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Nordic Energy Research

Outline

e Project objectives, drivers, ambitions and
OoVerview

e Nordic collaboration through common
research platform

e Examples on application developments
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Smart Transmission Grids ® noroen
Operation and ContrO/ Nordic Energy Research
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Nordic Energy Research

— And co-funded by Nordic TSOs and DSOs
* Objectives:

— Support the development of better tools for operation and control of
power grids

— Create innovative applications that will enable more reliable operation and
control of the Nordic power grid and with better information about security
margins.

— Develop aresearch platform and software interfaces (software and
hardware) for application prototyping and testing

— ldentify technology gaps and limitations that need to be addressed in the
future as an input to roadmaps for smart grid and integration of renewable
energies.
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More extremes!

® Trends:
» Faster and larger changes in operation
» More variability and uncertainty
> Less predictability > Less time to take decisions

® Operators need new tools!

» More real-time information, higher resolution and
synchronised measurements

> Need for more automatic control

®* New technology is available

» New possibilities.. @ Sustainable Energy
2 . ’
STRONyrw :
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Project goals

e Create innovative applications that will enable operation and
control of the Nordic power grid more reliably and with better
information about security margins.

» Emphasis on PMU/WAMS as an enabler of Smart Grids

e Develop aresearch platform comprised by a power systems
emulator (software and hardware labs), PMUs, PDCs and
specialized software.

— Create a “Nordic University Cluster”

e Develop a set of software interfaces allowing PMU-data
application development, and implementation. @ Sustainsbi Enengy

S
STRONgrwd

CH PROGRAMME



What is a phasor ?
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Phasor representation of a sinusoidal wave form

W The starting time defines the phase angle of the phasor.
® This is arbitrary.

® However, differences between phase angles are independent of
starting time.



Synchronized Phasor Measurements

Substation A Substation B
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Synchronization

By synchronizing the sampling processes for different signals — which may
be hundred of miles apart, it is possible to put their phasors on the same
phasor diagram.

Source: Phadke



Research Platform:
Low voltage PMU Network

e PMUs are connected at the LV
networks in our laboratories
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Research platform:

Distributed P2P Data Sharing

for real-time PMU Data Exchange

Each University (PMUs,
PDC) exchanges an
Output Stream” with
each other university.

PDCs installed locally
allow data archiving and
real-time access for all
partners.

Avoids SuperPDC, thus
eliminates a single point
of failure

RES-521 ABB

Only this PMU stream
is shared with the
| partner universities

STRONgrid

Smart Transmission Grids Operation and Control
KTH - NTNU - AALTO - DTU - Ul

Part of Internal KTH PMU Network only. These PMU streams are not sent to

Arbiter 1133A

partner universities

NI-cRIO 9076 RES-670 ABB

3
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SEL PDC
Primary

SELPDC Open PDC
Redundant




Test-bench:

New WAMPAC software applications Development and Testing

=N | = o

Smart Transmission Systems Laboratory

11



{3 Statnett PMU Monitor.vi [ == S

S T [
I Configuration [ Statnett PMU Monitor :

Scheme QOriginal “ EHEE NN

S3DK Synchrophasor Software Dev Toolkit

* Real-Time Data Mediator: Low level implementation of the IEEE C37.118.2 Standard

PMU Recorder Light: Graphic interface to the mediator developed in LabView and a Toolbox with LabView
Functions for App prototyping

Quit

Trrchirs o8/
= 3=

Startup

B0 - | stiansand
LeTh] _."I dal
w0 a

ilta
sele

Restart smark

Map [F1]

Raw Data Panel Cophin
Details [F2]

' 2 5 3 . C ol Ao - -
| A | L eane| || LiveSignal [F3]
| H:,"t'im L N i Goresmpwe '/ | 4 — 555733 MV e
w0 b amém  Sjasllangs 3 . " - -
o e e i xPhTe I Oscillation Detector [F4]
>.?.MW"(L‘M"- o g"'"’ln.&l — 0INMV e
Mor-(v -""‘.‘i \ 2200 Ine
(- lmemY P..,,. % .umw. foun o —_— e l Frequency Quality [F5]
" e \l‘k _“.‘ E ——_— = O ire
’ 2 2 = Ooutie bre wyatam = A
,mq.‘ e / o N LA | Signal Settings [F6]
; B g -




Sample Application € rnorgcn
WAMS Visualization Tool - Mobile Nordic nergy Research

e Portable Monitoring Applications

KTH_Freq_Iphone
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i3
File Edit View Project Operate Tools Window Help
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Application developments

STRONGg?rid «apps»

Angle Voltage State Protection &
stability stability estimation  Emergency cntrl ICT
- \_‘ | | I ’_1
PMU-based Real-time voltage Transmission line ICT solutions for
Oscillation damping stability monitoring temperature and sag new generation
using reconfigurable using Lyapunov estimation by using WAMS and WACS,
controllers (Almas, exponents PMU measurements (Wu, KTH)
Rebello, KTH) (Lavenius, KTH) (Putnins, IPE / Kaur,
\_‘ — TUT)

Centralised LQR and MPC Online voltage stability e
control for damping inter- monitoring based on Identifying

cascading outages

area modes (Maki, Aalto) PMUs and system
(Petersen, DTU)

\ topology (Dinh Thuc
Duong, NTNU)

PMU Test and Applications
for Small Signal Stability | _ _ _ -
Assessments , (Ghiga, DTU) Power oscillation damping Pelulpllve ER el

using load control, (Gudrun, using LS (Tomi e

STRONg%“LH KTH / Landsnet) Kalmi',AaIto)




Collaboration

Collaboration  with
Partner Universities
A. 8 Educational
Courses (2 on
SmarTS-Lab, 2 on
Labview Modules, 4
from International
Faculty)

Z b4
T —— = -

SmarTS-Lab Training Program
(Sept 23-October 04, 2013)

B. Several combined
publications

‘ N La
-

TuT-KTH collaboration

STRONgZIALQ (PMU compliance Testing)
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Nordic Energy Research

Power System Dynamics and Control
(Professor Taranto) 22-26 April 2013

3-day course on renewable energy
integration, 2014



% nordcn

Nordic Energy Research

Concluding remarks

e A “Nordic University Cluster” has been established

e New competence have been gained at the Universities and
at the TSOs through research, PhD education, courses and
dissemination activities

e |ncreased awareness at the TSOs about the possibilities of
utilizing PMU technology in operation and control.

— TSOs are starting deployment and pilot installations

e STRONG motivation to continue the R&D collaboration at
the Nordic/Baltic level

Sustainable Energy
| W
STRONgrid
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Evolution of the Control Room
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Motivation: € noracn
Increased Situational Awareness o EeryReserch

o Utilization in the control room
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Application developments O ”c”jc”

STRONGg?rid «apps»

Angle Voltage State Protection &
stability stability estimation _ Emergency cntrl ICT
. =T =
PMU-based | Real-time voltage Transmission line ICT solutions for
Oscillation damping stability monitorin temperature and sag ew generation
using reconfigurable using Lyapunov estimation by using AMS and WACS,
controllers (Almas, exponents PMU measurements u, KTH)
Rebello, KTH) (Lavenius, KTH) (Putnins, IPE / Kaur,
— TUT)
Centralised LQR and MPC Online voltage stabi —/X-d/
control for damping inter- monitoring based on entlfylng
area modes (Maki, Aalto) PMUs and system cascading outages
\ topology (Dinh Thuc (Petersen, DTU)

PMU Test and Applications
for Small Signal Stability | _ _ _
Assessments , (Ghiga, DTU)  power oscillation damping DEeline EEla=ileh

using load control, (Gudrun, using LS (Tomi .

STROijLB KTH / Landsnet) Kalmi',AaIto)

Duong, NTNU) ‘
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IPE research topics and results

e The objective of IPE task was PMU application for transmission line
temperature, sag and clearance parameter estimation.

e Algorithm for sag and clearance in overhead power lines
calculation was proposed and tested in real-time conditions with
focus on thermodynamics and line mechanics behaviours.

e This research will contribute to real-time operation performance, [/ s Latvia
then exact line sag and clearance calculation will increase potential
maximal transmission power capability, namely total transfer
capacity (TTC) corridor’s and cross-border trade.

11.08.2015 PMU Line.Nr-301 Valmiera-Tartu i

Clearance value for 35°C and 70°C temperature Ten

r
i —— Dynamics.1s 18r )
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—— Dynamics, 10s 16 I Temperature 70°C 1 I -

! i
g [ CumentA hso 14k Clearance restrictions

e J e

Clearance value,m
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IPE research topics and results € noraen

Nordic Energy Research

e In frame of the project in IPE was established PMU lab

NI CRIO-9074 Chassis |

¢
s
ul (]

NI 9467 GPS Time synchronization module
NI 9225 Voltage AI module A e

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA Software:
Edition PDC:Intel Server System R1000RP
Software: SEL-5073 SYNCHROWAVE

APCUPS

For data visualization open platform was used.

e journal publication, 2 conference publications

e Meeting & workshop in IPE, Riga

STRONyrid
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Application developments

STRONGg?rid «apps»

Angle Voltage State
stability stability estimation
- |
PMU-based Real-time voltage Transmission line

Oscillation damping

usingreconfigurable using Lyapunov
coftrollers (Almas, dxponents
Rebello, KTH) (Layenius, KTH)

\_‘

Centralised LQR and MPC
control for damping inter-
area modes (Maki, Aalto)

PMU Test and Applications
for Small Signal Stability

stability monitoring

% nordcn

Nordic Energy Research

Emergency cntrl

TUT)

Online voltage stability
monitoring based on
PMUs and system
topology (Dinh Thuc
Duong, NTNU)

Assessments , (Ghiga, DTU)

STRONgrid

I
Power oscillation damping

using load control, (Gudrun,

KTH / Landsnet)

temperature and sag
estimation by using
PMU measurements
(Putnins, IPE / Kaur,

Protection &

ICT
=

ICT solutions for
new generation

WAMS and WACS,
(Wu, KTH)

Identifying
cascading outages
(Petersen, DTU)

Damping estimation %
using LS (Tomi
Kalmi, Aalto)

IGRAMME



North Norway and North

% Nnordcn
Finland transmission system

Nordic Energy Research

Legend

Lines
750 kV transmission line
Varangerbotn 500 kV transmission line
Hammerfest P ———  380-400 kV transmission line
A Adamselv / 300-330 kV transmission line
) // P M U Kirkenes

A e 220 KV transmission line

/ ) / 110 kV transmission line
\ o/
° ( Borisoglebs)
P M U 7 Utsjok t,‘ o v DC-line
. '\ Nikel Different lines (colours)
\ emmmmmm 1 Circuit under construction
'u.‘ Yl‘
o Kvaenangsbotn

1 circuit under operation

Double circuit under operation
Kaltakoskl HPP
" 4 1 a
T Guolasjakka

Double circuit with 1 circuit mounted
% P M U e >= 3 Circuits
1 L ‘ ——s—o  Currently used voltage
L = subon —=—— Temporary voltage
Baisford
Straumsmo

Numeral as explained below
|

- ey f Plants and stations
( Symbols for under operation & under construction
P M U & & Themal Power Plant (Coal)
"T:m.,,m,, & & Themmal Power Plant (Fossil fuel)
X = & Themal Power Plant (Natural gas)
= = &= Themal Power Plant (Nuclear)
Isoniem| / = o & 3 Themal Power Plant (other source)
. = & Pump storage
_ ‘t,l \l ®m © Everything hydro based
\ | @ @ Run ofriver + Storage
{ @0 Wnd
\ @ 2 Biomass
‘\ Seltakorva a8 SOlar
e e o Substation
Seltevare L Harspranget [ 3 Converter station
: X c Messaure qunkoskl" P / ;lekmll
F=< 7 - -

Converter station back-to-back



How to monitor frequency and
damping of power oscillations
based on PMU measurements?

%//4 nordocn

Nordic Energy Research

e Ambient data / normal oscillations




Multivariate method (MAR) @ norden

Nordic Energy Research

damping ratio

¥

23.4.2014 0:22:55

tl me Sustainable Energy
Systems 2050

1 NORDIC ENERGY RESEARCH PROGRAMME

%T@Wrameters 1 Yellow: SGN1, SGN2, parameteiss
: , N2, parameters 2 Magenta: SGN1, SGN2, parameters 4




Application developments

STRONGg?rid «apps»
|
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| | |
Angle Voltage State

stabili stability \esti.@n
\_‘ I

ebello, KTH) (Lavenius, KTH)

Centralised L age stability
control for damping inter- monltorlng based on
area modes (Maki, Aalto) PMUs and system
\ topology (Dinh Thuc
Duong, NTNU)

PMU Test and Applications
for Small Signal Stability l

Assessments , (Ghiga, DTU) Power oscillation damping

using load control, (Gudrun,

STRON.QQI"LQ KTH / Landsnet)

Protection &
Emergency cntrl ICT

=

PMU-based Real-time voltage Transmigsion line ICT solutions for
Oscillation damping stability monitoring temperatyre and sag new generation
using reconfigurable using Lyapunov estimatiog by using WAMS and WACS,

controllers (Almas, exponents PMU megSurements (Wu, KTH)
, IPE / Kaur,

Identifying
cascading outages
(Petersen, DTU)

Damping estimation %
using LS (Tomi —
Kalmi, Aalto)



Large number of PMU-
assisted WAMPAC
applications have been
developed within the
STRONg?rid project.

All these applications
have been tested
using Real-Time
Hardware-in-the-loop
(RT-HIL) facility at
SmarTS-Lab

Application developments
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Syncrhophasors-Assisted WAMPAC Applications
(Developed within STRONg?rid Project)

|

Monitoring

Apps

Nordic
WAMS
Network

Sub-
Synchronous
Oscillation

ReaI-ITime
Mode

Estimation

STRONyrid

PhaselAngIe
Monitoring
(PAM)

Protection Control
Apps Apps
Anti- Oscilla'gion

Islanding Sakiae
Controller

. Feeding
Synchronism Excitation
Check Control PSS

through PMU
Auto- Auto-

reclosing reclosing

Compliance
Testing /

Integration

Steady-state
compliance

Dynamic
Compliance

PMU
integration

into SCADA

Effect of GPS
loss/spoofing
on WAMPAC

DFIG
Parameter
Estimation
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Apps developed in collaboration with KTH

Mobile Apps

Monitoring & Visualization
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Application developments

STRONGg?rid «apps»
|
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Angle Voltage State
stability stability estimation
. — ' |
PMU-based Real-time voltage Transmission line

Oscillation damping
using reconfigurable
controllers (Almas,
Rebello, KTH)

\_‘

Centralised LQR and MPC
control for damping inter-
area modes (Maki, Aalto)

stability monitoring
using Lyapunov

exponents
(Lavenius,

\—\

Online voltage stability
monitoring based on
PMUs and system
topology (Dinh Thuc
Duong, NTNU)

temperature and sag
estimation by using

PMU measurements
tnins, IPE / Kaur,

|
Protection &
Emergency cntrl
L

|
ICT

’_1

ICT solutions for
new generation
WAMS and WACS,
(Wu, KTH)

Identifying
cascading outages
(Petersen, DTU)

PMU Test and Applications
for Small Signal Stability
Assessments , (Ghiga, DTU)

STRONgrid

|
PM

using load control, (Gudrun,
KTH / Landsnet)

Damping estimation %
using LS (Tomi —
Kalmi, Aalto)
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Apps developed in collaboration with NTNU

Nordic Energy Research

2] UnderDevelopmentSen:

STRONgirid @NTNU
Smart Transmission Grids Operation and Control
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Major Challenges while

developing WAMPAC applications

PMU-assisted WAMPAC
applications are affected
by:

e Communication latency
* Loss of data / bad data

e GPS vulnerability
(Jamming/Spoofing
Attack)

e Measurement noise due
to hardware PMUs

e Signal scaling which
affects overall SNR

STRONyrid

Load Control Signal
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65 70
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Test-bench:

New WAMPAC software applications Development and

Testing

[em—————————
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Smarl S Lab

Smart Transmission Svestems Laboratory

N\ Substation Clock
- ! Arbiter Model 1094 B

PS Antenna

Real-Time
Simulator

- ()

Low-level analog
signals from RTS

! Protc; 2ol

Amplifiers Amplified voltage
Rl

and

Stand Alone Test Set GOOSER
for GOOSE publication and
Subscription

Legend

GPS Signal

Hardwired

Station Bus

— . — . — Process Bus
PMU stream

............... PDC stream

Feedback Signal

1o Amplifie{s

e Secondary
sz 3t BEER&) inections  from
) i3 .8, Freja-300 Test Set
IEC 61850-9-2

Station Bus
IEC 61850-8-1 #

Feedback signals from
controller to RTS

current

inputs to CT and
VT modules of ||
—{ PMUs / relays

Process Bus ﬁ T

[ Oneof the major achievements within t

e

development of a Smart
System Laboratory which

project is
Transmission

serves as a test-bench where new WAMPAC
software applications are developed and
tested. The laboratory is equipped with real-
time simulators, PMUs and other equipment
for performing Real-Time Hardware-in-the-

\Loop (RT-HIL) simulations

National Instrument Controllers (cRIOs)
which are programmed as PMUs. Some
cRIOs are used as external power system
controllers to send feedback signals to RTS

STRONyrid

£é4 dé84y addé.
E PMU Strear
[ '
.

Cvisad
Babel Fish and S$'DK unwraps the
PDC streams and provide raw
measurements to the NI-cRIOs in

B -n

Statnett’s Labview. The cRIOs are
Synchrophasor  programmed to perform power
Software Toolkit  system operation applications

(S'DK)

Raw measurements from
$’DK and Babel Fish




