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Abstract

The use of microprocessor-based relays has significantly reduced the life-cycle cost of routine
preventative maintenance (PM). Internal self-testing features, inherent in microprocessor based
applications, have reduced the scope of relay PM testing to verification of the inputs and outputs of the
relay. This paper presents a method to automate the testing of those inputs and outputs, allowing
maintenance personnel to focus their limited resources on trouble shooting and repair. In this application,
the analog values within the relays are continuously compared to detect analog-digital converter failure
and the critical relay digital inputs and outputs are periodically exercised to assure functionality. When
coupled with a comprehensive breaker operations report, this system virtually eliminates the need for
routine PM testing of transmission line relay panels.

I: Introduction

The testing of protective relays has evolved along with the evolution of the design of protective relays.
Electro-mechanical relays generally require 100% function and calibration testing, initially and routinely.
This is labor intensive and requires skill sets in both electrical and mechanical systems.  Analog electronic
relays made great improvements in operating speed, but offered no reduction of testing labor. Routine
testing of analog electronic relays will verify that the relay functions at that moment, but, can do little to
assure that the relay will function in the future. As a result, many utilities have replaced the newer analog
electronic relays while continuing to use the older electro-mechanical relays.

A significant shift in relay testing and maintenance philosophy came with the advent of micro-processor
based relays. Touted by many as “self-testing”, micro-processor based relays are able to perform checks
of firmware and hardware to detect and alarm certain types of internal relay failures. Also, the
performance of protection elements within micro-processor based relays is based on mathematical
formulae and will operate consistently if presented with the correct input data. As a result, routine testing
of micro-processor based relays is generally limited to verification of the relay’s inputs and outputs
(analog and discrete) to the real world.

II: A challenging future

Utilities are faced with a challenging future. At Minnesota Power, a substantial amount of our base load is
consumed by a handful of heavy industrial customers -- primarily in the steel and pulp/paper business
sectors. Both of these business sectors operate in very tight, international markets. The cost of electricity
is a key element in their ability to compete, making electrical rate increases highly undesirable.  The
strategy for success points directly at controlling expenses while increasing customer service reliability.

Labor is a significant element of electric utility controllable expense.  Relay maintenance expenses are
almost entirely labor and are a good place to look for cost reductions. As the existing relay maintenance
staff retires they take the knowledge of the electro-mechanical and analog electronic relays with them.
The new employees hired to replace the retirees will be fewer in number and will not posses the
knowledge that was lost with the retirees. Operating the power system with this future workforce will
require relaying systems that are highly reliable yet largely self-sufficient.



Many electro-mechanical relays are failing as a result of component aging. The mechanical aspects of
these devices are maintainable as long as renewal parts are available but some component failures
produce radical shifts in relay performance, causing the relay to fail between maintenance intervals. In
particular, relays that use electrolytic capacitors may exhibit sudden, unpredictable mis-operations as the
electrolyte dries out. Eectro-mechanical transmission line impedance relays are becoming high failure rate
items, causing over-tripping with subsequent loss of load and a drop in service reliability.

Minnesota Power’s load is served primarily from our 115 kV transmission system. The protection of this
load-serving transmission system consists primarily of electro-mechanical directional comparison
blocking (DCB) impedance based transmission line panels (approximately 200 highly standardized
panels). The maintenance costs associated with these systems will increase exponentially with the age of
the systems and the reliability will decrease exponentially with age. Replacement of these electro-
mechanical systems with reliable, low maintenance systems is critical for Minnesota Power’s future
business model.

Replacing electro-mechanical relays with micro-processor based relays will realize substantial
maintenance savings. However, periodic preventative maintenance is still required to verify that the
inputs and outputs that link the relay to the real world are in good working order. This generally involves
exercising the discrete I/O and verifying the calibration of the analog inputs. If these preventative
maintenance activities are done automatically, then the relays will not require periodic human
maintenance. The Minnesota Power 115 kV replacement relay panels include functions that exercise the
critical discrete I/O daily and continuously monitor the calibration of the analog inputs.

III: Automated testing of Discrete Inputs and Outputs

Exercising the critical discrete I/O is accomplished through the application of several processes within the
relays:

q Breaker trip coil monitoring
q 86BF lockout coil monitoring
q Breaker and 86BF trip output testing
q Carrier check-back

q Breaker Trip Coil Monitoring and 86BF Lockout Coil Monitoring

The breaker trip coils are monitored using a relay discrete input (BKR TCM) in parallel with the trip
output contact. The BKR TCM is asserted when the breaker is closed, by reading negative through the
breaker trip coil and 52a cut-off contact (see typical DC schematic below). The status of the BKR TCM is
compared with the breaker status as read through the separate 52a monitoring input (BKR STATUS).
Under normal conditions, the BKR TCM status will follow the BKR STATUS. The relay logic generates
an alarm anytime the statuses do not agree (allowing for a small delay during transitions). This process is
active in both the primary and secondary relays and monitors the continuity of the trip coil circuit, the
availability of the breaker trip coil DC power and the validity of the 52a status input.



The 86BF lockout coil is monitored in a fashion similar to the trip coil monitor. An input (86BF TCM) is
wired in parallel with the 86BF trip output contact and compared against the 86BF “a” contact monitoring
input (86BF STATUS). An alarm is generated anytime they agree (allowing for a small delay during
transitions). This process is active in the primary relay and monitors the continuity of the 86BF operating
coil circuit, the availability of the 86BF DC power and the validity of the 86BF “a” status input.

q Breaker and 86BF Trip Output Testing

The trip output contacts that trip the breaker(s) and the 86BF lockout relay are exercised once a day to
verify that they electrically close their contacts. The primary relay controls the daily exercising of the trip
output testing. A test sequence is run at the top of the hour every 23 hours, resulting in a test at a different
time each day of the week. The trip outputs are exercised in sequence as follows:
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1. Line breaker trip output contact (primary relay)
2. Transformer/tie breaker trip output contact (primary relay)
3. 86BF trip output contact (primary relay)
4. Line breaker trip output contact (secondary relay)
5. Transformer/tie breaker trip output contact (secondary relay)

Note: The primary relay sequences the secondary relay’s tests via peer-peer electronic data
link.

The tripping circuitry includes a test resistor that the trip output contact is transferred to during the test
(refer to the diagram below). The breaker (or 86BF lockout relay) is not actually tripped during the test.

The test can only start if the trip coil monitor (TCM) input is asserted (the breaker is closed or the 86BF
lockout relay is reset).  The output contact is then transferred to the test resistor and exercised as follows:

Step 1.    Block the trip coil monitoring process
Step 2.    Verify that the TCM input is asserted
Step 3.    Open the ISOLATE output
Step 4.    Verify that the TCM input is deasserted
Step 5.    Close the TRANSFER output
Step 6.    Verify that the TCM input is asserted
Step 7.    Close the TRIP output
Step 8.    Verify that the TCM input is deasserted
Step 9.    Alarm if any of steps 3 through 8 did not work as expected
Step 10.    Open the TRIP output
Step 11.    Open the TRANSFER output
Step 12.    Close the ISOLATE output
Step 13.    Release the trip coil monitoring process
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Typical DC schematic of trip output contact testing with test loading resistor



q Carrier Check-Back

The standard application for Minnesota Power 115 kV line protection is a directional comparison
blocking (DCB) scheme that uses on-off power line carrier. A check-back system is used to routinely test
the functionality of the carrier system. The logic for the check-back system is embodied within the
primary line relay (21P). Once every 23 hours the carrier at one end (the master check-back terminal) of
the line is keyed for 6 seconds. The remote end(s) (the slave check-back terminals) receive the carrier
signal and interpret it as a master check-back initiate (any carrier signal received for more than 2 seconds
is interpreted as a master check-back initiate).  Each slave terminal then keys an echo check-back signal
for 7 seconds. The master terminal will generate a check-back fail alarm anytime it does not receive the
expected echo signal(s) from the slave terminal(s).

By implementing the check-back logic within the primary relays, the keying outputs and the receiver
inputs to the 21P relays on all ends of the line are functionally checked in addition to the carrier
transmitters and receivers. If any component of the carrier system, including the 21P discrete I/O, fail to
operate as expected, the check-back will fail.  The other advantage of implementing the check-back logic
within the 21P relays is that the root cause of a check-back failure alarm can be quickly diagnosed
through examination of the 21P sequence of events log.

There has also been a concern that the blocking transmitter can be keyed continuously as a result of a
stuck keying contact. If this happens, it will prevent high-speed pilot tripping during an internal line fault.
To mitigate this condition, each terminal (master and slave) contains logic to generate an alarm if the
received signal lasts longer than 30 seconds.

q Discrete I/O not Automatically Tested

The primary relays contain the automatic reclosing for the line breakers. The relay logic does not include
any provisions for testing the discrete I/O associated with reclosing. However, each time a line fault
occurs this logic (and the associated discrete I/O) is tested “in service” by the event. A failure of the
reclosing will be detected by the system Dispatchers who will alert maintenance personnel.

Several miscellaneous discrete inputs are not automatically tested. These include external breaker failure
initiate, carrier relaying ON/OFF status and automatic reclosing ON/OFF status. Generally, these are non-
critical or second contingency items and a failure will be detected during routine analysis of records
following faults.

IV: Automated Testing of Analog Inputs

During normal operation, the primary and secondary relays will measure the same line current and relay
voltage. By comparing the digital (numeric) values of these quantities, drift of the calibration or failure of
an analog-digital converter can be discovered. The relays used by Minnesota Power on our standard 115
kV line panel do not have the capability to directly share analog data with each other so the comparison
can not be made in either relay. For this reason, a communications processor is used to read the analog
values of phase line current and phase relay voltage from the 21P and the 21S and perform the
comparison.

The comparison is accomplished by calculating the error between corresponding values and then testing
to see if the error exceeds a maximum error criteria (8% of the 21P value in our case).  Each of the 6
analog values (Ialine, Ibline, Icline, Varelay, Vbrelay & Vcrelay) are tested. If all 6 pass the test (error is less than



the criteria) then the communications processor sends the 21P a message saying that the test was good. If
any of the 6 fail the test, then the communications processor sends the 21P a message saying that the test
was bad. The 21P runs an up/down counter that counts up for each bad test and down for each good test
(count freezes at 0). A “Relay Maintenance Required” alarm is generated by the 21P any time the count
exceeds 10. In this way, transient fluctuations in current or voltage readings that might not be captured in
the same way by the 21P and 21S are filtered out and do not cause an alarm.

The comparison logic has to be blocked during low or no load times and during times when the relay
voltage is low. The relays return analog values that are scaled to be in primary quantities so when the
actual secondary quantity is small or 0, the relay may return a small non-zero primary value (1 or 2 for
example). If the 21P returns a value of 1 and the 21S returns a value of 2, both are essentially saying the
same thing, but, mathematically, the error is 100%. Another scenario is the 21P returns a value of 0 and
the 21S returns a value of 1 and the calculated error as a percent of the 21P value is infinity. The same
thing happens for actual non-zero quantities that are only a small fraction of the A/D full scale.  For these
reasons, the line current error calculations are blocked any time the positive sequence current measured
by both the 21P and the 21S is below a fixed amount (50 amps in our application). Similarly, the relay
voltage error calculations are blocked anytime the positive sequence voltage measured by both the 21P
and the 21S is below a fixed amount (55 kV in our application).

V: WEB Based Breaker Operations Report

Minnesota Power is developing a new WEB based breaker operations report that, when fully operational,
will complement the automated testing features of the new 115 kV relay panels. The report will be based
on an open access database that will be automatically populated with data from the System Operations
Log report that the System Dispatchers prepare daily. The report will be an integral part of the breaker
maintenance program. It will be capable of automatically generating lists of breakers that have not tripped
for faults recently or that have operated to many times since their last maintenance inspection.

VI: Design Problems and Resolutions

When the panel was initially designed, the 21S breaker failure initiate was communicated to the 21P relay
(where the breaker failure logic resides) via peer-peer electronic data link. While testing the analog I/O
comparison logic with the line hot and carrying load, MP personnel opened the trip test switches for the
21S and then opened one phase of the current shorting switches for the 21S to create a comparison error.
As expected, the 21S generated a trip output via ground overcurrent (the breaker did not trip because the
test switch was open). Unfortunately, the breaker failure initiate over the peer-peer data link initiated the
breaker failure logic. Since the line loading was above the breaker failure overcurrent detectors, the
breaker failure logic declared a breaker failure condition and cleared the substation. Subsequent analysis
led to the decision to hardwire the breaker failure initiate from the 21S to the 21P through a 21S trip test
switch.

In the original design, all relay alarms were combined into one SCADA alarm per relay. It quickly
became apparent that there were several single point failures that would result in both the 21P and the 21S
going into alarm. The design was modified to provide additional alarms, based on the expected action of
the Dispatcher as follows:



Failure Mode Functional Loss Alarm Dispatcher Action
21P loss of potential 21P impedance and

directional functions
Pri Relay Fail Notify maintenance to determine

scope of failure (note 1)
21P microprocessor self-
test fail

All 21P functions Pri Relay Fail Notify maintenance to determine
scope of failure (note 1)

21P bkr trip coil monitor
fail

21P bkr trip circuit or
status input

Pri Relay Fail Notify maintenance to determine
scope of failure (note 1)

86BF coil monitor fail 86BF trip circuit or
status input

Pri Relay Fail Notify maintenance to determine
scope of failure (note 1)

21P bkr trip output test
fail

21P bkr trip circuit Pri Relay Fail Notify maintenance to determine
scope of failure (note 1)

86BF trip output test fail 86BF trip circuit Pri Relay Fail Notify maintenance to determine
scope of failure (note 1)

Analog I/O test fail 21P or 21S analog
values

Relay
maintenance
required

Notify maintenance to determine
scope of failure.

Peer-peer electronic data
link between 21P and
21S failure

Reclose initiate from
21S and 21S trip
output testing

Relay
maintenance
required

Notify maintenance to determine
scope of failure.

Carrier check-back fail 21P piloted relaying
functions may over-
trip

Check-back fail Manually (via SCADA) initiate a
check back. If alarm persists, turn
off carrier relaying at all ends and
notify maintenance.

Carrier received more
than 30 seconds

21P piloted relaying
functions

Check-back fail Manually (via SCADA) initiate a
check back. If alarm persists, turn
off carrier relaying at all ends and
notify maintenance.

21S loss of potential 21S impedance and
directional functions

Sec Relay Fail Notify maintenance to determine
scope of failure (note 1)

21S microprocessor self-
test fail

All 21S functions Sec Relay Fail Notify maintenance to determine
scope of failure (note 1)

21S bkr trip coil monitor
fail

21S bkr trip circuit or
status input

Sec Relay Fail Notify maintenance to determine
scope of failure (note 1)

21S bkr trip output test
fail

21S bkr trip circuit Sec Relay Fail Notify maintenance to determine
scope of failure (note 1)

 Note 1: The intent is that the Dispatcher will asses the need for the protection features of the
failed relay and decide weather to contact someone immediately or wait until the next business
day. If the alarm comes from both the 21P and the 21S, then the Dispatcher will take immediate
action, as the line may not be protected.

The algorithm used for analog comparison within the communications processor erroneously calculated
out of range values during low line loading. The calculation algorithm is not valid at low or zero values.
To solve this problem, logic was added to suspend the current comparison anytime the positive sequence
current in both relays is below a fixed threshold. Similarly, the voltage comparison is suspended anytime
the positive sequence voltage in both relays is below a fixed threshold. See section III: “Automated
Testing of Analog Inputs and Outputs” for more details.

A manual initiate (local via the relay communications port) was added for the trip and 86BF output
testing sequence that normally runs every 23 hours. The initial idea was to manually change the relay time
such that the automatic sequencer would initiate the test, but, with the relays connected to an IRIG source,
the time can not be changed easily.



VII: What Next?

The existing application documentation includes substation schematics, wiring diagrams and logic
drawings; logic descriptions and relay setting database records. The next documentation step is to develop
an on-line instruction manual for use of the MP application. This manual should include quick start
instructions designed to help someone who connects with the relay from a remote location without access
to substation drawings (a relay technician calling into the substation from home for example).  It should
also include primers on typical customizations required and documentation of the methodology behind
setting the relay elements.

Training relay technicians and system operators on the new panels is another high-priority task. The
initial testing to install the panels provides the first step in training. The technicians shop-test the logic in
full detail to understand it. System operators are given the opportunity to view the panels in the shop and
get a feel for the human interfaces. Additional, ongoing classroom training is needed to retain the
knowledge acquired during installation.

The panel’s automated testing features focus on the relay preventative maintenance aspects of the panel.
Very little is being done in this application to test or monitor the breaker(s). The relays have several
breaker monitoring features that may be useful to reduce breaker maintenance time. However, the
Minnesota Power team that is responsible for breaker maintenance favors the application of a separate
breaker monitoring device, supplied by the breaker manufacturer, to monitor a more complete list of
breaker functions. One such system has been purchased for a 230 kV SF6 gas breaker and the results seem
promising.

At some point in the future, Minnesota Power will add corporate wide area network facilities into the
substations. That will open a whole array of communication applications relevant to the relay panels,
including direct analog data exchange between the 21P and the 21S, eliminating the need for the
communications processor and dial-up based remote access to the relays.

VIII: Conclusions

The implementation of a new 115 kV panel standard is progressing at Minnesota Power. The automatic
testing features of the application appear to be working. Other than a few minor problems, the installation
and operation of the panels has gone very smoothly. A few years of operating experience will be needed
to assure all the problems have been identified and dealt with. Over time, the automated testing features
of the new panels drive a corporate culture shift from routine preventative maintenance to an alarm
response culture.
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