and content
e/article/pii/S235271101630019X

OpenlPSL: Open-Instance Power System Library:
Y Th e 0 pe n I PS L I i b ra ry Ca n be fo u n d 0 n - The OpenlPSL or Open-Instance Pow (— C' |8 GitHub, Inc. [US] https://github.com/SmarTS-Lab/iTesla_RaPId </ B § O

- 3 Apps Yk Bookmark Manager ) Evernote Web @ Mailstrom: Recomm: G Luigi's Personal and 4 Git - About Version » [ Other Bookm:
maintained by the SmarTS Lab r

line at Github: il

The iPSL is a Modelica library develog
. developers of the IPSL until March 31
° https//qlthub_com/smarTS- thus, itpissubjecnomeneedsofthe( iTesla RaPId
order to develop the library in the dire
Lab/OpenlPSL

As such, the purpose of OpenlPSL an

with maximum compatibility with Ope

® Th e Ra P I d SOftwa re can be fO un d at simulation), to provide as many as po Abstract

such way that the library can efficient!
iTesla RaPld (a recursive acronym for "Rapid Parameter Identification”) utilizes different optimization and simulation

- H m m to give reference power system mode
i h ttp S . //q Ith u b 0 CO /S a rTS - 9f p . ¥S technologies to provide a framework for model validation and calibration of any kind of dynamical systems, but specifically
L b/. T I R P I d power system simulation challenges. catered to power systems. A quick overview of RaPld can be found here.

Contents
_ 1. Abstract

... and more to come! See our Github accounts: https://github.com/SmarTS-Lab/ 31

And coming soon with more synchrophasor-related applications: https://github.com/SmarTS-Lab-Parapluie
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£ %l Model Transformation Advances and Challenges

Advances — and our contribution to EU Standardization!

Common Grid Model Exchange

en ts o@ i Specification (CGMES)

ABOUT ENTSO-E  MAJOR PROJECTS PUBLICATIONS DAl verSion 2'5

Draft IEC 61970-600 Part, Edition 2

ENTSO-E WEBSITE - NEWS & EVENTS - EVENTS Use of Modelica in the Dynamics
REGISTRATION FOR THE SIXTH ENTSO-E INTEROPERABILITY TEST "COMMON INFORMATION MODEL (CIM) FOR SYSTEM profile of the CGMES Version 2_4
Registration for the sixth ENTSO-E Version 2 - draft
Interoperability Test "Common Information Annex F
Model (CIM) for System Development and A seney 20 (normative)

System Operations" 2016 opened. .. . .
y P P Use of Modelica in the Dynamics profile
e To demonstrate exchange of dynamics model following the implementation effort performed by a

group of vendors. The use of models expressed in Modelica code will also be validated.

CGMES - ExcSEXS Model (Available in OpenlPSL)

oA OMEdit - OpenModelica Connection Editor

H 006 \OHOTH < 599995

0 &I

bk s

loa...s/CGMES/ES/ExcSEXS.mo | Line: 1, Col: 0

—— GEN1.V

TN
19 ~
09 (

14.3096, 0.7983

v ¥ OpeniPSL
v [»] Examples
» [»] Machines
v [»] Controls
»[»] PssE
»[»] Psar
v b CGMES
v (b ES

08

07

06

05

»[»] Loads

»[»] solar

»[»] wind

» [»] Branches

»[»] FAcTS P
») Two...mer ChMES

-order: 0:0-0:0: 04 3
g Package.mo) present s drectory. g

Warning,
'SL-master 2/OpenlPSL/E; r: 0:0-0:0):
not list all mo files and directorie: (cot ing package.mo) )p ent i its directory.

») SMiBpartial

A
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S8 Model Transformation Advances and Challenges

Challenge: Bottleneck in Model Transformation

A User
%" Requirementand < >
g Specifications Validation
X : Testing AgainstUse Cases
=1
* CIM does not consider the requirement for P T T T o EEEEEEEIE S s
support in model transformation for . : y
PP . I Designs = T  \Verification
component-level design. I / Y
«  Power system analysis and design tools do not | Jlagiing with other elemagilg
andbwithin the environment
support means for model exchange, and do not I \ /

model/capture low-level device functions. . ; \ /7
o a__ o 2 2 a I =D coor =] oo Deve'fbpm.er* < >
* There are still limitations for using real-time . .

NS Testing
code generated by some Modelica compilers | = o -
) L. I 7 Bectsy T Testing each component
(need for special parallelization methods to be ”’ * statue in isolation and
. . . B secat. pextll .
supported in large network simulation. I with other elements
*  FMI support for real-time? | &
e Etc, etc.,... \ O

For the reminder of the work, we thus use a the typical Mathworks-based workflow for Modeling-Code Generation and
Real-Time HIL simulation using a proprietary solution.
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Modeling for Real-Time Simulation

User

‘Specifications

O This repository

SmarTS-Lab / FP7-IDE4L-KTHSmarTSLab-ADN-RTModel

Pull requests Issues Gist

@ Unwatch~ 3 % Unstar 2

¥ Fork

<> Code Issues 0 Pull requests 0 Wiki Pulse Graphs Settings

Active Distribution Network Power System Model developed in the FP7 IDE4L Project by KTH SmarTS Lab — Edit

(D 10 commits U 1 branch 1 release 42 1 contributor

Branch: master v New pull request Create new file  Upload files  Find file

; Ivanfretti committed on GitHub Add DOI from Zenodo

Q-+ &

1

Latest commit 2516633 4 days ago

. Vv2 Uploading the two versions of the model 6 days ago
. Ve Add files via upload 6 days ago
[E) LICENSE Initial commit 6 days ago
[E) README.md Add DOI from Zenodo 4 days ago
EH README.md

FP7-IDE4L-KTHSmarTSLab-ADN-RTModel

This project contains an Active Distribution Network Power System Model developed in the FP7 IDE4L Project by KTH
SmarTS Lab. The model was developed for use with the Opal-RT eMegaSim real-time power system simulator.

Model Versions

Two versions of the model are provided in this repository, along with a model description and a self-contained
documentation (i.e. help file).

Details of the first version (V2) can be found in the open access publication in the following link:

« Ref. 1: H. Hooshyar, F. Mahmood, L. Vanfretti, M. Baudette, Specification, implementation, and hardware-in-the-loop
real-time simulation of an active distribution grid, Sustainable Energy, Grids and Networks, Volume 3, September
2015, Pages 36-51, ISSN 2352-4677, http://dx.doi.org/10.1016/].segan.2015.06.002

The second version of the model was developed to overcome several of the limitations in accuracy of the "stub-line®
modeling used to decouple the model into different cores. Hence, V6 partitions each subsystem into state-space-nodal
(SSN) groups so that parallel computations can be carried out with the ARTEMIS-SSN solver. More information about the
model can be found on the "ReadMe.pdf" included in the V6 folder, and in the following paper:

« Ref. 2: H. Hooshyar, L. Vanfretti, C. Dufour, “Delay-free parallelization for real-time simulation of a large active
distribution grid model”, in Proc. IEEE IECON, Florence, Italy, October 23-27, 2016.

[ o N R [ et | =
No. of EMTP nodes | No. of SSN nodes [ SN Growp 3
348
HV 70 3 g4 |
241 15 g
2
LV & RLV 269 15 Sy R
860§ 542
§ [§ l350) 835 844
862
522 nformer
i NGrow 2 ection 104-106
| Ideal sevondary winding. SN Gowp2 I?
p =

820)
506 808 812 @ @ 47 g E
45 § B kot e o4 [s26 7
106 %500 302 a * ity 452
1

i1 mi e
01655 [w [+

® Coax3sur v

“ e s e
o C-0.3035F v
_R=12960 |¥

| Subline (inchades transformer
| secondary winding impedance)
: 1

'
’ 5284 &

i NS

SSNGrou 1

| Subline Trans prmer

L_E »
735 @ 744 74
- ﬁi\, [t P

\;m = Tus

SSN Group 2

E% By @ SD,
o P&,@J W'_J U’ﬁ —]Q‘

890799

SSN Group |

SNGrowp 3

| SNGrowp 5

First Version publlshed in SEGAN:
H. Hooshyar, F. Mahmood, L. Vanfretti, M. Baudette, Specification,
implementation, and hardware-in-the-loop real-time simulation of

an active distribution grid, Sustainable Energy, Grids and Networks,
Volume 3, September 2015, Pages 36-51, ISSN 2352-

4677, http://dx.doi.org/10.1016/j.segan.2015.06.002
Second version published in IECON:

H. Hooshyar, L. Vanfretti, C. Dufour, “Delay-free parallelization for real-
time simulation of a large active distribution grid model”, in Proc. IEEE
IECON, Florence, Italy, October 23-27, 2016.

Soon in release of RT-Lab and ARTEMIS (ask Christian
Dufour @Opal-RT).
All source files available in Github!

https://github.com/SmarTS-Lab/FP7-IDE4L-KTHSmarTSLab-
ADN-RTModel
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£l for Synchrophasor Applications

2010:
* | started working on the development of a lab. around August/September 2010.

* Not a lot of people where doing this back then (for power systems), it was also seen as “unnecessary” or “useless” by many of the ‘experts’.
* | prepared a white paper for negotiations internally in the university on the potential use of RT-HIL technology:

http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63372

* Procurement process for the simulator was carried out in 2010 / RT Target arrived somewhere in March/April 2011.

2011 - 2012

* We carried out the first implementation of the lab through 2011, mostly by MSc
student (Almas), myself and a little help from technicians.

* First implementation was fully operational around Dec. 2011.

* A paper with the implementation done in 2011 was presented in the IEEE PES -

General Meeting = Experience as basis for next implementation.
* A proof of concept application built using openPDC = Experience was basis for
defining the needs for the environment to develop prototype apps.

First Architecture
Opal-RT

Real-Time Simulator Amplified analog outputs
current /voltage

Vand I 33w Svnchr 2sor
—— i i S Synchrophasor
Low-Level ——— Data
Analog 1/0s SEN
Digital 1/Os Fess s W

GOOSE | GOOSE SEL PMUs /Relays
|

Y x Protective i
GOOSE GOOSE Relays |= - )
€ ————— — e >
I '\W "J\‘i
Sampled Values 'nmplul Values 3 w
L —_ f T Y e e e - — > I w
ABB Relays '"

PMUs

YYYvy

External Controllers
Wi "

NI- ¢cRIO 907

—> [ Va1 |—>
<— | Amplifiers | ¢—

(a) Conceptual Architecture of SmarTS Lab. Measurement and data streams are indicated, non-exclusively, as follows: blue for WAMS, red for
WAPS, and green for WACS applications. Solid lines indicate measurement streams, while dotted lines indicate digital data streams over IP.

——————————————— tion

Prototypes

Host Platform

L. Vanfretti, et al, "SmarTS Lab — A laboratory for developing
applications for WAMPAC Systems," 2012 IEEE Power and Energy Society
General Meeting, San Diego, CA, 2012, pp. 1-8.

doi: 10.1109/PESGM.2012.6344839

M. Chenine, L. Vanfretti, et al, "Implementation of an experimental wide-
area monitoring platform for development of synchronized phasor
measurement applications," 2011 IEEE Power and Energy Society General
Meeting, San Diego, CA, 2011, pp. 1-8.

doi: 10.1109/PES.2011.6039672

(b) Hardware Implementation of SmarTS Lab as of Dec. 2011.
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Smarl S Lab Architecture post 2012

Smart Transmission Systems Laboratory

PN Substation Clock Protection Relays
N ! Arbiter Model 1094 B
—
P r e T s Qutput PDC Streams for
U Streal . at
GPS Antenna r S Partner Universities
GOOSE
ECS o SEL—487 E coordination
== b current SEL—421 GoosE synchrophasor data
= = g Low-level analog inputs to CT and | | - PMU Stream from SEL and NI-cRIO
1 | signals from RTS VT modules  of n GOOSE 7 i
I o " fo Amplifiets PMUs / relays SEL—421 PMUs, time allign them
I ABB  wTROCI20 1}: AAAAA and outputs a single
I | | I — — P stream - concentrated stream
I GoosE o ToTTEY TOTOSITSR  (TOSOSSeR
I -E I ABB RES-670 — | SEL-PDC5073 OpenPDC SEL-PDC 5073
EF i Secondary ousien [ 5 { (Redundant PDC)
: =] bnjections __ from —— 22| \
”, 1 reja- est Se Arbitter 1133A o i
Z v
L - ) - i
T S SR S 55
Process Bus # -~ T— — —f.-gou;p (= g—é—
IEC 61850-9-2 ) I 8 -
Station Bus @ Most Important SW 2 BabelFish
. c
6185081 C Ml Technologies ks
I Developed [~
£
Stand Alone Test Set GOOSER 1 2000y atdid addde <
for GOOSE publicati d Z
or publication an Feedback signals from | bt
Subscription =4
controller to RTS - 2
Legend I PMU Stream G I
GPS Signal Nat_ional Instrument Controllers (cRIOs) Babel Fish and S'DK unwraps the
’ which are programmed as PMUs. Somel PDC streams and rovide raw
Hardwired cRIOs are used as external power system P A
Station Bus controllers to send feedback signals to RTS I measurerrlents to the NI-cRIOs in
_____ Process Bus Labview. The CcRIOs are
PMU stream | programmed to perform power
Raw measurements from . s
............... PDC stream | s ; system opkration applications
Feedback Signal S'DK and Babel Fish I
U €

M. S. Almas, M. Baudette, L. Vanfretti, S. Levlund and J. O. Gjerde, "Synchrophasor network, laboratory and software
applications developed in the STRONgZ2rid project," 2014 IEEE PES General Meeting | Conference & Exposition,
National Harbor, MD, 2014, pp. 1-5. doi: 10.1109/PESGM.2014.6938835
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P Testing, V&V: Experimental Work in the

o Development, Implementation and Testing of PMU Apps using RT-HIL Simulation

(5) During development,
implementation and
testing, the application is
fine-tuned through
multiple HIL

Implemented on 11 cores of OPAL RT real tlme simulator
=== m &

LabVIEW interface

(4) A computer with & = G0 A
development tools <« E =
within the LabVIEW o PDCSteam SEEE 507;\ B e
enVlronment data mediator SEL 421 Voltage amplifier

receives the PMU

data. ‘
All data acquisition

is carried out using

the corresponding

standards (i.e. IEEE
C37, IEC 61850).

(3) PMU data is streamed into a PDC, and
the concentrated output stream is
forwarded to an application development
computer
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=4 PMU-Based Real-Time Monitoring
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=4 Applications

(1) Monitoring & Visualization
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(1)-(2) M. S. Almas, et al, "Synchrophasor network, laboratory and software applications developed in the STRONg2rid project," 2014 IEEE PES General Meeting | Conference &
Exposition, National Harbor, MD, 2014, pp. 1-5. doi: 10.1109/PESGM.2014.6938835

(3) V. S. Peri¢, M. Baudette, L. Vanfretti, J. O. Gjerde and S. Lgvlund, "Implementation and testing of a real-time mode estimation algorithm using ambient PMU data,"Power
Systems Conference (PSC), 2014 Clemson University, Clemson, SC, 2014, pp. 1-5.

doi: 10.1109/PSC.2014.6808116

(4) M. Baudette et al., "Validating a real-time PMU-based application for monitoring of sub-synchronous wind farm oscillations," Innovative Smart Grid Technologies Conference
(ISGT), 2014 IEEE PES, Washington, DC, 2014, pp. 1-5.

doi: 10.1109/1SGT.2014.6816444

(5) J. Lavenius and L. Vanfretti, “Real-Time Voltage Stability Monitoring using PMUs”, Workshop on Resiliency for Power Networks of the Future, May 8t 2015. Online:
http://www.eps.ee.kth.se/personal/vanfretti/events/stint-capes-resiliency-2015/07 Janlav Statnett.pdf
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pre Decoupled Voltage Stability

RS,

e Assessment of Distribution & Transmission Networks
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A. Bidadfar, H. Hooshyar, M. Monadi, L. Vanfretti, Decoupled Voltage Stability Assessment of Distribution
Networks using Synchrophasors,” IEEE PES General Meeting 2016, Boston, MA, USA. Pre-print: link.
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Component Design g

s 8 for Wide-Area Control Systems

(1) RT-HIL Assessment of ECS
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. | t

0.0 550
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(1) M. S. Almas and L. Vanfretti, "Experimental performance assessment of a generator's excitation control system using real-time hardware-in-the-loop simulation," /ECON 2014 -
40th Annual Conference of the IEEE Industrial Electronics Society, Dallas, TX, 2014, pp. 3756-3762. doi: 10.1109/IECON.2014.7049059

(2) M. S. Almas and L. Vanfretti, "Implementation of conventional and phasor based power system stabilizing controls for real-time simulation," IECON 2014 - 40th Annual
Conference of the IEEE Industrial Electronics Society, Dallas, TX, 2014, pp. 3770-3776. doi: 10.1109/IECON.2014.7049061

(3) M. S. Almas and L. Vanfretti, "RT-HIL testing of an excitation control system for oscillation damping using external stabilizing signals," 2015 IEEE Power & Energy Society General
Meeting, Denver, CO, 2015, pp. 1-5. doi: 10.1109/PESGM.2015.7286100 41
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Component Design g
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(1) M. S. Almas and L. Vanfretti, "Experimental performance assessment of a generator's excitation control system using real-time hardware-in-the-loop simulation," /ECON 2014 -
40th Annual Conference of the IEEE Industrial Electronics Society, Dallas, TX, 2014, pp. 3756-3762. doi: 10.1109/IECON.2014.7049059

(2) M. S. Almas and L. Vanfretti, "Implementation of conventional and phasor based power system stabilizing controls for real-time simulation," IECON 2014 - 40th Annual
Conference of the IEEE Industrial Electronics Society, Dallas, TX, 2014, pp. 3770-3776. doi: 10.1109/IECON.2014.7049061

(3) M. S. Almas and L. Vanfretti, "RT-HIL testing of an excitation control system for oscillation damping using external stabilizing signals," 2015 IEEE Power & Energy Society General
Meeting, Denver, CO, 2015, pp. 1-5. doi: 10.1109/PESGM.2015.7286100 42
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E. Rebello, M. S. Almas and L. Vanfretti, "An experimental setup for testing synchrophasor-based Damping control systems," Environment and Electrical Engineering (EEEIC), 2015 IEEE 15th International Conference on, Rome, 2015, pp. 1945-1950. doi: 10.1109/EEEIC.2015.7165470
E. Rebello, L. Vanfretti and M. Shoaib Almas, "Software architecture development and implementation of a synchrophasor-based real-time oscillation damping control system," PowerTech, 2015 IEEE Eindhoven, Eindhoven, 2015, pp. 1-6. doi: 10.1109/PTC.2015.7232288
E. Rebello, L. Vanfretti and M. Shoaib Almas, "PMU-based real-time damping control system software and hardware architecture synthesis and evaluation," 2015 IEEE Power & Energy Society General Meeting, Denver, CO, 2015, pp. 1-5. doi: 10.1109/PESGM.2015.7285812
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exploiting the availability of models for new applications
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G. M. Jonsdottir, M. S. Almas, M. Baudette, M. P. Palsson and L. Vanfretti, "RT-SIL performance analysis of synchrophasor-and-active load-based power system damping controllers," 2015

IEEE Power & Energy Society General Meeting, Denver, CO, 2015, pp. 1-5.
doi: 10.1109/PESGM.2015.7286372

G. M. Jonsdottir, M. S. Almas, M. Baudette, L. Vanfretti, and M. P. Palsson, “Hardware Prototyping of Synchrophasor and Active Load-Based Oscillation Damping Controllers using RT-HIL

Approach”, IEEE PES GM 2016, July 17-21, Boston, Massachusetts, USA
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o388 Networking Protocol Tools and Source Code
£XTHY
G s ¥

for Synchrophasor Applications — Real-Time Control Example

. S3DK is executed on a PC with a non real-time
Kh orjin operating system => Non-deterministic delay

The hardware prototype controllerdesign
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ﬁ@% Networking Protocol Tools and Source Code

for Synchrophasor Applications — Real-Time Control Example
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SmarTS Lab OSS Tools Evolution mﬁﬂﬂ
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PMU/PDC (DLL) . CIien_t/Server LabView. *Focus on Performance
« Interfacing with Architecture *Only requires IP *Not necessary to be
Ll wia Ac g * Multi-Threading address, Port number user friendly
(minimum delay) «LabView VI/API and Device ID of the » Gateway for IEC
- LabView presentation «Calls C++ PMU/PDC stream transition
layer Methods_ « Executes on
*» Toolbox-like embedded systems
Why only Labview? functions with low requirements

) V') Khorjin?
—

Derive Requirements for Embedded Computers
Support for COTS Embedded Computers <

Development: 2011 - 2013 Development: 2014 — 2016 ...



Contribution towards the MBSE Foundations in Cyber-Physical Power Systems
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71 Repositories Currently Available at GitHub

0
TR

S3DK: https://github.com/SmarTS-Lab-Parapluie/S3DK
BabelFish: https://github.com/SmarTS-Lab-Parapluie/BabelFish
Khorjin: Will be available at GitHub end of 2016.
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Challenge in Component Implementation and Prototypi

Networking & Protocol Models and Software (Libs. / Source)

Challenge: Joint (integrated) modeling of networking, IT and power grid physics through

the whole Model & Simulation - Based Systems Engineering Framework.

Through SGAM, but need to

User

i 4" Requirementand <
create CIM profile - Spocifcatons ) Validation
‘i"“" i\ ) Testing AgainstUse Cases
bl el
Potential for use of Modelica
Synchronous — library of > Desi « orrea >
components is needed... esion L een 2>
Testing with other elements {%
and within the environment
Software Models with ICT o s TG ~ integration
Behavior | IR s 2
»hc&éi“ﬁ‘z;ﬁ;; Testing each component ‘
* 5tatemen o in isolationand
Network Protocol Q’-—‘M-“““’ with other elements
Client/Server Source o
=) O
(with some help from

Khorjin, maybe!)
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Verification and Validation
LS8 for Timing System-Dependent Applications

Challenge: Joint (integrated) modeling, simulation and TV&V including Timing Systems
through the whole Model & Simulation - Based Systems Engineering Framework.

Case Study: GPS Vulnerability and Impact on Synchrophasor Applications

Impact on Real-Time Control

ommunication
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M.S. Almas and L. Vanfretti, “Impact of Time-Synchronization Signal Loss on PMU-based WAMPAC Applications,” IEEE PES General Meeting 2016,
Boston, MA, USA. Pre-print: link.
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The Socio-Economical Perspective
What do society needs to think about w.r.t. autonomous CP power systems?




The Socio-Economical Perspective? Evolution of different technological markets
What do society needs to think about w.r.t. autonomous CP power systems?

| 1980s | | 1990s-2000s | | Today |

.. otherwise
« The future electrical power systems will put large we might stay
demands for high performance, dependability and totally 80s-
extensibility in SW/HW technology
« Strong commitment for standardization and
interoperability are necessary for a truly open market
for innovation in energy products and services!




The Socio-Economical Perspective?
Technology Governance

Socio-Economic Aspects

How to provide society with
“autonomy” for developing smart
grids?

Societal Needs and
Requirements

Techno-Economic Aspects

What technology is needed for
Smart Grids?

Technical
Requirements

- st
I =
Knowledge
Build-up
Know-how
New Develop
Technol Use
echnology Pt

Necessary Condition: Technology may provide means of "autonomy” for the use and management of a
smart grid. This means we may achieve an autonomous “technical” system.

Sufficient Condition: Technology must be developed within a framework that provides autonomy in the

means of its creation and adaptation.

Otherwise the full autonomy of communities cannot be fully guaranteed.

Should the model for technology governance satisfy both necessary and sufficient conditions?
Is democratization of technology of interest and even possible?
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i =48 The Socio-Economical Perspective: New Technology Development Models.
Tl \What do society needs to think about w.r.t. autonomous CP power systems?
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Home Automation

Home Automation
(HAMMOND)

Smart Meter

-
OpenEnergyMonitor
Get Started Hardware Emoncms Resources Labs Online Store
Home O Personal Open source Business Explore Pricing  Blog
Raspberry Pi

With the addition of an RFM69Pi expansion board, the Raspberry Pi is able to
receive data via wireless from other OpenEnergyMonitor modules such as
an emonTx or emonGLCD. A Raspberry Pi can forward data to an emoncms
sever, and/or log data locally to an SD card or hard drive.

openenergymonitor / emonhub
forked from TrystanLeajemonhub

<>Code  (lIssues 1 Pull requests 0 Pulse Graphs

Python service linking and decoding input to MQTT & Emoncms

arta project For you KICKSTARTER

SmartPi - Turn your Raspberry Pi into a SmartMeter

Goal: https://www.kickstarte > February 18, 2016
To have a central, yet modular and expandable home . H H r-Com/DrOieCtS/1 2409 g .
automation system. | will use an Arduino Mega tethered to a httpS//anISIGradelWordpre 82104/smartpi-turn- s / ProjeCt launChed

Raspberry Pi to sense and control home environment SS. Com/DrOieCtS/home-

parameters like temperature, lights, blinds, and miscellaneous a utomatlon_ham mond/

appliances. The Raspberry Pi will provide the more processor-

your-raspberry-pi-
into-a-smartmeter

Why are these grass root solutions allow for fast and — seem, apparently —efficient development?

Open hardware: How and why it works
Applying open source concepts to physical objects

Jeffrey M. Osier-Mixon
Technical Writer
MontaVista Software, Inc.

The potential to "develop the unexpected," as Peter Brown said, by using
parts and products in ways never envisioned by their original creators.

it is eminently possible to use something free to create something
better and then freely pass that benefit on to others.

That is what the open source movement is about: using the power of
collaboration to accelerate innovation!

This is an example of Democratization of technology through COTS (Commercial Off-The-Shelf) Technologies using an
Open Software and Hardware Foundation.
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fgﬁﬁ% The Socio-Economical Perspective: in the era of pervasive software

L AEEer d  \What do society needs to think about w.r.t. autonomous CP power systems?

Multiple Domains in
Cyber-Physical Power Systems

Networ
king Internet

Software is becoming pervasive:

we need a long term strategy for developing and
maintaining the foundational building blocks involved in
technology used in critical infrastructure!

We need a governance model for that.

We need to define “autonomy” in a software defined world.



The Socio-Economical Perspective:
The Role Software in the “Cyborg” World

What do society needs to think about w.r.t. autonomous CP power systems?

[ PP ———
ann

e —— — Listening to Brain Microcircuits
> 2557 — - = for Interfacing With External

B 1 (| World—Progress in Wireless
[T == = .}". == | Implantable Microelectronic
E- —— | K — | Neuroengineering Devices

b . 4 \ lE ",n\. & = C — e — ._'._-.-' ———
He speaks with RLS Steeper on a weekly basis, working with them Figure 1. iStan Figure 2. Muse software
W ' Compromising a Medical Mannequin
to test new 50 ke for the hand. They use his feedback to by University of South Alabama’s William Bradley Glisson, Todd Andel,
upgrade and refine the product. Todd McDonald, Mike Jacobs, Matt Campbell and Johnny Mayr

Political and Philosophical Implications for "Autonomy” in the Cyborg-Future

Code may advance and counteract political imperatives: in this context, free software is
not just a question of managing technology but of determining the
contours of our selves and the politics we choose. (pp. 145)

s
= 2
5
£
£

Lilepation The ability to control one’s interactions with the machine is not a specialized, esoteric
concern, but is a core freedom in the cyborg world. (pp. 165)

The degree to which software code is accessible, manipulable, and alterable, is precisely the degree to
which we maintain our autonomy, our freedom, our very humanness. (J. McWilliams, 2013)
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Conclusions: The Cyber-Physical Future... is in our hands!

* We need to spend significant efforts to face the challenges
of the cyber-physical future of power systems!

*  Model & Simulation-Based Systems Engineering (MBSE) Physical System

gives a proven foundation for developing complex cyber- S‘;‘;‘;‘fr;
physical systems from design to manufacturing to operation. e
Contrc?IIabIe .- - Sensors
. d to focus in the development of e
e neecto X
— Tools for multi-domain and multi-physics modeling - CD'g'tta'l
ontro
— Tools and models for design, Comms Systems Comms
— TOOIS fOr simulation and “Cyber” system (commes, timing, embedded systems)

— Tools for hardware implementation

— Capable of taking into account interactions (ICT, cyber and
physical security, etc) from different parts of the “cyber-
physical” system while managing the basic functions of the
grid.

*  We have only began to develop these foundations — we
can’t do it alone: Systems View is key.

e We also need to think about the

'g'

. . . . . . Disiande me?
socio/economical/phylosophical implications of software VB, cuvs eant chien
pervasiveness. progsamea V@R,!‘

 The cyborg-world is upon us! Let’s be prepared!




Thank you!

* Our group’s website:

* https://www.kth.se/en/ees/omskolan

/organisation/avdelningar/epe/resear
ch/smart-transmission-systems-
laboratory-smarts-lab-1.627203

Smarl S 1.ab

Smart Transmission Systems Laboratory

59



e

. Plan:
- Slide about title of workshop
- Link to:
- work of joseph stiglitz and other
- The great divide
- Learning communities
- Other: FOSS promise, Cyber-Society
- MBSE why this methodology and tooling has the potential of better knowledge transfer etc
- John Baras material on manufacturing

- Open Science
- Slide about the title of my Talk including
- Cyber-physical system
- How terribly slow it has been, few companies, etc.

- MBSE:
- Testing & Verification
- Validation
- Challenges and OpportunitieS:
- HLA: Standards and who drives them. Need for OSS foundation.
- Design space exploration: open standard, language implementations, and model-exchange
- Code-Generation and COTS: COTS and OSS — hwat is happening now with the miliary industry
- Methodologys for Testing, V&V
- Conclussions
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e How have the data sources evolved?

— Analogy with how we have changed tracking our weight!

[ Analog Scale \

* One
measurement,

e atvery
uncertain time
and

e with limited
precision

Healthometer”

Digital Scale v.1.

More points,

At more certain time
(internalclock with
limited time accuracy),
and better precision
in weigth
measurement
Measurements only
available locally

( Digital Scale v.2.: \

More measurements of
different variables
available

Adds connectivity and

some networking but data

lives in a SILO:

only used in one/few
computers

with only the vendor’s

\softwa re)

/

Evolution of Measurement Data Sources

/ Smart Digital Scale \

* Data can be correlated with other health
data sources (e.g. Band)

Fully networked (Bluetooth, WiFi, over
IP Network.

Full data connectivity: accessible from
SmartPhone, computer.

Data integration in a platform. Data
no longer lives in SILOS: (Apple
Health)

The scale is secondary, it’s all about
the app!

Data is displayed in App




* How have power system monitoring sources evolved?

WIESSE A~ 300y

ya g N ROV

Analog:
One point, at very

uncertain time and limited

precision

1.06
1.05
1.04
1.03
1.02
1.01
1.00
0.99
Z

0

PMU (new tech)

Digital RTU and SCADA:

A few points, within an uncertain time
window, and better precision.

Limited networking and connectivity.

measures 30 times per sgcond
showing oscillations

SCADA (old tech) .
measures voltage
every few seconds

— .
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SEL-2407° Satellite-

Synchronized Clock IEEE C37.118
Synchrophasors
Ethernet
SEL RTAC

UW Fast Message
IRIG-B Synchrophasors
Serial
SEL-351 Protection

System

PMU

/'A lot of points, at a lot of

places

and with more accurate
precision

* with many measured and
derived variables

data lives in SILOS:
e Historical data locked-in to
vendor’s database

8:22 am.

1

8:29 am.

8:36 am.

I 1

8:43 am. 8:50 am.

I

8:58 am

At exact GPS stamped times,

Has better connectivity, but

* Real-time data difficult to exp
outside the vendor’s system

~
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Evolution of the Control Room

SCADA/EMS+ PMU

@ o “eeleeoclelele o e
S O | O O C
OO0 O @ O )

gle Tl starts

Analog Tech. E_—:ﬂ»gﬁ‘- being used tn control
11 4 ' rooms for

monitoring displays
§ alarming (2002 -

SCADA

SCADA/EMS
Digital v.2.

Appearance of
EMS applications|s=




