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EXECUTIVE SUMMARY

Deliverable 8.2 describes and presents the results of the second task of WP8. This task deals with the
development of the network supporting tools which are used within the WAMAShaidintegration with
other CROSSBOW products.

The main focus of the dament is to present the summary of tools currently available within the WAMAS
system as well as future developments and implementations. Two main WAMAS modules are introduced:

1 WAProtector system as a main data concentrator and the real time power system stability analysis
and reaction system. Additionally the WAProtector system serves as a Regional WAMSisystem
South-East Europe.

1 Other modulegincluded in the WAMAShat are more focused on the short and mtdrm security
aspects, taken into account the market results, the current status of the grid and the best forecast
available. The idea is to identify overall problems in the grid, either in real time or, better, forecast
them based on the market results and available forecasts.

For the future implementation for redlme stability assessmenthe algorithm for state estimator were
tested based on data fronSCADAand time synchronised phasors from PMU devices. In the next st
proposed algorithms will be implemented for rdahe operation.

Expected benefits based on WPS8:

1 Improvement ofthe regional power system stability

1 Improvement of the regional power systeabservability

1 Implementation ofautomatic remediakction schemes for power system operation closer to the
limits.

1 Correlation of market requirements with actupbwer systencapabilities

D8.2 Network supporting tools
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1 INTRODUCTION

1.1 PURPOSE OF THE DOCUMENT

Deliverable 8.2 describes amutesentsthe results of the second task of WP8. This task deals with the
development of the network supporting tools which are used within the WAMAShaidintegration with
other CROSSBOW products.

This document presents tr@irrentachievements related to

1 The regional wide area monitarg system (WAMS) based on PMUs and SCADA data.

1 Implementation of the WAPTrotector system asentral data concentrator as data source for other
modules in CROSSBOW project.

1 WAMAS architecturand its Integration in CROSSBOWsgstem

1.2 SCOPE OF THE DOCUMENT

Thisdocumentprovides theoverview of the work in WP8 for the period of first 10 months of tdek
Thedocument preserg

1 CGoncept of the WAMAS

1 Concept of the WAProtect@ystemas a main data concentratan the WAMAS

1 Implementation of interconnectivity between TSOs based otJilsta and SCADA data.

1 Implementation of reatime analyticalfunctions fordetection of low frequency oscillations, voltage
stability, frequency stability monitoringnd line thermal monitoring.

1 Implementation of stateestimator basd onthe off-line PMU and SCADA data the firststep before
the implementation for reatime operation

1 Implementation of WAMAS odulesfor short and mieterm security aspects taken into account the
market resultsthe current status of the grid and the best forecast available. The idea is to identify
overall problems in the grid, either in real time or, bettpredictthem based on the market results
and available forecasts.

1.3 STRUCTURE OF THE DOCUMENT

The documents organised into six sections.

Section 1is the introducion, providing the overview of the deliverable, focusing on the scope of the
document.

Section 2 describethe wide area monitoring system based on phasor measurement ddte emphasis is
on currentmost commorusedapplications.

Section 3 presentthe WAProtector systerwhere thefocus is on the main functionality, its role within the
CROSSBOW project and use cases directly involved with WAMAS work package.

Section 4 dilswith WAMAS internal architecture and its interaction with other CROSSBOW products
Section Hresents acurrentdeploymentand further actions.
Section 6 provides eonclusions

D8.2 Network supporting tools
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2 Wide area monitoring systems

2.1 Introduction

The Wide Area Monitoring System (WAMS) based on -fiymehronised measurements from Phasor
Measurement Units (PMUSs) is the only standardised system currently available fdintegbermanent
monitoring of the power system dynamics.

Conventional Supervisgy Control and Data Acquisitio(SCADA systems provide steady, time nen
synchronous information of the power system with time resolution between 1 and 10 seconds. Conventional
SCADA systems are limited to steatiyte measurements and cannot be used fdrserving system
dynamics. The use of WAMS based on PMUs enables system dynamic behaviour to be permanently
monitored. The main benefits are:

1 Cyclic data receiving with 50/60 up to 200/240 samples/second for 50/60 Hz power system.
1 According tahe IEEE C3I18 Synchrophasor standaftl], data must be time tagged with minimal
time accuracy of irs.

In practice, when an event occurs the WAMS is the only system proeidali;ble global time synchronized
synchrephasor data image of the event over a longer period.

It is expected that in the future power system stability problems will increase. Reasons for that are issues
which have influence on the dynamical behaviouth&f power systensuchas:

1 The increasing number akenewable energy sources like photovoltaic and wiadns whose
generation is not time deterministic.

1 Power transfer over long distances forced by the electricity market.

1 Maximisation of power transfer @r existing lines since the construction of a new transmission line
can be a big issutue tocosts,environmental concerns, legalisation problems, etc.

2.2 Current status of the WAMS

WAMS measurements have been used for more than 10 yeaenédysis in diffrent caseén real time and
detection of power system abnormal operatif2i-[4].

WAMS provides better information for the operator in a control centre with regard to

1 Automatic detection in case of oscillations and informtimgoperator where and what kind are they.
1 Faster and more precise stability problerosalization.

1 Overview in case of power system separation or frequency islands formation.

1 Help at power system restoration.

As mentioned in the introduction WAMS serves as a posttem analysis and it enables faster
reconstruction of dynamibehaviour.

Based on analysis of WAMS measurements the correction of different settings inside the power system was
performed. Corrections are related to protection devices settings or power system stabilizers (PSS) settings

Additionally the WAMS measuremts enable improvement of power system models used for different
simulation purposes.

2.3 The most commonly used redime analysis and detection functions based on WAMS
measurements

2.3.1 Low frequency oscillation detection

WAMS with time resolution of 50 samplesrgecond enables monitoring and detection of electromechanical
oscillations in range between 0,01 Hz to 4 Hz.

D8.2 Network supporting tools



C;;Sbow CROSS BOrder management of variedtewable energies and storag

units enabling a transnational Wholesale market

The purpose of the oscillation detection is detection of lgdaht and interarea oscillation modes.
Oscillatory modes range from local planbdes with relatively high frequency of 0,8 Hz to 2 Hz to the slow
dominant interarea modes of 0,1 Hz to 0,8 Hz that relate to the coherent speed variations of generators in
entire network areas against those in other areas.

Oscillations present a normbehaviour following perturbations in the power system. The power system is
in a stable operation mode when oscillations are well damped based on the stability controllers. If an
adequate damping is not guaranteed oscillations may become dangerous forntegrity of the
interconnected power system.

Inter-area oscillations

In large interconnected electric power systems, lentinental Europe Synchronous Areater-area
electromechanical oscillations may occur because of weak links between power systiuoal groblems
related to system operation. These oscillations involve pdieers, as well agoltage and current oscillations
that may cause tripping of lines or generators and thus lead to severe disturbf@jces

The last bigin-damped interarea oscillations in Continental Europe occurred on Decenib2016[6]. The

cawse of oscillations was unexpected outage of a line in the French system (on the western 400 kV
interconnection corridor with the Spanish system) which caused the oscillati@16fHz with duration
around 5 minuteg6].

Recording$rom PMUs installed in Ljubljana, Bucharest, Almelo, Stuttgart and Magdeburg for event occurred
on December $2016 are shown in Figure 1. The time window is 8 minutes. The first chadrisethe input
signal in oscillation detector that is the power system frequency. The second chart presents the filtered
frequency mode. The third chart presents the actual #tdak automatic recognized oscillation frequency.
The maximal oscillation magndes were around.2 mHz Measurements from Ljubljana (green), Bucharest
(white), Magdeburg (orange), Almelblue) and Stuttgart (red).

%o [ | Frequency |BOM: Frequency | Tt Frequency
(input: Frequency)

[OM: Frequency]

B

' M‘ N‘” I

|Frequency)

100
2016-12:01 11:17.00 11:18:00 11:19:00 11:20:00 11:21:00 11:22:00 1230 11:24:00  2016-12:01 112500

Figurel: Un-damped interarea oscillations with frequency 0,16,16 Hz detected opower system
frequency[7]

The detail from recordings is givenkigure2 with time window of 1 minute and 18econds.
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The coordination between Spanish and French operators was very effigiehtthey agreed taeduce
schedulel exchange from 2250 MW to 1000 M\@bnsequentlythe oscillations were totally damped [6].

This event demonstrated that coincidence and combination of different factors could influence on the system
stability. In fact it showed that powdransmissiornover long distances together with too high impedance
can cause a too low system damping with respect to Hatexa oscillations and should, therefore, be treated
carefully [6]. It is also important to note that prompt coordination between the TSOs played a vital role in
the mitigation of the transient.

% | [ Frequency |8 om: Frequency | nput: Frequency
[Input Frequency|

[OM: Frequency |

23714 H;
42,170 H:

[Frequency]

0,100
20161201 11:17:55 2016-12-01 11:13:05

Figure2: Detail from Figure 1. Time window is 1 minute and 10 secofifs

Local oscillations
The reasons for local oscillations in the paywtantscan becaused by:

1 Non-optimal settings or malfunction of the generator governor and excitation system
9 Incorrect setting of power system stabilizers (PSS
1 Incorrect settings of joint controller

Another reason for local oscillations candygeration of big consumers like iron/steel factories.

2.3.2 Voltage monitoring
Voltage monitoring based asynchrophasorsisually includes:

1 Voltage range detector
1 Voltage angle difference detector

Voltage range detector is used for supervision on voltagdile based on voltage magnitude. When the
voltage magnitude is out of the tolerated limits, the detector will send the alarm and alert the operator.

By synchrophasor technology, it is possifitst time to compare voltage phase angles from different
locations in the power system. Phase angle difference is an important indicator of the stress in the power
system as a result of heavily loaded lines. It is also of great value during system reconnection manoeuvres.

2.3.3 Frequency monitoring
Frequency monitoringpased orsynchrophasorsisually includes:
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1 Frequency range detector
1 Rate of change detector
1 Islanding detectar

Frequency range detector is used for supervision of the power system frequency if it is within specified limits.

Rate of change detector reactghen the rate of change of the power system frequency exceeds the limits.
Usually the changes in power system frequency are expected in case of bigger generation or load outage.

Islanding of the power system can be related to:

1 The separationfa large iterconnected system
1 The splitting of a power system into several islands
1 The separation of a signifint portion of the power system

WAMS enables the detection of islands in the power system. Methods for islanding detection can be based
on frequency orand voltage phase angle differences.

An example of visualisation of frequency islanding detection is presentéiduine3 and it contains:

1 Chart presenting frequency trend for each frequency island.
1 Geographical presentation of buses given in different colours regarding to different islands.
9 Table with currenvalues:

o Number of islands

o0 Frequency for each island

49,989 Hz

.

Ll °.00 01 :24 018 el Ry u ol o 08.02.2016 10:24:53.906 [}

Figure3: Example of islanding detection visualisation

2.4 From WAMS to WAMPAC

Remedial action schemes (RAS) can be designed based on detection fudesionkel in section2.3and
additional user programmable functiobsised oralgorithmscomprising

T [ 2340t adithmetk Dperdtdds (+3, *, / X) andrelational operatorg>,<, =..).

1 Complex arithmeti¢unctions

1 Timers
i1 Counters
1 Etc.

Combination of RAS with data gateway functionality gives possibility to send commands directly to the
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substation automation or into the SCADA centte can be seeRigure4.
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Figure4: Control possibilities: Command send directly to substation automation (left); Command send to SCADA
(right)

When talking about the WAMPAC the most important issue is how fast the protection scheme and the control
action can be done.

2.5 CROSSBOW Regional WAMBMPACsystem

Within the WP8is implementedthe Regional WAMS system based WAProtectof™ system (more
information about the WAProtector system issaction3).

The base for the Regional WAMS/WAMPAC system ardimealdata from PMUs, and SCADA dftan
European TSOs south-eastregion.

The Regional WAM&AMPACcontains one centradlata collecting system from different data sourcess
can be seen ifrigure5. Data sourceare:

PMU devices installed at different transmission system operators (TSOs)
TSCPDC/WAMSystems from participants of the CROSSBOW project

TSO SCADA systems from participahthe CROSSBOW project

Other data sources as IHB3Udocated at battery storages, etc.

External backoop systems which use WAMS data for advancedtiew analytical algorithmsThe
WAMAS project wikct as dataserverdor the reattime stateestimator developed by heUniversity
of Manchester.

=A =8 =8 =8 =9

General advantages of proposed solution

9 All dataarecentrally collected.

1 Central overview of the power system situation enables performing wide area stability analysis in
reaktime and postmortem.

1 WAMS tehnology is the only technology which enables permanent high resolution power system

dynamic monitoring

In case of an event all dasaetime synchronised and immediately available for analysis.

Real time detection results can be used for automatic cdrdrdor operator manual actions in the

control room.

= =
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Figure5: ProposedWAMSMWAMPAGsystem architecture
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Advantages for operatasin the control room could be:
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Advantages for post mortem data analysis
T t2aaA0AtAGE F2NI L dzi2YFGAO S@OSyld NBLR2NIAYy3T |
T!ylrfteaara 2F ReylIYAO O0SKI@A2dzNI 2F LI2GSNI &adal
aStiAy3a Ay LRggSN LIXIFyhao
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3 WAProtector

3.1 Main features

The WAProtectht A a | O2 Y kéatnte paiver $y$t&mywide ardk monitoring, protection and
control based on synchrophasors.

WAProtectofM basic architecture consists of three main pags shown irfrigures:

1 WAProtector software for realtime data processing
1 WAProtector GUH Multi-user Web SCADA for rdahe data presentation
1 UniFusion Engineering Studitools for design and configuratiasf UniFusion based solutions

WAProtector GUI WAProtector GUI Engineering Studio

= = =
o o o

= —— ——1

WAProtector ™
Offline | | | ‘
Analysis
Correlations Data mining Statistics Pattern Recognition  Feature extraction
Auto = . ‘
Reporting m EEEJ EEB
— — p—
Data = = =
Storage | —" = —1 — =
SDB Oscillography Events Alarms saL
PMU > Real-time Analysis PC__~>
[ My ) . 4 5 | mc >
PMU ‘ ‘ ‘ PDC =
ey 4 4 4
PMU Oscillation Voltage Stability Angle Difference IE/
MU > i 2 [ scaba >
e 4
IED . IED
— Islanding Oscillation Locator Rate of Change .
RU > [0 >
[ > [ | [ >
dP/df dQsdv Programmable Logic

Figure6: WAProtector systemarchitecture

WAPTrotector¢ Realtime Data Processing Device

WAPTotector is a softwarsolution for reattime data processingf wide-area monitoring, protection and
control. Main features are:

1 Universal data gateway: It enables data exchdnga different data sources as PMU desdc RTUS,
IEDs, PDCs, SCADA/EMS.
1 Phasor Data Concentrator
1 Realtime power system stability analysis and detection:
o Low frequency oscillatiomonitoring
o0 \Voltage stability monitoring
0 Fequency stabilitynonitoring.
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o Power flow monitoring
o Short circuit monitoring
Triggering of alarms and events.
Data sorage for postmortem analysis.
Realtime data exchange withther phasor dataoncentrators.
Realtime dataexchange with SCADA/EMS systems.
Remedial actio schemes for SIPS/68&m Integrity Protection Schemes).

WAProtector GUF Multi -user Web SCADA
WAPTrotector GUI is Muitiser Web SCADA for redahe data presentationThe nmain featuresare:

=A =4 =8 =8 =9

Simultaneous connection of several users to the WAProtector system

Presentation views can be configured for each user separately

Access permissions can be mged for each user separately

Flexible and asy custorrdesignable displays.

Realtime and historical numerical data presentationméasured and calculated values
Two and thee-dimensional timebase curves

Polar coordinate phasor diagrams

Special graplbal objects likd?V curve (powevoltage curve)

Event history browsing

= =4 =8 =4 -8 =8 -8 -8 9

UniFusion- Engineering Studio

UniFusion Engineering Studio is ufndly tool for configuration the whole WAProtector systerhe nmain
features are:

Configuration performed by gphical functional blocks
Complex process operations without programming
Userfriendly design

Remote configuration through the Internet
Configuration can be performed dime or offline.
Realtime data diagnostics

=A =4 =8 =8 =4 =9

3.2 WAProtector in CROSSBOW project

The main rols of the WAProtectoare the real time security analysis afaist reactionin case of detected
event

As adata gatewaythe systencollectsdata front

1 PDCs installed in ©S by IEEC37.118 protocal

1 SCADA systenty IEC 6087%-104 and TASEprotocol.
i1 Batteries by MQTT protocol

1 External services by FTP protocol

System sends data other applicationsused within the WAMAS by:

1 OPGUAprotocol.
1 TASE.2 protocol
1 FTP protocol

The system performseal-time analysis and detectiofunctions. Currently available applicatiorse:

1 Low frequency oscillation monitoring
1 Voltagemagnitude monitoring
1 Voltage angle differenceonitoring
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3.2.1 Low frequency oscillation monitoring

As described i2.3.1in large interconnected electric power systems, lkentinental Europe Synchronous
Areg inter-area electromechanical oscillations may occur because of weak links between power systems or
local problems related to system operation.

Beside interarea oscillatios, detector alsomonitors local oscillatios

In case of detected udamped or progressive oscillations proper actions must be tasarhas decreasing
of power exportation, decreasingf power production.

Lowfrequency oscillation detector is configured for active power and for the power system frequency.
Output from oscillation detector contains:

1 Dominant frequency of the detected oscillation

1 Magnitude of detecteascillationmode.

1 Damping factor of detectedscillationmode.

1 Sart signal if detected oscillation is over the tolerated limits

1 Trigeer signal(alarm)if detected oscillation is over the tolerated limits longer as can be tolerated

Example bvisualisation is giveim Figure7 and contains

1 Measured value chad oscillation detectolinput signais active power
1 3D trend chart showing detected modes with fyinamic.

1 Chart of magnitudesf the detected modes

1 Chart of damping factors of the detected modegpl@ne)

The time window is 1 minute. Utamped oscillations have frequency around 1Hz and magnitude of 1,5 to 2
MW. Oscillations present2 % ofactive power.

11:0440

1,040

051| 4.6 % 08662 Hz

5.3 % 08356 Hz

2019-06-23 11 04 06 - -
AR  0.00 :01:00.900 PRl ok L dl R 2019-06-23 11:05:06.843
-

Figure7: An example of visualization of low frequency oscillation detection on active powey’ . I 2A Yl . I O

Oscillation analyser enables analysis of different oscillation modes described by the magnitude, damping and
filtered modes from different locations. Examglare given inFigure8 andFigure9. At theright side the user

can select the frequency mode(s) and observed values. At the left side the user can select between different
measured point locationdime window is 10 minutes. Measurements from Serbia (white and blue), Croatia
(yellow and red) and Maenegro purple and green). The first chart presents the input signal in oscillation

D8.2 Network supporting tools 21



/:;;Sbow CROSS BOrder management of variedtewable energies and storag

units enabling a transnational Wholesale market

detector that is the active power, the second chart presents the filtered frequency mode (0,133 Hz to 0,237
Hz), the third chart presents the actual recognized oscillafiequency and the fourth charfpresentsthe
damping.

The oscillation analyser enables analysing flexibility by means of data variables selection and time period
selection.

Figure8: Recording of low frequencygscillations monitoring based on active power

Figure9: Detail fromFigure8. Time window is 2 minutes
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