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Abstract:

Whenever a fault occurs in a distribution network or a power grid, accurately and timely locating
the fault is of great importance in order to reduce fault losses. With the rapid development of
synchronous phasor measurement technology, the high-precision big data brought by
synchronous phasor measurement provides ample opportunities for on-line distribution network
fault diagnosis. This thesis focuses on the different studies and researches that have been made
on the techniques and methods being used currently in Distribution Networks for fault location
using PMU. There are several different approaches and studies that this paper will be describing
in order to better comprehend these methodologies and see the benefits of these different
techniques so that they can be a guide for further research studies in regards to fault location in

distribution networks.



Introduction:

1. Distribution Networks:

Electric power distribution is the final stage in the delivery of electric power; it carries electricity
from the transmission system to individual consumers. Distribution substations connect to the
transmission system and lower the transmission voltage to medium voltage ranging

between 2 kV and 35 kV with the use of transformersttl. Primary distribution lines carry this
medium voltage power to distribution transformers located near the customer's premises.
Distribution transformers again lower the voltage to the utilization voltage used by lighting,
industrial equipment and household appliances. Often several customers are supplied from one
transformer through secondary distribution lines. Commercial and residential customers are
connected to the secondary distribution lines through service drops. Customers demanding a
much larger amount of power may be connected directly to the primary distribution level or

the sub transmission level@,

The transition from transmission to distribution happens in a power substation, which has the

following functionst?:

« Circuit breakers and switches enable the substation to be disconnected from the transmission
grid or for distribution lines to be disconnected.

o Transformers step down transmission voltages, 35 kV or more, down to primary distribution
voltages. These are medium voltage circuits, usually 600-35000 /11,

o From the transformer, power goes to the bus bar that can split the distribution power off in
multiple directions. The bus distributes power to distribution lines, which fan out to

customers.

Urban distribution is mainly underground, sometimes in common utility ducts. Rural distribution
is mostly above ground with utility poles, and suburban distribution is a mix [, Closer to the
customer, a distribution transformer steps the primary distribution power down to a low-voltage

secondary circuit, usually 120/240 V in the US for residential customers. The power comes to
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the customer via a service drop and an electricity meter. The final circuit in an urban system may

be less than 15 metres (50 ft), but may be over 91 metres (300 ft) for a rural customer 11,
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network.
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Generation and Transmission:

Electric power begins at a generating station, where the potential difference can be as high as
33,000 volts. AC is usually used. Users of large amounts of DC power such as some railway
electrification systems, telephone exchanges and industrial processes such

as aluminium smelting use rectifiers to derive DC from the public AC supply, or may have their
own generation systems. High-voltage DC can be advantageous for isolating alternating-current
systems or controlling the quantity of electricity transmitted. For example, Hydro-Québec has a

direct-current line which goes from the James Bay region to Boston[l.

From the generating station it goes to the generating station's switchyard where a step-up
transformer increases the voltage to a level suitable for transmission, from 44 kV to 765 kV.
Once in the transmission system, electricity from each generating station is combined with
electricity produced elsewhere. Electricity is consumed as soon as it is produced. It is transmitted

at a very high speed, close to the speed of light.
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Primary Distribution:

Primary distribution voltages range from 4 kV to 35 kV phase-to-phase (2.4 kV to 20 kV phase-
to-neutral)! Only large consumers are fed directly from distribution voltages; most utility
customers are connected to a transformer, which reduces the distribution voltage to the low
voltage "utilization voltage", "supply voltage™ or "mains voltage" used by lighting and interior

wiring systems.
Network Configurations:

Distribution networks are divided into two types, radial or network[®l. A radial system is arranged
like a tree where each customer has one source of supply. A network system has multiple sources
of supply operating in parallel. Spot networks are used for concentrated loads. Radial systems are

commonly used in rural or suburban areas.

Radial systems usually include emergency connections where the system can be reconfigured in
case of problems, such as a fault or planned maintenance. This can be done by opening and
closing switches to isolate a certain section from the grid.

Long feeders experience voltage drop (power factor distortion) requiring capacitors or voltage

regulators to be installed.

Reconfiguration, by exchanging the functional links between the elements of the system,
represents one of the most important measures which can improve the operational performance
of a distribution system. The problem of optimization through the reconfiguration of a power
distribution system, in terms of its definition, is a historical single objective problem with
constraints. Since 1975, when Merlin and Back!®! introduced the idea of distribution system
reconfiguration for active power loss reduction, until nowadays, a lot of researchers have
proposed diverse methods and algorithms to solve the reconfiguration problem as a single
objective problem. Some authors have proposed Pareto optimality based approaches (including
active power losses and reliability indices as objectives). For this purpose, different artificial
intelligence based methods have been used: microgeneticl’), branch exchanget®, particle swarm

optimization[®! and non-dominated sorting genetic algorithm™°l.
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Rural Services:

Rural electrification systems tend to use higher distribution voltages because of the longer
distances covered by distribution lines (see Rural Electrification Administration). 7.2, 12.47, 25,
and 34.5 kV distribution is common in the United States; 11 kV and 33 kV are common in the
UK, Australia and New Zealand; 11 kV and 22 kV are common in South Africa; 10, 20 and

35 kV are common in Chinal*¥l. Other voltages are occasionally used.

Rural services normally try to minimize the number of poles and wires. It uses higher voltages
(than urban distribution), which in turn permits use of galvanized steel wire. The strong steel
wire allows for less expensive wide pole spacing. In rural areas a pole-mount transformer may
serve only one customer. In New Zealand, Australia, Saskatchewan, Canada, and South

Africa, Single-wire earth return systems (SWER) are used to electrify remote rural areas.

Three phase service provides power for large agricultural facilities, petroleum pumping facilities,
water plants, or other customers that have large loads (Three phase equipment). In North
America, overhead distribution systems may be three phase, four wire, with a neutral conductor.
Rural distribution system may have long runs of one phase conductor and a neutral™*?l. In other
countries or in extreme rural areas the neutral wire is connected to the ground to use that as a

return (Single-wire earth return). This is called an ungrounded wye system.
Secondary Distribution:

Electricity is delivered at a frequency of either 50 or 60 Hz, depending on the region. It is
delivered to domestic customers as single-phase electric power. In some countries as in Europe
a three phase supply may be made available for larger properties. Seen with an oscilloscope, the
domestic power supply in North America would look like a sine wave, oscillating between —170
volts and 170 volts, giving an effective voltage of 120 volts RMSI]. Three-phase electric

power is more efficient in terms of power delivered per cable used, and is more suited to running
large electric motors. Some large European appliances may be powered by three-phase power,

such as electric stoves and clothes dryers.

A ground connection is normally provided for the customer's system as well as for the equipment
owned by the utility. The purpose of connecting the customer's system to ground is to limit the

voltage that may develop if high voltage conductors fall down onto lower-voltage conductors
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which are usually mounted lower to the ground, or if a failure occurs within a distribution
transformer. Earthing systems can be TT, TN-S, TN-C-S or TN-C.
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World Map of mains voltage and frequencies

Regional Variations:

220-240 volt systems

Most of the world uses 50 Hz 220 or 230 V single phase, or 400 V 3 phase for residential and
light industrial services. In this system, the primary distribution network supplies a few
substations per area, and the 230 V / 400 V power from each substation is directly distributed to
end users over a region of normally less than 1 km radius. Three live (hot) wires and the neutral
are connected to the building for a three phase service. Single-phase distribution, with one live
wire and the neutral is used domestically where total loads are light. In Europe, electricity is
normally distributed for industry and domestic use by the three-phase, four wire system. This
gives a phase-to-phase voltage of 400 volts wye service and a single-phase voltage of 230

volts between any one phase and neutral. In the UK a typical urban or suburban low-voltage
substation would normally be rated between 150 kVA and 1 MVA and supply a whole
neighborhood of a few hundred houses. Transformers are typically sized on an average load of 1

to 2 kW per household, and the service fuses and cable is sized to allow any one property to draw
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a peak load of perhaps ten times this. For industrial customers, 3-phase 690 / 400 volt is also
available, or may be generated locally™. Large industrial customers have their own
transformer(s) with an input from 11 kV to 220 kV.

100-120 volt systems

Most of the Americas use 60 Hz AC, the 120/240 volt split-phase system domestically and three
phase for larger installations. North American transformers usually power homes at 240 volts,
similar to Europe's 230 volts. It is the split-phase that allows use of 120 volts in the home.

In the electricity sector in Japan, the standard voltage is 100 V, with both 50 and 60 Hz AC
frequencies being used. Parts of the country use 50 Hz, while other parts use 60 Hz[*®l. This is a
relic from the 1890s. Some local providers in Tokyo imported 50 Hz German equipment, while
the local power providers in Osaka brought in 60 Hz generators from the United States. The
grids grew until eventually the entire country was wired. Today the frequency is 50 Hz in
Eastern Japan (including Tokyo, Yokohama, Tohoku, and Hokkaido) and 60 Hz in Western
Japan (including Nagoya, Osaka, Kyoto, Hiroshima, Shikoku, and Kyushu) (21,

Most household appliances are made to work on either frequency. The problem of
incompatibility came into the public eye when the 2011 T6hoku earthquake and
tsunami knocked out about a third of the east's capacity, and power in the west could not be fully

shared with the east, since the country does not have a common frequency™°l,

There are four high-voltage direct current (HVDC) converter stations that move power across
Japan's AC frequency border. Shin Shinano is a back-to-back HVDC facility in Japan which
forms one of four frequency changer stations that link Japan's western and eastern power grids.
The other three are at Higashi-Shimizu, Minami-Fukumitsu and Sakuma Dam. Together they can

move up to 1.2 GW of power east or westl*"],

240 volt systems and 120 volt outlets

Most modern North American homes are wired to receive 240 volts from the transformer, and

through the use of split-phase electrical power, can have both 120 volt receptacles and 240 volt
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receptacles. The 120 volts is typically used for lighting and most wall outlets. The 240 volt
circuits are typically used for appliances requiring high watt heat output such as ovens and

heaters. They may also be used to supply an electric car charger.
Modern Distribution Systems:

Traditionally, the distribution systems would only operate as simple distribution lines where the
electricity from the transmission networks would be shared among the customers. Today's
distribution systems are heavily integrated with renewable energy generations at the distribution
level of the power systems by the means of distributed generation resources, such as solar
energy and wind energy*®l. As a result, distribution systems are becoming more independent
from the transmission networks day-by-day. Balancing the supply-demand relationship at these
modern distribution networks (sometimes referred to as micro grids) is extremely challenging,
and it requires the use of various technological and operational means to operate. Such tools
include battery storage power station, data analytics, optimization tools, etc.
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2. Phasor Measurement Unit (PMU):

A phasor measurement unit (PMU) is a device used to estimate the magnitude and phase angle of
an electrical phasor quantity (such as voltage or current) in the electricity grid using a common
time source for synchronization. Time synchronization is usually provided by GPS or IEEE

1588 Precision Time Protocol, which allows synchronized real-time measurements of multiple
remote points on the grid. PMUs are capable of capturing samples from a waveform in quick
succession and reconstructing the phasor quantity, made up of an angle measurement and a
magnitude measurement. The resulting measurement is known as a Synchrophasor. These time
synchronized measurements are important because if the grid’s supply and demand are not
perfectly matched, frequency imbalances can cause stress on the grid, which is a potential cause

for power outages!.

PMUs can also be used to measure the frequency in the power grid. A typical commercial PMU
can report measurements with very high temporal resolution, up to 120 measurements per
second. This helps engineers in analyzing dynamic events in the grid which is not possible with
traditional SCADA measurements that generate one measurement every 2 or 4 seconds.
Therefore, PMUs equip utilities with enhanced monitoring and control capabilities and are
considered to be one of the most important measuring devices in the future of power systems?l.
A PMU can be a dedicated device, or the PMU function can be incorporated into a protective
relay or other devicel®,
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Using a PMU, it is simple to detect abnormal waveform shapes. A waveform shape described

mathematically is called a phasor.



Operation:

A PMU can measure 50/60 Hz AC waveforms (voltages and currents) typically at a rate of 48
samples per cycle making them effective at detecting fluctuations in voltage or current at less
than one cycle. However, when the frequency does not oscillate around or near 50/60 Hz, PMUs
are not able to accurately reconstruct these waveforms. Phasor measurements from PMU’s are

constructed from cosine waves that follow the structure belowtl.
Acos(wt + 0)

The A in this function is a scalar value that is most often described as voltage or current
magnitude (for PMU measurements). The 0 is the phase angle offset from some defined starting
position, and the ® is the angular frequency of the wave form (usually 2750 radians/second or
2m60 radians/second). In most cases PMUs only measure the voltage magnitude and the phase
angle, and assume that the angular frequency is a constant. Because this frequency is assumed
constant, it is disregarded in the phasor measurement. PMU’s measurements are a mathematical
fitting problem, where the measurements are being fit to a sinusoidal curvefl. Thus, when the
waveform is non-sinusoidal, the PMU is unable to fit it exactly. The less sinusoidal the
waveform is, such as grid behavior during a voltage sag or fault, the worse the phasor

representation becomes.

The analog AC waveforms detected by the PMU are digitized by an analog-to-digital

converter for each phase. A phase-locked oscillator along with a Global Positioning

System (GPS) reference source provides the needed high-speed synchronized sampling with 1
microsecond accuracy. However, PMUs can take in multiple time sources including non-GPS
references as long as they are all calibrated and working synchronously. The resultant time-
stamped phasors can be transmitted to a local or remote receiver at rates up to 120 samples per
second. Being able to see time synchronized measurements over a large area is helpful in
examining how the grid operates at large, and determining which parts of the grid are affected by

different disturbances.

Historically, only small numbers of PMUs have been used to monitor transmission lines with
acceptable errors of around 1%. These were simply coarser devices installed to prevent

catastrophic blackouts. Now, with the invention of micro-synchronous phasor technology, many
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more of them are desired to be installed on distribution networks where power can be monitored
at a very high degree of precision. This high degree of precision creates the ability to drastically
improve system visibility and implement smart and preventative control strategies. No longer are
PMUs just required at sub-stations, but are required at several places in the network including

tap-changing transformers, complex loads, and PV generation buses!l.

While PMUs are generally used on transmission systems, new research is being done on the
effectiveness of micro-PMUs for distribution systems. Transmission systems generally have
voltage that is at least an order of magnitude higher than distribution systems (between 12kV and
500kV while distribution runs at 12kV and lower). This means that transmission systems can
have less precise measurements without compromising the accuracy of the measurement.
However, distribution systems need more precision in order to improve accuracy, which is the
benefit of uPMUs. uPMUs decrease the error of the phase angle measurements on the line from
+1° to +0.05°, giving a better representation of the true angle valuel®. The “micro” term in front

of the PMU simply means it is a more precise measurement.

Technical Overview:

A phasor is a complex number that represents both the magnitude and phase angle of the sine
waves found in electricity. Phasor measurements that occur at the same time over any distance
are called "synchrophasors”. While it is commonplace for the terms "PMU" and "synchrophasor™
to be used interchangeably they actually represent two separate technical meanings. A
synchrophasor is the metered value whereas the PMU is the metering device. In typical
applications, phasor measurement units are sampled from widely dispersed locations in the
power system network and synchronized from the common time source of a Global Positioning
System (GPS) radio clock. Synchrophasor technology provides a tool for system operators and
planners to measure the state of the electrical system (over many points) and manage power

quality.

PMUs measure voltages and currents at principal intersecting locations (critical substations) on a
power grid and can output accurately time-stamped voltage and current phasors. Because these
phasors are truly synchronized, synchronized comparison of two quantities is possible in real

time. These comparisons can be used to assess system conditions-such as; frequency changes,
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MW, MVARs, kVolts, etc. The monitored points are preselected through various studies to make
extremely accurate phase angle measurements to indicate shifts in system (grid) stability. The
phasor data is collected either on-site or at centralized locations using Phasor Data Concentrator
technologies. The data is then transmitted to a regional monitoring system which is maintained
by the local Independent System Operator (ISO). These 1ISO's will monitor phasor data from
individual PMU's or from as many as 150 PMU's — this monitoring provides an accurate means
of establishing controls for power flow from multiple energy generation sources (nuclear, coal,

wind, etc.).

The technology has the potential to change the economics of power delivery by allowing
increased power flow over existing lines. Synchrophasor data could be used to allow power flow
up to a line's dynamic limit instead of to its worst-case limit.[clarification

needed] Synchrophasor technology will usher in a new process for establishing centralized and
selective controls for the flow of electrical energy over the grid. These controls will affect both
large scale (multiple-states) and individual transmission line sections at intersecting substations.
Transmission line congestion (over-loading), protection and control will therefore be improved
on a multiple region scale (US, Canada, Mexico) through interconnecting 1SO's.

Phasor Networks:

A phasor network consists of phasor measurement units (PMUSs) dispersed throughout the
electricity system, Phasor Data Concentrators (PDC) to collect the information and a Supervisory
Control And Data Acquisition (SCADA) system at the central control facility. Such a network is
used in Wide Area Measurement Systems (WAMS), the first of which began in 2000 by

the Bonneville Power Administration®. The complete network requires rapid data transfer
within the frequency of sampling of the phasor data. GPS time stamping can provide a
theoretical accuracy of synchronization better than 1 microsecond. "Clocks need to be accurate
to + 500 nanoseconds to provide the one microsecond time standard needed by each device
performing synchrophasor measurement.” 'l For 60 Hz systems, PMUs must deliver between 10
and 30 synchronous reports per second depending on the application. The PDC correlates the
data, and controls and monitors the PMUs (from a dozen up to 60) 1. At the central control
facility, the SCADA system presents system wide data on all generators and substations in the

system every 2 to 10 seconds.
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PMUs often use phone lines to connect to PDCs, which then send data to the SCADA or Wide
Area Measurement System (WAMS) server!®l, Additionally, PMUs can use ubiquitous mobile
(cellular) networks for data transfer (GPRS, UMTS), which allows potential savings in
infrastructure and deployment costs, at the expense of a larger data reporting latency. /0124
However, the introduced data latency makes such systems more suitable for R&D measurement

campaigns and near real-time monitoring, and limits their use in real-time protective systems.

PMUs from multiple vendors can yield inaccurate readings. In one test, readings differed by 47
microseconds — or a difference of 1 degree of 60 Hz- an unacceptable variance. 2 China's
solution to the problem was to build all its own PMUs adhering to its own specifications and
standards so there would be no multi-vendor source of conflicts, standards, protocols, or

performance characteristics. (1
Installation:

Installation of a typical 10 Phasor PMU is a simple process. A phasor will be either a 3 phase
voltage or a 3 phase current. Each phasor will, therefore, require 3 separate electrical connections
(one for each phase). Typically an electrical engineer designs the installation and interconnection
of a PMU at a substation or at a generation plant. Substation personnel will bolt an equipment
rack to the floor of the substation following established seismic mounting requirements. Then the
PMU along with a modem and other support equipment will be mounted on the equipment rack.
They will also install the Global Positioning Satellite (GPS) antenna on the roof of the substation
per manufacturer instructions. Substation personnel will also install "shunts™ in all Current
transformer (CT) secondary circuits that are to be measured. The PMU will also require
communication circuit connection (Modem if using 4-wire connection or Ethernet for network

connection).[
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Applications:

e Power system automation, as in smart grids

e Load shedding and other load control techniques such as demand response mechanisms
to manage a power system. (i.e. Directing power where it is needed in real-time)

e Increase the reliability of the power grid by detecting faults early, allowing for isolation
of operative system, and the prevention of power outages.

e Increase power quality by precise analysis and automated correction of sources of system
degradation.

e Wide area measurement and control through state estimation,**! in very wide area super
grids, regional transmission networks, and local distribution grids.

e Phasor measurement technology and synchronized time stamping can be used for
Security improvement through synchronized encryptions like trusted sensing base. Cyber
attack recognition by verifying data between the SCADA system and the PMU data.*®]

e Distribution State Estimation and Model Verification. Ability to calculate impedances of
loads, distribution lines, verify voltage magnitude and delta angles based on
mathematical state models.

e Event Detection and Classification. Events such as various types of faults, tap changes,
switching events, circuit protection devices. Machine learning and signal classification
methods can be used to develop algorithms to identify these significant events.

e Microgrid applications—islanding or deciding where to detach from the grid, load and

generation matching, and resynchronization with the main grid.[®!
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Standards:

The IEEE 1344 standard for synchrophasors was completed in 1995, and reaffirmed in 2001. In
2005, it was replaced by IEEE C37.118-2005, which was a complete revision and dealt with
issues concerning use of PMUs in electric power systems. The specification describes standards
for measurement, the method of quantifying the measurements, testing & certification
requirements for verifying accuracy, and data transmission format and protocol for real-time data
communication.[® This standard was not comprehensive- it did not attempt to address all factors
that PMUs can detect in power system dynamic activity.[®! A new version of the standard was
released in December 2011, which split the IEEE C37.118-2005 standard into two parts:
C37.118-1 dealing with the phasor estimation & C37.118-2 the communications protocol. It also
introduced two classifications of PMU, M — measurement & P — protection. M class is close in
performance requirements to that in the original 2005 standard, primarily for steady state
measurement. P class has relaxed some performance requirements and is intended to capture
dynamic system behavior. An amendment to C37.118.1 was released in 2014. IEEE C37.118.1a-
2014 modified PMU performance requirements that were not considered achievable.[*”]

Other standards used with PMU interfacing:

« OPC-DA/OPC-HDA — A Microsoft Windows based interface protocol that is currently
being generalized to use XML and run on non-Windows computers.

o |EC 61850 a standard for electrical substation automation

« BPA PDCStream — a variant of IEEE 1344 used by the Bonneville Power Administration
(BPA) PDCs and user interface software. !

o IEEE/IEC 60255-118-1-2018 — This part of IEC 60255 is for synchronized phasor
measurement systems in power systems. It defines a synchronized phasor (synchrophasor),
frequency, and rate of change of frequency measurements. It describes time tag and
synchronization requirements for measurement of all three of these quantities. It specifies
methods for evaluating these measurements and requirements for compliance with the
standard under both static and dynamic conditions. It defines a phasor measurement unit
(PMU), which can be a stand-alone physical unit or a functional unit within another physical

unit.[18]
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3. How does the PMU make the grid more reliable?

A Phasor Measurement Unit, also called a PMU or a synchro phasor, is a key tool used on
electric systems to improve operators’ visibility into what is happening throughout the vast grid
network. A PMU is a device that measures a quantity called a phasor. A phasor tells the
magnitude and phase angle for the AC voltage or current at a specific location on a power line.
This information can also be used to determine frequency and is useful for identifying and
analyzing system conditions.

PMUs provide up to 60 measurements per second, which is much more than the typical one
measurement every 2 to 4 seconds provided by conventional SCADA systems. PMUs have a big
advantage over traditional means of collecting data because all PMU data is time-stamped using
Global Positioning System (GPS) data. This means that data collected across a grid is all
synchronized by using the same exact method of associating time with data. For this reason,
PMUs are sometimes called synchrophasors. The following illustrates information provided by

two PMUs on opposite sides of a transmission line:

Phasor Representation

Common Reference Signal at remote locations possible due to GPS synchronization

Source: Consortium for Electric Reliability Technology Solutions

PMUs provide a detailed and accurate view of power quality across a wide geographic grid. The
data collected tells the system operator if the voltage, current, and frequency is staying within

specified tolerances. The capability is used in multiple ways:

e To improve the accuracy of modeling system conditions

« To predict and detect stress and instability on the grid



« To provide information for event analysis after a disturbance has occurred
o To identify inefficiencies

e To predict and manage line congestion

In recent years, tens of thousands of PMUs have been installed in transmission grids throughout
the world. In some cases they are also used in distribution grids. Coupled with smart controllers,
PMU offer the opportunity to replace typical hands-on adjustments required by SCADA systems

with a system that makes decisions and sends control signals autonomously.

Such capabilities promise to allow for more robust and efficient integration of renewables,
distributed energy resources (DERs), and microgrids. PMUs are becoming a key tool in making

our grid more reliable, resilient, and ultimately cleaner.



4. Methods and Techniques for fault location In
Distribution Networks by using PMU:

Augmented State Estimation Method for Fault L ocation

Based on On-line Parameter Identification of PMU

Measurement Data

This is the fault location method for augmented state estimation based on on-line parameter
identification by using the initial and terminal voltage and current phasor measured by the PMU,
the relationship between voltage and current along the positive sequence network and the
negative sequence network is inferred. The line fault parameters and information (the fault
distance and the voltage phasor from the point of failure are increased in the state quantity and
the state estimation is performed with the node state quantity of origin to achieve on-line
identification parameters and precise location of the fault. The distribution network model is
built in PSCAD. The simulation results verify the accuracy and high precision of the proposed

algorithm.

Introduction:

China's medium-voltage power distribution networks generally use small current grounding
system which have small ground current when a single-phase ground fault occurs, and short-time
grounding will not cause the switch to trip. So it has high power supply reliability. However,
operation with fault for a long time will lead to line insulation damage, and even lead to more
serious phase-to-phase fault. Therefore, after a fault occurs, accurate and timely fault location is
of great significance in reducing fault losses. With the rapid development of synchronous phasor
measurement technology, it can accurately describe the real-time behavior characteristics of the
distribution network system and can synchronously collect high-precision operating parameters

of the distribution network!-3l, The highprecision big data brought by the synchronous phasor



measurement brings many possibilities to the on-line fault location of the distribution network.
At present, the main fault location algorithms can be divided into traveling wave method,
impedance method, injection method and artificial intelligence method™. Traveling wave
method is based on voltage and current traveling wave for line fault location, which is often used
for fault location of highvoltage transmission lines. Due to the complicated structure and short
line, the application of traveling wave method is limited in distribution system!®-¢l. Injection
method requires an external signal source, which will have impacts on the operation of the power
grid™. Artificial intelligence algorithms such as fuzzy algorithm, genetic algorithm and neural
network algorithm are mostly in the research stage, and need to train a large number of samples
with low reliabilityl. Impedance method can be divided into single-ended method and double-
ended method. The single-ended algorithm is affected by the transition resistance, so the distance
measurement precision is low. The double-ended method can eliminate the influence of the
transition resistance and improve the distance measurement. Therefore, it has a better prospect of
applicationt®.

At present, most location algorithms are based on the known line parameters. Traditional line
parameters are calculated by actual measurement under certain conditions, but in the actual
operation process, the line parameters will be affected by environmental conditions, which will
affects the accuracy of fault location. Therefore, accurate fault parameters are the basis for
proper fault analysis before fault location.

In order to solve the error caused by the off-line parameter inaccuracy, an augmented state
estimation fault location method based on on-line parameter identification is used. This
algorithm is based on the centralized parameter line model considering distributed capacitance.
The characteristics of single-phase grounding fault are analyzed, and the fault network is
decomposed into positive sequence network and negative sequence network by using symmetric
component method. By using the initial and terminal voltage and current phasor measured by
PMU, the relationship between voltage and current along the positive sequence network and
negative sequence network is deduced. Based on the augmented state estimation theory, the
traditional state estimation of branch power measurement and node injection power measurement
is transformed into an equivalent current phasor measurement. The measurement equation is
constructed. The line parameters and the fault information (the fault distance and the voltage

phasor of the fault point) are augmented into the state quantity, and the state estimation is



performed together with the original node state quantity to realize on-line parameter
identification and accurate fault location. The radial distribution network model is built in
PSCAD. The simulation results verify the correctness and high precision of the proposed

algorithm.

AUGMENTED STATE ESTIMATION METHOD FOR FAULT
LOCATION:

Augmented State Estimation Method

The traditional state estimation measurement equation for power systems can be described as:
z=h(x)+v (1)

Where, z is the m-dimension measurement vector, x is the n-dimension state vector, v is the
measurement error vector, h is the non-linear function associated with the measurement z and the
state x. The traditional state estimation measurement vector is generally the branch active and
reactive power flow, the node active and reactive power, the node voltage amplitude. The state
vector to be determined is the node voltage amplitude and phase angle. The measurement

equation for the augmented state estimation proposed in this technique is as follows:
z=h(x,p)+v (2)

That is, based on the original state estimation, the other parameter vector p expected to be
estimated is added to the state vector, assuming that x contains NA state quantities, and p
contains NB state quantities, then the augmented state quantity is from the original NA increase
to (NA + NB).

Fault location based on double-ended measurement

In this method, the line model adopts a # model considering the distributed capacitance. Figure 1
shows a schematic diagram after a fault occurs. PMU is installed at S and R terminals

respectively. The measurement of PMU includes node voltage phasor and branch current phasor.



Therefore, Voltage Es, Erand current Is, Ir at S and R terminals are measurable, d represents the
fault distance as a percentage of the total line length. Z is the total line impedance and Y is the

total line susceptance.
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Fig. I. Sampled faulted line
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Taking the most common single-phase-to-ground fault in distribution network as an example, the
negative-sequence and zero-sequence network appear in the system after the single-phase-to-
ground fault occurs at the f-point of the line. When the distribution network is metallically
grounded, the zero-sequence current at the fault point is equal to the sum of the capacitive
currents of all non-fault lines to the ground, while the distribution network line is short and the
line-to-ground capacitance is small. The zero-sequence current is small, and the zero-sequence
current is susceptible to the influence of line distributed capacitance, which makes the fault
positioning error larger. Therefore, this method selects the positive sequence network and the
negative sequence network after fault for analysis. The positive sequence network and the

negative sequence network are respectively shown in Figures 2 and 3.
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Fig. 2. Fault positive sequence equivalent network

For the circuit shown in Figure 2, the branch voltage and current equations are written to obtain

the positive sequence network fault location equation:
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Fig. 3. Fault negative sequence equivalent network

Similarly, the negative sequence network fault location equation is obtained from Figure 3:
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In equations (3) and (4), the subscripts 1, 2 represent the parameters of the positive sequence
network and the negative sequence network respectively, Usi,Ur. are the positive sequence

voltage and the negative sequence voltage of the fault point.

Proposed location method

In section B, the fault location equations based on double-ended measurement are obtained.
Since the positive sequence parameter and the negative sequence parameter of the line are equal,

equations (3) and (4) are combined and obtained:
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and the unknown state quantity are:
x=[d,g,b,l, U”,, 5] (6)

Where, 1/Z = g+jb (Z = Z1= Z») is the positive and negative sequence line admittance, Y Y = jy1
(Y =Y1=Y>) is the positive and negative sequence line susceptance. The corresponding
measurement equation is obtained by decomposing the imaginary part of the real part:
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Therefore, the new state vector x®'9 and the new measurement z2“9 that augmented can be defined

X" =[d,g,b,)1,v,,,0,,,V,,0,,] (8)
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Now adding the new augmentation measurement equation to the original state estimation
measurement equation and get the augmented state estimation method for fault location based on
on-line parameter identification. Then using weighted least squares algorithm to solve it. Based

on the augmented measurement equation, the optimization goal of the weighted least squares

method is:
J(x, p)=(z—h(x, p)) W(z— h(x, p)) (10)

Where, W is the weight coefficient matrix. Similar to solving the state estimation based on

weighted least squares, the iterative formula for solving (10) is:

H'WH Ax=H W[z - h(x)] (11)
Ax=[H WH T'H W[z —h(x)] (12)

where Ha is augmented Jacobian matrix.
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where, dHmw/dx, is the Jacobian matrix in the original state estimation. H*9 is a 8*8 matrix, It

includes derivation of new measurement vector z2“9 with respect to new state vector x®'9. The

H2“9 will take the following form:
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Now, completed the design of the entire algorithm is achieved, and now simulation and

verification is performed.

SIMULATION AND VERIFICATION:

Simulation model

To verify the correctness of the proposed fault location method, a 10 kV radian distribution

network is built based on PSCAD as Figure 4. In the simulation system, the positive sequence

resistance and zero sequence resistance per unit length are r1= 0.0341Q/km and ro= 0.2862Q/km

respectively. The positive sequence and zero-sequence inductance per unit length are x:=

0.2859Q/km and xo= 0.1421Q /km respectively, and the positive sequence and zero-sequence

susceptance per unit length are y1=0.4057x107° Q/km and yo= 0.1549 x 10 Q/km respectively.

P Load P Load

L1 10km PQ Lead
7 i ¥
Je de L2 12km PQ Load
E.-x: :\“ i *
L3 14km PQ Load
L4 16km PQ Load
oy Ll
By
o8
=
PQ Load| 2

Fig. 4. Radial distnbution network model



The fault occurs on L2 line which total length is 12 km. The fault location accuracy is measured

by equation (9):

E :%xl[}[}% (15)

N
Where Drea is the actual fault distance. | is the total length of line, d is the percentage of fault
distance in the total line.

Result analysis

In order to verify the correctness of the proposed method, simulating the following situations:
under different fault types, under different transition resistances, and when the line parameters

change. Then the analysis of location results is given.

Fault location results under different fault types:

Setting distribution network as neutral point non-grounding operation, when fault occurs in L2
line, Fault location results under different fault types are shown in Table 1. According to the
location result, it has high precision under different fault types (single-phase to ground, two-
phase shorting cut, two-phase to ground). When asymmetric faults occur in the system, negative
sequence components will appear in the network, so the proposed algorithm is applicable to

asymmetric faults in the network.

TABLE 1. SIMULATION RESULT UNDER IMFFERENT FAULT TYPE
Fault Fault distance Caculated distance Error/%a
vpe Jkm /km

3 3.0324 0.2700

AG 6 6.0435 0.2792
9 9.1024 0.8533

3 3.0453 0.3775

AB 6 60268 0.2233
9 Q1o 0.9242

3 2.9801 -0.1658

ABG [ 6.0188 0.1567
9 88923, -0.1475




Fault location results under different transition resistance:

Taking the neutral point ungrounded system as an example, the fault location results under
different transition resistances are shown in Table 2. It can be seen that the method is based on
the principle of double-ended impedance method, and the voltage at the fault point is expressed
by the voltage at the initial and the end of the line, eliminated the influence of the transition
resistance based on the traditional single-terminal impedance method. Therefore, in this
algorithm, the location accuracy is not affected by the change of the transition resistance, and the

accuracy and stability of the algorithm are basically not affected by the transition resistance.

TABLE IL. SIMULATION RESULT UNDER DIFFERENT TRANSITION
RESISTANCE
R /0 Fa ultﬂu:‘lji:tunce Cac ulutjrekc::ismnte Error/¥%

3 3.0324 0.2700
0 6 6.0435 0.2792
9 91024 0.8533
3 3.0365 0.3042
10 6 6.0317 0.2642
9 0.0813 0.6775
3 3.0402 0.3350
50 B 60478 0.3983
9 9.0917 0.7642
3 3.0416 0.3467
100 6 6.0356 0.2967
9 91002 0.8350

Fault location results when the line parameters change:

Set the line parameters to be accurate, the line parameter changes by +5%, and the line parameter
changes by -5%. The algorithm is verified under different fault distances. The results are shown
in Table 3. It can be seen that when the parameters change, the accuracy of the distance

measurement will not be affected. Therefore, the proposed algorithm based on online parameter



estimation, which eliminates the influence of parameter inaccuracy on ranging. Since the
proposed method calculates the line parameters and the fault distance at the same time through
the augmented state estimation, the error caused by the inaccurate line parameters on the location
result can be avoided.

TABLE IIL SIMULATION RESULT WHEN THE LINE PARAMETERS CHANGE
Fault distance Line Caculated Error/®
/km prameter distance/km

accurate 30324 0.2700

3 change +5% 30428 03567

change -5% 3.0389 0.3242

accurate 60268 02233

6 change +5% 6.0319 02658

change -5% 59743 -0.2142

accurate %8923 -0.1475

9 change +5% 88897 -(.9192

change -5% 00224 0.1867

CONCLUSION:

In this method, the distribution network is taken as the research object, and the more accurate 3
equivalent line model considering the distributed capacitance is adopted. Aiming at the problem
that the traditional line parameters have errors in actual operation, which will affect the results of
fault location. Line parameter identification is introduced, and augmented state estimation
method for fault location based on on-line parameter identification of PMU measurement data is
proposed. This algorithm is based on the synchronous data of two terminals collected by PMU. It
can estimate the line parameters synchronously on-line in real time, which reduces the error of
line parameters inaccurate to fault location results. The simulation results show that the proposed
method is not affected by fault type, transition resistance and inaccurate line parameters, and can

ensure high location results.
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Determination of Optimal PMU Placement for Fault-

_ocation Observability

This is a new method to find the minimum number of Phasor Measurement Units (PMU) to
determine fault locations on transmission power lines in a power system. Considering the cost of
installing the PMUSs, it is important to study the scheme of PMU placement at minimal locations
in the network in the sense that fault location observability can be achieved throughout the
network. In this method, a new algorithm is presented to find an optimization problem,
determine the location and the minimum number of PMUs to find the exact location of a fault in
power systems. The accuracy of the proposed algorithm is independent of the type of fault and
its resistance. The optimization problem is solved using the branch and bond method. 41-bus
230kV Tehran Transmission Regional Electric Network is used as a real case study.

Introduction:

Phasor Measurement Units (PMUSs) using synchronization signals from the GPS satellite system
have evolved into mature tools and are now being manufactured commercially!*. In power
systems, high voltage transmission and distribution lines are vital links that achieve the essential
continuity of service from the generating plants to the end users. Fault location on transmission
lines is thus a very well-known and important problem that has been studied for a long time.
From views of economics and quality of power feeding, the importance of fault location of
transmission lines is increasingly. The more accuracy of fault location has been obtained the
easier task for inspection, maintenance, and repair of the line can be achieved. Rapid restoration
of service could reduce customer complaints, outage time, loss of revenue, and crew repair
expensel®3l. Several two terminal fault location algorithms based on phasor measurement units
(PMUs) techniques have been proposed recently®®l, These PMU-based algorithms propose the
calculation of fault location using synchronized voltage and current phasors. While they can
achieve high accuracy in fault location, they are limited to locate faults in a transmission network

in stalled by PMUs on every bus. Considering the installation cost of PMUSs, it is important to



investigate the placement scheme of the PMUs at minimal locations on the network in the sense
that the fault location observability can be achieved over the entire network!. This method
presents a new concept of fault location observability and a new fault location scheme for
transmission networks based on synchronized PMUs. Considering the high cost of phasor
measurement units, minimizing the number of PMUs is very significant. In this method, a new
algorithm is introduced to find an optimization problem for determining the place and minimum
number of phasor measurement units in order to find accurate place of any fault among power
systems. PMUs are placed on the buses by the so called “one bus spaced placement strategy,”
which means that every two PMUs are spaced by one bus as possible as that the minimal PMUs
are achieved. The accuracy of suggested algorithm is independent from the fault types and the
fault resistance. The optimization problem may have multiple solutions, in other words a
minimum number of PMUs can be spread out over the network in different forms satisfying
constraints. The optimization problem is solved by branch and bound!™.. The 41-bus Tehran

Transmission Regional Electric Network is used as a real case study.

MINIMAL PMU PLACEMENT:

A PMU placed at a given bus is capable of measuring the voltage phasor of the bus as well as the
phasor currents for all lines incident to that bus. Thus, the entire parameters of a bus can be made
observable by placing PMUs at strategic buses in the system. The aim of minimal PMU
placement strategy is to investigate optimal placement scheme of PMUs to observe the location
of faults. Fig 1 illustrates a 7-bus example system. Every general network can be composed of
five sub- networks, type-1 to type-5 as shown in Fig 281, In this figure the placement of the
PMUs is shown. Each of the five subnetworks is placed with PMUs, which are called “one bus
spaced deployment strategy.” Indeed, most power transmission networks are composed of these

five subnetwork configurations.



Fig. 1. 7-bus example system.

In the type-2 subnetwork, by using previous described methods, it is easy to determine the
location of fault on the line 1-2, because at the both end of this line, PMUs are installed. So the
new problem, in this method solved, is determining of fault location on the lines 2-3 and 1-3. It is
easy to observe this type of fault location is similar to determine the location of fault on the type-
1 subnetwork. Using the similar method, entire subnet- works can be changed to type-1

subnetwork!®l. So determining of fault locations is described only for the type-1 subnetwork.
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Fig. 2. Five possible subnetworks with one bus spaced method.



Essential measurements for fault location detection algorithm obtained from one bus space
installed PMUs. By this method the fault location observability is achieved over the entire

network Fig 3 shows a fault on type-1 subnetwork in details.

vk vl Il by,
FHI:I 5t I Vf % R p IE{U
Lineyj i Linejk
- o —
L L DyxLy

Fig. 3. Type-1 subnetwork with fault.

To clear the details of the method, minimal PMU placement is performed on the 7-bus example
system. For fault location observability it is necessary to equip one spaced buses with PMUs. So
in Fig 1, one of the buses number 1 or number 2 should be equipped by a PMU. Using the same
method one of the buses number 2 or number 6 should be equipped by a PMU. The main
purpose of performing this method is to minimize the number of installed PMUSs, so for nbus

system an optimization problem is used:
min ix, (1)
st f{x)Zi\
Where, X is a binary decision variable vector, whose entries are defined as:

(2)

j[1 if a PMU is installed at bus i
X, =

0 otherwise

is a vector whose entries are all ones. f (X) is a vector function, whose entries are non-zero if the
corresponding bus voltage is solvable using the given measurement set and zero otherwise. The

con straints for the 7- bus example system can be formed as:



x; +x, =1
X, +x; 21
x, +x, 21
X, +x, 21
)= G)
X +x, 21
X, +x, =1

x, +x; 21

x,+x; 21

The operator “+” serves as the logical “OR” and the use of 1 in the right hand side of the
inequality ensures that at least one of the variables appearing in the sum will be non-zero. For

example, consider the third line of constraints as given below:

x, +x, 21

It implies that at least one PMU should be placed at either one of the buses 2 or 6 (or both).
Solving this optimization problem by Branch and Bound method, one bus spaced PMU
placement is achieved. The results of implementing the proposed method on the 7-bus example

system, is shown in Table I:

TABLEI
OPTIMAL PLACEMENT OF PMUS FOR THE T-BUS EXAMPLE SYSTEM.

. o buses for
Number of PMUs optimal PMU placement
3 234

FAULT LOCATION DETECTION:

To determine DK (p.u.), which is fault location in Fig. 1, phasor measurements of the bus i and
bus k are used. The length of the lines in the real case study net work, are in the range of medium
length lines, so © line model is used for modeling the lines of the network. Figure 4 shows the

details of the Fig. 3 by using the & line model.
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Fig. 4. Development of type-1 subnetwork.

The fault location determination method is intro duced only for three phase faults. By using

similar method the location of other fault types can be determined. In Figure 4, by using the

voltage phasor of bus i and the parameters of line i-j, the voltage phasor of bus j is determined.
V,=V,=(,~V,-L,-Y,/2)-L,-Z, (4)

In Figure 4 for determining the current phasor Ijk, injected current phasor to bus j is needed.

Because there is no PMU installed at bus j, injected current phasor to bus j and so current phasor

Ijk can't be calculated. Therefore, there are two unknown variables ljk and Dk left to be solved.

According to the circuit theories and assumption constraints, the two groups of equations for two

unknown variables are defined as:

Group-1: Network equations

F(l,.D,.8)=0

Group-2: Constraint equations

Fy(I 4, D,,0)=0

Where represents the known variables, such as Vi, Vj, VK, etc. Using the group-1 equations and
unknown parameter Dk, voltage and current phasors of the fault is calculated. The Group-2
equations are obtained from the assumption of pure resistance fault impedance. Since the
simultaneous equations of Group-1 and Group-2 are nonlinear, a numerical method is needed to
find the unknown variables Ijk and Dk. The method of obtaining two groups of equations for

three phase faults is introduced as:



Ve=Ve-Uy -V, Y, 12)-Z,; )

where:
Z,=2,D,
Y, =Y,-D,

Which Zjk and Yjk are the impedance ( € ) and shunt admittance (mho) of the line between j
and k respectively. Using equation (5), the fault voltage phasor (V) can be obtained as a

function of unknown parameter Dk.

1,=W,=V)IZ,+V,-Y, ]2 (6)

where:

Z,=(1-D)Z,
Y, =(1-D,)-Y,

Using equation (6), current phasor (ljk) can be obtained as a function of unknown parameter DKk.

Fault current phasor can be achieved from equation (7).

I, =1,+1, (7)
where:

Ly ==V Zy =V, Yy /2 ®)

Ly=(V,-V)IZ, -V, -Y, /2 (9)

Equations (5) and (7) are the group-1 equations. As same as what was explained before, group-2
equations are obtained from the assumption of pure resistance fault impedance to solve the fault

location Dk. This consideration makes the angle of fault current and voltage phasor, equal.

V,=Re{l,}+jIm{V,} (10)
I,=Re{l }+jIm{l } (11)

By assumption of pure resistance fault impedance:



ArglV,} = Argll ;} (12)

S0

Im{/, }-Re{V,}=Re{l, }-Im{} (13)

Considering three phase faults, Eq. (13) is the group 2 equations. Simultaneously solving the
proposed fault location equations caused to determine the unknown parameter Dk that is the
location of fault on the line between bus j and bus k. Table Il shows summary of the two groups

of equations for fault location detection:

TABLEII
SUMMARY OF THE TWO GROUPS OF EQUATIONS FOR FAULT LOCATION
DETECTION.
Group 1: Network equations (n=0.1.2.)

V_ﬁr = V.{-n - En me .Y.‘:.I"n 12)-Z kin
f}m Z(an -V ”)fZﬂ,n +an - YJT" /2
!ﬁ, =V —Vﬁ,);’Z*ﬁ, —Vﬁ, . Y&ﬁ, /2
+(V).n—Vﬁ,)x'Z V..Y_ /2

ifn " g
Group 2: Constraint equations

Rell o +1,+1,}-1m{l, +V, +V .}

weRlt ) =Im{l 1, +1,}-RelV,  +V, +V,,}

Re{l, =1} -Im{V, =V}
:Im{"’rl _"{2}‘ Re{V,rl _V,rz}

bec-g V
fault

afg.ﬁtg Re{l} - Im{V, }=Im{l}- Re{Vﬂ}

b-c-s
fault

—1
n=Vp

Results:

Matlab programming language is used to implement the proposed PMU optimal placement and
fault location detection algorithm. This program is tested by applying on 41-bus Tehran
Transmission Regional Electric Network (Figure 5). According to what was explained before, in
the developed program the proposed algorithm to find optimization constrains is used. The

optimization problem is solved by branch and bound method. Table 111 shows the optimal buses



chose to install the PMUs. Finally the fault location detection algorithm is written. The input data

of the program are the © line parameters and measured voltage and current phasors.

Fig. 5. Single line diagram of the Tehran Transmission Regional Electric
Network.

TABLEIII
THE QOPTIMAL PMU PLACEMENT SCHEME FOR TEHRAN TRANSMISSION
REGIONAL ELECTRIC NETWORK.

Total number of PMUs Number of buses
17 2,5,6,7.914,17,1922 24 27 28 29 30 31,3236
Conclusion:

A new concept of fault location observability and a new fault location scheme have been
presented when using PMUs. The proposed optimization problem has two advantages. First it is
economical and second it can be implemented on interconnected networks. The proposed method
has been introduced in two steps. First step is to determine the optimal number and place of
PMUs among all the network buses. Second step is determining the location of fault by using the
installed PMU measurements. The results show the developed method is successful in finding
optimal PMU placement and accurate fault location detection. By using branch and bound
method, an optimal PMU arrangement has been achieved. As shown in Table Ill, for fault

location detection observability, at least 17 installed PMUs are needed.
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Fault Location Method Using Phasor Measurement Units

and Short Circuit Analysis for Power Distribution Networks

To improve the problems of existing studies, this method focuses on different approaches such as
in order to minimize the number of PMU installations, an estimation of the fault locations of the
lateral feeders by short-circuit analysis is presented.. Another approach, unbalanced faults and
impacts of photovoltaic (PV) was considered. The proposed procedure consists of two stages. In
Stage 1, the fault location for the main feeder was estimated using PMUs installed at the start and
end points of the main feeder. Symmetrical components of voltage and Current fluctuations were
calculated taking into account, the effects of the PVs connected to the side feeds. If the result of
Stage 1 indicated a connection section of the lateral feeder, Stage 2 will be performed. In Stage
2, the fault location was estimated for the lateral feeder by comparing the results of the short-
circuit analysis and the PMU measurements. The short-circuit analysis was based on an
unbalanced power flow that took into account the dynamic properties of the photovoltaic
inverter. The proposed method was verified by various fault situations in a test system. A noise

test was also performed for the applicability of the proposed algorithm to the actual system.

Introduction:

This is a method of estimating the fault location by combining the PMU measurements and
contingency analysis results using short circuit calculation. To that end, this method proposes the
following three points. First, a 2-stage fault location estimation method is proposed that
identifies the fault location in the main feeder using two PMUs installed in the main feeder, and
then compares the contingency short circuit analysis result and the PMU measurements to
estimate the fault location inside the lateral feeder. Second, the existing method is modified,
which only uses the positive sequence components of voltage and current without considering
the contribution of DER, by proposing a method of calculating the voltage variation by
decomposing voltage and current into symmetrical components. Furthermore, a method of
combining the voltage phasor angle measurement of the PMU and the RTU measurement to
reflect the fault current contribution of DERs to the main feeder is proposed. Third, to estimate

the fault location in the lateral feeder, a short circuit analysis method is used that reflects the



dynamic control characteristics of the PV inverter during a fault for the implicit Z-bus method,
which is a conventional 3-phase power flow method. In order to verify the applicability of the

proposed algorithm to the actual system, a random noise test was performed.

Conventional Fault Location Methods Using PMUs:

The study assumed that every bus is a faulted point and calculated the current between buses by
using the measurement values that were obtained by PMUs installed at the substation and
DERs/?l. After that, the voltage of the PMU installation point was calculated through weighted
least squares-based state estimation by using line impedance and calculated current. The fault
location was identified through the comparison between the estimated and measured values of
the voltage at the PMUs. As shown in Figure 1, if bus 4 is assumed as the fault point, the
upstream current of the fault point is calculated by using the 11 and IDER1. If bus 6 is assumed
as the fault point also, it is calculated with additional consideration for IDER2. The voltage is
estimated for each case by using the calculated current and line impedance. If the case of the
assumed fault at bus 4 has the smallest deviation (comparing with the estimated and measured
voltages for each bus), it can identify the bus as the fault location. However, this method requires
the installation of many PMUs at every DER point, at both ends and of the feeder, and in the
middle of the feeder
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Figure 1. Outline of the phasor measurement unit (PMU)-based fault location method-



The study used the voltage and current variations before and after the fault detected at the
PMUSsE], For estimation of the fault location, the positive sequences of voltage and current
variations were calculated for the forward (from start to end of a feeder) and backward (from end
to start of the feeder) direction, as expressed by Equation (1) and (2).

Aly = Al 1 — AV, 1+ Y, (1)

AV, = AV, 1 —Al,» Zra,n—l (2)

where, AVn and Aln are the positive voltage and current variations of each bus n. For calculation
of the variations in each direction, the measured values of the PMU are used as the initial value.
Zn,n—1 is the line impedance between the bus n and n — 1. Yn—1 is the admittance of the load
connected to the bus n — 1. Finally, the fault location was determined as a section where the

voltage difference between the two directions was minimized as shown in Figure 2.

Straight path#1 \I Deviation of '
| two direction
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w. |
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Figure 2. Outline of the PMU-based fault location method §ly

This method calculated variation values using only the positive sequence. Therefore, it was
required to consider the symmetrical components for the unbalanced faults. Additionally, the
lateral feeders were treated as simply impedance model. It is can be erroneously calculated due
to the contribution of the DERs connected to the lateral feeders. Above all, that requires two
PMUs at both ends of the straight paths for a feeder to identify a fault in the main and every
lateral feeder. Even for the reduction distribution network shown in Figure 2, as many as four
PMUs are required. This will require the installation of much more PMUs for the actual

distribution networks. According to other studies, the PMU can generate approximately 13 GB



of data every month[*®l. Moreover, the generation of monthly communication costs will be at
least $13.84 for each PMU, which aggravates the economic burden. Table 1 presents the amount
of data required by each PMU installed in the distribution networks. Table 2 shows the
corresponding cost of communication. In Table 2, the use of wireless communication was
assumed. Additionally, separate communication infrastructure and costs are required to use an
optical network. Therefore, as the increase of PV connected to distribution network, installing

many PMUSs is not a practical solution to the fault location.

Table 1. Monthly amount of accumulated data for each terminal unit.

Type of Meter KTu MU Smart Meter
Amount of data/cycles 1/2s 10-120 5 1/15 min
Acquisition data type F QW (m), 1im), 8y, ete. O,V im, 5),1im,8), etc BV, ete.
Accumulated data generation/month 442 MB LI3-1345G8 .41 MB
Required

2 A0 = 27
communication speed 132 bps 3.36-40.32 kbpe 1227 bps

Table 2. Communication cost for PMU data transfer ($/month).

Data Transfer Samples (s) 10 60 120
- NB-1IOT 83.91 562.17 1136.94
Type of communication ;
LTE 13.84 13.84 2077

The Proposed 2-Stage Fault Location Method:

The Proposed Fault Location Strategy

Figure 3 shows the overall strategy of the proposed fault location algorithm. The key of the
proposed method is to minimize the number of PMU installations to two on the main feeder. For
the minimization of the PMU installation, the fault location estimated for lateral feeders using
the short circuit analysis instead of additional PMU installation. In this regard, it was assumed
that two PMUs are installed at both ends of the main feeder and RTUs are installed at the start of
the lateral feeders with large-capacity DERs. The three-phase active and reactive power of large-
capacity DERs is also known by using the measurement unit. For the small-capacity DERs, the
output ratio of large-capacity DERs was applied. It was assumed that the load is calculated by
the conventional estimation method™*®l. This assumed load value includes a certain amount of

estimation error.
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Figure 3. Overall flow chart of the proposed fault location method.

The proposed method consists of two stages. In Stage 1, the forward and backward methods
expressed by Equations (1) and (2) above are applied®l. Furthermore, the two problems for
referencel®! were improved. Firstly, to consider the effect on the main feeder by the DERs
connected to the lateral feeder, the current variation due to the DERs of the lateral feeder was
calculated by using the PMU (voltage angles) and RTU (voltage—current angle difference and
current magnitude) measurements. Secondly, to consider the unbalanced fault, the voltage
variations in each direction were calculated by reflecting the symmetrical components. If Stage 1
estimated buses are connected to a lateral feeder, it is required to perform Stage 2 to estimate the
fault location in the lateral feeder. On the other hand, the result of Stage 1 is determined as the
final fault location. In Stage 2, a process is performed for the fault location estimation of a lateral
feeder. The faults at each point in the lateral feeder were analyzed by using a short circuit
analysis based on unbalanced power flow that considers the dynamic control characteristics of
the PV inverter. Through the result of the short circuit analysis, the voltage and current variations

were calculated at the PMU points. Finally, the calculated result and PMU measurements were



compared, and the two buses showing the smallest deviation between the two values were

determined as the fault location.
Fault Detection and Identification

For the fault location, a preliminary stage of fault detection was necessary. This study conducted
fault detection by utilizing existing PMU-based studies. The measurement characteristics of the
PMU were utilized for fault detection. Through this, event detection was determined when the
variation between samples increased remarkably. After that, the fault is detected when the
measurement of voltage is lowered than a reference after event identification by setting the
voltage reference about the fault("). In addition, in order to distinguish the types of fault, the
reference values are set for the voltage variation in each phase at the PMU installation point. For
example, if the voltage variation at each phase is uniform, this fault will be identified as a three-
phase short circuit. If one phase has a large deviation from the other two phases, the fault will be
identified as a single line-to-ground fault. Based on such a principle, fault types in a power

system will be identified.®!
Fault Location in the Main feeder: Stage 1

In Stage 1, to solve the problems of the previous study™!, there was the calculation of the effect
of DER of the lateral feeder on the main feeder. Moreover, voltage and current variation were
calculated by using symmetrical components to consider the unbalanced fault. RTU
measurements at the start point of the lateral feeders with large-capacity DERs and PMU
measurements at both ends of the feeder were used to calculate the impacts of DERs of lateral
feeders on the main feeder. This method assumed that the voltage phasor is similar at upstream
and downstream of the fault point in the distribution networks. Therefore, the impact of the
DERs at the lateral feeder was calculated by replacing the voltage angle at the RTU installation
point with the voltage angle at the PMU. To calculate the current variation due to the DERs of
the lateral feeder, the current magnitude of the RTU, voltage angle (d) of the PMU and angle
difference (V-1 ) between the voltage and current of the RTU data were utilized. The current
variation of each phase by the lateral DERs was calculated as expressed in Equation (3).
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where 1°BCeramost and 1°B:Craeraipre are the currents at each phase for before and after the fault,
these are measured at RTU. 848555 and §*B:Cy e are the voltage phasor measured at the
PMUs. 04BCy_1,0q and 04BCy . are the voltage—current phasor differences of each phase
measured at RTU. In Equation (3) a slight error occurred compared with the actual measurement
values because it is calculated by replacing the voltage angle. However, the fault current from
the lateral feeder with DERs makes a smaller contribution than the substation. Therefore, it was
judged that the small deviation generated by Equation (3) does not affect the estimation of fault
location in the main feeder. The current variation of the buses in the main feeder was calculated
by classifying the lateral and non-lateral buses, as expressed in Equation (4). In the case of the
lateral feeder with only loads, the current variation is calculated for the form of concentrated load
on the bus, as shown in the first term of Equation (4). For the lateral feeder with large-capacity

DERs, it is calculated as the sum of the impact of DERs and current variation in the n — 1 bus

. AIVBC _ AyABC o y ' k
ﬂf}?’B’L — [ n—1 n—1 n-1 if néglik @)

AIVEC — AVARC 5 Y,y + AIVPC else ne (k)
where n denotes the number of each bus in the main feeder, and {k} is the set of buses next point
of the lateral feeders. AVABC, | and AIB:C are the voltage and current variations at each phase
of bus in the main feeder. AT \4eral is the current variation at each phase in the lateral feeder.
Finally, to calculate a voltage variation, the current variation is divided into positive, negative
and zero sequence components, as expressed in Equation (5). After that, the voltage variation of

the faulted phase is calculated by using Equation (6)

AL JJr 1o AIA
ALL | = 3|1 @ a? || AIE (5)
AL a’ a AIS

av;,:rmlrfd phase — ﬂvfau!ffd phase &ﬂ! . 71

n—1 nn—1

—AR+72 A4 70 (6)

nn—1 nn-1



where AV, faulted phase denotes the voltage variations of each bus for a faulted phase before
and after the fault. a = 121207, AI"1, AI"2, and AI"o are the symmetrical components of the
current variation of each bus. Zn-1 , Z%.0-1 , and Z% -1 are the symmetrical components of line
impedance between the nth and n — 1th bus. Figure 4 shows the flowchart of Stage 1 considering

the above improvements.

1. In order to estimate the fault location for the main feeder, the necessary data for Equation (3)—
(6) were obtained through RTUs and PMUs.

2. The effect of DERSs at a lateral feeder on the main feeder was calculated by using Equation (3).
To calculate the effect of the lateral feeder of each direction, it was applied by replacing the
voltage angle at the RTU installation point with the one at the PMU.

3. For the fault location in the main feeder, the voltage and current variations were calculated by
forward and backward directions. Additionally, the buses of the main feeder were classified into
non-lateral and lateral buses to calculate the current variations. Through this, voltage variations

considering symmetrical components were calculated by using Equations (4)—(6).

4. Finally, the fault location in the main feeder was estimated by calculating the deviations of
voltage variations between each direction, which are obtained in Step 3. The two buses with the
smallest deviation were estimated as the fault location. If the estimated buses are connected to a

lateral feeder, Stage 2 is required to estimate the fault location in the lateral feeder.
Fault Location in the Lateral Feeder: Stage 2

As mentioned in Figure 2, Stage 2 was performed when the estimated result of Stage 1 indicates
buses connected to the lateral feeder. In Stage 2, each bus of the lateral feeder identified in Stage
1 was assumed for the faulted bus candidate. Then, the voltage and current variations after the
fault occurrence at the installation points of the PMUs were calculated through the short circuit
analysis for the candidate buses. Finally, the fault location in the lateral feeder was estimated by
comparing the measured values from the PMU and calculated values. Therefore, this method
requires a precise short circuit analysis that considers the dynamic characteristics of DERSs

during a fault and the unbalanced characteristics of the distribution network. In this method, the



characteristics of the PV inverter are considered, which occupies the largest proportion of the

DER in the distribution networks.
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Figure 4. Flowchart of the proposed fault location method (Stage 1).

There are several methods for the control of PV output. In this method, the balanced positive
sequence control (BPSC) is considered, which is one of the PV control methods!®l. For this
method, the inverter of the PV is controlled as the three-phase balanced current according to the
solar radiation and lowest voltage among the three-phases at the interconnected point of the

inverter. The control characteristics of the PV inverter using BPSC are expressed by Equation

().

Spv 3phase = Vo a (Ipy a)" + VPV_B[ﬂz IPV_A}* + Vpy clalpy )" [VA] ()

Where, Vpv aorBorc is the voltage of each phase at the interconnection point of the PV. Ipy a is

the phase A current at PV. In Equation (7), the ratio of the PV output power for each phase can
be expressed by Equation (8).

Spv_a:Spv B :Spv.c = Vpy a:aVpy p:a?Vpy ¢ (8)

where Spv_aorBorc IS the output power of each phase. Additionally, the PV inverter set a
maximum current (usually 1.2—2 times the rated current) to prevent the internal circuit of the

inverter from being damaged by an overcurrent!*%. If the output current of the inverter is below



the maximum current, it is controlled as a balanced current according to the solar radiation.
Otherwise, the output current is controlled as a constant current source that is fixed to the

maximum magnitude and angle of the PV inverter as shown in Equation (9)

Spv_Phase

. i IPV < IPV max
Tov phase = { Vrvwe mex (4] ©)
IPV, nax else IPV = IPV, My

Where, Vpv phase aNd Ipv_phase are the phase current and voltage of the PV. Ipy, max denotes the
maximum current of the inverter. Spv phase IS also the output power for each phase. As shown in
Equation (8), Spv_phase IS determined by the voltage of each phase at the PV interconnection
point. Consequently, to estimate the fault location in the distribution networks, the short circuit
analysis must consider the above-mentioned dynamic control characteristics of the PV inverters.
Traditional short circuit analysis utilizing an impedance model and its symmetrical components
cannot consider such dynamic characteristics. Accordingly, this method used a three-phase
unbalanced power flow for the short circuit analysis considering the control characteristics of the
PV inverter under fault conditions. For the unbalanced power flow, the implicit Z-bus method
was applied, which is widely used in the distribution system[l. This method determines a
voltage by aggregating the variations of the current and voltage, which are attributable to the
load and PVs in distribution networks and to the equivalent voltage source of a transmission
system. As expressed by Equation (10), this method calculates the voltage variation for the

impact of the equivalent source on the transmission networks.

VL1 Inpa
Vini2 0

VNL = ZpysInt — : = Zpys : [V] (10)
VNLH 0

Where, VL is the voltage variation of each bus when the equivalent source of the transmission
system is energized and all the loads and PVs in distribution networks are opened. For
calculating the VnL2—VnNLn, the admittance matrix and Vi1 (known value because this is the

PMU measurement of the bus immediately before the fault) was used. In the next step, the



impact of the voltage source was excluded, and the PVs and loads in the distribution networks
were treated as current sources. The voltage variation is calculated according to the impact of
current sources, as expressed by Equation (11). The voltage of the buses was calculated by
performing an iterative calculation because the PV output current is changed by its terminal

voltage.
Vii* 0
Vi I¥1
va - ansILk_l - - Zhus IV] (11)
VLJI'k ILJIJ\—I
| Vi | 0

Where, V. is the voltage variation caused by loads and PVs. I is the current variation affected
by loads and PVs. k is the number of iterations. i, j, and n denote the number of each bus.
Finally, as expressed in Equation (12), the voltage variation of every bus is calculated by

aggregating the voltage variations by using Equations (10) and (11).
Vi = Ve + ViH[V] (12)

Figure 5 shows the fault analysis algorithm based on a three-phase power flow, which considers

the dynamic control characteristics of the PV.

1. In the first step of the short circuit analysis, the distribution network was divided into slack,
load, and PV (generator) buses. The initial values, such as bus voltage, load, and reactive control

method of the PV inverter, solar radiation, and transformer winding were acquired.

2. An admittance matrix for the short circuit analysis was composed based on the assumed
faulted bus in the lateral feeder and identified fault type. To perform the three-phase power flow,
the admittance matrix of a line was calculated through an impedance matrix from modified
Carson’s Equations by using the line diameter, each phase-to-phase distance, a line-to-ground
distance and other datal*?l. In the case of the three-phase 4-wire line network, a 3 x 3 matrix
considering the impact of a neutral line was obtained by the Kron reduction. A three-phase



modeling of transformer was performed according to the connection types*3l. As shown in
Equation (13), the faulted phase at the fault point was treated as connected to the earth or short-

circuited to another phase.

Z_f 0 0 Zy 0 0 Zy 0 o
Zo=1 0 o 0| Zp,=| 0 Zf 0 | Zpp=] 0 Zf oo (13)
0 oo 0 0 Zf o 0o ©o

Where, Zt is the resistance at the fault point, Zsg is the single line-to-ground fault, Zszg is the
three-phase fault, and Zsag is the line-to-line fault between phases A and B. In this process, the
components and fault points were considered as a three-phase impedance model, which was
transformed into an admittance matrix for power flow. Figure 6 illustrates the admittance
configuration. The final admittance matrix was composed of self-admittance and mutual
admittance components. A 3 x 3 matrix was assigned to each bus, and the number of the rows

and columns was three times the number of the buses.

3. To consider the dynamic characteristics of the PV inverter, the voltage and current variations
were calculated by using Equation (10) for the equivalent source of a transmission system, and
those by the PVs and loads were calculated by using Equation (11). The voltage of the PV
interconnection point was estimated by aggregating the results by using Equation (12). If the
calculated voltages did not converge or the calculated PV inverter current in Step 4 exceeded the

maximum current, Step 3 was repeated by using the updated output current of the PVs.

4. The output current of the PV inverter was calculated by using Equation (9). The voltage of the
PV interconnection point was also obtained by Step 3. If the calculated current was lower than
the maximum current of the inverter, the convergence of the voltage was checked. If the voltage
convergence did not occur, updating of the voltage and current of Step 3 was repeated. If the
calculated output current of the PV also exceeded the upper limit of the inverter, the magnitude

and angle were updated, and the voltage and current were updated in Process 3.

5. If the voltages converge, the short circuit analysis was not repeated. Then, the voltage and
current variations at the installation point of the PMUs were calculated to apply the short circuit

analysis result to the fault location of a lateral feeder (Stage 2).



Figure 7 shows the strategy for the estimation of fault location in Stage 2.

1. The voltage and current variations obtained through each PMU were stored.

2. The fault resistance is estimated. For this calculation, the lateral feeder that decided to the
faulted section at the Stage 1 is divided into subsections, and fault analysis in Figure 6 is
performed by varying the assumed fault resistance for each subsection. Consequently, the
estimated fault resistance is determined by the comparison with the result of short circuit analysis

and the measurement of PMU at the main feeder start point.

3. The voltage and current variations at the installation point of the PMUs were calculated

through the short circuit analysis illustrated in Figure 5.

4. The sum of the absolute error was calculated for each bus by using Equation (14). Then, the

two buses with the smallest result were selected as the fault location in the lateral feeder.
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To estimate the fault location in the lateral feeder, the absolute error between the short circuit
analysis result and PMU measurement was calculated using Equation (14). Here, the absolute
error represents the difference between the voltage and current measurement variations of each
PMU installation point and the variations of the PMU installation point obtained through short
circuit analysis when a fault was assumed in each bus inside the lateral feeder. Therefore, for the
fault location inside the lateral feeder, two buses, where the sum of these absolute errors

becomes the smallest, were considered a faulted section inside the lateral feeder.

AAE = |AVpyy, o = AVical m| + [Alpumu, o = Alca, m] + [A0pmU, o = Adcal, m] + [A@PMU, 0 = APCal, m| (14)

where o is the number of PMUs, and m is the number of buses in the lateral feeder for which a
fault is simulated. AVpmu and AVcal indicate the measurement and the calculation of voltage
magnitude variation, Alpmu and Alca denote the measurement and the calculation of current
magnitude variation. Ad and A¢ represent the variations of voltage and current phasor angle. If
the estimated fault resistance (FRest) is below a certain value and there is an error in the
measured value, due to the difference between the fault resistance and the impedance of lateral

feeder is small, lots of errors can occur in the phasor angle calculation. In this case, since the



fault resistance is small and the magnitude of the fault current is relatively large, the absolute
error can be calculated using only the initial two terms (comparison with voltage and current

magnitude) of the Equation (14)

Case Studies:

To verify the proposed method, case studies were performed through various fault simulations by
using Matlab Simulink. Figure 8 presents the single line diagram of the test system. As
previously mentioned, it was assumed that two PMUs are installed at both ends of the main
feeder and RTUs are installed at the start of the lateral feeders with large-capacity DERs. A
feeder #5 of KADTS (Korea active distribution test system) was used for case studies. The
model was developed for technical testing of active distribution networks using standard model
data from KEPCO (Korea Electric Power Corporation) 4. The feeder was applied for a
medium-long length line. The length of each section was 0.8 km, and the total distance of the
line was 20 km. The positive and negative sequence components (Z1 = Z2 = 3.47 + j7.57%) and
a zero sequence component (Z0 = 8.71 + j22.84%) per km are applied by utilizing the impedance
of ACSR 160/90 mm2 cables. In Figure 8b, the *Lat’ is the virtual bus at the connection point of
the lateral feeder and it was used to estimate the fault location on the main feeder. The ‘Lat’ bus
was assumed to exist on both sides of the 20 m from the lateral feeder connected bus. The test
system based voltage was 22.9 kV lines. Each section load applied was also 250 kW. Table 3
presents the PV capacities in the test system. The PV1, 3, and 6 assumed that the measurement

unit was installed.

Table 3. Set values for photovoltaics (PVs).

Type rvi1 Pv2 PV3 Pv4 PV5 Ve
Capacity 0.5 MVA 0.1 MVA 2MVA 0.1 MVA 0.2 MVA 1 MVA
Maximum current/Rated current 12 12 1.2 1.2 1.2 1.2
Transformer Yg/Yg Ygla Yg/a Yglvg Yglvg Ygia
Capacity type Large Small Large Small Small Large

Figure 9 shows the PV system that is modeled on Simulink. The PV system was implemented
through the consideration of the characteristics for the PV inverter. The PV system includes
modules that enabled a user to limit the PV current inside an inverter. The control method of the

inverter adopted the BPSC. Figure 9 shows the current and voltage of a PV system implemented



under a single line-to-ground fault. It can be seen that in the case of a fault, the current is

controlled in balanced, and the voltage changes by the fault type.
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Figure 8. Tost system for the case studies. (a) Test model of the Korea active distribution test system
(KADTS). (b) Modified test system.
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Figure 9. Modeling of a PV system. (a) PV system in Simulink. (b) PV control characteristics in the
fault condition.

Fault Location Estimation in the Main feeder

Comparative Analysis of the Conventional Method:

To verify the algorithm of Stage 1, a single line-to-ground fault was simulated for Buses 7 and 8
among the buses in the main feeder. Table 4 presents the voltage variations and calculation
results for each bus obtained in Stage 1. A “FWD” and “BWD” denote the voltage variations that
were calculated at the start and end PMUs in the forward and backward directions. “DEV”
means the deviation of calculations between the FWD and BWD. The results in Table 4 show
that the proposed method was approximately the same as the Matlab simulation results and the
estimated fault location was accurate. The W/O (without) PV was calculated without considering
the impact of the PV in the lateral feeder. The W/O PV results had an erroneous fault location
because the calculation error occurred after the lateral feeder due to the impact of PV. In the
existing method, it could be seen that a large error occurred because the symmetrical component
and impact of the PV was not consideredl. As a result, the fault location was estimated to be
between Buses 9 and 10 that were completely different from the actual fault location. The bottom
part of Table 4 shows the comparison with the calculation and simulation results for the current

impact of the lateral feeders.



Table 4. Comparison of fault location results under a single line-to-ground fault.

Variation of Bus AV, AV:  AVs AV, AVs  AVe AV AVy AV AV
FWD 0297 038 0483 0578 0687 079 | 0905 1015 1140 1264
Proposed Method BWD 1134 1106 1079 1052 1036 1022 | 1007 0993 0993 0993

DEV 0849 0724 0601 0477 0352 0228 0104 0025 0147 0272
FWD 0297 038 0483 0578 0674 0771 0867 0964 1061 1158
Proposed Method (W/O PV) BWD 0998 0997 099 0995 0994 0994 0993 0993 0993 0993
DEV 0714 0616 0518 0420 0323 0235 0128 0031 0068 0.165
FWD 0297 0359 0422 048 0551 0616 0682 0748 0814 0881

Methed in [12] BWD 0997 099 0995 0994 (0994 0993 0993 0993 0993 0993
DEV 0712 0646 0579 0512 (0446 0379 0312 0245 0179 0112
Matlab Simulation 0297 0390 0484 0579 (0688 0798 0908 0993 0993 0993
fanlted phose Faelted plose
Lateral Alhlrmr.'] AJ‘IM.'J.?IJ
Type Al A Al A
Proposed Method 0.0669 147.1615 0.0758 137.5514
Matlab Simulation 0.0667 148.0101 0.0758 137 4807

Notes: The chaded parts in Table 4 show the estimated fault section for each method.

Figure 10 shows the results of the proposed algorithm under the fault of the main feeder. The
actual fault location is marked in the red line, while the method result is marked in the orange
linet®l. As shown in Figure 10, the proposed method calculated approximately the same results in
the Matlab simulation. Consequently, the proposed method accurately identified the actual fault
location. The existing study did not consider the impact of the PVs and symmetrical components
in the unbalanced faults, except the short circuit faults such as Figure 10c,d. Therefore, In Figure

10a,b, it could be confirmed that there was an error in estimating the fault location.

Stage 1 Estimation Results for the Error Test:

To verify the robustness of the proposed method, simulations were performed for the error of
network models and measurements. In the case of the network model, the proposed method
could be affected by the error of the line parameters and the load estimation value. However, line
parameter error (line length, phase information, etc.) was excluded from this nethod because it
was considered an improvement point of the utility’s operation and maintenance. To verify the
effect of the load, the single line-to-ground fault with 30 Q was simulated, and 1000 simulations
were conducted for each fault location. Cases 1-3 include the error of 5%, 10%, and 15%,
respectively. Table 5 shows the simulation results for the main feeder according to the load
errors. It estimated a fault location to 100% in all cases. Various load estimation methods were
proposed, as the ReflYl. Therefore, it was considered that the occurrence of a slight error by load

estimation methods would not be a big problem in the application of the proposed method.
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Figure 10. Fault location results under a fault in the main feeder, (a) single line-to-ground between
Buses 5 and 6, (b) single line-to-ground between Buses 7 and 8 (resistance of fault point is 30 02), (c)
Line-to-line between Buses 4 and 5, and (d) three-phase fault between Buses 4 and 5.

Table 5. Accuracy of the fault location according to load errors (fault in the main feeder).

Cases Casel Case2 Case 3
5% 10% 15%
Fault Location Stagel Stagel Stagel
2-3 100% 100% 100%
4-5 100% 100% 100%
67 100% 100% 100%

7-8 100% 100% 100%




Moreover, the robustness of the proposed method was verified for the measurement errors that
could occur in the actual operation. The measurement error test was performed by applying
noises to the voltage and current magnitudes of the RTU and PMU and the phasor angle
measurements of the PMU. In Table 6, random errors were applied to the PMU and RTU
measurement values (voltage and current magnitude) by protection class 3 specified by IEEE
C57.13 and IEC 618691242%1, The phasor angle errors of a voltage and current were also applied
to the PMU by C37.118!*%. For random error tests, a standard normal distribution was used. The
range of standard deviation 3o was applied to the error tests. The single line-to-ground fault was
simulated, and 1000 simulations were conducted for each fault location. Cases 1-4 include the
fault resistances of 0, 10, 20, and 30 €, respectively. The simulated fault locations were as

follows: between Buses 2—3, 4-5, 6-7, and 7-8.

Table 6. Accuracy of the fault location according to measurement noises (fault in the main feeder).

Type Casel Case 2 Case 3 Case 4

00 102 2002 300
Fault Location Stage 1 Stage 1 Stage 1 Stage 1
2-3 100% 100% 100% 100%
4-5 100% 100% 100% 99.2%
67 100%. 100% 100% 100%
78 100% 100% 100% 99.1%

Although there were slight errors when the fault resistance was above 30 Q, the accuracy of fault
location was 100% for almost cases. Therefore, it was confirmed that it is robust to the
measurement error of Stage 1. To verify the effect of the phasor angle error of a voltage and
current measurement for PMUs during the main feeder fault, the case studies were performed
based on Case 1 (0 ), which had the most volatile voltage and current variation among the
above cases. Cases 1-4 added the phasor angle error of 0.57¢, 1¢, 2, and 3° respectively. Table 7
shows the test results for the main feeder based on phasor angle errors. As a result, slight errors
were recorded when the phasor angle error was above 3°, but the accuracy of fault location was
almost 100% for all cases. Therefore, it was confirmed that the phasor angle error did not have a

significant effect for fault location estimation of the main feeder.



Table 7. Accuracy of the fault location according to phasor angle error (fault in the main feeder).

Type Casel Case 2 Case 3 Cased

0.57° 1" 2° 3
Fault Location Stage 1 Stage 1 Stage 1 Stage 1
2-3 100% 100% 100% 100%
4-5 100% 100% 100% 99.8%
67 100% 100% 100% 100%
7-8 100% 100% 100% 99 9%

Fault Location Estimation in the Lateral Feeder

Analysis of the Short Circuit Analysis Results:

Table 8 presents the comparison results between the Matlab simulation results (“M”) and
proposed short circuit analysis results (“C”). The single line-to-ground fault was simulated at
every bus in the test system. The voltage and current values after the fault at the PMU points
were comparatively analyzed. At the start and end of the feeder, the voltage and current were
calculated at an error rate of approximately below 0.01%. Consequently, the proposed short
circuit analysis method could calculate the variations of each bus before and after a fault, which

were sufficiently applicable to the fault location in the lateral feeder

Table 8. Comparison between the fault analysis and Matlab simulation.

Bus 4 ] 11 21 24
Mag. Ang,. Mag. Ang.  Mag. Ang. Mag. Ang. Mag. Ang.
Type (A) (Deg) (A) (Deg) (A) (Deg) (A) (Deg) (A) (Deg)
M Vpwur 67772 1884 95313 2368 57195 1746 96952 2392 101460 2474
C Vepur 67660 1863 95228 2356 57120 1723 96871 2381 101396 2465
Error (%) 0.002 0011 0001 0005 0001 0013 0001 0005 0001 D04
M Vs  AM3 7660 5 A0 GRTR 30470 2179 48937 T465 PP R 7543
C Vpmuz 6271 2675 549 10001 39287 2095 48828 2452 23398 2532
Error (%) 0.011 0006 0020 0012 0005 0016 0002 0005 0001 0004
M Ipsqun 42583 —4753 24713 4320 49163 —4958 23654 —4286 20654 4225
C Ippun 42725 —4855 24838 4413 49289 5063 23771 4377 20759 4317
Error (%) 0.003 0021 0005 0022 0003 0021 0005 0021 0005 0022
M Ipsuz 030 2660 00027 9876 1.88 21.29 233 2465 112 2543
C Ipsuz 030 2675 00026 100.01 1.87 20.95 233 24.52 112 2532
Error (%) 0.000 0006 0037 0013 0005 0016 0000 0005 0000 D04

Estimation Result of Stage 2:




To verify the proposed algorithm of Stage 2, the faults were simulated for the lateral feeder.
Figure 11 shows the results of fault location. Figure 11a,c,e shows the estimation results of Stage
1. In Figure 11b,d,f, AAE denotes the sum of absolute errors by using Equation (14). AL PMU
and AV_PMU, A5 PMU, A¢_PMU are absolute errors between the calculated and measured
values. Al PMU2 is close to zero because it only affected by the load at the downstream of the
PMU installation point. The fault simulation results demonstrated that Stage 1 estimated accurate
fault locations for buses connected to the lateral feeder in every case. For calculation of the
absolute errors in (14), if the estimated faulted resistance is less than 5 Q, only the magnitude
comparison is used. And in cases of more than 5 Q, the entire Equation (14) is used. The criteria
of fault resistance can be determined by short circuit analysis before applying the proposed
algorithm to the target networks. In the case of Figure 11b,f, the magnitude comparison is only
used because the estimated fault resistance is 0.065 Q, 0.11 Q, respectively. Through these
results, it can be confirmed that the faulted section is accurately estimated because the magnitude
deviation between buses is large when the fault resistance is small. In the case of Figure 11d, it
can be seen that the magnitude and the phasor angle are compared because the estimated fault
resistance is 29.875 Q. The faulted section is accurately estimated according to the phasor angle
deviation between buses. Therefore, it is necessary to consider not only the magnitude but also
the phasor angle when a large fault resistance is inserted. As a result, Stage 2 confirms the

accurate identification of the faulted sections in the lateral feeder
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Figure 11. Results of fault location for the single line-to-ground fault between Buses 12 and 13, (a)
Stage 1 and (b) Stage 2, result of fault location for single line-to-ground fault between Buses 16 and 17
(30 Q0), (c) Stage 1 and (d) Stage 2, result of fault location for three-phase fault between Buses 24 and 25,
(e) Stage 1 and (f) Stage 2.

Stage 2 Estimation Results for the Error Test:

To verify the effect of Stage 2 for the load error, the same error test as the main feeder was
conducted. Table 9 shows the results of the fault location for the lateral feeder according to the
load errors. The proposed method estimates a fault location to 100% in all cases for the lateral

feeder. As a result, the error of the load did not significantly affect the proposed method.



Table 9. Accuracy of the fault location according to load errors (faults in lateral feeder).

Error Case 1 Case 2 Case 3

5% 10% 15%

Fault Location Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
11-12 100% 100% 100% 100% 100% 100%
17-18 100% 100% 100% 100% 100% 100%
20-21 100% 100% 100% 100% 100% 100%
23-24 100% 100% 100% 100% 100% 100%

Moreover, to verify the robustness of the algorithm against random measurement errors caused
by a fault in a lateral feeder. The measurement error test was also performed by applying noises
to the voltage and current magnitudes of the RTU and PMU and the phasor angle measurements
of the PMU for the main and lateral feeder. The single line-to-ground fault was simulated
between buses 11-12, 17-18, 20-21, and 23-24. Table 10 presents the noise test results. In Stage
1, the accuracy of the fault location was near 100% because the fault within a lateral feeder
shows the same phenomenon as that of the fault in the connection point of the lateral feeder. In
the test results of Stage 2, the accuracy of fault location was approximately 100% when the fault
point resistance was below 20 Q. The minimum accuracy of fault location was 97.6% when a
fault includes the fault point resistance of 30 Q. Case 4 has an insignificant current and voltage
of magnitude and phasor angle deviations between the buses under the fault condition.
Accordingly, the measurement noise as more influential in Case 4 than in other cases. However,
the main feeder buses connected with the lateral feeder that occurred in the error of estimation
were identified to be close to 100% by Stage 1. It will not be an important problem because the

distance of the lateral feeder is short when the restoration of actual distribution networks.

Table 10. Accuracy of fault location according to the measurement noises (faults in lateral feeder).

\‘_“‘_—‘_ Case Case1 Case 2 Case 3 Case 4
Fault Location — ———0
00 10102 20101 0
Stage1  Stage2  Stagel Stage2 Stage1  Stage2 Stagel  Stage 2
11-12 100% 100% 100% 100% 100% 100% 100% 98.8%
17-18 100% 100% 100% 100% 100% 100% 100% 99.7%
20-21 100% 100% 100% 100% 100% 100% 100% 97.6%

23-24 100% 100% 100% 100% 100% 100% 100% 98.4%




Table 11 shows the result of the fault location when additional PMU was installed in the lateral
feeder 3. As a result, the fault location result was estimated to be close to 100% for the lateral

feeder 3. Therefore, the number of PMUs was reduced compared to the existing method, and a
similar effect could be obtained when additional PMUs were installed only in the lateral feeder

having a low fault location estimation rate.

Table 11. Accuracy of fault location according to the installation of PMU in the lateral feeder 3.

Case 1 Case 2 Case 3 Case 4
00 1082 2042 3002
Stage 1 Stage2  Stagel Stage2  Stagel  Stage2  Stagel  Stagel2

[Fault Location

20-21 100% 100% 100% 100% 100% 100% 100% 1008

To verify the effect of the phasor angle error for the lateral feeder, the same phasor angle error
test conducted. Table 12 shows the phasor angle error test results for the lateral feeder. As shown
in Table 12, 2° or higher phasor angle errors began to influence the faulted section estimation
result. However, this will not be a problem when applying the proposed algorithm because the
maximum phasor angle error is 0.57¢ in Refl*171 which is the specification of a commercial
PMU product.

Table 12. Accuracy of fault location according to the phasor angle error (faults in lateral feeder).

Casel Case 2 Case 3 Case d
0.57° 1° 50 30
Stage1  Stage2 Stagel Stage2 Stagel Stage? Stagel  Stage2

Fault Location

11-12 100% 100%%: 100% 100% 100%: 1004 100%% 1008

17=18 100% 100%: 100% 100%: 100%: 100 100%% 1000

20=-21 100% 100%: 100% 100% 100%: 1004 98.9% Q7.9%

23-24 100% 100%: 100% 100% 100%: 100%: 99.1% 95.7%
Conclusions:

To improve the excessive installation of PMUs, which is a common problem of existing PMU-
based fault location methods, this study proposed a 2-stage fault location estimation method that
combined the PMU measurements and short circuit analysis. In Stage 1 of the fault location in

the main feeder, the symmetrical components of the voltage and current variations were



considered to deal with the unbalanced fault. It also considered the impact of the lateral feeder
with large-capacity DER on the main feeder. In Stage 2 of the fault location in a lateral feeder,
the faults at each point in the lateral feeder were analyzed by using a short circuit analysis based
on the unbalanced power flow that considers the dynamic control characteristics of the PV
inverter. Then, the short circuit analysis results were compared with the measurement values at
the installation point of PMU. As mentioned above, the proposed method requires the
simultaneous measurement of PMU installed points (both ends of the main feeder and additional
points as needed). This is common to Stage 1 for fault location estimation in the main feeder and
Stage 2 for comparing the short circuit analysis value and the measurement. Accordingly, the
PMU was used because simultaneous measurements require the voltage, current, and phasor

angle. The PQ meter or other instruments can also be used if they satisfy this requirement.
The following conclusions on the proposed algorithm were derived.

(1) The results of stage 1—where the fault location was simulated under diverse fault situations
in the main feeder—were very similar to the Matlab simulation results. As compared with the
existing study'®l, the fault location was more accurate. Accordingly, the proposed method proved
to be more effective as it considered unbalanced faults and the impact of DERs in the lateral
feeder.

(2) In the results of Stage 2, it was confirmed that two buses with the smallest deviation between
the short circuit analysis results considering the dynamic characteristics of the PV inverter and
measured value of PMU were identified as the fault locations. Accordingly, unlike the existing
PMU-based fault location methods, the proposed algorithm did not require the installation of
additional PMUs and prevented an excessive number of PMUs from being installed in the

distribution networks.

(3) To verify the robustness of the proposed method, simulations were performed for the error of
network models and measurements. In the case of the network model, it was believed that the
elements of the parameter errors that influence the proposed method are line parameters and load
estimation data. The errors of the line parameters such as line length and phase are expected to

influence every system analysis method and operation algorithm. However, this should be



researched as a separate topic because the line parameter errors are considered an improvement
point of the utility’s operation and maintenance. In recently, the grid modernization and the
introduction of new operating system (advanced DMS) due to the increased complexity of the
distribution network are promoting the correction of line parameter errors. When using the RTU
as in this study, load values can be estimated more accurately by the RTU measurement and state
estimation as shown in the ReftYl. Moreover, as shown in the results of case study by load
estimation error in Tables 5 and 9 in this study, the proposed method shows robust results even
in load values with a 15% error. Therefore, it was believed that the load estimation error will not
be a problem in applicability of the proposed method. The test of measurement errors was
performed by applying noises to the voltage and current magnitudes of the RTU and PMU and
the phasor angle measurements of the PMU. The magnitude and phasor angle errors were
applied based on the standard and product specifications of Ref* and [*>71 For random error
tests, the standard normal distribution that has the range of standard deviation 3¢ was applied. In
the measurement noise test, every fault case for the main feeder showed an accuracy of
approximately 100%. In the fault cases of the lateral feeder, the accuracies were about 100%
when the fault point resistance was 20 Q and below. The fault location was identified with a
minimum accuracy of 97.6% when the fault point resistance was 30 Q. This can be seen to occur
because the deviation for the magnitude of voltage and current and phasor angle between the
buses was very small due to the fault resistance. However, the main feeder connected buses with
the lateral feeder performed an estimation close to 100%. This will not be a big problem because
the distance of the lateral feeder is short when there is restoration of the actual distribution
networks. The fault location result is also estimated to be close to 100% for the lateral feeder 3
when additional PMU is installed at the end of lateral feeder 3. Therefore, the number of PMUs
is reduced compared to the existing method, and similar effects can be obtained when additional
PMUs are installed only in the lateral feeder having a low fault location estimation rate. As
shown in the test results for phasor measurement error, 2° or higher phasor angle errors
influenced the fault location estimation result. However, this will not be a problem when
applying the proposed algorithm because the maximum measurement error of phasor angle is

0.57- in Refl*171 which is the specification of a commercial PMU product.



(4) The most remarkable advantage of the proposed method can be summarized as follows. The
existing studies require the installation of many PMUs to estimate the impact of PVs and a fault
location in the lateral feeder. The proposed method can achieve the same effect by using two
PMUs at the main feeder, the RTUs, and the short circuit analysis method. The installation of
additional PMUs causes a communication cost and infrastructure burden for the operation of
distribution systems. As pointed out above, the proposed method will reduce the communication
cost and accomplish accurate fault locations. These are significant improvements. Two problems
that are worthy of notice still exist. First, the distribution networks are regularly reconfigured
once or twice a year to ensure a load balance in each season and secure fault restoration reserves.
For this reason, the locations of the PMUs installed at both ends of the main feeder may change.
However, if the change of the PMU installation point from the reconfiguration of the distribution
network may be excluded, the proposed method is sufficiently applicable to the actual
distribution network. Second, the proposed method estimates the fault location by adding
minimum PMUSs in an existing network where RTUs are installed. Therefore, the proposed
method can be applied to the systems where automation of the distribution system is applied
(urban systems in Asia (including South Korea, Japan, Hong Kong, Singapore, etc.), Europe, and
North America). However, it was assumed that the installation of RTUs for large capacity DER
(such as PV), and applied the output ratio of large-capacity PV for small-capacity PVs. Hence,
the cost can be increased by the installation of additional RTUs. However, this additional cost
can be sufficiently covered by the actual operation because: (1) The PV output has a significant
effect on the voltage and other problems recently in the operation of the distribution network.
Therefore, the measurement of PV output is increasingly important for real-time operation of the
distribution network (monitoring and control) and for establishing operation planning through
PV output prediction. (2) The range of fault location can be reduced from the section with
remote controlled switch to the section with manual switch. Furthermore, the fault location can
be identified through data transfer between PMUs, which has the advantage of shortening the
isolation time of the faulted section and the restoration time of the un-faulted sections. As
mentioned above, the grid modernization and the introduction of new operating system also
justify the additional installation of these new measuring devices. Additionally, according to
IEEE 1547181 DER is tripped after a voltage abnormally is detected for anti-islanding. This
standard specifies the minimum trip time as 0.16 s (10 cycles). However, the PV trip will not



have a significant effect because the faulted section estimation using the PMU measurements
uses measurements of much faster time than the time mentioned above. The management of
distribution networks becomes a more complicated task due to the DERs. The improvement in
reliability is one of the essential purposes for managing a distribution network. If the results of
this study are utilized for network restoration in association with the distribution network
management or for the agent-based fault recovery through device-to-device communication the

reliability of distribution network will be more significantly improved than before.
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Merging PMU, Operational, and Non-operational

Data for Interpreting Alarms, Locating Faults and

Preventing Cascades

This method uses the integration of time correlated information from Phasor Measurement Units,
SCADA and non-operational data captured by other intelligent electronic devices such as
protective relays and digital fault recorders, as well as their applications in alarm processing,
fault location and cascading event analysis. A set of new control center visualization tools shows
that the merging of PMU, operational and non-operational data could improve the effectiveness

of alarm processing, accuracy of fault location and ability to detect cascades.

Introduction:

Nowadays, most of the substations are equipped with Intelligent Electronic Devices (IEDs)
which can collect huge amounts of data in addition to performing their other intended functions.
These IEDs include digital protective relays (DPRs), digital fault recorders (DFRs), phasor
measurement units (PMUSs), circuit breaker monitors (CBMs), power quality monitors (PQMs),
remote terminal units (RTUs), etc*3l. Traditionally, RTUs constitute data acquisition part of a
supervisory control and data acquisition (SCADA) system, which is the main infrastructure for
monitoring and operating power system. The data continuously collected by SCADA is called
“operational” data. Other types of IEDs, such as DPRs and DFRs are collecting data only when a
disturbance occurs, and this data is called “non-operational” data. The “nonoperational” data
collected by DPRs and DFRs plays an important role in power system alarm processing and fault
analysis. PMUs are unique devices in that they collect synchronized phasors continuously, but
this data has not yet been fully integrated with SCADA data. Hence, this new data is typically
referred to as “situational awareness” data. In all of the above cases, collected data may be used
to enhance Energy Management System (EMS) functions, and in that sense collectively the
mentioned data may be called “extended SCADA” data. Integration of substation “non-
operational” and “situational awareness” data with the traditional “operational” SCADA data

collected by RTUs into the “extended SCADA” database to be used for new applications in the



EMS solutions is not yet explored adequately™*71. With the development of flexible electricity
market operation under the deregulation rules, power system became more stressed and power
network security and reliability criteria became more complex. Power systems are exposed to all
kinds of disturbances. Under this situation, new tools such as intelligent alarm processor,
optimized fault location and cascading event analysist®*2, which take full use of data coming
from PMUs, SCADA and other IEDs, have been proposed to help operators better analyze and
control the system. Table 1 provides a summary of the data deployed in these three applications
as well as their outputs expected to be presented to control center operators.

Table 1. Requirements Specification for

Applications
Applications What to Display Data Deployed
1. Processing of alarms; Cireunt breaker control
Imelligent 2. Analysis result; signals;
Alarm 3. Suggested actions; SCADA measurements;
Processor 4. Additional Synchrophasors;
information. Other alarm signals.
1. Estimated fault secti .
o 5 ].I:I'Iﬂ ed fault section | samples of
Optimized (Terminal bus numbers);
. . voltages and currents;
Fault 2. Fault location within Svnchropha
: Synchrophasors;
Location the estimated section: -, P ’
. SCADA measurements.
3. Exact fault type.
Cascading 1. Cascade detection; Synchrophasors;
Event 2. Cascade classification: IED samples;
Analysis 3. Suggested actions. SCADA measurements

This method starts with the investigation of what is involved in data merging, and then continues
with descriptions of the applications that use data merging. Next, the control center visualization
tools which take use of data and applications are introduced. Finally the data/information

exchange structure is explored. Conclusions are given at the end.

Merqging of the Existing Data Sources:

The integration of PMUs, operational and non-operational data remains a challenge for several
reasons. The diversity of data formats is one major problem. Non-operational data usually comes
in the COMTRADE data format and IEC 61850 object model data standard for IEDs that are
IEC 61850 compatible, whereas the data collected from PMUs follows the format for



synchrophasorst€l. In addition, data may be further formatted using the File Naming Convention
Standard[l. This makes the data merging a tedious task that requires merging of various formats
before deploying them in applications. The merging of existing data sources and their
applications is demonstrated in Fig. 1. While it has been proven through some recent field
demonstrations by utilities and vendors that synchrophasor measurements have capability of
tracking the impact of low frequency oscillations, as well as power system area frequency and
angle separation, which enhances awareness of system operators, it remains an issue how user
interfaces that will aid operators in making decisions should be incorporated in the existing
interfaces for SCADA functions. The merging of various data sources allows implementation of
a new generation of control center software aimed at automated fault location and visualization
of fault disturbance consequences. The visualization tool proposed in this method seamlessly
incorporates time correlated information from PMU, SCADA and non-operational data. This
results in intelligent operator tools for viewing results from alarm processing, fault analysis and
cascading analysis, which increases the effectiveness of power system monitoring and reduces
the time needed to make decisions. The integration of data sources and the proposed control

center visualization tools is shown in Fig. 2.
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Figure 1. Data Merging and Applications
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As shown in Fig. 2, input information such as raw samples, phasors, alarms, event files,
oscillography files, etc. from PMUs, SCADA and other IEDs (e.g. DPRs and DFRs), together
with automated analysis reports are collected, converted to actionable information and then sent
to the control center graphical user interfaces (GUIs). After internal information processing, the
graphical software will display several types of views, as outputs, using six visualization

modules.

Applications Using Data Merging:

Intelligent Alarm Processor

With the growth of power system complexity, a major disturbance could trigger hundreds or
even thousands of individual alarms and events, clearly beyond the ability of any control center
operator to handlef®l. To adapt to the new situation, a new Intelligent Alarm Processor (IAP) has
been developed to aid operators recognize the nature of the disturbances®.. The application
structure of this IAP is shown in Fig. 3. Data are collected from PMUs and other IEDs at the
substation level. A wide area network (WAN) is utilized as communication link between
substations and the control center. A real time database is set for storing and updating data. The
different types of data are merged there. Alarms are then generated and processed at the control
center engineering office. Here a Petri Net Logic algorithm is used for alarm processing. The
algorithm details of this Petri Net Logic could be found in ©l. Once the alarms are prioritized and
processed, the analysis results can be conveyed to the control center operators to handle the

system conditions according to the recommended actions.

Sacabab

Figure 3. Intelligent Alarm Processor




Optimized Fault Location

Once a fault event in power system occurs, different IEDs automatically recognize this
abnormality. It is essential that accurate information about fault location and its nature is
provided as fast as possible. Various fault location algorithms have been presented in the
literature in the pastl'®1?l, The spatial and temporal considerations indicate that there is no
universal fault location algorithm suitable for all situations™l. In order to be able to evaluate
which algorithms are applicable for a given fault event, different data sources (measurements)
have been utilized and the idea of Optimized Fault Location (OFL) approach which takes into
account both temporal and spatial considerations has been proposed™?. Fig. 4 shows an
implementation of the optimized fault location. Data collected from different measurement

devices are merged at the bottom layer.

Control Center Visualization Tools
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Figure 4. Optimized Fault Location

Then the selected fault location algorithm is executed, assisted by commercial data storage and
viewing software, to obtain the fault location report. Once the fault location is calculated, the
fault analysis report is effectively presented to operator. Knowing the real-world environment
around fault location and construction of involved equipment enables utility staff to repair fault
quickly and efficiently. Designing user interfaces that can effectively convey the results of fault
analysis remains a challenge in the utility industry because the analysis leading to the

conclusions is rather complex and operators are not trained to interpret additional information.



To overcome the above complexities that may overwhelm the operators, the user interface has to
offer a compact view of the course of events with clear suggestion what the course of action
should be. This is not available in today’s user interface designs and requires new solution as

proposed in this method.
Cascading Event Analysis

Cascading outage, especially the large-scale cascading outage, will cause great economic loss to
utility companies and other businesses and potentially devastating impact on people’s life. The
causes for large-scale blackouts are quite unique due to the complexity of power system
operations. It appears that relaying problems and inadequate understanding of unfolding events
are two major contributing factors in inability to predict or prevent cascading events.
Considering the above factors, a novel interactive scheme of system/local monitoring and control
tools for cascading event analysis was recently introduced. The detailed techniques about how to
detect, prevent and mitigate cascading events have been discussed in literature [13161, The local
analysis tools take full use of data coming from PMU and other IEDs, including synchronized
phasors and synchronized samples. Fig. 5 shows the diagrams of fault location and detection

tools for the cascading analysis.
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Figure 5. Cascading Event Analysis

The neural network based classifier is used to detect and classify the disturbances that require
protective relay action. Comparing with traditional method, neural network based fault diagnosis
algorithms usually uses the time-domain voltage and current signal samples directly as patterns

instead of calculating phasors. The technique compares the input voltage and current signal



sample assembles with well-trained prototypes instead of predetermined settings. Thus accuracy
of phasor measurement and relay setting coordination are not an issue in neural network based
algorithms as they are in the traditional methods. This provides an advantage of the proposed
solution versus the traditional methods. VVoltage and current signals from the local measurement
are formed as patterns by certain data processing method. Thousands of such patterns obtained
from power system simulation or substation database of field recordings are used to train the
neural network offline and then the pattern prototypes are used to analyze faults on-line by using
the Fuzzy K-NN classifier. The use of multiple neural networks can also enhance the capability
of dealing with large data set!*”]. Synchronized sampling based fault location (SSFL) algorithm,
as demonstrated in Fig. 6, uses raw samples of voltage and current data synchronously taken
from two ends of the transmission line. Compared to the fault location algorithms that use one
end or two end phasor data, synchronized sampling based fault location algorithm makes no
assumptions about fault condition or system operating state, so it is immune to power swing,
overload, and other non-fault situation. The sampling synchronization may be achieved by using
Global Positioning Satellite (GPS) receivers, which generate the clock time reference for data
acquisition equipment. This gives an accuracy and robustness advantage of the proposed scheme

vs. the traditional onel!2.
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Figure 6. GPS-based SSFL

As already mentioned, compared to the fault location algorithms that use one or two end data,
SSFL makes no assumptions about fault condition and system operating state. Therefore it is less
affected by those factors and keeps the useful information in the waveform to locate the fault



precisely. Table 2 shows 10 cases of the results for SSFL algorithm!4l. For all the tests, the

maximum error for fault classification is 3.6992%; the minimum error is 0.0234%.

Table 2. Results of SSFL algorithm

Fault Fault Fault Calculat-
Fault Distane Resi- ed Fault Error
) Angle . o
Type [ stance ) Location (%)
(mile) | (€) (mile)
1| CAG 852 31 199.9 85.25 0.0234
2| ABG 151.1 119 121.6 150.19 04706
3 SBL 231 13.1 382 2251 0.2870
4| AG 1352 117 498 136.30 0.5693
5| CAG 116.2 1.3 217.0 115.61 0.3037
6| AB 383 15.1 3R 3748 0.3933
7| BCG 19.6 25 2397 21.57 1.0016
81 CG 120.0 43 110.0 122.14 1.0656
91 AG 176.4 92 985 174.60 0.8917
:’ 28C Leso [ 23 1028 | 66.60 3.6992
1

Control Center Visualization:

This section addresses a set of new control center visualization tools, which integrate PMU,
operational (SCADA) and non-operational (other IEDs) data. The proposed visualization tool
also incorporates options for integration of application modules that contains state-of-the-art

alarm processing, fault location and cascading analysis approaches.

System Flow Chart

The overall implementation flow chart of the visualization software is shown in Fig. 7.
Embedded in the flow chart are two types of logic: external logic and internal logic. The external
logic explains relationship between applications and GUI software, as well as their
implementation sequence. The internal logic explains relationship and implementation sequence

of various functional modules and user interfaces within the GUI software.
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Figure 7. Visualization System Flow Chart

Visualization Tools

The proposed control center visualization system is depicted in Fig. 8. As specified in the figure,
there are six modules incorporated in the proposed visualization tools: Equipment Model View,

Aerial View, Electrical View, Topological View, Ontological View, and Hierarchical View

Equipment Model View:

In our proposed GUI system, various power system equipments are modeled and presented to
operators through user interfaces. Currently the modeling of two types of devices has been done:

Transmission Tower and Circuit Breaker.
Aerial View:

Once the fault location is calculated it is very important that the details are effectively presented
to maintenance crew. The Aerial (satellite) View module translates results from fault location
report files into a view of the corresponding faulted zonel*®°1. Through this module it is possible
to see physical environment of the faulted area, as well as the behavior and status of equipment

involved in the fault event. One example is shown in Fig. 9.



Electrical View:

This is another independent module integrated in the visualization tools. The Electrical View
GUI is used to display the electrical measurements in the system on the one-line diagram, which

includes the visualization of entire system connection, power flows, alarms, etc.

Topological View:

The power grid topology describes connectivity of the various components in the power system.
In order to process retrieved fault event recordings, they must be related to a specific
breaker/switch position from which they are measured and the information how the measurement
positions were interconnected at the time of the fault occurrence needs to be known. Therefore,

the system topology must be visualized.

Ontological View:

The Ontological View module relates to the application of intelligent alarm processor. The GUIs
incorporated in this module display how the Petri Net Logic is executed, i.e. how the irrelevant
alarms are removed and how the essential alarms are extracted. This can provide operators a

comprehensive understanding of the causes and possible effects of the event.

Hierarchical View:




When system is in a normal state, real-time visualization and monitoring of the power flow and
related operation are necessary. The graphical software can import real-time data by connecting
to data sources that enable users to perform supervision and visual analysis of power system
operations. The Hierarchical View module is used to track system behavior in normal state. Real
time data are obtained from SCADA database. Pl Historian was used as an example since it is
widely used in the industry and because it is a time-series database designed and optimized to
quickly receive, store and retrieve time-oriented data. The database could efficiently store
numerical and string data, and can accommodate both small and large quantities of data for

extended periods.
Control Center Work Flow Management

The control center equipped with new visualization tools will now have two distinct features
comparing with those of traditional EMS system: y The substation data and extracted
information are shared with different utility groups (protection engineers, dispatchers,
maintenance technicians, etc.)making sure the data/information are presented in the form most
suitable for a given group; y Each group receives the best information since the origin of
substation data becomes transparent to the users and what they receive is the best information
obtained using all available data. Each utility group will be equipped with a computer with GUI
client installed. The clients together with the server are interconnected through a local area
network. Operator is responsible for monitoring real-time system conditions. Other utility groups
also receive information from client computers. Once an event occurs, the visualization tools will
inform operator immediately. Operator could then assign tasks to different groups according to
the fault reports and recommended solutions. The maintenance crew will be requested to repair
system components identified with accurate fault location while protection engineers will be
asked to analyze the fault clearance sequence. The dispatchers will be required to re-dispatch the

power generation and load flow to balance the whole system.

Implementation of Data Merging:

When implementing the data merging, several requirements should be satisfied:

e A reliable data exchange structure should be defined;



e An effective data interpretation system should be utilized;

e Network interoperability should be maintained.
Data Exchange Structure

In order to efficiently exchange time correlated data from PMUs, SCADA and other IEDs, a data

exchange system which possesses the following features is proposed:

e The Common Information Model (CIM), which is defined in IEC-619701% is utilized as
standard data modeling format;

e After converted to CIM format, metadata is stored to an XML file. Application modules
use this file to carry out analysis. Outputs from all applications are also converted to CIM
format for future use;

e XML file which contains outputs of applications is sent to control center server. The
server is responsible for collecting and saving data files from applications and SCADA
Historian database. It is also connected to client computers through LAN. Information
exchanging between server and clients is completed within the network;

e The server and client computers are connected via Java Remote Method Invocation (Java
RMI). The Java RMI provides for remote communication between programs written in
the Java programming languagel?*!;

e The proposed visualization tools are installed in all client computers. Once an event
occurs in power system, clients will receive fault reports from the server. Analysis results
of different applications are presented to the operator through GUIs which are
incorporated in the visualization tools. An entire data exchange structure between IEDs,
substations, control center engineering office, utility groups, and other enterprise

locations is demonstrated in Fig. 10.
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Figure 10. Data Exchange Structure

Data Interpretation

As demonstrated in Fig. 10, the PMU data, SCADA measurements and other IEDs data are
collected by substation data concentrator. Since these data have different formats and contents,
data preprocessing is required to convert original data and measurements into applicable data
files. The data interpretation is necessary to execute this preprocessing, which is shown in Fig.
11.
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Figure 11. Data Interpretation

The data sent from control center concentrator is converted by data interpreter before they are

sent to different applications. For Intelligent Alarm Processor, data is interpreted into applicable



circuit breaker signals, IED reports and SCADA measurements. For Optimized Fault Location
and other applications, data is interpreted into applicable synchrophasors, IED samples and

reports, as well as SCADA measurements.

Network Interoperability:

The implementation of data merging needs also to take into account the network interoperability.
Several existing data communication standard are deployed to make the proposed
data/application/visualization system implementation easier. As demonstrated in Fig. 12, at the
substation level, IEC 61850 is deployed as the standard for intra-station data communication®l,
Ethernet is deployed for the purpose of inter-station data communication. At the control center

level, IEC 61970 is the data communication standard!?,

Figure 12. Network Interoperability



Conclusions:

The purpose of this research on the method is to illustrate how the efficiency of alarm
processing, accuracy of fault location and capability to analyze cascades may be improved by
integrating PMU, operational and non-operational data. Several accomplishments have been
reported:

e The integration of time correlated information from Phasor Measurement Units, SCADA
and non-operational IEDs has been implemented;

e The merging of data sources for the use in the proposed applications has been specified,;

e The data processing structure as well as inputs and outputs of each application have been
demonstrated and compared to the traditional implementations.

e The integrated tools for control center visualization have been designed. Six different
GUI modules have been specified.

e New work flow management approach which makes better use of information extracted
from the source data has been suggested.

e Implementation considerations of data merging have been discussed: data exchange

structure, data interpretation, and network interoperability.
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5. CONCLUSION:

These were several different methods and techniques for fault location in distribution networks
using PMU which offer a comprehensive analytical study for the unique types of PMUs and
synchrophasor systems being developed allowing assessment of the system-wide impact of
synchrophasor measurement errors during faults. There were a lot of varying approaches and all
of them shows us that using PMU we can recognize faults and address them at a significantly
lower amount of time which in turn increases the efficiency. There are several other studies and
researches which in this world of revolution are being worked on every single day. In this age of
advancement | believe that PMUs are the future to look towards improving the distribution

network.
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