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I Abstract
Distance and over-current (OC) protection functions are the two main relaying principles applied
to protect power system transmission and distribution networks.  Both principles are considered
non-unit schemes in that time coordination with downstream protective devices is required to
ensure selective and secure operations.  Traditionally OC protection has been applied on medium
voltage distribution networks due to the typical radial system configuration, simple relay design,
lower cost and easier coordination with fuses.  However, OC protection is known to have
deficiencies such as variation of sensitivity under different source impedance and long operation
time for faults close to the substation due to the coordination requirement.  On the contrary
distance relays, conventionally applied on medium to long, high voltage transmission lines,
provide a constant reach and time delay proportional only to the physical length of the conductor.
In this paper, an application combining the advantages of both relaying principles in a modern
multifunction intelligent electronic device (IED) for an utility distribution system will be
presented.  The goal of this project is to improve:

· Operation time for close-in faults to the substation
· Auto-reclose blocking for faults on the cable section of the circuit
· Sensitivity and safety on detecting fallen conductors
· Safety of personnel performing hot-line work

The project execution was separated into two stages.  The first stage involves IED functional
verification, procurement, engineering studies, parameter settings and configuration and final
system integration and functional test in the laboratory.  The second stage involves online
monitoring of live events and alarms of the IEDs applying IEC 61850 client/server services with
dedicated gateways installed in the substations.  In this paper the discussion emphasizes only on
the planning and engineering considerations of Stage 1.  Detailed system models leading to the
parameter settings and functional configuration of the distance IEDs are presented.  The relay
application and coordination principles to accomplish the above targets will be explained.  The
test method used to obtain accurate cable impedance parameters for the distance relay setting is
discussed.  Detailed network simulation and test procedures verifying the relay settings and
functionality are also provided.  Finally an overview of the substation automation system (SAS)
envisioned by the utility to accomplish live and real-time monitoring of this substation will be
briefly discussed.
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II Backgrounds
EPCOR Utilities Inc. is the electric utility company in Edmonton, Alberta, Canada.  One of
EPCOR’s capital upgrade projects is to replace obsolete protective relays for their 15kV
distribution substations.  Eight of EPCOR’s 15kV distribution substations have obsolete feeder
relays that are starting to fail and raise concerns for system reliability and safety.
The distribution feeders for these substations consist of combination of cables and aerial lines.
The existing relays protecting these feeders are equipped with overcurrent and reclosing
elements.

The high short-circuit level combined with short feeder length in EPCOR’s 15 KV system poses
concerns about workers’ safety and prolonged damages to power equipment.   As the
functionality of modern microprocessor based relays has progressed and prices dropped
considerably EPCOR decided to take advantage of both distance and overcurrent protection
elements in the new relays.  Distance protection is primarily utilized for transmission lines, but
can be applied to distribution networks with many benefits.  The new relays will provide the
protection as well as the event information to SCADA and the engineering department.

The concern in this new application is the accuracy of the cable/line impedance data needed for
relay setting calculation.  As EPCOR has the test equipment available to measure the impedance,
the decision was made to measure the cable section of the distribution network that is easily
isolated for the tests.  In addition, EPCOR researched and tested 5 different vendor relays all
equipped with similar distance, overcurrent, and reclosing functions.  Among the 5 relays one
was selected to be the replacement for the capital upgrades.

The first substation selected for the relay upgrades was Woodcroft Substation.  The relay
upgrade project was completed in 2012.  EPCOR plans to complete one to two substations each
year until complete.

III Engineering Considerations and Implementation
EPCOR’s Woodcroft substation is one of the many 15KV distribution substations connected to
the Utility’s 72KV sub-transmission network.  The 15KV bus, feeding 18 aerial feeders, is
sourced by three 30MVA two-winding transformers.  A typical feeder, supplying various
residential and industrial loads, consists of a short underground cable section up to a lateral take-
off structure before joined by multiple sections of over-head conductors.  There are usually
several overhead line sections with transformer taps typically connected to the first over-head
section and other line branches connected to the remaining sections.  The transformer taps are
protected by a combination of current limiting and expulsion fuses while the line branches are
protected by expulsion fuses only.  In this section, feeder W1 is used for the purpose of
discussing the application principles, engineering considerations and implementation of the
multifunctional distance relay.  Other feeders follow a similar guideline.  A simplified single line
diagram of the W1 feeder is attached below in [Figure 1].



Figure 1: Simplified Single Line Diagram of Feeder W1



III.1 Existing over-current protection scheme deficiencies

EPCOR’s distribution system adopts the “fuse-burning” philosophy whenever possible so
protection coordination is mandatory to allow downstream fuses to burn first before disrupting
other upstream customers unnecessarily. The existing OC relay coordination curves are plotted
in [Figure 2]. On EPCOR distribution networks, pad-mounted transformers tapped off the first
over-head section are always protected by the combination of expulsion and fast-acting current
limiting fuses as denoted as W1 Ex and W1 Lim respectively on the TCC.  FDS697 and FDS619
are the two branch fuses tapped off the main trunk at First Line and Second Line as shown on
[Figure 1].  The two fuses MAX_EPCOR_FUSE 1 and MAX_EPCOR_FUSE 2 are the maximum
rated fuse types that EPCOR distribution maintenance team can install on the branches for
emergency repair and new branch expansions. They only exist in fewer than 10% of the feeders
so will not be used for the purpose of generic relay coordination engineering in this project.
The main feeder protection consists of time OC (51) coordinating with downstream fuses and
sometimes instantaneous OC (50) functions.  Both the existing relay (W1 DPU-P) and the new
multifunctional distance IED (11F-D-80) characteristics are plotted in [Figure 2] for comparison.

Auto-reclosing on an underground cable is not a desired practice as these faults are permanent in
nature and reenergizing the fault during reclosing could cause serious damages to the cable.
EPCOR policy dictates setting up a high-set instantaneous OC element (50) whenever possible to
detect high fault current on the cable and block auto-reclosing when the element operates.
However, for a cable that is too short (subject to short circuit study), the 50 element cannot
effectively protect the cable with sufficient sensitivity and fault coverage.  Consequently, the
time-delayed 51 element must clear the faults in the cable, but allow auto-reclosing to follow.
This unfavorable operating condition warrants a more selective and reliable means to detect
cable faults and block auto-reclosing on the cable.

The feeder time OC element must be time coordinated with downstream branch fuses in
operation.  For shorter cables where a 50 element cannot be effectively enabled, the fault
clearing time (relay operating time) for high fault current (10.9 KA @ 15KV) in the cable could
be as much as 0.3 second (existing relay curve) due to the coordination requirement.  The high
short circuit level combining with the delay could shorten the life span of the supplying power
transformers and cause damages in the cable that are otherwise avoidable.  Moreover, faults on
the first overhead section in [Figure 1] would take the 51 element approximately 0.4 sec to operate.
Since fast acting current limiting fuses (1/4 cycles operating time) protecting the pad-mount
transformer taps pose no coordination concern, this unnecessary delay could theoretically be
trimmed within the security margin to speed up fault clearance should another means of accurate
fault detection and coverage up to the end of first line section can be utilized.

One safety concern throughout power distribution utilities in North America has always been the
sensitive and timely detection of fallen conductor on high resistive surfaces (eg. concrete, ice).
Due to the high-resistive nature of current distribution in combination with a high pickup set
point (480 A to allow for loss of single phase) for the 51G element as per EPCOR policy, a fallen
conductor is likely left undetected by the overcurrent detection method.  Modern numerical IEDs
now employ special algorithms to detect broken conductor conditions and can generate alarms to
control center for prompt remedial actions.



Figure 2: Existing OC Protection Time Coordination Curve



III.2 Application of multifunctional distance IED with OC backup

A detailed discussion on the IED selection criteria, the relay setting and implementation
guidelines and the benefits gained by applying other ancillary functions in modern numerical
IEDs is provided in this subsection.

III.2.1 Selection criteria

During the procurement stage of the project, five major relay manufacturers had been researched
in their multifunctional distance relay product lines and ultimately one vendor would be selected
as the main supplier for the feeder protection upgrade project.  One sample product from each
vendor was gathered and the products were evaluated and compared against each other through
in-depth functional tests.  Test results were tabulated for each vendor product.  An example of
which is shown in [Figure 3] below.

Figure 3: Multi-vendor IED Functional Evaluation

Although most modern numerical IEDs favor equally in terms of major protective functions, this
vendor’s product was selected based on the combination of the following criteria:

Distance protection characteristic:
Modern numerical distance IEDs in North American market are typically equipped with mho
characteristic for phase loops and quadrilateral characteristic for earth loops.  EPCOR specifies
quadrilateral characteristics for both phase and ground loops for the purpose of sensitive resistive
fault detection.  The selected product supports quadrilateral characteristics for both phase and
ground measurement.

Sensitive reach set point:
Since the length of the cable or lines is relatively short for an urban utility, the allowable zone
reach set point must be low enough to suit such application.  Most IED reach parameters on the
market are entered in secondary values after instrument transformer conversion.  The parameters
of the selected IED are entered in primary values, allowing the lowest set point range among the
five.

Broken conductor algorithm:



As mentioned previously, prompt and reliable detection of broken and fallen conductor
conditions is critical to the operation of the Utility to ensure service reliability and safety of
civilians.  The selected product incorporates a proven broken conductor algorithm which is
preferred over some solutions where the functionality can be developed by mathematical and
logical programming.

Price:
This criterion by far is the most significant factor contributing to the selection of this vendor’s
product.  EPCOR anticipates similar upgrade projects for another six 15KV distribution stations
with at least 14 feeders each.  To convince the upper management of the benefits of upgrading
with distance IEDs, the price must be competitive compared to direct upgrade with modern OC
relays.  The selected product provides the most competitive pricing due to its sub-transmission
product platform.

Fault locator accuracy:
The ability to pinpoint accurately the location of the fault is an extremely valuable asset for
modern line protective relays and is especially true when applied to a distribution network.
However unlike in a transmission system, a distribution feeder may consist of different sections,
branches and types of conductors.  This makes the distance to fault measurement in length unit,
normally calculated by normalizing the impedance measurement against the total feeder length,
an approximation at best.   The test results reveal that the selected product produces one of the
closer and reasonable fault location estimation when testing with a two-section feeder model in
the test set ([Figure 8]).

III.2.2 Distance element setting guidelines

Multiple zones of quadrilateral phase and ground element are configured depending on the
number of feeder sections and the physical length of each section.  In general, each distance zone
is set up to protect up to the end of each section with security margin, but a protection zone will
not be implemented if a given line section is too short.   In EPCOR’s system the number of
sections typically does not exceed 4, making a typical modern 5-zone distance IED an ideal fit to
the application.
Zone 1:

Zone 1 of the distance element is set up to provide high speed protection to the express cable
section and at the same time, block auto-reclosing.  To improve relay setting and measurement
accuracy, the cable impedance and ground compensation factor (Kn) were measured using
primary injection technique (see section on cable testing).  Two setting approaches were
contemplated internally to determine Zone 1 reach: 110% versus 90% of the cable impedance.
The 90% approached was later adopted for three reasons. First, a reclose operation in the last
10% of the cable would be considered far away from the switch-gear bus so arc flash hazard is
not a concern.  Secondly, any fault in the express cable section typically indicates insulation or
structural failure and requires immediate attention anyway, regardless of the cable being reclosed
or not.  Thirdly, potential damages resulting from reclosing on the last 10% of the cable are
deemed acceptable in favor to the service continuity that can be attained by ensuring reclosing
for the entire aerial circuit sections on transient disturbances.



Zone 1 coverage is generally constant such that it is not under the influence of varying source
impedance.  This is an improvement over the existing OC scheme (50/51) by assuring constant
protection sensitivity, high speed operation, and reliable blocking of auto-reclosing on most of
the cable to prevent further damages. Zone 1 is currently enabled as a tripping zone to operate
the circuit breaker.

Zone 2:

Zone 2 of the distance element is set up to detect faults up to the first branch fuse (FDS 697) in
[Figure 1]. Coordination with pad mounted transformer tapped off this line section is not of major
concern because of the high speed nature of the current limiting fuses for close-in faults on the
tap.  Downstream faults are invisible by the distance relay due to the large transformer
impedance.  The fault coverage of the zone is consequently set to the length of the cable and
90% of First Line section to avoid reaching into the first branch fuse.  Zone 2 is delayed for 33
milliseconds for added security margin and to avoid racing Zone 1 when initiating auto-reclosing.
The risk of mis-coordination is accepted in favor of gains in operating time in the proximity of
the substation before the first branch fuse.  At this moment, Zone 2 is not enabled as a tripping
zone.  Its behavior is being monitored closely to verify the security of its settings in case of
inrush conditions in the grid. It is the Utility’s intention to activate this zone upon collecting
sufficient evidences of secure operations.

Zone 3

Zone 3 distance element is set up to cover all preceding cable and line sections plus 90% of
Second Line.  Zone 3 then would have to coordinate with the branch fuse as illustrated in [Figure
4].  For illustrative purposes, the distance relay is represented as a definite-time OC element so
that comparison in time with the fuse and the inverse time OC element can be made on the same
TCC chart.  Because EPCOR owns the branch fuse, the substation relay and the entire feeder
sections, the Engineer has the leverage to compress further their standard coordination time
interval (CTI) to gain speed over the inverse time OC element.   The comparison in time in the
TCC is made at the end of distance element reach. As shown the distance element gains around
80 milliseconds in time compared to the inverse time OC element with a faster “extremely
inverse” curve.

Despite the gain in time, Zone 3 may not be enabled if the length of the Second Line section is
shorter than 15% of the previous sections to account for measurement and line data inaccuracies.
Among the 18 feeders in Woodcroft Zone 3 is enabled in only half of them due to that constraint.

Zone 3 is not currently enabled as a tripping zone.  Concerns of mis-operation from load inrushes
require close online monitoring of its operation to verify the security of its setting parameters.

The ground resistive reach settings of Zone 1 to 3 have been approximated to 4 times of
corresponding reactive reach settings as rules of thumb.  Phase resistive reach settings are set to
half of the ground setting values.



Figure 4: Zone 3 Time Coordination Technique

Zone 4

Zone 4 distance element is set to cover the entire feeder length.  The reactive reach of Zone 4 is
set up to detect faults down to the end of the feeder sections.  The expected maximum feeder
load is around 600 A at 15 KV, corresponding to approximately 14 ohm with 10% voltage
margin.  EPCOR decides to set the phase resistive reach to 15 ohms and the ground resistive
reach to 30 ohms.    Zone 4 is not currently enabled as a tripping zone.  Its behavior under real-
time operating conditions will be closely monitored before being released to tripping duty.

Because Zone 4 reaches into multiple fused branches, it is the Utility’s intention to ensure
coordination and security by blocking its operation whenever the time OC (51) elements pick up.
For high resistive fault types such as a fallen conductor on the ground that is not detectable by
the OC elements, Zone 4 will provide a more sensitive coverage.  If it is thereafter decided to
turn Zone 4 to tripping, a long delay, two minutes for example, is required to ride through any
transient disturbances and maintain coordination.  Any pick up by Zone 4, however, will be
directly sent to the control center as alarms.  In this manner, Zone 4 is being used as a sensitive
circuit trouble annunciator to alarm and safely disconnect the circuit.  Field personnel can be
promptly dispatched to respond to the problem, with the aid of the fault locator.  Prompt and
timely response to any circuit problem is instrumental to an Utility’s reputation.

Phase selection (Supervisory) zone



The impedance based phase selection element is non-directional and is currently set to reach far
into the load region.  This zone is intended to accurately release the proper fault loop in the
distance measuring elements depending on the fault type and at the same time is also being used
as a monitoring element for system disturbance and load profiles.  This element also has an
algorithm for load encroachment that will be set when the system monitoring provides accurate
load profiles for the system.  The supervisory zone will not be enabled a tripping zone.

In addition, EPCOR intends to take advantage of Zone 4 and the supervisory zone to monitor and
learn the behaviors of different load conditions.  By monitoring in real-time the load
encroachment status, the phase resistive reach can be adjusted accordingly and the utility can
gain valuable insights into its dynamic load profiles. The observations can be used also to
strengthen and improve existing network models and future relay protection applications.

Zone 1, 2 and 4 are the elements that will always be implemented for each feeder.

III.2.3 Over-current functions

EPCOR applies stage 1 and stage 2 of the four-stage OC function in the selected IED to mimic
the existing timed and instantaneous OC functions (DPU curve in [Figure 2]).  The time OC curve
type is modified to “ANSI extremely inverse” to attain a faster operation as shown in [Figure 2]
curve 11F-D-80.  At this moment both OC functions and the Zone 1 distance element are
enabled to trip the circuit breakers.  In the future the OC elements will act as backup protections
to distance Zone 1 to 3 and block time-delayed Zone 4 on pick up to ensure coordination when
the fault current is high.  When the fault current is too low for the OC element to detect, Zone 4
will operate.

III.2.4 Benefits of applying modern numerical multifunctional IEDs
As alluded in the previous subsections, the benefits attained by applying the multifunctional
numerical distance IED can be summarized below:

Time saving on close-in faults:

Due to the relatively constant fault coverage of distance measurement, instantaneous operations
can be assured for Zone 1 on the express cable section and most of Zone 2 without sacrificing
speed to downstream coordination requirements.  The reduction in fault clearing time improves
personnel safety and prevents damages to critical equipment.  The application of Zone 4 will
provide the sensitive fault detection required for high resistance faults.

Auto-reclose blocking

Zone 1 distance element can be set up to reliably block auto-closing on the express cable section
to prevent damages and costly repair.  The fast operate time will also reduce the through fault
mechanical stress on the transformers and extend transformer life.  On the contrary the existing
high-set OC scheme has not been an effective method to block auto-reclosing due to its varying
sensitivity and other application constraints.

Sensitive detection of broken conductor or high impedance faults



The selected multifunctional distance IED employs a proven broken conductor algorithm
operating on the basis of detecting the asymmetry between the three phases.  The function
continuously measures the three phase current and compares the difference between the highest
and the lowest phase current against a set point.  This function is implemented to alarm for
broken conductor conditions.  The high resistive reach of Zone 4 also aids the detection of
conductor fallen on high resistive surfaces that cannot be picked up by the broken conductor
function or other current based detection methods.  An undetected fallen conductor poses serious
health and safety hazards to civilians and threats to the Utility’s reputation.

Hot-line Applications

Modern numerical IEDs offer multiple setting groups and programmable logic capability to
dynamically switch setting groups following different system conditions.  During energized line
work, a different set point can be switched to speed up protection operation to prevent arc flash
hazard and improve personnel safety.  In this project, the hot-line control from local (mechanical
switch) and remote (SCADA via RTU) locations are used to turn on/off a dedicated
instantaneous OC element for high speed operation on faults and block/unblock auto-reclosing.
The pickup setting of the instantaneous element is sensitized to match the pickup of the phase
time OC element (120% emergency load) during hotline work.

Other ancillary functions

Modern numerical IEDs offer many ancillary supporting functions such as apparatus control,
multi-position selector switches, programmable push buttons, LED annunciation, SCADA
communication and event and disturbance handling functionality, to just name a few.  The
following ancillary functions are used in the selected IED:

· Switch Onto Fault (SOTF):

Zone 2 distance element is used to detect switch onto fault conditions upon feeder energization.
Although SOTF is not a stability concern for a distribution system, prompt isolation of close-in
fault due to a connected service ground could prevent equipment damage and personnel injury.

· Local Annunciation:

The selected IED provides different options for local annunciation including programmable
LEDs and front HMI single-line display.  The manufacturer provides three groups of user
programmable LEDs. EPCOR programs the 15 Group One LEDs with protection trip signals in
red color.  Group Two LEDs (Yellow) and Group Three LEDs (Green) are programmed with
protection start signals and other alarm and indication signals from selected monitoring and
control functions (eg. 79, 25).  A single-line sketch is designed to show the circuit diagram, local
metering information and critical functional status dynamically on the front HMI display.  Local
annunciation capabilities allow the service crew to obtain general real-time operating
information locally without having to rely on the system control center.  A sample single-line
display designed for the IED is shown in [Figure 5] below.



Figure 5: Sample Front HMI Display

· SCADA Functionality:

The selected IED supports IEC61850 and DNP 3.0 protocol over TCP/IP communication stack
to report process information and allow control operations to/from the SCADA system.  In this
project IEC61850-8-1 MMS client/server protocol is adopted throughout the substation to report
the protection and control operation states along with the typical metering information to the
SCADA control center via the substation gateway.  A conventional RTU is used to receive and
execute control commands from the central control center via DNP 3.0.  There is a plan in the
future to install a second gateway for the sole purpose of engineering post events analysis and
protection system state monitoring managed solely by the P&C department.  The plan is to
remotely connect to the engineering gateway through a secure channel to retrieve the detailed
local relay events and annunciation without relying on the SCADA department.  Network
security concerns do not allow the Engineering Department to tie in and gain access to the data
collected by the SCADA gateway.  Furthermore, the standard data collected by the SCADA
center are scarce and generic, not sufficient for engineering analytical purposes anyway.

· Disturbance Report

The selected IED includes a non-volatile buffer to store 1000 time-stamped sequence of event
(SoE) information from up to 96 digital signals and allow manual and dynamic trigger of
oscillography for system condition monitoring and post events analysis.  SoE can be exported to
the Excel format for archiving and the disturbance oscillograph is stored in the COMTRADE
format useful for later play-back and verification.  The disturbance report and above SCADA
functionality are the main tools used to monitor the stability of the distance elements before
engaging them to tripping duty.



IV Cable Impedance Testing
Distance relays uses positive and zero sequence impedance (Z1 and Z0) of the line as a reference
for the zone settings.  Typically, these impedance values are calculated using various line
parameters provided by the cable manufacturer.  Furthermore, the calculation of Z0 requires the
soil resistivity of the ground return path.  A Zone 1 setting of 80% of the line impedance allows
for inaccuracies of these impedance calculations.

Comparison studies by various utilities [4] suggest that in most cases, the calculated Z1 is less
than 20% of the measured Z1 value.  However, due to the complexity in getting an accurate
model for ground returns, the calculated Z0 normally has even higher errors, sometimes higher
than the 20% margin offered by Zone 1.

In order to achieve the 90% setting of Zone 1 for this project, an accurate measurement of Z1
and Z0 of the cables using primary injection is required.  The measurement method used is a
frequency shift method in which the impedance is measured at 40Hz and 80Hz and then the
60Hz result is obtained through a linear interpolation of these two values.  This method ensures
that any 60Hz noise be rejected by the measurement.

The test equipment is capable of generating a current at 40Hz and 80Hz with enough power to
drive the test current through the cable system.  The equipment also measures accurately the
output current, voltage, and phase angle in order to determine the Z1 and Z0.  These values are
then used to calculate the Zone settings and the Ground Compensation setting.

In performing the test, one end of the cable must be shorted to ground, and the other end opened
for connection to the test source.  As a safety precaution, an isolation transformer is used for both
the output and the measuring inputs of the test set, so that there is no direct connection between
the cable under test and the test equipment.  [Figure 6] shows a simplified connection diagram of
the test setup.



Figure 6: Line Impedance Measurement Setup

As the test equipment provides only a single-phase source, in order to calculate Z1, the three
line-to-line fault loops must be tested (i.e. A-B, B-C, C-A) in order to obtain ZAB, ZBC, and ZCA.
Z1 is then derived from the following formula:

Z1 = ½ * (ZAB + ZBC + ZCA)/3

The factor of ½ is due to the fact that for line-to-line measurement we are actually measuring
twice the line length.

For Z0, the three-phases must be shorted and then measured against the ground return as shown
in [Figure 7].  The measured impedance Z0´ is:

and by definition:

Therefore,

Z0 = 3*Z0´ (three times the measured impedance)



Figure 7: Z0 Impedance Model

With the measured Z1 and Z0, the relay zone settings and also the ground compensation factor
(k0) could then be set very accurately for this project.  Different relay manufacturers represent
the k0 setting in a slightly different way.  The typical formula for the k0 factor is:

k0 = (Z0-Z1)/(3Z1)

V IED Functional Testing
The initial product evaluation, preliminary relay testing, and the commissioning of the installed
protection was performed using modern relay test equipment and software.  The network
simulation software was utilized in order to simulate real-life fault values.  The IEC-61850
SCADA points were tested using both the communication gateway device and the relay test
equipment.

Figure 8: System Modeling with Network Simulator Software



The network simulator software allows the IED to be tested using simulated fault values based
on digital network models [Figure 8].  This provides the optimum approximation of the real events
in the system to evaluate relay settings for complex protection applications.  The network
simulator software was used to simulate faults at different locations along the feeder and the test
set injected corresponding voltage/current quantities automatically.  As the feeders in Woodcroft
are radial, the source 2 impedance was set to maximum and source 1 impedance was set to the
substation calculated values acquired from the engineering short-circuit study.

The results of each test [Figure 9] were analyzed to verify the IED indications, LED annunciation,
operation, and timing.  The IED operation was tested to verify distance and OC characteristic,
fault location algorithm, and trip/reclose functionality.  The IED disturbance recordings were
analyzed and compared with the test equipment waveforms.

Figure 9: Sample Relay Operation Test

The advanced relay test modules were used to verify the parameter settings and characteristics of
distance [Figure 10] and OC [Figure 11] elements.

Figure 10: Sample Distance Characteristics Test Result



Figure 11: Sample OC Characteristics Test Result

Further functional tests to verify vendor internal logics such as broken conductor and switch-on-
to-fault were performed. User customized configurations including blocking, various tripping
logics, reclose initiation/blocking logics, Hot-Line operations, and various alarms were all tested
in details.

Final commissioning on-site consists of wiring checks, cursory functional tests of all relay
elements, functional testing of all control and annunciation including its communication to the
station HMI, and energizing check.

VI Substation Automation System (SAS) and Online Monitoring
The SAS of the Woodcroft substation consists of a conventional RTU, an EPCOR standardized
SCADA data concentrator/gateway, and a third data concentrator/gateway to be procured by the
Protection Engineering Department that is still under evaluation.  The data concentrator/gateway
functionality must support IEC61850-8-1 for station communication and DNP 3.0 for slave
communication to the SCADA Control Center (SCC). The network architecture of the SAS is
shown in [Figure 12] below.



Figure 12: SAS Network Architecture

VI.1 Conventional RTU Applications

Similar to most utilities in North America, digitizing copper wires with invisible Ethernet
packets, the underlying technology of IEC61850, for signaling between relays or between relays
and substation gateways is still a technology under evaluation and the Utility still demands
plenty of proofs and operating records to be convinced of its reliability.  Consequently, the SAS
systems in EPCOR still consist of a conventional RTU collecting the most critical information
from the processes and the IEDs and being responsible for issuing control commands, all through
the proven copper wires.  As per existing EPCOR apparatus control policy to separate control
and protection duties in a protective device, apparatus control commands are wired directly to
the apparatus via RTU output modules.  A summary of the points collected and commands
issued by the RTU are provided below:
RTU Indications (hard-wired):

· Critical IED status (relay failure, protection picked up, protection operated)
· Hot Line Tagging state (from IED)
· Breaker status (directly from circuit breakers)

RTU Commands (hard-wired):

· Hot Line Tagging On (to IED)
· Apparatus control (directly to circuit breakers, tap changers, etc.)



VI.2 SCADA Data Concentrator and Gateway

The standard SCADA substation data concentrator operates in parallel to the RTU running
IEC61850 client/server protocol via Ethernet communication.  In general, the IEDs report status
and measurement information to the data concentrator as part of a verification effort for IEC
61850.  The gateway groups the alarms and status indications upstream to the Utility SCC in
DNP 3.0 slave protocol.  No control commands shall be issued via the concentrator/gateway at
this moment.
SCADA Data Concentrator Indications

· All status indications sent to RTU
· Extra IED indication and alarms such as (time sync. failed, MCB open, trip coil monitor

alarm, etc)
· Analog metering information (P, Q, S, freq, pf)
· Fault location estimation

SCADA Data Concentrator Commands

· None

IEC 61850 Generic Object Oriented Substation Events (GOOSE) messages are Ethernet packets
broadcasted by a publishing IED to multiple subscribing IEDs configured using a 61850 system
configuration tool. The benefits of applying GOOSE include but are not limited to the reduction
of material (copper wires) and labor (wiring) cost during panel integration.  In this project
GOOSE messages are applied to aid station wide post event analysis.  Any protection operation
of an IED would publish a GOOSE message on the station LAN.  Other feeder IEDs would
subscribe to this message and trigger their own disturbance recorders.  EPCOR engineers could
then review the behaviors of not only the IED operated on the disturbance, but also neighboring
IEDs to gain knowledge of the event from a system perspective, such as, a sympathetic tripping
event.  As mentioned previously EPCOR is not ready to deploy GOOSE for protection type of
applications, but applying it for a less risky and non-critical task is nevertheless a great way to
verify and gain experience of this technology.

VI.3 Engineering Data Concentrator and Gateway

The proposed data concentrator/gateway for engineering monitoring and analysis purposes may
be procured from vendors different from the SCADA unit as a visual and departmental indicator
that this is an independent project and responsibility, but it must consist of the following features
at the minimum:

· A single box solution combining an industrial rugged PC with the HMI and gateway
functionality.

· Fully configurable HMI display pages to ideally match that of each IED front face plate.
User programmable symbol library and dynamic behavior are easily configured for special
applications

· Supports IEC61850-8-1 and remote secure LAN access



· Settable Password policy and user account authority definitions

The engineering data concentrator/gateway will operate in parallel to the SCADA data
concentrator unit and acts as the second 61850 client to the IEDs in the substation.  All indication
points sent to the SCADA unit shall be duplicated to the engineering unit plus additional LED
and push button status of the IEDs so that the exact front face plate can be mimicked in the HMI.
More information and data could be required subject to future specific analysis needs.  No
control commands shall be sent by the engineering unit at this moment.

System event monitoring involves analyzing the event oscillograph and sequence of events
recorded in the data concentrator and the IEDs.  The captures can be compared to the short-
circuit study and the network simulator model.  This comparison will confirm if the system
model and parameters used to calculate the settings and test the relays are accurate and
subsequent educated updates in modeling and setting calculation can be made.

VII Conclusion
At the moment of writing this paper, all 16 distance IEDs procured for this project have been
commissioned and put in service.  Zones 2, 3 (if applicable) and 4 are not currently enabled as
tripping zones, but their behaviors under real-life system operating conditions are being closely
monitored.  The dedicated communication gateway for engineering analysis has not been
installed at this point, but any pickup signals can still be recorded and waveform captured locally
in the IED buffer so that the distance reach settings can be fine-tuned to ensure service reliability.

The successful completion of this project was contributed by the joint efforts of the IED
manufacturer for their product knowledge and technical support, the IED setting calculation,
configuration and simulation work attributed to the EPCOR team and the Test set vendor’s
solution and support in accurate cable impedance testing.

The application of a modern multi-functional distance IED improves operating time and
personnel safety working near the substation, reliably senses close-in cable faults and blocks
auto-reclosing, dynamically controls hot line protection mode and provides sensitive protection
to high resistive ground faults and alarms for circuit troubles with low current. IEC-61850
communication protocol is used for station wide disturbance trigger (GOOSE) and status and
analog measurement reports (Client/Server).   Other annunciation and event/disturbance features
complement the main protection functions in the IED.  All protection and control functionality
has been verified before procurement and validated again during FAT with a close-loop test
system to verify the sensitivity, timing, annunciation, and other ancillary functionality against the
design.

Ongoing efforts remaining in this project include continuous monitoring of IED protection status,
improvement of current protection settings to ensure more secure operations so all distance zones
can be released to tripping duty, and selecting a substation gateway dedicated for the ultimate
goal of engineering monitoring and post-event analysis.
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