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A reliable power system maintains frequency and voltage excursions within acceptable limits

under normal and abnormal operating conditions, without exceeding the thermal limits of the

power system components (lines, transformers, generators, etc.). Typical frequency limits are
fyvom = 0.1 Hz; typical voltage limits are Vnom £ 5 %.

Fink and Carlsen [1] identified five system operating states (Normal, Alert, Emergency, Extreme
and Restoration), as illustrated in Figure 1. The power system operates in normal state when
system frequency and voltages are close to their nominal values and there is sufficient generation
and transmission reserve.

The system enters an alert state when generation and transmission reserve margins are reduced or
eliminated, or there is a problem with one or several of the system components (one or several
lines are overloaded). In the alert state, automated and manual controls of the system operate to
restore the system to the normal state. Adequate power system monitoring and metering are
necessary to promptly detect power system problems and accelerate system recovery.

When the voltage or thermal limits are exceeded or a fault develops, the system enters an
emergency state. In the case of a fault, the fault detection, clearance, and system restoration
should cause minimum system disturbance. High-speed protective relays and breakers are
necessary; speed and proper execution of corrective actions are critical to prevent the system from
entering the extreme state. For example, high-speed transmission line protection with single-pole
tripping with adaptive reclosing capabilities [2] minimizes system disturbance. When entering
the emergency state without a fault in the system, automated control (fast valving, static var
compensation, etc.) is desirable to reestablish normal or alert operating state to avoid entering the
extreme state.

If the system cannot maintain the generation-load balance, the system enters the extreme state. In
the extreme state, load shedding, generation shedding or system islanding occurs to balance
generation and load. Underfrequency load shedding schemes operate to restore load-generation
balance across the system; undervoltage load shedding schemes operate to avoid system voltage
collapse. Remedial action schemes [3] that monitor power flows, system configuration, voltage
levels, etc. actuate to separate the system in islands or shed generation to maintain the load-
generation balance to avoid total system collapse.

After load and/or generation shedding, the system enters a system recovery state. In this state,
manual or automated reinsertion of generation and load occurs. Figure 2 identifies tasks that
multifunction protective relays can execute to improve system reliability in each of the system
operating states.
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Figure 1 Fink and Carlsen Diagram Showing All Possible Power System Operating States and
Normal/Emergency State Transitions Added

NORMAL AND ALERT STATES

In the normal and alert states, multifunction relays provide system monitoring. These devices
obtain samples of the power system voltages and currents synchronized within 1 us. We can use
this capability to measure the state of the system in true real time instead of trying to estimate the
system state using SCADA and traditional state estimation systems [4]. Additional monitoring
capabilities include the following:

e Fast open line monitors quickly detect system configuration changes.

e Comprehensive line, transformer and motor thermal models [5] [6] warn of dangerous
system component operating conditions.

e Real time channel communications monitoring improves communication system
availability and warns when communications errors occur.

e [oad encroachment region definition avoids line protective relay misoperation during
heavy load conditions.

e System frequency tracking allows relays to adapt to changes in system operating
conditions.

e QOut-of-step detection avoids unnecessary tripping of transmission lines.

e Breaker monitoring includes the following:
— Trip coil supervision alarm
— Breaker contact wear
— Electrical and mechanical operating time
— Pole discrepancy
— Interrupted current
— Motor running time
— Breaker inactivity time

e DC supply monitoring includes the following:
— DC ground detection
— Voltage level alarm

e Open current transformer detection

e Potential transformer monitor
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EMERGENCY STATE

In the emergency state, proper execution of corrective actions is key to restoring the system to
normal or alert states. Actions that cause minimum system disturbance are required.
Multifunction relays are capable of detecting system faults in less than one power system cycle
[7] and automatically restoring the system once the fault has been cleared. Because single-line-
to-ground faults constitute the majority of all power system faults, single-pole-tripping and
reclosing maximizes line power transmission capability by tripping only the faulted phase.
Opening and closing of a single phase minimizes the system disturbance. Fast communications
[8] minimize fault-clearing times and accelerate control actions.
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Figure 2 Tasks That Multifunction Protective Relays Can Execute
to Improve System Reliability

EXTREME STATE

In the extreme state, remedial action schemes can operate to reestablish generation-load balance.
Multifunction relays include programmable logic capability and fast protection elements to
implement complex remedial action schemes. Leon et al. [3] describe a two-contingency
remedial action scheme that prevents the system from near voltage collapse operation. In this
description, the power system consists of three areas (see Figure 3):

e Area 1: Heavy load concentration
e Area 2: Heavy generation concentration

e Area 3: Light load concentration

Areas 1 and 2 are interconnected with three transmission links; Areas 2 and 3 are interconnected
with two transmission links. The remedial action scheme to avoid voltage collapse is enabled
when transmitted power from Area 2 to Area 1 is greater than 1100 MW, as Figure 4 illustrates.
If two lines open under these conditions, the scheme sheds excess generation in Area 2 in a timely
manner (less than one second). Multifunction relays can execute these tasks to prevent the
system from collapsing.
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Figure 3 Area 2 Generation Depends on the System Real Time Power Transmission Capability
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Figure 4 Remedial Action Scheme to Shed Area 2 Excess Generation When Two of the
Transmission Lines Between Area 1 and Area 2 Are Open and the Transmitted Power

RESTORATION STATE

From Area 2 to Area 1 Is Greater Than 1100 MW

Rapid system restoration is critical to minimize blackout duration. Automated restoration
schemes and accurate fault location can accelerate the restoration process. Multifunction relays
include reporting capabilities that indicate fault location, breaker status, protective element
operation, etc. These reports provide a summary of the event that the system operator can use to
speed-up system restoration. The ability to synchronize events within 1 ps facilitates and
accelerates event analysis.

SEL White Paper



CONCLUSIONS

The power system goes through alert and/or emergency states before collapsing. Transition from
one state to another is not instantaneous; with timely and accurate information, there is enough
time to activate appropriate control systems to effectively operate the power system.
Multifunction protective relays include comprehensive monitoring capabilities that can detect the
alert and emergency states, minimize system disturbance and prevent system collapse.
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SEL APPLICATION GUIDES

Several SEL application guides with recommendations to improve power system reliability are
available:

1. Applying the SEL-321 Relay on Series-Compensated Systems
http://selinc.com/appguide/200011.pdf

2. Applying the SEL-5040 Power System Report Manager
http://selinc.com/appguide/200008.pdf

SEL White Paper 5


http://selinc.com/appguide/200011.pdf
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Breaker Failure Scheme Provides Fast Clearing for Phase Faults and Standard Clearing for
Ground Faults Using the SEL-352 Relay
http://selinc.com/appguide/200003.pdf

Fault Location and Fault Type Data Retrieval Using an SEL-2020/2030 Communications
Processor (A JOB DONE Example
http://selinc.com/appguide/200101.pdf

Implementation of a New Communication-Aided Tripping Scheme Using the SEL-321
MIRRORED BIT Function
http://selinc.com/appguide/9614.pdf

Improve POTT Scheme Security by Adding Blocking to a Weak Third Terminal
http://selinc.com/appguide/9705.pdf

Improve Security For Carrier Holes on DCB Schemes Using SEL Distance Relays
http://selinc.com/appguide/9612.pdf

Making Trip Circuit Monitor Logic With SELOGIC Control Equations
http://selinc.com/appguide/9608.pdf

Providing Automated Primary/Alternate Source on Distribution Feeders
http://selinc.com/appguide/9702.pdf

SEL-321 Relay Load Encroachment Function Setting Guidelines
http://selinc.com/appguide/9310.pdf

Setting the Zero-Sequence Compensation Factors in SEL-321 Relays to Avoid Overreach in
Mutual Coupled Lines
http://selinc.com/appguide/9803.pdf

Single-Pole/Three-Pole Autoreclose Function for Single Breaker Applications in the SEL-321
Relay Using SELOGIC Control Equations
http://selinc.com/appguide/9708.pdf

Underfrequency Load Shedding With The SEL-387F Relay
http://selinc.com/appguide/200016.pdf

Using Contact Inputs to Detect DC Grounds
http://selinc.com/appguide/9901.pdf

Using SEL-351s and SEL-351Rs to Provide Automated Load Restoration for Distribution
Feeders
http://selinc.com/appguide/9806.pdf

Using SEL-421 Relay Synchrophasors in Basic Applications
http://selinc.com/appguide/200208.pdf

Using SELOGIC Control Equations to Provide Separate Trip Coil Monitor (TCM) Alarm
Outputs in the SEL-321 Relay When Applied to Two-Breaker Line Terminals
http://selinc.com/appguide/9718.pdf

Using the SEL-352 Relay to Avoid Generator and System Damage Due to a Slow
Synchronizing Breaker
http://selinc.com/appguide/9721.pdf
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19. Voltage Control Element for the SEL-387E Relay

http://selinc.com/appguide/200017.pdf

SEL TECHNICAL PAPERS

Following is a list of SEL technical papers that discuss power system event analysis and

reliability:

1. Advanced Application Guidelines for Ground Fault Protection
http://selinc.com/techpprs/6121.pdf

2. Analysis of Event Reports
http://selinc.com/techpprs/6002.pdf

3. Application Guidelines for Ground Fault Protection
http://selinc.com/techpprs/6065.pdf

4. Assessing the Effectiveness of Self-Tests and Other Monitoring Means in Protective Relays
http://selinc.com/techpprs/6065.pdf

5. Attack and Defend Tools for Remotely Accessible Control and Protection Equipment in
Electric Power Systems
http://selinc.com/techpprs/6132.pdf

6. Avoid Generator and System Damage Due to a Slow Synchronizing Breaker
http://selinc.com/techpprs/6062.pdf

7. Capacitive Voltage Transformers: Transient Overreach Concerns and Solutions for Distance
Relaying
http://selinc.com/techpprs/6005.pdf

8. Concerns About Intrusions into Remotely Accessible Substation Controllers and SCADA
Systems
http://selinc.com/techpprs/6111.pdf

9. Digital Communications for Power System Protection: Security, Availability, and Speed
http://selinc.com/techpprs/6083.pdf

10. Electronic Security of Real-Time Protection and SCADA Communications
http://selinc.com/techpprs/6150.pdf

11. Electronic Security Risks Associated With Use Of Wireless, Point-to-Point Communications
in the Power Industry
http://selinc.com/techpprs/6144.pdf

12. Implementing Distribution Automation and Protection
http://selinc.com/techpprs/6151.pdf

13. Improved Sensitivity and Security For Distribution Bus and Feeder Relays
http://selinc.com/techpprs/6042.pdf

14. Innovative Solutions Improve Transmission Line Protection
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26.

27.

28.

29.

30.

31.

International Drive Distribution Automation and Protection
http://selinc.com/techpprs/6114.pdf

Measuring and Improving DC Control Circuits
http://selinc.com/techpprs/6081.pdf

Measuring and Improving the Switching Capacity of Metallic Contacts
http://selinc.com/techpprs/metallic_contacts.pdf

Microprocessor Relay Capabilities Improve PECO’s Protection, SCADA, and Maintenance

http://selinc.com/techpprs/6077.pdf

New Ground Directional Elements Operate Reliably for Changing System Conditions
http://selinc.com/techpprs/6026.pdf

Protecting a 138 kV Phase Shifting Transformer: EMTP Modeling and Model Power System

Testing
http://selinc.com/techpprs/6136.pdf

Relay-to-Relay Digital Logic Communication for Line Protection, Monitoring, and Control

http://selinc.com/techpprs/6029.pdf

Reliability Analysis for a Generation Shedding Scheme on the CFE Main Transmission
Network
http://selinc.com/techpprs/6141.pdf

Reliability Analysis of Transmission Protection Using Fault Tree Methods
http://selinc.com/techpprs/6060.pdf

Resolving Digital Line Current Differential Relay Security and Dependability Problems:
A Case History
http://selinc.com/techpprs/6140.pdf

Statistical Comparison and Evaluation of Pilot Protection Schemes
http://selinc.com/techpprs/6030.pdf

Synchronized Phasor Measurement in Protective Relays for Protection, Control, and
Analysis of Electric Power Systems
http://selinc.com/techpprs/6139.pdf

The Effect of Multiprinciple Line Protection on Dependability and Security
http://selinc.com/techpprs/6109-Paper-WPRC.pdf

Thermal Models in Power System Protection
http://selinc.com/techpprs/thrmodel.pdf

Tools for Protecting Electric Power Systems From Electronic Intrusions
http://selinc.com/techpprs/6130.pdf

Transmission Line Protection for Increasing Power System Requirements
http://selinc.com/techpprs/6122 Paper 20020401.pdf

Trip and Restore Distribution Circuits at Transmission Speeds
http://selinc.com/techpprs/6082.pdf
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32. Understanding, Predicting, and Enhancing the Power System Through Equipment

Monitoring

and Analysis

http://selinc.com/techpprs/6104.pdf

SEL UNIVERSITY COURSES

SEL University

PROT 301:
PROT 401:
PROT 403:
PROT 405:
PROT 407:
PROT 409:
PROT 411:
APP 300G:
APP 311L:

APP 351:
APP 421:

offers the following courses in power system automation and protection:
Power System Protection for Technicians
Power System Protection for Engineers
Distribution System Protection
Industrial Power System Protection
Transmission Line Protection
Generation System Protection
High Voltage Power Transformer and Bus Protection
SEL-300G Generator Relay
SEL-311L Line Current Differential Relay
SEL-351 Directional Overcurrent and Reclosing Relay

SEL-421 Protection, Automation, and Control System

APP 87: SEL-387 and SEL-587 Percentage Restrained Differential Relay

APP 403:
APP 405:
APP 734:
TST 101:
TST 103:
TST 107:

Enhanced Distribution Protection
Industrial Motor Protection
SEL-734 Revenue Metering System
SEL Relay Testing Basics

SEL Feeder Relay Testing

SEL Line Relay Testing

IA 301: Integration and Automation Fundamentals

IA 303: SEL Communications Processor

1A 305: Drop-In Control House Fundamentals

MGMT 20
MGMT 20

SEL White Paper

1: Power System Protection for Managers
3: Power System Asset Management
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