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1 INTRODUCTION

Consider the ability to measure the voltage magnitude and phase angle at every system bus and
current magnitude and phase angle at every branch (lines, transformers and other series elements) in
the power system network simultaneously and continuously and having them instantly available where
we need them when we need them [1]. This is the exactly the approach of Wide Area Monitoring
Systems using Synchrophasors.

The Wide Area Monitoring System (WAMS) consists of geographically dispersed Phasor
Measurement Units (PMUs) delivering Synchrophasors, i.e., time-tagged data samples of a power
system’s sinusoidal voltage or current using a standard time signal as the reference, to Phasor Data
Concentrators (PDCs). These PDCs perform the desired signal handling and assembly of synchronized
phasor measurements into snapshots. They may aso facilitate long-term storage in high-resolution
historical archives. The data in each PMU are time-synchronized to Universal Coordinated Time
(UTC), for example via Globa Positioning System (GPS) receivers — with an accuracy of one
microsecond — and stored in PDCs. The phasors measured simultaneously provide snapshots of the
state of the monitored nodes. By comparing these snapshots, not only during steady state, also the
dynamic state of critical nodes in transmission, sub-transmission and distribution networks can be
observed. [1]

The concept of WAMS was first introduced in the 1980's, and the first commercial products
and software tools became available in the 1990's. Since then many investigations and pilot projects
were developed in severa utilities. In some of them the wide area system was fully implemented, with
clear results and return of investments. But many markets and customers were not prepared for the full
deployment of this technology, both from an organizational and financial point of view, although most
of them have understood the potential benefits.

Today’s increased pressure on utilities all over the world to integrate distributed and renewable
power generation (e.g. wind power) creates a higher demand for WAMS. The observed migration
from traditional power grids towards a decentralized power generation model will create the need for
improved monitoring tools. The multi-directional power flow associated with the intermittent
renewable power generation requires the operation to be based more on real-time data, and the WAMS
is one of the best approaches to handle these requirements.

The more recent emergence of Smart Grid concepts is another fundamental aspect to bring
further discussions and deployment of the synchrophasors technology, associated with the real
possibility of on-line monitoring applications. The remarkable usage of Flexible AC Transmission
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Systems (FACTS) and HVDC technology in modern power systems is another important factor that
brings further needs regarding monitoring and control based on wide area information. Besides, the
synchrophasor technology is now more mature and better understood. The communication
infrastructure required for wide area monitoring systems has also reached a higher level within and
between power utility companies. Therefore we can now see the first utilities moving from small-scale
pilot projects to full deployment of phasor measurement technology.

2 STANDARDSON SYNCHROPHASOR TECHNOLOGY

Current standard on Synchrophasors Measurements for Power Systems is IEEE C37.118.1-
2011, see [8]. It replaced the previous standards namely IEEE C37.118-2005 [7] and |IEEE Std 1344-
1995 [6]. The new |EEE C37.118.1-2011 standard is based on IEEE C37.118-2005, but also includes
dynamic tests, higher synchrophasor data reports, description of two PMU classes (Protection and
Measurement) and improvements on reporting Time Traceability and Time Quality information,
essential for accurate synchrophasor measurements. The standard has been divided into two parts:
|IEEE C37.118.1-2011 [8] that specifies the synchrophasor measurements, and |EEE C37.118.2-2011
[9] that specifies communications of the synchrophasor data. Both standards were approved and
published in December 2011. It should be noted that IEEE C37.118.2-2011 standard does not cover
cyber security.

IEC Technical Committee (TC) 57 Working Group (WG) 10 is responsible for the IEC 61850
suite of standards. Its new additions include |EC 61850-90-5 Technical Report on communications of
synchrophasors data, see [10]. This Technica Report covers cyber security aspects, inclusion of
synchrophasors data into IEC 61850 Logical Nodes, etc. The IEC 61850-90-5 Technical Report has
been approved and published in May 2012.

To assist the synchrophasor community, especially the users of this technology, generation of an
IEEE Guide on Synchronization, Testing and Calibration of Synchrophasors has been initiated in
|[EEE Power and Energy Society (PES) Power System Relaying Committee (PSRC) Working Group
C5, see [13]. This guide, PC37.242, used five key North American Synchrophasor Initiative (NASPI)
documents, updated and revised them appropriately. IEEE PC37.242 draft is currently undergoing the
|EEE approval process, with sponsor ballot and first recirculation completed. Reviews lead to updates
to multiple sections including addition of IEEE 1588 time synchronization, addressing testing of GPS
receivers, etc.

Another effort that aims to assist the synchrophasor community is a generation of an IEEE
Guide on functional requirements and testing for PDCs, led by the IEEE PES PSRC Working Group
C4. This work used an initia input from NASPI documents, and progressed rapidly towards a
complete revised document. It contains a description of PDC functions, guidance on performance
requirements and testing [14]. The IEEE C37.244 draft passed Working Group ballot, and IEEE
sponsor ballot. Comments resolution is currently underway.

An interesting effort on the use of synchrophasor for protective relay applications has been
conducted by IEEE PES PSRC Working Group C14. This group generates a report with possible use
cases of synchrophasors for protection of the power grids [15].

Multiple standardization efforts on synchrophasors present both challenges and opportunities.
Challenges include possibly different specifications and/or interpretations by different standardization
groups, and lack of approved and mature standards that made it very difficult for vendors to proceed
with new product developments. On the other hand, the variety of standardization activities presents
unique opportunities for cooperation and collaboration between different standardization bodies, and,
arguably more importantly, the users and the vendors. Such cooperation enables the broader
community to take a leadership role in shaping this technology in the most constructive and
technically viable way beneficial for the power industry as awhole.

3 WIDE AREA MONITORING SYSTEMS

The benefits of collecting phasors for post-analysis assessments are definitely recognized by
several ingtitutions, but the most important WAMS application is the on-line assessment of the power
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system stability, especially to supervise critical corridors. The monitoring systems based on
synchrophasor measurements allow utilities to better understand the behavior and constraints of their
power systems, and to prepare better remedia actions for future implementations. Run-time
applications based on such measurements today are already available for monitoring.

The synchrophasors can be communicated to SCADA/EMS systems in order to improve e.g. the
quality of state estimation. Although highly sophisticated algorithms for automatic stability
management are not yet wide commercialy available as off-the-shelf products, the operator has at
least a clear indication how far the system is away from a collapse and that he has to react in time.
Also thefirst trials of closed loop wide-area stability controls have been performed in practice [16].

The advanced application of WAMS will enable the system load distribution to be directly
measurable, allowing maximum safe load transfer. The system branch, load and shunt impedances can
be directly verified to validate system models, and an accurate system state for anticipated
contingencies can be instantly computed and prepared for abnormalities. The required actions can be
readily identified and solutions promptly implemented. Furthermore, the WAMS allows secure access
to these data at all hierarchical levels of the power system grid, i.e. in the substation, utility regional
centers, utility operations centers, Independent System Operator (1SO) centers, and even at national or
continenta grids, where data can be acted upon accordingly in real-time or manually, and archived for
future planning or event analysis. [1]

The wide area monitoring system is able to provide operators with processed data and alarmsin
the conventional SCADA/EMS system. The WAMS interface ideally is platform-independent and
enables data access from different SCADA/EMS systems. The dynamic monitoring gives support for
all operators and protection engineers by providing fast and exact information inside Network Control
Center (NCC) system. Typically, it provides one of the following common protocols towards the
NCC: IEC60870-5-101, IEC60870-5-104, DNP 3.0.

The wide area monitoring system provides a gateway functionality for the exchange of PMU
data with other utilities, Figure 1. It further enables a decoupling of communication-networks and
system components. The gateway functionality available in WAMS processes data from PMU devices
and provide the corresponding data stream to external systems over one or redundant central access
points. It acts like a proxy-server between clients and PMU devices. The gateway functionality
provides a secure indirect access to the private PMU devices. Connected clients ideally should not
recognize any difference between communicating directly with a physica PMU device or with the
gateway. The provided data have the same quality asadirect link on a PMU would have.
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Figure 1: Exchange of PMU data among utilities and SCADA/EMS systems

With today’ s network and timing technology, synchrophasor measurements may be made from
widely dispersed locations across the power system, giving us a snapshot of the system state at any
near instant of time. Each phasor is computed within a PMU function from sampled voltage or current
sinusodial wave data using Fourier transforms and time-tagged to a common clock reference as
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defined in |EEE Standard C37.118.1 — 2011. The synchrophasors are streamed from all the connected
PMU’s at a reporting rate generaly in the range of 10 to 60 reports per second and collected, time
synchronized and archived by the PDC function and served with minimum latency to other client
applications for system awareness monitoring, analysis, protection and control actions. This
technology, which allows us to communicate and use time-synchronized data in local areas or from
around the system, is opening the door to new opportunities for improved system monitoring,
protection and control.

The phasor data concentrator could include applications that allow the display of measured and
calculated values in real-time through a graphical interface. These applications typically allow the
visualization of historical data from the database, as well as events and alarms. PDC deployments
must be very flexible, alowing the presentation of data in real-time, historical data curves, polar
phasor diagrams and other user-configurable information. The graphical user interface could use
coloring functions for dynamic data in order to provide identification of normal, alarm and emergency
conditions.

4 DEPLOYMENT AND PRACTICAL CONSIDERATIONS

The final goa of the WAMS is the ability of providing immediate indication of the power
system status based on synchrophasor measurements and results of the on-line applications. Asfor any
other system, the initial deployment of WAMS can use two different approaches:

1) Bottom-up: PMUs are available first, and the applications are developed or integrated later

2) Top-down: PMUs are specified and installed following the application requirements

Thefirst case is found when PMUs are installed before the deployment of the applications. This
can happen, for example, when the PMU functionality is integrated into protection or control devices,
and the advanced applications were not considered at the time of the installation of the PMUSs, or for
stand-alone PMUSs in pilot projects. In this approach the first target is to establish the required
communication to such installed devices in order to collect and store the data.

The PMUs, or devices with PMU functionality, are then connected to some sort of PDC for data
concentration and visualization. After, based on the application requirements, the PMU locations are
evaluated for one or several applications, and depending on the results additional PMUs are installed.
In such approach much of the attention is focused on the data collection and storage, and the main
application is typically the Phase Angle Monitoring (PAM). This type of approach is found in several
pilot installation initiatives, with the positive aspect of allowing a quick and simple investigation of the
synchrophasor technology. On the other hand one must be aware that the PMU functions inside
protection devices are connected to the same analog chain of the protection scheme. The deployment
of some applications can also be limited.

In the second approach the alocation of PMUs, and their installation, is defined based on the
foreseen applications intended for the power system, i.e., the PMU locations are derived based on the
deployment of the applications. Thisistypically a more advanced approach, since the utility takes into
consideration all the aspects of the system, and the reasons that justify the WAMS are identified in
advance, with a clear goal to observe or solve a specific problem, or a combination of them. From this
perspective also the number of PMUs to be installed is a result of such previous investigation,
resulting in a good level of “observability” of the power system, especially when inter-area
oscillations are likely to occur. Compared to the first approach it is interesting to note that, for
example, the measurement selection of the Phase Angle Monitoring function is not a critical aspect of
the implementation, and it is deployed as a natural result of the system configuration. Figure 5 shows
an example of WAMS architecture and the possible deployment approaches.

Several tools, including power flow and stability studies, can be used to bring the conclusions of
the best PMU locations that will serve the specific applications for the wide area monitoring. The
placement of the PMUs along the system and the particular physical requirements and constraints of
each installation are of concern. As the sensor unit providing the core information to the WAMS, the
PMUs placement demands several considerations, including the amount of devices necessary for the
intended monitoring functionality. For example, if the pre-study indicates that some transmission lines
are likely to present overload during certain conditions, and that this overloading is to be monitored by
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the Line Thermal Monitoring (LTM) application from WAMS, then the immediate conclusion is that
these lines will require the installation of PMUs in each of the line-ends. If the main interest of the
synchrophasor applications is a future deployment of more advanced and improved state estimator
based on WAMS, then the number of PMUs in the system can increase dramatically, and their
allocation will probably need to be spread out along the power system.

Therefore, each application may bring its own requirement for the position and number of the
PMUs in the power system. Additionally, one must observe that the installation of each PMU has aso
to take the physical aspects of local environment into consideration. More precisely, the available
metering (protection) CT cores have to be evaluated for the applications. The CT ratio and the
secondary value of 1A or 5A will immediate bring requirements on the analog channels of the PMUSs,
as well. The number of analog channels available, or required, in each PMU must also be considered.
Some PMUs are bay (or feeder) oriented, and more PMUs are necessary to cover certain amount of
feeders, whilst some PMUs are station-oriented, meaning that more analog channels are available to
enable the connection of more feeders in the same PMU. The time synchronization mechanism is also
of relevance. Some PMUs present the possibility of internal GPS receiver, while other PMUSs require
external GPS receivers.

Figure5: WAMS architecture and deployment

Among other crucial aspects for the application of the WAM technology are the developments
in the field of telecommunication. Due to the fact that one of the advantages of this technology is
based on centralized data acquisition, its reliability and availability is highly dependent on a
permanent on-line link between PMUs and data concentrator [5]. The new standards and the new
communication protocols (chapter 3) must be considered, as well.

5 SYNCHROPHASOR-BASED APPLICATIONS

As mentioned before, the collection of streaming data up to PDCs for data storage and
visualization allows severa possibilities for system studies and planning. However, the main benefit
of the synchrophasor technology is the possibility of on-line applications, where not only data is
available, but a complete set of on-line information. In the next chapter some samples of on-line wide
area monitoring applications are presented.

5.1 Phase Angle Monitoring

The Phase Angle Monitoring (PAM) gives a rough estimation of the actual corridors load
through a computation of voltage angle difference, providing operators with real-time information
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about voltage phase angle deviations between two locations, and to safely operate power-carrying
components closer to their design limits, without jeopardizing stability, security or reliability.
Assuming the voltage stays within relatively small variations, the voltage angle difference gives
information about how heavily loaded the power system is, in relation to the strength of the power
network. The status of phase angles is typicaly regarded directly in the Single Line Diagram, and
enables a more visible network, combined with the capability to set individual warning and alarm
levels for angle deviations.

As a generd rule it is possible to have the phase angle monitoring integrated severa times at
different locations and with different application configurations, or to integrate it at the same location
as a new instance. Additionally, it is possible to integrate the outputs of the phase angle monitoring in
SCADA EMS / Network control systems. On the detection of an abnormal status, the application is
ableto alert the operator by giving an early warning or, in critical cases, an emergency alarm. Figure 6
presents an example of the PAM visualization.
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Figure 6: Online calculation of voltage phase angle difference

5.2 Line Thermal Monitoring

The objective of the Line Thermal Monitoring (LTM) application is to guard the transmission
line against overheating of line conductors which may result in violation of sag limits, and in extreme
cases permanent damage to the conductor. The line therma monitoring is be able to monitor and
display the actual situation regarding thermal stability of atransmission line. The operator is then able
to decide about the loading based on the actual on-line transmission line temperature provided. The
application alows the possibility to set individual warning and alarm levels for the temperature values.

The function calculates the online average line temperature based on synchrophasors measured
at both ends of the transmission line by PMUs. No additional sensors are used along the corridor, and
the temperature obtained is the average value over the line, enabling operational personnel to take fast
decisions in an emergency case. The operator has the possibility to define warning and alarm levels
online, as a significant help in detecting overheated lines. The line thermal monitoring provides
information about the present line resistance as well as active and reactive line losses.

Figure 7 shows the comparison of the measured conductor temperature of four days based on
direct and indirect measurement techniques. The measured values were recorded with a time
resolution of ten minutes using the following methods [4]:

e MTS (mechanical tension sensors), in combination with solar radiation and ambient

temperature measurements

e SAW (surface acoustic wave) sensors

e WAM (wide area monitoring) line temperature monitoring approach

The LTM based on wide area monitoring system cal cul ates the temperature from the changes of
the line resistance, and it delivers an average value of the line temperature with a time resolution of
one second. Figure 7 shows additionally a faceplate of the LTM function that can be available to
system operators.
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Figure 7: Line thermal monitoring

5.3 Voltage Stability Monitoring

The objective of the Voltage Stability Monitoring (VSM) application is to guard against low
voltage and possible voltage collapse due to instability in the interaction between the dynamics of the
load and the dynamics of the feeding system. In extreme cases such events can happen due to sudden
load growth but more commonly due to outages in a corridor feeding the load area. The voltage
stability monitoring application provides system operators with valuable online information to assess
the present power margin with respect to voltage stability. Therefore, this monitoring functionality and
its outputs are used as decision support for operators actions. The application is designed to monitor
transmission corridors and it delivers the dynamic current and voltage phasors and resulting
calculationsin real-time.

The voltage stability application monitors the Power-V oltage-Curve (PV-Curve), with the actual
loading point, the point of maximum loadability and the power margin. All these results are displayed
graphically to give the operator a fast overview of the current situation. The phasor measurements are
taken by two PMUs at both ends of the line. No other measuring equipment is necessary to keep the
most cost-effective solution for monitoring the voltage stability of a transmission corridor. It is also
more reliable, since it does not rely on a converged state estimator solution for the assessment.

In addition to the PV-Curve, the voltage stability application provides the operators with
information about voltage and current phasors at both ends of the line, with calculated values such as
active and reactive power as well as the power flow direction, so that operators are always informed
with exact real-time data on the current voltage stability situation, as a base for further steps. The
result of each VSM application is displayed in the single line diagram. Figure 8 shows the on-line
monitoring of atransmission corridor as aresult of the VSM application.
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Figure 8: Voltage stability monitoring

5.4 Power Oscillation Monitoring

The objective of the Power Oscillation Monitoring (POM) application is to detect poorly
damped low-frequency oscillations in a frequency range of 0.1-2 Hz. Such oscillations are ever-
present in power networks and are under normal circumstances of little concern. However they may
pose athreat to security if their amplitude is large or if they are poorly damped. The power oscillation
monitoring gives the operating personnel an immediate awareness of the power system state in terms
of oscillations, so that operators will see the urgency of the situation more quickly. The power
oscillation monitoring processes the selected input signals and detects the various power swing modes,
which can e.g. lead to angular instability, causing disturbances.

The power oscillation monitoring quickly identifies the frequency and the damping of swing
modes and, in the first instance it provides improved power system visibility, combined with the
capability to set individual warning and alarm levels for oscillations to ensure a higher level of
network security. Additionally the power oscillation monitoring indicates the frequency of an
oscillation, which may then be compared with the existing known modes of the power system, i.e., the
operator is ableto distinguish if alocal or inter-area mode is present, as shown in Figure 9.

The POM application analyses a selected PMU measurement signal or in some cases the phase-
angle difference measured by PAM, and it issues alarms when their amplitude is large or when they
are growing due to poor damping. The POM application can be used both to detect local modes and
inter area modes. The selection of measurement location for the POM applications can be chosen
based on the local or inter-area modes requirements.

Local modes can appear at any generation unit as a result of poorly tuned or malfunctioning
control systems. Therefore in principle al units are potential candidates for a POM placement. With
respect to the impact on the overall power system the largest units will normally have the largest
effect, and therefore generally larger units are considered first.

Dampina. % Mode Frequency, Hz

Bus Voltage Mode Amplitude,

Figure 9: Power oscillation monitoring

5.5 Power Damping Monitoring

The Power Damping Monitoring (PDM) application is a new damping estimation application
that employs WAMS data to estimate the damping of oscillatory modes from ambient data before a
disturbance. This application complements the POM application in that it can give an indication of the
damping of transient oscillations that will follow a disturbance, once it occurs. The application is
based on a system identification procedure that is carried out in real-time using a sliding measurement
window. If the transfer between two grid areasis limited by inadequate damping, the damping monitor
can assist in maximizing the power transfer capability by providing afaster and more accurate view of
the current situation than the one obtained via off-line dynamic simulations.
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This is possible since the PMU measurements are not subject to modeling errors that are
potentially present in the off-line simulation models. Such modeling errors could lead to definition of
overly conservative or even inadequate transfer limits. The new damping monitoring application also
identifies the parts of the power system that participate in a detected oscillation through modal activity
information that can be used to determine the root cause of a poorly damped oscillatory mode, and
serve as starting point for the definition of improvement measures. Figure 10 shows areal interface of
the PDM application applied to the European system.
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Figure 10: Power damping monitoring

6 CONCLUSION

The introduction of synchrophasor measurements as well as advances in communications and
processing power made it technically feasible to monitor the stability of the power system on-line in
near real-time, using a wide area perspective. The benefits of collecting phasors for post-analysis
assessments are definitely recognized by several institutions, but the most important WAMS
application is the on-line assessment of the power system stability, especially to supervise critical
corridors.

The more recent emergence of Smart Grid concepts is another fundamental aspect to bring
further discussions and deployment of the synchrophasors technology, associated with the real
possibility of on-line monitoring applications. Today’s increased pressure on utilities all over the
world to integrate distributed and renewable power generation (e.g. wind power) creates a higher
demand for WAMS. The observed migration from traditional power grids towards a decentralized
power generation model will create the need for improved monitoring tools.
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