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Introduction

This introduction is not part of IEEE P3006.2/D1, Recommended Practice for Evaluating the Reliability of Existing Industrial and Commercial Power Systems.

IEEE P3000 Series

This recommended practice was developed by the Technical Books Coordinating Committee of the Industrial and Commercial Power Systems Department of the Industry Applications Society, as part of a project to repackage IEEE’s popular series of “color books.” The goal of this project is to speed up the revision process, eliminate duplicate material, and facilitate use of modern publishing and distribution technologies.

When this project is completed, the technical material included in the thirteen “color books” will be included in a series of new standards—the most significant of which will be a new book, IEEE Standard 3000, “Recommended Practice for the Engineering of Industrial and Commercial Power Systems.” The new book will cover the fundamentals of planning, design, analysis, construction, installation, start-up, operation, and maintenance of electrical systems in industrial and commercial facilities. Approximately 60 additional “dot” standards, organized into the following categories, will provide in-depth treatment of many of the topics introduced by IEEE Standard 3000:
· Power Systems Design (3001 series)

· Power Systems Analysis (3002 series)

· Power Systems Grounding (3003 series)

· Protection and Coordination (3004 series)

· Emergency, Stand-By Power, and Energy Management Systems (3005 series)

· Power Systems Reliability (3006 series)

· Power Systems Maintenance, Operations, and Safety (3007 series)

In many cases, the material in a “dot” standard comes from a particular chapter of a particular color book. In other cases, material from several color books has been combined into a new “dot” standard.

The material in this recommended practice largely comes from Chapter 4 of IEEE Std. 493, Recommended Practice for the Design of Reliable Industrial and Commercial Power Systems.  
IEEE P3006.2
The objective of this standard is to provide the facility engineer with guidelines for assessing critical issues that impact the reliability of the power system from both an electrical configuration perspective and a physical installation perspective. This standard provides discussion of the following issues that impact power system reliability:
a) Selective coordination: The ability to isolate faults to only the affected portion of the system and prevent failures in other parts of the system from affecting service to critical loads.

b) Analysis of critical parts of the system and provision for special restoration procedures and equipment, spare parts and other means of reducing repair times.
c) Based on probabilistic and economic analysis, making appropriate capital and preventive maintenance investments to maintain and improve reliability.

d) Preparing and document contingency plans.

e) Verifying the reliability of the existing utility supply and means of improving it.
f) Development of operation and maintenance procedures to maintain the designed reliability of the power system.     
Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the provisions of this standard does not imply compliance to any applicable regulatory requirements. Implementers of the standard are responsible for observing or referring to the applicable regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in compliance with applicable laws, and these documents may not be construed as doing so. 
Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and private uses. These include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the promotion of engineering practices and methods. By making this document available for use and adoption by public authorities and private users, the IEEE does not waive any rights in copyright to this document.
Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the issuance of new editions or may be amended from time to time through the issuance of amendments, corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the document together with any amendments, corrigenda, or errata then in effect. In order to determine whether a given document is the current edition and whether it has been amended through the issuance of amendments, corrigenda, or errata, visit the IEEE Standards Association web site at http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process, visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: 
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

[If the IEEE has not received letters of assurance prior to the time of publication, the following notice shall appear:]

Attention is called to the possibility that implementation of this recommended practice may require use of subject matter covered by patent rights. By publication of this recommended practice, no position is taken with respect to the existence or validity of any patent rights in connection therewith. The IEEE is not responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope of Patents Claims or determining whether any licensing terms or conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-discriminatory. Users of this recommended practice are expressly advised that determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility. Further information may be obtained from the IEEE Standards Association.
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Participants

At the time this draft recommended practice was submitted to the IEEE-SA Standards Board for approval, the Power Systems Reliability Working Group of the Technical Books Coordinating Committee of the Industrial and Commercial Power Systems Department of the Industry Applications Society had the following membership:

<Chair Name>, Chair
<Vice-chair Name>, Vice Chair
Participant1

Participant2

Participant3

Participant4

Participant5

Participant6

Participant7

Participant8

Participant9

The following members of the <individual/entity> balloting committee voted on this recommended practice. Balloters may have voted for approval, disapproval, or abstention.
(to be supplied by IEEE)

Balloter1

Balloter2

Balloter3

Balloter4

Balloter5

Balloter6

Balloter7

Balloter8

Balloter9

When the IEEE-SA Standards Board approved this recommended practice on <XX MONTH 20XX>, it had the following membership:

(to be supplied by IEEE)

<Name>, Chair
<Name>, Vice Chair

<Name>, Past President

<Name>, Secretary

SBMember1

SBMember2

SBMember3

SBMember4

SBMember5

SBMember6

SBMember7

SBMember8

SBMember9

*Member Emeritus

Also included are the following nonvoting IEEE-SA Standards Board liaisons:

<Name>, NRC Representative
<Name>, DOE Representative
<Name>, NIST Representative
<Name>

IEEE Standards Program Manager, Document Development

<Name>

IEEE Standards Program Manager, Technical Program Development

Contents
11. Scope

2. Normative references
1
3. Definitions and Acronyms
2
3.1 Definitions
2
3.2 Acronyms
2
4. General
2
5. Evaluation methodology
3
5.1 Utility supply
3
5.2 Configuration
3
5.3 Control and protection
3
5.4 Physical installation
4
5.5 Operations and maintenance
4
6. Utility supply availability
4
6.1 Use of historical data
4
6.2 Operational Issues
5
6.3 Multiple sources
6
7. Configuration
6
7.1 Where to begin—One-line diagram
6
7.2 Circuit analysis and action
8
8. Assessing control and protection
9
9. Physical assessment
10
10. Operations and maintenance
11
10.1 Commissioning
11
10.2 Training
12
10.3 System documentation
12
10.4 Spare parts levels
13
11. Other vulnerable areas
13
12. Conclusion
14
13. Bibliography
16



Draft Recommended Practice for Evaluating the Reliability of Existing Industrial and Commercial Power Systems
IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or environmental protection in all circumstances. Implementers of the standard are responsible for determining appropriate safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers. 
These notices and disclaimers appear in all publications containing this document and may 
be found under the heading “Important Notice” or “Important Notices and Disclaimers 
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at http://standards.ieee.org/IPR/disclaimers.html.

1. Scope
This recommended practice describes how to evaluate the reliability of existing industrial and commercial power systems.  It is likely to be of greatest value to the power-oriented engineer with limited experience in the area of reliability.  It can also be an aid to all engineers responsible for the design of industrial and commercial power systems.

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must be understood and used, so each referenced document is cited in text and its relationship to this document is explained). For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments or corrigenda) applies. 
IEEE Std 141, IEEE Recommended Practice for Electric Power Distribution for Industrial plants (IEEE Red Book).
,

IEEE Std 242, IEEE Recommended Practice for Protection and Coordination of Industrial and Commercial Power Systems (IEEE Buff Book).

IEEE Std 315, IEEE Standard Graphic Symbols for Electrical and Electronics Diagrams.

IEEE Committee Report, “Report on Reliability Survey of Industrial Plants,” Parts I–VI, IEEE Transactions on Industry Applications, vol. IA-1 0, March/April, pp. 213–252, July/ August, pp. 456–476, September/October 1974, p. 681. (See Annex A and Annex B.)
3. Definitions and Acronyms
3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The IEEE Standards Dictionary: Glossary of Terms & Definitions should be referenced for terms not defined in this clause.
 
[INSERT]
3.2 Acronyms
[INSERT]
4. General

Traditionally, efforts to improve the reliability of electrical service within an industrial plant or other facility with critical power requirements have focused on increasing the reliability of the electric utility supply. Facility operators may not be in a position to improve the reliability of their utility supply, such improvements may be very costly, and they will have no impact on outages resulting from internal failures. Facility operators, as a result, must also focus their attention on critical areas within their own system. A logical approach to the analysis of options available in the electrical system (in terms of both utility supply and facility distribution) will lead to the greatest reliability improvement for the least cost. In many instances, reliability improvements can be obtained without any capital cost by making the proper inquiries.

A thorough and properly integrated investigation of the entire electric system will pinpoint the components or subsystems having unacceptable reliability. Some important general inquiries follow. Many of these questions apply to both the utility and the plant distribution systems.

a) How is the system operated under normal and contingency conditions?

b) What is the age and physical condition of the electric system components?

c) What are the effects of faults that occur at different points in the system on the critical loads?

d) What is the probability of failure and its expected duration for each of the components or sub-systems of the system?

e) 
f) Are critical loads (those necessary to sustain production or the mission of the facility) segregated from non-critical loads?

g) Are there hazards other than mission impact, such as fire or life safety hazards, associated with interruption of power?
h) What duration of power interruption will impact the mission of the facility? (That is, will momentary or short-duration interruptions cost production dollars or merely be an inconvenience?)

i) What power quality criteria must the electrical system meet to support the facility mission?
j) Are the proper operations and maintenance policies and procedures in place to support achieving the designed-in reliability of the system?
The answers to these and similar questions, if properly acted upon, can and will result in savings to the facility operator.


5. Evaluation methodology
Evaluation of the reliability of an existing electrical system should include review of the system at a number of levels:
5.1 Utility supply
The 1974 survey of electrical equipment reliability in industrial plants (see IEEE Committee Report [B4])
 and subsequent investigations showed the utility supply to be the largest single component affecting the reliability of an industrial plant. 
Most customers simply “hook up” to the utility system and do not fully recognize that their reliability requirements can have an impact on how the utility supplies them. A utility is somewhat bound by the system available at the customer site and the investment that can be made per revenue dollar. However, most utilities are willing to discuss the various supply systems that are available to their customers. Many times, an option is available (sometimes with financial sharing between the user and the utility) that will meet the exact reliability needs of a specific facility.

5.2 Configuration
The system configuration, as determined from the single-line diagram, determines the inherent reliability that can be obtained from the system without adding or rearranging components. This should be the first level of analysis, in which vulnerabilities due to single paths, single points of failure, capacity shortfalls, etc., can be identified.
5.3 Control and protection
One level below the configuration is the control and protection system. Even if the system configuration is adequate to provide the required level of reliability, its performance can be compromised by failure of the control and protection system. Controls such as automatic bus transfer schemes and standby generator control systems must function properly to make alternate paths or sources of power available to the load on failure of the primary source. Protective devices must be selectively coordinated to isolate the load from faulted portions of the system and prevent faults on one path or in one portion of the system from causing interruption of multiple paths or sources.

5.4 Physical installation
The physical configuration and location of electrical equipment should be reviewed. Is the equipment adequately protected from physical damage and environmental hazards? Are redundant paths provided with physical segregation so that a major failure of one piece of equipment cannot readily propagate to redundant circuits or equipment?
5.5 Operations and maintenance
Finally, operations and maintenance (O&M) practices are critical to achieving the designed-in reliability of the system. Effective commissioning helps assure that control and protection systems function per design. Preventive maintenance can reduce failure rates and an adequate level of spare parts stocking can reduce repair times when failures do occur. Effective policies, procedures, documentation, and training of O&M personnel reduce outages due to human activity and improves operator response time when failures occur.
6. Utility supply availability
Loss of utility power will cause an interruption to critical areas unless alternate power sources are available. Therefore, the reliability of the utility supply is of paramount importance to the facility engineer. It can be stated that different facilities and even circuits within a facility vary in their response to loss of power. In some cases, operations will not be significantly affected by a 10 minute power interruption. In other cases, a 10 millisecond interruption will cause significant impact. The engineer should assess the operational vulnerability and convey the facility reliability and power quality requirements to the local utility, as well as to their own management. (See 3006.1 sections 6.3 and 6.4 for information on economic loss vs. unavailability of incoming power.)
6.1 Use of historical data
For existing circuits and substations, the utility should be able to supply a listing of the frequency, type, and duration of power interruptions over the preceding 3 to 5 year period. They should also be able to predict the future average performance based on historical data and planned construction projects. For new circuits, the utility may be able to supply the historical performance of other circuits of similar length and construction near the facility under investigation. The user of utility-supplied outage rate information should be cautioned, however, that the definition of outage needs to be clarified with the utility. In some cases interruptions of 5 s or less, or recloser operations that do not result in a lockout, are not counted as outages due to reporting agreements between utilities and regulatory bodies.

An alternative would be to obtain a single-line diagram or system map of the utility supply system and evaluate its availability. Absent data for the specific system, the average utility availability data in Standard 3006.X can be used.

The utility’s history of interruptions can be compared with recorded dollar losses in assessing process vulnerability. By assigning a dollar loss to each interruption, it may be possible to determine a relationship between the duration of a power loss and monetary loss for a particular facility. When the actual outage cost is higher or lower than would be predicted, the cause of the deviation should be determined. For example, a 15 min power loss at a shift change will be less costly than one during peak production. With a refined cost formula in hand, the cost of available options vs. projected losses can be evaluated.

Occasionally a facility experiences problems at times other than during a recorded outage. These problems may be caused by power quality deviations such as voltage sags or, more rarely, voltage swells that are difficult to trace. With problems such as these, it is necessary to begin recording the exact date and time of these occurrences and ask the utility to search for faults or other system disturbances at or near the specific times that they have been recorded. It would be wise to convey the fault times to the utility reasonably soon after the fault. It must be emphasized that unless these problems are significant in terms of dollars lost, safety, or frequency, it is not reasonable to pursue the cause of voltage dips since they are a natural phenomenon in the expansive system operated by a utility. Voltage sags can be caused by large motor starting, welder or electric furnace inrush, or faults on other distribution feeders supplied by the same substation bus as facility feeders.
6.2 Operational Issues
It is also reasonable to cover “what if” questions with the utility and to weigh their answers in any supply decision. A list of questions include the following:

a) What are the normal continuous and short-term emergency capacities of the existing services.
b) How will projected future load growth affect the capacity and reliability of these services?

c) Based on historical data or utility estimates, what are the anticipated response and restoration times for various types of events or failures on the utility system, including?
a. Distribution feeder failure, overhead or underground

b. Substation bus fault
c. Substation transformer failure

d. Transmission or sub-transmission line outage    
d) How do these anticipated restoration times vary seasonally and during inclement weather or widespread events? 

1) 
2) 
3) 
4) 
5) 
6) 
7) 

8) 
9) 
10) 
11) 
c)  What procedures should be followed when the facility experiences an interruption?
12) Who should be called? Contact names and numbers should be made available to all responsible personnel. Alternates and their numbers should also be included.

13) What information should be given to those called?

14) How should facility personnel be trained to respond?

15) Can facility personnel restore power by switching utility lines, and who should be contacted to obtain permission to switch?

d)  Are there any better performing feeders near the facility, and what is the cost of extending them to the facility?

16) Is this additional feeder from the same bus, from a different bus at the same station, or from another station?

17) What is the probability (frequency and duration) of both the main and the backup feeder being interrupted simultaneously?

18) What is the reliability improvement obtained from the additional or alternate feeder?

e) Will the utility’s protective equipment coordinate with the service protective equipment? If not, what is the potential impact of mis-coordination on the facility and what can be done to resolve it?

f)  What are the available short-circuit currents and utility protective device characteristics and settings at each service, are there plans to change the system that will affect these, and is there a process to assure notification of the customer when such changes occur?


These questions may not apply to all facilities, but should be matched with specific user requirements.

6.3 Multiple sources
An important question to ask when multiple sources are employed to increase reliability is whether the sources should be operated in parallel or should be isolated, with an automatic transfer control scheme to switch from a failed source to the alternate source. If the sources are isolated, a fault on one source will only affect the parts of the facility served from that source, and the duration of the outage to those loads depends on the timing of the automatic transfer scheme, but is typically at least several seconds. If the sources are operated in parallel, both sources will experience a voltage dip for a fault on either source, affecting all of the facility, but with a duration limited to the clearing time of the faulted circuit. Which of these conditions is preferable depends on the type of loads and the details of the electrical system of the specific facility. For the most critical loads, application of a spot network system, in which multiple step-down transformers served by different primary feeders are operated in parallel through secondary network protectors, can provide high reliability, although at a correspondingly high cost.

The degree of independence of the sources is also important to determining the available improvement in reliability. Multiple utility distribution feeders should preferably come from different substations. If this is impractical or too costly, they should at least originate from different buses within the same substation, so that they are not simultaneously exposed to voltage dips from faults on other distribution feeders or to substation bus outages. Even feeders from different substations are likely to be exposed simultaneously to momentary voltage dips associated with transmission or subtransmission system faults.

Finally, the available standby capacity on each source that the utility is willing to dedicate to the facility should be investigated. It is common for utilities to use multiple interties to permit distribution feeders to back one another up. A feeder that has adequate capacity to carry the entire facility load under normal conditions may not have that capacity available if there have been multiple feeder outages and it is being used to back up other feeders.
6.4 Power Quality Considerations

If utility events other than extended interruptions, such as voltage sags or momentary interruptions, have significant adverse effects on the load, a range of solutions can be considered. Underground circuits, dedicated underground circuits, dedicated substation buses and even dedicated substations provide increasing degrees of protection from these events, although generally with increasing costs. 
7. Configuration
7.1 Where to begin—The one-line diagram
The “blueprint” for electrical analysis is the one-line diagram. An up-to- date one-line diagram is essential for the facility electrical engineer. It is the “road map” of the electric system. In fact, a current one-line diagram should exist (or be prepared) even if the ensuing analysis is not done.

The one-line diagram should begin at the incoming power supply. Standard IEEE symbols should be used in representing electrical components (see IEEE Std 31 5TM). It is usually impractical to show all circuits in a facility on a single schematic, so the initial one-line diagram should show only major components, circuits, and loads. More detailed analysis may be required in critical areas, and additional one-line diagrams should be prepared for these areas as required.

. The one-line diagram should include at least the following information:

k) Utility connections: voltage, capacity and rating basis (continuous vs. short-term emergency), utility circuit name or number and substation of origin.
l) Generators: ratings (alternator and prime mover), type of prime mover, grounding means
m) Large motors: ratings, load served and starting method
n) Switchgear: bus ratings, configuration, switching and protection device types and ratings. Indicate physical boundaries of individual lineups.
o) Power transformers: ratings, winding connections, and grounding means

p) 
q) Protective Relays:  ANSI device designation, instrument transformer connections, tripping and blocking logic. If multi-function relays are used, indicate grouping of protection elements within individual relays.
r) Description of interlocks that restrict operation such as preventing closed-transition switching or paralleling of sources
s) Description of control schemes such as automatic bus transfer, remote operation, etc.
t) Potential transformers: ratio, connection, accuracy class
u) Current transformers: ratio, connection, accuracy class
v) Control power transformers: ratings and function
w) Circuits: Installation method (overhead, conduit, underground, etc.), conductor material, insulation type, voltage rating, length, and splice and termination types and locations.
x) Unit substations and load centers: Equipment types, ratings, and designation of load served, 
If numerical reliability analysis is anticipated, the individual components should be identified and the one-line diagram should represent, to the greatest extent practical, the physical as well as electrical connections within the system. For example, it makes a difference in calculation whether a connection between two cables occurs by “double-lugging” two sets of terminations at a switch or circuit breaker, by splicing the cables in a manhole, or by using load-break junctions in an aboveground cabinet. If space permits, additional information such as available short-circuit currents at each bus, date of equipment installation, and the reliability data for the individual components may be included. Including failure rate and duration information for every component on a one-line uses up white space very quickly; a recommended alternative is to develop a table of the component data applicable to the system with a numerical or alphabetical key for each entry and show only the appropriate key for each component on the one-line diagram. It is preferable to use historical reliability data for the specific facility if available and statistically valid.

The one-line diagram may show planned future, as well as current feeder and substation loads. In most facilities, load is added or deleted in small increments, and the net effect is not always seen until some part of the system becomes overloaded or underloaded. Many times, circuits are added without appropriate modification of the existing settings on the associated upstream circuit breakers. In addition, original designs may not have included special attention to the critical loads. With this in mind, the following information should be added to the one-line diagram:

1) The scope of the original system and planned revisions should be identified. The nature and approximate location of the added loads should be noted.

2) Critical areas of the system should be identified.

3) Component reliability data should be provided so that the reliability performance of the revised system can be analyzed.
For complex systems, it is beneficial to create an overall one-line diagram at a reduced level of detail that permits viewing the entire system topology on a single sheet. It is advantageous to include the utility connections, switchgear, feeders, substations and load centers, tie circuits, and major equipment such as generators and large motors or other concentrated loads on the overall diagram. This can be supplemented by relaying and metering diagrams of switchgear, and additional one-line diagrams of critical areas at greater detail.  After completion of these diagrams, a comprehensive analysis can begin. However, the general inspection described in 9 can, and should, be performed concurrently with gathering data for the preparation of the one-line diagram(s).

The one-line diagram is a picture of an ever-changing electric system. The efforts in preparing the diagram and analyzing the system should be augmented by a means to capture new pictures of the system with actual or proposed changes. All proposals should trigger reliability scrutiny as well as one-line diagram updates, and their effect on the total system analyzed before approval. This process not only maintains the integrity of the system, but may minimize expense by more effectively utilizing existing facilities. It should be noted that other important system analyses such as short circuit studies and arc flash hazard analysis are required by codes and standards to be updated as system modifications occur; maintaining an up-to-date reliability analysis model should be integrated into the facility’s overall change-management policies and procedures that address these other concerns.
7.2 Analysis 
Following completion of the facility one-line diagram, conduct an analysis of the system to identify design problems.  If any parts of the system cannot meet their basic functions of carrying the load and safely interrupting faults, these conditions should be addressed prior to or simultaneously with detailed reliability analysis.
a) Evaluate the capacity and loading of the services, feeders and other components of the system to verify that the loads can be served without exceeding ratings under both normal operating conditions and anticipated contingency conditions. A software-based load flow and voltage drop study may also be performed to verify that voltages at the loads remain within acceptable limits under conditions of contingency operation, transformer inrush and large motor starting. 
b) Evaluate the available short circuit currents throughout the system and verify that all equipment has adequate withstand and interrupting ratings for the duty. If a software-based power system model of the system has not been developed, hand calculations using conservative assumptions can be used; if these calculations identify conditions where the duty is within 10 percent of the rating, more detailed analysis is recommended.
c) Inspect the configuration for Single Points of Failure (SPOF), components or circuits whose failure or interruption will simultaneously interrupt multiple paths between the source(s) and critical loads, or simultaneously interrupt power to redundant equipment. 
After determining that the design of the system is sound, or identifying capacity or ratings issues that must be addressed, perform a Failure Modes and Effects Analysis (FMEA) on the system. This process identifies the potential failure modes of each component of the system and their effect on the critical loads. Detailed information on failure modes of electrical equipment is available in 3006.X. The most critical components and failure modes to consider will be those having either a high probability of failure or a long repair time, or both.

a) Assign faults to various points in the system and note their effect on the system. For example, assume that the cable supply to the air conditioning compressor failed.

4) How long could operations continue?

5) Is any production cooling involved?

6) Are any computer rooms cooled by this system?
b) What would happen if a short circuit or ground fault occurred on the secondary terminals of a unit substation? Consideration should be given to relay action (including backup protection), service restoration procedures, etc., in this “what if” analysis. 
As these examples illustrate, conducting an FMEA requires knowledge of not only the electrical system, but the manufacturing processes or operations of the facility as well. Equipment that is intended to be redundant from a process or operations standpoint should be served from segregated parts of the electrical system and non-redundant equipment whose failure could affect multiple processes or critical loads should be provided with alternate sources of supply. 
Having identified critical components and failure modes, the next step is to conceive measures that can be taken to mitigate the effects of these on the critical loads. These may include:

a) Increasing the reliability of the critical component through replacement, more frequent preventive maintenance or predictive maintenance techniques.

b) Reducing the repair time through advance development of response plans, stocking of spares, pre-arranged emergency response contracts or other means.

c) Modifying the system to provide redundant components, alternate circuit paths or automatic restoration processes.

It is at this point in the process that quantitative reliability analysis using the reliability data collected during preparation of the system one-line diagram may be useful for comparing the degree of improvement in reliability obtainable from different options. Refer to IEEE Standard 3006.5 for details on conducting reliability analysis.    



8. Assessing control and protection
The one-line diagram and other documents described in 7.1 provides the basic information required to begin an assessment of whether the control and protection system design will support the reliability level that the system configuration is intended to provide. Protective relays should be identified by ANSI device type number; instrument transformer ratios and connections should be shown and tripping logic indicated either by dashed lines between devices or by a tripping schedule. For complicated systems, separate instrumentation and relaying one-line diagrams may be required to supplement the overall one-line diagrams.

Perform a protective device coordination analysis. Protection for critical systems should be designed to meet three objectives:

y) Sensitive and high-speed clearing to minimize the depth and duration of voltage dips associated with faults.

z) Selective coordination to limit the outage to the affected portion of the system.

aa) Security against nuisance tripping due to load characteristics and system transients.

The following questions should be asked in reviewing the results of the coordination study:

ab) Are the relays and fuses properly set or rated for the current load levels?

ac) Is there any new load that has reduced critical circuit reliability (or increased vulnerability)?

ad) Are there any areas where selective coordination is not achieved? If so, can this be remedied through different device settings or is it unavoidable? If unavoidable, the impact of nonselective tripping should be assessed. If the affected circuits are not critical, it may be acceptable, whereas if it would impact critical circuits, corrective measures such as redistributing critical loads or relay upgrades should be considered.

ae) Are critical circuits provided with both primary and secondary or backup protection so that a relay failure does not leave critical equipment unprotected or require backup tripping of an upstream device affecting redundant circuits?

Switchgear control systems providing automatic response to outages and restoration of service through an alternate source or standby generation should be reviewed for their reliability. If a single control system is associated with redundant electrical sources or circuits, control system vulnerabilities may compromise the reliability built into the power system. Control system review may address the following:

— 
Is the design fail-safe, such that processor failure or other component failure will leave the electrical system “as is,” or can control failures cause unwanted breaker operations?

—
Are redundant or highly reliable control power sources used?

— 
Is the control system provided with effective transient voltage suppression and properly designed grounding to prevent misoperation due to lightning or switching surges?

—
Are there redundant processors or provisions for ready manual operation in the event of processor failure?

—
Are operator control layouts designed to minimize human error through the use of status feedback, color coding, mimic buses, clear labeling, etc.?

— 
Was the control system thoroughly commissioned, and is it regularly tested?

—
Are complete written sequences of operation available and familiar to the personnel responsible for operating and maintaining the system?

—
Are the complete schematic and wiring diagrams available?

9. Physical assessment
A thorough inspection of the physical condition of a plant’s distribution system can be utilized, hopefully on a continual basis, to improve reliability. All systems serving critical loads or processes should be part of a comprehensive preventive and predictive maintenance (PPM) program, which combines periodic visual inspections of equipment with mechanical and electrical testing to identify and correct deteriorating conditions before they result in unscheduled outages. If such a program has not been in place for the system being assessed, a thorough initial round of inspection and testing is recommended as providing the following benefits:

a)
Immediate identification of conditions that may cause failures in the short term.

b)
An indication of the general conditions of maintenance of the system that can be used in reliability calculations to select failure rate multipliers as discussed in document 3006.3, section 6.
c)
Establishing baseline testing values that can be used to start trend monitoring as part of a PPM program.

Guidelines for inspection and testing of electrical equipment can be found in the relevant IEEE and ANSI standards documents, in the manufacturer’s instruction manuals, in NFPA 70B-2006 [B3], and in the standards of the International Electrical Testing Association (NETA) [B4], and we will not attempt to repeat this information here. It is recommended that these sources be consulted and written checklists and procedures appropriate to the specific types of equipment and the system being assessed be prepared prior to undertaking the initial inspection and testing.

In addition to the inspection of the equipment itself, other physical conditions that can impact reliability should be considered. Physical construction of switchgear may compromise the independence of components that appear to be completely redundant to each other on the one-line diagram. A significant fraction of electrical equipment failures stem from nonelectrical causes such as human activity, physical contamination, and failure of environmental systems, with contamination from leakage of steam, water, or other process fluids leading the list. The physical assessment should address such questions as:

1) Is the installation secure from access by unauthorized or unqualified persons?

2) Do enclosures or locations effectively exclude small animals such as squirrels, snakes, and vermin from entering equipment?

3) Are barriers, such as bollards, provided to protect equipment from vehicles in locations subject to car, truck, or forklift traffic?

4) Are the areas around electrical equipment kept clear of storage and other obstacles that interfere with ready access for O&M?

5) Are working clearances in compliance with applicable codes and safe work rules?

6) Is piping and ductwork kept clear of the equipment, or is it adequately protected by drip-proof enclosures, double-walled piping, or drip pans?

7) Are items of critical equipment that are redundant to one another provided with segregation to reduce the likelihood of failure in one unit spreading to the other, or of an external event such as mechanical damage, water leakage, or fire affecting both?

8) Is switchgear provided with internal barriers between redundant circuits and buses to prevent arcing faults from affecting multiple circuits?

9) Is ventilation, heating, and cooling equipment serving electrical equipment rooms in working order? Are temperatures monitored to promptly detect failure of environmental control?

10) Are air supplies filtered and drawn from areas of the facility that are unlikely to result in exposure of the equipment to high levels of humidity or to conductive or corrosive materials?

11) Are duct-bank, conduit, and busway entries properly sealed against movement of air between the outside environment and the electrical room and switchgear interior?

12) Is the equipment located above potential flood levels? Are housekeeping pads provided to keep spillage or leakage of water on the floor and out of the equipment?

13) Are there protective guards or covers on operator controls that can cause outages if bumped or brushed against such as trip switches and emergency power off (EPO) buttons?

14) Are there burnt-out or otherwise inoperative indicator lights on circuit breakers or relay and control panels?

15) Are there relays with targets that have not been reset from past tripping events?

16) Are there ground fault indicators provided on ungrounded systems? Do they show any un-cleared faults? Are they remotely monitored?

17) Is metering provided on critical equipment? Is it remotely monitored?

18) Are there provisions for monitoring control and protection circuits and switchgear power supplies to detect conditions such as internal failure or loss of power supply?

19) Is equipment clearly labeled, following a consistent identification scheme? Is labeling up-to-date or are breakers that are in service still labeled “spare” and breakers that are off still labeled with a load designation?

20) Are mimic buses provided on switchgear, switchboards, and control panels?

21) Does the installation readily accommodate maintenance procedures by providing such features as generous working clearances, good light levels, provisions for application of protective grounds, hinged vs. bolted access panels, safe access to bolted bus and cable connections for thermography, etc.?

10. Operations and maintenance
The final area to be considered in the evaluation is O&M practices. We mentioned earlier that an effective PPM program is important to achieving the designed-in reliability of critical power systems, but this is only one of many aspects of O&M that can impact reliability. Other considerations include commissioning, training, documentation, and spare parts stocking. If an assessment of current O&M practices finds any of these areas lacking, the impact on reliability should be considered and improvements made. The greatest challenge in this area in most facilities is maintaining a long-term commitment to effective O&M practice in the face of short-term production schedules, cost control measures, and other management pressures.
10.1 Commissioning
Effective commissioning of power distribution systems and equipment is critical to achieving reliable performance. Commissioning provides an organized and documented process to verify proper installation, electrical integrity, and functional performance in accordance with the manufacturer’s specifications and the design intent. This includes basic equipment acceptance tests such as relay testing, insulation resistance measurement, over-potential withstand, and contact resistance measurement, but should extend to step- by-step verification of control system operation, and system-level functional testing. It is also important that a similar process be in place for commissioning additions and modifications to the system, and recommissioning any control or protection systems that may be affected by the change. An example of this would be the need to retest a bus differential relay circuit when additional cubicles are added to the switchgear.
10.2 Training
The level of training and degree of knowledge of the system on the part of the personnel who are called on to operate and maintain it should be reviewed. Human activity is often claimed to be a factor in more than half of all failures of critical power systems and training may the most effective tool available to reduce outages. When new systems and equipment are installed, operators should be provided with training, not only from the manufacturer on the equipment itself, but from the designer or the plant engineer on the overall operation of the system and how the individual pieces of equipment function within it. Written system descriptions and operating procedures should be developed and used as the basis for both initial training and periodic retraining. While it is common to provide some operator training in the form of a “walk-through” and demonstration conducted by the installing contractor, a comprehensive program that includes both classroom and field training components is recommended. It is increasingly common to videotape or otherwise record initial training sessions to assist in training new employees and retraining existing staff.
10.3 System documentation
Accurate and up-to-date system documentation is another aspect of O&M practice that can significantly impact system reliability. The development of an up-to-date one-line diagram was discussed previously, but maintaining other items of system documentation are also important.

Accurate one-line diagrams and relay schedules are necessary to assess the extent of the system affected by an outage and to select appropriate switching procedures for restoration of service. All non-emergency switching of the system should follow written switching procedures to minimize the likelihood of errors that result in loss of load. Preparing commonly used switching procedures in advance, such as a clearance procedure for each feeder in the system, can speed operator response and reduce outage durations.

Schematic and wiring diagrams and manufacturer’s instruction manuals for all equipment should also be kept up-to-date and maintained either at the equipment location, or in a readily accessible and effectively indexed central filing system. This will reduce repair times and decrease the probability of increasing the extent of an outage through inadvertent action by maintenance staff.

The most useful documentation is accurate, concise, and located where it is needed during switching procedures or response to unplanned outages. Some measures that can be taken to reduce outages associated with human activity include the following:

af) Post one-line diagrams and operating procedures at the locations of switchgear and control panels.

ag) Make sure that labels on equipment correspond to designations on the drawings.

ah) Provide clear warning labels on control devices whose operation affects critical loads.

ai) Post names and contact numbers for supervisors, engineering staff, utility dispatchers and emergency services in all electrical rooms and provide telephones, radios, or other means for rapid communication.

aj) Use colors on drawings, mimic buses, and labels to distinguish between different systems and circuits.

10.4 Spare parts levels
A review of spare parts stocking levels for critical equipment can help assure higher reliability levels associated with short duration “replace with spare” outage times, in lieu of much longer “repair in place” outages.

For example, a conveyer system with large rollers may have one motor for each roller, or several hundred motors. The failure rate is 0.0109 per unit year for the motors, or 2 motor failures can be expected annually for a plant with 200 motors. The typical downtime is 65 h, but could be less for this specific example. In this case, there should be a means of separating the motor from the systems and allowing the conveyer system to continue operation, possibly by allowing the roller to idle until the end of a shift. Several spare motors should be available to minimize downtime.

Most plants have a population of motors large enough to expect several failures per year. The large variety usually precludes the maintenance of a spare motor stock, although availability should be checked with local distributors. Highly critical nonstandard equipment may require spares. However, each component of the electric system should be viewed in its relationship to the critical process and downtime. The value of carrying spare parts should be carefully weighed when long process interruptions could result from a single component failure. The cost of carrying spares for critical long repair time items, such as large motors, may be prohibitive; in such cases careful advance planning for repairs including assembling equipment data, planning rigging arrangements, etc., may significantly shorten repair times.

The cost of carrying spaces for critical, long repair-time items, such as large motors, may be prohibitive; in such cases, careful advance planning for repairs including assembling equipment data, planning rigging arrangements, etc., may significantly shorten repair times.
Some plants rely on a single feeder to supply their entire electrical requirements, and many plants rely on single feeders for major blocks of load. In these cases, it may be prudent to take several precautionary steps. One possible step would be the periodic testing of cables (see Lee [B 1]). Another measure would be the use of spare cables or the storage of a single “portable” cable with permanently made ends and provisions for installing the portable cable at the various cable terminations in the plant distribution system. Lastly, advance documented arrangements could be made with a local contractor or the local utility for use of their portable cables and/or transformers on an emergency basis.

11. Other vulnerable areas
In many plants, the major process is controlled by a small component. This component may be a rectifier system, a computer, or a control system. The continuity of the electric supply to this controller is just as important to the process as the main machine itself. With the prevalence of digital controls for both manufacturing equipment and facility support equipment such as heating and cooling systems, momentary interruptions may cause control system shutdowns that extend the re-start time for a process or operation significantly. Proper application of energy storage within or external to these systems, typically provided by a battery-based Uninterruptible Power Supply (UPS) the controls can remain on-line, causing the equipment to go into a “safe-hold” position if the power source is interrupted. This continuity is important to note when high-value products are being machined in a continuous process, such as in the aircraft industry. Standard 3006.7 provides guidance on the design of such continuous power systems.
The accuracy and efficacy of a computer or a computer-based process is directly related to the “quality” of its environment. This quality is determined by more than just the continuity of the electric supply. Voltage dips, line noise, ineffective grounding, extraneous electrical and magnetic fields, temperature changes, and even excessively high humidity can adversely affect the accuracy of a computer or microprocessor. Premature equipment failure can result from electrical potential that is either too high, too low, excessively harmonic laden, or unbalanced, or any combination of these. Voltage tolerances are fairly well established by NEMA and ANSI. However, in Linders [B2], a means is provided to evaluate a situation where more than one area deviates from rating. It is important to record and log voltage levels of all three phases at various strategic points on a periodic basis and to also determine the harmonic content in the plant’s distribution system. The widespread use of solid-state switching devices has caused an increase in harmonic content in power systems, and it is often considered that such nonlinear loads must approach 20% of the plant load before detrimental effects are likely. However, the engineer must look at harmonic content in conjunction with other criteria to determine whether there is cause for a significant loss of life in equipment. Filter circuits are generally used to remove harmful harmonics, and their nature is beyond the scope of this recommended practice. 


.

Another area of importance is the lighting required for safe operation of the facility. A failure in a particular lighting circuit may reduce the area lighting to a level below what is necessary to maintain a safe watch over production. Two means of overcoming this vulnerability are as follows:

ak) Emergency task lighting

al) Sufficient lighting such that a single circuit outage does not reduce lighting to an unacceptable level

Another important lighting consideration is the fact that some high- intensity discharge (HID) lamps require as long as 15 min to restart after being extinguished. Since even minor voltage sags that may go “unnoticed” by production equipment can extinguish this type of lighting, a supplementary source is necessary when the HID lamps are the primary source of illumination.

Air, oil, and water systems are frequently important auxiliary inputs upon which production depends. A compressor outage can, for example, cause significant production loss. While failures in these systems are usually mechanical in nature, electrical failures are not uncommon. Pumps are often integral parts of the cooling system in large transformers or even in rectifier circuits, and loss of coolant circulation could either shut down the equipment or significantly reduce production output. Therefore, pumps should be well maintained both mechanically and electrically when they comprise a significant part of the system, and spare parts may be a wise investment. Ventilation can also be critical to cooling, and ventilator fans are often neglected—until they fail. Hence, periodic maintenance and/or spare ventilator motors may be a good investment.




12. Conclusion
The facility engineer should analyze the power distribution system electrically and physically and inquire about the utility’s system. In this analysis, the engineer should

am) Assess the configuration of the system for its ability to provide the reliability required by the critical loads.
an) Evaluate the age and conditins of the system from the utility and throughout the plant to determine if the equipment is vulnerable to premature failure.

ao) See that faults are properly isolated and that critical loads are not vulnerable to interruption or delayed repair.

ap) Analyze the critical areas and evaluate the need for special restoration equipment, spare parts, or procedures.

aq) Based on probability and economic analysis, make capital or preventive maintenance investments as indicated by the analysis.

ar) Make carefully documented contingency plans.

as) 
at) Develop operation, maintenance,  and documentation procedures to support continuous optimum reliability performance of the plant.
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