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ABSTRACT

The purpose of this thesis is to investigate the benefits of synchrophasor
technology in bulk power system measurements. To accomplish this task, multiple
methods of investigation and analysis have been conducted. First, a better
understanding of the synchrophasor power measurement systems was achieved through
a literature review. The review provided some perspective on the differences between
these systems and the conventional systems of power measurements.

Then, some utility grade data was acquired and analyzed. In this process, there
were some aspects of confidentiality, and that required an added layer of discretion.
However, the process made it possible to analyze a variety of authentic measurements
from the power system. This analysis provides novelty to the utility industry, but the
experience of physical implementation wasn’t available through this process.

Finally, efforts were directed toward a physical demonstration of a synchrophasor
measurement system. A test bed system was configured, and measurements were
obtained from the system through phasor measurement units (PMUs). In an attempt to
extent this demonstration effort, simulation options were investigated as well.
Unfortunately, there are some limitations with the available equipment. Overall, this
provided novelty to academia through a physical implementation of this technology.
With changing demand, transmission, desires for efficiency, and an evolving generation

fleet, extensive grid knowledge is important for maintaining a reliable power system.

xiil



CHAPTER1
INTRODUCTION

In recent years, the complexity of the electric power system has increased due to
changing load characteristics (e.g. total demand and demand peaks), limited
transmission paths, reliability and security improvement, efficiency concerns (e.g.
optimal use of aging assets), renewable generation integration, emission reductions, and
varying types of other distributed generation resources (DERs) [1][9]. These complex
variables require better monitoring and system awareness of the electric power grid.
The use of synchrophasors provides the ability to measure phase angles with absolute
time references, and this characteristic presents a potential solution for improving
system monitoring and awareness [10].

The purpose of this introduction is to describe the concept, infrastructure, and
operation of synchrophasor technology in comparison to the conventional power
measurement scheme. The conventional power measurement scheme utilizes
technology that has performed well for the life of our electrical power grid. However,
as reliability, efficiency, and economics have become more dynamic in the electric
power system, sophisticated grid monitoring and awareness have become vital needs.
The system for monitoring the grid over large regions, also known as the wide area
monitoring system (WAMS), can be improved with the use of new technologies. This

is shown conceptually in Figure 1. Synchrophasors provide the ability to measure



phase angles with absolute time references, and this characteristic presents a potential

solution for improving system dynamics for quick and accurate grid monitoring.

Figure 1. Conceptual Wide Area Monitoring System using Synchrophasors [10].
Measurement Concepts Defined

Conventional power measurements can gather information on bus voltages,
transmission line current flows, energy outputs at generation interconnections, line
loads, and general interconnection status information [11]. Although the conventional
power measurement methods have been effective, the information that the technology
provides is limited. The data comes in at an interval of 2-10 seconds per scan, and it
relies heavily on calculations that correspond to the information [5]. For example,
stress on transmission lines due to changing resources and load are hard to monitor with
conventional power measurements. These events can only be monitored through
calculations using assumptions about the system’s characteristics. Generally, estimates
are computationally intensive over large areas, and assumptions can be unreliable.

New power measurements usually imply the use of synchrophasor data from
phasor measurement units (PMUs). A synchrophasor is a phasor measurement with
respect to an absolute time reference. With this measurement, we can determine the

2



absolute phase relationship between phase quantities at different locations on the power
system [10]. Therefore, the addition of PMUs introduces the dynamic of phase angle
measurements with absolute time references. The data comes in at a rate of 60 scans
per second, and it relieves some dependence on calculations [5]. For example, stress on
transmission lines due to changing resources and load are improved with the phase shift
on the lines. These events can be monitored with synchrophasor measurements
because of the reactive component derived from the phasors. This is shown
conceptually in Figure 2. This alleviates the systems reliance on computationally

intensive action and system assumptions that may become unreliable.

Synchrophasors Provide a “Snapshot”
of the Power System

P=|V,| [Vylsind® / X ®=sin(PX / V4] [Val)

V,40 V5 20

Increase Stable
Power Transfer

Figure 2. Conceptual Synchrophasor Measurement on a Transmission Line [10].
In order to understand the difference between conventional power measurement

and synchrophasor measurement, the differences in concept should be identified [9].

e Conventional Power e Synchrophasor Power
Measurements: Measurements:
o Non-Synchronous o Time-Synchronous
o Slower Sample Rates o Faster Sample Rates
= 1 scan per 2-10 seconds = 60 scans per second
o Intermittently Streamed o Continuously Streamed



In Figure 3, the typical accuracies with synchrophasor measurements are shown
[1]. It specifically refers to timestamp, angle, current transformer (CT), and voltage

transformer accuracies (VT). VTs are also referred to as potential transformers (PTs).

High accuracy provides the basis for an
accurate monitoring of power networks

Timestamp accuracy: 1 microsecond
Absolute angle accuracy error: < 0.1 degree |
CTNT: 02 ..05% |

Figure 3. The Concept of Synchrophasor Measurements over Time and Distance [1].
In addition to the differences in the measurement concepts, the actual data

obtained from the different measurement types should also be identified [9][11].

e Conventional Power e Synchrophasor Power
Measurements: Measurements:
o Bus Voltage [Real] o Bus Voltage [Phasor]
o Line Current [Real] o Line Current [Phasor]
o Frequency o Frequency and df /dt
o Line Loading [Real] o Line Loading [Phasor]
o Status Information o Status Information

The primary feature of synchrophasor measurement that gives the system
increased performance is the measurement of reactive power characteristics. The
reactive components of the power system can be inferred by the phasor combinations
across certain parts of the grid infrastructure. In a simple power calculation, the

following information could be obtained directly from the measurements [4].
4



p |V, 1|V5] sin @ ® _ _1( PX ) ViV 4o d}

== @ @@ = =sin ! {————— JV,,an are measure
X A/

Where:

P = Line Flow ® = Phase Dif ference Across the line

V, = Votage Magnitude at One End V, = Votage Magnitude at Other End
X = Line Reactance

The problem with this calculation is that the line impedance is still a
predetermined parameter. The characteristic is relative to the power loss, but it simply
will require some prior knowledge of the system such as transmission line impedance
(resistance, etc ...), length, and other integrated elements.

Measurement Infrastructure Types Described

In Figure 4, the conventional power measurement system topology referred to in

this report is shown. As shown in Figure 4, this system is driven by remote terminal

units (RTUs) and intelligent electrical devices (IEDs) such as real-time protection

relays [2].

PLANNING and WLocalAreaNetwork,Modem, (ENERGYMANAGEMENTSYSTEM(EMS)
ANALYSIS FUNCT|0NSJ or Serial Connections

ControlCenter
FUNCTIONS
x
1
1 Communications
: Network
L4
SCADA Front End
]
t t * 1 1 ?
...... RTU RTU RTU IED IED IED  |eemee
! ! ! ! ! !
| Monitored Devices |
*#** RTU: Remote Terminal Unit

*#** |ED: Intelligent Electronic Devices

Figure 4. Conventional Power Measurement System Topology [2].
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In Figure 5, the new power measurement system topology referred to in this
report is shown. In addition to the conventional measurement units, it is driven by the

use of PMUs.

PLANNING and WtocalAreaNetwork,Modem, (ENERGYMANAGEMENTSYSTEM(EMS)

Control Center
ANALYSIS FUNCT|0N5J or Serial Connections L FUNCTIONS
7.y
1
1 Communications
_________ : Network
Ve e e ——— ~ v
I Local Area Network, Mod |
| PDC oca ree Termork, Yoo, SCADA Front End
I or Serial {IEEE C37.118-2005) I
| 7_1_1 ;_ - _T _____ 1_ — T T I T 1
|
L PMU PMU : ..... RTU RTU RTU IED IED [ED  |-eeer
S b -3 i ! ! i ! i

| Monitored Devices |

*** RTU: Remote Terminal Unit

**%* |ED: Intelligent Electronic Devices
*** PMU: Phasor Measurement Unit
**+ pDC: Phasor Data Concentrator

Figure 5. Power Measurement System Topology Utilizing Synchrophasor Technology
[2].

Now that the components involved and the corresponding schematics have been

identified, it’s necessary to understand the operation of each system type.
Measurement Operations Described

The primary destination for the measurement information is the energy
management system (EMS), also referred to as the control center. There may be more
than one EMS involved in the system, but the same data is being utilized at each level
of these control centers. Before this data arrives at the EMS, the data makes a stop at
the supervisory control and data acquisition (SCADA) system. The operation for the

conventional power measurement system involves the following steps [4][11].



» Conventional power measurement systems have been monitored by:

(0]

(0]

Relays that operate as RTUs connected to the grid

Control operation and interconnection

Data is sent using the IEC60870-5 (-101) standard

A standard in remote terminal measurement protocol

Transmitted over modem, serial, or local area networks (LAN)

The transmission medium used is Transmission Control Protocol (TCP)
Protects against any invading packets on LAN

The data is archived for situational awareness at the SCADA system

The operation for the synchrophasor measurement system involves the

following steps in addition to the conventional power measurement operation [9][10].

» Synchrophasor power measurement systems have been monitored by:

(0]

Relays that operate as PMUs connected to the grid

Control operation and interconnection

Measurements are attached to synchronized timestamps

Timestamps are synchronized by global positioning systems (GPS)
Data is sent using the IEEE C37.118 (-2005) standard

A standard in synchrophasor measurement protocol

Transmitted over modem, serial, or local area networks (LAN)

The transmission medium used is Transmission Control Protocol (TCP)
Protects against any invading packets on LAN

The data collection site is a phasor data concentrator (PDC)

Time-aligns the data according to the GPS timestamps

7



- Compensates for communication and processing latencies

0 PDC data is archived for situational awareness at the SCADA system

The first difference in these two processes is the addition of a GPS timestamp
that is time-synchronized to the relay measurement. This is particularly important to
the PMU measurement. This characteristic is very important to the concept of the
synchrophasor measurement system and the phasor data gained from its use. However,
with the conventional measurement system, the timestamp is not a vital characteristic to
monitoring magnitudes without phase measurements. The measurements of frequency
response and phase are the only areas that it makes a considerable impact.

In Figure 6, the active role of GPS in synchrophasor technology is illustrated. It
clearly displays the concept of how the GPS satellite would transmit synchronized
timestamps to nearby receivers for PMUs acting on a transmission line (related by

positions A and B).

Absolute Time Synchronization Has
Fundamentally Changed the World

GPS RCVR GPS RCVR

Mag/Ang Mag/Ang

Figure 6. GPS Role in Utilizing Synchrophasor Technology [10].



In Figure 7, the same concept is being illustrated, but it integrates one more step
of the time-synchronization process. After each PMU receives its GPS timestamp and
connects it to a phasor measurement, the information is sent onto a phasor data
concentrator (PDC) to be aligned with its counterparts from other PMUs [9]. The
image shows the GPS communication with each PMU (which is equipped with the GPS
signal receiver), as well as the transmission of the timestamp/measurement information

to the PDC for alignment.

Figure 7. World View of the GPS Role in Utilizing Synchrophasors [1].

The transmission of information between the PMU and PDC units can be
analyzed further. In the communication scheme for synchrophasors, the IEEE C37.118
protocol is utilized. In this communication scheme, the data is referenced to as frames.

The frames are defined by the following [8].



* Command Frame: Structured, Binary Format
0 Communicates the start and stop commands to and from the PDC
* Header Frame: Unstructured ASCII text
0 Communicates comments or other information
* Configuration Frame #1: Structured, Binary Format
0 Communicates the constant parameters of the PMU configuration
» Configuration Frame #2: Structured, Binary Format
0 Communicates the variable parameters of the PMU configuration
- A changing number of phasors would fall under this category
» Data Frame: Structured, Binary Format
0 Communicates the real-time PMU phasor data
- Magnitude, phase angle, frequency, and analog/digital system data
This communication scheme and the flow of these frames are illustrated in

Figure 8.

Figure 8. Communication Protocol between a PMU and the PDC [8].

10



The operating structure that is presented in the IEEE C37.118 protocol also
covers the data communication beyond the PDC. To be more specific, it calls for the
alignment and communication of the gathered data to the rest of the system. The PDC
sends this data to the supervisory control and data acquisition (SCADA) system. The
proper format for the information needs to include the header information for each data
transmission, the status of each PMU, the phasor data (magnitude and phase angle), the
frequency status, the rate of change for that frequency, and any analog/digital system
data that coincides with each measurement. With each transmission of data, the
communication needs to reflect each PMU within the PDC collection territory as well
[8].

In Figure 9, the data structure of the communication between a PDC and the

SCADA system is depicted [8]. The last frame is for cyclic redundancy checking.

Real time transmission of data frames per second
Header Status | Phasor Data Frequency | Rate of Analog | Digital | CRC
Information | field (magnitude, change of | data data
(14 bytes) Phase angle) frequency

Figure 9. Communication Protocol between a PDC and the SCADA System [8].
In comparison to the conventional power measurement protocol, there is not a
large amount of difference. Conventional power measurement uses the IEC60870-5

protocol for transmitting RTU data to the SCADA system. As Figure 10 suggests, the

11



start and stop frames closely relate to the command and header frames from the IEEE
C37.118 protocol. The data unit identifier is very similar to the configuration frames as
well. And finally, the information objects of the IEC60870-5 protocol are closely
related to the data frame of the IEEE C37.118 protocol. This is all a general reference
to the inner workings of each data protocol, but the similarities and differences are truly

defined by the way that these binary and text based communications are utilized

[8][13].
IEC 101 Frame Format, Variable length
Data unit Name Function

Start Character Indicates start of Frame
Length Field (*2) Total length of Frame

Start Frame Start Character (repeat) Repeat provided for reliability
Control Field Indicates control functions like message direction
Link Address (0,1 or 2) Normally used as the device / station address
Type Identifier Defines the data type which contains specific format of information objects

T T Variable Structure Qualifier Indicates whether type contains multiple information objects or not
COT (1 or 2) Indicates causes of data transmissions like spontaneous or cyclic
ASDU Address (1 or 2) Denotes separate segments and ifs address inside a device

Information Object Address (1 or 2 or 3) Provides address of the information object element
Information Object

Information Elements (n) Contains details of the information element depending on the type
Information Object-2 -—
Information Object-m

Checksum Used for Error checks
Stop Frame

Stop Char Indicates end of a frame

Figure 10. Communication Protocol between a RTU and the SCADA System [13].

In Figure 11, the overall hierarchy of the synchrophasor power measurement
operation is shown. The added details in this diagram emphasize the addition of
security gateways and the visualization of phasor data at the EMS and SCADA system
level [10]. In Figure 12, another version of the synchrophasor power measurement
operation is shown. The details in this diagram emphasize the use of the IEEE C37.118

protocol and alternate connection schemes for the EMS and SCADA system [1].
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System
Architecture

Figure 11. Synchrophasor Power Measurement System Architecture [10].
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Figure 12. Another Form of the Synchrophasor Architecture [1].

13



Limitations of Previous Research

The concept of synchrophasors was first put into motion in the early 1990s.
The earliest PMU prototype was built at Virginia Tech, and a company called
Macrodyne was credited with the first industry grade product in 1992 [12]. In the first
ten years of the technology’s existence, there was limited circulation of the
measurement system. However, with major grid events like that of the Northeast
blackout of 2003, the technology has become more popular in response to reliability
concerns. Synchrophasor technology has been perceived as a solution for better wide
area monitoring and system awareness. Taking that into consideration, this technology
has been truly utilized for around ten years. Even with higher circulation of
synchrophasor devices, they have been used in limited capacity. The reasons vary, but
it is primarily due to the difficulties of implementation, financial viability, and
continued reliability and security concerns within associated transitions.

In recent history, two things have changed. First, the technology has improved
and has become more affordable as a result of the progress made in semiconductor
design. Second, the initiatives of different regulatory authorities have aided the
penetration of synchrophasor devices into the power industry. As the technology has
improved and become more affordable, it appears to have found a more prevalent
existence in some areas of the electric power system. Now that the devices are installed
in higher numbers, the new task is proper utilization. That aspect poses some
challenges in state estimator design and visualization. Industry professionals are

working toward this goal, but development is difficult to achieve with the limited
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workforce available. The academic community can provide valuable assistance in this
area, but there are some new difficulties in that process as well.

In the electric power industry, there are many concerns with the security of the
electric power system. Those concerns relate to the engineering, vulnerability, and
detailed design information pertaining to the infrastructure used to support reliable
power delivery. Any information under that description is referred to as Critical
Energy Infrastructure Information (CEII). The industry has identified that there are
instances in which this information could be used to coordinate a malicious attack on
the electric power system. In response to that risk, new regulations have come to
fruition. As a result, the utilities have less flexibility in sharing data. To enter into a
cooperative research effort, utilities are forced to establish non-disclosure agreements
and other protective measures with whom they agree to provide sensitive information.
It is a level of protection that is usually hard to coordinate, but it is the only way to truly
evaluate the usefulness of synchrophasor data to the system that it is monitoring. An
academic researcher could use other measurement methods that are developed
independent of the utility, but those will be limited by the technology available, as well
as the system representation that is monitoring.

The Current Study

Although there are industry professionals working in this area, their availability
is limited by other obligations. There are also cooperative agreements in some
academic settings, but they are limited in number and their level of development.

Synchrophasor technology is beginning to overtake the conventional

measurement devices, but there are many utilities that still operate under the
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conventional measurement schemes. With research arrangements, like that used in this
thesis, academic studies can further the use of synchrophasor data in state estimation
schemes and visualization. The research arrangements used in this thesis are described
in Chapter II. The only way to encourage the adoption of synchrophasor data into state
estimation and visualization is by presenting benefits in clear and concise manner. By
analyzing and categorizing the benefits available through this technology, it is much

more likely to get utilities invested in synchrophasor technologies.
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CHAPTER 11
DATA ANALYSIS

In the conventional measurement schemes, state estimation is dependent on
magnitude measurements, power metering, low resolution data, and physical estimates
of grid facilities, such as transmission lines. The bulk electric power system is
composed of 211,000 miles of transmission and over 10,000 power plants. It is not
difficult to see that physical estimates of this expansive system can dramatically impact
the accuracy of system monitoring. Data analysis, simulation, and mathematical
concepts are all potential methods for evaluation, but in this research, data analysis and
mathematical concepts will be the primary methods. Measures for the evaluation may
involve: 1) frequency response, 2) error measurements, and 3) interference
identification. All of these measurements have been explored. In the Fourier analysis
performed, it has been found that frequency can be directly linked to fault events. Also,
the total vector error (TVE) of the synchrophasor data with respect to the conventional
state estimations is near the compliant level of 1% for sufficient error tolerance.
Although this is not a complete success, it does suggest that a synchrophasor-based
state estimator scheme may very well support the compliance of the data. If the state
estimator was supported by the high-resolution phasor measurements, this would
conceivably satisfy the goals set forth by industry standards. Lastly, interference from

storm conditions has also been analyzed, and some significant voltage disturbances
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were observed. These quick, detailed grid measurements could alleviate issues that
have resulted from growing power system complexity. Synchrophasor technology has
real potential for wide-area monitoring and system awareness.

Data Masking and Narrative for Analysis

In order to perform data analysis that benefits the bulk power system, some
synchrophasor data (PMU data) and complementary conventional data (RTU data and
SCADA calculations) is required. Due to a number of factors, this was a difficult task
in this research.

Measurements that represent the bulk power system are not readily available to
the common researcher. The electric power system is extremely large in its scale, and
that complexity is difficult to conceptualize in simple demonstration efforts. The
construction of the bulk power system is an ongoing process that is shared among the
numerous transmission owners, generation owners, and load serving entities that
oversee their respective infrastructure. Building a system prototype is a staggering task
for any individual person or group of persons. An authentic measurement of the
electric power system is the best approach to making an evaluation. Representative
systems are being built in many research settings, but this requires some high level
understanding of the representative system and its limitations compared to the full-scale
power system.

Additionally, the recovery of bulk power system measurements requires some
high levels of access. The bulk power system is regulated by many compliance
standards, and these compliance standards are developed to protect the reliability,

security, and economic standing of the bulk power system. In response to these
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regulations, utilities and other entities within the system are held to certain standards
for personnel, knowledge, facilities, programs, and other qualifications to carry out
important responsibilities. One specific part of those responsibilities involves the
confidentiality of vital information.

Critical energy information infrastructure (CEII) has been a large topic of the
Federal Energy Regulatory Commission (FERC) and North American Energy
Reliability Corporation (NERC) throughout the past 15 years. This topic has been
investigated, and policies have been written to protect information that describes the
bulk power system. In most cases, power system information is subject to non-
disclosure agreements that are established between participating entities. This provides
some security to the bulk power system and its customers, but it adds a layer of
difficulty to the research efforts that are needed for technological advancement. The
individuals that have access to the information are extremely qualified in the tasks of
advancing technology, but the regular tasks of operation, planning, and reliability force
limitations on their resources and time. In the area of academics, researchers have the
potential to aid in this task, but the regulated access creates a profound limitation.

To solve this problem, a form of representative data was created. To do this,
some fields of data were masked by an anonymous entity. Real measurements were
assigned a random name and timestamp that were not associated with the point of
measurement or measurement timeframe, respectively. In essence, some real plot
points were provided, but the data was not attributed to a real location or time. This
pseudonym and non-representative timestamp has little impact to the functional

analytics being performed, but it opens the opportunity for outside entities to evaluate
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and report of the functionality of one data type versus the other (PMU data versus RTU
data).

Using this information, some data analysis and mathematical concepts were
used. The results are mathematically sound, but the information remains protected.

Benefits of High-Resolution Synchrophasor Data

To capture the general comparison between synchrophasor data and
conventional measurement data, the following plots were constructed. Since the
resolution of synchrophasor data is substantially higher that conventional measurement,
the conventional measurement trend displays a flatter, stair-step type of trend in
comparison to the synchrophasor data. This can be observed in Figure 13. From the
plot shown, a couple of characteristics shine through. The fact that synchrophasor data
provides higher resolution is clearly shown. As a result, the higher resolution provides
transient information that conventional measurements cannot provide.

With the availability of high-resolution frequency data, relevant functions for
this information simply become faster and more detailed. In the bulk power system, the
frequency is highly important to reliability. Off-nominal frequency can impact system
operations and market efficiency [6].

There are four primary ways in which off-nominal frequency can negatively
affect the system. It could damage equipment that serves the electric power system,
including generation, transmission, transformation, protection devices, and customer
loads. It could also degrade the quality of the power delivered. That can cause load
devices to malfunction or perform in an unsatisfactory manner. In very extreme cases,

off-nominal frequency could lead to a power system collapse. This is usually an event
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that is caused by a combination of equipment failure and protective system triggering.
And finally, it could result in overloading transmission lines as various generators try to

restore system frequency for market efficiency [6].

Substation G1 P1 & P2 Freq - RTU vs. PMU Data (in 33 ms intervals)
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Figure 13. Conventional (RTU) Frequency Data versus Synchrophasor (PMU)
Frequency Data.

These scenarios can happen individually or in conjunction with each other. For
example, there can be a significant generator outage that creates difficulties in all of
these areas. Assuming a substantial generator outage occurs for a few generators
during an ice storm. If the storm damages a couple of facilities that are vital to a small
fleet, that takes out some vital generation to the area. Also, wind farms may be limited

due to the direct impact of icing. As a result, the area experiences a large generation
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deficit, and in turn, the system frequency drops below nominal. Assuming that the
temperatures are that low, customer heating loads may be high, and that exacerbates the
deficit further. With that issue, the power quality is likely to see some degradation [6].
To correct the loss of generation, neighboring sources are dispatched up. The
issue that may result from this mitigation relates to transmission capacity. The
transmission has limits, and the increased dispatch of neighboring generation can cause
overloads under specific contingencies. That can cause protection equipment to trip, or
even failures due to unforeseen contingencies or equipment malfunction. If facilities
are lost, the events could exacerbate the overall system imbalance. This could result in
significant damage, poor load service, system collapse, and market instability [6].
Criteria have been developed for off-nominal frequency deviations for
generators and transformers. In Figure 14, IEC 34-1 Voltage-Frequency limits are
shown. During system intact operation, frequency may vary between 58.8 and 61.2 Hz
for a 60 Hz system (voltage between 0.95 and 1.05 per unit). During contingencies,
frequency may vary between 57 and 61.8 Hz (voltage between 0.92 and 1.08 per unit).

In addition to the IEC 34-1 limits, a general plot for frequency response is shown [6].
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Figure 14. IEC 34-1 Voltage-Frequency Limits / General Frequency Response for an
Event [6].

To further describe the three stages of frequency response, the continuum of
frequency actions are shown in Figure 15. As shown in Figure 15, the green area on
the right describes normal conditions, and this would correspond to the inertia response
of the system (while using AGC to balance generation and load in real time). The blue
area describes the limits to governor response. This could be interpreted as the outer
bounds of normal frequency response. Once the frequency drifts outside of governor
response, underfrequency and overfrequency corrections are made to balance
generation and load. If that does not work as expected, the system is in danger of
experiencing equipment damage. Higher level actions would need to be taken for the

contingencies being experienced.
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Figure 15. IEC 34-1 Frequency Response Stages [6].
Transmission Line Outage

In the following plots, the data represents an event where a line tripped out that
was carrying a significant amount of power flow. PMU data, along with the
corresponding RTU (and SCADA) data, from two separate locations was analyzed, and
that data is shown in Figures 16 and 17. One of them was at a wind farm, which didn’t
appear to be producing very much power at the time of the event. The other was from a
transmission substation with a heavily loaded transformer. The substation is
approximately 50 miles south of the wind farm.

The RTU data clearly misses some transient information that resulted from the
line outage. In Figure 16, the entire data sample is shown, and that duration is over a

10 minute timeframe. In Figure 17, the line trip is shown over a 30 second timeframe.
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frame.

Substation E1 & B1 Freq - RTU vs. PMU Data (in 33 ms intervals)
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Figure 17. Frequency Data Comparison during a Line Outage — 30 second timeframe.



It might not be anything that directly impacts the reliability of the bulk power
system, but it is possible that these transients could continue to ripple over a period of
time. And, depending on the time intervals from the RTU data, the ripples could go
undetected. In the grand scheme of power system monitoring, the RTU data provides
some delayed, yet relatable data in comparison to the PMU data. However, in a more
stressed contingency, an observer could certainly see damaging changes with PMU data
in a shorter timeframe than that of the conventional measurement techniques. Under
the general functions of RTU measurements within SCADA, there could be as much as
four seconds of “system blindness” at the control center during damaging events.

The next plot is another interesting representation of the frequency data being

measured by PMUs. In Figure 18, the rate of change in the frequency is shown.

Substation E1 & B1 Rate of Change - Freq Data (in 33 ms intervals)
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Figure 18. Rate of Change in the Frequency Data from Synchrophasors during a Line
Outage.
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The simplicity of this information is rather useful in attaining an indication that
an event has happened. In normal conditions, the system maintains a fairly constant
frequency. That is to be expected in a system intact condition. Any changes in
frequency are normally slight in magnitude, and any substantial changes are gradual.
In that sense, the frequency might shift within an acceptable range over time. Load
service might ramp up or down, and the generation that is dispatched to the load
regulates toward that consumption. For that reason, PMU data isn’t that interesting
during system intact conditions. RTU data satisfies most scenarios when the system is
operating according to the plans of balancing authorities. However, when an
unexpected event happens, PMU data becomes more appealing in the identification of
system changes. The changes can also be characterized by this information.

For the sake of exploration, the power flow at the transmission substation
(Substation E1, 50 miles south of the wind farm) was analyzed. The power flow at the
other substation (Substation B1) was rather low, and it doesn’t appear to provide very
much information. However, the transformer located at Substation E1 is carrying
significant power flow, and it changes throughout the duration of this event.

In Figures 19 and 20, the real power data is shown for Substation E1. As with
the frequency plots, the first plot shows the entire data sample (10 minute timeframe),
and the second real power plot shows the specific transition period (30 second
timeframe). The plots are oriented in a way that power flow changes are shown in an
exaggerated scale. The curve appears to vary drastically, however, the power flow

regulates within approximately 35 MW range. The gradual changes correspond to the
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variations of the frequency. In general, the real power increases as the frequency
increases, and it decreases as the frequency decreases.

The unusual transients, shown in Figure 20, show the real power swings during
this line outage. Ultimately, the alternate sources to this substation are working to
compensate for the loss. Although the power flow from the line that was lost is no
longer supplied, the loading on that transformer still exists. In response to that system
change, the generation on the system begins to regulate the service to this area. First,
the flows on the alternate lines begin to respond (governor response). Then, the
generation begins to dispatch to the load (AGC response). This is more clearly shown
in the 10 minute timeframe plot of Figure 19. This event seems to represent the stages
of frequency response quite well. Even without a system model for the event, the data

appears to give reasonable insight toward the benefits of high-resolution PMU data.
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Figure 19. Real Power Data Comparison during a Line Outage — 10 minute timeframe.
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Substation E1 MW - RTU vs. PMU Data (in 33 ms intervals)
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Figure 20. Real Power Data Comparison during a Line Outage — 30 second timeframe.
In Figures 21 and 22, the reactive power data is shown for Substation E1. Two
things are immediately noticeable in these plots. First, the magnitudes of the PMU
measurement and RTU measurement are not in alignment. There are a number of
factors that could impact this data in such a way. The current transformers (CTs) or
potential transformers (PTs) could be connected in different locations, or calibrated
differently (this is likely the case). It also could be the result of inconsistent
calculations. That can be a concern for some conventional measurement techniques.
Second, the gradual changes correspond to the variations of the frequency, but
the reactive power consumption is not positively correlated with the frequency. In
general, the reactive power increases as the frequency decreases, and it decreases as the

frequency increases.
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Figure 21. Reactive Power Data Comparison during a Line Outage — 10 minute

timeframe.
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Figure 22. Reactive Power Data Comparison during a Line Outage — 30 second

timeframe.



The unusual transients, shown in Figure 22, show the reactive power swings
during this line outage. Again, the alternate sources to this substation are working to
compensate for the loss. First, the flows on the alternate lines begin to respond
(governor response). In terms of the reactive power, an increase in reactive power draw
into the area is observed. Then, the generation begins to dispatch to the load (AGC
response). The reactive power flow begins to gradually decrease as the frequency
returns to nominal. This is more clearly shown in the 10 minute timeframe plot of
Figure 21. Again, the stages of frequency response are represented well.

In Figures 23 and 24, the voltage data for both substations is shown, and each
plot is comparing the RTU and PMU data. In terms of the Substation E1 data in Figure

23, this clearly shows some evidence for inconsistent connections or calibration.

Substation E1 Voltage - RTU vs. PMU Data (in 33 ms intervals)
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Figure 23. Voltage at Transmission Substation (E1) during a Line Outage — 10 minute
timeframe.
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Substation B1 Voltage - RTU vs. PMU Data (in 33 ms intervals)
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Figure 24. Voltage at Wind Farm Substation (B1) during a Line Outage — 10 minute
timeframe.

Baseload Generation Outage

In the following plots, the data represents an event where multiple high voltage
line trips occurred during a severe storm. This resulted in a baseload unit tripping
offline, and other generation units were left in a state of “rocking” due to the stresses
following the lost transmission and generation. Data from three separate locations was
analyzed. One of them was at the interconnection line for the generation unit that
tripped offline, and the other two were at interconnections of the other generators.

Again, the RTU data misses some transient information. In Figures 25 and 26,
frequency data from the PMUs and RTUs is shown. In Figure 25, the entire data
sample is shown, and that duration is over a 10 minute timeframe. In Figure 26, the

major transition is shown over a 30 second timeframe.
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Figure 25. Frequency Data Comparison during a Generation Outage — 10 minute

timeframe.
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As in the case of the line outage, these frequency transients might not directly
impacts the reliability of the bulk power system, but the transients do continue to ripple
over a period of time. For most of the event, the ripples could go undetected by RTU
measurements. The RTU data shows a variation of about 0.05% from nominal, while
the PMU data shows variations higher than 1.25% from nominal. In this stressful
event, one could certainly see damaging changes with PMU data that is completely lost
in conventional measurement. As in the line outage event, there could be as much as
four seconds of “system blindness” at the control center during damaging events.
Obviously, the frequency stays fairly constant, but the transients are ongoing. The rate
of change of frequency (ROCOF) information was unavailable for this event. This
event occurred during early implementation of the PMUs, and ROCOF wasn’t enabled.

For the sake of exploration, the power flow at each generation interconnection
was analyzed. The power flow at all of the “rocking” generation interconnections was
fairly consistent throughout the event. The generation interconnection for the unit that
tripped offline was carrying about 350 MW of power flow prior to the outage.
Following the outage, the transmission line appears to be drawing a small amount of
power (about 10 MW). This is probably the generation station’s local load service.
Outside of the transition that occurs during the outage, power flow is fairly consistent at
that location as well. In a sense, the power flow is consistent in two separate stages.
First, the generator is producing power (pre-outage) at about 350 MW, and then, the
generator is no longer supplying its own station service power (post-outage) of about
10 MW. The other two generation interconnections appear to be producing 1200 MW

and 110 MW, and the output is consistent outside of the “rocking” transients.
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In Figures 27 and 28, the real power data is shown for the generator that trips
offline. The first plot shows the entire data sample (10 minute timeframe), and the
second real power plot shows the specific transition period (30 second timeframe). The
outage transient, shown in Figure 28, shows the real power swings during this
generation trip. First, the output appears to jump slightly. After about 6 seconds, this is
followed by the generation outage. The frequency drops slightly at all of the generation
interconnections, but the sag in frequency is momentary. The generators quickly
regulate the frequency at their interconnections. This is to be expected for transmission
that is so closely located to the generation. This is clearly shown in the 30 second
timeframe plot of Figure 26. The frequency at generation interconnections shouldn’t

vary drastically, and this event demonstrates that response quite well.
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Figure 27. Real Power Data Comparison during a Generation Outage — 10 minute
timeframe.
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Substation G1 MW - RTU vs. PMU Data (in 33 ms intervals)
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Figure 28. Real Power Data Comparison during a Generation Outage — 30 second
timeframe.

In Figures 29 and 30, the reactive power data is shown for the generator that
trips offline. Two things are immediately noticeable in these plots. First, the
magnitudes of the PMU measurement and RTU measurement are close, but as with the
line outage, they are not in alignment. The current transformers (CTs) or potential
transformers (PTs) could be connected in different locations. It also could be the result
of inconsistent calculations. That can be a concern for some conventional measurement
techniques.

Second, the outage doesn’t cause a complete loss of reactive power. Even
without the generation output, there appears to be some reactive power output from the
generation interconnection. This could be the result of many different factors. A

couple of factors may include line charging or a shunt capacitor on the transmission.
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Substation G1 MVAR - RTU vs. PMU Data (in 33 ms intervals)
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The unusual transients, shown in Figure 30, show the reactive power swings
during this line outage. Again, the reactive power flow on this transmission suggests
that there are some other sources of reactive support. Some of it may be completely
passive, but there may be some active components (switching capacitors, etc...) that are
working against the recent loss. First, the fixed system begins to respond (governor
response). Then, the active facilities in the area begin to switch on (and off) to correct
voltage and other system characteristics that diminish following the generation loss
(corresponding actions that correlate with AGC response).

In Figures 31 through 34, the real and reactive power for the other two
generation interconnections is shown. The generator data shows increased reactive

power output to compensate for lost generation. Real power stays roughly the same.
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Figure 31. Real Power Data Comparison for the “Rocking” 1200 MW Generator.
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Substation P1 XFMR1 MVAR - RTU vs. PMU Data (in 33 ms intervals)
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Figure 32. Reactive Power Data Comparison for the “Rocking” 1200 MW Generator.

Substation P2 MW - RTU vs. PMU Data (in 33 ms intervals)

-140.00

= g
EZ
z 2
: =
S
z E
s =
£ £
= =
IS
= =
=2 =2
[N
fi
-
g g g 2 g 8
] ] g g g g
b 5 5 = ' !
(suemedow) M

-70.00

12 sec shift (advance) on RTU

-60.00

BT:¥5:00 €ET-AN-TO
5 00 £T-IN(-T0
ET'€5°00 ETIN-TO
05:25:00 €T-N-T0
BT:75:00 T-IN-TO
S¥:15:00 €TANI-TO
ET:15:00 €T-IN-TO
T+:05:00 €T-IN-T0
80:06:00 £T-IN-TO
9E:6¥:00 ETANI-TO
£0:6:00 €T-INI-TO
TE8Y:00 €ET-IN-TO
B85°L¥00 €ETANI-TO
9T 00 ETIN-TO
¥5:9%:00 €T-IN-10
TZ:9%:00 €T-1N-T0
6¥:5%:00 €TNI-TO
9T:5¢:00 €ET-IN-TO
P¥ppi00 €ET-IN-TO
TTHF00 €ET-IM-T0
BEEF00 ETN-TO
LO-€F:00 €TANI-TO
PEZY00 ET-IN-TO
0-200 £T-IN-10
6Z:TP:00 ET-INI-TO
£5°07:00 €TANI-TO
PT:0P00 €T-INM-T0
75'6€:00 ET-INI-TO
B6T:6€:00 €TAN-TO
L8800 €ET-IN-TO
ST:8E:00 €T-IN-T0
T¥LE00 ETIN-TO
OT:LE:00 €TANI-TO
LE9E00 ET-IN-TO
§0:9€:00 €T-INI-TO
TESEO0 ETIN-TO
00:5€:00 €T-NI-TO

Figure 33. Real Power Data Comparison for the “Rocking” 110 MW Generator.
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Substation P2 MVAR - RTU vs. PMU Data (in 33 ms intervals)
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Figure 34. Reactive Power Data Comparison for the “Rocking” 110 MW Generator.
Throughout the event, the generation output appears to be regulating up and
down sporadically. This is not normal for the system, and it seems to be present before
and after the generation outage. However, it gets extremely obvious after the line
outage. The post-outage stresses seem to have a particularly profound impact on the
reactive power flow. And again, the magnitudes of the PMU measurement and RTU
measurement are not in perfect alignment. This might be another problem with the CTs
or PTs, or it could be the result of inconsistent data calculations.
Significant Storm Disturbance
In the following plots, the data represents an event during a severe storm that
swept through a metropolitan area during the summer. The plots in this section show
the impact of multiple distribution faults during the storm. Numerous small voltage

dips associated with the distribution faults prevail during the timeframe of this data.
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Within the ten minute timeframe, some insight can be draw from the effects of these
distribution outages on the transmission system that supports this metropolitan area.
This did not result in any transmission or generation tripping oftline, but power quality
was certainly in question. Voltage data from four separate locations (within a 50 mile
radius) was analyzed. As with the previous events, the RTU data misses some transient
information. In Figures 35 through 42, voltage data from the PMUs and RTUs is
shown. In the odd numbered figures, the entire data sample is show, and that duration
is over a 10 minute timeframe. In even numbered figures, the one minute timeframe
that includes the largest voltage dips is shown. Although this information is not
extremely revealing, it is useful in the analysis of power quality during customer

inquiries. Conventional data that is provided by SCADA falls short in this respect.
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Substation Al Voltage - RTU vs. PMU Data (in 33 ms intervals)
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Figure 36. Voltage Data (Substation A1) Comparison during a Storm — 1 minute

timeframe.
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Figure 37. Voltage Data (Substation G1) Comparison during a Storm — 10 minute

timeframe.
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Figure 38. Voltage Data (Substation G1) Comparison during a Storm — 1 minute

timeframe.

Substation 01 Voltage - RTU vs. PMU Data (in 33 ms intervals)

2
i

141
140

——SUB 01KV (RTU)
———5UB 01 KV (PMU)

]
(sHoaepy) Ax

137

8 sec shift (advance) on RTU

61:80°00 ¥T-UN-T0
#0:80:00 vT-UN(-T10
61:£0-00 ¥T-Unr-10
SEL0/00 FT-UN-TO

0Z:£0°00 FT-UN-T0
50:£0:00 pT-UNi-T0
15:90:00 ¥T-Unr-10
9E:90:00 FT-UN-T0
TZ:90:00 FT-UNr-10
£0:90:00 FT-