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CHAPTER 1
INTRODUCTION

1.1 PREFACE

Thisbulletin provides design guidance for the increasing numbers of substations necessary to meet the
increasing electrical demandsin areas served by Rural Utilities Service borrowers (here and after called
cooperatives). This guide bulletin is intended for the benefit of cooperatives, their consulting and staff
engineers, and others interested in rural substation design and construction concerns and considerations.

Substations should be designed, constructed, and operated to meet customers needs at the lowest possible
cost commensurate with the quality of service desired. The typica system may include substations for
voltage transformation, sectionalizing, distribution, and metering a number of times between generation
and utilization.

1.2 PURPOSE AND SCOPE

This bulletin covers rura transmission and distribution with air-insulated, outdoor substations 345 kV
(phase-to-phase) and below.

Possible design responsibilities of the engineer are covered, including preparation of construction
drawings, material, equipment and labor specifications, and any other engineering design services that
may be required.

The engineering function is generaly more than furnishing of design and specifications. Recognition of
this function becomes especially important when a cooperative employs an engineering firm to
supplement its staff. (See U.S. Code of Federal Regulations, Title 7, Part 1724 (7 CFR 1724), “ Electric
Engineering, Architectural Services and Design Policies and Procedures™) The contract between a
cooperative and an engineering firm should be clear in its definition of the engineering functions to be
performed. Within this bulletin, it should be understood that the term *engineer” could mean either a
cooperative’s staff engineer(s) or a consultant’s engineer(s).

The engineer needs to use these guidelines together with experience and knowledge. A list of references
at the end of most chapters will aid in the search for more detailed information. It is recommended that,
where other resources are referenced, such as those of ANSI, IEEE, RUS, and ASTM, the substation
designer obtain and become familiar with the appropriate document.

Use of this publication for substation design will usually result in an economica approach from a system
standpoint. This should eventually result in the evolution of standard designs for a given system.
Standardization is a desirable and achievable objective that should be pursued.

Technical advances and changesin codes and standards that could cause some of the materia in this

bulletin to become obsolete continue to proliferate in the electric power industry. Users, therefore, need
to continue their own efforts to stay up to date with the changing technologies.

1.3RELATIONSHIP OF SUBSTATION TO OVERALL POWER SYSTEM

A substation is part of a system and not an entity to itself. Normally, a power system is designed so that
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the effects of an outage (caused by the failure of a single component such as a transformer, transmission
line, or distribution line) will result in minimal interruption of service and affect the fewest customers

possible.

Failure of one component in a system often forces a greater than normal load to be carried by other
components of the system. Such contingencies are normally planned for and incorporated into design

criteria

When evaluating the switching arrangement for a
substation, an engineer needs to be aware of the
system configuration of which the substation will
be apart. System contingency arrangements need
to permit the outage of componentsin a
substation for maintenance and unscheduled
outages.

Most substations are designed to operate un-
attended. Remote indication, control, metering,
and methods of communication are often
provided so that systems and portions of systems
can be monitored from a central point.

An example of an outage consideration for a
substation would include a transmission switching
station that operates with a simple main bus. An
outage of the bus results in a complete interrup-
tion of power through the substation. The
engineer will need to consider other equipment in
the substation, such as a transfer bus or different
multi-bus arrangement. The engineer should also
evaluate the adjacent system to determineif the
load can be diverted around the substation for
outages to minimize the equipment that is

installed in a substation.

1.4 IMPORTANCE OF ADEQUATE SUBSTATION PLANNING AND ENGINEERING

(See Bulletins 1724D-101A, “Electric System Long-Range Planning Guide,” and 1724D-101B, “ System

Planning Guide, Construction Work Plans.”)

Substation planning considers the location, size, voltage, sources, loads, and ultimate function of a
subgtation. If adequate planning is not followed, a substation may require unnecessary and costly

modification.

The engineer’ s detailed work requires use of vaid requirements and criteria, appropriate guidelines, and
engineer’s own expertise in order to provide construction drawings and associated documents appropriate
for needed system improvements. Theengineer’s ability to meld the diverse constraints into an

acceptable design is essential.

During the design phase, the engineer should avoid persona preferences in solving technical problems
that diverge from the use of nationally accepted standards, Rural Utilities Service (RUS) standards, or the

concept of the cooperative' s standard designs.

Adeguate engineering design provides direction for construction, procurement of material and equipment,
and future maintenance requirements while taking into account environmental, safety, and reliability

considerations.
1.5 TYPES OF SUBSTATIONS

1.5.1 General

Substations may be categorized as distribution substations, transmission substations, switching

substations, or any combination thereof.
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One design tendency is to reduce costs by reducing the number of substations and taking advantage of
economies of scale. Conversely, practical system design and reliability considerations tend to include
many substations. One function of system studies is to balance these two viewpoints.

1.5.2 Distribution Substations

A distribution substation is a combination of
switching, controlling, and voltage step-down
equipment arranged to reduce subtransmission voltage
to primary distribution voltage for residentia, farm,
commercial, and industrial loads.

Rural distribution substation capacities vary.
Substations generally include one 1.5 MVA to three
5 MVA transformers. These substations may be
supplied radially, tapped from a subtransmission line,
or may have two sources of supply. Most
cooperatives substations have 12,470Y /7200-volt or
24,490Y/14,400-volt distribution circuits.

A specid class of distribution substation would
include a dedicated customer substation. This
substation would be similar to a distribution substation
except that al of its capacity would be reserved for the
service of one customer. The secondary voltages of a
dedicated substation would aso be modified to match
specia requirements of the customer. Coordination
with the customer is of primary importance in

A good example of confusion over the definition
of terms that can be experienced exists for the
term “outage.” Anindustria firm with a
variable-speed drive (VSD) required a minimum
number of outages on the incoming feeder since
any outage resulted in the drive’ s going down,
several hours delay in the restart, and possible
environmental consequences during the outage.
The utility reviewed its own outage criteria and
determined it met the customer’ s requirements.
After installation, the customer complained
about the large number outages forcing the VSD
motor to de-energize. Further discussion
revealed the customer’ s definition of outage was
any voltage drop of 20 percent or more for more
than three cycles. The utility’ s definition of
outage was any discontinuance of service after
all reclosing of afeeder failed. Differing usage
of common terms resulted in unacceptable
service to the customer, requiring modifications
to the installation.

determining the technical requirements. Confirmation of the technical terms being used is likely to be
required since electrical engineers in differing industries may use the same terms to describe similar, yet

technically different, criteria.

1.5.3 Transmission Substations

A transmission substation is a combination of switching, controlling, and voltage step-down equipment
arranged to reduce transmission voltage to subtransmission voltage for distribution of electrical energy to
distribution substations. Transmission substations frequently have two or more large transformers.

Transmission substations function as bulk power distribution centers, and their importance in the system
often justifies bus and switching arrangements that are much more elaborate than distribution substations.

1.5.4 Switching Substations

A switching substation is a combination of switching and controlling equipment arranged to provide

circuit protection and system switching flexibility.

Switching stations are becoming common on cooperatives’ transmission systems. Flexible switching
arrangements in a transmission network can aid in maintaining reliable service under certain abnormal or

mai ntenance conditions.
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1.6 REFERENCES
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RUS Bulletin 1724D-101B, “ System Planning Guide, Construction Work Plans.”
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CHAPTER 2
GENERAL DESIGN CONSIDERATIONS

2.1 INITIAL AND ULTIMATE REQUIREMENTS
Cooperatives should consider both short- and long-range plans in the development of their systems.

Timely development of plansis not only essential for the physical and financia integrity of electrical
systems, it is aso essentid in supplying customers with adequate service.

The long-range plan identifies the requirements of a Significant considerations for
substation not only for itsinitial use but also for some years future construction are the outage
in the future. Consider ultimate requirements during the requirements when equipment is
initial design. Make economic comparisons to discover what | added. These requirements should
provisions are necessary for ease of addition. be considered with the utility' s

ability to serve the load during any
Remember that development plans embrace philosophies of outage.

equipment and system operation and protection before
congtruction is started. Changes in the cooperative' s standard design philosophies should be reviewed by
the personnel who design, operate, and maintain the proposed equipment. Departures from standard
designs could jeopardize the operation of the system.

Use the Substation Design Summary in Appendix B to Chapter 3 to summarize basic design data.

2.2 SITE CONSIDERATIONS

Two of the most critical factorsin the design of a substation are its location and siting. Failure to
carefully consider these factors can result in excessive investment in the number of substations and
associated transmission and distribution facilities.

It is becoming increasingly important to perform initial Site investigations prior to the procurement of
property. Previous uses of a property might render it very costly to use as a substation site.

Such previous uses might include its use as a dumping ground where buried materials or toxic waste has
to be removed prior to any grading or installation of foundations.

The following factors should be evaluated when selecting a substation site:

a. Location of present and future load center

b. Location of existing and future sources of power

c. Availability of suitable right-of-way and access to site by overhead or underground
transmission and distribution circuits

d. Alternative land use considerations

Location of existing distribution lines

Nearness to all-weather highway and railroad siding, accessibility to heavy equipment under al

weather conditions, and access roads into the site

g. Possible objections regarding appearance, noise, or electrical effects

h. Site maintenance requirements including equipment repair, watering, mowing, landscaping,
storage, and painting

i. Possible objections regarding present and future impact on other private or public facilities

)]
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Soil resigtivity
Drainage and soil conditions
Cost of earth removal, earth addition, and earthmoving
. Atmospheric conditions: salt and industrial contamination
Cost of cleanup for contaminated soils or buried materials
Space for future as well as present use
Land title limitations, zoning, and ordinance restrictions
General topographical features of site and immediately contiguous area; avoidance of
earthquake fault lines, floodplains, wetlands, and prime or unique farmlands where possible
Public safety
Public concern; avoidance of schools, daycare centers, and playgrounds
Security from theft, vandalism, damage, sabotage, and vagaries of weather
Total cost including transmission and distribution lines with due consideration of
environmental factors
Threatened and endangered species and their critical habitat
. Cultural resources
Possible adverse effects on neighboring communications facilities

2QTOoS g~
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Choose a substation location that precludes placing any communications facilities within the substation
300 V pesk ground potentia rise (GPR) zone of influence. See ANSI/IEEE Std. 367-1987,
“Recommended Practice for Determining the Electric Power Station Ground Potential Rise and Induced
Voltage from a Power Fault,” and ANSI/IEEE Std. 487-1992, “ Communication Facilities Serving Electric
Power Stations, Guide for the Protection of Wire Lines.”

2.3 ENVIRONMENTAL CONSIDERATIONS

2.3.1 General

2.3.1.1 RUSEnvironmental Policiesand Procedures, 7 CFR 1794: This Regulation specifies RUS
environmental requirements pursuant to the implementation of the National Environmental Policy Act of

1969 and Council on Environmental Quality Regulations. It also references additional authorities,
directives, and instructions relevant to protection of the environment.

Asageneral rule, substations requiring greater than 2 hectares (5 acres) of new physical disturbance need
an Environmental Assessment (EA), while those below generaly require an Environmental Report (ER)
(see RUS Bulletins 1794A-600, “Guide for Preparing an Environmental Report for Categorically
Excluded Projects’ and 1794-601, “ Guide for Preparing an Environmental Report for Electric Projects
Requiring an Environmental Assessment”).

2.3.1.2 Appearance: Appearance is becoming increasingly important to the public. In some aresas,
zoning regulations and suggestions by civic organizations often mean screening, low-profile designs, or
other measures to improve appearance. The absence of such direct influence in rura areas should not be
areason for not considering newer design practices. The generd trend is to locate substations in a way
that they are not strikingly visible to the public. A substation set back from a heavily traveled road may
require little or no architectural treatment to be acceptable.

Coordinate engineering of transmission, distribution, and substation facilities to develop the least overall
objectionable layout. Consider underground distribution circuit exits for special applications.
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The silhouette of a substation may be reduced in several ways, including the use of solid-shape structural
sections.  Lowering of the substation profile may aso be accomplished by means other than underground
circuits although this approach may necessitate alarger surface area, resulting in larger site requirements.
Lower profile designs for substation high-voltage equipment may be cost-effective in design and in
reducing the profile that the substation projects.

Landscaping or architectural screening may offer effective means to blend a substation into the
surrounding environment. Landscaping has typically included the use of trees, bushes, and the like to
screen the substation. 1n some cases, masonry walls or enclosures have been necessary to meet permitting
requirementsin specia use areas. Some sites may provide a natura screening with either vegetation or
natural barriers.

Generdly, it is better to use complementary rather than contrasting colors. Sometimes, coloring can be
used to blend substation equipment into the background.

Outdoor lighting of the substation site may have an effect on the acceptance of the substation in a
community. Lighting istypicaly a meansto deter vandalism. It also provides safety for line crews who
may be performing maintenance at night. A means of switching off a portion of the lights at night to
provide reduced lighting may make the site more acceptable to the community.

2.3.1.3 Public Safety: Subgtations should be safe for people who may have occasion to be near them.

The primary means of ensuring public safety at substations is by the erection of a suitable barrier such as
ameta fence. Unlesslocal restrictions are more conservative, the fence needs to meet the minimum
requirements specified in the National Electrical Safety Codeand |IEEE Std. 1119, “1EEE Guide for
Fence Safety Clearances.” (RUS recommends 8 feet for the fence height: 7 feet of fabric and a 1-foot
extension of barbed wire.) Metal fences have to be properly grounded; grounding of fencesis covered in
Chapter 9. Materia and specification of fencesis covered in Chapter 6, Section 6.9.

Additional means of protecting the public are provided through adequate design of al facilities inside the
fence and the addition of a periphera ground outside the fence. Protection that alleviates possible
potential differencesis discussed in Chapter 9.

Appropriate warning signs should be posted on the substation’ s peripheral barrier fence. The engineer
should specify their location and design. Substations, no matter how small, should have one sign per side,
asaminimum. For each substation site, assess whether standard signs are sufficient. Special bilingual
signs may be advisable for some areas. Additional signs, such as “No Trespassing,” may be advisable in
some areas. See ANSI Std. Z2535.2, “Environmental and Facility Safety Signs,” for further information.

2.3.1.4 Audible Noise: Sources of audible noise within a substation include transformers, voltage
regulators, circuit breakers, and other intermittent noise generators. Among the sources, transformers
have the greatest potential for producing objectionable noise. The design engineer should consider
audible noise reference documents and regulations.

Corona, which islocalized incomplete dielectric failure, causes a hissing sound. Corona noise occurring
at voltages of 230 kV and below is seldom serious. Corona noiseis usualy kept to atolerable level if
guiddines for minimizing electrica effects are followed. Design for 345 kV systems will normally
require extra-high-voltage (EHV) connectors and fittings or corona shields to reduce the amount of noise
from coronato tolerable levels.
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The U.S. Environmental Protection Agency (EPA) has published “Information on Levels of
Environmental Noise Requisite to Protect Public Health and Welfare with an Adequate Margin of Safety”
(Report Number 550/9-74-004), and “Public Health and Welfare Criteriafor Noise” (Report Number
550/9-73-002). Several state and local noise ordinances limit noise at the property line. Table 2-1 lists
guiddlines for considering noise in land-use planning and control. The reaction to noise can be
subjective, so each substation situation should be analyzed separately.

Table 2-1: Noise-Zone Classification.
Ref. Federal Interagency Committee on Urban Noise, 1980, p. 5.

Noise Descriptor
DNL
Noise Day-Night Leq (hour) NEF
Noise Exposure Average Equivalent Noise Exposure HUD Noise
Zone Class Sound Level Sound level Forecast Standards
A Minimal Not Exceeding Not Not Exceeding
Exposure 55 Exceeding 20
55
B Moderate Above 55° But Above 55 Above 25 But
Exposure Not Exceeding But Not Exceeding Acceptable
65 Not 30
Exceeding
65
Above 65 But Above 65 Above 30 But
C-1 Not Exceeding But Not Not Exceeding
70 Exceeding 35
— 70
Séggggﬁgt Above 70 But Above 70 Above 35 But Ung?:::nejsgbl e
Cc-2 Not Exceeding But Not Exceeding
75 Not 40
Exceeding
75
Above 75 But Above 75
D-1 Not Exceeding But Not Not Exceeding
80 Exceeding 45
80
Severe Above 80 But Above 80 Above 45 But
D-2 Exposure Not Exceeding But Not Exceeding
85 Exclglgziing 20 Unacceptable
85
D-3 Above 85 Above 85 Above 50

#HUD, DOT, and EPA recognize Ldn = 55 dB as agoal for outdoor sitesin residential areas in protecting the public
health and welfare with an adequate margin of safety.

However, it isnot aregulatory goal. Itisalevel defined by anegotiated scientific consensus without concern for
economic and technological feasibility or the needs and desires of any particular community.

See Chapter 5, Section 5.2.12, for more information.

2.3.1.4.1 Site Selection: If the substation has to be located in or near aresidentia area, select asite
with the greatest distance from nearby residences, and, if possible, avoid a direct line of sight with them.
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A site with natura barriers such as earth mounds or shrubbery is desirable since such barriers can help
reduce the psychologica impact of a new installation.

2.3.1.4.2 Layout Design: Good practice for noise control is to locate transformers the maximum
possible distance from the substation fence. Once atransformer islocated, its noise level at any distance
can be estimated by using standard formulas. See IEEE Std. 1127, “ |[EEE Guide for the Design,
Construction, and Operation of Electric Power Substations for Community Acceptance and
Environmental Compatibility,” for formulas that may be used. If noise is anticipated to be a problem,
reduced sound levels are available from the transformer manufacturer or the equipment layout should be
arranged to permit the ingtallation of a sound barrier. Anticipated future requirements should aso be
considered since additional transformers will increase the noise level.

2.3.1.4.3 Level: Asagenerd rule, substation noise will not be a problem if, when combined with
ambient noiseg, it islessthan 5 dBA above the ambient noise level. It may be desirable to measure the
ambient noise levels at locations of concern. Measurements should be taken during the quietest periods,
approximately midnight to 4 am. Calculation of the resultant sound level will then indicate whether
further study isrequired. The references at the end of this chapter suggest methods to rigoroudy address
noise problems.

2.3.1.4.4 Transformers: Chapter 5, Section 5.2, “Power Transformers’ provides additional guidelines.

2.3.1.5 Electrostatic and Electromagnetic Effects: Consideration should be given to preventing radio
and television interference that could result from visible corona.  Significant corona could be caused by

energized parts having small radii or from small-diameter conductors, particularly when conductive
climatic conditions prevail. Experience has shown, though, that conductor fittings and energized parts
other than conductors do not produce serious corona at phase-to-phase voltages of 230 kV and below. At
345 kV, dectrical voltage gradients are such that corona shields and connectors designed to mitigate
corona should be used.

It is necessary, however, to consider the size of conductors. Chapter 4, “Physical Layout,” provides
guiddines for fault and load-carrying conductors. Connections to equipment such as voltage transformers
and coupling capacitors should not be sized from a current-carrying standpoint only. From a corona
standpoint, conductors should not be smaller than 3/0 at 230 kV or 1/0 at 161 kV and 138 kV. At 345KV,
equipment jumpers should consist of bundled conductors.

2.3.1.6 Effluent: 40 CFR 110 and 112 provide regulations to eliminate the pollution of navigable
waterways. The essence of these regulations is that, upon the failure of acontainer filled with a pollutant,
such asail in atransformer or ail circuit breaker, no harmful quantity of such pollutant (cil) may be
allowed to enter a navigable waterway. Absolute prevention and containment of oil spills is not required
by the regulations, however, the discharge of harmful quantities of pollutants into navigable waterways is
prohibited. The regulations and interpretations thereof are dynamic. It is hecessary to have a Spill
Prevention Control and Countermeasures (SPCC) plan of action for disposing of effluent, should spills or
leaks occur. Some oil pollution prevention measures are described in Chapter 8 and in RUS Bulletin
1724E-302, “Design Guide for Oil Spill Prevention and Control at Substations.” 1f more than 5.0 acres of
land will be disturbed during construction, a stormwater discharge permit has to be obtained from the
appropriate state agency prior to the start of construction. See the above-mentioned CFR regulations and
IEEE Std. 980, “|EEE Guide for Containment and Control of Oil Spillsin Substations,” for assistance in
determining the appropriateness of in-place structures and items to be included in an SPCC plan.
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The use of polychlorinated biphenyls (PCBs) as an insulation medium in liquid-filled transformers and
capacitors has been discontinued. This type of impregnant has been phased out, because of its resistance
to biodegradation, in favor of materials potentially less harmful to the environment.

2.3.2 Weather

2.3.2.1 General: As dependence on the use of dectricity grows, it is increasingly important that
substations operate more reliably in extremes of weather than in the past.

2.3.2.2 Temperature: Itisnecessary to design a substation for the extreme temperatures expected.
Extreme temperatures could affect circuit breakers, relay protection, or the bus.

2.3.2.3 Wind: Asaminimum, substations should be resistant to wind velocities as shown in
Figure 2-1. Chapter 4, “Physical Layout,” and Chapter 7, “ Structures,” provide specific guidelines on
design. Local conditions may dictate more stringent wind designs.

2.3.2.4 Ice: A substation should continue to operate despite ice accumulation. Generally, consensus
equipment standards specify ice loadings for both electrical and mechanical withstands. The complete
substation assembly should aso be undamaged by ice accumulation. From the ice accumulation history
for a given substation' s location, the engineer can judge whether more severe |oadings than consensus
equipment standards are necessary. Additional viewpoints on ice loading are provided in Chapter 4,
“Physical Layout,” and Chapter 7, “ Structures.”

2.3.2.5 Rain: A subgtation should be designed to be operable under predictable conditions of rainfall.
Additionaly, it is desirable that substation drainage be sufficient enough to exhibit little standing water
within afew hours after aheavy rainfall. See Chapter 6, “ Site Design,” for guidelines.

2.3.2.6 Snow: Snow introduces an extremely variable hazard to substations because of uncertaintiesin
drifting and accumulation. The substation has to be impervious to snow damage, and consideration needs
to be given to snow accumulation and the maintenance of clearances. The engineer should seek local data
on this weather variable.

2.3.2.7 Electrical Storms: The two measures normally employed for substation lightning protection
are surge arresters and shielding. Application guidelines for surge arresters are included in Chapters 4
and 5. Surge arresters provide little protection against direct strokes. Shielding is provided by overhead
wires, masts that are extensions of structures, or independent masts as covered in Chapter 4. A
combination of surge arresters and shielding will reduce the probability of damage from lightning.

2.3.2.8 Humidity: Consideration should be given to installation of differential thermostat-controlled
heating in outdoor cabinets such as circuit breaker control cabinets where condensation could be a
problem. In areas where fog occurs often, and particularly where airborne contamination exists, frequent
insulator flashovers may occur. Methods of reducing flashovers include the application of specid
insulation and insulator cleaning.

2.3.3 Altitude

Equipment that depends on air for itsinsulating and cooling medium will have a higher temperature rise
and alower dielectric strength when operated at higher dtitudes, see ANSI Std. C37.30, “ Standard
Definitions and Requirements for High-Voltage Air Switches, Insulators, and Bus Supports.”
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Surge arresters are designed for satisfactory operation at elevations up to alimit specified by the
manufacturer. Applications above this limit are considered special, and the manufacturer should be
consulted for a recommendation.

Dielectric strength of air, current ratings of conductors operated in air, and ambient temperatures should
be corrected for dtitude variation and be multiplied by the factors shown in Columns“A” and “B” of
Table 2-2.

Table 2-2: Altitude Correction Factors for Substation Equipment.
Ref. ANSI/IEEE Std. C37.30-1992, Table 1, Copyright © 1992. IEEE. All Rights Reserved.

Altitude Correction Factor to
Altitude Be Applied to:
A B C
Dielectric Current Ambient
Feet Meters Strength Rating Temperatures
3300 1000 1.00 1.00 1.00
4000 1200 0.98 0.995 0.992
5000 1500 0.95 0.99 0.980
6000 1800 0.92 0.985 0.968
7000 2100 0.89 0.98 0.956
8000 2400 0.86 0.97 0.944
9000 2700 0.83 0.965 0.932
10000 3000 0.80 0.96 0.920
12000 3600 0.75 0.95 0.896
14000 4200 0.70 0.935 0.872

2.3.4 Earthquakes

Substations subjected to intense earthquakes will most likely be damaged; however, seismic design
practices can minimize the damage. Although some substation equipment is inherently shock resistant,
the foundations, structures, equipment anchors, insulation, and conductors may not be. Designs that
minimize damage should be utilized in high seismic areas. Consideration should be given not only to
replacement costs but also to lead times for delivery of replacement equipment.

|IEEE Std. C57.114, “|EEE Seismic Guide for Power Transformers and Reactors,” provides
recommendations as to design considerations for the installation of transformers and reactorswhen
seismic activity is likely.

When substations will be constructed with Federa financing assistance, RUS require substation control
buildings to meet the seismic provisions found in 7 CFR 1792, Subpart C.

Seismic loads are governed by the region of the country in which they occur. Figure 2-2 identifies the
susceptibility of different areas of the country, with the higher numbered areas being more susceptible.
Further discussion concerning seismic loads is explained in section 7.4.7 of this bulletin.
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Figure 2-1: Basic Wind Speed. Ref. ANSI/ASCE Std. 7-95, Figure 6-1.
Reproduced with permission of the American Society of Civil Engineers, copyright © 1989.
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The seismic zone map from the Uniform Building Code has been included for reference  See Figure 2-2.

Figure 2-2: Seismic Zone Map of the United States. Ref. Uniform Building Code—1997,
Figure 16-2. Reproduced from the 1997 edition of the Uniform Building Code ™, copyright © 1997,
with permission of the publisher, the International Conference of Building Officials.

2.3.5 Other Considerations

2.3.5.1 Wildlifeand Livestock: A substation should be protected from wildlife and livestock. The
primary means of protection isthe perimeter barrier. Thisis generaly achain link fence that keeps out
larger animals. It may aso be necessary to have rodent and/or reptile barriers. It is recommended that all
substation materials be non-nutrients, since impregnable barriers would be too difficult to attain. Insect
screening should be applied where local experience indicates it is beneficial Avoiding attractive nesting
and perching sites usually minimizes bird damage. Adeguate clearances should be provided to prevent
electrocution of local bird species. For measures to prevent and mitigate damage from animals, insects,
birds, and reptiles, see the Cooperative Research Network’s (CRN’s) manua on Animal-Caused Outages.

2.3.5.2 AirborneForeign Material: Airborne seeds, leaves, debris, dust, and salts that are local
phenomena could be a problem. Buildup could occur that would compromise electrica insulation or
interfere with cooling. Appropriate prevention measures should be included in the design of a substation
expected to be exposed to such contamination.
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2.4 INTERFACING CONSIDERATIONS

Substations interface with roadways, area drainage, communications systems, and electric power lines.
Sufficient lead time has to be allowed to coordinate activities with public agencies for roadway access and
with communications agencies for communications facilities. Chapter 17 provides details on
communications considerations.

When locating a new substation, coordinate the location, design, and construction with other utilities
operating in the area. Other utility concerns include but are not limited to:

Telecommunications

Cable tdlevision

Water and sewer

Gas

Radio and television stations

ahwpdE

There should be little difficulty ensuring proper substation interfacing with distribution, subtransmission,
and transmission lines. Timely plans should be made so there is mutua agreement between the substation
engineer and the various line engineers on the following:

Connecting hardware procurement responsibility

Mating of hardware to line support structure

Line identifications and electrical connections to suit planning engineering regquirements
Substation orientation and line approach

Phase conductor and shield wire identification

Pull-off elevations, spacings, tensions, and angles

ok wNE

2.4.1 Line Tension

Confusion sometimes occurs in the matter of specifying line tensions in substations. In some cases, line
tensions on the line side of a line approach or deadend structure will be much greater than on the line
support structure in the substation. The substation engineer should specify the tension that will result in
the maximum load on the substation line support structure with the wire under the most severe
combination of temperature, wind, and ice loading. The condition at which maximum tension occurs has
to be known in order to select appropriate overload factors. Chapter 7, “ Structures,” covers overload
factor selection.

Asagenerd rule, takeoff tensions should not exceed 8900 newtons (2000 pounds) per conductor for
small distribution substations. However, the incoming transmission line alignment, wire size, and
elevation differences can increase the required tensions.

2.5 RELIABILITY CONSIDERATIONS

A prime objective in the operation of an electric power system is to provide reliable service within
acceptable voltage limits. Information on reliability may be found in ANS| Std. C84.1-1995, “ Electric
Power Systems and Equipment-V oltage Rating (60 Hz).” Cooperatives that design substations to operate
within the voltage levels specified in this ANSI Standard should have reasonably reliable substations.
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2.6 OPERATING CONSIDERATIONS

For smplicity and ease of maintenance, substation equipment arrangements, electrical connections, signs,
and nameplates should be as clear and concise as possible. Information on safety signs can be found in
ANSI Std. 2535.2, “Environmental and Facility Safety Signs.”

A substation may occasionally experience emergency operating conditions requiring equipment to
perform under abnormal situations. Depending on the length of time, the provision of unusua current-
carrying capacity of some equipment or connections should always be considered and appropriately
accounted for in the design.

2.7 SAFETY CONSIDERATIONS

It is paramount that substations be safe for the general public and for operating and maintenance
personnel. Practical approaches include the employment and training of qualified personnel, appropriate
working rules and procedures, proper design, and correct construction. The safeguarding of equipment
a so needs to be considered in substation design.

Personnel working standards are prescribed by regulations issued by the Occupational Safety and Health
Administration (OSHA). These regulations are included in 29 CFR 1910 for general industry and

29 CFR 1926 for construction. In addition, various states may have standards the same as or stricter than
those of OSHA. The engineer is expected to follow the regulations appropriate to the jurisdiction in
which a substation is built.

It should be recognized that this bulletin presents substation design guidance information only and not
detailed regulatory provisions, especialy related to safety. The engineer is responsible for researching
and ensuring substations are designed in compliance with the applicable requirements of RUS, the
National Electrical Safety Code, National Electrical Code, OSHA, and local regulations. The engineer is

also responsible for analyzing expected local conditions, and, where warranted, including provisonsin
substation designs beyond the minimum provisions for safety established in the various regulatory codes.

2.8 MAINTENANCE CONSIDERATIONS

Substation design needs to alow maintenance to be accomplished with a minimum impact on a
substation’s operation. Allocation of adequate working space is necessary.

In selecting equipment, consider the service intervals recommended by the manufacturersand past
experience in using a particular manufacturer’ s equipment.

See Chapter 20, “Maintenance,” for more information.
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CHAPTER 3
DOCUMENTS

3.1 GENERAL

The primary function of a substation design engineer is to produce or supervise the development of
forma plans from which a substation can be constructed.

Section 3.1.1 lists documents or studies that may also be required as part of the engineer’s responsibility.
The timing and chronological order of the documents may vary, depending on the particular substation’s
requirements.

3.1.1 Possible Documents or Studies Required of the Engineer

Site Comparison and Suitability Evaluation

Environmental Assessment (EA) or Environmenta Report (ER)
Substation Design Summary Form

Functional One-Line Diagram

Application for Zoning Variance or Change

Specifications for Equipment

Request for Proposals to Furnish Equipment

Evauation of Proposals to Furnish Equipment

Construction Plan Drawings

Backup Sketches and Calculations for Construction Plans
Substation Drawings (Detailed One-Line, Elementary, and Schematic Diagrams)
Requisitions for Material and Equipment

13. Application for Building Permit

14.  Application for Permits for Roadway and Drainage Interface
15. Application for FCC License

16. Construction Specifications

17.  Inquiry for Proposals to Furnish Construction

18. Evauation of Contractor’s Proposals

19. Comment Letters on Equipment Vendors Submittals

20. Caculationsfor Selection of Protective Relaying and Devices
21. Economic Comparisons

ERBOONooAwNE
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Formal documentation should be clearly presented. Since the electric utility industry uses English units
for specifying substation design construction and materials, documentation may be completed using
English units of measure. Metric equivalent units may aso be included in parentheses, e.g., 8.0 feet (2.45
meters). During the formulation of design, some sketching and calculations are required to arrive at
optimum designs. While these are not a part of the formal plans, they are nevertheless useful in planning
and are often valuable for future reference.

3.2 NEED FOR DOCUMENTATION

Documentation forms the basis for the expression and evaluation of engineering concepts. A document
serves as a vehicle for the cooperative and engineer to reach agreement on a particular subject. Inits fina
form, a document fulfillsits primary role of establishing design and functional requirements. A document
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also serves as arecord of what was built, specified, or evaluated. The importance of good recordsin
substation design deserves emphasis. Successful designs and accurate records are convenient references
for designs and for standardized approaches for new substations. Records can aso be very useful in
diagnosing and correcting problems. Appendix B to this chapter is a Substation Design Summary where
design information can be recorded for future reference.

3.3 PROCEDURES

RUS has required substation design procedures and, in addition, each cooperative may have certain
procedures that suit its needs.

The chronology of a substation design is generally as shown in Table 3-1 with elapsed times varying
according to a particular project’s requirements. See 7 CFR 1726.22, “Methods of Construction,” and
7 CFR 1724.53, * Preparation of Plans and Specifications.”

Table 3-1: Substation Design Chronology

=

Identification of substation needs from Load Forecast (formerly Power Requirements Study)

and cooperative’s long-range plan

Pre-loan engineering

Application for loan; see 7 CFR 1710.119, “Loan Processing Priorities”

Loan approval

Final procurement of real estate

Selection of major equipment

Preparation of plans and specifications; see 7 CFR 1724.53, “Preparation of Plans and

Specifications”

RUS Form 764, “Substation and Switching Station Erection Contract,” generally required for

systems with limited construction forces

9. Design approval by RUS as stated in 7 CFR 1724.54 “Requirements for RUS approval of
plans and specifications”

10. Selection of a construction contractor

11. Construction

12. Inspection; see RUS Form 235, “Engineering Service Contract—Electric Substation Design
and Construction,” and 7 CFR 1726.403, “Project Construction Contract Closeout”

13. Testing

14. Energizing

Nogakwd
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When competitive bids are to be received for substation construction, the engineer’srole is that described
in7 CFR 1726.19, “Use of Competitive Procurement.” See also RUS Form 764, “ Substation and
Switching Station Erection Contract.”

Consultation with the RUS Genera Field Representative (GFR) may provide useful information and
assistance with pertinent RUS requirements.

3.4 PROCUREMENT
The methods and documentation for obtaining substation equipment are as follows:

1. Purchase order following informal quotations
2. Contract and purchase order following formal competitive bidding
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Guidelines and procedures applicable to the selection of materials and equipment include the following
documents:

7 CFR 1728, “Electric Standards and Specifications for Materials and Construction”

7 CFR 1726.22, “Methods of Construction”

Information Publication 202-1, “List of Materials Acceptable for Use on Systems of RUS
Electrification Borrowers”

7 CFR 1726.21, “New Materias’

Bulletin 43-9, “‘Buy American’ Requirement,” as updated per notice published in the Federa
Register on February 19, 1997, at 62 FR 7205

7 CFR 1728.20, “ Establishment of Standards and Specifications’

The size and complexity of aproject can greatly influence the choices in procurement. Lead times for
procurement of major and/or specia equipment in many cases may favor incremental purchases of
equipment.

Smaller projects may lend themselves more to “standard package’ -type procurement while the
procurement for larger projects may require many vendors.

3.5 DRAWINGS

3.5.1 General

For abasic distribution substation, a“One-Line Diagram” and “Plot Plan” may be the only drawings that

need to be custom made by the engineer. For example, if a substation is small, it may be possible to show
foundation details on the “Plot Plan.” Similarly, the grounding layout and details might also be shown on
a“Plot Plan.”

Larger substations will, of necessity, require more extensive documentation. RUS Form 235,
“Engineering Services Contract—Electric Substation Design and Construction,” detailsabasic list of
drawings often necessary.

3.5.2 Quality

3.5.2.1 Substation drawings of any kind should conform to industry accepted quality requirements.

3.5.2.2 Drafting Practice: It isrecommended that drafting practices be in accordance with American
Drafting Sandards Manual, ANSI Std. Y 14. Prints of the drawings will be used in construction, not
always under the most convenient environmental conditions. Experience indicates a preference for
equipment outlines with detailed pictoria representations. Pertinent component interfaces and
connections should be illustrated in adequate detail for construction and record purposes. The dimensions
of pertinent distances need to be shown. Drawings, though made to scale, should not have to be scaled
for construction purposes. Thought should be given to choosing scales and lettering sizes appropriate for
the type of drawing. It would be desirable to use bar-type graphic scaes on al drawings since many of
them may be reproduced in different sizes. Plans, elevations, and sections should be organized for
maximum clarity. Tolerances should be noted on drawings, such as those that specify foundation anchor
bolt locations and equipment mounting holes on control panels. Simplicity and clarity of drawings are
essential.
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3.5.2.3 Computer Drafting/Computer-Aided Design and Drafting (CADD)

3.5.2.3.1 General: Since the early 1980s the use of CADD has exploded. With proper planning, CADD
isavery productive tool. Virtualy al modern substations are now designed on CADD systems.

3.5.2.3.2 Startup: Parameters need to be established before the creation of any drawings with CADD.
These parameters are basic to CADD and permit CADD to make use of its strength and flexibility to
produce quality products. These parameters will ultimately lead to the increased productivity that users
expect from CADD:

1. Establish or revise key drawing criteria. The engineer needs to know what is to be shown on

each drawing.

Establish legends for the symbols that will be used.

Standardize the line weights and text sizes.

Establish standard layer or level schemes.

Provide for the ability to isolate layers and reference other files.

Provide for the ability to make changes on one file and have the changes reflected on related

drawings, eliminating having to change the other drawings.

7. Esablish acdl library or blocks, in alocation for standard files, of items that will be
continually reused in the cooperative' s drawings.

8. Create seed files or prototype files that may be used as the base for drawing preparation.

oA~ WN

3.5.2.3.3 Detailing Guiddines: The use of CADD generates new considerations and requires new
guidelines. However, good manual detailing practices such as the following still apply to computer
detailing:

Draw everything to scaleif possible.

Use good clear dimensioning.

Carefully select line weights and text sizes. Use standard sizes where applicable.

Do not overdetail drawings with the use of CADD. It makes no sense to show the threads on
the bolts just because you can.

Use the cooperative' s standard detailing manuals and procedures, or coordinate with other key
design and detailing personnel in the cooperative.

If you wouldn’t show a detail with ink on mylar, it should not be drawn with CADD software.
Avoid trandations. CADD software will seldom trandate drawings prepared by another
vendor’ s software completely accurately. It's always best to use the cooperative' s standard
CADD software.

8. Avoid mixing drawings from different CADD packages on a project or within a cooperative.
The use of severa different CADD packages within an organization will tend to lead to
confusion in detailing.

AWOWDNE
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3.5.2.4 Legends, Notes, and Symbols: Put adefinitive legend on the first sheet of each type of
drawing. Thislegend should not only include the standard symbols, but al specia symbols or
designations. A set of notes is often found to be a desirable supplement on adrawing. Use judgment to
avoid overdoing notation. It may be better to consider additional details on the drawings rather than a
long list of notes. Electrical symbols should be in accordance with IEEE Std. 315, “Graphic Symbols for
Electrical and Electronics Diagrams.”

3.5.2.5 ReferenceDrawings: Give proper careto the listing of reference drawingsto ensure a
coherent, concise pattern.
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3.5.2.6 Titles: Make drawing titles concise, accurate, and specific. They should not be so general that
the drawing itself has to be viewed to see what it covers.

3.5.2.7 Approvals: Ensurethat every drawing or revision to a drawing indicates the proper approvals
and dates.

3.5.3 Types of Drawings

Following are the main types of substation construction and reference drawings often required.
Appendix A to this chapter includes checklists covering the content of some types of drawings. Itis
recommended that the engineer use checklists as a design quality control tool.

One-Line Diagram - Switching
One-Line Diagram - Functional Relaying
Three-Line Diagram
Electrical Plot Plan
Site Preparation
Fence Layout
Electrica Layouts
Structure Erection Diagrams
Foundation Layouts
. Grounding Layout
. Conduit Layout
. Control House - Architectural, Equipment, Layout, Lighting, Etc.
13. Station Service Diagrams AC and DC
14. Cable Lists and Conduit Lists
15. Bills of Materia
16. Drawing List
17. Control Panels
18. Schematic and Detailed Wiring Diagrams

Kppeo~Noah,wpdE
O

3.5.3.1 One-LineDiagrams: One-line diagrams serve as the major substation reference drawings and
require special emphasis. These references should be the first drawings prepared. The switching and
functional relaying information may appear on the same one-line diagram if the presentation is not too
complicated. It is recommended that one-line diagrams be prepared utilizing the “ Typical Substation
Drawing Checklist” that isincluded in Appendix A.

Acceptable symbols for some of the most common substation equipment are illustrated in Figures 3-1
through 3-19. Generally, these symbols are based on IEEE Std. 315. Drafting templates are
commercialy available to assist in developing one-line diagrams. Each symbol should be accompanied
by the pertinent equipment information indicated.
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B
A C ‘
I
MANUFACTURER
Y TYPE OA/FA/FOA ETC. AS APPLICABLE

X CAPACITY (_/_/_ MVA)
" VOLTAGE (_/_/_/ETC _/_—_ KV)
CXT A\ g3 IMPEDANCE (__ OHMS HV-LV)

(SHOW PHASING AND TERMINAL
= Z DESIGNATION ON VECTORS)

Figure 3-1: Power Transformer (Shown with Load Tap Changer on Low-Voltage Side). Ref. IEEE
Std. 315 based on Figs. 6.4.9, 1.9.3, 1.9.7.1, and 3.9.1. Copyright © 1975. IEEE. All rights reserved.

A INFORMATION SAME AS FIGURE 3—1 EXCEPT
<] CAAAL INCLUDE ALL IMPEDANCES
YL (HV=LV __% ON __ MVA BASE)

(HV=TV __% ON __ MVA BASE)
(LV—LV __% ON __ MVA BASE)

N

Figure 3-2: Three-Phase Transformer with Tertiary. Ref. IEEE Std. 315. Based on
Figs. 6.4.17, 1.9.3, 1.9.7.1, and 3.9.1. Copyright © 1975. IEEE. All rights reserved.

<1 |

Figure 3-3: Three-Phase Auto-Transformer. Ref. IEEE Std. 315. Based on
Figs. 6.4.8, 1.9.3, 1.9.7.1, and 3.9.1. Copyright © 1975. IEEE. All rights reserved.
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NO. — MFR — TYPE )\J MFR — TYPE

!
__KV _ __ o
\ R e KVA A

| KV __ %
—_ KV BIL

Figure 3-4: Step Voltage Regulator with Bypass Switch.
Ref. IEEE Std. 315. Based on Figs. 6.4.10.1, 4.6.1, and 14.4.1.
Copyright © 1975. IEEE. All rights reserved.

5 — MFR — TYPE
__ A —— KV
—_ KV BIL

Figure 3-5: Hook Stick-Operated Disconnecting Switch.
Ref. IEEE Std. 315. Figure 4.6.1.
Copyright © 1975. IEEE. All rights reserved.

1

MFR — TYPE
A KV

KV BIL

Figure 3-6: Three-Phase Gang-Operated Disconnecting Switch with Horn Gaps
and Grounding Switch. Ref. IEEE Std. 315. Figs. 4.6.1, 4.6.6, and 3.9.1.
Copyright © 1975. IEEE. All rights reserved.
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®

MFR — TYPE
A KV

—— KV BIL

Figure 3-7: Three-Phase Double Side-Break Disconnecting Switch with Motor Operator.
Ref. IEEE Std. 315. Based on Figs. 13.1.3 and 4.6.1. Copyright © 1975. IEEE. All rights reserved.

1 OR 3 — MFR - TYPE

—— A —— Kv
__ A LINK (OR MFR CAT. NO.)
—_ KV BIL

Figure 3-8: Fused Disconnect. Ref. IEEE Std. 315. Figs 9.1.1 and 9.1.3.
Copyright © 1975. IEEE. All rights reserved.
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{ 1 OR 3 = MFR = TYPE = | OR 3o
—— A e 4]
: ’ —— KV BIL
Figure 3-9: Oil Circuit Recloser. Ref. IEEE Std. 315. Based on Fig. 9.4.6.
Copyright © 1975. IEEE. All rights reserved.
1200-5A MR
_400—5A CONN.
DEPICTS + INTERRUPTING MEDIUM
MECH. END
\ MFR — TYPE A FOR AIR
* 0 FOR OIL
—— A __ kv vV FOR VACUUM
—— A INT. CAP. G FOR GAS
—— KV BIL
__ -5A MR
—— —5A CONN.

Figure 3-10: Circuit Breaker (Shown with Bushing-Type CTs and Reclosing Relay).
(Show Polarity Marks on One-Line Functional Relaying Diagram.)
Ref. IEEE Std. 315. Based on Figs. 9.4.4, 6.4.19, and 4.5.3.
Copyright © 1975. IEEE. All Rights Reserved.

: S5 — MFR — TYPE

Figure 3-11: Surge Arrester. Ref. IEEE Std. 315. Based on Figs. 9.3.1 and 3.9.1.
Copyright © 1975. IEEE. All rights reserved.
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= \J\/ NO. — MFR — TYPE

VA KV

| —Kv— __/__V
T —__ KV BIL

Figure 3-12: Voltage Transformer. Ref. IEEE Std. 315. Based on Figs. 3.9.1, 6.4.20, and 1.9.7.1.
Copyright © 1975. IEEE. All rights reserved.

AS REQ'D

NO. — MFR = TYPE

A KW

—_—5A CONM.
— KY¥Y BIL

Figure 3-13: Current Transformer. (Show Polarity Marks on Functional
Relaying One-Line Diagram.) Ref. IEEE Std. 315. Figs 6.4.18 and 1.6.3.1.
Copyright © 1975. IEEE. All rights reserved.

— [
NO. — MFR — TYPE =

Y
Py 3 ¢ __ KV  __ KVBIL

a) b)

N
7

Figure 3-14: Coupling Capacitor with Voltage Transformer. Ref. IEEE Std. 315.
Based on Figs. 2.2.1, 2.2.15, and 6.2.7.1. Copyright © 1975. IEEE. All rights reserved.

1 MFR — TYPE
__KV  __KVBIL
<
o~ MFR — TYPE — __ o
__ HZ

Figure 3-15: Coupling Capacitor, Wave Trap, Tuning Unit, and Power Line Carrier
Transmitter/ Receiver. Ref. IEEE Std. 315. Based on Figs. 6.2.8.1 and 2.2.12.
Copyright © 1975. IEEE. All rights reserved.
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(ENERGIZED CONDUCTOR)

(TO EQUIP)

Figure 3-16: Disconnecting Clamp. Ref. IEEE Std. 315.
Based on Fig. 3.3.1. Copyright © 1975. IEEE. All rights reserved.

MFR — TYPE

AN
/|

—_ MVAR
_ KV

Figure 3-17: Shunt Capacitor. Ref. IEEE Std. 315. Fig. 2.2.11.
Copyright © 1975. IEEE. All rights reserved.
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D L, e
£ CIRCUIT BREAKER (LOW VOLTAGE)
] RESISTANCE OR HEATING ELEMENT
—oo— REACTOR
G DISCONNECT ON DRAWOUT CONNECTION

—|I ! GROUND CONNECTION

<> STRESS RELIEF DEVICE

— % TEST SWITCH (POT. OR ISOLATION)
VARERPUAY TEST SWITCH (CURRENT SHORTING)
|®] INDICATING LIGHT
()
@ FIBER-OPTIC CIRCUIT

—= MICROWAVE PATH

Figure 3-18: One-Line Diagram Symbols. Ref. IEEE Std. 315.
Based on Figs. 5.3.4,9.4.1, 2.1.1, 6.2.1, 3.9, and 1.3.1.
Copyright © 1975. IEEE. All rights reserved.

Figures 3-20, 3-21, and 3-22 provide e ementary examples of symbols in combination. Figure 3-20 shows
a conceptua one-line diagram of a transmission substation. Figure 3-20 is provided merely to illustrate
use of some of the symbols. Figures 3-21 and 3-22 combined provide a more complete example of
equipment usage for Line 161-20. It may be observed that equipment shown on Figures 3-21 and 3-22
hardly exhausts the possibilities of equipment application for a 161 kV line. Figures 3-21 and 3-22,
moreover, indicate the desirability of having both switching and relaying one-line diagrams except for the
simpler substations.
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1 ARROW INDICATES

DIRECTION OF TRIPPING

TO OTHER RELAYS OR
METERS AS REQUIRED

POTENTIAL CONNECTIONS, AS
REQUIRED, AT RIGHT ANGLES
TO CURRENT CONNECTIONS

TO POTENTIAL
SOURCE

A PARTIAL LISTING OF DEVICES AS FOLLOWS:

(FOR AMMETER)

(FOR VOLTMETER)

(FOR WATTMETER)

(FOR WATT—-HOUR METER)

(FOR VOLT AMPERE REACTIVE METER)

OR A NUMBER IN ACCORDANCE WITH ANSI STD. C37.5
SUCH AS THE FOLLOWING COMMONLY USED NUMBERS:

21
27
32
30
51
67
74
87

Figure 3-19:

(DISTANCE RELAY)

(UNDERVOLTAGE RELAY)

(DIRECTIONAL POWER RELAY)
(INSTANTANEOUS OVERCURRENT RELAY)
(AC TIME OVERCURRENT RELAY)

(AC DIRECTIONAL OVERCURRENT RELAY)
(ALARM RELAY)

(DIFFERENTIAL PROTECTIVE RELAY)

Typical Relay and Meter Representation. Ref. IEEE Std. C37.2-1996.
Copyright © 1975. IEEE. All rights reserved.
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LINE 161-17 LINE 161-20
== 1
| |
/ ! / I
| | SEE FIGURE 3-21
| | FOR SWITCHING
277 I 177 I
| | SEE FIGURE 3-22
/ | / | FOR FUNCTIONAL RELAYING
| |
l 161kV BUS '———1|r———'
Ef‘:lzgg E¢|199
/ TRANSF. 2 / TRANSF. 1
LINE 69-30 |_,I‘:\ \_,I:’\ LINE 69-7
E[éeas E[Elzse d%lws E[éma
1 J 69kV MAIN BUS l l
588 488 [[é 155 388 288
l? 69kV TRANSFER BUS L\)
? ?
|—[\ 0—[‘ .—r .)_r
LINE 69-21 LINE 69-19 LINE 69-8 LINE 69-2

Figure 3-20: Conceptual One-Line Diagram
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LINE 161-20

3/0 ACSR

C/
l MFR., TYPE
795 KCMIL
ACSR I
MFR.—TYPE — Ao
100HZ

795 KCMIL ——AP
ACSR ®

III—/ MFR., TYPE
178/L@ 1600A., 161kV
750 kV BIL

St
L
o
an
MFR., TYPE
177 |: 1600A., 169KV
31,500A. INT. CAP.
— 750 kv BIL
Q,
T

u]
795 KCMIL ——AP

ACSR
MFR., TYPE
1600A., 161kV

750 kV BIL

A P A

i

(%

Figure 3-21: Partial Switching One-Line Diagram (See Figure 3-20)
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LINE 161-20
-
l$\ U A
MFR. TYPE MFR. TYPE
LINE 100 Hz
TRAP
E—-—— BUS DIFFERENTIAL RELAYING
A L 2000-54 MR
(1. 500-5a conN
[ ]
-
| E— 2000-5A MR
1 (:: 200-5A CONN
——=— BACKUP RELAYING
[: |l -
1
.4_._.0 L_.__ __________
@-® T PRIMAR?TI%ELAY[NG i
)Tl 2000-5A MR * T f
L BOO—5A CONN
2000-5A MR LA
/Lﬂ 600—5A CONN
' METERING b7

POTENTIAL

/ SOURCES

161kV BUS

Figure 3-22: Partial Functional Relaying One-Line Diagram (See Figure 3-20)
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3.5.3.2 CablelListsand Conduit Lists. Cables may be identified on a drawing, such as a conduit
layout, if the number of cablesisnot large. On large Sations, it generally is desirable to have a separate
cable identification list. A cable identification system should be devised to indicate the location of one
end of each cable and the function of the cable. An aphanumeric designation often workswell. In such a
system, C4-3 could be a cable from acircuit breaker at location C4 on a grid system where C designates
an equipment row centerlinein aseries A, B, C, D, etc., and 4 designates arow centerline in a series
1,2,3,4,5,6, etc., at aright angle to centerline C. The -3 could represent a cable for control.

Different arabic numeras could be used for other functions.

3.5.3.3 Billsof Material: Asagenerd rule, dl elements of work in a substation should have alist of
material. When such lists comprise a multisheet drawing, they are known as Bills of Material. Formats
should be devised to include the following information as a minimum:

Identification of the substation

Alphanumeric code name for items that may appear on a construction drawing for
identification and location

Adeguate description of each item

Reference to the applicable purchasing document

Quantity of the item

Reference to drawing(s) on which the item is shown for installation

A

o oA~ Ww

3.5.3.4 DrawingList: Itisrecommended that every substation have adrawing list that includes, at the
cooperative' s and engineer’ s discretion, manufacturers' drawings, design calculations, the cooperative's
standard drawings, etc.

3.5.3.5 Schematic and Detailed Wiring Diagrams: These wiring diagrams should be prepared
following the guidelinesin ANSI Std. Y 14.15, “Electrical and Electronic Diagrams.”

3.6 STUDIES
For many substations, it will be necessary to make a number of studies such as feasibility studies,
economic comparisons, voltage drop calculations for control and auxiliary power circuits, rigid and strain

bus design comparisons, structural design calculations, etc. The results of these studies along with the
calculations should be retained with other documents relating to the particular substation.

3.7 REFERENCES

7 CFR 1710.119, “Loan Processing Priorities.”

7 CFR 1724.53, “Preparation of Plans and Specifications.”
7 CFR 1726.19, “Use of Competitive Procurement.”

7 CFR 1726.21, “New Materias.”

7 CFR 1726.22, “Methods of Construction.”

7 CFR 1726.35, “Submission of Documents to RUS.”
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7 CFR 1726.403, “Project Construction Contract Closeout.”
7 CFR 1728, “Electric Standards and Specification for Materials and Construction.”
7 CFR 1728.20, “ Establishment of Standards and Specifications.”

ANS Std. C37.2, “Standard for Electrical Power System Device Function Numbers and Contact
Designations.”

ANSI Std. Y14, American Drafting Sandards Manual.

ANS| Std. Y 14.15, “Electrical and Electronic Diagrams.”

IEEE Std. 315, “Graphic Symbols for Electrical and Electronic Diagrams.”

RUS Bulletin 43-9, “Buy American Requirement.”

RUS Form 235, “Engineering Service Contract—Electric Substation Design and Construction.”
RUS Form 764, “ Substation and Switching Station Erection Contract.”

RUSIP 202-1, “List of Materials Acceptable for Use on Systems of RUS Electrification Borrowers.”
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APPENDIX A

TYPICAL SUBSTATION DRAWING CHECKLIST

GENERAL —FORALL DRAWINGS

ODVOZIrA="IOMMUO®W

COVER SHEET/INDEX

LEGEND

ELEMENTARY ONE-LINE DIAGRAM(S)

RELAY ONE-LINE DIAGRAM(S)

GENERAL ARRANGEMENT PLAN

SITE PLANS, SECTIONS, AND DETAILS

SUBSTATION PLAN, SECTIONS, AND DETAILS

FOUNDATION PLAN AND DETAILS

STRUCTURE PLAN AND DETAILS

GROUNDING PLAN AND DETAILS

RACEWAY PLAN AND DETAILS

DUCT BANK AND HIGH-VOLTAGE CABLE PLAN AND DETAILS

CONTROL BUILDING PLANS, SECTIONS, AND DETAILS

SUBSTATION BILL OF MATERIALS

RELAY CONTROL PANEL (SWITCHBOARD) LAYOUTSAND WIRING DIAGRAMS
THREE-LINE DIAGRAMS, AC AND DC SCHEMATICS

MISCELLANEOUS EQUIPMENT YARD EXTERNAL CONNECTION DIAGRAMS
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3

GENERAL - FOR ALL DRAWINGS

a~rwWNE

BREBO®N®

14.

15.

16.
17.

18.
19.

20.

Title block.

Engineer’s sed (verify whether engineer needs to sign the sedl).

Drawing dates (input date the drawing is issued for owner approval).

Revision block.

Signature lines:

a. Detailed - Detailers name (i.e., JA. JONES) who initially made the drawing.

b. Designed - Design engineer’s name (i.e. T.R. SMITH).

c. Checked - Initids (i.e.,, L.M.F.) of the engineer who checked the drawing; the
same engineer may not check all contract drawings.

Symbology is correct per Legend drawing.

Drawing coordinate system is provided on border margins.

Drawing is of materia satisfactory to the cooperative.

Drawing is of a size satisfactory to the cooperative.

. Drawing is identified as satisfactory to the cooperative.

. All line work and lettering are reproducible.

. The smallest lettering is readable at the smallest proposed reduction size.

. Consideration has been given to overall organization of drawing to minimize

field inconvenience.
Drawing avoids ambiguities, incompleteness, lack of clarity, miseading
emphasis, etc.
Legends, notes, symbols have been carefully reviewed for correctness and
compl eteness.
Appropriate drawings are referenced.
All changes are incorporated as required by the cooperative or RUS.
Additional for Plan, Sections, Elevations, Details, and Panel Layouts.
Bar scale (engineer’s scale only).
Detail, Section, or Elevation Designation and Title.
Additiona for Plan, Drawings, Detail Plan Views, One-Line and Three-Line
diagrams.
North arrow (reference to grid, true, or magnetic north).

A. COVER SHEET/INDEX (MAY BE MORE THAN ONE DRAWING)

©CONDUA~WNE

=

0.

Engineer’s sed

Cooperative name

Cooperative logo

Project description

Contract number and name

List of contract drawings
Vicinity map (with north arrow)
List of reference drawings
Project number

Y ear
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Include the “ General - for All Drawings’ items.

1

List of al symbols used for the drawings (do not have individua legends on
other drawings with the exception of complex Civil Site Grading Plans).

C. ELEMENTARY ONE-LINE DIAGRAM(S)

Include the “Generd - for All Drawings’ items

NoarwWDNE

8.
9.
10.
11.

Substation names and voltages

Breakers with PCB numbers

Disconnect switches with numbers

Line/major equipment designations

Phasing

Future equipment

Transmission lines:

a. Length

b. Conductors/stranding

c. Transpositions

Bus and relative location, physically oriented as possible

Interties to interconnecting utilities - phasing difference between utilities
Power fuses

Other information needed from a switching standpoint to define overall system

D. RELAY ONE-LINE DIAGRAM(S)

Include the “ General - for All Drawings’ items.

1

2.
3.

Power One-line:
a.  Incoming lines/designations and voltages
b. Disconnect switches and numbers
c. Surge arresters/quantity and rating
d. Power transformers (in equipment box):
(1) Winding type - auto or multiple winding and tertiary
(2) Surge arresters
(3) Phasing
(4) Bushings/designations
(5 Neutral/ground connection
(6) Transformer designations:
(a) Voltagerating
(b) MVA rating
(c) Cooling rating
(d) HV taps
(e) LV taps
(f) LTC (if applicable)
(9) Impedance for al winding connections
(h) Winding connection diagram indicating phasing and voltage
relationships at bushings
Power fuses w/ continuous current rating
Station service transformer:
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Quantity
kVA rating
Transformer type
Voltage ratings
Taps
Secondary breaker or fuse if located in yard near transformer
Reference to low-voltage AC drawing
4, ngh-vol tage bus with designations on main bus and phasing, connection dots
5. Power circuit breakers:
a.  Bushing pole numbers
Cabinet location
Designation
Continuous current rating
Breaker number
CVTs, CVTs or PTs:
Primary winding
Secondary winding with terminal designations
Quantity (if more than one)
Phase designation
Voltage rating for al windings
Ratio for all windings
Capacitance of device
7. Llne traps
a. Designation
b. Phaselocation
c. Continuous current rating
8. Miscellaneous equipment:
Correct symbol per legend
Designation
Phasing
Quantity (if more than one)
Major equipment ratings
|scellaneous
Future bus connections
Temporary bus connections:
1. Clear differentiation between permanent -vs- temporary
2. Different phases of construction (permanent -vs- temporary)
c. Referencesto other drawings
d. Bill of materia # sfor major equipment
e. Drawing coordinate system
10. Protection/controls:
a. Current transformers/circuits:
(1) Correct orientation of symbol
(2) Multi ratio -vs- singleratio
(3) Polarity marks
(4) Symbol for wye or delta connection
(5) Quantity (if more than one)
(6) Maximum ratio for multi-ratio
(7) Ratio combinations for dua rated CTs
(8) Connected ratio

QP a0 o

Q@O0 TOQPR0DT

cpzoaooe
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(9) Shorted if not used
(10) Circuits short as possible to minimize confusion
(11) Fewest line crossings as possible to minimize confusion
(12) Straight through devices - in and out
(13) Test plug arrows pointed properly
(14) Polarizing currents in and out on 45 degree angle
b. Potentia circuits:
(1) Potential device secondary winding
(2) Potential device secondary connections
(3) Fusesand contact current ratings
(4) Test points as appropriate
(5 Into instruments on a square angle
(6) Short as possible to minimize confusion
(7) Fewest line crossings as possible to minimize confusion
c. Equipment enclosure boxes:
(1) Transformers
(2) Fuseand terminal boxes
(3) Designations and phasing as applicable
d. Instruments:
(1) Circle or box per legend
(2) Designations or suffixes per legend
(3) Location symbol
(4) Quantity (if more than one)
e. Control logic:
(1) Short as possible to minimize confusion
(2) Fewest line crossings as possible to minimize confusion
(3) Arrowhead toward the direction of action
(4) Arrowhead only where action splits or comes together for acommon
function
(5) Contact designations where applicable to show correct logic
(6) Diodes where applicable and used to control the logic
(7) If not obvious, primary action of control identified (Trip, etc.)

E. GENERAL ARRANGEMENT PLAN

Include the “ Generd - for All Drawings’ items.

1

2.

3.

4
5.
6.
7
8
9

First transmission structure outside the fence, minimum, with location
coordinates

Minimum of two survey monuments with elevations and dimensions to the
substation base lines

Coordinates (or dimensions to base line) of centerline of transmission line
termination structure

Transmission line voltage and name

Transmission line right-of-way with tie into substation monuments
Property lines and other utility corridors or rights-of-way

Basdine

Borrow and waste area

Trash area

10. Storage areas



Bulletin 1724E-300
Appendix A, Chapter 3
Page 78

11. Site access

12. Vicinity map with ties to state plane coordinates

F. SITE PLANS, SECTIONS, AND DETAILS

Include the “ General - for All Drawings’ items.
1. Site Plan/Grading Plan:

Qoo T

h

a

b.
C.

Basdine

Benchmark

Fence coordinates
State plane grid system
New and existing grade
Buried facilities
Borrow area

Access roads

2. éite Sectionsg/Grading Sections and Details:

Sections:

(1) Fencelocation

(2) Basdlinelocation

(3) Elevations

(4) New and exigting grade
Fence details

Gate details

G. SUBSTATION PLAN, SECTIONS, AND DETAILS

Include the “ Generd - for All Drawings’ items.
1. Substation Plan:
a. Fence

b.

C.

Warning signs

Equipment and structures:

(1) Deadend structure

(2) Breakers

(3) Switches

(4) Control building

(5) Instrument transformers
(6) Power transformer

(7) Switchgear

(8) Reactors

(9) Bussupports

(10) Static masts

(11) Capacitors

(12) Surge arresters

(13) Cable trench and designated drive paths
Bus and conductor:

(1) Endbdls

(2) Grounding studs

(3) BusA-frame connection
(4) Jumper connections
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i
K.

a

b.

C.

d.
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(5) Strain bus

(6) Bus cutting schedule

Phasing (transmission line phases and bus phases)

Transmission line voltage and hame designation
Section reference callouts

Detail reference callouts

Dimensions (fence to major equipment if dimensions do not show up on
section drawings)

Future equipment

Notes

Basdine

2. éubstation Sections and Details:

Bill of Material callouts (if typicd is used, it is only for the section in
question)

Dimensions (centerline of equipment)

Bottom of baseplate callout (each section)

Conductor and static wire takeoff heights, stranding, and maximum
alowable tensons

Bus support type calout (may be shown on plan):

(1) Sip

(2 Fixed

(3) Expansion

Detail reference callouts

Bus and conductor:

(1) End bdls

(2) BusA-frame connections

(3) Grounding studs

(4) Jdumper connections

Disconnect switches and switch operators

Arealighting

Notes:

(1) Reference assemblies

(2) Reference grounding details

Transmission line voltage, name designation, conductor, and stranding
Phasing

Equipment elevation differences to bottom of baseplate; elevation
differences are noted if leveling nuts are used on some equipment
Elevation bregks in bus

Junction boxes/fuse boxes

Welding outlet locations

Telephone location

3. Substation Detalls;
a Bill of materia callouts

b. Reference notes to other details

H. FOUNDATION PLAN AND DETAILS

Include the “ Genera - for All Drawings’ items.
1. Foundation Plan:
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Q00T

~oo0 T

Foundation key

T.O.C. devations

Basdlines

Monuments with coordinates and elevations

Buried facilities

Fence

Foundations:

(1) Equipment

(2) Deadend structures

(3) Static masts (if any)

(4) Control building

(5) Cabletrench

(6) Qil containment system

Dimensions - to centerline of al foundations, unless noted otherwise (should
match with centerlines on foundation details, other dimensions as needed for
clarification):

(1) Cabletrench

(2) Centerline of drilled shafts

(3) Corner of large foundations

Manholes and handholes

2. Foundation Details:

Drilled shaft schedule

Anchor bolt detall

North arrow on Plan Views (reference to grid, true, or magnetic north).
Anchor bolt locations

Miscellaneous foundations

Control building foundations

l. STRUCTURE PLAN AND DETAILS

Include the “Genera - for All Drawings’ items.
1. Structure Plan:
NOTE: On most substationsit is sufficient to incorporate Structure Plan design
with the Substation Plan drawing. Therefore a separate Structure Plan drawing is
not required. For more complex substations, a Structure Plan may be required.

a

b.
C.
d.
e

Loading table

Basalines

Monuments with coordinates and elevations

Fence

Dimensions - to centerlines of al structures, unless noted otherwise (should
match with centerlines on structure details, other dimensions as needed for
clarification).

Notes:

(1) Definition of terms

(2) Definition of symbols

2. Structure Detalls:;

a. Loading table.
b.

Notes:
(1) Définition of terms
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(2) Definition of symbols

J. GROUNDING PLAN & DETAILS

Include the “Generd - for Al

| Drawings’ items.

1. Grounding Plan:

ro

)
Q@O oNTEERTT@TORN T

K. RACEWAY PLA

Include the “ General - for A

Basdine

Dimension ground grid - if necessary
Reference grounding details

Cable trench ground

Fence ground

Switch operator mat

Riser locations

Bill of materid for different size conductor
Designation symbols per legend
unding Details:

Reference notes to other details
Typical equipment grounding
Typica structure grounding

Typica power transformer grounding
Typical switch grounding

Typical fence and gate grounding
Any specific required grounding

N AND DETAILS

[I Drawings’ items.

1. Raceway Plan:

oS00 TR

Basdine

Raceway schedule (may be a separate database list)
Conduit and direct-buried cable with approximate routing
Conduit and direct-buried cable designations

Cable trench

Y ard lighting symbols

Y ard receptacles

Detail references

Major equipment identifications

Manholes and handholes

2. Raceway Details:

a

b.
C.
d.
e

Reference notes to other details

Conduit installation to equipment

Control and lighting cable installation to equipment
Major equipment identifications

Cable trench details

L. DUCT BANK AND HIGH-VOLTAGE CABLE PLAN AND DETAILS

Include the “Generd - for A

[I Drawings’ items.

1. Duct Bank and High-Voltage Cable Plan and Profiles:
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a. Duct bank curve data table:

(1) Ddta

(2 Radius

(3 Length

(4) Tangent

Stationing

Northing and easting for beginning and end of duct bank

Duct bank bearing and identification
e. Finished grade and existing grade

2. Duct Bank and High-V oltage Cable Horizontal and Vertical Profiles, Sections,
and Details:

Reference notes to other details

Duct size, quantity, and arrangement

Reinforcing steel

Depth, finished grade, backfill, and clearances

oo

cooo

M. CONTROL BUILDING PLANS, SECTIONS, AND DETAILS

Include the “ Generd - for All Drawings’ items.
1. Control Building Electrical Plan and Sections:
a. Equipment Plan:
(1) Pand boards
(2 Batteries
(3) Battery charger
(4) AC/DC power panels
(5 Eyewash
(6) Table& chair
(7) Fuse boxes
(8) Fire extinguisher
(9 Exitsign
(10) Dimensions
b. Equipment List:
(1) Bill of materia item number
(2) Key number
(3) Equipment description
c. Raceway Plan:
(1) Equipment
(2) Conduit
(3) Raceway callouts
(4) Cabletray (if required):
(@) Tray key:
[1] Key
[2] Description
[3] Sze
(5) Building cable trench (if required)
(6) Raceway number
(7) Raceway sze
(8) Circuit numbers (per Circuit Schedule) of each raceway
d. Lighting and grounding plan:




Bulletin 1724E-300
Appendix A, Chapter 3
Page 83

(1) Lights (with correct legend symbol)
(2) Exitsignlocation

(3) Switches (location and type)

(4) Receptacles

(5) Circuit designations

(6) Ground conductor locations

(7) Ground connections

(8) Equipment

(9 Cabletray (if required)

2. Control Building Mechanical (HVAC) Plan and Sections:

a

Design and detailing may be done by mechanica discipline.

3. Control Building Architectural Plan and Sections:

a

Design and detailing may be done by architectural discipline.

N. SUBSTATION BILL OF MATERIALS

(May bein database format.)

O. RELAY CONTROL PANEL (SWITCHBOARD) LAYOUTS AND WIRING

DIAGRAMS

Include the “ Generd - for All Drawings’ items.
1. Layouts:

a

C.
d.

Front view:

(1) Panel designation
(2 Mimic bus

(3) Relays

(4) Futurerelays

(5) Control switches
(6) Test switches

(7) Pane dimensions
(8) Future panels
Rear view:

(1) Reays

(2) Futurereays

(3) Panel designation
Nameplate schedule
Relay Bill of Materia

2. Wiring Diagrams:

a
b.

oo

Schematic reference

Notes:

(1) Definition of terms

(2) Definition of symbols not shown on Legend sheet

Device Internal Diagrams (may be a separate drawing)

Bill of Materia (may be a separate database)

Device graphic showing terminals; device located on Wiring Diagram in
genera proximity of device location asinstalled on Layout

Device Designation and Wiring Termination list adjacent to each device

graphic
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Example: UA
1-CAl
2-BD7
L1-UA2
L2 - UA4

g. Termina blocks with externa cable and panel-to-pand circuit connections

P. THREE-LINE DIAGRAMS, AC AND DC SCHEMATICS

Include the “ Genera - for All Drawings’ items.
1. Three-Line Diagrams

a

Power Three-Line:

(1) Three phases

(2) Physicaly oriented

(3) Phasing

PCBs:

(1) Bushing pole location and number
(2) Control cabinet

(3) Breaker number

Disconnect switches:

(1) Group-operated/single phase
(2) Switch number

d. Surge arresters:

(1) Quantity

(2) Voltagerating

Line designations

Line voltage

CCVTs, CVTs and PTs:

(1) Capacitors

(2) Drain coil

(3) Primary winding

(4) Secondary winding

(5 Heaters

(6) Secondary terminal block designations
(7) Carier taps, if applicable

(8 LTU

(9) Phaseidentification

Current transformers:

(1) Correct orientation as one-line diagrams
(2) Multi ratio vs. single ratio

(3) Polarity marks

(4) Ratio combinations for dua rated CTs
(5 Maximum ratio for multiratio CTs

(6) Connected ratio for multiratio CTs

(7) External terminals connected to externa circuits
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(8) Jumpers
(9) Groundsif applicable
i. Circuit designations:
(1) Eachcircuit identified per circuit schedule designation
(2) Terminal conductors shown with color coding
(3) Spare conductors indicated
(4) Shield tape or ground indicated
(5) Circuit grounds indicated, if applicable
j.  Power fuses:
(1) Continuous current rating
k. Transformers:
() Surge arresters
(2) Bushing identification
(3) Phasing
(4 LTC
(5 NLTC
(6) Winding connections
(7) Neutra
(8) Transformer identification
(9) Voltage ratings
(10) MVA ratings
(11) Cooling ratings
(12) Temperature ratings
[.  Maor equipment:
(1) Power ratings
(2) Voltageratings
(3) Current ratings
(4) Identification
m. Miscellaneous:
(1) Equipment/cabinet enclosures
(2) Notesasapplicablefor clarification
2. AC Schematics
a. Current circuits for power circuit breakers, transformers and generators, and
circuit switches and motor-operated disconnect switches:
(1) Relay and meter current coils, and polarizing, neutral protection, and
differential protection circuits:
(@) Circuit designations:
(1) Each circuit identified per circuit schedule designation
(2) Terminal conductors shown with color coding
(3) Spare conductors indicated
(4) Shield tape or ground indicated
(5) Circuit grounds indicated, if applicable
(b) Location in circuit and proper orientation
(c) Polarity (if applicable)
(d) Phase:
(1) Proper orientation
(2) Terminal and connection points
(e) Device connections and terminals
(f) Current switches normal position: grounded, shared, open, or closed
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(9) Circuit ground located at device or at panel
(h) Miscellaneous current devices:
(1) Fault recorders
(2) Seguence of events recorders
(i) LTC current circuits:
(1) Vacuum interrupters
b. Potential circuits for power circuit breakers, transformers and generators, and
circuit switches and motor-operated disconnect switches:
(1) Relay and meter voltage coils and polarizing, synchronizing, and
underfrequency load-shedding circuits:
(&) Circuit designations:
(1) Each circuit identified per circuit schedule designation
(2) Terminal conductors shown with color coding
(3) Spare conductors indicated
(4) Shield tape or ground indicated
(5) Circuit grounds indicated, if applicable
(b) Location in circuit and proper orientation
(c) Polarity (if applicable)
(d) Phase
(e) Device connection and terminal points
(f) Voltage switches normal position: grounded, shorted, open, or closed
(9 Circuit ground located at device or at panel
(h) Miscellaneous voltage devices:
(1) Fault recorders
(2) Sequence of events recorders
(3) Carrier blocking circuits
(4) Auxiliaries:
(8) Motors
(b) Heaters
(c) Lights
(d) Miscellaneous
(i) LTCcircuitsand controls
3. DC Schematics:
a. Circuit designations:
(1) Eachcircuit identified per circuit schedule designation
(2) Terminal conductors shown with color coding
(3) Spare conductors indicated
(4) Shield tape or ground indicated
(5) Circuit grounds indicated, if applicable
b. Relay trip and protection circuits:
(1) Power circuit breakers:
(@) Trip circuits:
(1) Protectiverelay circuits:
(@) Interna coils and contacts
(b) Target coilsand contacts
(c) MOVsand transistors
(d) Diodesand rectifiers
(e) Resistors and capacitors
(f) Relay taps and jumpers
(2 Auxiliary relays:
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(@) Cails
(b) Contacts
(c) Miscellaneous devices
(d) Spare device contacts
(3) Trip-blocking contacts:
(a) Control switch contacts
(b) Blocking relay coils and contacts
(4) SCADA control contacts
(5) Contact cdlout tables:
(d) Relay contacts
(b) Switch contacts
(6) Switch nameplates (escutcheons):
(a) Postions
(b) Closecircuits:
(1) Carrier start/stop circuits:
(8) Relay terminals and connections.
(b) Wire and device labels:
[1] Transmit
[2] Receive
(2) Closeblock circuits:
(d) Reélay coils and contacts
(b) Switch contacts
(3) Reclosing relay:
(& Coails
(b) Contacts:
[1] Reays
[2] Switches
(4) SCADA control contacts
(c) Auxiliary circuits:
(1) Motors
(2) Alarm points
(3) Miscdlaneous
(d) Breaker Failure Relaying:
(1) Reays:
(@) Interna coils and contacts
(b) Target coilsand contacts
(c) MOVsand transistors
(d) Diodesand rectifiers
(e) Resistors and capacitors
(f) Relay taps and jumpers
(2) Initiate contacts
(3) Contact callout tables
(2) Transformersand generators:
(@) Trip schemes:
(1) Differential circuitsfor power transformer, generator and bus:
(a) Protective relay circuits:
[1] Interna coils and contacts
[2] Target coilsand contacts
[3] MOVsand transistors
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[4] Diodesand rectifiers
[5] Resistors and capacitors
[6] Relay taps and jumpers
[7] Transformersand power supplies
(b) Trip contacts:
[1] Contact callout tables
(c) Auxiliary relays:
[1] Referencesto breakers tripped and/or devices operated
[2] Internal relay circuits as necessary
(d) Relay terminals and connections
(2) Sudden pressure (transformer):
(a) Protective relay circuits:
[1] Interna coils and contacts
[2] Target coilsand contacts
[3] MOVsand transistors
[4] Diodesand rectifiers
[5] Resistors and capacitors
[6] Relay taps and jumpers
[7] Transformersand power supplies
(b) Sudden pressure switch
(3) Neutral, highside, and remote trip schemes:
(a) Protectiverelay circuits:
[1] Internal coils and contacts
[2] Target coilsand contacts
[3] MOVsand transistors
[4] Diodesand rectifiers
[5] Resistorsand capacitors
[6] Relay tapsand jumpers
[7] Transformersand power supplies
(b) Trip contacts:
[1] Contact cdlout tables
(c) Auxiliary relays:
[1] Referencesto breakers tripped and/or devices operated
[2] Internal relay circuits as necessary
(d) Relay terminas and connections
(b) Alarm circuits:
(1) Reays:
(@) Cails
(b) Contacts
(2) Alarm cutout or reset switches
(3) Circuit switchers and motor-operated disconnect switches:
(8 Tripcircuit:
(1) Protectiverelay circuits:
(@) Interna coils and contacts
(b) Target coilsand contacts
(c) MOV’sand transistors
(d) Diodesand rectifiers
(e) Resistors and capacitors
(f) Relay taps and jumpers.
(2 Auxiliary relays:




Bulletin 1724E-300
Appendix A, Chapter 3
Page 89

(@) Cails
(b) Contacts
(c) Miscellaneous devices
(d) Spare device contacts
(3) Trip-blocking contacts:
(a) Control switch contacts
(b) Blocking relay coils and contacts
(4) SCADA control contacts
(5) Contact cdlout tables:
(d) Relay contacts
(b) Switch contacts
(6) Switch nameplates (escutcheons):
(a) Postions
(b) Closecircuits:
(1) Relay terminals and connections
(2) Close block circuits:
(a) Relay coils and contacts
(b) Switch contacts
(3) SCADA control contacts
(c) Auxiliary circuits:
(1) Motors
(2) Alarm points
(3) Miscdlaneous
4. SCADA and/or Alarm Schematics
a. SCADA poaints.
(1) Control
(2 Indication
(3) Metering
b. Annunciator(s):
(1) Contacts and terminals
(2) Auxiliary equipment and accessories
c. Miscdlaneous darms
d. Circuit designations:
(1) Each circuit identified per circuit schedule designation
(2) Terminal conductors shown with color coding
(3) Spare conductors indicated
(4) Shield tape or ground indicated
(5) circuit grounds indicated, if applicable
e. SCADA point list

Q. MISCELLANEOUS EQUIPMENT YARD EXTERNAL CONNECTION
DIAGRAMS

Include the “ Generd - for All Drawings’ items.
1. Schematic Reference
2. Notes:
a. Définition of terms
b. Definition of symbols not shown on Legend sheet
3. Device Graphic Showing Terminas and Terminal Blocks
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NOTE: In generd, the interna detail is not required or is shown on device
manufacturer’ s diagrams. The external cable connection is the important data to

be conveyed.

4. Termina blocks with jumpers and external cable connections.
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INTRODUCTION
11 GENERAL
1. Thissummary provides basic information on substation requirements and design.
2. The summary will be updated as the project progresses from initial design to in-service status.

Initsfinal form it will be, with supporting and reference documents, a complete record of the
substation.

1.2 BASIC IDENTIFICATION DATA

1. Substation Name
2. Cooperétive' s Designation and Name

3. Location

4. Summary Prepared by
Date
Revision “A” Prepared by
Date
(Asmany listings as necessary. Whenever arevision is made, a notation should be entered
in the left-hand margin adjacent to the item revised.)

1.3 SCHEDULE
Proposed or Record

Date
1.3.1 Pre-Design (identify documentation of each item for record)

Environmental Assessment or Environmental Report
Site purchase and title clearance

Topographical survey

Ambient noise level survey

Surrounding land use survey

Soil borings

Soil resistivity measurements

@roo0ooTw

1.3.2 Desgn

a. One-linediagram and genera layout for cooperative's approval

b. Detailed design for cooperative’ s approva (list individual areas
such as foundations, structures, electrical below grade, electrical above
grade, and protective relaying if separate submittals are required)

c. Design complete

1.3.3 Procurement (itemize as listed below for each set of equipment, material, and hardware)

a. Specification for cooperative' s approval

b. Bid invitation

c. Pre-bid meeting with vendors or contractors (sometimes
advantageous for major equipment or construction)
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d. Bidsreceived
e. Bid opening (usually construction only)
f. Evauation of bids
0. Pre-award meeting (sometimes advantageous with maor equipment
or congtruction)
h. Contract award
i. Deélivery (equipment, material, or hardware)
1.3.4 Congtruction
a. Begin construction
b. Complete site grading
c. Complete drainage
d. Complete roadways
e. Complete fence
f.  Begin foundations, conduit, and grounding
g. Complete below grade
h. Begin above grade
i. Complete outdoor yard
j.  Complete control house
k. Complete testing (list documents)
|.  Complete inspection (list documents)
m. Inservice
1.4 PERMITS AND LICENSES
List al permits and licenses that will be required prior to and during construction.
1.5 REFERENCES
1. Power requirements study (identify)
2. Two-Year Work Plan (identify)
3. Conceptud one-line diagram (identify)
2 DESIGN CONSIDERATIONS
2.1 INITIAL AND ULTIMATE REQUIREMENTS
1. Nomina Operating Voltages (itemize as listed below for each voltage):
a. Voltage kv
b. Design BIL kv
c. Connection (delta or wye)
d. Phaserotation
e. Phase displacement with respect to other voltages (leads or |ags) kV by
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2. Capacity:
a. Voltage Transformations (itemize as listed below for each transformation):
() High Voltage/Low Voltage / kV:
(@) Initial Capacity MVA
(b) Ultimate Capacity MVA
(2) High Voltage/Low Voltage / kV:
(a) Initid Capacity MVA
(b) Ultimate Capacity MVA
b. Circuit Connections (itemize as listed below for each connection):
(1) Voltage kv

(@) Initiad Quantity
(b) Final Quantity
(2 Voltage kv
(@) Initia Quantity
(b) Fina Quantity
c. Bus Configurations (itemize as listed below for each bus):
(1) Nomina Bus Voltage:
(@) Initia Configuration
(b) Ultimate Configuration (single bus, sectionalized bus, main and transfer bus, ring
bus, breaker-and-a-half, double breaker-double bus)

(2 Nominal Bus Voltage:
(@) Initia Configuration
(b) Ultimate Configuration (single bus, sectionalized bus, main and transfer bus, ring
bus, breaker-and-a-half, double breaker-double bus)

d. Current-Carrying Requirements (itemize as listed below for each bus and circuit

connection):
(1) Busor circuit connection description
(2 Nomina voltage kv
(3 Ampacity:
(a) Continuous amperes
(b) 24-hour temporary amperes
e. Ultimate Power Supply Fault Conditions:
() Three-phase fault amperes
(2) Phase-to-phase fault amperes
(3) Phase-to-ground fault amperes
f.  Maximum Permissible Fault Clearing Time seconds

22 SITE

State any unusua constraints imposed on the design because of site characteristics.

2.3 ENVIRONMENTAL

1

asrwN

State that design is in accordance with Environmental Assessment (identify) or Environmental
Report (identify).

Describe property and adjacent property including existing land use.

State any other uses in addition to substation (such as storage).

Describe, in general, any design measures taken to enhance appearance.

State the necessity for any unusual cost items related to public safety.



© N o
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State the rationale for noise contribution.

State the expected electrostatic and el ectromagnetic effects.

State the rationale for effluent design. Recommend that a design be made for a plan of action
to prevent pollution if thisis so indicated.

2.3.1 Weather

a

b.

State any unusually severe possible local conditions that the substation is not designed to
withstand.
State what design measures have been taken with respect to any specia local condition.

2.3.2 Temperatures

a. Average annual temperature:

b.

C.

(1) Maximum °C( °F)
(2 Minimum °C( °F)
Highest recorded temperature °C( °F)
Lowest recorded temperature °C ( °F

2.3.3 Wind and Ice Loading (itemize as listed below for line support structures, equipment support
structures, and conductors)

a

b.

Wind:
1. Vedocity km/hr ( mph)
2. Sdfety factor
3. Gusts km/hr ( mph)
4. Sofety factor
Ice:
1. Thickness cm ( in.)
2. Sdfety factor

2.3.4 Precipitation

a

b.
C.

d.

Design rainfall:

1. Amount cvhr ( in./hr)

2. Period hours

3. Fregquency of storm occurrence

Design snowfal:

1. Maximum drift depth m ( ft)
Electrica storms:

1. Isokeraunic level thunderstorm days per year
Humidity:

State design measures.

2.3.5 Altitude Above Mean Sea Level m ( ft)

2.3.6 Seismic Risk Zone
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2.3.7 Wildlife Protection
State any unusua measures required.

2.3.8 Airborne Foreign Materid Protection
State materials protecting against.

3 DOCUMENTS

3.1 AUTHORIZING DOCUMENT FOR DESIGN

3.2 DISTRIBUTION OF DOCUMENTS Itemize as listed below for each document and recipient.

(See Table 3-2 for Typica Document Distribution List.)

1. Document Description

2. Name and Address of Recipient

3. Number of Copies Spec , Full-Size Drawings , Half-Size Drawings

3.3 RUS PROCEDURES (To be checked with RUS)

1. Name and Address of RUS General Field Representative
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Table 3-2: Typical Document Distribution List
n'g c
v g > = S _ —_ €« 0 = S = )
25| 58 | 88 | 53 | 5% | g8 | =8 | BE | £ | £
53 | 25 53 83 25 | £¢ S E 5E < S
R o » o {n o= o= 53 S Q c Rl g g
8z s e £ S0 =0 SO 5
T . Ouw o
Distribution List
Owner
General Manager X X X *
Chief Engineer X X X X X X X X X *
Legal X X X X X X X
Design Engineer X X X X X X X X X
Owner’s Field Representative X X X X X X X
File X X X X X X X X X X
Engineer X
Project Manager X X X X X X X * *
Design Engineer X X X X X X X X X X
File X X X X X X X X X X
Resident Manager X X X X X X X
Inspector X X X X X
Contractors
Cl * * * * *
02 * * * * *
C3 * * * * *
C4 * * * * *
CS * * * * *
Approving Agencies
RUS X X * X
County/City Engineer * * * * *
Interconnecting Utility X X * * * *
Property Holder * *

* As Required.
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3.4 PROCUREMENT

1. Maor Equipment (itemize as listed below for each major piece of equipment, contract, or P.O):
a. Description of Equipment
b. Name and Address of Manufacturer
c. Contract number
d.  Purchase order number

2. Congtruction Contracts (itemize as listed below for each contract):

a. Description of contract

b. Name and address of contractor

c. Contract number
d. Purchase order number

3. Equipment, Materias, and Hardware (itemize as listed below for each item, contract, or P.O):

a. Description of item

b. Name and address of manufacturer

c. Purchase order number

3.5 DRAWING LIST OR DRAWING LIST NUMBER

Provide list of drawings or drawing list number. Indicate contracts, purchase orders, etc., each drawing is
part of or referenced.

3.6 STUDIES
Describe the studies that are required.
4  PHYSICAL LAYOUT

4.1 SUBSTATION TYPE (distribution, transmission, switching)

4.2 TYPE OF DESIGN (cooperative' s standard, packaged, custom)
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4.3 CIRCUIT CONNECTIONS Itemize aslisted below for each connection.

1. Overhead Circuits:

a. Nomina voltage kv
b. Quantity
c. Conductor size, type, and material
d. Pull-off elevation m ( ft)
e. Maximum tension N ( Ib)
(1) Temperature °C( °F)
(2 Icethickness cm ( in.)
(3 Wind velocity kmv/hr ( mph)
f. Shield wires:
(1) Quantity of shield wires per connection
(2 Wiresize, type, and materia
(3) Pull-off elevation m ( ft)
(4 Maximum tension (at same conditions as phase conductors)
N ( Ib)
2. Underground Circuits:
a. Nomina voltage kv
b. Quantity

c. Conductor size, type, materia, and insulation

Page 101

4.4 DISTRIBUTION SUBSTATIONS

Provisions for Mobile Transformer (yes or no)
Provisions for Mobile Substation (yes or no)
Provisions for Future Addition of (describe)

SIS o

&

Provisions for Source Voltage Change (yes or no)
a. Initia voltage kv

b. Ultimate voltage kv

c. Change of (describe)
5. Provisionsfor Load Voltage Change (yes or no)
a. Initid voltage kV

b. Ultimate voltage kV

c. Change of (describe)

4.5 TRANSMISSION SUBSTATIONS (only)

1. Provisionsfor Future Addition of (describe)

2. Provisions for Source Voltage Change (yes or no)

a. Initia voltage kv
b. Ultimate voltage kv
c. Change of (describe)

3. Provisonsfor Load Voltage Change (yes or no)

a

Initia voltage kv
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b. Ultimate voltage kv
c. Change of (describe)

46 SWITCHING SUBSTATIONS (only)

1. Provisonsfor Future Addition of (describe)

2 Provisions for Voltage Change (yes or no)
a. Initia voltage kv
b.  Ultimate voltage kV

c. Change of (describe)

477 BUS CONFIGURATION Itemize as listed below for each bus.

1 Initid:
a.  Nomina bus voltage kV

b.  Configuration (single bus, sectionaized bus, main and transfer bus, ring bus, breaker-

and-a-half, double breaker-double bus)

2. Ultimate (if different from initia):
a. Nomina bus voltage kv
b. Configuration (describe)

4.8 DIRECT STROKE SHIELDING

1. Shielding Measures (rods, wires, masts) (describe)

2. Shieding Angles:
a. Anglefrom vertica for single rod, wire, or mast
b. Anglefrom vertica for adjacent rods, wires, or masts

49 INSULATORS Itemize aslisted below for each voltage.

1. Apparatus Insulators:
Nominal voltage kv

Type (cap and pin or post)
BIL kv

Color
Cantilever strength N ( Ib)
NEMA TR No. (or other description)

~oo0TQ

2. Suspension Insulators:
a. Nomina voltage kv
b. Quantity per string
c. Coalor
d. M-E strength N ( Ib)
e

ANSI Class (or other description)
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410 ELECTRICAL CLEARANCES Itemizeaslisted below for each voltage.

411

412

413

1

wnN

Nomina voltage kv
Rigid
Conductors
Minimum Metal-to-Metd cm (

Non-Rigid
Conductors
cm ( in.)

Minimum Phase to cm (

cm ( in.)

Grounded Parts

Minimum Phase to m (
Substation Grade

Minimum Phase to m (
Substation Roadway

Centerline-to-Centerline m (
Phase Spacing

ft)

m ( ft)

m ( ft)

BUS AND ELECTRICAL CONNECTIONS Itemize aslisted below for each case.

akkwpdnpE

Nomina Voltage kV
Type of Connection (describe)

Rigid Conductors (clamp, bolted, compression, welded)
Non-Rigid Conductors (clamp, compression, welded)

Fasteners (describe)

RIGID BUSES (itemize as listed below for each bus)

©CoOoNoUTA~WDNE

Conductor Size, Type, and Materia

Design Short Circuit Current (three-phase symmetrical)
Wind and Ice Loading
Support Insulator Spacing m (

Factor of Safety for Support Insulators
Maximum Conductor Sag Without Ice
Maximum Conductor Sag With Ice

Mesasures for Prevention of Aeolian Vibration

rms amperes

ft)

Provisions for Conductor Expansion

STRAIN BUSES Itemize aslisted below for each bus.

a~hwdhdE

o

Conductor Size, Type, Stranding, and Materia

Wind and Ice Loading

Span Length m ( ft)
Factor of Safety for Suspension Insulators

Sag and Tension at Maximum Loading Conditions

m ( ft) sag at

N ( Ib) tension
Sag and Tension at 25°C (77°F) m (

ft) sag at N

( Ib) tension
Sag and Tension at 70°C (167°F) m (

ft) sag at N

( Ib) tension
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5 MAJOR EQUIPMENT

Itemize as listed below for each different component.

5.1 POWER TRANSFORMERS

Type (auto, multi-winding, 3-phase, 1-phase)
Quantity
Dielectric (ail, air, or gas)
Rating / / MVA
Cooling (OA, OA/FA, OA/FAIFA, OA/FOA, OA/FA/FOA, OA/FOA/FOA)
Average Winding Temperature Rise (55°C, 65°C)
Primary Voltage kv
a.  No-load taps
Secondary Voltage kv
a. No-load taps
9. Tertiary Voltage kv
a. No-load taps
10. Load-Tap-Changer (LTC):
a. Percentage above and below nominal voltage
b. Winding (primary or secondary)

Nogh~wWNE

oo}

11. BIL:
a. Primary winding kv
b. Secondary winding kV
c. Tertiary winding kv

5.2 POWER CIRCUIT BREAKERS

Type (dead tank or live tank)
Quantity
Interrupting Medium (oil, gas (SFe), vacuum)
Nomina Voltage kv
Maximum Voltage kv
Rated Voltage Range Factor (K)
Continuous Current rms amperes
Short-Circuit Current at Rated Maximum Voltage rms amperes
Maximum Symmetrical Interrupting Capability rms amperes
. 3-Second Short Time Current Capability rms amperes
. Closing and Latching Capability rms amperes
. Interrupting Time cycles
. Type of Operating Mechanism (solenoid, motor, pneumohydraulic, pneumatic, motor-charged
spring, manual-charged spring, manual)
14. Control Power Voltage VAC VDC
15. Auxiliary Power Voltage VAC

~ N
BRERBOONOaM®NE

5.3 METAL-CLAD SWITCHGEAR

1. Nomina Voltage kV



5.4

5.5

wnN

No oA~
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Indoor or Outdoor , Sheltered Aide
Switching Scheme (describe)

Continuous Current Bus amperes, Feeders amperes
Maximum RMS Momentary Current KA, MVA
Circuit Breaker Interrupting Capability amperes

Circuit Exits Underground , Overhead

SUBSTATION VOLTAGE REGULATORS

a~hwNE

Type (step or induction, single- or three-phase)
Quantity

Nomina Voltage kv

Rating kVA

Percentage Regulation + %, — %

SHUNT CAPACITOR EQUIPMENT

6.

akkwpdnpE

Type (open rack or housed)
Quantity

Nomina Voltage kV

Bank Rating kVAR

Individua Units:

a Voltage kv

b. Rating kVAR

Connection (delta, wye, grounded wye, double wye)

5.6 AIR SWITCHES

5.7

wWwN e

©oO~N O A

Type (disconnecting, grounding, horn-gap, interrupter, selector)
Quantity

Construction (vertical break, double break, tilting insulator, side break, center break, vertical
reach)
Operating Mechanism (hook stick, manua mechanism, motor mechanism)
Poles (single or three)

Nomina Voltage kv

Continuous Current amperes

Momentary Current amperes

Interrupting Current amperes

SURGE ARRESTERS

O~ WNE

Type (station, intermediate, distribution)
Quantity

Voltage Rating kV-Duty Cycle, kv MCOV
Nomina System Voltage kV
System Grounded , Ungrounded
For Protection of (describe)
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5.8 AUTOMATIC CIRCUIT RECLOSERS

Quantity

Nomina Voltage kV
Continuous Current amperes
Interrupting Current amperes

Single- or Three-Phase
Interrupting Medium (oil, vacuum, gas (SFe))
Control (Hydraulic or electronic)
Coil Tripping (series, non-series)
Closing (spring, solenoid, motor) _
10 Minimum Tripping Current amperes
11. Operational Sequence to Lockout (1-A, 3-B)

©CoOoONoOUTA~WNE

5.9 CURRENT TRANSFORMERS

Type (bar, window, bushing, other)

Quantity

Nominal System Voltage kV
BIL kv

Rated Primary to Secondary Current Ratio(s)
Secondary Winding Configuration (single, dual, multi-ratio)
Accuracy (metering or relaying)
Accuracy Class at Standard Burdens
Continuous — Thermal — Current Rating Factor
10 Short-Time Mechanical and Therma Current Ratings

Woo~NoO~wWdNE

5.10 VOLTAGE TRANSFORMERS

1. Type (cascade, grounded neutral, insulated neutral, single high-voltage line terminal, double
high-voltage line terminal, etc.)
Quantity

Nominal System Voltage kV
BIL kV

Ratio(s)

Accuracy Class at Standard Burdens
Thermal Burden Rating VA

Nogh~WN

5.11 COUPLING CAPACITORS AND COUPLING CAPACITOR VOLTAGE
TRANSFORMERS

Type (CC or CCVT)

Quantity

Nominal System Voltage kv
BIL kv

Capacitance pico farads
Carrier Accessories (yes or no)

Voltage transformer (yes or no)

Noghk~wbdE



a. Ratio(s)
b. Accuracy Class at Standard Burdens
c. Therma Burden Rating

5.12 MOBILE UNITS

Type (transformer, substation)
Quantity

Primary Voltage kv
Secondary Voltage kv
Capacity MVA
Accessories (list and describe)

@k~ wN P
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6 SITE

6.1 GENERAL

1 Yard Type (flat, doped, stepped)
2. Nominal Finished Grade Elevation(s) m (

ft) with

% dope
3. Topographical Drawing Reference
4. Soil Boring Reference

6.2 DRAINAGE
1. Type of System (surface or closed)

2. Design Basis (see Chapter 6, Section 6.4)
3. Timefor Runoff from Remotest Part of Drainage Area

6.3 EARTHWORK

1. Excess Top Sail m ( 3yd3)
2. Fill Required e ( yd)
3. Earth to Be Moved Exclusive of Excess Top Soil m (

hours

6.4 ROADS Itemize aslisted below for each access road, interior road, and railroad.

1 Length m ( ft)

2. Width m ( ft)

3. Maximum Grade %

4. Minimum Inside Curve Radius m ( ft)

5. Base Course

6. Wearing Course

7. Maximum Equipment Load kg/axle ( Ib/axle)

yd®)
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6.5 EROSION PROTECTION

State basic description.

6.6 YARD SURFACING MATERIAL

1. Materid:
a Type
b. Sze
2. Materid Placement:
a Area
b. Layer depth cm (

6.7 SECURITY FENCE

1. Height m ( ft)

2. Fabric Gauge

3. Fabric Materia

4. Gates (itemize as listed below for each size gate):
a Size m ( ft)
b. Quantity

5. Depth of Post Footing Holes

ft)

7  STRUCTURES

7.1 LINE SUPPORT STRUCTURES

Material

1
2. Protective Coating or Treatment
3. Loading Criteria:

Conductors N (

Ib) per phase

Shield wires N (

Equipment weight kg (

Ib) per wire
Ib)

Wind and ice loads (see Sections 2.3.3)
Seismic (describe)

Coo T

Overload Factor

Unit Stress Limit

Deflection Limits

No oA~

Fasteners (describe)

7.2 EQUIPMENT SUPPORT STRUCTURES

Materia

1
2. Protective Coating or Treatment
3. Loading Criteria

a. Equipment weight kg (

Ib)
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b.  Short circuit force N/m ( [b/ft)
c. Wind and ice loads (see Sections 2.3.3)

d. Seismic (describe)

4. Unit Stress Limit
5. Deflection Limits
6. Rigidity Consderations

7. Fasteners (describe)

8 FOUNDATIONS
8.1 SOIL

1 Type
2. Allowable Soil Bearing Pressure N/t ( psf)
3. Describe Other Soil Capability Limitations

4. Depth Below Grade to Groundwater m ( ft)

8.2 DESCRIPTION OF CONCRETE

1 Type
2. Minimum 28-Day Compressive Strength N/cr ps)
3. Depth Below Grade to Withstand Frost m ( ft)

8.3 DESCRIPTION OF REINFORCING BAR

Describe the reinforcing bar used in each type of foundation.

8.4 OIL POLLUTION ABATEMENT

Describe methods for oil pollution abatement.

8.5 FOUNDATION TYPES

Describe each type of foundation (drilled shaft, spread footing, dab) and its function.
9 GROUNDING

9.1 SOIL RESISTIVITY MEASUREMENTS

1. Datafrom soil testing on (date)

9.1.1 Uniform Soil Assumption

1. Mathematica average of the measured apparent resistivity data, r = ohm-meter
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9.2 AREA OF THE GROUND GRID

1. Describe geometric shape of ground grid including dimensions.
2. Cdculated tota ground grid area, A =

9.3 Ground Fault Current

9.3.1 Maximum Symmetrical rms Value of Zero Sequence Fault Current (single phase-to-ground),

lo = Amps
9.3.2 Initid rms Symmetrica Ground Fault Current, |+ = Amps
9.3.3 Symmetrica Grid Current, |4 = Amps

9.3.4 Determined Split Factor:

1. Substation ground resistance, Ry = ohms
2. Split Factor, S =

9.3.5 Determine Decrement Factor

1. Timeduration of fault, t;= seconds
2. Dcoffsat, T,= seconds
3. Decrement factor, D; =
9.3.6 Maximum Grid Current, I = Amps
9.3.7 Asymmetrica Fault Current, I = Amps

9.4 SELECTION OF CONDUCTOR MATERIAL

1 Materid Cu Other

9.4.1 Areaof Conductor

1 Areaof Conductor:

a Maingrid Ayemii = kemil

b. Perimeter Akcmil = kemil

C. Risers Akcmil = kemil
2. Length of Conductor:

a. Mangrid

b. Perimeter

C. Risers

9.4.2 Ground Rods;

1. Diameter
2. Length
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3. Quantity

9.5 SAFETY CONSIDERATIONS

9.5.1 Rms magnitude of the current through the body, Ig = Amps

9.6 TOLERABLE TOUCHAND STEP VOLTAGES

1. Maximum tolerable step voltages, Egep = volts
2. Maximum tolerable touch voltages, Eqouch = volts

9.7 PROTECTIVE SURFACE MATERIAL AND REDUCTION FACTOR

Type of protective surface materia
Resigtivity of protective surface materia, r s = ohm-meter
Reflection factor, K=

Reduction factor, Cs =

AN o

9.8 DESIGN OF A SUBSTATION GROUNDING SYSTEM

9.8.1 GridDesign

9.8.2 Cadculated Design Mesh Voltage

1. Cadculate total length of grid conductor Lg = meter
2. Cdculated tota length ground rod Lc = meter
3. Caculated Design Mesh Voltage, E,, = volts
9.8.3 Cadculated Design Step Voltage, Es = volts
9.8.4 Ground Potentia Rise, VGPR = volts

10 INSULATED CABLES AND RACEWAYS
10.1 CABLES Itemize aslisted below for each type of cable.

Type (control or power)

Voltage Rating volts
Conductor Size, Type, and Materia

Number of Conductors

Quantity m ( ft)
Insulation:

a Type
b. Thickness mils
7.  Jacket:

a Type
b. Thickness over each conductor mils
c. Thicknessover entire cable mils

Ok~ wWNE
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10.2 RACEWAYS Itemize aslisted below for each type of raceway.

1. Conduit:
a. Materid
b. Size cm ( in.)
2. Duct Bank:
a Sze
(1) Width m ( ft)
(2 Depth m ( ft)
(3) Number of conduits:
() Width
(b) Depth
(4) Sizeof conduits cm ( in.)
3. Cable Trench
a.  Type (concrete block, cast-in-place concrete, or precast concrete)
b. Width cm ( in.)
c. Depth cm ( in.)

11 CORROSION

11.1 STATE RATIONALE FOR THE PROVISION (OR LACK) OF A CATHODIC
PROTECTION SYSTEM

11.2 CATHODIC PROTECTION SYSTEM

1. Summary of Soil Resistivity Survey

2. Summary of pH Survey

3. Basic Description of Protection System

12 PROTECTIVE RELAYING

12.1 GENERAL PHILOSOPHY

State the genera philosophy of the protective relaying systems: coordination required with other parts of
the system, expected fault currents for various conditions, speed of interruption sought for various cases,
etc.



12.2

12.3

12.4

12.5

12.6
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TRANSMISSION LINE PROTECTION Itemize as listed below for each line.

Line Degtination or Description
Nomina Voltage kV

Protection Scheme (phase comparison, directional comparison, direct underreach, permissive
underreach, permissive overreach, overcurrent; describe)

[N

Automatic Reclosing (yes or no; describe)
Relays (list)
Communication Channel (Power Line Carrier, Microwave, Fiber Optic, Leased Line)

o0 A

TRANSFORMER AND REACTOR PROTECTION Itemize as listed below for each
transformer and reactor.

Transformer or Reactor Number or Description
Nominal Voltages (Primary/tertiary/secondary) / / kv
Protection Scheme (differential, sudden pressure, directional phase distance, ground

overcurrent; describe)

[N

&

Relays (list)

BUS PROTECTION Itemize as listed below for each bus.

1. Bus Number or Description
2. Nomina Voltage kV
3. Protection Scheme (current differential, voltage differential; describe)

4. Relays (list)

BREAKER FAILURE PROTECTION

1. Where applied (describe)

2. Relays (lis)

DISTRIBUTION LINE PROTECTION Itemize as listed below for each line.

1. Line Destination or Description

2. Nomina Voltage kv

3. Protection Scheme (overcurrent relaying, automatic circuit reclosers, sectionalizers, fuses,
describe)

4. Relaysand Equipment (list)
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13 INSTRUMENTS, TRANSDUCERS, AND METERS

Describe metering systems and list equipment for each system.

14 SUBSTATION AUTOMATION

Define the application by completing the following information:

14.1 EUNCTIONS TO BE PERFORMED

Describe the functions to be performed:

a. Automatic control

b.
C.
d.

Supervisory control
Monitoring
Human - machine

14.2 DEVELOP ARCHITECTURE PHILOSOPHY

Justify whether a proprietary or open system is needed.

14.3 ARCHITECTURE DEFINITION

1
2.
3

Top layer—user interface where data and control prerogatives are presented to the end user.
Intermediate layer—implemented with discrete elements or subsystems.

Bottom layer—electrical power substation and field devices (transformers, breakers, switches,
etc).

14.4 BASIC ELEMENTS

1

2.
3.

Will alocd substation host processor be used (single or multiple computers)? Describe
rationale.
Describe the type of redundancy that is needed for this application.
Describe any Intelligent Electronic Devices (IEDs) to be used:
a Function
b. Communications medium
c. Protocols supported
d. Dataacquisition method
Will a data concentrator be used? Describe its purpose and functions.
If aLAN is used, describe:
a.  What access method will be used (CSMA/CD, token ring, token bus, or FDDI)? Develop
rationale.
What is the expected load of the network?
Do any functions require a deterministic access method? Describe.
What isthe desired data rate?
Define the physical locations of nodes or communicating devices.
Describe the physical media that will be used (coaxia cable, UTP, or optical fiber).
Describe any serid data interfaces to be used (RS-232, RE-422/423 or RS-485). Define
type, location, and purpose.

@ o0 oT



6.

Bulletin 1724E-300
Appendix B, Chapter 3
Page 115

What is the communications protocol (s) being utilized (IEC 970-5, DNP 3.0, MODBUS,
MMS, ASCII, Landis & Gyr 8979, or other)?

15 AC AND DC AUXILIARY SYSTEMS

151 ACSYSTEM

1
2.
3

© oo

Connected AC Load kVA

Overall Demand Factor %

Auxiliary Transformer:

a. Rating kVA

b. Voltage (primary/secondary) / kv

Norma Source (describe)

Alternative Source (describe)

Auxiliary System Voltage (480/277 volts, wye-connected, three-phase, four-wire; 208/120
volts, wye-connected, three-phase, four-wire; 240/120 volts, delta-connected, three-phase, four-
wire; 240/120 volts, open delta-connected, three-phase, four-wire; 240/120 volts, single-phase,
three-wire)

Transfer Switch (describe)

Asymmetrical Fault Current at Main Panelboard or Switchboards amperes
Panelboards and Switchboards (describe)

10. Outdoor Lighting:

a. Objective (describe)

b. Luminaires (describe)

c. Switching method (describe)

15.2 DC SYSTEM

1

2.
3.

4.

DC System Loads (list)

Nominal Voltage volts
Battery:

a Cdltype
b. Ampere-hours

c. Number of cells
Battery Charger (describe)

a DCamps
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16 CONTROL HOUSE

16.1 INSIDE DIMENSIONS

1 Length m ( ft)
2. Width m ( ft)
3. Clear Height m ( ft)

16.2 BASEMENT (yesor no)

16.3 FOUNDATION

1

2.

3.

Footings:

a. Width cm ( in.)

b. Depth m ( ft)

c. Depth below grade m ( ft)

Foundation Walls:
a. Type (cast-in-place concrete or concrete block)
b. Perimeter Insulation (yes or no)

(1) Type
(2 Thickness cm ( in.)
(3) Location (inside or outside of walls)

Floor:

a. Thickness cm ( in.)

b. Reinforcing (describe)

c. Cast-in-Concrete Cable Trench (yes or no) (describe)

16.4 SUPERSTRUCTURE

1
2.

3.

4.

Type (pre-engineered metal or concrete block)

Roof Type (precast, prestressed concrete pandls, or stedl joists and steel decks)

Doors (itemize as listed below for each door size):

a Size cm ( in.) x cm ( in.)
b. Quantity

Windows (itemize as listed below for each window size)

a Sze cm ( in.) x cm ( in.)
b. Quantity

16.5 CONTROL PANELS

1
2.
3.

Type (single, double, or duplex)

Function (list each panel)

Size cm ( in.) x cm ( in.)
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16.6 CABLE TRAYS

1 Size cm ( in.)
2. Method of Support (describe)
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16.7 LIGHTING

1. Averageillumination lumens/nt (lumens/ft?)
2. Luminaires (describe)

3. Emergency lighting (describe)

16.8 AIR CONDITIONING EQUIPMENT

1. Number of units
2. Typeof units
3. Rating

16.9 HEATING EQUIPMENT

1. Number of units
2. Typeof units
3. Rating
17 COMMUNICATIONS

17.1 COMMUNICATIONS CHANNEL PLAN

Completing the following information for each channel needed:

Application (relaying, SCADA, telemetering, voice, other)
Bandwidth or capacity (may be expressed in bits/second)
End-to-end channel delay constraints

Remote terminating point(s)

Reliability/redundancy requirements

a~wpdpRE

17.2 TOTAL CHANNEL CAPACITY

Definetotal channdl capacity.

17.3 EXPANSION REQUIREMENTS OR FUTURE CAPABILITIES

Define expansion requirements or future capabilities that need to be accommodated.
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17.4 COMMUNICATIONS TECHNOLOGY

Select a communications technology based on the parameters defined above:

Power line carrier

Audio tone

Carrier or audio tone on shield wire
Microwave (analog, digital, or MAYS)
Fiber optics

Wirelines

Satellite

Nogh~wWNE
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CHAPTER 4
PHYSICAL LAYOUT

4.1 INTRODUCTION

This chapter presents genera information concerning the design of the substation physical arrangement.
It describes various types of substations, illustrates typical layouts, and presents guidelines to be used
during detailed design. Information concerning insulation, electrical clearances, bare conductors,
substation bus design, and the application of mobile transformers and mobile substations is included.

4.2 LAYOUT CONSIDERATIONS

421 Initial Design Parameters

A careful analysis of basic parameters establishing the purposes and design criteria for the substation has
to precede the detailed design. Much of this information can be found on the Substation Design
Summary form of Appendix B to Chapter 3. In addition, circuit quantities, configurations, and ratings;
system and equipment protective relay schemes; the necessity for specialized equipment (such as
capacitor banks, current-limiting reactors, and neutral grounding devices); details of surge protection
equipment; and requirements for direct stroke protection should be considered.

42.2 Selection of Switching Scheme

The power system as a whole has to be considered when deciding the substation switching scheme.
Future system growth based on long-range forecasts may indicate the necessity for an economical, basic
arrangement initially with possible future conversion to a more sophisticated scheme as the number of
circuitsincreases. Important circuits may require additional protection or redundant supply. Equipment
mai ntenance requirements may necessitate bypassing facilities to enable circuit operation during
maintenance periods. Since the equipment that can be out of service for maintenance or during faults
without sacrificing system operation depends on aternative supplies and duplication of circuits, the
flexibility of the switching scheme is often one of the most important selection criteria. Large substations
with many circuits handling great amounts of power need to have high degrees of both flexibility and
reliability to continue service without interruption during the most undesirable conditions. Since
flexibility and reliability are directly proportional to cost, the ultimate configuration has to be the result of
acompromise.

4.2.3 Substation Expansion

Frequently, after initial substation construction, requirements change, and plans for the ultimate
capabilities of the substation are altered. Asaresult, expansion of the substation facilities may deviate
from the anticipated initial plan. To accommodate unforeseen future system modifications, consider the
flexibility of the arrangement. Since atypical substation can be expected to continue in service
indefinitely, maintaining maximum flexibility throughout each stage of expansion will ensure the least
costly and most efficient use of the facilities during the service period.

To facilitate future expansion, arrange the initial design to accommodate all requirements of a current
long-range system forecast. The site should be as large as practical to allow for future devel opment.
Large areas readily allow for changes in the basic substation configuration and switching scheme should
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future conditions so dictate. Leave at least one and preferably both ends of all major buses open for
future expansion. When a basic initial arrangement is planned, placement of equipment should take into
account future expansion of the substation into a more complex, reliable, and flexible configuration.
Frequently, additional switches, switch stands, and bus supports are ingtalled initially to facilitate future
expansion.

424 Substation Profile

The profile of substation structures and equipment has become an increasingly important aspect to
consider in substation layout. In the past, large lattice and box-type structures supporting overhead strain
buses were commonly used. Most substations currently being designed and constructed use low-profile
structures and rigid buswork, particularly for low-voltage distribution substations or in areas with natural
environmental screening.

Low-profile construction generally uses lower structures with a minimum number of members for
support. Larger pieces of equipment, such as power transformers and power circuit breakers, have
become smaller over the years. Consequently, substations are considered less obtrusive overal. The
height limitations causing the use of low-profile construction sometimes result in arrangements of
increased area, particularly for the lower voltage levels. Generally, the advantages of easier equipment
operation and maintenance as a result of reduced equipment sizes and effective locations make up for the
expense of purchasing somewhat larger sites.

425 Underground Circuits

An effective method to improve substation appearance isto install circuits underground as they leave the
substation. Low-profile construction using lower structures with fewer support members lends itself to
the use of underground circuits. Installing underground circuits can similarly improve the appearance of
substations with larger structures by reducing the size of some of the large supporting structures or
eliminating them altogether.

426 Equipment Removal

Substation arrangements have to include adequate space for the installation and possible removal of large
pieces of equipment such as power transformers and power circuit breakers. Buses, particularly in low-
profile arrangements, even when at acceptable operating elevations, can block the removal of equipment.
Consequently, it isimportant to consider equipment removal routes during the structure layout. Often the
most desirable arrangement has the main buses at higher elevations than the buses and equipment in the
substation bays. In this way, the main buses will not block the removal of equipment located in the
substation interior.

Removable bus sections can also be provided to permit movement of large equipment. This, however,
requires bus de-energization during the procedure.

Bay spacing has to be carefully evaluated during layout to allow for removal of equipment. In multi-bay
configurations, it is common to limit the number of bays to two before increasing the bay center-to-center
spacing. This alows equipment to be removed from a bay to the side and provides additional space for
moving the equipment between a bay and an adjacent bay, as diagrammed in Figure 4-1.
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BAY 1
BAY 2
BAY 3
BAY 4
BAY 5
BAY 6

ARROWS INDICATE
EQUIPMENT REMOVAL
| | | ROUTES

ADDITIONAL SPACE FOR
EQUIPMENT REMOVAL

Figure 4-1: Substation Plan View Showing Space for Equipment Removal

4.3 DISTRIBUTION SUBSTATIONS

Distribution substations are usually characterized by voltages up to 230 kV on the primary side and
12.5Y/7.2kV, 13.2Y/7.6kV, 13.8Y/8.0kV, 24.9Y/14.4 kV, or 34.5Y/19.9kV on the secondary side.

In recent years, the trend has been toward increasing system voltages. It is becoming more common to
eliminate the intermediate transmission substations and directly reduce the transmission voltages to
primary distribution levels. The distribution substations discussed are generally limited to the traditional
type characterized by simple bus arrangements and minimal equipment. However, the arrangements can
be expanded for use in larger distribution substations with higher voltages.

43.1 Basic Distribution Substation

Figure 4-2 is aone-line diagram for a basic distribution substation. Depending on the load being served,
it is possible that initial construction may be limited to one distribution circuit.

The subtransmission circuit enters the substation through a primary disconnect switch used principaly to
isolate the substation from the subtransmission system for maintenance or when replacement of substation
equipment isrequired. Itisusualy of the three-pole, single-throw, group-operated type.
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SUBTRANSMISSION DISTRIBUTION
CIRCUIT - [ CIRCUITS

Figure 4-2: Basic Distribution Substation

The power transformers commonly used in this application are two-winding type and may be single- or
three-phase units. In new substations and when replacing transformers or increasing transformer
capacity, the trend has been toward using three-phase transformers. In configurations using single-phase
transformers, afourth transformer may be added as a spare. Use of three-phase transformers resultsin a
neater and less cluttered arrangement. However, since failure of a three-phase transformer means loss of
the substation, the overall design layout should provide facilities for the rapid installation of a mobile
transformer or a mobile substation.

The two primary distribution feeders of the substation illustrated in Figure 4-2 are protected by either
power circuit breakers or automatic circuit reclosers. Disconnect switches on both the source and load
sides permit isolation during maintenance or other periods when complete de-energization is required.
The switches can be either single-pole, single-throw, hook stick-operated or three-pole, single-throw,
group-operated, depending on the arrangement.

4.3.2 Transformer Primary Protective Devices

To prevent equipment damage from transformer or low-voltage bus faults, protective devices are
generally provided on the primary side of the transformer. These devices may aso serve as primary
disconnects to enable isolation from the transmission system.

Severa types of devices are available, including power fuses, circuit breakers, circuit switchers, and

vacuum interrupters. Selection of the type of device is based on the voltage, short-circuit conditions, and
transformer capacity.

4.3.3 \Voltage Regulation

To maintain voltage at a uniform level, voltage regulation equipment is usually required in rura
distribution substations. The voltage can be regulated by using either feeder or bus regulation. Feeder
regulation may be used in multi-circuit distribution substations, where the circuits are very diverse in load
characteristics. With feeder regulation, the voltage of each distribution circuit can be individualy
maintained to conform to the load characteristics. Bus regulation may be used in rural distribution
substations where the distribution feeders have smilar load characteristics. Bus voltage may be
controlled by using power transformers with load tap changing mechanisms, single- or three-phase
voltage regulators, or switched capacitor banks.
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To permit voltage regulator maintenance without feeder or bus de-energization, bypass facilities are
provided asillustrated in Figure 4-3.

DA
L

E i
7

BUS REGULATION FEEDER REGULATION

Figure 4-3: Voltage Regulator Bypass Arrangements

The switches normally used for regulator bypassing automatically combine all switching operations and
perform them in the correct operating sequence. Each combined switch can usualy be installed in the
same space as one single-pole disconnect switch.

For a detailed discussion concerning the application of voltage regulators, see RUS Bulletin 1724D-114,
“Voltage Regulator Application on Rural Distribution Systems.”

4.3.4 Circuit Breaker/Recloser Bypass Facilities

Bypass facilities permit circuit breaker or recloser maintenance or repair without circuit de-energization.
Figure 4-4 illustrates atypical bypass arrangement.

The bypass switches usually consist of three independently operated hook stick switches, but a three-pole
group-operated switch can aso be used. In some applications, it may be desirable to combine some of the
switches to facilitate installation. Figure 4-5 illustrates one possible configuration.

In this configuration, a tandem switch is used to combine the bypass switch and the load side disconnect
switch onto a single switch base. The combined switch can be instaled in nearly the same space as one
single-pole disconnect switch.

To provide circuit protection during bypassing, the bypass switch can be replaced by afuse.
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Figure 4-4: Typical Circuit Breaker/Recloser Bypass Arrangement
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Figure 4-5: Use of Tandem Switches for Circuit Breaker/Recloser Bypassing

435 Surge Arresters

Transformers, regulators, and other substation equipment are particularly sensitive to transient
overvoltages. For the highest degree of equipment protection, surge arresters should be installed as close
as practical to the equipment being protected. In most instances, power transformers can be furnished
with surge arrester mounting brackets to facilitate installation. Separate arrester stands can also be used,
or the arresters can be installed on adjacent switching structures. For voltage regulator applications, the
surge arresters are normally installed directly on the regulator tanks.

When power transformers are protected by fuses, it is recommended that transformer surge arresters be
connected on the line side of the fuses, as close as practical to the power transformers. This will
minimize the stress on the fuse and help avoid partia melting of the fuse link when the surge arrester
responds to a transient overvoltage.

43.6 Enclosed Equipment

In certain applications, particularly when spaceis at a premium, consider use of switchgear, unit
substations, or partially enclosed equipment. Switchgear is a name commonly used in referring to
groupings of switching equipment contained in metal enclosures. All circuit breakers, metering and
control equipment, and interconnecting buswork are contained inside the enclosures.
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A unit substation consists of switchgear electrically and mechanically connected to at least one power
transformer. Various arrangements of power transformers and switchgear equipment are available to suit
individual requirements.

Use of switchgear, unit substations, and other types of enclosed equipment eliminates the need for
extensive field construction since most of the equipment is preassembled by the manufacturer or supplier.
Depending on the configuration, the equipment may be shipped completely assembled or in sections to be
connected together at the job site. Feeders are normally installed underground from the switchgear
compartments.

Partial enclosure of some of the low-voltage distribution equipment can be implemented to improve the
appearance of the substation. The equipment can be furnished in modular form to facilitate installation.
I nterconnections between modules are usualy underground, although overhead bus duct is occasionally
used.

4.4 TRANSMISSION SUBSTATIONS

Transmission substations are usually characterized by primary and secondary voltages of 69 kV or higher.
Since one transmission substation may supply severa distribution substations and large loads, reliability
of service and flexibility of operation are extremely important. Facilities normally allow equipment
maintenance without circuit interruption. Multiple bus arrangements and extensive use of circuit breakers
for switching provide added system flexibility.

44.1 Basic Transmission Substation

Figure 4-6 is aone-line diagram for a basic transmission substation. Depending on system requirements,
initial substation construction may be limited to one power transformer and one subtransmission circuit.

TRANSMISSION SUBTRANSMISSION
CIRCUITS CIRCUITS
- 7 g g e ~ g

Figure 4-6: Basic Transmission Substation

Power circuit breskers are included in the two transmission circuits to help prevent complete substation
shutdown for line faults. The circuit breakers have disconnect switches on both source and load sides to
permit isolation during maintenance or other periods requiring complete de-energization. These switches
are normally of the three-pole, single-throw, group-operated type, mounted on separate stands.

The power transformers commonly used are three-phase autotransformers, usually with tertiary windings.
Three-phase two-winding transformers are used when phase relationships have to be sustained between
the primary and the secondary systems. The disconnect switches on the low-voltage sides of the power
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transformers allow de-energization of one transformer while maintaining service to both low-voltage
circuits from the other transformer.

The low-voltage or secondary section of the substation illustrated in Figure 4-6 consists of two
subtransmission feeders protected by power circuit breakers. Disconnect switches on both the source and
load sides permit isolation during maintenance or other periods when complete de-energization is
required. The switches are normally of the three-pole, single-throw, group-operated type, but can be of
the single-pole, single-throw, and hook stick-operated type, depending on the voltage and arrangement.
Hook stick-operated switches usually are not considered above 69 kV.

442 Circuit Breaker Bypass Facilities

Bypass facilities can be provided for the power circuit breakers to permit maintenance without circuit de-
energization. Figure 4-7 illustrates a typical arrangement.

. ﬁ_gii-_
3¢

Figure 4-7: Typical Circuit Breaker Bypass Arrangement

The bypass facilities normally consist of three independent three-pole, single-throw, group-operated
switches. The circuit breaker disconnect switches may be of the single-pole, single-throw, hook stick-
operated type, depending on system voltage and bus configuration.

In most cases bypassing circuit breakers removes normal relay protection since the circuit breaker current

transformers are also removed from service. The overall protection scheme, have to be designed to
provide for this situation. Fused bypass switches may be used for temporary feeder protection.

443 Surge Arresters

Because of the desire for high reliability and the high cost of equipment replacement, surge arresters are
installed in various positions in transmission substations. Since power transformers are particularly
sengitive to overvoltages, they normally have arresters on each phase of both the primary and secondary.
Also ingtall arresters on each ungrounded phase of the tertiary winding when it is brought out to provide
service.

The highest degree of equipment protection occurs with the surge arresters located as close as possible to
the equipment to be protected. Power transformers can usually be furnished with arrester mounting
brackets adjacent to the transformer bushings.

Occasionaly, surge arresters or other surge protective equipment are located at the line entrances and
exits. Intheseinstances, it is best to locate the arresters or other protective equipment on the line side of
the substation equipment to be protected to limit the lightning and switching surges to acceptable levels as
they enter the substation. Locating the arresters on the line side of the circuit breakers will also protect
the gap in the breakers when in the open position.
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444 Carrier EQuipment

Line traps, coupling capacitor voltage transformers, and associated accessories are used when relaying or
communications systems dictate use of carrier equipment for signal transmission to remote terminals.
Normally, the line traps and coupling capacitor voltage transformers are installed on separate stands
located near the circuit entrance positions in the substations. 1n some instances, the two pieces of
equipment may be mounted on a common structure or stand, depending on the arrangement. The
particular relaying and communications schemes being used on the circuit will dictate the number of
phases containing line traps and coupling capacitor voltage transformers.

445 Voltage Transformers

Voltage transformers are used in conjunction with the circuit and equipment protection, synchronization,
and metering schemes. They are normally mounted on individua or three-position stands. Depending on
the bus configuration and the relaying schemes, the voltage transformers may be positioned near the
circuit entrance positions or adjacent to the buses.

It isusually desirable to provide a method for disconnecting the voltage transformers. One possible
method is to install the primary connections to the appropriate buses by using disconnectable clamps. In
arrangements using voltage transformers at the circuit positions, they can be positioned to allow de-
energization by opening the power circuit breaker and the line disconnect switches.

446 Current Transformers

Current transformers used in both relaying and metering schemes can usualy be located inside major
equipment such as power circuit breakers and power transformers. These current transformers are
normally multi-ratio bushing type and therefore do not require special mounting provisions. In some
cases, separately mounted current transformers may be required, such as for revenue metering purposes.
They are usually installed on individua stands and located as required.

447 Grounding Switches

Manually operated grounding switches are frequently used to ground incoming circuits during
maintenance or other out-of-service periods. These switches can be separately mounted or, asis usualy
the case, can be furnished as part of the circuit disconnect switches. The switches can then be interlocked
in such away as to prevent both from being closed simultaneoudly.

High-speed grounding switches are sometimes used in power transformer protection schemesto initiate
tripping of remote circuit breskers during transformer faults. Aswith manually operated grounding
switches, high-speed grounding switches can be separately mounted or can be furnished as part of group-
operated disconnect switches. High-speed grounding switches are normally installed on one phase only.
The use of high-speed grounding switches, while still in practice, is generaly not preferred since its use
subjects the system to more of a shock and potentially affects more customers on the system.

4.5 SWITCHING STATIONS

Switching stations do not change system voltage from one level to another and therefore do not contain
power transformers. Switching stations usually operate at subtransmission or transmission voltage levels.
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Depending on system voltage, the equipment types and characteristics used in switching stations are
identical to those used in transmission stations.

45.1 Basic Switching Substation

Figure 4-8 is a one-line diagram for a basic switching substation with three terminals.

L ey P
-

Figure 4-8: Basic Switching Substation

Power circuit breakers in the three circuits help prevent complete substation shutdown for line faults. The
circuit breakers have disconnect switches on both source and load sides to permit isolation during
maintenance or other periods requiring complete de-energization. Depending on station voltage and bus
configuration, the switches may be of the three-pole, single-throw, group-operated type or of the single-
pole, single-throw, hook stick-operated type. Hook stick-operated switches usually are not considered
above 69 kV.

Bypass facilities can be provided to alow circuit breaker maintenance without de-energizing the circuit.
See Section 4.4.2 of this chapter for more information concerning circuit breaker bypass facilities.

452 Surqge Arresters

Surge arresters or other surge protection equipment may be installed either on the line positions or on the
substation buses to protect against excessive lightning or switching surges.

A comparison of the costs of the surge protection equipment to the frequency and extent of possible
equipment damage can be evaluated to determine the desirability of the protective equipment. Possible
circuit or substation outages and equipment damage as a result of the unprotected surges should be
considered. In generd, if thereis any question, surge arresters should be installed for equipment and
circuit protection.

46 TYPICAL BUS CONFIGURATIONS

The typical bus configurations may be used for distribution, transmission, or switching substations at
voltages up to 345 kV. Detailswill vary depending on the type and voltage(s) of the substations. The
physical size, type, and arrangement of major equipment, such as power transformers, power circuit
breakers, and switches, may cause variance in the layouts to suit individual requirements. Portions of
different layouts may be combined, as required, to achieve desired configurations.

It isimportant that the engineer’ s plans remain as flexible as possible during substation layout to alow for
unforeseen difficulties as designs progress. Coordinate activities with the equipment manufacturers to
ensure that each design detail reflects the actual equipment to be used.
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4.6.1 Single Bus

A single bus configuration consists of one main bus that is energized at al times and to which al circuits
are connected. This arrangement is the smplest, but provides the least amount of system reliability. Bus
faults or failure of circuit breakers to operate under fault conditions results in complete loss of the
substation. The single bus configuration can be constructed by using either low- or high-profile
structures. Figure 4-9 illustrates the single bus arrangement with low-profile structures and presents a
neat, orderly plan. The high-profile design, shown in Figure 4-10, accomplishes the same purpose and
may not require as large a site for a given system voltage.

The single bus arrangement is not recommended without circuit breaker bypass facilities that permit
circuit breaker maintenance while maintaining circuit operation. The high-profile configuration can
easily be modified to provide this feature by installing group-operated switches and the associated
buswork and connections in the positions shown in Figure 4-10. This arrangement, however, resultsin
loss of overcurrent protection for the circuit except by remote circuit breakers during the bypassing
operations. A fault occurring on the line with the breaker bypassed would result in complete substation
shutdown. The low-profile arrangement does not allow for future addition of this type of bypassing
equipment. Consequently, in both low-profile and some high-profile substations, the bypass facilities can
be installed outside the substation. Switches can be provided that, when closed, paralel two linesto
enable one circuit breaker to be removed from service. The other breaker then protects both circuits. If
this bypassing method is used, the equipment associated with both circuits, have to be capable of carrying
thetotal load of both circuits. If the load is greater than the equipment capability, the load should be
reduced. This method of circuit breaker bypassing may be more desirable in high-profile arrangements
than that shown in Figure 4-10 for lines where frequent or lengthy equipment maintenance is expected.

The high-profile configuration shown in Figure 4-10 is generaly limited to distribution and
subtransmission voltage levels. At transmission voltage levels, independent structures and strain bus
interconnections are usually used.

4.6.1.1 Advantages

Lowest cost

Small land area required

Easly expandable

Simple in concept and operation

Relatively simple for the application of protective relaying

akowpdpE

4.6.1.2 Disadvantages:

1. High-profile arrangement equipped with circuit breaker bypass facilities does not provide for
circuit protection when bypass facilities are being used inside the substation.

2. A single bus arrangement has the lowest reliability.

3. Failure of acircuit breaker or a bus fault causes loss of the entire substation.

4. Maintenance switching can complicate and disable some of the protective relay scheme and
overal relay coordination.

5. Maintenance at the upper elevations of high-profile arrangements necessitates de-energization
or protection of the lower equipment.
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TYPICAL ONE-LINE DIAGRAM
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Figure 4-9: Single Bus—Low Profile
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Figure 4-10: Single Bus—High Profile
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46.2 Sectionalized Bus

An extension of the single bus configuration is the sectionaized bus arrangement shown in Figure 4-11.
This arrangement is basically two or more single bus schemes, each tied together with bus sectionalizing
breskers. The sectionalizing breakers may be operated normally open or closed, depending on system
requirements. In this arrangement, a bus fault or breaker failure causes only the affected bus section to be
removed from service and thus eliminates total substation shutdown. Usually, the fault can be isolated
and nonfaulted portions of the system restored to service easier and faster because of the increased
flexibility of this arrangement.

\
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TYPICAL ONE-LINE DIAGRAM
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(SEE FIGURES 4-9 & 4-10
FOR TYPICAL ARRANGEMENTS)

Figure 4-11: Sectionalized Bus

Physicaly, the equipment can be organized similar to that shown in Figures 4-9 and 4-10 for the single

bus arrangement. The sectionalizing breakers and their associated isolation switches are located in line

with the main bus. In the high-profile configuration, it is usually desirable to provide a separate bay for
the sectionalizing breakers and switches to facilitate maintenance and removal.

The arrangement of lines and transformers in a sectionalized bus arrangement depends on system
operating criteria. They should be arranged so as to prevent outage of lines or other circuits dependent on
each other. This can be accomplished by positioning the interrelated circuits on different bus sections to
eliminate concurrent shutdown. Perform athorough analysis of all possible operational contingencies
identifying any undesirable conditions preceding the final determination of circuit grouping.

Bypassing arrangements for the sectionalized bus configuration can be provided as explained for the
single bus scheme.

4.6.2.1 Advantages

Flexible operation

Higher rdiability than single bus scheme

Isolation of bus sections for maintenance

Loss of only part of the substation for a breaker failure or a bus fault

E N
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4.6.2.2 Disadvantages:

1. A sectionalized bus arrangement has a higher cost than a single bus scheme.
2. Additional circuit breakers are required for sectionalizing.
3. Sectiondizing may cause interruption of nonfaulted circuits.

4.6.3 Main and Transfer Bus

A main and transfer bus configuration consists of two independent buses, one of which, the main bus, is
normally energized. Under norma operating conditions, all incoming and outgoing circuits are fed from
the main bus through their associated circuit breakers and switches. If it becomes necessary to remove a
circuit breaker from service for maintenance or repairs, the integrity of circuit operation can be
maintained through use of the bypass and bus tie equipment. The bypass switch for the circuit breaker to
beisolated is closed, the bus tie breaker and its isolation switches are closed, and the bypassed breaker
and itsisolation switches are opened to remove the breaker from service. The circuit is then protected by
the bus tie breaker.

Figure 4-12 illustrates a main and transfer bus configuration in alow-profile arrangement. For
comparison, Figure 4-13 shows the same switching scheme with high-profile box-type structures. With
the box-type structure arrangement, two circuit positions can be accommodated per equipment bay.
However, with the low-profile arrangement, each circuit requires its own bay and, as a result, somewhat
more land area may be required. When the low-profile configuration is used, equipment bays should be
limited in width to a maximum of two bays before the bay-to-bay centerline spacing is increased to
accommodate circuit breaker maintenance and removal. Without the additional space, these tasks can
become very difficult.

The high-profile, box-type structure arrangement shown in Figure 4-13 can accommodate multiple
circuitsin arelatively small area. The configuration is particularly suitable in environmentally shielded
or otherwise isolated locations, where only alimited substation site is available. This arrangement is
generdly limited to distribution and subtransmission voltage levels. At transmission voltage levels,
independent structures and strain bus interconnections can be used.

4.6.3.1 Advantages:

Accommodation of circuit breaker maintenance while maintaining service and line protection
Reasonable in cost

Fairly small land area

Easly expandable

E A o

4.6.3.2 Disadvantages:

. An additional circuit breaker is required for bustie.
2. Since the bus tie breaker, have to be able to be substituted for any line breaker, its associated
relaying may be somewhat complicated.
3. Failure of acircuit breaker or a bus fault causes loss of the entire substation.
4.  Somewhat complicated switching is required to remove a circuit breaker from service for
mai ntenance.
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4.6.4 RingBus

A ring bus configuration is an extension of the sectionalized bus arrangement and is accomplished by
interconnecting the two open ends of the buses through another sectionalizing bresker. Thisresultsin a
closed loop or ring with each bus section separated by acircuit breaker. For maximum reliability and
operationa flexibility, each section should supply only one circuit.

In this arrangement, as with the sectionalized bus configuration, only limited bus sections and circuits are
removed from service because of line or bus faults or circuit breaker failure. For aline or bus fault, the
two circuit breakers on the sides of the affected bus section open to isolate the fault. The remaining
circuits operate without interruption. For a breaker failure, the two breakers on the sides of the affected
breaker open, along with atransfer trip to a remote breaker, to isolate the failed breaker and remove two
bus sections from service.

The ring bus arrangement provides for circuit breaker maintenance since any breaker can normally be
removed from service without interruption of service to any circuits. Asaresult, separate circuit breaker
bypass facilities are not required.

A number of equipment arrangements may be used to provide a ring bus configuration, depending on
anticipated substation expansion and possible system modifications. Figure 4-14 illustrates a typica ring
bus configuration. The arrangement shows four circuit positions, which is a practical maximum for aring
bus configuration. Rather than expanding the ring bus to accommodate additional circuits, other more
flexible and reliable configurations, such as the breaker-and-a-half scheme, can be adopted. The ring bus
arrangement shown in Figure 4-14 is readily adaptable in the future to a breaker-and-a-half configuration
as shown in Figure 4-15. However, the relay and control panels have to be carefully planned to be
modified later for breaker-and-a-half operation.

Bay centerline spacing should be carefully planned to permit equipment maintenance and removal.

4.6.4.1 Advantages

Flexible operation

High reliability

Isolation of bus sections and circuit breakers for maintenance without disrupting circuit
operation

Double feed to each circuit

No main buses

Expandable to breaker-and-a-half configuration

Economic design

W e

No oA~

4.6.4.2 Disadvantages:

1. Ring may be split by faults on two circuits or a fault during breaker maintenance to leave
possibly undesirable circuit combinations (supply/load) on the remaining bus sections. Some
consider this, however, to be a second contingency factor.

2. Each circuit has to have its own potentia source for relaying.

3. Thisconfiguration is usually limited to four circuit positions, athough larger rings are in
service, including 10-position ring buses. A 6-position ring busis usually considered as a
maximum limit for the number of terminalsin aring bus.
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4. Thisisamore involved relay scheme since each breaker has to respond to faults on two
circuits.
5. Automatic reclose schemes may be complex.

46.5 Breaker-and-a-Half

The bresker-and-a-half configuration consists of two main buses, each normally energized. Electricaly
connected between the buses are three circuit breakers and, between each two breakers, acircuit as
diagrammed in Figure 4-15. In this arrangement, three circuit breakers are used for two independent
circuits; hence, each circuit shares the common center circuit breaker, so there are one-and-a-half circuit
breakers per circuit.

The breaker-and-a-half configuration provides for circuit breaker maintenance, since any breaker can be
removed from service without interrupting any circuits. Additionally, faults on either of the main buses
cause no circuit interruptions. Failure of acircuit breaker results in the loss of two circuits if a common
breaker fails and only one circuit if an outside breaker fails.

A typical bus configuration for a breaker-and-a-half arrangement is shown in Figure 4-15. Thisisthe
same basic equipment assemblage as described for the ring bus scheme.

Frequently, substations are initially constructed with a ring bus arrangement and ultimately expanded into
a breaker-and-a-half configuration to obtain the additional flexibility and reliability required with the
additional circuits.

Bay centerline spacing should be carefully planned to permit equipment maintenance and removal.

4.6.5.1 Advantages.

Flexible operation

High reiability

Can isolate either main bus for maintenance without disrupting service
Can isolate any circuit breaker for maintenance without disrupting service
Double feed to each circuit

Bus fault does not interrupt service to any circuits

All switching done with circuit breakers

Nogk~owdpE

4.6.5.2 Disadvantages:

1. One-and-a-haf breakers are required per circuit.

2. Relaying isinvolved, since the center breaker has to respond to faults of either of its associated
circuits.

3. Each circuit should have its own potentia source for relaying.

46.6 Double Breaker—Double Bus

The double breaker—double bus configuration consists of two main buses, each normally energized.
Electrically connected between the buses are two circuit breakers and, between the breakers, one circuit,
as diagrammed in Figure 4-16. Two circuit breakers are required for each circuit.
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In the double breaker—double bus configuration, any circuit breaker can be removed from service without
interruption of any circuits. Faults on either of the main buses cause no circuit interruptions. Circuit
breaker failure results in the loss of only one circuit.

A typical bus configuration for a double breaker—double bus arrangement is shown in Figure 4-16.

Use of the double breaker—double bus configuration is usualy limited to large generating stations because
of the high cost. The additional reliability afforded by this arrangement over the breaker-and-a-half
scheme usualy cannot be justified for conventional transmission or distribution substations.

Occasionally, at a generating station, one bay of a breaker-and-a-half arrangement is used as a double
breaker—double bus arrangement for a generator terminal to provide equal access to either main bus.

»
o
fo)
[ —

Advantages:

Flexible operation

Very high reliability

Isolation of either main bus for maintenance without disrupting service
Isolation of any circuit breaker for maintenance without disrupting service
Double feed to each circuit

No interruption of service to any circuits from bus fault

Loss of only one circuit for breaker failure

All switching with circuit breakers

NGO~ WNE

B
o
o
V)

Disadvantages:

=

This configuration carries a high cost.
Two circuit breakers are required for each circuit.

N

46.7 Relative Switching Scheme Costs

The selection of a station switching scheme is the result of the evaluation of many factors, including such
intangibles as personal preference and judgment. Whatever arrangement is finally selected should meet
al known or anticipated requirements, such as operating and maintenance criteria, future expansion, and
reliability.

To assist in the evauation, Table 4-1 provides a reasonable measure for the basis of economic
comparison.

Table 4-1. Switching Scheme Cost Comparison

Approximate Relative
Switching Scheme Cost Comparison
Single Bus 100%
Sectionalized Bus 122%
Main and Transfer Bus 143%
Ring Bus 114%
Breaker-and-a-Half 158%
Double Breaker—Double Bus 214%

The comparison is based on four-circuit low-profile arrangements with power circuit breakersin al
circuits. Power transformer costs are not included. In schemes utilizing other protective devices or
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different circuit quantities, the relative costs may vary from those listed. Prepare detailed construction
estimates for al schemes under consideration.

4.7 PROTECTION OF SUBSTATION INSULATION

47.1 General

Substation eectrical equipment is subject to abnormal conditions as aresult of direct lightning strokes,
lightning surges, switching surges, and faults on the system. These abnormal conditions can cause
overvoltages that may result in equipment flashover or insulation failure. To prevent equipment damage
and/or system shutdown from overvoltages, protective devices are used to limit the overvoltages to
reasonable levels. Application of these devicesis usually a compromise between the costs of the devices
and the degree of protection desired.

The protection provided for substations and substation egquipment can be broken into two main parts.
1. Surge protection, employed to protect the equipment from damaging overvoltages caused by

lightning surges, switching surges, and system faults
2. Direct gtroke protection, employed to protect the equipment from direct lightning strokes

47.2 Surge Protection

Surge arresters are used to protect equipment against overvoltages caused by incoming surges. The
arresters function by discharging surge current to the ground system and then interrupt the current to
prevent flow of normal power frequency follow current to ground. A detailed discussion concerning the
application and selection of surge arresters can be found in Section 5.8.

47.3 Direct Stroke Protection

4.7.3.1 Shidding: Sincethe effects of adirect lightning stroke to an unshielded substation can be
devadtating, it is recommended that some form of direct stroke protection be provided. Direct stroke
protection normally consists of shielding the substation equipment by using lightning masts, overhead
shield wires, or a combination of these devices. The types and arrangements of protective schemes used
are based on the size and configuration of the substation equipment.

4.7.3.2 Overhead Shield Wires: Overhead shield wires are often used to provide direct stroke
protection. The shield wires can be supported by the circuit pull-off structures, if conveniently located, to
extend over the substation. Since these shield wires are |ocated above substation buses and equipment,
breakage could result in outage of and/or damage to equipment. To minimize possible breakage, the
overhead shield wire systems are constructed from high-quality, high-strength materials such as have
been accepted by RUS (see RUS IP 202-1, “List of Materias Acceptable for Use on Systems of RUS
Electrification Borrowers’). Shield wires should be limited to a maximum design tension of 8900
newtons (2000 pounds) per conductor under the appropriate loading conditions as defined in the National
Electrical Safety Code. Thistension is based only on wire strength and has to be coordinated with
support structure design. Lower tensions may be required for certain applications, depending on the
capabilities of the support structures. Sag has to be considered to ensure adequate clearance from
energized equipment.
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A complete overhead shield wire system should include protection for overhead circuits entering or
leaving the substation. In areas not employing transmission line shielding, substation shield wire systems
should be extended at |east 805 meters (one-haf mile) away from the substation to limit the exposure of
the phase conductors to direct strokes near the substation. Strokes occurring on the circuits beyond the
shielding will usually be attenuated enough by the time they reach the substation to be discharged
successfully by the surge arresters without causing equipment damage. For adequate protection, the
circuit wire systems should be directly connected to the substation shield wire system.

4.7.3.3 Shidding Masts. Shidding masts can be used for nearly all types of substations to provide
protection against direct lightning strokes. They are particularly useful in large substations and those of
low-profile design. Shielding masts can be guyed or self-supporting stedl poles or |attice-type towers and
are usually made of steel. Other materials, such as precast concrete or aluminum, can aso be used.

In some instances, shielding masts can aso be used to provide support for substation lighting equipment.

4.7.3.4 Protection Calculation Methods: There are two widely used methods for designing
substation lightning protection:

1 Fixedangle
2. Ralling sphere

The zone of protection of a shielding system is the volume of space inside which equipment is considered
adequately protected by the system. A shielding system allowing no more that 0.1 percent of the total
predicted number of lightning strokes to terminate on the protected equipment is considered adequate for
most Situations.

4.7.3.4.1 Fixed Angle Method: The fixed angle design method uses vertical angles to determine the
number, position, and height of shielding masts and wires. The shaded areasin Figure 4-17 illustrate the
zones of protection afforded by single- and double-mast or shield wire systems. For asingle mast, the
zone of protection consists of acone. For asingle shield wire, the zone of protection isawedge. When
two or more masts or shield wires are used, the zones of protection of each overlap to provide complete
coverage. Figure 4-17 aso lists the ranges of angles that have been used for various shielding systems.

ANGLE |  RANGE | RECOMMENDED

A 20° TO 60 30°
B 40" TO 60° 45°
4‘\
SINGLE MAST OR SHIELD WIRE TWO MASTS OR SHIELD WIRES

Figure 4-17: Zones of Protection for Masts and Shield Wires Using Fixed Angle Method
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4.7.3.4.2 Rolling Sphere Method: The rolling sphere method involves rolling an imaginary sphere of
a prescribed radius over the substation. The sphere rolls up and over (and is supported by) lightning

masts, shield wires, and other grounded metal objects intended for lightning shielding. A piece of
equipment is protected from a direct stroke if it remains below the curved surface of the sphere by virtue
of the sphere’ s being elevated by shield wires or other devices. Equipment that touches the sphere or
penetrates its surface is not protected. The basic concept is shown in Figure 4-18.

IMAGINARY ROLLING ———
SPHERE

v AN AN

! N

/ ~
PATH OF ~

/ ~
ROLLING SPHERE / =
\/ f———— SHIELD SYSTEN ————= \
\

/ PROTECTED \
7 EQUIPMENT \

~ \
l [ UNPROTECTED
/ |-l N\ EQUIPMENT
/

Figure 4-18: Principle of Rolling Sphere. Ref. IEEE Std. 998-1996, Fig. 7-3.
Copyright © 1996. IEEE. All rights reserved.

The radius of the sphere is determined by calculating the strike distance. The strike distance is the length
of the final jump of the stepped leader as its potential exceeds the breakdown resistance of the last gap of
air to ground. A stepped leader is the static discharge that propagates from a cloud into the air.

The alowable stroke current that may be received by a substation bus without exceeding the withstand
value, or BIL, of the substation is defined by Equation 4-1:
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Equation 4-1
| = 22*BIL
-

S

Where;
ls

BIL

Zs

Allowable stroke current in kiloamperes
Basic lightning impulse level in kilovolts
Surge impedance of the conductor through which the surge is passing in ohms

Ref. IEEE Std. 998, Para. 5.2.2, Eq. 5-2A, and Definitions. Copyright © 1996. IEEE. All rights reserved.

The striking distance, indicated in Figure 4-18 by “R,” may be calculated using Equation 4-2 or 4-3:

Equation 4-2
R, =8KI2%
or
Equation 4-3
R, =26.25K12%
Where:
R = Strike distance in meters
R = Strike distancein feet
ls = Return strike in kiloamperes
K = A coefficient to account for different striking distances to a mast, shield wire, or the

ground plane. K =1 for strokes to wires or the ground plane, and K = 1.2 for strokes
to alightning mast.

Ref. IEEE Std. 998, Para. 5.2.1, Eq. 5-1A, EQ. 5-1B, and Definitions. Copyright © 1996. |IEEE. All
rights reserved.

These equations provide a very basic evauation of the lightning protection provided by the rolling sphere
method. The many nuances and criteria on which the procedure is based are found in IEEE Std. 998,
“Guide for Direct Lightning Stroke Shielding of Substations.”

The engineer designing the shielding system needs to also take into account the isokeraunic level of the
area where the substation will be built. The isokeraunic level is the average annua number of
thunderstorm days for a given locality. The U.S. Weather Bureau publishes a chart that shows the
isokeraunic levels across the United States.

For a complete description of both the fixed angle and the rolling sphere methods, refer to |EEE Std. 998,
“Guide for Direct Lightning Stroke Shielding of Substations.”

4.7.3.5 Shidding System Grounding: A shielding system cannot effectively protect substation
equipment unless adequately grounded. Multiple low impedance connections from the shielding system
to the substation ground grid are essentia. It is beneficial to use at least two separate connections to
ensure continuity and reliability. Whenever nonconducting masts or supports are used, install separate
ground cables to establish a direct connection from the shield system to the substation ground system.
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4.8 SUBSTATION INSULATORS

48.1 Outdoor Apparatus Insulators

4.8.1.1 Types. Outdoor apparatus insulators are used primarily to support rigid buswork and other
electrical equipment operated above ground potential. Apparatus insulators are normally manufactured
from electrical-grade wet-process porcelain and are available in two major types: cap and pin-type and
post-type. Other types are also available from some insulator manufacturers.

4.8.1.2 BIL (Impulse Withstand) Ratings of Outdoor ApparatusInsulators: For apparatus
insulators, impulse withstand voltages are commonly referred to as BILs. Apparatus insulators are
available with BIL ratings as shown in Table 4-2. Use of the BILs for the nomina system voltages listed
will normally ensure adequate coordination with protective devices and insulation systems of other
equipment for most operating conditions. In areas of extremely high contamination, it may be desirable
to increase the insulator BIL to levels higher than listed.

Table 4-2: Apparatus Insulator BIL Ratings for Nominal System Voltages.
Ref. NEMA SG-6-1995, Table 32-1. Reproduced with permission of the
National Electrical Manufacturers Association.

Apparatus Insulator BIL
Nominal System Voltage (Impulse Withstand)

kv kv

7.5 95

14.4 110

23 150
34.5 200

46 250

69 350

115 550

138 650

161 750

230 900

230 1050

345 1050

345 1300

According to ANSI Std. C37.30, “ Definitions and Requirements for High-V oltage Air Switches,
Insulators, and Bus Supports,” equipment that depends on air for its insulating medium will have a lower
dielectric strength when operated at higher altitudes than when operating at lower dtitudes. For atitudes
above 1000 meters (3300 feet), the correction factors shown in Table 4-3 should be applied to reduce the
insulator BILs.

4.8.1.3 Cap and Pin-Type Outdoor Apparatus|nsulators. Cap and pin-type (Cpt) apparatus
insulators are the original insulator type used in substation construction. While Cpt is till in use, post-
type insulators are more commonly used today in substation design and are recommended for any new
congtruction or rebuilding of existing facilities.

4.8.1.4 Post-TypeOutdoor Apparatus|nsulators: Post-type apparatus insulators are the type most
often used today for new substation construction. The uniform profile and smaller diameter enhance
insulator appearance. Post insulator typesin genera use are made of porcelain and polymer. The
polymer typeislessrigid than porcelain or composite and is not recommended for switch supports.
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Table 4-3: Altitude Correction Factors/BIL. Ref. ANSI/IEEE Std.
C37.30-1992, Table 1. Copyright © 1992. IEEE. All rights reserved.

Altitude Correction Factors to
Meters (feet) Be Applied to BIL
1000 (3300) 1.00
1200 (4000) 0.98
1500 (5000) 0.95
1800 (6000) 0.92
2100 (7000) 0.89
2400 (8000) 0.86
2700 (9000) 0.83
3000 (10,000) 0.80
3600 (12,000) 0.75

4200 (14,000) 0.70
4800 (16,000) 0.65
5400 (18,000) 0.61
6000 (20,000) 0.56

Note: Correction factors are currently being reviewed.

Porcelain insulators are generally manufactured from one piece of electrical-grade wet-process porcelain
formed with a number of vertical skirtsto achieve the required electrical characteristics. End caps for
mounting the insulators are cemented to the porcelain. The insulators are manufactured with a minimum
number of joints, which inherently reduces deflections.

The short skirts of post insulators make them less susceptible to damage from flashovers. Even if some of
the skirts are damaged, insulation integrity is usualy maintained since the dry arcing distances are not
greatly affected.

Post-type insulators are available in two types. stacking and nonstacking. Single nonstacking insulators
are normally used through nomina voltages of 69 kV (350 kV BIL). At nominal voltages of 115 kV (550
kV BIL) and above, stacking insulators are used. See Figure 4-19.

Since post-type insulators are available in different colors, preferences should be made known in advance
of purchasing.

Post-type apparatus insulators are manufactured and tested in accordance with the following standards:

ANSI C29.1 “Test Methods for Electrical Power Insulators’
ANSI C29.9 “American National Standard for Wet-Process Porcelain Insulators (Apparatus,
Post Type)”

4.8.1.5 Leakage Distance of Outdoor Apparatus|nsulators. Post-type apparatus insulators depend
on the insulating material contours to achieve the required leakage distances. Skirt breakage on a post
type usualy will not cause insulator flashover since a much smaller percentage of the total leakage
distance is destroyed compared to the cap and pin type. Post-type apparatus insulators generaly have
longer leakage distances than their counterparts, particularly at the lower BILSs.

In areas of high contamination it is usually desirable to utilize insulators with either longer than standard
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Figure 4-19: Station Post Insulator. Courtesy of Lapp Insulator Co.

leakage distances or higher BILs to prevent electrical breakdown from surface contamination.
Application of insulators in unusua situations such as high contamination can sometimes best be
accomplished by referring the problem to the insulator manufacturers for recommendations.

4.8.1.6 Mechanical Strength of Outdoor ApparatusInsulators. Most apparatus insulators are
available in several mechanical strength ratings, based primarily on the cantilever strength of the
insulators. The various ratings available can be found in ANSI and NEMA standards and in
manufacturers’ literature.

For most applications, cantilever strength is the most important mechanical characteristic. However,
depending on the actual insulator application, some of the other characteristics can become important and
should be considered. These insulator characteristics include tensile strength, compressive strength, and
torsiona strength. The design and manufacture of post-type apparatus insulators allow equal cantilever
strength ratings in both upright and underhung mounting positions.

Typical characteristics of cap and pin-type and post-type apparatus insulators can be found in Tables 4-4
and 4-5, respectively. Post insulators are recommended.



Table 4-4: Typical Characteristics of Cap and Pin-Type Insulators. Ref. Std. ANSI C29.8-1985, Table 1.

Reproduced with permission of the National Electrical Manufacturers Association.
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BIL (IMPULSE TECHNICAL UPRIGHT CANTILEVER| UNDERHUNG CANTILEVER BOLT
WITHSTAND) REFERENCE STRENGTH STRENGTH CIRCLE HEIGHT LEAKAGE DISTANCE
kV NUMBER POUNDS (NEWTONS) POUNDS (NEWTONS) IN. | (CM) IN. (CM) IN. (CM)
95 1 2,000 (8,896) 1,000 (4,448) 3 (7.62) 75 (19.1) 7.5 (19.1)
95 41 4,000 (17,792) 3,000 (13,344) 3 (7.62) 8 (20.3) 8 (20.3)
110 4 2,000 (8,896) 1,000 (4,448) 3 (7.62) 10 (25.4) 12.0 (30.5)
110 44 4,000 (17,792) 3,000 (13,344) 5 (12.7) 10 (25.4) 14.0 (35.6)
150 7 2,000 (8,896) 1,000 (4,448) 3 (7.62) 12 (30.5) 20.0 (50.8)
150 46 4,000 (17,792) 3,000 (13,344) 5 (12.7) 12 (30.5) 18.0 (45.7)
190 147 3,000 (13,344) 2,000 (8,896) 3 (7.62) 145 (36.8) 26.0 (66.0)
200 10 2,000 (8,896) 1,000 (4,448) 3 (7.62) 15 (38.1) 28.0 (71.1)
200 49 4,000 (17,792) 3,000 (13,344) 5 (12.7) 15 (38.1) 28.0 (71.2)
210 140 7,000 (31,136) 4,000 (17,792) 5 (12.7) 145 (36.8) 33.0 (83.8)
210 141 10,000 (44,480) 6,000 (26,688) 5 (12.7) 145 (36.8) 33.0 (83.8)
210 142 10,000 (44,480) 6,000 (26,688) 7 (17.8) 145 (36.8) 33.0 (83.8)
210 191 20,000 (88,960) 12,000 (53,376) 7 (17.8) 145 (36.8) 33.0 (83.8)
210 164 4,000 (17,792) 3,500 (15,568) 3 (7.62) 145 (36.8) 33.0 (83.8)
250 13 2,000 (8,896) 1,000 (4,448) 3 (7.62) 18 (45.7) 36.0 (91.4)
250 165 3,000 (13,344) 2,000 (8,896) 3 (7.62) 18 (45.7) 36.0 (91.4)
350 16 1,500 (6,672) 1,000 (4,448) 3 (7.62) 29 (73.7) 52.0 (132.0)
350 56 3,000 (13,344) 2,350 (10,453) 5 (12.7) | 29.0 (1) (73.7) 66.0 (168.0)
350 166 2,000 (8,896) 2,000 (8,896) 3 (7.62) | 29.0 (1) (73.7) 66.0 (168.0)
550 19 1,700 (7,562) 1,470 (6,539) 5 (12.7) | 43.5(1) | (111.0) 99.0 (252.0)
550 167 1,000 (4,448) 1,000 (4,448) 3 (7.62) | 43.5(1) | (111.0) 99.0 (252.0)
650 170 1,000 (4,448) 1,000 (4,448) 3 (7.62) | 54.0(1) | (137.2) 108.0 (274.3)
750 168 1,000 (4,448) 1,000 (4,448) 3 (7.62) | 58.0(1) | (147.3) 132.0 (335.3)
750 25 1,200 (5,338) 1,070 (4,759) 5 (12.7) | 58.0(1) | (147.0) 132.0 (335.0)
750 123 2,000 (8,896) 1,750 (7,784) 5 (12.7) | 58.0(1) | (147.0) 132.0 (335.0)
900 126 910 (4,048) 840 (3,736) 5 (12.7) | 72.5(1) | (184.0) 165.0 (419.0)
900 27 1,450 (6,450) 1,350 (6,005) 5 (12.7) | 72.5(1) | (184.0) 165.0 (419.0)
1050 128 750 (3,336) 700 (3,114) 5 (12.7) | 87.0(1) | (221.0) 198.0 (503.0)
1050 28 1,170 (5,204) 1,100 (4,893) 5 (12.7) | 87.0(1) | (221.0) 198.0 (503.0)
1050 196 2,300 (10,230) 2,300 (10,230) 7 (17.8) 87 (1) (221.0) 198 (503.0)
1300 133 1,000 (4,448) 950 (4,226) 7 (17.8) | 101.5 (1) | (257.8) 231 (586.7)
1300 197 2,000 (8,896) 2,000 (8,896) 7 (17.8) | 101.5(1) | (257.8) 231 (586.7)
Notes:

(1) Does not include 3.5-inch (8.89 cm) high sub-base that is required for full BIL.
(2) The insulators listed are representative of those currently available. Additional ratings are available for some voltages. Refer to

manufacturers’ data for information.
(3) The characteristics listed are typical. Refer to manufacturers’ data for actual ratings and additional characteristics.
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Table 4-5: Typical Characteristics of Post-Type Insulators. Ref. ANSI Std. C29.9-1983, Tables 1 and 2.
Reproduced with permission of the National Electrical Manufacturers Association.
BIL (IMPULSE | TECHNICAL UPRIGHT UNDERHUNG BOLT CIRCLE
CANTILEVER CANTILEVER
WITHSTAND) | REFERENCE STRENGTH STRENGTH TOP BOTTOM HEIGHT LEAKAGE
DISTANCE
kv NUMBER | POUNDS | (NEWTONS) | POUNDS | (NEWTONS) [IN.] (CM) IN. | €M) | IN. | (™M) | IN. (C™)
95 202 2000 (8896) 2000 (8896) 3| (762 3 | (762 | 75 | (19.1) [ 105 (26.7)
95 202 4000 (17792) 4000 (17792) 5| (12.7) 5 | @2.7) | 75 | (19.1) | 105 (26.7)
110 205 2000 (8896) 2000 (8896) 3| (7.62) 3 | (762) | 10 | (25.4) | 155 (39.4)
110 225 4000 (17792) 4000 (17792) 5| (12.7) 5 (12.7) | 12 | (30.5) | 155 (39.4)
150 208 2000 (8896) 2000 (8896) 3| (7.62) 3 | (762) | 14 | (35.6) | 24 (61.0)
150 227 4000 (17792) 4000 (17792) 5| (12.7) 5 | @27) | 15 | (38.1) | 24 (61.0)
200 210 2000 (8896) 2000 (8896) 3| (7.62) 3 | (762) | 18 | (45.7) | 37 (94)
200 231 4000 (17792) 4000 (17792) 5| (12.7) 5 (12.7) | 20 | (50.8) | 37 (94)
250 214 2000 (8896) 2000 (8896) 3| (7.62) 3 | (762) | 22 | (55.9) | 43 (109)
250 267 4000 (17792) 4000 (17792) 5| (12.7) 5 | @2.7) | 24 | (61.0) | 43 (109)
350 216 1500 (6672) 1500 (6672) 3| (7.62) 3 | (762) | 30 | (76.2) | 72 (183)
350 278 3000 (13344) 3000 (13344) 5| (12.7) 5 | 12.7) | 30 | (76.2) | 72 (183)
550 286 1700 (7562) 1700 (7562) 5| (12.7) 5 | (12.7) | 45 | (114) | 99 (251)
550 287 2600 (11564) 2600 (11564) 5| (12.7) 5 | @27) | 45 | (114) | 99 (251)
650 288 1400 (6227) 1400 (6227) 5| (12.7) 5 | 12.7) | 54 | (137) | 116 (295)
650 289 2200 (9786) 2200 (9786) 5| (12.7) 5 | (12.7) | 54 | (137) | 116 (295)
750 291 1200 (5338) 1200 (5338) 5| (12.7) 5 | (12.7) | 62 | (157) | 132 (335)
750 295 1850 (8229) 1850 (8229) 5| (12.7) 5 | @2.7) | 62 | (a57) | 132 (335)
900 304 950 (4226) 950 (4226) 5| (12.7) 5 | @12.7) | 80 | (203) | 165 (419)
900 308 1450 (6450) 1450 (6450) 5| (12.7) 5 (12.7) | 80 | (203) | 165 (419)
1050 312 800 (3558) 800 (3558) 5| (12.7) 5 | (12.7) | 92 | (234) | 198 (503)
1050 316 1250 (5560) 1250 (5560) 5| (12.7) 5 | @2.7) | 92 | (234) | 198 (503)
1050 362 2300 (10230) 2300 (10230) 7| (17.8) 7 | 17.8) | 92 | (234) | 198 (503)
1300 324 1000 (4448) 1000 (4448) 5| (12.7) 5 (12.7) | 106 | (269) | 231 (587)
1300 367 1450 (6450) 1450 (6450) 5| (12.7) 7 | (@7.8) | 106 | (269) | 231 (587)
1300 368 2000 (8896) 2000 (8896) 7| (17.8) 7 | @7.8) | 106 | (269) | 231 (587)
1300 369 2050 (9118) 2050 (9118) 5| (12.7) 7 | (@7.8) | 106 | (269) | 231 (587)
Notes:

(1) The insulators listed are representative of those currently available. Additional ratings are available for some voltages. Refer to manufacturers’ data for

information.

(2) The characteristics listed are typical. Refer to manufacturers’ data for actual ratings and additional characteristics.
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4.8.1.7 Mounting Outdoor Apparatuslnsulators: Most apparatus insulators are furnished with end
caps with four mounting holes arranged in either 7.62-centimeter (3-inch), 12.7-centimeter (5-inch), or

17.8-centimeter (7-inch) bolt circles, or 30.5-centimeter (12-inch) or 35.6-centimeter (14-inch) bolt
circles, depending on the insulator strength and voltage rating. The mounting holes are usualy tapped for
bolts of /2" with 13 threads per inch, 5/8" with 11 threads per inch, or 3/4" with 10 threads per inch,
respectively. Adapters are available to go from one bolt circle size to another.

Upright or underhung mounting usually does not present major problems, provided the insulators are
utilized within their mechanical and electrical capabilities. When the insulators are installed horizontally,
the weight of the insulators, fittings, buses, and any other supported equipment have to be considered to
determine the permissible loads. Some manufacturers recommend reducing the alowable loads from the
tabulated values for horizontally mounted insulators. Unusual applications can be referred to the
manufacturers for recommendations.

4.8.2 Suspension Insulators

4.8.2.1 Types: Suspension insulators are used as insulation and support for strain busesin
substations.  Suspension insulators are available in several forms to suit individual requirements.
Distribution deadend-type suspension insulators can be used at distribution voltages for substation strain
buses. Distribution deadend suspension insulators normally have clevis-type connections. Conventional
suspension insulators are normally used for strain bus insulation at higher voltages and can be furnished
with either clevis or ball and socket connections. The conventiona suspension insulators most commonly
used are 25.4 centimeters (10 inches) in diameter and 14.6 centimeters (5 ¥ inches) in length. Suspension
insulators are manufactured out of porcelain, polymer, and glass. See Figure 4-20.

Suspension insulators acceptable for use on RUSfinanced systems are listed in RUS IP 202-1.

4.8.2.2 Electrical Characteristicsof Suspension Insulators. To achieve the necessary electrical
characteristics, a number of suspension insulators are strung together in series. It isimportant to
coordinate the insulation characteristics of suspension insulator strings with the insulation systems of
other substation equipment and the characteristics of various insulation protective devices.

The quantity of suspension insulators chosen for a particular application should be large enough to
prevent unnecessary flashovers. Overinsulation, however, can result in flashovers occurring from phase
to phase rather than from phase to ground. Consequently, the quantity of insulators should be small
enough that all flashovers occur to ground.

Table 4-6 lists the recommended minimum quantities of standard 14.6 x 25.4 cm (5 % x 10in.)
suspension insulators for particular nominal system voltages and BILs. Additiona insulators should be
considered under the following conditions:

1. Above 1000 meters (3300 feet), the correction factors listed in Table 4-3 should be applied to
the BILs and the insulator quantities correspondingly increased.

2. Inareasof high contamination, it may be necessary to increase the insulator quantities or
consider the use of specially designed equipment.

3. When deadending on stedl structures, an additiona insulator is typically added.

4.  When ingtalled at an angle other than vertical, one or two insulators should be added when the
angle from vertical approaches 45 degrees and 90 degrees, respectively.
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Figure 4-20: Suspension Insulator
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Table 4-6: Minimum Quantity of Suspension Insulators
Nominal System
Phase-to-Phase Voltage BIL Minimum Quantity of

kV kV Suspension Insulators*
7.5 95 1

14.4 110 2

23 150 2
34.5 200 3

46 250 4

69 350 5

115 550 8

138 650 9

161 750 10

230 900 12

230 1050 14

345 1300 20

*For standard 14.6- x 25.4-centimeter (5 %- x 10-inch) suspension insulators.

4.8.2.3 Mechanical Strength of Suspension Insulators. Suspension insulators are tested and
categorized with simultaneous mechanical-electrical strength ratings, as listed in RUS IP 202-1. These
strength ratings are not the actual loads the insulators are designed to operate under, but represent ultimate
drengths. The insulators also have proof test ratings specified in ANSI Std. C29.2 as one half the
mechanical—-electrical ratings. These ratings are the actual |oads that the insulators have withstood during
testing. The maximum suspension insulator loading should not exceed 40 percent of the mechanical—
electrical strength ratings listed in RUS P 202-1.

49 ELECTRICAL CLEARANCES

Table 4-7 lists the electrical clearances for outdoor substation construction. The values identified as
minimums should be maintained or exceeded at all times. Phase-to-ground and phase-to-phase clearances
should be coordinated to ensure that possible flashovers occur from phase to ground rather than from
phase to phase.

Table 4-8 lists the phase spacing of various types of outdoor air switches. The minimum metal-to-metal
clearances should be maintained at al times with the switches in the open position, closed position, or
anywhere between the open and closed positions.
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Table 4-7: Outdoor Electrical Substation Clearances. Ref. ANSI C37.32-1996, Table 5; NEMA SG-6-1995, Table 32-1.
Reproduced with permission of the National Electrical Manufacturers Association.

Nominal Maximum Minimum Minimum
Phase- Phase- Centerline-to- Between Bare Between Bare
to- to- Minimum Metal - to- Centerline Minimum to Overhead Overhead

Phase Phase Metal for Rigid Phase Spacing Grounded Parts Conductors and Conductors and
Voltage Voltage BIL Conductors for Rigid Buses for Rigid Ground for Roadways Inside
kv kv kv meters (inches) meters Conductors Personal Safety Substation
(inches) meters (inches) meters (feet) (3) Enclosure
meters (feet) (4)
75 8.3 95 0.178 (7) 0.457 (18) 0.152 (6) 2.44 (8) 6.10 (20)
14.4 15.5 110 0.305 (12) 0.610 (24) 0.178 (7) 2.74 (9) 6.40 (21)
23 25.8 150 0.381 (15) 0.762 (30) 0.254 (10) 3.05 (10) 6.71 (22)
345 38 200 0.457 (18) 0.914 (36) 0.330 (13) 3.05 (10) 6.71 (22)
46 48.3 250 0.533 (21) 1.22  (48) 0.432 (17) 3.05 (10) 6.71 (22)
69 725 350 0.787 (31) 1.52 (60) 0.635 (25) 3.35 (11) 7.01 (23)
115 121 550 1.35 (53) 2.13  (84) 1.07 (42) 3.66 (12) 7.62 (25)
138 145 650 1.60 (63) 2.44  (96) 1.27 (50) 3.96 (13) 7.62 (25)
161 169 750 1.83 (72) 2.74 (108) 1.47 (58) 4.27 (14) 7.92 (26)
230 242 900 2.26 (89) 3.35 (132 1.80 (71) 457 (15) 8.23 (27)
230 242 1050 2.67 (105) 3.96 (156) 2.11 (83) 4.88 (16) 8.53 (28)
345 362 1050 2.67 (105) 3.96 (156) 2.13 (84)* 4.88 (16) 8.53 (28)
345 362 1300 3.02 (119) 4.43  (174) 2.64 (104)* 5.49 (18) 9.14 (30)
Notes: (1) Values listed are for altitudes of 1000 meters (3300 feet) or less. For higher altitudes, the altitude correction factors listed in Table 4-3 should be
applied.
(2) This is the minimum clearance from the top of structure, equipment, or apparatus foundation to energized conductors.
(3) Inno cases should the clearance from the top of a foundation to the bottom of equipment bushings or insulators of energized equipment or
apparatus be less than 2.44 meters (8 feet).
(4) This dimension indicates the clearance required for truck traffic under the overhead line while maintaining ground clearance.
*

Ground clearance for voltages 362 kV and above is selected on the premise that, at this level, selection of the insulation depends on switching
surge levels of the system. The values were selected from Table 1 of IEEE Transaction Paper T-72-131-6 (Vol. 5, page 1924), which is a report of
the Transmission Substations Subcommittee. For additional switching surge values and ground clearances, refer to ANSI Std. C2.
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Table 4-8: Phase Spacing of Outdoor Air Switches. Ref. ANSI Std. C37.32-1996, Table 5.
Reproduced with permission of the National Electrical Manufacturers Association.
Centerline-to-Centerline Phase Spacing
meters (inches)
Nominal
Phase-to- Maximum Minimum Meta-to- Vertical Break Side or Horizontal

PhaseVoltage Phase-to-Phase BIL Metd for Air Switches Disconnect Break Disconnect All Horn Gap
kv Voltage kV kV meters (inches) Switches Switches Switches
7.5 8.3 95 0.175 (7) 0.457 (18) 0.762 (30) 0.914 (36)
14.4 155 110 0.305 (12 0.610 (24) 0.762 (30) 0914 (36)
23 25.8 150 0.381 (15) 0.762 (30) 0.914 (36) 122 (48
34.5 38 200 0.457 (18) 0.914 (36) 122 (48) 152 (60)
46 48.3 250 0.533 (21) 122 (48 152 (60) 183 (72
69 72.5 350 0.787 (31) 152 (60) 183 (72 213 (84
115 121 550 135 (53 213 (84 274 (108) 3.05 (120
138 145 650 160 (63) 244 (96) 335 (132 366 (144)
161 169 750 183 (72 274 (108) 396 (156) 427 (168)
230 242 900 226 (89 33 (132 487 (192 487 (192
230 242 1050 267 (105 396 (156) 550 (216) 550 (216)
345 362 1050 267 (105 396 (156) 549 (216) 549 (216)
345 362 1300 302 (119 443 (174) —_ - — —

Notes: (1) Values taken from ANSI C37.32 and NEMA SG6.
(2) Values listed are for altitudes of 1000 meters (3300 feet) or less. For higher altitudes, the altitude correction factors listed in Table

4-3 should be applied.
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When nonrigid conductors are used for outdoor overhead substation buses, the movement of the
conductors caused by temperature changes and wind and ice loads has to be considered. The usud
practice is to increase the centerline-to-centerline bus spacing and the phase-to-ground clearances to
compensate for these conditions. Increase the minimum metal-to-metal, bus centerline-to-centerline, and
minimum ground clearances listed in Table 4-7 by at least 50 percent for nonrigid conductors. Check to
ensure that the minimum metal-to-metal clearances listed in Tables 4-7 and 4-8 are maintained or
exceeded at al timesfor al expected temperature and loading conditions. The movement of nonrigid
conductors can also be calculated using the NESC conductor movement envelopes for line conductors.

In some locations, contamination from airborne particles necessitates increasing the minimum electrical
clearances. Satisfactory operation can usually be obtained by using clearances one step above those
normally used. In extremely contaminated locations, additional clearance may be required.

Since the didlectric strength of air-insulated equipment decreases with increasing atitude, the clearances
listed in Table 4-7 have to be modified for use at atitudes above 1000 meters (3300 feet). To determine
appropriate clearances for use above 1000 meters (3300 feet), first derate the standard BILs by applying
the factors listed in Table 4-3. Then choose the clearances from Table 4-7 corresponding to the derated
BILs selected. For example, at an dtitude of 2400 meters (8000 feet), a maximum voltage of 121 kV isto
be used. From Table 4-3, the standard BIL of 550 kV has to be derated by applying a multiplying factor
of 0.86. Table 4-9 shows the effects of derating for 2400 meters (8000 feet):

Table 4-9: Effects of Derating
for 2400 Meters

Standard BILs Derated BILs
kV kV
550 473
650 559
750 645

A 650 kV BIL should be selected for use at 2400 meters (8000 feet) to provide a BIL equivalent to 550
kV at atitudes of 1000 meters (3300 feet) and below. The clearancesto be used are those associated with
the 650 kV standard BIL, aslisted in Tables 4-7 and 4-8.

As an option to the above equipment selection, the engineer may evaluate the derated BIL in terms of the
capability of surge arresters applied to the equipment to provide protection to the equipment. With
applicable protective margins, surge arresters available today may be able to protect voltage-derated
equipment without increasing the equipment BIL for compensation.

In addition to the electrical clearances previoudy described, it is necessary to provide adequate space for
equipment maintenance. In arrangements where equipment such as power circuit breakers, reclosers,
disconnect switches, power transformers, or other equipment has to be maintained while portions of
adjacent equipment remain energized, provide sufficient space around the equipment to prevent
accidental contact by maintenance personnel.

In arrangements with buses or equipment crossing over other buses and equipment, maintain adequate
clearance between the adjacent buses and equipment for al operational conditions. Position power
transformers and power circuit breakers to permit removal of any bushing. Locate switches and other
equipment with externally moving parts to prevent infringement on the minimum clearances listed in
Tables 4-7 and 4-8 during operation or when in any position. Also consider conductor, equipment, or
support structure movement during heavily loaded or deformed conditions.
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The clearances listed in Tables 4-7 and 4-8 are adequate for most situations and exceed the requirements
of the National Electrical Safety Code The clearances listed in the NESC have to be maintained or
exceeded at dl times.

Another clearance requirement is the location of the substation perimeter fence with respect to live parts
within the substation. A safety clearance zone is required to keep someone outside the substation from

sticking an object through the fence and coming in contact with live parts or getting close enough to cause
aflashover to occur. Use Figure 4-21 to locate exposed live parts outside the safety clearance zone.

4.10 BARE CONDUCTORS

4.10.1 Conductor Materials

Copper and auminum are the two major conductor materials used for substation buses and equipment
connections. Both materials can be fabricated into various types of flexible or rigid conductors. The
trend in substation construction is toward use of mostly aluminum conductors. Copper conductors are
used principaly for expansion of similar systems in existing substations.

The conductivity of duminum is from 50 to 60 percent that of copper, depending on the aluminum aloy.
Consequently, larger aluminum conductors are required to carry the same currents as copper conductors.
The larger duminum conductor diameters result in greater wind and ice loads but tend to minimize
corona, which is more of a problem at higher voltages.

For the same ampacity, copper conductors weigh approximately twice as much as aluminum conductors.
The higher copper conductor weights can result in more sag as compared with aluminum conductors for
equal spans. To reduce the sag, it is usually necessary to increase the number of supports for rigid
conductors or, in the case of flexible conductors, increase the tensions.

4.10.2 Rigid Conductors

Rigid electrical conductors are available in a variety of shapes and sizesto suit individual requirements.
Some of the more commonly used shapes include flat bars, structural shapes, and tubes. Specific physica
and electrical properties and application data can be obtained from the conductor manufacturers.

4.10.2.1 Flat Bars: Flat bars can be utilized for outdoor substation buses and are particularly suitable
since they can be easily bent and joined. For high-current applications, a number of flat bars can be

grouped together, leaving a small space between the bars to facilitate heat dissipation. The ampacity of a
group of flat bars depends on whether the bars are arranged vertically or horizontally. The number of
bars that can be grouped together is limited because of skin and proximity effects. Flat bars are usualy
limited to use at lower voltages because of corona.

Because of their inherent lack of rigidity, supports for flat bar buses are usualy closdly spaced to
minimize the effects of meteorologica loads and short-circuit forces.

4.10.2.2 Structural Shapes. The structural shape conductors that have been used in outdoor
substation construction consist primarily of angle and channel types. The flat surfaces permit bolting

directly to support insulators and provide convenient connection points. To increase ampacity, two angles
or channels can be used. Specia fittings are usualy required for these configurations. The positioning
and grouping of structural shapes have limitations similar to those of flat bars.
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Dimensions for use with Figure 4-21, Fence Safety Clearance

Nominal Voltage Dimension A Dimension B
Between Phases Et M Et M
151-34,500 15.0 4.6 10.0 3.1
46,000-69,000 16.0 4.9 12.0 3.7
115,000 16.7 5.1 13.0 4.0
138,000 17.1 5.2 14.0 4.3
161,000 176 5.4 14.0 4.3
230,000 19.0 5.8 16.0 4.9
345,000 21.3 6.5 18.0 5.5
500,000 249 7.6 21.0 6.4
765,000 29.7 9.1 23.0 7.0
NOTES:

1. Dimension A is equal to the vertical clearance of wires, conductors, and cables above spaces and ways subject
to pedestrians or restricted traffic only (ANSI C2-1987 [1], Rules 232A and 232B, and Table 232-1, 5) for the
voltage considered.

2. The B Dimension was established after considering the horizontal clearance of unguarded live parts in electric
supply stations (ANSI C2-1987 [1], Rule 124 A, and Table 124-1), plus the effective length of a rod or pole that
could be inserted through the electric supply station fence. The horizontal factors (ANSI C2-1987 [1], Table 124-
1, Part C).

3. The values shown for Dimension A for nominal voltages between phases of 115,000 and above should be
increased 3 percent for each 1000 ft (300 m) in excess of 3300 ft (L1000 m) above mean sea level.

Figure 4-21: Safety Clearance to Electric Supply Station Fences.
Ref. IEEE Std. 119-1988, Fig. 1. Copyright © 1988. IEEE. All rights reserved.
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Therigidity of both angle and channel shapesis somewhat higher than for flat bars of the same ampacity.
Consequently, support spacing can usually be increased.

4.10.2.3 Tubular Shapes. Square and round tubular shapes are considerably morerigid than either
flat bars or structural shapes of the same ampacity and permit longer spans. The flat surfaces of square
tubes provide convenient connection and support points. To facilitate heat dissipation, ventilation holes
are sometimes provided in the square tubes. Round tubular conductors are the most popular shape used in
outdoor substation construction. The round shape is very efficient structurally and electrically and
minimizes corona at higher voltages. The special fittings required for connecting, terminating, and
supporting round tubular conductors are widely available.

4.10.2.4 Special Shapes. Specia shapes combining the advantages of severa of the standard shapes
are dso available. Integral web channel buses, uniform thickness angles, and other specia configurations
can be furnished.

4.10.2.5 Aluminum Alloys and Tempers. Aluminum conductors are available in a variety of aloys
and tempers with different conductor conductivities and strengths. Round tubular conductors are usualy
specified as either 6061-T6 or 6063-T6 alloy. The 6063-T6 aloy has a conductivity approximately 23
percent higher and a minimum yield strength approximately 29 percent lower than the 6061-T6 alloy.
Consequently, the 6063-T6 alloy can carry higher currents but may require shorter support intervals.

Both Schedule 40 and 80 pipe are available in either aloy. The Schedule 80 sizes have wall thicknesses
approximately 40 percent thicker than the Schedule 40 sizes, resulting in lower deflections for equal span
lengths.

Alloy 6106-T61 is frequently utilized for flat bars, structural shapes, and square tubes. Other dloys and
tempers are available for specia applications.

4.10.3 Flexible Conductors

Flexible electrical conductors can be used as substation buses and equipment taps. The conductors are
normally cables fabricated by stranding a number of small conductors into one larger conductor.
Stranding provides the required conductor flexibility while maintaining strength. The flexibility can be
increased by reducing the diameter and increasing the quantity of individual conductors. Bare electrical
cables for substation construction are usually concentric lay stranded with Class A or AA stranding in
accordance with ASTM Std. B231.

Most flexible conductors used in substation construction consist of all copper, al auminum, or aluminum
with steel reinforcing (ACSR). The conductor type selected for a particular application is usually based
on the span length, tension and tolerable sag, and cost. For long spans, large supporting structures will be
required. The size and cost of these structures may depend on the conductor type and should be
considered during the selection process.

Flexible conductors are available in many sizes. Size selection is based on ampacity, strength, weight,
and diameter. Conductor diameter becomes increasingly important at higher voltages where corona can
be a problem.

Data concerning the physical and electrical properties of the various wire types can be found in
manufacturers’ literature.
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4.10.4 Conductor Ampacity

The ampacity of bare conductors is based on a number of factors, including the conductor material,
proximity of the conductors, climatic conditions, conductor temperature rise, emissivity, and atitude.

Copper conductors can carry about 1.3 or more times as much current as aluminum conductors of the
same size. However, based on weight, more than twice as much copper is required for the same
ampecity.

The current distribution of closely spaced conductors is affected by their mutua inductance in accordance
with the proximity effect. The additional losses attributed to this effect can usually be neglected if
conductor spacing is 45.7 centimeters (18 inches) or greater.

Climatic conditions have a great effect on conductor ampacity. Ampacities are usually determined based
on ambient temperatures of 40°C (104°F). For prolonged ambient temperatures above this value,
ampecities are usually reduced. Wind tends to reduce the temperature of outdoor bare conductors. An
assumed steady wind may be reasonable in many areas. The sun’s radiation can cause the temperature of
bare conductors to increase, which results in lower ampacities and should be considered in predominately
sunny locations.

Conductor temperature rise is the temperature increase above ambient at which the conductor is
operating. To prevent excessive surface oxidation and possible damage from annedling, the temperature
riseis usualy limited to 30°C (54°F) for atotal maximum conductor temperature of 70°C (158°F) under
normal operating conditions. The trend is toward higher operating temperatures. Temperature rises of
50°C (90°F) and higher have been used successfully. However, temperatures that could damage the
conductors or connected equipment should be avoided.

The conductor surface emissivity has an effect on conductor ampacity. For aluminum conductors,
emissivity is usually taken as 0.5 and for copper conductors 0.8. Both of these values are for heavily
weathered conductor surfaces. The ampacity isusually higher for greater emissivity.

According to ANSI Std. C37.30, “Definitions and Requirements for High-Voltage Air Switches,
Insulators, and Bus Supports,” equipment that depends on air for its cooling medium will have a higher
temperature rise when operated at higher altitudes than when operating at lower atitudes. For atitudesin
excess of 1000 meters (3300 feet), the correction factors listed in Table 4-10 should be applied. Consider
a conductor with an ampacity of 1000 amperes in a40°C (104°F) ambient temperature with a 30°C (54°F)
temperature rise at an altitude of 1000 meters (3300 feet). If this conductor isto be used at a higher
altitude, the ampacity hasto be corrected. At 5400 meters (18,000 feet), this conductor will have an
ampeacity of 1000 x 0.910 = 910 amperes in an ambient temperature of 40°C (104°F) with a 30°F (54°F)
temperature rise. The conductor may be operated at 1000 amperes at 5400 meters (18,000 feet), provided
the ambient temperature does not exceed 40°C x 0.824 = 33°C (104°F x 0.824 = 85.7°F) and the
temperature rise does not exceed 30°C (54°F).

4.10.5 Bus Connections

4.10.5.1 General: Itiscustomary to purchase rigid bus conductors in lengths ranging from 3.05
meters (10 feet) to 12.2 meters (40 feet). Sections need to be joined together for longer lengths. Taps are

required from buses to electrical equipment. Bus conductors need to be attached to support insulators.
For greatest reliability and lowest cost, the fewer the connections the better.
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Table 4-10: Altitude Correction Factors/Current. Ref. ANSI Std. C37.30-1992, Table 1.
Copyright © 1992. IEEE. All rights reserved.
Correction Factors Correction Factors
Altitude to Be Applied to to Be Applied to

Meters (Feet) Current Rating* Ambient Temperature*
1000 (3300) 1.00 1.00

1200 (4000) 0.995 0.992

1500 (5000) 0.990 0.980

1800 (6000) 0.985 0.968

2100 (7000) 0.980 0.956

2400 (8000) 0.970 0.944

2700 (9000) 0.965 0.932
3000 (10,000) 0.960 0.920
3600 (12,000) 0.950 0.896
4200 (14,000) 0.935 0.872
4800 (16,000) 0.925 0.848
5400 (18,000) 0.910 0.824
6000 (20,000) 0.900 0.800

Note: Correction factors are currently being reviewed.
*The correction factors for current rating and ambient temperature should not be applied at the same
time.

The various substation bus connections can be made by using any of four main methods—bolting,
clamping, compressing, and welding—depending on the conductor type and material. Bolted connections
are utilized in connecting two or more flat surfaces together. Clamp-type connections generaly involve
the use of special fittings fabricated to permit conductors to be joined together or connected to other
equipment. Compression connections are principally used for splicing or terminating flexible conductors.
Welded connections are used primarily with rigid aluminum conductors. Weldment fittings are available
that eliminate extensive conductor cutting and shaping prior to welding. Compression fittings are now
available for rigid tubular bus.

Whenever connectors are utilized for making electrical connections, they should be equivaent electricaly
and mechanically to the conductors themselves. Substation connectors are designed, manufactured, and
tested in accordance with NEMA Std. CC1, “Electric Power Connectors for Substations.”

4.10.5.1.1 Bolted Connections: Bolted connections are the primary means of making connections to
equipment terminals. Bolted joints permit the disconnection of equipment for maintenance or
replacement.

The most common bolted connection involves joining a conductor to an equipment terminal. A termina
lug is attached to the conductor by clamping, compressing, or welding, and the lug is bolted to the
equipment terminal.

When a copper conductor is connected to aflat copper or electrical bronze equipment terminal, a copper
or electrical bronze terminal lug is utilized. The lug is usualy bolted to the equipment termina with a
minimum of two Y¥2-inch, 13 threads per inch, high-strength silicon bronze bolts normally torqued to
54.23 newton-meters (40 pound-feet). Silicon bronze flat washers are normally used under both the bolt
heads and the nuts.
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When an aluminum conductor is connected to a flat copper or electrical bronze equipment terminal, an
auminum terminal lug is utilized. The lug is usually bolted to the equipment terminal with a minimum of
two Y2-inch, 13 threads per inch, anodized aluminum bolts normally torqued to 33.9 newton-meters

(25 pound-feet). The bolts are usually aluminum aloy 2024-T4 and the nuts alloy 6061-T6. Flat washers
of auminum alloy 2024-T4 are normally used under both the bolt heads and the nuts. An anti-oxidation
compound should aso be considered for aluminum connections.

When a copper conductor is connected to aflat aluminum equipment terminal, a copper or electrical
bronze terminal lug is utilized. The lug is usually bolted to the equipment terminal with a minimum of
two ¥2-inch, 13 threads per inch bolts, normally of stainless steel or tin-plated high-strength silicon
bronze. Flat washers of the same materia as the other hardware are used under both the bolt heads and
the nuts. Stainless sted spring washers are used between the flat washers and the nuts. Bolts are torqued
to the spring washer manufacturer’ s recommendations.

When an aluminum conductor is connected to a flat copper or electrical bronze equipment terminal, an
auminum terminal lug is utilized. The lug is usually bolted to the equipment terminal with a minimum of
two ¥2-inch, 13 threads per inch bolts, normally of stainless steel or tin-plated high-strength silicon
bronze. Fat washers of the same materia as the other hardware are used under both the bolt heads and
nuts. Stainless steel spring washers are used between the flat washers and the nuts. Bolts are torqued to
the spring washer manufacturer’ s recommendations.

For aluminum-—copper connections, the copper component should be installed below the aluminum
component to prevent the copper salts from washing onto the dluminum. Additionaly, the dluminum
component should be massive, compared with the copper component. It is recommended the copper
connector be tinned when connecting to auminum connectors.

4.10.5.1.2 Clamp-Type Connections: A large variety of clamp-type electrical connectors are
available for both flexible and rigid conductors of copper and aluminum. Most clamp-type connectors
achieve their holding ability as aresult of tightening a number of bolts. The quantities and sizes of bolts
used should be aslisted in NEMA Sid. CC1.

Copper or dectrica bronze connectors should be utilized with copper conductors. All-aluminum
connectors should be used with aluminum conductors.

4.10.5.1.3 Compression Connections: Compression connections are used in splicing or installing
terminal lugs on flexible conductors and for round tubular @ uminum conductors. All-aluminum
compression connectors should be used for aluminum conductors. Copper compression connectors
should be used for copper conductors.

For connection on flexible conductors, installation of compression connectors in avertical position with
the lug down should be avoided to prevent the entrance of moisture and possible damage from freezing.
Compression connection on rigid or flexible conductors can be made under any westher condition. The
fitting is compressed using a portable hydraulic pump. It compresses the fitting radially 360 degrees. An
inspection gauge is then used to verify that the connection is acceptable.

Compression connectors should aways be installed in strict accordance with the manufacturer’s
instructions concerning the quantity and location of compressions. Connectors designed for a minimum
of two circumferential compressions are recommended.
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4.10.5.2 Welded Connections. Welded connections are used primarily with round tubular aluminum
conductors. Use of the specid fittings available simplifies the procedures to permit faster installation.

Properly made welded connections have resistances that are not appreciably higher than the conductors
themselves to eliminate conductor hot spots.

Welded aluminum connections are extensively used in the construction of large substations. Construction
costs are usually dightly less with welded than clamp-type connections. In smaller installations with
fewer connections, it may not be economically feasible to weld connections.

4.11 RIGID BUS DESIGN

411.1 General Considerations

The design of arigid bus system involves many factors.

4.11.1.1 BusLocation in the Substation and Its Proximity to Other Equipment: Provide ample
clearance to permit equipment maintenance and removal. Situate the bus to allow entrance of
construction and maintenance equipment into the substation.

4.11.1.2 Future Substation Expansion: It isimportant to plan for future expansion by sizing and
positioning buses to facilitate modifications.

4.11.1.3 Conductor Selection: The bus conductors are selected based on ampacity, physical
properties, and cost. Select conductors so that they have sufficient size and capacity to withstand system

faults and overcurrents without damage from overhesating.

4.11.1.4 Short-Circuit Conditions: During short circuits, large forces can be developed in the bus
system. The rigid bus design includes consideration of these forces to prevent damage during short-
circuit conditions. The bus centerline-to-centerline spacing and the short circuit current both have effects
on these forces.

4.11.1.5 Wind and IceLoad: If not properly considered, wind and ice loads can cause extensive
damage to bus conductors and insulators. The usua practice is to consider National Electrical Safety
Code loadings as aminimum. Also consider local conditions since they may necessitate the use of more
severe loading criteria

4.11.1.6 Insulator Strength: Since the number of different insulator ratingsis limited, exercise care in
the bus layout so that a practical system is achieved. The strength of the insulators required is based on
the total bus loading and particularly the short-circuit forces.

4.11.1.7 Conductor Sag: Limit the sag of the bus conductorsin the design. A flat horizontal system
looks much neater than one with excessive sag. The conductor sag is influenced by the conductor weight
and section modulus, the span length, and the vertica loading.

4.11.1.8 Aeolian Vibration: Long conductor spans can be damaged by vibrations caused by winds.
Excessive conductor sag can add to this problem. Span lengths whose natural frequency is near that set
up by awind that has a high recurrence should be avoided. Use dampering conductors or other devicesin
the bus to minimize vibration.
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4.11.1.9 Conductor Expansion: As the temperature of the conductors increases, longitudinal
expansion occurs. If the bus system is not provided with means to absorb this expansion, insulators or

other connected equipment can be damaged. A wide temperature range is required to accommodate the
bus length when de-energized at the lowest design temperature up to the maximum bus operating
temperature.

4.11.1.10 Location of Conductor Couplers: Long buses usudly require the use of more than one
section of conductor. Consequently, couplers have to be utilized to join the sections together. These
couplers have to be properly located to prevent damage from bus loading and short-circuit forces.

Plan the bus system carefully by considering these aspects and other factors as they may develop. This

section deals with the design of the conductor and support insulator systems. For data concerning
supporting structures, refer to Chapter 7.

4.11.2 Procedure for Rigid Bus Design

The following procedure can be used in designing arigid bus system:

4.11.2.1 Material and Size Selection: Select the materia and size of the bus conductors based on
continuous current requirements. In higher voltage systems with longer bus spans, the structural
capabilities of the conductors may be the factor that determines the conductor material and size.
However, the conductors selected have to be capable of carrying the required continuous current in any
case.

4.11.2.2 Spacing: Using Tables 4-7 and 4-8, determine the bus conductor centerline-to-centerline
spacing.

4.11.2.3 Short-Circuit Forces: Caculate the maximum short circuit forces the bus has to withstand.
These forces can be determined using Equation 4-4:

Equation 4-4

AT ] cant,, 120
Fec=1397 10 KSCB g:sc =374"10 KSCB;
Where:

Fsc =  Maximum short-circuit force on center conductor for a three-phase flat bus configuration
of round or square tubular conductors with the conductors equally spaced, in newtons per
meter (pounds per foot)

Kse =  Short-circuit force reduction factor (0.5 to 1.0; 0.67 recommended)

[ = rmsvaue of three-phase symmetrical short-circuit current, in amperes

D = Centerline-to-centerline spacing of bus conductors in centimeters (inches)

4.11.2.4 Loading: Determine the total bus conductor loading. Table 4-11 lists values for wind and ice
loading for the various loading districts defined in the National Electrical Safety Code. Consider these
values as minimum. Also consider extreme wind.
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Table 4-11: NESC Conductor Wind and Ice Loads.*
Ref. IEEE Std. C2-1997, Table 250-1. Copyright © 1997. IEEE. All rights reserved.
Loading District
Load Heavy Medium Light
Radial thickness of ice in 12.5 (0.50) 6.5 (0.25) 0
millimeters (inches)
Horizontal wind pressure in 190 (4.0) 190 (4.0) 430 (9.0)

pascals (pounds per square
foot)

*  Conductor loading is usually based on these criteria. However, in locations where more severe
conditions are frequent, the conductor loading should be based on actual local conditions.

The ice loading can be determined using Equation 4-5:

Equation 4-5
w=omdet- ) (W =0aule- )
Where:
W, = lceloading, in newtons per meter (pounds per foot)
d; = Outside diameter of conductor with ice, in centimeters (inches) (determine ice thickness
from Table 4-11)
d; = Outside diameter of conductor without ice, in centimeters (inches)

The wind loading can be determined using Equation 4-6:

Equation 4-6
Fy =0.01C,R,d, (R, =0.083C,P,d,)
Where:
Fw = Wind loading, in newtons per meter (pounds per foot)
Co =  Drag coefficient, see Figure 4-22
Pw = Wind pressure, in pascals (pounds per foot®) (from Table 4-11)
(0} = Outside diameter of conductor with ice, in centimeters (inches)

The total bus conductor loading can be determined using Equation 4-7:

Equation 4-7
Fo=[(Fe R F o+ (e +w PP

Where:
Fr = Tota bus conductor loading, in newtons per meter (pounds per foot)
Fs« = Maximum short-circuit force, in newtons per meter (pounds per foot)
Fw = Wind loading, in newtons per meter (pounds per foot)
W = Conductor weight, in newtons per meter (pounds per foot) (if damping cables are used to
control conductor vibration, add the cable weight to the conductor weight)
W, = lceloading, in newtons per meter (pounds per foot)
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Figure 4-22: Drag Coefficients for Structural Shapes. Ref. ANSI/IEEE Std. 605-1987, Table 1.
Copyright © 1987. IEEE. All rights reserved.

Equation 4-7 applies maximum wind and maximum ice at the same time. NESCand ANSI/IEEE Std. 605
apply these forces individually, which reduces Fr. Engineering judgment based on site conditions and
design loads should determine the maximum loading conditions of the bus.
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4.11.2.5 Span or Support Spacing: Calculate the maximum bus span or support spacing. Maximum
bus support spacing can be determined using Equation 4-8:

Equation 4-8

Ly = KSMé?E

"z

=K g

M SE B
F 45 +
T @ p

OO0 O
0

Maximum bus support spacing, in meters (feet)

Multiplying factor from Table 4-12

Multiplying factor from Table 4-12

Maximum desirable fiber stress of conductor, in kilopascals (pounds per inctv)

~
[4)
<

[ T |

For round tubular conductors of:
coppe,

Fs = 1.38 x 105 kPa (20,000 Ib/in*)*
6061-T6 auminum aloy,

Fg = 1.93x 105 kPa (28,000 Ib/in’)*
6063-T6 auminum alloy,

Fs = 1.38 x 105 kPa (20,000 Ib/in*)*
*ncludes a safety factor of 1.25.

Section modulus of conductor, in centimeters’® (inches’)
Total bus conductor loading, in newtons per meter (pounds per foot)

T

Table 4-12: Conductor Maximum Span and Deflection Multiplying Factors
(Ksw, Kse, Kowm, Kpg)

Bus System Ksm (Ksg) Kbom (KpE)
Conductor fixed both ends 0.110 (1.0 2.6 x 10" (4.50)
(single span)

Conductor fixed one end, 0.090 (0.82) 5.4 x 10" (9.34)

simply supported other end
(single span)

Conductor simply supported 0.090 (0.82) 1.3x 10° (22.5)
(single span)

Conductor simply supported 0.090 (0.82) 5.4 x 10" (9.34)
(two equal spans)*

Conductor simply supported 0.096 (0.88) 6.9 x 10" (11.9)

(three or more equal spans)*

* Maximum deflection occurs in end spans.
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4.11.2.6 Deflection: Calculate the maximum vertical conductor deflection using Equation 4-9;

Equation 4-9
+ 4 ® + 40
y:KDM(WC E\NI)L éy:KDE(WC EIWI)L é
Where
y =  Maximum vertical conductor deflection, in centimeters (inches). (Limit this value to
1/200 of the span length. If the value calculated is greater than 1/200 of the span length,
select a conductor with alarger diameter or reduce the span length. Recalculate as
required.)
Kom =  Multiplying factor from Table 4-12
Kpe =  Multiplying factor from Table 4-12
W =  Conductor weight, in newtons per meter (pounds per foot) (if damping cables are used to
control conductor vibration, add the cable weight to the conductor weight)
W, = Iceloading, in newtons per meter (pounds per foot)
L =  Bussupport spacing, in meters (feet)
E = Modulus of dasticity, in kilopascals (pounds per inchf)

Moment of inertia, in centimeters’ (inches’)

4.11.2.7 Cantilever Strength: Determine the minimum required support insulator cantilever strength
using Equation 4-10:

Equation 4-10*
W, =25(Fs + Ry )L s

Where:
Ws =  Minimum insulator cantilever strength, in newtons (pounds)
Fsc =  Maximum short-circuit force, in newtons per meter (pounds per foot)
Fw =  Wind loading, in newtons per meter (pounds per foot)
Ls =  One half of the sum of the lengths of the two adjacent conductor spans, in meters (feet)

*Equation 4-10 includes an insulator safety factor of 2.5. This resultsin the insulator’s working load
being equal to 40 percent of the insulator’ s rated cantilever strength.

Select support insulators from Table 4-4 or 4-5 or from manufacturers data with cantilever strength
ratings equal to or greater than Ws. If sufficiently high ratings are not available, it will be necessary to
modify the bus design. This can be done by increasing the centerline-to-centerline conductor spacing to
reduce the short-circuit forces or by decreasing the bus span lengths.

4.11.2.8 Thermal Expansion: Provide for therma expansion of conductors. The amount of
conductor thermal expansion can be calculated using Equation 4-11:
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Equation 4-11
D¢ =alDT
Where:
Dr =  Conductor expansion, in centimeters (inches) (final length minus initial length)
a =  Coefficient of linear thermal expansion:
For aluminum, a = 2.3 x 10° per degree Cesius (1.3 x 10° per degree Fahrenheit)
For copper, a = 1.7 x 10° per degree Celsius (9.2 x 10° per degree Fahrenheit)
/ = Initial conductor length, in centimeters (inches) (at initial temperature)
DT =  Temperature variation, in degrees Celsius (Fahrenheit) (final temperature minusinitial
temperature)

Bus sections with both ends fixed without provision for conductor expansion should be avoided. Make
connections to power circuit breakers, power transformers, voltage transformers, and other device
bushings or terminals that could be damaged by conductor movement either with flexible conductors or
expansion-type connectors.

Connections to switches utilizing apparatus insulators may require the use of expansion-type terminal
connectors to prevent damage from excessive conductor expansion. Use of expansion-type terminalsin
this situation depends on the bus configuration and location of other expansion points. It is recommended
that expansion fittings used on long horizontal buses be limited to those permitting longitudinal expansion
only.

It is usually desirable to limit the length of sections of continuous buses to 30.48 meters (100 feet) or less
to limit the amount of conductor expansion in each section. This can be done by fixing certain pointsin
the bus and permitting other points to move freely. An example of atypica bus system is diagrammed in
Figure 4-23.

SF SF SF EX SF F SF

T 1 1 1 1 1 11

15.24M ‘ 15.24M ‘ 15.24M ‘ 15.24M 15.24M 15.24M ‘
=

(50 FT) (50 FT) (50 FT) (50 FT) (50 FT)

(50 FT) (50 FT)

(50 F1)

‘ 15.24M 15.24M
I

SF: SLIP-FIT BUS SUPPORT FITTING
F:  FIXED BUS SUPPORT FITTING
EX:  EXPANSION-TYPE COUPLER

Figure 4-23: Typical Bus System lllustrating Provisions for Conductor Thermal Expansion

The system illustrated in Figure 4-23 can freely expand as necessary and is free of “captured spans’ that
permit no expansion. The locations of dlip-fit and fixed bus supports and expansion-type couplers or bus
supports divide the bus into four sections, each of which will expand approximately the same total
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amount. If it is desirable to connect the end sections of the bus to other equipment, provide flexible
conductors or expansion-type connectors.

4.11.2.9 Couplers. Locate conductor couplers. The couplers used on rigid buses should be as long as
possible to provide maximum joint rigidity and strength. Clamp-type bolted couplers should have the
quantity and size of clamping bolts listed in NEMA Std. CC1. Welded couplers for aluminum conductors
should be of the interna type. Compression connectors should be appropriately sized and located.

To prevent conductor damage from bending caused by its own weight and external loads, carefully
position couplers. Welding and bolting can cause appreciable loss of conductor strength in the immediate
coupler locations. Consequently, position couplers where the least amount of bending will occur. The
ideal locations are points of zero bending moment along the conductor.

Table 4-13 lists the ideal locations for conductor couplers for continuous conductors.

Table 4-13: ldeal Locations for Couplers in Continuous Uniformly Loaded Rigid Conductors

Quantity Ideal Coupler Locations Measured to

of Conductor Spans the Right from the Left-most Support
l *

2 0.750L, 1.250L

3 0.800L, 1.276L, 1.724L, 2.200L

4 0.786L, 1.266L, 1.806L, 2.194L
2.734L, 3.214L

5 0.789L, 1.268L, 1.783L, 2.196L,
2.804L, 3.217L, 3.732L, 4.211L
6 0.788L, 1.268L, 1.790L, 2.196L,

2.785L, 3.215L, 3.804L, 4.210L,
4.732L,5.212L

L = Distance of the bus between the bus supports.
*  The zero moment locations for single-span simply supported conductors are at the supports. Consequently,
couplers are not recommended.

If couplers have to be positioned in other than the ideal locations listed in Table 4-13, reduce the
maximum allowable fiber stress used in Section 4.11.2.5 by as much as 50 percent, depending on the
degree of variation from the ideal location, and recal culate the maximum span length used. If the span
length being considered exceeds this maximum, reduce it as necessary. Conductor couplers can now be
positioned wherever convenient.

4.11.2.10 Aedlian Conductor Vibration: Aeolian conductor vibration is primarily the result of
steady low-velocity transverse winds striking the conductor and causing it to vibrate. When the frequency
of the driving force (wind) is approximately equal to the natural frequency of the bus span, resonance
occurs. The resulting vibrations can cause insulator damage.

Vibrations will occur in amost al bus spans independently of the conductor material, diameter, or length.
In short spans, the vibrations are usually of small enough magnitude to be neglected. However, in spans
longer than about 6 meters (20 feet), methods for vibration damping should be considered.
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Two primary methods have been used to dampen aeolian vibrations. The first and most widely used
method congists of installing scrap cables in the horizontal buses. When this method is used, it is
necessary that the cables be loose in the bus tubing to permit vertical movement. If new cables are used,
they should be straightened prior to installation to prevent the cables from jamming against the tubing
sides. Additionaly, end caps, preferably of the driven type, should be installed on the ends of the buses
containing the damping cables to prevent horizontal cable movement out of the tubing. To be effective,
damping cables should be installed for the entire bus length for buses where excessive vibration is
suspected.

The second method used to dampen aeolian vibrations consists of installing internal or external
prefabricated bus dampers on the bus conductors. Usualy, one damper isinstalled in each bus span to
control the vibrations. Location and installation should be in accordance with the manufacturer’s
instructions.

4.11.3 Bus Design Example

Design a three-phase rigid bus with the following characteristics:

Tota bus length: 45.72 meters (150 feet), assuming four equal spans of 11.43 m
(37.51t)

Voltage: 161 kv

BIL: 750 kv

Insulator type: post

Continuous current rating: 1800 amperes

Short-circuit current; 24,000 rms symmetrical amperes

Altitude: 304.8 m (1000 ft)

NESC loading: heavy

Disconnect switch connected to one end of bus
External prefabricated dampers to control conductor vibration

4.11.3.1 Material and Size Selection: Select the material and size of the bus conductors.

Based on the continuous current requirements, 7.6 cm (3 in.) 1PS, schedule 40 6063-T6 aluminum alloy
(1890 amperes) is selected with the following properties:

W, (weight) = 38.2 N/m (2.62 Ib/ft)*; see Table 4-14

d, (outside diameter) = 8.89 centimeters (3.50 inches); see Table 4-14
| (moment of inertia) = 125.6 cm® (3.017 in*); see Table 4-14

E (modulus of easticity) = 6.9 x 10" kPa (10 x 10° Ib/in®)

S (section modulus) = 28.2 cm?® (1.72in°); see Table 4-14

Fe (maximum allowable fiber stress) = 1.38 x 10° kPa (20,000 Ib/in®)

*  |f damping cables are to be used to control conductor vibration, the cable weight has to be added to
the conductor weight. In this example, external prefabricated dampers will be used for vibration
control.
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Table 4-14: ASA Schedule 40 Aluminum Pipe Conductors Physical Properties. Hubbell Technical Data, Table 52.
Reprinted with permission of Anderson Electrical Products (Hubbell Power Systems, Centralia, Mo.).
NOP'\IAFI,’;AL DIAMETER WALL MOMENT OF SECTION RADIUS OF
SIZE IN. CM THICKNESS AREA WT/ET | WT/M INERTIA MODULUS GYRATION
IN. | CM |OUTSIDE | INSIDE |OUTSIDE[INSIDE| IN. | CM | IN? | CM LB N/M IN cm IN2 c™m? IN. CM
¥ | 1.27 0.840 0.622 2.134 1.580 (0.109]0.277 | 0.250 | 1.615 | 0.294 | 4.290 | 0.017 0.712 0.041 0.667 | 0.261| 0.664
Y | 1.91 1.050 0.824 2.667 2.093 | 0.113 | 0.287 | 0.333 | 2.146 | 0.391 | 5.706 | 0.037 1.540 0.071 1.155 [ 0.334| 0.848
1 |254] 1.315 1.049 3.340 | 2.664 [ 0.133|0.338(0.494| 3.186 | 0.581 | 8.479 | 0.087 3.634 0.133 | 2.176 | 0.421] 1.068
1% 3.18| 1.660 1.380 4.216 | 3.505 |1.140(2.896 | 0.669 | 4.313 | 0.786 | 11.470( 0.195 8.104 0.235 | 3.844 [ 0.540| 1.371
1% 3.81 1.900 1.610 4.826 4.089 |1.145(2.908 | 0.800 | 5.158 | 0.940 | 13.718| 0.310 12.899 | 0.326 5.345 [ 0.623| 1.581
2 |5.08| 2375 2.067 6.033 | 5.250 [ 0.154 | 0.391 | 1.075| 6.932 | 1.264 | 18.446| 0.666 | 27.709 | 0.561 | 9.187 | 0.787 | 1.999
2Y%(6.35 2.875 2.469 7.303 6.271 |1 0.203 [ 0.516 | 1.704 | 10.994 | 2.004 | 29.245| 1.530 63.683 | 1.064 | 17.436 | 0.947( 2.406
3 | 762 | 3.500 3.068 8.890 | 7.793 | 0.216 | 0.549 | 2.229 | 14.377 | 2.621 |38.249| 3.017 | 125,577 | 1.724 | 28.251 | 1.164 | 2.957
3%18.89| 4.000 3.548 10.160 | 9.012 | 0.226 | 0.574 | 2.680 | 17.287 | 3.151 | 45.983| 4.788 | 199.292 | 2.394 | 39.231 | 1.337 | 3.396
4 (10.16| 4.500 4.026 11.430 |10.226|0.237 | 0.602 | 3.174 | 20.477| 3.733 | 54.476| 7.232 | 301.019 | 3.214 | 52.668 | 1.510| 3.835
5 |12.70f 5.563 5.047 | 14.130 |12.819(0.258 | 0.655 [ 4.300 | 27.741| 5.057 | 73.798 | 15.160 | 631.007 | 5.451 | 89.326 | 1.878| 4.770
6 |15.24| 6.625 6.065 | 16.828 | 15.405(0.280|0.711 | 5.581 | 36.009 | 6.564 | 95.790| 28.150|1171.691 | 8.498 | 139.257 | 2.245| 5.702
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4.11.3.2 Spacing: Determine the bus conductor centerline-to-centerline spacing from Table 4-7:

D (bus centerline-to-centerline spacing) = 274 cm (108 in.)

4.11.3.3 Short-Circuit Forces: Calculate the maximum short circuit force:

Foe =139° 10'5KSC% ngc =374° 10'7Kscg§
Fec = (13'9' 10-5)(0'67)?2320 g geFSC = (37.4’ 10'7Xo.67)§ﬁ4’000 92?
& e 18 o5
Fec =1958 N/m
(FSC =134 Ib/ftz)
4.11.3.4 Loading: Determine the total bus conductor loading:
From Table 4-9, Radial thickness of ice: 1.27 cm (0.50 in.)
Horizontal wind pressure: 191.5 Pa (4.0 Ib/ft?)
W, = 0.704(c? - d2) (W, =0.311(d2 - d2))
W, = (0.704)[(11.43)2 - (8.89)2] (W. =o.311[(4.5o)2 - (3.50)2])
W, =36.3N/m (W, =2.4910t)
F, =0.01R,d, (R, =0.083R,d,)
R, = (0.01)(191.5)(11.43) (F, =(0.083)(4.0)(4.50))
Fy =2L9N/m (R, =1491brt)

=[(Fe + R F (0 +w, )2]}/23

Fr = [(Fsc+ R )” + W "'W|)2Pé

®
F, = [fo5.8+ 21 9 + (s8.2+ 36,9 ?T [(13.3+ L4g)? + (262 + 240} g
G

F, = 230.1N/m = 15.6Ib/ft)

4.11.3.5 Support Spacing: Cdculate the maximum bus support spacing:

L =K éFBSl\ZI}é E;e €R;SU 29
AT Ly =Kea——g =
et u g 0 =
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Four equal spans of 11.43 meters (37.5 feet) were assumed. From Table 4-12, Kgy = 0.096 (K= = 0.88)
for three or more equa spans.

i eeflL38” 10°)28.2) & =0. 5)S22.000)(L 72)i% 4
Lu =000)e=—— =1 g & (e 4§z
e ' u (%]
=12.48m (L, =41.3ft)

The assumed spacing of 11.43 meters (37.5 ft) is structurally permissible for the conductors.

4.11.3.6 Deflection: Cadculate the maximum vertical conductor deflection:

(W + W, )L* & (W +W,)L*©

y=Kpy ——"— y=Kpe——"—3=

oM El g P& El P

Four equal spans of 11.43 meters (37.5 feet) were assumed. From Table 4-12, Kpy = 6.9 x 10* (Kpe =
11.9) for three or more equa spans.

382 +363)(1143)"

y= 60" 10) (  _ 110202+ 240)(375)°

0
bo 10)izms) & 0" 10° [3.017) ;,

y=10.1cm y =399in.
( )

Maximum permissible deflection is 1/200 of the span length:

_ (11.43)(100) S (575)02) ¢

y max max

200 e 20 g

y =572 cm =225in))

(max

Since the calculated deflection is greater than the maximum permissible deflection, the design hasto be
modified. The span length will be reduced to five equal spans of 9.14 meters (30 feet) each. The
maximum vertical deflection is then recalculated.:

ear 1n4) (382 +363)9.14) & (2.62 + 2.49)(30)" &
Y= (6'9 10 ) (6.9" 107 )25 6) §y‘ 129) 10" 10°)3.017) 5
y=4.14cm (y =163in.)

Maximum permissible deflection is:

_ (9.14)(00) 2 (30)12)¢

200 e 200

max

&IO

=1.80 in.)
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Since the caculated value with 9.14 m (30 ft) support spacing is less than the maximum permissible
deflection, this support spacing is adequate.

4.11.3.7 Cantilever Strength: Determine the minimum required support insulator cantilever strength:

Ws =2.5(Fg + Ry )Ls (W =25(Fs. +Fy )Ls)

W, =(25)195.8+ 219214, 9140 &y — 5 5(133+1.49 8§—0+§9‘_’
2 25 &% g 2 o

W, =4974N (W, =1109 Ib)

From Table 4-5, select Technical Reference Number 291 for 5338 newtons (1200 pounds) cantilever
strength post type insulators.

4.11.3.8 Thermal Expansion: Provide for conductor expansion:

Assuming atotal conductor temperature variation of 50°C (90°F), the total conductor expansion is:
D/=a/DT (br=arDT)
= (2.3’ 10'5)(45.72)(100 )(50) (D (= (1.3' 10'5)(150)(12)(90))

D/ =526 cm (De=211in)

Some means has to be provided to account for this change. Figure 4-24 illustrates one method that can be
used that permits free expansion in al spans.

— COUPLER LOCATION MEASUREMENT DIRECTION

Figure 4-24: Coupler Location
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4.11.3.9 Couplers. Locate conductor couplers:

From Table 4-13, the ideal coupler locations for the five-span bus of 9.14-meter (30-foot) spans measured
to the right from the left-most support are as follows:

72m (2371t
11.6m (38.0 ft)
16.3m (535 ft)
20.1m (65.9 ft)
256 m (84.1 ft)
29.4m (965 ft)
34.1m (112.0ft)
385 m (126.3 ft)

O~NO U WN P

These locations are illustrated in Figure 4-25. Assuming that the bus conductor is available in
12.19-meter (40-foot) lengths, the couplers should be positioned at points 2, 4, 6, and 8. The conductor
lengths are cut as required to position the couplers at these approximate |ocations.

= \SF : : F : : SF : SE ; E)(J
O @ ®[® ®N® @ | T
Legend:
SF = Sip-fit bus support
F = Fixed bus support
EX = Expansionterminal

Figure 4-25: Bus Configuration for Example
4.11.3.10 Aeolian Vibration: Since the spans are fairly long, damaging vibrations may occur.
Consequently, ameans for controlling the vibrations should be provided. Prefabricated dampers can be

attached to the buses or scrap cables can be installed in the buses. If cables are used, the cable weight has
to be added to the conductor weight for the bus calculations.

4.12 STRAIN BUS DESIGN

4121 General Considerations

Strain bus design involves many factors.

4.12.1.1 BusLocation in the Substation and Its Proximity to Other Equipment: Theflexible
conductors used for strain bus construction permit significant conductor movement. Consequently, the
conductors have to be carefully positioned to prevent contact with other equipment and infringement upon
minimum electrical clearances under al loading and climatic conditions. Equipment maintenance and
removal should also be considered in locating buses and support structures.
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4.12.1.2 Future Substation Expansion: Strain buses usualy require large supporting structures.
These structures can limit future expansion if not properly positioned.

4.12.1.3 Conductor Selection: The conductor is selected based on ampacity, physical properties, and
cost. Conductors have to be selected so that they have sufficient size and capacity to withstand system
faultsand overcurrents without damage from overhesating.

4.12.1.4 Wind and IceLoad: Wind and ice can increase conductor sags and tensions appreciably.
The usud practice isto consider National Electrical Safety Code loadings as a minimum. Local
conditions should be considered since they may necessitate the use of more severe loading criteria.

4.12.1.5 Insulator Strength: The suspension insulators are selected based on the anticipated
maximum loading conditions. The maximum loading for porcelain insulators should not exceed 40
percent of the mechanical—electrical strength ratings listed in RUS IP 202-1. The maximum loading for
fiberglass insulators may not exceed 40 percent of the manufacturer’s strength ratings.

4.12.1.6 Span Length: The span length influences the conductor sag. As the span length increases,
the sag increases if the same tension is maintained. To limit the sag, the tensions can be increased.
Springs can also be used to limit the tension and sag.

4.12.1.7 Sagand Tension: Strain buses are usualy positioned above other substation equipment.
Conductor breakage could result in equipment damage or outage. To prevent breakage and to minimize
support structure size, the conductors are usualy installed at tensions of approximately 13,350 newtons
(3000 pounds) or less. Sag may increase because of the deflection of support structures.

4.12.1.8 Temperature Variations: Temperature variations cause changes in conductor lengths. As
conductor temperature increases, the sag increases and the tension decreases.

4.12.1.9 Tap Loads. Taps from the conductors to other buses or equipment should be limited in
tension to prevent damage to equipment. The taps are usually installed as dack connections.

4.12.2 Procedure for Strain Bus Design

The following procedure can be used to design a strain bus system:

4.12.2.1 Material and Size Selection: Select the material and size of the bus conductors, based on
continuous current reguirements.

4.12.2.2 Spacing: Using Tables 4-7 and 4-8 from Section 4.9, determine the bus conductor centerline-
to-centerline spacing. As explained in Section 4.9, the minimum metal-to-metal, bus centerline-to-
centerline, and minimum ground clearances listed in Table 4-7 should be increased at least 50 percent for
nonrigid conductors.

4.12.2.3 Suspension Insulators: Select the quantity of suspension insulators from Table 4-6.

4.12.2.4 Loading: Determine the tota bus conductor loading. Table 4-15 lists values for wind and ice
loading for the various loading districts defined in the National Electrical Safety Code. These values
should be considered as minimum.
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Table 4-15: NESC Conductor Loading Criteria.* Ref. ANSI Std. C2-1997, Tables 250-1 and 251-1.
Copyright © 1997. IEEE. All rights reserved.

Loading District

Load Heavy Medium Light
Radial thickness of ice in 12.5 (0.50) 6.5 (0.25) 0
millimeters (inches)
Horizontal wind pressure in 190 (4.0) 190 (4.0) 430 (9.0)
pascals (pounds per square foot)
Temperature in degrees Celsius -20 (0) —-10 (+15) -1.0 (+30)
(degrees Fahrenheit)
Constant (k) to be added to the 4.4 (0.30) 2.5 (0.20) 0.73 (0.05)

resultant

*  Conductor loading is usually based on these criteria. However, in locations where more severe
conditions frequently occur, the conductor loading should be based on actual local conditions.

The ice loading can be determined from Equation 4-12:

Equation 4-12
w =0704 [d2-d2)  (w, =0311d2- a2)
Where:
W, = lceloading, in newtons per meter (pounds per foot)
(0} = Qutside diameter of conductor with ice, in centimeters (inches) (determine ice thickness
from Table 4-15)
d; =  Outside diameter of conductor without ice, in centimeters (inches)

The wind loading can be determined using Equation 4-13:

Equation 4-13
Fy = 0.01R,d, (R, = 0.083R,d,)
Where:
Fw =  Wind loading, in newtons per meter (pounds per foot)
Pw = Wind pressure, in pascals (pounds per foot®) (from Table 4-15)
(0} =  Outside diameter of conductor with ice, in centimeters (inches) (determine ice thickness

from Table 4-15)

The total bus conductor loading can be determined using Equation 4-14:
Equation 4-14

b o

Where:
Fr =  Total bus conductor loading, in newtons per meter (pounds per foot)
Fw =  Wind loading, in newtons per meter (pounds per foot)
Wc¢ =  Conductor weight, in newtons per meter (pounds per foot)
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W,
Kk

Ice loading, in newtons per meter (pounds per foot)
NESC constant (from Table 4-15)

4.12.2.5 Conductor Sag: Caculate or obtain the maximum conductor sag. Methods for this
calculation can be found in conductor manufacturers’ literature. 1n some cases the maximum sag may
occur during the most severe loading condition. For substation strain buses, the design tension is usually
limited to 13,350 newtons (3000 pounds) per conductor under the most severe loading to minimize the
Size of support structures. These conductor tensions have to be coordinated with the support structure
designs to ensure compatibility under al loading conditions. The tensions that will occur under unloaded
conditions will be considerably less than the maximum.

For light loading conditions where ice loads are not considered, the maximum conductor sag may occur at
the highest conductor temperature when the conductor length is at a maximum. For other loading
conditions, sags should be determined for both high conductor temperatures and maximum loading so that
adequate clearance from other equipment can be provided.

4.12.2.6 Suspension Insulator Effect: Calculate the suspension insulator effect on conductor sag. For
short dead-ended spans, such as substation strain buses, the suspension insulators can have an appreciable
effect on span sags. The following procedure can be used to calculate the insulator effect, which is added
to the conductor sag for the total bus sag. See Figure 4-26.

-
C, =—=¢
WIN
-
CC:_C
WC
C ® L o)
Xpe = — Xgp CAssUMe X gp =—- (g +
Cc é 2 @
éx Xpe O
Yge :C,%cosh CBC - 10
g f

. ®BXge O
(AC = KAB +C| S|nth—B£:
I 2

. & o O
X ac =C, smh'lgﬂi
|2
€ @&X,c0 .U
Yac = C, &coshg—42=- 1
] Ci g @

Yy =Yac - Yec

Y=V +Ye
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Where:
C = Insulator catenary constant, in meters (feet)
Cc =  Conductor catenary constant, in meters (feet)
Xac = Horizonta distance from insulator support point to center of insulator catenary, in meters
(feet)
Xge = Horizonta distance from connection point of insulator string and conductor to center of
insulator catenary, in meters (feet)
Xap =  Horizonta distance from connection point of insulator string and conductor to center of
conductor catenary, in meters (feet)
Ras = Length of insulator string, in meters (feet)
Rac = Arclength from insulator support point to center of insulator catenary, in meters (feet)
Y = Totd bus sag
Yac =  Sag from insulator support point to center of insulator catenary, in meters (feet)
Yec =  Sag from connection point of insulator string and conductor to center of insulator
catenary, in meters (feet)
Y, = Insulator sag, in meters (feet)
Yc =  Conductor sag, in meters (feet)
y = Total bus sag, including insulators and conductor, in meters (feet)
Tc =  Horizontal conductor tension, in newtons (pounds)
Wy = Insulator string weight, in newtons per meter (pounds per foot)
W =  Conductor weight, in newtons per meter (pounds per foot)
L =  Span length, in meters (feet)
L
2
7 1
] / P [ ! |
= s 7
Ve
~ Yy >
=
=2
XBc D,
» XBD

Figure 4-26: Short Strain Bus Insulator Effect
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4.12.2.7 Stringing Tensionsand Corresponding Sags:. Calculate and chart stringing tensions and
corresponding sags for arange of conductor temperatures expected during installation. Base the

calculations on the assumed maximum tension that occurs under the most severe conductor loading.
Include in the chart and list on the installation drawings span length, tension, and total bus sag for various
conductor temperatures. Methods to determine the sags and tensions can be found in conductor
manufacturers’ literature.

After the conductor sags are calculated, add the suspension insulator sag to the conductor sags to
determine the total bus sags as described in Section 4.12.

4.12.2.8 Sample Calculation of Bus Conductor Loading: Calculate the total bus conductor loading
for the following strain bus:

Span length: 60.96 meters (200 feet)
Voltage: 161 kv

BIL: 750 kv

Conductor size: 795 kemil 26/7 ACSR

Conductor diameter:  2.81 cm (1.108in.)
Conductor weight: 16.0 N/m (1.094 Ib/ft)
NESC loading: heavy

Iceloading: Select ice thickness from Table 4-15:

W, = 0.704(d? - d2) (w, =0.311(d? - d2))
W, = (0.704)[(5.31)2 - (2.81)2] (w, = 0.311)[(2.108)2 - (1.108)2]
W, =14.6 N/m (W, =1.0lbft )

Wind loading: Select wind pressure from Table 4-15:

F, =0.01R,d, (r, =0.083R,,d,)
F, =(0.01)(190.0)(5.31) (F, =(0.083)(4)(2.108))

F, =10.2N/m (R, =0.70Ibft )
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Tota bus conductor loading:

R A I 05

F. :[(10.2)2 +(16.0+14.6)2}% +4.38 E%T = [(0.70)2 +(1.094 +1_o)2]}é +0_3og

F, =36.6N/m F, = 2.511b/ft)

4.12.2.9 Sample Calculation of Suspension Insulator Effect on Bus Sag: Calculate the suspension
insulator effect on bus sag for the following strain bus:

Span length: 60.96 meters (200 feet)
Voltage: 161 kv
BIL: 750 kv
Conductor size: 795 kemil 26/7 ACSR
Conductor diameter: 2.81 cm (1.108 in.)
Conductor weight: 16.0 N/m (1.094 Ib/ft)
Conductor tension: 8896 N (2000 Ib)
Number of suspension insulators (from Table 4-6): 10
Length of each insulator : 14.6 cm (5.751n.)
Weight of eachinsulator: 489N (11.01b)
T, & T. O
C=w T
VVIN VVIN a
a8896 0 ge 8620009 0
c =—S2222 e =B
146 =2 ¢ s7&2
€l00g e el2ggy
C, =26.6m (c, =87.1ft)
& 0
S o et
c Wc 4]



_ 8896

(C. =18281t)

_ 266585096

BC

555 & 2

Xgc =1.39m

X
gosh BC— 1
C g I

=(26. 6)63%0 1390,
266

Yac =0.0363m

gAC ZAB

A4.606

Cac = (10)Q_O_+ (26 6)

100 g

0, =2.85m

_ 8715200

(xge = 454 1t)

%e 5
COShET- 197

QIIO=
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0 e 60
X, =C, 9nh '1§—AC T éXAC =C, gnh 1% ac ol
CI 4] CI 20
. ,32.850 S . 189.3360
=(26.6)dnh 'c——= X o =(87.1)snh e——==
AC ( ) 326.6;3 g AC ( ) €87 105
e =2.84m (X 5 = 9.311t)
€ .0 U e uo
Y = C, ecoshg—=5=- 1y ¢y .c =C, écosh 1y
e gclﬂ 0 £ " Cﬂ (g
6E2840 u a9.31p U0
Yac = (26.6)acoshc——=- 1, y 871 oshe——+- 1z
Cooforfa  Beoleinnl g
Yac =0.152m (y,.c =0.498ft)
Yi =Y¥Yac " Yac (y| =Yac - yBC)
y, =0.152- 0.0363 (y, =0.498- 0.118)
Y, =0.116m (Y, = 0.38ft)

The value calculated for Y, is then added to the conductor sag to determine the total bus sag. Use 2xgp as
the span length to calculate the conductor sag.

4.13 APPLICATION OF MOBILE TRANSFORMERS AND SUBSTATIONS

Mobile transformers or mobile substations can be used to provide temporary service during egquipment
maintenance, congtruction, emergency, or high load periods. Sufficient mobile units strategically placed
can reduce or eliminate the requirements for on-site spare transformers.

Several aspects should be considered in applying mobile transformers or substations:

Size and maneuverability of the equipment
Installation location and provisions
Electrical clearances

Primary and secondary connections
Grounding

ar~rwWNPE
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6. Auxiliary system requirements
7. Sdfety

4.13.1 Size and Maneuverability of the Equipment

One of the primary advantages of mobile equipment is its ability to be used at more than one location. To
accommodate installation, adequate space has to be available to position and connect the equipment at all
intended locations. It may be impossible to use larger units in some locations without substantial
modifications because of the lack of sufficient space.

Substation entrances and access roads should be evaluated before committing particular equipment to the
location in question. Prior planning can save much time and facilitate installation.

4.13.2 Installation Location and Provisions

The mobile transformer or substation location should permit primary and secondary connections as short
as possible to the permanent substation equipment. It is desirable to utilize bare conductors for the
connections. Sometimes, insulated cables can be used where electrical clearances cannot be maintained
or where connections are long. The location should permit any required connections to be made quickly
and safely without disturbing adjacent equipment. The ease and speed of installation can be influenced
by the proximity of energized equipment.

Substations for which mobile equipment has been designated should have provisions for installation of
the equipment. The provisions can smply be terminals on permanent substation equipment or buses for
connecting the mobile equipment. 1t may be desirable to include bus extensions and/or disconnect
switches in some substations to facilitate the connections, particularly if they may be made while the
substation is energized.

If low-voltage ac or dc supplies are required, permanent facilities can be provided in the vicinity of where
the mobile equipment will be positioned. A weatherproof cabinet containing any necessary terminal
blocks, switches, or protective devices can be provided for terminating the low-voltage circuits.
Temporary connections can be made from this cabinet to the control cabinet on the mobile equipment.
Connections into the substation aarm system can also be provided in this or another cabinet. Terminal
blocks, test switches, indicating lamps, or any other necessary equipment can be located in the cabinet.

Provisions for grounding the equipment can consist of terminals or ground rods connected to the main
grounding grid.

4.13.3 Electrical Clearances

Maintaining adequate electrical clearances between the mobile equipment, its connections, and other
equipment is of prime importance. Installation using bare conductors should not be considered for a
location unless the minimum clearances listed in Tables 4-7 and 4-8 can be maintained. Insulated
conductors can be used in some locations if the minimum clearances cannot be maintained.

4.13.4 Primary and Secondary Connections

All primary and secondary connections should be as short as possible and should be made with bolted
connections. If possible, use bare conductors. However, for situations where minimum electrical
clearances cannot be maintained or where connections are long, insulated conductors can be employed.



Bulletin 1724E-300
Page 186

Conductors used should be sized to carry the maximum loads expected without overheating and to sustain
anticipated fault currents without damage. They should be checked for sufficient length before
connecting either end.

Temporary poles or structures may be required in some locations to facilitate the connections and
maintain clearances. It is desirable to store any necessary equipment not part of the mobile unit at the
substations, where required.

4.13.5 Grounding

Adeguate grounding of mobile transformers and substations is extremely important for safe operation. At
least two independent connections should be made between the trailer and the ground system. The
mobile equipment should be connected to the substation ground grid whenever it is close to the
substation. In situations where the mobile is located along distance from the substation and connection
to the substation ground grid isimpractical, a separate ground system has to be provided.

4.13.6 Auxiliary System Requirements

Mobile unit transformers are usualy designed for forced-cooled operation. Some units can provide the
low voltage necessary for auxiliary equipment operation through the use of on-board supply transformers
and equipment. For units without these provisions, low-voltage supplies can be obtained from the
substation station service system.

Before the substation station service system is used to supply mobile unit auxiliary systems, the voltage(s)
required by the auxiliary systems has to be checked against those available at the substation for
compatibility. The system should a so be checked for adequate capacity.

If an external dc supply is necessary for power or control applications, the substation control battery can
be used. The system should be checked for proper voltage and adequate capacity prior to utilization.

4.13.7 Safety

Unless the mobile equipment is completely contained within another fenced area, a separate fence should
be provided to surround the equipment. The fence has to provide the same security and protection as
would a permanent substation fence. Gates should be provided with adequate locking facilities.

Mobile equipment usually requires some assembly during installation. Barriers and supports may require
installation. Some supporting members or braces used to protect the equipment during transit may have
to be removed. Assembly and installation should be in strict accordance with the manufacturer’s
instructions.

The equipment should be positioned on alevel site and blocked to prevent movement. Ground slope at
the installation location should not exceed the manufacturer’ s recommendations.
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4.15 LEGEND FOR EQUATIONS

Cec Conductor catenary constant

Co Drag coefficient for structura shapes

C Insulator catenary constant

D Centerline-to-centerline spacing of bus conductors
d; Outside diameter of bus conductor with ice

0, Outside diameter of bus conductor without ice

E Modulus of elasticity

W¢ Bus conductor weight per unit length

W, Ice loading on bus conductor per unit length

Wy Insulator string weight per unit length

Short-circuit force on bus conductor per unit length

Maximum desirable bus conductor fiber stress

Tota bus conductor loading per unit length

Wind loading on bus conductor per unit length

Moment of inertia

Short-circuit current

NESC conductor loading constant

Short-circuit force reduction factor

Kpe Multiplying factor for maximum vertical conductor deflection (inches)

U L
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Multiplying factor for maximum vertical conductor deflection (centimeters)
Multiplying factor for maximum bus support spacing (inches)

Multiplying factor for maximum bus support spacing (centimeters)

Bus span length

Maximum bus support spacing

Conductor length for calculating insulator cantilever strength

Conductor expansion (final length minus initia length)

Initial conductor length

Length of insulator string

Arc length from insulator support point to center of insulator catenary

Wind pressure on projected area of bus conductor

Bus conductor section modulus

Bus conductor temperature variation (final temperature minus initial temperature)
Horizontal bus conductor tension

Minimum insulator cantilever strength

Horizontal distance from insulator support point to center of insulator catenary

Horizontal distance from connection point of insulator string and conductor to center of
insulator catenary

Horizontal distance from connection point of insulator string and conductor to center of
conductor catenary

Total bus sag or deflection
Sag from insulator support point to center of insulator catenary

Sag from connection point of insulator string and conductor to center of insulator
catenary

Insulator sag

Conductor sag

Maximum permissible conductor deflection
Coefficient of linear thermal expansion
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CHAPTER 5
MAJOR EQUIPMENT

5.1 GENERAL

Major dectrical equipment in a substation is generally categorized by longer delivery time, manufacture
only after receipt of a purchase order, custom design to some degree, and much greater cost per unit
than minor items such as insulators, bare wire, and conduit.

The specifications for such are determined not only by its relationship to other equipment in the
substation but aso by pre-established system conditions and performance requirements. The following
sections in this chapter deal with the many possible variations in equipment. Procurement of major
pieces of equipment usually depends on a detailed technical specification often developed after
consultation with vendors.

Selection of the major equipment requires the utmost consideration. Cost, schedule, and performance
penalties may be incurred as aresult of improper selection. The design process has grest flexibility for
change in minor items, but very little can be done in the detailed substation design to overcome
deficiencies in mgjor equipment selection.

5.2 POWER TRANSFORMERS

5.21 General

The primary function of a power transformer is to transform system voltage from one nomina level to
another. The transformer has to be capable of carrying (within the guidelines of ANSI/IEEE Std.
C57.92) the power flow for its particular location in the system under various operating conditions and
contingencies, such as line or transformer outages.

This section deals primarily with oil-filled power transformers with nomina primary voltage ratings of
230 kV and below and utilizing one of the following methods of cooling:

1. Sdf-cooled (OA)
2. Self-cooled and assisted by forced-air (OA/FA for one stage; OA/FA/FA for two stages)
3. Sdf-cooled and assisted by forced-air and forced-oil (OA/FA/FOA or OA/FOA/FOA for two

stages)

Other methods of cooling such as with water are available and are described in |EEE Std. C57.12.00.
The type of cooling used is based on the requirements of the specifications, the size of the transformer,
and the manufacturer’s standard design.

Meeting these specific requirements usually results in the power transformer’ s being the largest,
heaviest, and most costly piece of equipment used in a substation.

Because of their great importance and complexity, power transformers require specia care in their
application, specification, and procurement. This s best accomplished by taking full advantage of
applicable industry standards and guides of national organizations such as the American National
Standards Institute (ANSI), Institute of Electrical and Electronic Engineers (IEEE), National Electrical
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Manufacturers Association (NEMA), etc., and RUS IP 202-1, “List of Materials Acceptable for Use on
Systems of RUS Electrification Borrowers.”

The following discussion highlights various aspects of power transformers and provides guidance and
recommendations to assist cooperatives in obtaining the proper equipment for their systems. Most of
this discussion will apply to step-down transformers, especially those not included in the List of
Materids. Refer to RUS Bulletin 50-91, “RUS Specification for Step-Down Distribution Substation
Transformers,” for step-down transformers.

5.2.2 Types

Power transformers may be either autotransformers or multiwinding conventional transformers. A
three-phase installation may consist of a three-phase unit or three single-phase units. The decision asto
what type of transformer to purchase depends on such factors asinitia installed cost, maintenance
costs, operating cost (efficiency), reliability, etc. Three-phase units have lower construction and
maintenance costs and can be built to the same efficiency ratings as single-phase units. The initial cost
of athree-phase transformer is usually approximately one-third less than four single-phase units.
Additionally, the exposure of three-phase units to long outages can be minimized system-wide when a
mobile substation or transformer is available for backup in case of faillure. RUS Bulletin 61-16, “Guide
for Economic Evaluation of Distribution Transformers,” provides information for eval uating substation
transformer costs.

The kVA ratings for various sizes of transformers are covered by the standards. 1EEE Std. C57.12.00,
Table 1, defines the preferred continuous ratings for both single- and three-phase units. ANSI

Std. C57.12.10, Tables 2 and 12, further define the ratings of transformers with and without cooling.
Transformers 10,000 kVA and below can accommodate one stage of cooling only, while transformers
larger than 10,000 kVA can include up to two stages of cooling. Each stage of cooling increases the
capacity of the transformer by afixed percentage of the base (OA) rating. For three-phase transformers
rated between 750 and 2000 kV A, increasing the base level of cooling to forced ar cooling will
increase the continuous kV A capacity by 15 percent. For transformers rated 2500 kVA to 10,000 kVA,
theincreaseis 25 percent. For transformers above 10,000 kVA, additiona stages of cooling may be
used to increase the continuous kV A rating of the transformer by 33 percent per stage. Transformers
larger than those listed in these tables can be purchased and would normally be triple rated or would
have provision for the future addition of two stages of cooling equipment to produce atriple rating.

The choice between conventional two- or three-winding transformers and autotransformers involves
their basic differences as they may affect the application and cost factors. In general, autotransformers
are considered primarily because of cost advantages where the voltage transformation ratio is favorable,
up to possibly 3/1. Beyond thisratio, the cost advantage of autotransformers diminishes. Also,
autotransformers are wye connected and thus provide only an in-phase angular relationship between
primary and secondary voltages.

Other advantages of autotransformers are smaller physical size, lighter weight, lower regulation
(voltage drop in transformer), smaller exciting currents (easier no-load switching), and lower losses.
The main disadvantages of autotransformers are lower reactance (impedance), more complex design
problems, and adverse affect on ground relaying. These problems can usualy be resolved.



Bulletin 1724E-300
Page 193

5.2.3 Ratings

5.2.3.1 Capacity: The selection of substation transformer kVA capacity should be based on an
acceptable up-to-date engineering study. The selection should consider the effects of load cycle, load
factor, and ambient temperature as described in ANSI/IEEE Std. C57.92, “Guide for Loading Mineral
Oil-Immersed Power Transformers up to and Including 100 MVA With 55°C or 65°C Average
Winding Rise.”

Since cooling efficiency decreases with increase in atitude, the transformer manufacturer should be
informed when the transformer will be operated at an elevation above 1000 meters (3300 feet) so that
the proper cooling system can be provided. See Tables 5-1 and 5-2 for guidance on the effect of
altitude on temperature rise. Also, multiwinding transformers with loads on various windings at
different power factors have higher load losses and may require additional cooling capacity.

Table 5-1: Maximum Allowable Average Temperature* of Cooling Air for Carrying Rated kVA.
Ref. ANSI/IEEE Std. C57.92-1981, Table Al. Copyright © 1981. IEEE. All rights reserved.

1000 Meters 2000 Meters 3000 Meters 4000 Meters

Method of Cooling Apparatus (3300 Feet) (6600 Feet) (9900 Feet) (13 200 Feet)

Degrees Celsius

Liquid-Immersed Self-Cooled 30 28 25 23
Liquid-Immersed Forced-Air-Cooled 30 26 23 20
Liquid-Immersed Forced-Oil-Cooled 30 26 23 20

with Oil-to-Air Cooler

* It is recommended that the average temperature of the cooling air be calculated by averaging
24 consecutive hourly readings. When the outdoor air is the cooling medium, the average of the
maximum and minimum daily temperatures may be used. The value obtained in this manner is
usually slightly higher, by not more than 0.3°C, than the true daily average.

Table 5-2: Rated kVA Correction Factors for Altitudes Greater than 3300 ft (1000 m).
Ref. ANSI/IEEE Std. C57.92-1981, Appendix. Copyright © 1981. IEEE. All rights reserved.

Derating Factor

Types of Cooling

(%)
Liquid-immersed air-cooled 04
Liquid-immersed water-cooled 0.0
Ligquid-immersed forced-air-cooled 0.5

Liquid-immersed forced-liquid-cooled
N ) 0.5

with liquid-to-air cooler

Liquid-immersed forced-liquid-cooled 0.0

with liquid-to-water cooler

In addition to selecting a transformer capable of satisfying the basic capacity requirements, it is also
desirable to give due consideration to inventory and standardization with the objective of simplifying
spare parts, testing, maintenance, and unit sparing problems.

5.2.3.2 Temperatures: Normal transformer design is based on ambient temperatures of 40°C
maximum, 30°C average over 24 hours, and —20°C minimum. Abnormal ambient temperatures should
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be made known to the manufacturer at the time of purchase since they usualy require modifications in
the design of the transformer.

5.2.3.3 Voltage: Nomina voltage ratings of atransformer are selected to conform to system
voltage conditions. Tables 5-3, 5-4, 5-5, and 5-6 list standard voltages through 230 kV. According to
ANSI/ |IEEE Std. C57.12.10, transformers should not be subjected to operating voltages or volts per
hertz above 105 percent of any rated secondary tap when operating loaded to nameplate kVA rating
when the load power factor is 80 percent or higher and the frequency is at least 95 percent of rated
value. In addition, transformers should not be operated continuously above 110 percent of rated
secondary tap when operating at no-load. Multiwinding transformers and autotransformers may be
restricted further depending on the specific design criteria specified when the transformer was
purchased. Refer to the origina specifications or the manufacturer for guidance. Also refer to ANSI
Std. C84.1 for further guidance on maximum permissible operating voltages.

Table 5-3: Range of Voltage and Kilovolt-Ampere Ratings for Single-Phase Transformers,
833-8333 kVA. Ref. ANSI/IEEE Std. C57.12.10-1988, Table 3. Reproduced with permission
of the National Electrical Manufacturers Association.

Low-Voltage Ratings (V)

6900/11 950Y, 14 400/24 940Y
2400/4160Y, 8355/23 085PW, 23 555W -
2520/4360Y, 7560/13 090V, 12 600, 34 500,
4800/8320Y, 7620/13 200Y, 13 200, 19 920/34 500Y
High-Voltage - - 13 800 -
Ratings 480 5040/8720Y 7970/13 800Y 14 400 20 920/36 230
(\) Self-Cooled (OA) Kilovolt-Ampere Ratings (kVA)
2400/4160Y 833 - - - -
4800/8320Y 833 - - - -
6900/11 950V, 833, 1250 833-2500 - - -
6930/12 000Y, - - - - -
7200/12 470V, - - - - -
7620/13 200Y, - - - - -
7970/13 800Y, - - - - -
12 000, 13 200, - - - - -
13 800 - - - - -
23000 833, 1250 833-2500 833-2500 - -
34 500 833, 1250 833-2500 833-3333 833-3333 -
46 000 833, 1250 833-2500 833-8333 833-3333 -
69 000 - 833-2500 833-8333 833-3333 -
115 000 - 2500 2500-8333 2500-8333 2500-8333
138 000 - 2500 2500-8333 2500-8333 2500-8333
Notes:

(1) All voltages are Dunless otherwise indicated.

(2) Kilovolt-ampere ratings separated by a dash indicate that all the intervening ratings listed in Table 1 are
included.
Kilovolt-ampere ratings separated by a comma indicate that only those listed are included.

(3) Bold-type voltages listed in ANSI Std. C84.1-1982.

(4) Iltalics-type voltages not listed in ANSI Std. C84.1-1982.
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Table 5-4: Range of Voltage and Kilovolt-Ampere Ratings for Three-Phase Transformers
Without Load Tap Changing, 750-10 000kVA. Ref ANSI/IEEE Std. C57.12.10-1988, Table 4.
Reproduced with permission of the National Electrical Manufacturers Association.

Low-Voltage Ratings (V)

24 940Grd/14 000
6900,7200,7560,
12 407Y/7200,
2400,2520 4800,5040, 13 090Y/7560, 13 800, 34 500,
480Y/277 4160Y/2400, 8320Y/4800, 13200Y/7620 12 000, 34 500GrdY/19 920,

High- 12 600,

Voltage 480 4360Y/2520 8720Y/5040 13 800Y/7970, 13 200, 36 230GrdY/20 920
Ratings 14 400
V) Self-Cooled (OA) Kilovolt-Ampere Ratings (kVA)

2400 750-1500 - - - - -
4160,4800 750-1500 - - - - -
6900,7200 750-2500  1000-3750 - - - -

12 000 750-2500  1000-7500 - - - -
12 470 - - - - - -
13 200 - - - - - -
13800 - - - - - -
23000 - 1000-7500 1000-10 000 1000-10 000 - -
34 500 - 1000-7500 1000-10 000 1000-10 000 1000-10 000 -
46 000 - 1500-7500 1500-10 000 1500-10 000 1500-10 000 -
69 000 - 1500-7500 1500-10 000 1500-10 000 1500-10 000 -
115000 - 5000-7500  5000-10 000 5000-10 000 5000-10 000 5000-10 000
138 000 - 5000-7500  5000-10 000 5000-10 000 5000-10 000 5000-10 000
Notes:

(1) All voltages are Dunless otherwise indicated.
(2) Kilovolt-ampere ratings separated by a dash indicate that all the intervening ratings listed in Table 1 are
included.

(3) Bold-type voltages listed in ANSI Std. C84.1-1982.

(4) Iltalics-type voltages not listed in ANSI Std. C84.1-1982.
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Table 5-5: Range of Voltage and Kilovolt-Ampere Ratings for Three-Phase Transformers
with Load Tap Changing, 3750-10 000 kVA. Ref. ANSI/IEEE Std. C57.12.10-1988, Table 5.
Reproduced with permission of the National Electrical Manufacturers Association.

Low-Voltage Ratings (V)

24 940Grd/14 000
6900,7200,7560,
12 470Y/7200,
2400,2520, 4800,5040, 13 090Y/7560, 13 800 34 500,

High- 4160Y/2400, 8320Y/4800, 13200Y/7620, 12 000,12 600 34 500GrdY/19 920,
Voltage 4360Y/2520 8720Y/5040 13 800Y/7970 13 200,14 400 24940Grd/ 36 230GrdY/20 920
Ratings 14000

\) Self-Cooled (OA) Kilovolt-Ampere Ratings (kVA)
6900,7200 3750 - - - - -
12 000 3750-7500 - - - - -
12 470 - - - - - -
13 200 - - - - - -
13 800 - - - - - -
23000 3750-7500  3750-10 000 3750-10 000 - - -
34 500 3750-7500  3750-10 000 3750-10 000 3750-10 000 - -
46 000 3750-7500 3750-10 000 3750-10 000 3750-10 000 - -
69 000 3750-7500 3750-10 000 3750-10 000 3750-10 000 - -
115000 5000-7500  5000-10 000 5000-10 000 5000-10 000 5000-10 000 5000-10 000
138 000 5000-7500 5000-10 000 5000-10 000 5000-10 000 5000-10 000 5000-10 000
Notes:
(1) All voltages are Dunless otherwise indicated.
(2) Kilovolt-ampere ratings separated by a dash indicate that all the intervening ratings listed in Table 1 are
included.
(3) Bold-type voltages listed in ANSI Std. C84.1-1982.

(4) ltalics-type voltages not listed in ANSI Std. C84.1-1982.
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Table 5-6: Range of Voltage and Kilovolt-Ampere Ratings for Three-Phase Transformers
With or Without Load Tap Changing, 12 000-60 000 kVA. Ref. ANSI/IEEE Std. C57.12.10-1988,
Table 6. Reproduced with permission of the National Electrical Manufacturers Association.

High Low-Voltage Ratings (V)
Voltage
Ratings
M
6900,7200,7560,
12 407Y/7200,
4800,5040, 13 090Y/7560, 12 000,12 600, 34 500,
8320Y/4800, 13 200Y/7620, 13 200, 13 800, 34 500GrdY/19 920,
8720Y/5040 13 800Y/7970 14 400 24 940GrdY/14 400 36 230GrdY/20 920

Self-Cooled (OA) Kilovolt-Ampere Ratings (kVA)

23 000 12 000-15000 12 000-30 000 - - -
34 500 12 000-15000 12 000-30 000 12 000-30 000 - -
46 000 12 000-15000 12 000-30 000 12 000-30 000 - -
69 000 12 000-15000 12 000-30 000 12 000-30 000 - -
115000 12000-15000 12 000-60 000 12 000-60 000 12 000-60 000 12 000-60 000
138000 12000-15000 12 000-60 000 12 000-60 000 12 000-60 000 12 000-60 000
161000 12000-15000 12 000-60 000 12 000-60 000 12 000-60 000 12 000-60 000
230000 12000-15000 12 000-60 000 12 000-60 000 12 000-60 000 12 000-60 000
Notes:

(1) All voltages are Dunless otherwise indicated.

(2) Kilovolt-ampere ratings separated by a dash indicate that all the intervening ratings listed in Table 1 are
included.

(3) Bold-type voltages listed in ANSI Std. C84.1-1982.

(4) ltalics-type voltages not listed in ANSI Std. C84.1-1982.

5.2.3.4 Basiclnsulation Levels (BIL): Tables5-7, 5-8, and 5-9 ligt basic insulation levels
commonly used for various system voltages. Neutral terminal BIL may be specified at a different level
than the line terminals depending on the type of system grounding being used. Table5-10 lists the
minimum insulation levels for neutral terminas. Continuous improvements over the yearsin the
protective margins provided by surge arresters have enabled users to select reduced insulation levels for
transformers, at appreciable cost reductions, without sacrificing reliability.
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Table 5-7: Relationships of Nominal System Voltage to Maximum System Voltage and Basic

Lightning Impulse Insulation Levels (BIL) for Systems 765 kV and Below.
Ref. IEEE Std. C57.12.00-1993, Table 3. Copyright © 1993. IEEE. All rights reserved.

Application Nominal Maximum System Voltage Basic Lightning Impulse
System (from ANSI C84.1-1989 [2] Insulation Levels (BIL)
Voltage and ANSI C92.2-1987 [4]) in Common Use
(kV rms) (kV rms) (kV crest)
Distribution 12 30
25 45
5.0 60
8.7 75
15.0 95
25.0 150 125
34.5 200 150 125
46.0 48.3 250 200
69.0 72.5 350 250
Power 12 45 30
25 60 45
5.0 75 60
8.7 95 75
15.0 110 95
25.0 150
34.5 200
46.0 48.3 250 200
69.0 72.5 350 250
115.0 121.0 550 450 350
138.0 145.0 650 550 450
161.0 169.0 750 650 550
230.0 242.0 900 825 750 650
345.0 362.0 1175 1050 900
500.0 550.0 1675 1550 1425 1300
765.0 800.0 2050 1925 1800
NOTES:
(1) BIL values in bold typeface are listed as standard in one or more of ANSI/IEEE Std. C57.12.10-1987 [B1],

)

®3)
4)

ANSI/IEEE Std. C57.12.20-1988 [B3], ANSI/IEEE Std. C57.12.21-1980 [B4], ANSI/IEEE Std. C57.12.22-
1989 [B5], ANSI/IEEE Std. C57.12.23-1986 [B6], ANSI/IEEE Std. C57.12.24-1988 [B7], ANSI/IEEE

Std. C57.12.25-1990 [B8], and ANSI/IEEE Std. C57.12.26-1992 [B13].

Single-phase distribution and power transformers and regulating transformers for voltage ratings between
terminals of 8.7 kV and below are designed for both Y and A connection, and are insulated for the test
voltages corresponding to the Y connection so that a single line of transformers serves for the Y and A
applications. The test voltages for such transformers, when operated and connected, are therefore higher
than needed for their voltage rating.

For series windings in transformers, such as regulating transformers, the test values to ground shall be
determined by the BIL of the series windings rather than by the rated voltage between terminals.

Values listed as nominal system voltage in some cases (particularly voltages 34.5 kV and below) are
applicable to other lesser voltages of approximately the same value. For example, 15 kV encompasses
nominal system voltages of 14 440 kV, 13 800 kV, 13 200 kV, 13090 kV, 12 600 kV, 12 470 kV,

12 000 kV, 11 950 kV, etc.
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Table 5-8: High-Voltage Winding Insulation Levels of Single-Phase Transformers.
Ref. ANSI/IEEE Std. C57.12.10-1988, Table 7.

Reproduced with permission of the National Electrical Manufacturers Association.

Basic Impulse

Insulation Level

High-Voltage Ratings

2400/4160Y 75
4800/8320Y 95
6900/11 950Y 110
7200/12 470Y 110
7620/13 200Y 110
12 000 110
13 200 110
13 800 110
23 000 150
34 500 200
46 000 250
69 000 350
115 000 450
138 000 550

Notes:
(1) All voltages are D unless otherwise indicated.
(2) Bold type are voltages listed in ANSI C84.1-1982.
(3) ltalics type are voltages not listed in ANSI C84.1-1982.

Table 5-9: High-Voltage Winding Insulation Levels of Three-Phase Transformers.
Ref. ANSI/IEEE Std. C57.12.10-1988, Table 8.
Reproduced with permission of the National Electrical Manufacturers Association.

Basic Impulse Insulation Level (kV)

High-Voltage Ratings Distribution Power
(V) Transformers Transformers
2 400 45 60
4 160 60 75
4 800 60 75
6 900 75 95
7 200 75 95
12 000 95 110
13 200 95 110
13 800 95 110
23 000 125 150
34 500 150 200
46 000 - 250
69 000 - 350
115 000 - 450
138 000 - 550
161 000 - 650
230 000 - 750

Notes:
(1) All voltages are D unless otherwise indicated.
(2) Distribution BILs only applicable to non-load-tap-changing transformers.
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Table 5-10: Minimum Insulation Levels at Neutral.
Ref. ANSI/IEEE Std. C57.12.00-1993, Table 7. Copyright © 1993. IEEE. All rights reserved.

Minimum Low-Frequency
Insulation Level (kV rms)

Grounded Solidly or Grounded Through
Nominal Through a Current a Ground-Fault
System Transformer or Neutralizer, or
Voltage Through a Isolated but
Application (kV)* Regulating Transformer Impulse Protected
Column 1 Column 2 Column3
Distribution 1.2 10 10
or 2.6 15 15
Power 5.0 19 19
8.7 26 26
15.0 26 26
25.0 26 34
34.5 26 50
46.0 34 70
69.0 34 95
* For higher line terminal system voltages than shown above, the insulation level at the neutral

shall be specified to conform with service requirements, but in no case shall be less than 34 kV.
NOTE: When specified, Y-Y connected transformers using a common, solidly grounded neutral may
use a neutral bushing selected in accordance with the requirements of the LV winding.

Any selection of atransformer with reduced BIL is a user responsibility and requires knowledge of
certain system characteristics.

On effectively grounded systems, a reduced BIL of one step below full basic insulation level may be
appropriate for transformers with nominal ratings of 115 kV and above. An insulation coordination
study may be required to ensure that adequate margin is maintained between transformer insulation
strength and the protective level of protective equipment.

5.2.3.5 Loading: A transformer can supply aload beyond its nameplate rating for various periods
of time, which may or may not affect its normal life, depending on severa factors related to
temperature conditions in the transformer. See ANSI/IEEE Std. C57.92 for additional guidance on
transformer loading.

5.24 Taps

No-load tap changers (NLTC) and/or load tap changers (LTC) can be obtained on power transformers.
The addition of no-load taps in the primary of a substation transformer makes it possible to adapt the
transformer to a range of supply voltages (usually a 10 percent overall range of which 5 percent is
above nomina and 5 percent below nominal, usualy in 2.5 percent steps). Since no-load taps are not
capable of interrupting any current including transformer charging current, the transformers have to be
de-energized when the manual no-load tap position is changed. All taps should have full capacity
ratings. Theindividua tap voltages should be as specified in ANSI/IEEE Std. C57.12.10, paragraph
4.5.

Any decision to use load tap changing transformers should be based on a careful analysis of the
particular voltage requirements of the loads served and consideration of the advantages and
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disadvantages, including costs, of aternatives such as separate voltage regulators. When load tap
changing transformers are specified, they have to comply with the requirements of ANSI/IEEE
Std. C57.12.00, and ANSI/IEEE Std. C57.12.10.

5.25 |Impedance

Transformer impedance affects transformer voltage regulation, efficiency, and magnitude of through-
short-circuit currents. Both regulation and efficiency are generally improved with lower impedance.
However, these desirable results should be viewed along with higher through-fault currents permissible
with lower impedance.

Higher load-side fault currents can be potentially damaging to the transformer and may also require
higher fault current ratings of |oad-side equipment at increased cost. Prudent compromises are thus
often required in specifying transformer impedance.

Where through-fault currents are not a significant factor, it is generally desirable to specify as low
impedance as possible that will not result in increased transformer cost. Standard impedance ranges for
various transformer BIL ratings are listed by manufacturers, and cost penalties may apply when the
impedance falls above or below these ranges. The standards permit manufacturing tolerances of
+7.5 percent of the specified impedance for two-winding transformers and +10.0 percent for
multiwinding transformers and autotransformers. These are important to remember if transformer
paralleling is being considered and if the margin between transformer through-fault current and
equipment ratings is very close. Substation transformer impedance needs to comply with the
requirements of ANSI/IEEE Std. C57.12.10, Section 6. Standard impedances for various voltage
ratings are given in Table 5-11. Distribution substation transformers (500 kVA or smaller) should be
specified with standard impedance where possible. These impedances are sufficient to make the
transformer self protecting under any secondary faults.

5.2.6 Phase Relation

Proper phase rel ationships between the various winding voltages are extremely important in transformer
application. These have to be selected to fit existing or planned conditions in the particular system.

Standard single-phase substation transformers are built with subtractive polarity. The polarity of a
three-phase transformer is fixed by its connections between phases and by relative location of leads. A
standard delta-wye or wye-delta, three-phase, step-down transformer will result in the high-side
voltages leading their respective low-side voltages by 30 degrees. An installation of three single-phase
transformers can be connected to accomplish this same relationship.

Autotransformers are connected wye-wye, and no phase angle exists between the high- and low-side
voltages. This may preclude the use of autotransformers, in some cases, even when they are otherwise
preferred. See Section 5.2.7 concerning the phase relationship required for parallel operation of
transformers.

Also give attention to the proper physical orientation of transformers within the substation and to their
connections to ensure that the proper phasing is obtained on al buses. Standard bushing arrangement
on athree-phase transformer, when viewed from the low-voltage side, is from left to right Ho (when
required), H,, H,, and H; on the high-voltage side and X, (when required), X;, X,, and Xz on the low-
voltage side. If atertiary or third winding is provided, the bushing arrangement isY4, Y, and Y ; left to
right when viewed from the side nearest these bushings.
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Table 5-11: BILs and Percentage Impedance Voltages at Self-Cooled (OA) Rating.
Ref. ANSI/IEEE Std. C57.12.10-1988, Table 10 and Section 4.6.
Reproduced with permission of the National Electrical Manufacturers Association.

Without Load Tap With Load Tap
Changing Changing
Low
High-Voltage BIL Vglct)a\:\;;e \Zlgggg\? Low Voltage
(kV) 480 V/ and 2400V and Above
Above
60-110 5.75* 5.5* —
150 6.75 6.5 7.0
200 7.25 7.0 7.5
250 7.75 7.5 8.0
350 — 8.0 8.5
450 — 8.5 9.0
550 — 9.0 9.5
650 — 9.5 10.0
750 — 10.0 10.5

*  For transformers greater than 5000 kVA self-cooled, these values shall be the same as those
shown for 150 kV HV BIL.

1. Impedance Voltage:

a. Percentage Impedance Voltage: the percentage impedance voltage at the self-cooled rating as
measured on the rated voltage connection shall be as listed in Table 5.2-10.

b. Tolerance on Impedance Voltage: the tolerance shall be as specified in ANSI/IEEE
Std. C57.12.00-1993.

c. Percentage Departure of Impedance Voltage on Taps for De-energized Operation: the
percentage departure of tested impedance voltage on any tap from the tested impedance
voltage at rated voltage shall not be greater than the total tap voltage range expressed as a
percentage of the rated voltage.

Note: This does not apply to load-tap-changing taps.

Refer to ANSI/IEEE Std. C57.12.70 for transformer termina markings and connections.

5.2.7 Parallel Operation of Transformers

In most cases, the purchase of two smaller size transformers, to be operated in pardlel in one circuit, in
lieu of one full-size transformer, is not recommended. Two transformers will cost more than asingle
transformer of equivalent capacity, their combined losses are higher, and they require a more elaborate
and expensive substation structure to accommodate them. However, where a situation exists for
possible paralel operation, such as where continuity of at least partial servicein event of failure of one
unit is of great importance, the transformers should be individually protected and the following
guidelines considered.

Any two or more transformers can be operated in parallel, provided their impedances are in the same
order of magnitude when considered on their own kVA base, their voltage taps and voltage ratios are
essentialy the same, and their polarity and phase voltage displacement are or can be made dlike.

Equal impedances will permit proportionate sharing of the load between transformers. If not equal, the
load will be divided in inverse proportion to the magnitude of the impedance. This condition is
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satisfactory within reasonable limits, as determined by requirements, and may be of little consequence
where the larger of two transformers has the lower impedance and will carry more than its proportionate
share of the load. However, if the smaller unit has the lower impedance, it will carry more than its
share of the load and may even become severely overloaded, while the larger unit still has available
capacity. Thisis demonstrated in the following example.

Protecting transformers operating in parallel as a single unit is not recommended. The sensitivity of the
high-side protection is significantly reduced, and the occurrence of nuisance tripping during
energization is increased due to incorrect differential relay harmonic restraint unit operation.

5.2.7.1 Condition | - Larger Transformer Hasthe Smaller Impedance: Two transformers, Tl

and T2, are operating in parallel. Tl israted 10 MV A with an impedance of 10 percent. T2 israted 25
MV A with an impedance of 7 percent. On acommon 100 MV A base, impedance of Tl is 100 percent
and impedance of T2 is 28 percent.

Power flow divides inversely with the relative impedances on a common base. Assuming atotal power
flow of 30 MVA, Tl would carry 6.6 MVA and T2 would carry 23.4 MV A, both within their ratings.

The power flow distribution is obtained by solving two simultaneous equations, where Pl and P2
represent the power flows through Tl and T2, respectively, and Z;4 is the impedance on a100 MVA
base:

Equation 5-1
A +P2=30MVA
Equation 5-2

PL_Z,, (of T2)
P2 Z,, (of T)

5.2.7.2  Condition Il - Smaller Transformer Hasthe Smaller Impedance: The sameas
Condition I, except Tl has an impedance of 7 percent, and T2 an impedance of 10 percent. On a
100 MV A base, the impedance of Tl is 70 percent and the impedance of T2 is 40 percent.

Tl would carry 10.9 MVA and T2 would carry 10.1 MVA. Tl isclearly overloaded, whereas T2 has
capacity to spare.

5.2.7.3  Condition Il - Both TransformersHave Equal |mpedances - Preferred Condition:
The same as Condition |, except both TI and T2 have equal impedances on their own base of 8 percent.
On a100 MVA base, Tl has an impedance of 80 percent, and T2 has an impedance of 32 percent. TI
would carry 8.6 MVA and T2 would carry 21.4 MV A. Each transformer is carrying its correct sharein
proportion to its MV A rating.

From an impedance standpoint, it has generally been accepted that transformers can be paralleled
successfully if the actua or nameplate impedance of one does not differ by more than 7 %2 percent from
the actua or nameplate impedance of the other. For example, a transformer having an impedance of
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6 percent can be paired with a transformer having an impedance anywhere between 5.55 percent (0.925
X 6 percent) and 6.45 percent (1.075 x 6 percent).

Equal tap voltages, or voltage ratios, will permit each of the paradleled transformersto operate asiif it
were isolated. But unequal tap voltages will create a circulating current flowing forward through the
unit having the higher voltage and in areverse or leading direction through the unit with the lower
voltage. This condition is limited only by the series impedance of the two transformers in the current
circulation circuit and by the difference in voltage causing the current flow. This condition can be very
severe and has to be closely analyzed whenever such operation is contemplated. The condition is most
severe when the transformers are not carrying load. It usualy is modified sufficiently when load is
being carried, and voltage regulation due to load so modifies the voltage difference as to reduce the
circulating current to an insignificant level.

Where paralleled transformers are equipped with load tap changers and line drop compensators,
incorporate paralleling control schemes into the LTC controls. Schemes that may be evaluated include:

Negative Reactance Method
Step-by-Step Method

Out-of-Step Switch Method
Cross-Current Compensation Method

AW

5.2.8 Dielectric Requirements

A transformer in service may be exposed to a variety of dielectric stresses. Lightning impulses may
reach the terminals of the transformer because of direct hits or, more likely, in the form of traveling
waves coming in over connecting lines. Such traveling waves are produced when the connecting lines
are exposed to lightning strokes.

Direct hits are practically impossible where adequate direct stroke protection is provided over the
substation in the form of ground wires and/or masts. The magnitude of traveling wave impulses
reaching the transformer depends on:

The initial magnitude of the strokes

The distance the wave hasto travel

Transmission line characteristics, such as surge impedance, insulation level, and type of
ground wire protection

Transformer characteristics and protective characteristics of surge protective devices
provided

How well the transformer can withstand any impul se voltages reaching it depends on the condition of
the insulation at the time of the impulse. Basic insulation levels can be verified by impulse tests. Most
large transformers receive impulse tests prior to shipment from the factory. This may not be aroutine
test performed by the manufacturer for certain size transformers. If an impulse test is desired, include
this requirement in the testing section of the transformer specifications.

Norma line energization and deenergization or power circuit breaker operations during system faults
produce switching surges that travel down the conductors to the connected transformers.  Switching
surges generally present no particular problem to transformers rated 230 kV and below. Transformers
rated 115 kV and above are designed for the switching impulse insulation levels (BSL) associated with
their assigned BIL. Switching impulse insulation levels are defined in Tables 5-12 and 5-13. In
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generd, switching surge withstand capability of atransformer is approximately 83 percent of its BIL.
Where justified, factory switching surge tests may be applied to verify switching surge withstand

capability.
Table 5-12: Dielectric Insulation Levels for Distribution Transformers
and Class | Power Transformers.* Ref. IEEE Std. C57.12.00-1993, Table 4.
Copyright © 1993. IEEE. All rights reserved.
Chopped-Wave Impulse Front-of-Wave Impulse
Basic Levels Levels
Lightning
Impulse Minimum Specific Low-
Insulation Minimum Time to Minimum Time Frequency
Level (BIL) Voltage Flashover Voltage to Sparkover Test Level
Application (kV crest) (kV crest) (ns) (kV crest) (ns) (kV rms)
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Distribution 30 36 1.0 — — 10
45 54 1.5 — — 15
60 69 15 — — 19
75 88 1.6 — — 26
95 110 1.8 — — 34
125 145 2.25 — — 40
150 175 3.0 — — 50
200 230 3.0 — — 70
250 290 3.0 — — 95
350 400 3.0 — — 140
Power 45 50 1.5 — — 10
60 66 15 — — 15
75 83 15 — — 19
95 105 1.8 165 0.5 26
110 120 2.0 195 0.5 34
150 165 3.0 260 0.5 50
200 220 3.0 345 0.5 70
250 275 3.0 435 0.5 95
350 385 3.0 580 0.58 140

*  See Section 5.10 for a description of Class | power transformers.

NOTES:
o)
@

©)
(4)
Q)

Front-of-wave impulse levels have to be specified prior to design of the trans former.
Front-of-wave tests are not recommended on low-voltage or tertiary windings that will not
be exposed to lightning and that are connected directly to user equipment and have low
impulse strengths. This includes low-voltage windings of generator transformers and
transformer windings that operate at 5000 V or less.

Internal and external phase-to-phase low-frequency insulation test levels shall not be
reduced below the levels listed in Table 6.

The insulation levels for distribution transformers and for Class | power transformers shall
be selected from this table for both the high-voltage and the low-voltage windings.

The BIL serves both as a test level for the full-wave lightning impulse tests and as the
primary identity of a set of coordinated insulation levels.
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Table 5-13: Dielectric Insulation for Class Il Power Transformers.*
Ref. IEEE Std. C57.12.00-1993, Table 5. Copyright © 1993. IEEE. All rights reserved.

Basic Induced-Voltage Test
Lightning (Phase-to-Ground)
Nominal Impulse Switching Applied
System Insulation Chopped- Impulse One-Hour  Enhancement Voltage
Voltage Level (BIL) Wave Level Level (BSL) Level Level Test Level
(KV) (kV crest) (kV crest) (kV crest) (kV rms) (kV rms) (kV rms)
Column 1 Column2 Column 3 Column 4 Column 5 Column 6 Column 7
15 and below 110 120 — — 34
25 150 165 — — — 50
345 200 220 — — — 70
46 250 275 — — 95
69 250 275 — — — 95
115 350 385 280 105 120 140
450 495 375 105 120 185
550 605 460 105 120 230
138 450 495 375 125 145 185
550 605 460 125 145 230
650 715 540 125 145 275
161 550 605 460 145 170 230
650 715 540 145 170 275
750 825 620 145 170 325
230 650 715 540 210 240 275
750 825 620 210 240 325
825 905 685 210 240 275
900 990 745 210 240 395
345 900 990 745 315 360 395
1050 1155 870 315 360 460
1175 1290 975 315 360 520
500 1300 1430 1080 475 550 —
1425 1570 1180 475 550 —
1550 1705 1290 475 550 —
1675 1845 1390 475 550 —
765 1800 1980 1500 690 800 —
1925 2120 1600 690 800 —
2050 2255 1700 690 800 —

*  See Section 5.10 for a description of Class Il power transformers.

NOTES:

(1)  For chopped-wave tests, the minimum time to flashover shall be 3.0 ns except for 110 kV
BIL, in which case the minimum time to flashover shall be 2.0 ms.

(2)  Although Column 4 established phase-to-ground switching impulse levels, it is not always
possible to test these levels on low-voltage windings.

(3) Columns 5 and 6 provide phase-to-ground test levels that would normally be applicable
to wye windings. When the test voltage level is to be measured phase-to-phase, as is
normally the case with delta windings, then the levels in Column 5 have to be multiplied
by 1.732 to obtain the required phase-to-phase induced-voltage test level.

(4) The applied-voltage test is not applicable to wye-winding line terminals unless they have
been specified to be suitable for application on ungrounded systems.

(5) The insulation levels for Class Il power transformers shall be selected from this table for
both the high-voltage and the low-voltage windings.

Properly applied surge arresters are very effective in limiting the magnitude of both impulse and
switching surge voltages reaching the transformer to levels below their withstand capabilities. Reduced
transformer BIL levels are often possible, at appreciable cost reduction, while still maintaining adegquate
protective margins. Section 5.8 on surge arresters contains additional information on the subject.
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Transformers may be exposed to abnormal power frequency voltages during system fault conditions.
Single-phase-to-ground faults produce abnormal voltages to ground on the unfaulted phases. The
amount that these voltages increase above normal depends on how solidly the system is grounded.
With adequate BILs and surge arrester ratings, these temporary abnormal voltages should present no
difficulty for the transformer.

Externa porcelain insulation on a transformer is designed to withstand voltages to which it may be
subjected under varied atmospheric conditions. Severe atmospheric contamination may require
increased bushing BILSs, increased porcelain creep distances, specia porcelain treatment, or washing
procedures. Loca experience under similar conditionsis usually the best guide as to the most practical
solution.

Standard transformer external insulation is based on applications below 1,000 meters (3300 feet).
Above 1,000 meters, the lower air density offers less voltage withstand capability, and the external
insulation level hasto be derated. Normal ratings are decreased approximately 10 percent for each
1,000-meter increase in € evation above 1,000 meters. See Table 5-1 and ANS| Std. C76.1, “Outdoor
Apparatus Bushings,” Table 3.2.1(c), for standard derating factors. Choose equipment of a suitably
higher rating if derating at high atitude is to be avoided.

5.2.9 Short Circuit Requirements

Failures of substation transformers because of through-fault currents have been a matter of great
concern to the industry for many years. The use of larger transformers and the increases in system fault
current contributed to the cause of failures. Transformer manufacturers and industry standards began to
address the issue of transformer through-fault capabilities in more detail. The standards were expanded
along with extensive testing to determine an accurate model of both the thermal and mechanical
withstand capabilities of transformers of various sizes. Cooperatives and their engineers should be
aware of this problem and should take appropriate measures to safeguard their interests in purchases of
power transformers.

5.29.1 Background Information: The current edition of ANSI/IEEE Std. C57.12 defines the
requirements for transformers of various sizes with respect to short-circuit withstand capabilities during
any type of externd fault. In addition, ANSI/IEEE Std. C57.109 further defines the transformer
capabilitiesin terms of current versus time characteristics to alow proper coordination with transformer
overcurrent protection. ANSI/IEEE Std. C57.12.90 now includes an entire section on short-circuit
testing of transformers.

In brief, the standard requires the application of six short circuits at maximum current, two of which
would result in maximum asymmetry of the fault current based on the reactance to resistance (x/r) ratio
to the point of the fault as defined in ANSI/IEEE Std. C57.12.00, Section 7. The transformer should
show no damage after thistest as indicated by measurements and visual inspections. For a complete
description of the test, refer to ANSI/IEEE Std. C57.12.90, “ Standard Test Code for Liquid-Immersed
Distribution, Power, and Regulating Transformers and Guide for Short Circuit Testing of Distribution
and Power Transformers.”

The user has to still decide whether to require this test in the purchase specifications. Manufacturers’
facilities or test |aboratories may be limited in terms of the size of transformer that can be short-circuit
tested. Larger sizes conceivably could be tested in the field by the purchaser, but the feasibility of
doing so on an operating system is questionable. The laboratory test isfairly costly, and shipping costs
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to and from the laboratory test facility should be added. The extra shipping and handling would also
subject the transformer to a greater risk of transportation shock damage and human error.

5.2.9.2 Recommendations: Single-phase transformers 10,000 kVA (OA) and smdller, rated

138 kV and below, and three-phase transformers 30,000 kVA (OA) and smaller, rated 138 kV and
below, areincluded in RUSIP 202-1 Cooperatives need not require short-circuit tests for transformers
in this category. RUSwill either request manufacturers to conduct short-circuit tests on any new
transformer design proposed for listing or will request evidence that the transformer design has had a
history of successful experience in service. The cooperative should not specify unusual taps or
impedance in the purchase specification unless absolutely necessary. Such requirements may cause
design changes that will affect mechanical strength and introduce uncertainties in the ability of the
transformer to withstand short-circuit currents.

Specifications for transformers not included in the List of Materials should include requirements for
short-circuit strength. The manufacturer should be required to demonstrate this strength either directly
through previous short-circuit testing of a similar unit or indirectly through a history of successful field
experience.

It should be recognized that short-circuit testing will not be feasible on the larger sizes of transformers
because of the limitations of existing laboratory facilities. Hence, successful experience will be the
principal means for measuring the adequacy of short-circuit strength of these transformers. In this
respect, it is recommended that experience be accepted as a demonstration that the transformer design
has adequate short-circuit strength. This applies only when transformers with core and coils identical in
all respects to the transformer covered by the specifications have amassed a total of at least 20
transformer years of experience without major failure attributable to design defects.

Where the manufacturer has not built units identical to the transformer covered by the specification, or
the experience record is less than 20 transformer years, it is recommended that short-circuit testing be
required by the specifications or a different manufacturer be selected.

5.29.3 Recommended Specification for Short-Circuit Strength: It is recommended that the
following be incorporated in &l purchase specifications for power transformers not included in the List
of Materials:

“Without limiting in any way any obligation of the Bidder under this agreement, the Bidder
shal demonstrate to the satisfaction of the Owner that the transformer proposed to be
furnished under this specification shall have sufficient mechanical strength to withstand
without failure all through-fault currents. The Bidder shall demonstrate that the transformers
meet this requirement by one of the following methods:

1. Certified test data showing that a transformer with a core and coil identical in design and
construction and identical or similar with respect to kVA capacity, kV ratings, BIL,

" Transformers not included in RUS IP 202-1, List of Materials:

1. All substation power autotransformers
2. All transformers having three or more windings
3. Single-phase transformers rated greater than 10,000 kVA (OA) or 138 kV
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impedance, and voltage taps has been tested under maximum short-circuit conditions
without failure. A description of the test code under which the transformer was tested for
short-circuit strength will be provided by the Bidder to the Owner.

2. A history of successful experience with transformers of identical or similar ratings, design,
and construction. The Bidder shall list all transformers in service with core and coils that
are essentialy identical in design, construction, and manufacture to the transformer covered
by this specification and shall provide information on the date of installation, location, and
failures, if any. Where such transformers have not been built or the cumulative service
record is less than 20 transformer years, alist of transformers in service that represent the
closest approximation to the transformer covered by this specification shal be submitted.
The information submitted shall be representative of the total experience of the manufacturer
with similar design to the transformer to be furnished. Information submitted shall include
the dates of installation (or shipment, if not installed), the ratings of the transformers, and a
list of failures and causes of failuresif any have been experienced.”

Autotransformers or conventional multiwinding transformers often have specia application and design
requirements. In such cases, it will be important to provide system short-circuit information indicating
the most severe short-circuit condition that can exist at the terminals of each transformer winding, and
any specific impedance requirements.

5.2.10 Cooling Equipment

Most of the smaller substation power transformers on rural systems are the oil-immersed, self-cooled
(OA) type. Inthese types of transformers, the oil transfers the heat from the core and coils to the tank
wall or cooling tubes, where it passes to the surrounding air. Temperature differencesin the oil cause
the ail to circulate by convection through the tubes. Adequate airflow is essential to satisfactory
operation.

On larger transformers, this cooling process can be accelerated by various methods. using forced air
(FA) from fans over the cooling tubes, by using oil pumps to circulate the oil, or by a combination of
forced air and forced oil. Both methods can be automatically controlled in one or two steps from either
top oil temperatures or winding temperature or both. Forced cooling methods are usually effectivein
reducing costs of the larger transformer sizes.

Where any type of forced cooling isrelied on, it is essentia that attention be given to adequate
operationa reliability of the pumps and fans. This involves consideration of redundancy in the power
supply to the pumps and fans and to individual or group overload protection and disconnecting means.
Also, hot spot and top oil temperature devices can be used to alarm for abnormal cooling indications.
The temperature limits should be specified to adequately protect the unit but not to limit its overload
capability. Suggested alarm limits are listed in Table 5-14:

Table 5-14: Alarm Limits for Transformer Cooling

55°C 65°C
Insulation Insulation
Hottest Spot Temperature 95°C 105°C

Top Oil Temperature 70°C 80°C
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The cooling tubes or heat exchangers on large transformers should be specified for easy removal or
isolation from the transformer for repairs. In this case, shutoff valves and bolted flanges are provided at
the inlet and outlet of each heat exchanger. Transformers below arange of 10,000 kVA, three-phase,
and 5,000 kVA, single-phase, usualy have nonremovable cooling tubes. These kVA sizeswill vary
between manufacturers.

5.2.11 Oil and Oil Preservation Equipment

Transformer oil has to be kept free from contact with outside contaminants always present in the
amosphere. On smaller substation transformers, the tank is completely sealed, with alayer of dry air or
nitrogen left above the oil to accommodate expansion and contraction of the oil.

Several methods of oil preservation (see Figure 5-1) are commonly used on larger size transformers:

1. A seded tank with a positive pressure inert gas layer maintained above the oil by means of a
permanently connected tank of nitrogen gas

2. A tank completely filled with oil but connected to araised tank or oil conservator, which
maintains a positive oil pressure in the main tank and provides a place for expansion and
contraction of the ail

3. A conservator tank with a divided expansion tank with two sections and the flexible diaphragm
conservator tank

4. A conservator tank with a bladder within the conservator tank as a variation of the flexible

digphragm
The choice of oil preservation system is mostly a matter of personal preference and experience. All

have been successfully used for many years. Regardless of the method used, periodic tests have to be
made of the oil and oil preservation system to ensure that oil quality is being maintained.

5.2.12 Audible Sound

Sound (noise) levels produced by transformers, as well as other substation equipment, are becoming a
matter of increasing concern to the public. The fact that rural substations are more often located away
from congested areas reduces the possibility of complaints. However, thisis partidly offset by the
lower ambient sound levels common in rural aress.

In some areas, noise ordinances may dictate what is required. The designer should accordingly be
familiar with the problems and their solutions. A thorough treatment of the subject is beyond the scope
of this bulletin, but some practical guidelines follow. Any values given should be treated as
approximations.

5.2.12.1 Site: Sound isusualy transmitted radialy from the source. Avoid sites that have a direct
line of sight to possible areas of complaints. A particularly poor selection would be alow-level site
with residentia areas on the surrounding higher ground.

5.2.12.2 Landscape: Natura or artificia barriers such as mounds or shrubbery positioned between
the sound source and the public are desirable. Although these have little effect on sound levels, they
can reduce the psychological impact of a new substation and prevent complaints.



Bulletin 1724E-300
Page 211

POSITIVE PRESSURE/ INERT GAS

VN
(N /~
\ /0
[NERT GAS SPACE \ \ ’
{POSITIVE PRESSURE) —\ \ A / CONNECTING TUBE
N ¢+
I~
\ REDUCING VALVE
OIL
LEVEL HIGH-PRESSURE TANK
OF INERT GAS

OIL CONSERVATOR — DIVIDED TANK

CONSERVATOR é;gggmgklc
TANK TUBE (OIL CONNECTION})

OIL

LEVEL BAFFLE

DEHYDRATING

\ /= BREATHER

A / TANK DETALL

N N /
N MAIN TANK
FULL OF OIL OIL LEVEL
/— UNDER SLIGHT a

PRESSURE

Tuge —|

TQ MAIN
TANK

ANAN

CONNECTION BETWEEN
TANK SECTIONS WAS
FILTERED TQO PREVENT
ENTRY OF ATMOSPHERIC
CONTAMINANTS

OIL CONSERVATOR — WITH FLEX DIAPHRAM

ATMOSPHERIC PRESSURE
DEHYDRATING BREATHING TUBE

FLEXIBLE
DIAPHRAM

(ALTERNATE BALLOON
BAG WITHIN THE
CONSERVATOR TANK}

N MAIN TANK
FULL OF DIL
/— UNDER SLIGHT
PRESSURE

FLEXIBLE DIAPHRAM SEALS OIL FRON ATMOSPHERE.
FLEXIBILITY OF DIAPHRAM PERMITS EXPANSICN
AND CONTRACTION OF QIL. A VARIATION OF THIS
PRINCIPLE USES AN AIR CELL WITHIN THE ELEVATED
TANK THE AIR CELL IS CONNECTED TO THE
ATMOSPHERE AND EXPANDS OR CONTRACTS WITH
TERMINAL CYCLING OF THE CIL.

TUBE (OIL
CONNECTION)
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5.2.12.3 Distance: Sound levels are attenuated with distance. Approximately a 6-dBA reduction
can be obtained with each doubling of the distance between source and point of measurement.

5.2.12.4 Sound Leves: Standard sound levels for transformers are listed in NEMA Std. TR1. See
Tables 5-15 (see page 213 of this bulletin), 5-16, and 5-17. Reduced sound level transformers may
increase the transformer cost approximately 1 ¥z percent for each dBA reduction from these NEMA
standard levels. Actud price variations for different sound levels can only be determined in a bid
process when al other design factors are considered. Transformer sound levels tend to increase with
BIL, kVA, and the number of stages of cooling. A practical limit in designing specia |ow-sound-level
transformers is approximately a 12-dBA reduction where forced cooling is required. Greater reductions
require expensive measures, such as double-wall tanks.

Table 5-16: Audible Sound Levels for Liquid-Immersed Distribution Transformers
and Network Transformers. Ref. NEMA TR1-1993, Table 0-3.
Reproduced with permission of the National Electrical Manufacturers Association.

Equivalent Average Sound Level,
Two-Winding kVA Decibels
0-50 48
51-100 51
101-300 55
301-500 56
750 57
1000 58
1500 60
2000 61
2500 62

Table 5-17: Audible Sound Levels for Dry-Type Transformers, 15 000-Volt
Nominal System Voltage and Below. Ref. NEMA TR1-1993, Table 0-4.
Reproduced with permission of the National Electrical Manufacturers Association.

Average Sound

Equivalent Average Sound Level, Decibels Equivalent Level, Decibels

Two-Winding Two-Winding Ventilated

kVA Self-Cooled Self-Cooled kVA Forced Air

Ventilated* Sealed* Cooled**, T
0-50 50 50 — —
51-150 55 55 — —
151-300 58 57 3-300 67
301-500 60 59 301-500 67
501-700 62 61 501-833 67
701-1000 64 63 834-1167 67
1001-1500 65 64 1168-1667 68
1501-2000 66 65 1668-2000 69
2001-3000 68 66 2001-3333 71
3001-4000 70 68 3334-5000 73
4001-5000 71 69 5001-6667 74
5001-6000 72 70 6668-8333 75
6001-7500 73 71 8334-10000 76

*  Class AArating.
**  Does not apply to sealed-type transformers.
t Class FAand AFA ratings.
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Table 5-15: Audible Sound Levels for Oil-immersed Power Transformers. REF. NEMA TR1-1993, Table 0-2.
Reproduced with permission of the National Electrical Manufacturers Association.

Column 1 - Class* OA, Ow, and FOW Ratings
Column 2 — Class* FA and FOA First-Stage Auxiliary Cooling** T

Page 213

Column 3 — Straight FOA* Ratings, FA* FOA* Second-Stage Auxiliary Cooling* t

Average Equivalent Two-Winding RatingA

Sound 350 kV BIL and Below 450, 550, 650 KV BIL 750 and 825 KV BIL 900 and 1050 kV BIL 1175kV BIL 1300 kV BIL and Above
Level t1 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Decibels

57 700 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
58 1000 - - - - - - - - - - - - - - - - -
59 - - - 700 - - - - - - - - - - - - - -
60 1500 - - 1000 - - - - - - - - - - - - - -
61 2000 - - - - - - - - - - - - - - - - -
62 2500 - - 1500 - - - - - - - - - - - - - -
63 3000 - - 2000 - - - - - - - - - - - - - -
64 4000 - - 2500 - - - - - - - - - - - - - -
65 5000 - - 3000 - - - - - - - - - - - - - -
66 6000 - - 4000 - - 3000 - - - - - - - - - - -
67 7500  6250AA - 5000  3750AA - 4000  3195AR - - - - - - - - - -
68 10000 7500 - 6000 5000 - 5000 3750 - - - - - - - - - -
69 12500 9375 - 7500 6250 - 6000 5000 - - - - - - - - - -
70 15000 12500 - 10000 7500 - 7500 6250 - - - - - - - - - -
71 20000 16667 -- 12500 9375 -- 10000 7500 -- -- -- -- -- -- -- -- -- --
72 25000 20000 20800 15000 12500 -- 12500 9375 -- -- -- -- -- -- -- -- -- --
73 30000 26667 25000 20000 16667 -- 15000 12500 -- 12500 -- -- -- -- -- -- -- --
74 40000 33333 33333 25000 20000 20800 20000 16667 -- 15000 -- -- 12500 -- -- -- -- --
75 50000 41687 41667 30000 26667 25000 25000 20000 20800 20000 16667 -- 15000 -- -- 12500 -- --
76 60000 50000 50000 40000 333333 33333 30000 26667 25000 25000 20000 20800 20000 16667 -- 15000 -- --
77 80000 66667 66667 50000 40000 41667 40000 33333 33333 30000 26667 25000 25000 20000 20800 20000 16667 --
78 100000 83333 83333 60000 53333 50000 50000 40000 41667 40000 33333 33333 30000 26667 25000 25000 20000 20800
79 -- 100000 100000 80000 66667 66667 60000 53333 50000 50000 40000 41667 40000 33333 33333 30000 26667 25000
80 - 133333 133333 100000 80000 83333 80000 66667 66667 60000 53333 50000 50000 40000 41667 40000 33333 33333
81 -- -- 166667 -- 106667 100000 100000 80000 83333 80000 66667 66667 60000 53333 50000 50000 40000 41667
82 - -- 200000 -- 133333 133333 -- 106667 100000 100000 80000 83333 80000 66667 66667 60000 53333 50000
83 -- -- 250000 -- -- 166667 -- 133333 133333 -- 106667 100000 100000 80000 83333 80000 66667 66667
84 - -- 300000 -- - 200000 -- -- 166667 - 133333 133333 - 106667 100000 100000 80000 83333
85 -- -- 400000 -- -- 250000 -- -- 200000 -- -- 166667 -- 133333 133333 -- 10667 100000
86 - - - - - 300000 - - 250000 - 200000 @ -- - 166667 -~ 133333 133333
87 - - - - - 400000 - - 300000 - - 250000 - -~ 200000 - - 166667
88 - - - - - - - - 400000 -- 300000 @ -- - 250000 - - 200000
89 - - - - - - - - - - -~ 400000 - -~ 300000 - - 250000
90 - - - - - - - - - - - - - -~ 400000 - - 300000
L - 400000

**

Classes of cooling (see 2.6.1 of American National Standard C57.12.00-1988).

First- and second-stage auxiliary cooling (see TR 1.0.02).

For column 2 and 3 ratings, the sound levels are with the auxiliary cooling equipment in

operation.

t1  For intermediate kVA ratings, use the average sound level of the next larger kVA rating.
A Theequivaent two-winding 55°C or 65°C rating is defined on one-half the sum of thekVA of

al windings.
AA  Sixty-seven decibelsfor all kVA ratings equal to this or smaller
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Required sound levelsin dBs (based on the ANSI weighting network “A” response or dBA scae) will
vary from one situation to another. Levels sometimes prescribed in ordinances may be approximately 45
dB at night and 55 dB in daytime. These levels may apply only to a potential source of complaint or at
the substation boundaries. For comparison, a NEMA-standard-designed 20,000 kV A two-winding
substation transformer with 350 kV BIL and first stage of auxiliary cooling would have an average sound
level of 72 dB. (See Pedersen 1956; Schulz 1976.)

5.2.12.,5 Barriers: Sound barrierslocated near the transformer can be considered in special cases
(especidly at existing installations) as a means of reducing noise levelsin the vicinity. Barriers can
produce a maximum reduction of approximately 20 dB. A tota enclosure can produce a 40-dB reduction.
For partial barriers, areduction of 15 dB is a practica maximum. The effect of the barriers on
transformer cooling and transformer remova should aso be considered.

5.2.13 Tank

In most cases, the manufacturer’ s standard provisions related to the transformer tank will meet
requirements for filling and draining, oil sampling, handling, internal inspection, etc. Any specia
requirements or preferences should be considered at the time specifications are written and their possible
extra cost evaluated. Some items to consider are:

Preferred location of heat exchangers

Preferred location and height of cabinets and other accessories above transformer base
Congtruction of terminal boards

Paint color

Provisions for future additions

5.2.14 Accessories

Various accessories are available for use with power transformers. Many of these are standard items
normally supplied with the basic transformer while others are specid items available at extracodt. Items
supplied as standard are listed in ANSI/IEEE Std. C57.12.10, Section 5. Some accessories not furnished
as standard items but that may be desired are specia bushings, current transformers, bushing capacitance
potential taps, bushing potential device(s), auxiliary power provisions, special relays, specia terminals,
spare parts, etc.

5.2.15 Electrical Tests and Measurements

5.2.15.1 Didlectric Tests: Dielectric tests consist of a variety of tests, each performed to prove a
certain characteristic of the transformer insulation structure. (See ANSI/IEEE Stds. C57.12.90 and
C57.98 for complete information on tests.)) Dielectric tests are generally specified only on the larger sizes
of transformers or on smaller transformers used in especialy important applications. Most manufacturers
charge for these tests. Table 5-18 provides guidelines for specifying dielectric tests.

5.2.15.1.1  Full Wave Impulse Test: The full wave impulse test (1.2 x 50-microsecond wave) is
designed to smulate a lightning stroke. Because of its relatively long duration, the full wave impulse test
causes major oscillations to develop in the winding. Consequently, not only turn-to-turn and section-to-
section insulation are stressed throughout the winding but relatively high voltages can result, compared to
power frequency stresses, across large portions of the winding and between the winding and ground (core
and adjacent windings).
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Table 5-18: Guidelines for Specification of Dielectric Tests
on Power Transformers Rated 345 kV and Below

10,000 KVA (OA)

or Less Mfr’s Above 10,000 kVA (OA)
Quality Assurance Purchaser’s
Only* Specifications**

Reduced Full Wave Yes Yes

Chopped Wave Yes Yes

(2 shots)

Full Wave Yes Yes

Low-Frequency Tests Yes Yes

Partial Discharge Usually None Yes

(Internal Corona)

*  Manufacturers’ practices regarding quality assurance tests will vary from one manufacturer to
another. When these tests are performed, no official report is provided to the customer.

**  Purchaser’'s Specification should specify that the dielectric tests shall be performed in accordance
with ANSI Standards. An official manufacturer’s report should be required.

5.2.15.1.2  Chopped Wave Impulse Test: The chopped wave impulse test (smilar to the full wave
test but 15 percent higher and chopped on the tail in about 3 s or less), because of its shorter duration,
does not alow the major oscillations to develop asfully. It is designed to simulate a lightning stroke
truncated by aflashover on an adjacent portion of the insulation system. Thistest generally does not
produce as high voltages across large portions of the winding or between the winding and ground.
However, because of its greater amplitude, it produces high voltages at the line end of the winding and,
because of the rapid change of voltage following flashover of the test gap, it produces higher turn-to-turn
and section-to-section stresses.

5.2.15.1.3 Front-of-Wave Impulse Test: The front-of-wave impulse test (smilar to the chopped
wave test but chopped on the front and with a much steeper front) is still shorter in duration and produces
still lower winding-to-ground voltages deep within the winding. Near the line end, however, its greater
amplitude produces higher voltages from winding to ground, and this, combined with the rapid change of
voltage on the front and following flashover, produces high turn-to-turn and section-to-section voltages
near the line end of the winding.

5.2.15.1.4  Switching Surge Test: The switching surge test is related to the other impulse tests, but
has a much longer wave front and tail. This slow wave fully penetrates the windings and stresses dl parts
of the insulation structure.

5.2.15.1.5 Applied Voltage Test: An applied voltage test measures the ability of the transformer to
survive at normal frequency overvoltage. It also determines the increase in exciting current.

5.2.15.1.6 Induced Voltage Test: An induced voltage test measures the insulation strength between
turns in the winding and the insulation strength of barriers and other major insulation between phases.
During this test, a partia discharge (corona) test can be conducted to determine presence, inception, and
extinction levels of partial discharges that may be damaging to the insulation structure and eventualy lead
to failure.

The partia discharge (corona) test consists of measuring the 1 megahertz (by agreement between
manufacturers and users) portion of any pulses produced within the transformer during low-frequency
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tests and that show up at the transformer terminals. The low-frequency tests are usually performed using
120 to 240 hertz voltages. The magnitude of the partia discharge is expressed in microvolts.

Most manufacturers take the measurements from each bushing capacitance tap, when these taps are
available. A cdibration procedure is used to convert the tap readings to an equivaent value at the
bushing terminal.

5.2.15.2 Measurements (Electrical): Measurements that produce data required for operation of the
transformer include resistance, core and conductor |osses, excitation current, impedance, ratio and
regulation temperature rise, insulation power factor, polarity and phase relation, etc. Consult ANSI/IEEE
Std. C57.12.90 for detailed information regarding these test measurements.

5.2.16 Shipment

Severa shipping considerations are important. During shipping, the transformer may be subjected to its
most severe test due to rough handling. Acceleration measuring devices (impact recorder) mounted on
the transformer during shipment will help to determine whether the transformer may have been subjected
to excessive forces. In any case, make athorough inspection of the interior of the transformer to
determine whether movement of the core and coils has taken place or whether evidence of any other
damage exists.

Larger size transformers are shipped without oil but sealed with either a blanket of nitrogen gas or dry air.
The method used often varies with the transformer manufacturer. Either method is considered
satisfactory, provided proper safety precautions are taken and warning signs are exhibited to deter a
person from entering an unsafe tank before it has been purged with proper amounts of air or oxygen.

It is good practice to provide the manufacturer with all necessary information regarding the situation at
the find destination. This will enable shipment to be made in the most convenient way. Sometimesit is
important for the transformer to be positioned a particular way by the final carrier to facilitate unloading
a the site.

5.2.17 Warranty

In general, transformer manufacturers warrant their product to be free of defects in workmanship and
materia for a specified period. In the event of a defect, the manufacturer may elect to correct the problem
a his option either by repairing the defective part or parts or by supplying arepaired or replacement part
or parts. Under terms of a norma warranty, the manufacturer assumes no responsibility for disassembly
or reassembly of the equipment or return transportation from the field to the factory and back to the field.

Since warranties are subject to many variables, the purchaser is cautioned to exercise carein review and
evaluation of each one. Warranty periods vary from one to five years or more. Specia warranties are
available, at some increase in purchase price, that extend the warranty period and/or include the cost of
removing a failed transformer from the field, returning it to the factory, repair, return to the field,
reinstallation in the field, etc.

5.2.18 Core and Coils

Transformers can be classified by two different forms of construction: “core form” or “shell form.” Most
common is the core-form type manufactured either with cylindrical coils wrapped horizontally around a
cylindrical core or with rectangular coils and arectangular core. Core-form transformers have excellent
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short-circuit capability for most applications. The shell-form transformer is manufactured with the coils
wrapped through the core vertically. Shell-form transformers were developed for very large, high-
magnitude short-circuit application such as generator step-up transformers.

5.2.19 Specifications

Purchase specifications should be based on standards of national organizations such as ANSI, IEEE,
NEMA, etc. However, when the desired power transformer isincluded in RUS IP 202-1, “List of
Materials Acceptable for Use on Systems of RUS Electrification Borrowers,” specification need only
cover such details as voltage, kVA ratings, optional tests, and features or accessories that are offered by
the manufacturer and considered necessary or desirable. The basic requirements for transformers in the
List of Materias are given in the ANSI/IEEE Standards C57 series and should not be included in the
purchase specification. The latest List of Materials includes step-down power transformersin the
following sizes and voltage ratings:

Primary Voltage Rating Capacity, KVA
Single-Phase 138 kV and below 10,000 kVA (OA) and below
Three-Phase 138 kV and below 30,000 kVA (OA) and below

Purchase specifications for transformers that are not included in the List of Materials should be detailed
enough to provide reasonable assurance that the transformer will be suitable for its intended use. In
general, the specification should be based on functiona and operational requirements rather than
construction and design requirements, since the latter are properly the responsibility of the manufacturer.
It is very important that the user review the “usua” and “unusual” operating conditions listed in “ General
Reguirements Standards’ such as ANSI/IEEE Std. C57.12.00 and ANSI/IEEE C57.12.01. Any unusual or
specia operating or environmental condition should be made known to the manufacturer.

It is recommended that the purchase specifications be modeled on or checked against the requirements of
ANSI Std. C57.97, “Guide for Preparation of Specifications for Large Power Transformers, With or
Without Load Tap Changing.” In addition, it is recommended that a specia requirement for short-circuit
current strength be included such as given in Section 5.2.9, Short-Circuit Requirements. The
manufacturer’ s standard design should be accepted, and standard sizes, ratings, taps, and accessories
should be specified, unless there is a good reason for doing otherwise.

To assigt in the evaluation of transformers being offered in a particular casg, it is desirable to include in
the request for bids the method for evaluation of transformer losses. This should be patterned after RUS
Bulletin 1724E-301, “Guide for the Evaluation of Large Power Transformer Losses.” This information
will aso assist the manufacturer in its efforts to offer the type of transformer desired.

5.2.20 References

ANS Std. C57.12.10, “ Safety Requirements 230 kV and Below 833/958 Through 8333/10 417 kVA,
Single-Phase, and 750/862 Through 60 000/80 000/100 000 kV A, Three-Phase Without Load Tap
Changing.”

ANS Std. C57.12.20, “Transformers Overhead-Type Distribution Transformers, 500kVA and Smaller:
High Voltage, 34 500 Volts and Below; Low Voltage, 7970/13 800Y Volts and Below,” 1988.
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ANSI Std. C57.12.21, “Requirements for Pad-Mounted Compartmental-Type Self-Cooled Single-Phase
Distribution Transformers with High-V oltage Bushings (High-Voltage, 34 500 Grd Y/19 920
Volts and Below; Low Voltage, 240/210; 167 kVA and Smaller),” 1980.

ANSI Std. C57.12.22, “Requirements for Pad-Mounted Compartmental-Type, Self-Cooled Three-Phase
Distribution Transformers with High-V oltage Bushings, 2500 kVA and Smaller: High-Voltage,
34500 Grd Y/19 920 Volts and Below; Low Voltage, 480 Volts and Below,” 1988.

ANSI Std. C57.12.23, “ Standard for Transformers—Underground-Type, Self-Cooled, Single-Phase
Distribution Transformers with Separable, Insulated High-V oltage Connectors: High Voltage (24
940 Grd/ 14 400 Volts and Below) and Low Voltage (240/120 Volts, 167 kVA and Smdller),”
1986.

ANSI Std. C57.12.24, “ Standard for Transformers—Underground-Type, Three-Phase Distribution
Transformers, 2500 kVA and Smaller: High Voltage 34 500 Grd Y/19 920 Volts and Below; Low
Voltage, 480 Volts and Below—Requirements,” 1992.

ANSI Std. C57.12.25, “Requirements for Pad-Mounted Compartmental-Type Self-Cooled Single-Phase
Distribution Transformers with Separable Insulated High-V oltage Connectors, High-Voltage,
34500 Grd Y/19920 Volts and Below; Low-Voltage, 240/210; 167 kVA and Smaller,” 1990.

ANSI Std. C57.12.26, “Requirements for Pad-Mounted Compartmental-Type Self-Cooled Three-Phase
Didtribution Transformers with Separable Insulated High-V oltage Connectors, High-Voltage,
34500 Grd Y/19920 Volts and Below; 2500 kVA and Smaller,” 1992.

ANSI Std. C57.12.70, “Termina Markings and Connections for Distribution and Power Transformers.”

ANSI Std. C57.97, “ANSI Guide for Preparation of Specifications for Large Power Transformers, With
or Without Load Tap Changing.”

ANSI Std. C76.1, “Outdoor Apparatus Bushings.”
ANSI Std. C84.1, “Electric Power Systems and Equipment—V oltage Ratings.”

ANS Sid. C92-2, “Preferred Voltage Ratings of Alternating-Current Electrical Systems and Equipment
Operating at Voltages Above 230 kV Nominal,” 1987.

ANSI/IEEE Std. C57.10.101, “Draft, Trial-Use Guide for Loading Power Apparatus Bushings.”

ANSI/IEEE Std. C57.12.00, “Distribution, Power and Regulating Transformers, General Requirements
for Liquid-Immersed.”

ANSI/IEEE Std. C57.12.01, “ Standard General Requirements for Dry-Type Distribution and Power
Transformers.”

ANSI/IEEE Std. C57.12.11, “Guide for Installation of Liquid-lmmersed Transformers (10 MVA and
Larger, 69-287 kV Rating).”

ANSI/IEEE Std. C57.12.80, “ Transformer Terminology.”
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ANSI/IEEE Std. C57.12.90, “ Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating Transformers and Guide for Short Circuit Testing of Distribution and Power
Transformers.”

ANSI/IEEE Std. C57.19.00, “Draft, Standard General Requirements and Test Procedure for Outdoor
Apparatus Bushings.”

ANSI/IEEE Std. C57.19.01, “Draft, Standard Performance Characteristics and Dimensions for Outdoor
Apparatus Bushings.”

ANSI/IEEE Std. C57.92, “Guide for Loading Mineral Oil-Immersed Power Transformers up to and
Including 100 MV A with 55°C or 65°C Average Winding Rise.”

ANSI/IEEE Std. C57.98, “ Guide for Transformer Impulse Tests.”

ANSI/IEEE Std. C57.109, “ Guide for Through-Fault-Current Duration.”

ANSI/IEEE Std. C57.116, “ Guide for Transformers Connected to Generators.”

|IEEE Std. C57.104, “Draft, Guide for Interpretation of Gases Generated in Oil-Immersed Transformers.”

IEEE Std. C57.106, “Draft, Guide for Acceptance and Maintenance of Insulating Oil in Equipment.”

NEMA Std. TR1, “Transformers, Regulators and Reactors.”

Pedersen, R.S,, “Audible Noise Reduction,” Transmission and Distribution, November 1956.

RUS Bulletin 50-91, “RUS Specification for Step-Down Distribution Substation Transformers.”

RUS Bulletin 61-16, “ Guide for Economic Evaluation of Distribution Transformers.”

RUS Bulletin 1724E-301, “Guide for the Evaluation of Large Power Transformer Losses.”

RUS IP 202-1, “List of Materials Acceptable for Use on Systems of RUS Electrification Borrowers.”

Schulz, M.W. (Member IEEE, General Electric Company, Schenectady, New Y ork). “Transformer
Audible Noise.” Presented as part of an IEEE Tutoria Course on “Application of Distribution
and Power Transformers’ Organized by W.J. McNutt, Fellow, |EEE, General Electric Company,
Pittsfield, Mass., April 1976.

5.3 POWER CIRCUIT BREAKERS

5.3.1 General

By definition, acircuit breaker is a device that closes and interrupts (opens) an electric circuit between

separable contacts under both load and fault conditions, as prescribed in the C37 series of ANS|

Standards. Thisdiscussion is limited to circuit breakers rated 1000 volts and above. (Automatic circuit
reclosers are discussed in Section 5.9.)
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5.3.1.1 Prerequisitesto Specification: The application of circuit breakers involves consideration of
the intended function, expected results, benefits to the electric system, and characteristics of both the

circuit breakers and the el ectric system. In some instances, protective devices of lesser capability and
flexibility, such as fuses, circuit switchers, reclosers, etc., may be more desirable or preferred over more
complex and costly circuit breakers.

Fuses are often desirable for transformer protection at any location where they are adequate for the
thermal load and short-circuit conditions because of their lower cost and smaller space requirements
compared to other devices. They are aso desirable for their ease of coordination with circuit breakers and
relays at other locations on the electric system. Fuses can aso be applied as temporary maintenance
bypass protection to permit maintenance of circuit breakers. Fuses are also used extensively for
sectionalization and branch circuit protection in distribution systems.

Circuit switchers are less costly than circuit breakers and can be applied in much the same way as circuit
breakers, subject to limitations in interrupting capability, with the same type of relay control as circuit
breakers. Circuit switchers are aso supplied without current transformers (circuit breakers are usually
supplied with CTs), which are used in conjunction with relays to sense faults. They can be substituted for
fusesin transformer bank protection to detect low-voltage-side faults that fuses may not be able to detect.
This detection would utilize relay intelligence from the low-voltage side. Circuit switchers also provide
excellent capacitor bank switching and protection. In outlying areas of moderate short-circuit capacity,
they can often be substituted for circuit breakers. They can be mounted similarly to air-break switches on
a substation structure and thus require little or no additional space.

Reclosers are completely self-contained and provide excellent distribution circuit exit and feeder
protection. Their ratings are adequate for both load and short circuit on most distribution circuits and
overlap the ratings of more costly circuit breakers. Their operation is faster than most circuit breakers,
and their sequence of open and close operations is very flexible. Reclosers are available in both single-
and three-phase ratings so that they are very useful and adaptable for the entire distribution system at
locations where reclosing operation is required.

Writing of specifications and selection of power circuit breakers and similar devices should be preceded
by electric system studies to determine the parameters of application and operation that have to be
satisfied. These include load flow, short-circuit, transient voltage, coordination, and protection studies.

5.3.1.2 Specification—General Requirements: Power circuit breskers are not included in RUS's
“List of Materials” Therefore, for each application, a detailed specification is necessary. A functiona
specification describing the circuit breaker rating and control, electric system characteristics and any
specid requirementsis preferred to one describing design and congtruction details. ANSI Std. C37.12,
“American National Standard Guide Specifications for AC High-Voltage Circuit Breakers Rated on a
Symmetrical Current Basisand a Total Current Basis,” can be used directly as amodel or checklist for the
purchase specification. A manufacturer’s standard design and construction would normally be considered
acceptable.

It is recommended that those persons responsible for preparing power circuit breaker specifications
become familiar with:

1. The C37 series of ANSI Standards covering ratings, testing, applications, specifications, etc.
2. Each specific application and proposed installation
3. Each prospective supplier’s product line of circuit breskers
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5.3.2 Types of Circuit Breakers

Breakers are usually classified as “dead tank” or “live tank” construction. “Dead tank” means that the
circuit breaker tank and all accessories are maintained at ground potential, and the externa source and
load connections are made through conventional bushings (see Figure 5-2). “Live tank” means that the
metal and porcelain housing containing the interrupting mechanism is mounted on an insulating porcelain
column and is therefore at line potential (see Figure 5-3). This column, besides serving as an insulating
support, may act as an access for the operating rod or linkage and, in the case of air circuit breakers, it
actsasan air supply duct. Most circuit breakers above 242 kV are of “live tank” construction. However,
some dead tank-type units are in use.

In addition to classification as“live tank” or “dead tank” construction, circuit breakers are also classified
in terms of interrupting media. Breskers are also classified as three-pole, single-throw, and independent-
pole operation. Three-pole single-throw breakers utilize one mechanica device to trip al three poles with
alinkage to gang the operation together (see Figure 5-4). With independent-pole operation, each poleis
equipped with the mechanical meansto trip itsindividual pole (see Figure 5-5). Although availability of
different breaker designsis closely related to the state of the art at any particular time, Table 5-19
indicates the known availability of breaker types.

Table 5-19: Types of Circuit Breakers

Availability vs. Interrupting Media

Outdoor Qil (1) Air Gas Vacuum
Dead Tank

Single Tank X X X
Three Tank X X X
Live Tank

Indoor X

Dead Tank X X X

(1) Oil circuit breakers are only available as remanufactured or used equipment.

No genera guidelines can be drawn for the application of these various types of circuit breakers. Each
user has to determine the ratings of circuit breakers required and then select atype of circuit breaker
acceptable with regard to rating, performance expectations, compatibility with planned or existing
substation configuration, and the ability to install, operate, and maintain the circuit breaker. Cost may
aso be an important consideration in the final selection.

Most, but not al, domestic circuit breakers in outdoor substations of 2.4 kV through 24.9 kV utilize a
vacuum technology as the insulating dielectric to interrupt load and fault currents (see Figure 5-6).

Although outdoor vacuum breakers can be supplied for voltages up to 38 kV, SFs is more commonly used
for voltages from 34.5 kV to 765 kV.
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Figure 5-2: “Dead Tank” Breaker Figure 5-3: “Live Tank” Breaker
(Courtesy of Mitsubishi) (Courtesy of Mitsubishi)
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Figure 5-4: Three-Pole Single-Throw Breakers (Courtesy of Siemens)
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Figure 5-5: SFg Gas Circuit Breakers (Courtesy of GE-Hitachi HVB, Inc.)
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Figure 5-6: Type SDV Vacuum Circuit Breaker (Courtesy of Siemens)
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Sk breakers are available in 15 kV to 242 kV ratingsin single tanks and in 15 kV to 800 kV ratingsin
three (individual pole) tanks. Although SFs breakers are available in single-tank designs, the trend is
toward three-tank. SF¢breaker manufacturers have been able to reduce the size of the interrupting
chambers, making the three-tank design more economical.

Sk circuit breakers are available with three operating mechanisms. pneumatic, hydraulic, and spring-
operated. Some circuit breaker manufacturers have models for each of the operating mechanisms.
Because of the differences between manufacturers and operating mechanisms, a discussion of
maintenance and inspection procedures has been left up to the individual manufacturers. Although there
are many differences, most circuit breskers require the bushings to be removed to expose the interrupting
mechanism for ingpection and maintenance.

Although there are a number of ail circuit breakers still in service, with the developments in Sk and
vacuum technology, oil breakers are being phased out. Some companies sall oil breakers, but as used and
reconditioned breakers.

5.3.3 Ratings

Therating of acircuit breaker is a summary of its characteristics that identifies its application on an
electric system, its performance capabilities, and its adaptability. This summary of characteristicsis
given principally in terms of voltages, currents, and time as described in the rating tables, in the ANSI
C37 Standards, and in the following subsections.

5.3.3.1 Voltage: Voltage characteristics are defined in terms of rms nomind, rms rated maximum,
rated voltage range factor, and rated dielectric strength.

5.3.3.1.1 Nomind Voltage: Nomina voltage, aso known as voltage class, is used to identify the
generd voltage class or electric system voltage on which a particular circuit breaker was intended for
application.

5.3.3.1.2 Rated Maximum Voltage: Rated maximum voltage is the maximum voltage for which the
circuit breaker is designed and is a'so the upper limit for operation on an electric system. It is based on
ANSI Std. C84.1, “American Nationa Standard Voltage Ratings for Electric Power Systems and
Equipment (60 Hz),” and ANSI Std. C92.2, “Preferred Voltage Ratings for Alternating Current Electrical
Systems and Equipment Operating at V oltages Above 230 Kilovolts Nominal.” It isthe prime operating
voltage reference and relates the rated short-circuit interrupting current and short-circuit interrupting kA
or energy handling capabilities.

5.3.3.1.3 Rated Voltage Range Factor: Rated voltage range factor, designated as “K,” defines the
lower limit of operating voltage at which the required symmetrical and asymmetrical current interrupting
capabilities vary in inverse proportion to the operating voltage.

“K” isthe ratio of rated maximum voltage to this lower limit of operating voltage. The rated maximum
voltage either divided by K or multiplied by the reciprocal, /K will produce the lower limit of operating
voltage. See Table 5-20 for 72.5 kV through 800 kV circuit breakers, where the voltage range factor is
1.0. Thislimits the maximum interrupting current capability at voltages lower than rated voltage to a
value no greater than the interrupting current capability at rated maximum voltage.
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Table 5-20: Preferred Ratings for Indoor Circuit Breakers with Voltage Range Factor K = 1.0.*
Ref. ANSI/IEEE Std. C37.06-1997, Table 1.
Reproduced with permission of the National Electrical Manufacturers Association.
Rated Transient Recovery
Voltages (3)
Rated Rated Rated
Short- Permissible Closing
Rated Rated Rated Circuit and Rated Rated Rated Tripping and
Maximum Voltage Continuous Short-Time Peak Time to Interrupting Delay Latching
Voltage (1) Range Current Current Voltage E: Peak T2 Time (5) Time Current (2)
Line kV, rms Factor K Amperes, rms kA, rms kV, peak (4) mrsec ms Y sec kA, peak
No. Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9
1 4.76 1.0 1200, 2000 315 8.9 50 83 2 82
2 4.76 1.0 1200, 2000 40 8.9 50 83 2 104
3 4.76 1.0 1200, 2000, 50 8.9 50 83 2 130
3000
4 8.25 1.0 1200, 2000, 40 155 60 83 2 104
3000
5 15 1.0 1200, 2000 20 28 75 83 2 52
6 15 1.0 1200, 2000 25 28 75 83 2 65
7 15 1.0 1200, 2000 315 28 75 83 2 82
8 15 1.0 1200, 2000, 40 28 75 83 2 104
3000
9 15 1.0 1200, 2000, 50 28 75 83 2 130
3000
10 27 1.0 1200 16 51 105 83 2 42
11 27 1.0 1200, 2000 25 51 105 83 2 65
12 38 1.0 1200 16 71 125 83 2 42
13 38 1.0 1200, 2000 25 71 125 83 2 65
14 38 1.0 1200, 2000, 315 71 125 83 2 82
3000
15 38 1.0 1200, 2000, 40 71 125 83 2 104
3000

For preferred capacitance current switching rating, see ANSI/IEEE C37.06-1997 Table 1A.
For preferred dielectric ratings, see Table 5-22.
For circuit breakers with a rated voltage range factor K greater than 1.0, see Tables 5-21 and ANSI/IEEE Std. C37.06-1997 A1A.
See notes following Table 5-21.
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For 4.76 kV through 38.0 kV circuit breakers, Table 5-21 shows a rated maximum voltage related to an
interrupting KA, rmsrating. These circuit breskers al have a voltage range factor greater than 1.0, which
permits operation at lower than rated voltage and a maximum interrupting current of K times rated
interrupting current as described above.

5.3.3.1.4 Example(Table5-21):

Circuit breaker rated 18 kA interrupting capacity, maximum operating voltage 15.0 kV, voltage range
factor K = 1.30.

Calculate maximum interrupting current, | = (18)(1.3) = 23 KA.

Lower operating voltage limit, E = 15/1.3= 11.5 kV.

5.3.3.1.5 Rated Didectric Strength: The rated dielectric strength of a circuit breaker isits voltage
withstand capability with specified magnitudes and waveshapes of test voltage applied under specific test
conditions. The schedule of dielectric tests for power circuit breakers includes values for low frequency
and impulse. These values are fixed and are related directly to rated maximum voltage of breakers.
Didlectric test values for outdoor ac high-voltage power circuit breakers are shown in Table 4 of ANSI
Std. C37.06 (see Table 5-22).

5.3.3.2 Current: Current characteristics are defined as follows:

5.3.3.2.1 Rated Continuous Current: The rated continuous current of a circuit breaker is the
designated limit of current in rms amperes at rated frequency that it is required to carry continuously
without exceeding any of the limitations designated in ANSI Std. C37.06. (Refer to Tables 5-20, 5-21,
5-23 and 5-24.)
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Table 5-21: Preferred Ratings for Indoor Circuit Breakers with Voltage Range Factor K >1.0*
Ref. ANSI/IEEE Std. C37.06-1997, Table Al.
Reproduced with permission of the National Electrical Manufacturers Association.
Transient Recovery Voltages (9)
Maximum
Rated Symmetrical Closing
Short- Interrupting and
Circuit Capability Latching
Current D Rated and Capability
Rated Rated (at Rated Maximum Rated Short- 2.7K times
Rated Voltage Continuous Maximum  Rated Time Rated Rated Voltage Time Rated
Maximum Range Current at kV) to Rated Rate Delay Interrupting  Divided by Current Short-
Voltage (1) Factor K 60 Hz (3) (4)(5)(6)(10) PointP T2b R Time Tim Time K (4)(5)(8) kA,  Circuit (4),
kV, rms (2) Amperes kA, rms nsec kV / msec sec (7)cycles kV, rms rms kA, Crest
4.76 1.36 1200 8.8 -- -- -- 5 35 12 32
4.76 1.24 1200, 2000 29 -- -- -- 5 3.85 36 97
4.76 1.19 1200, 2000, 41 -- -- -- 5 4.0 49 132
3000
8.25 1.25 1200, 2000 33 -- -- -- 5 6.6 41 111
15.0 1.30 1200, 2000 18 -- -- -- 5 11.5 23 62
15.0 1.30 1200, 2000 28 -- -- -- 5 115 36 97
15.0 1.30 1200, 2000, 37 -- -- -- 5 115 48 130
3000
38.0 1.65 1200, 2000, 21 -- -- -- 5 23.0 35 95
3000
38.0 1.0 1200, 3000 40 -- -- -- 5 38.0 40 108

* For rated dielectric test values, see Table 5-22.
D For the related required capabilities associated with the rated short-circuit current of the circuit breaker, see note 4.
b These rated values are not yet standardized. Work is in progress.
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Notes for Tables 5-20 and 5-21
(Numbers in parentheses in the tables refer to the following correspondingly numbered notes)

For service conditions, definitions, and interpretation of ratings, tests, and qualifying terms, see
ANSI/IEEE Std. 37.04-1979, ANSI/IEEE Std. C37.09-1979, and ANSI/IEEE Std. C37.100-1981.

The interrupting ratings are for 60-Hz systems. Applications on 25-Hz systems should receive special
consideration.

Current values have been rounded off to the nearest kiloampere (kA) except that two significant figures
are used for values below 10 KA.

@
@

©)
4)

®)

(6)

)

®)

©)

The voltage rating is based on ANSI C84.1-1982, where applicable, and is the maximum voltage for
which the breaker is designed and the upper limit for operation.

The rated voltage range factor, K, is the ratio of rated maximum voltage to the lower limit of the
range of operating voltage in which the required symmetrical and asymmetrical current interrupting
capabilities vary in inverse proportion to the operating voltage.

The 25-Hz continuous current ratings in amperes are given herewith following the respective 60-Hz
rating: 600-700; 1200-1400; 2000-2250; 3000-3500.

Related Required Capabilities. The following related required capabilities are associated with the
short-circuit current rating of the circuit breaker.

(@ Maximum symmetrical interrupting capability (kA, rms) of the circuit breaker is equal to K times
rated short-circuit current.

(b)  3-second short-time current carrying capability (kA, rms) of the circuit breaker is equal to K
times rated short-circuit current.

(c) Closing and latching capability (kA, rms) of the circuit breaker is equal to 1.6 K times rated
short-circuit current. If expressed in peak amperes, the value is equal to 2.7 K times rated
short-circuit current.

(d) 3-second short-time current carrying capability and closing and latching capability are
independent of operating voltage up to and including rated maximum voltage.

To obtain the required symmetrical current interrupting capability of a circuit breaker at an operating
voltage between 1/K times rated maximum voltage and rated maximum voltage, the following
formula shall be used:

Required symmetrical current interrupting capability = rated short-circuit current x (rated maximum voltage)
(operating voltage)

For operating voltages below 1/K times rated maximum voltage, the required symmetrical current
interrupting capability of the circuit breaker shall be equal to K times rated short-circuit current.

With the limitation stated in 5.10 of ANSI/IEEE C37.04-1979, all values apply for polyphase and line-
to-line faults. For single-phase-to-ground faults, the specific conditions stated in 5.10.2.3 of
ANSI/IEEE C37.04-1979 apply.

The ratings in this column are on a 60-Hz basis and are the maximum time interval to be expected
during a breaker opening operation between the instant of energizing the trip circuit and interruption
of the main circuit on the primary arcing contacts under certain specified conditions. The values may
be exceeded under certain conditions as specified in 5.7 of ANSI/IEEE Std. C37.04-1979.

Current values in this column are not to be exceeded even for operating voltages below 1/K times
rated maximum voltage. For voltages between rated maximum voltage and 1/K rated maximum
voltage, follow (5) above.

The rated values for T, are not standardized for indoor oilless circuit breakers; however, E, = 1.88
times rated maximum voltage.

(10) Rated permissible tripping delay time (Y) = 2 seconds.
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Table 5-22: Preferred Dielectric Withstand Ratings and External Insulation. Ref. ANSI/IEEE Std. C37.06-1997, Table 4.
Reproduced with permission of the National Electrical Manufacturers Association.
Power Frequency | Impulse Test 1.2 x 50 msec wave (a) | Switching Impulse
Chopped Wave Withstand
kV Peak Voltage Minimum
Minimum Time to Withstand Terminal to Creepage
Rated Sparkover Voltage Terminal on Distance of
Maximu 10 Full Wave Terminal to One Phase External
m Rating 1minute  seconds (2) 2 nsec Ground with with Circuit Insulation to
Voltage Table Dry Wet Withstand ~ Withstan 3 nsec Breaker Closed Breaker Open Ground,
Line _ kV,rms No. kV, rms KV, rms kV, Peak d Withstand kv, Peak kV, Peak Inches
No. Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10
1 4.76 1 19 3) 60 3) 3) 3) 3) (3)
2 8.25 1 36 3) 95 3 3) 3) 3) 3
3 15.0 1 36 (3) 95 (3) (3) (3) (3) (3)
4 155 2 50 45 110 142 126 3) 3) 9 (0.23m)
5 25.8 2 60 50 150 194 172 3) 3) 15 (0.38m)
6 25.8 (4) 2 60 50 125 (3) (3) (3) (3) 15 (0.38m)
7 27.0 1 60 (3) 125 (3) (3) (3) (3) (3)
8 38.0 1 80 3) 150 3) 3) 3) 3) (3)
9 38.0 2 80 75 200 258 230 3) 3) 22 (0.56m)
10  38.0(4) 2 80 75 150 (3) (3) (3) (3) 22 (0.56m)
11 48.3 2 105 95 250 322 288 3) 3) 28(0.71m)
12 725 2 160 140 350 452 402 (3) (3) 42 (1.07m)
13 123 3 260 230 550 710 632 3) 3) 70 (1.78m)
14 145 3 310 275 650 838 748 (3) (3) 84 (2.13m)
15 170 3 365 315 750 968 862 3) 3) 93 (2.49m)
16 245 3 425 350 900 1160 1040 3) 3) 140 (3.56m)
17 362 3 555 3) 1300 1680 1500 825 900 209 (5.31m)
18 550 3 860 3 1800 2320 2070 1175 1300 318 (8.08m)
19 800 3 960 3) 2050 2640 2360 1425 1500 442
(11.23m)
NOTES:
(1) For circuit breakers applied in gas-insulated substations, see ANSI/IEEE Std. C37.06-1997, Table 5.
(2) 1.2 x50 mseconds positive and negative wave as defined in IEEE Std. 4. All impulse values are phase-to-phase and phase-to-ground and across the
open contact.
(3) Not required.

4

These circuit breakers are intended for application on grounded-wye distribution circuits equipped with surge arresters.
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Table 5-23: Preferred Ratings for Outdoor Circuit Breakers 72.5 kV and Below,
Including Circuit Breakers Applied in Gas-Insulated Substations.* Ref. ANSI/IEEE Std. C37.06-1997, Table 2.
Reproduced with permission of the National Electrical Manufacturers Association.

Rated Transient Recovery

Rated Voltages (3)
Short- Rated
Rated Rated Circuit and Rated Permissible Rated
Rated Voltage Continuous Short- Rated Time to Rated Tripping Closing and
Maximum Range Current Time Peak Peak Interrupting Delay Latching
Voltage (1) Factor Amperes, Current Voltage E2 T2 (4) Time (5) TimeY Current (2)
Line kV, rms K rms kA, rms kV, peak nsec ms sec kA, peak
No. Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9
1 15.5 1.0 600, 1200 12.5 29 36 83 2 33
2 155 1.0 1200, 2000 20.0 29 36 83 2 52
3 15.5 1.0 1200, 2000 25.0 29 36 83 2 65
4 15.5 1.0 1200, 2000, 40.0 29 36 83 2 104
3000
5 25.8 1.0 1200, 2000 125 48.5 52 83 2 33
6 25.8 1.0 1200, 2000 25.0 48.5 52 83 2 65
7 38.0 1.0 1200, 2000 16.0 71 63 83 2 42
8 38.0 1.0 1200, 2000 20.0 71 63 83 2 52
9 38.0 1.0 1200, 2000 25.0 71 63 83 2 65
10 38.0 1.0 1200, 2000 315 71 63 83 2 82
11 38.0 1.0 1200, 2000, 40.0 71 63 83 2 104
3000
12 48.3 1.0 1200, 2000 20.0 91 80 83 2 52
13 48.3 1.0 1200, 2000 315 91 80 83 2 82
14 48.3 1.0 1200, 2000, 40.0 91 80 83 2 104
3000
15 725 1.0 1200, 2000 20.0 136 106 83 2 52
16 72.5 1.0 1200, 2000 315 136 106 83 2 82
17 72.5 1.0 1200, 2000, 40.0 136 106 83 2 104
3000

*  For rated dielectric test values, see Table 5-22 and ANSI/IEEE C37.06-1997 Table 5.
See notes following Table 5-24.
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Table 5-24: Preferred Ratings for Outdoor Circuit Breakers 121 kV and Above, Including Circuit Breakers
Applied in Gas-Insulated Substations.* Ref. ANSI/IEEE Std. C37.06-1997, Table 3.
Reproduced with permission of the National Electrical Manufacturers Association.
Rated .
Short- Rated Transient Recovery Voltages (6)
Circuit Rated Rated
Rated and Rated Rated Permissible Closing and
Rated Voltage Rated Short- Time to Rated Delay Rated Tripping Latching
Maximum Range Continuous Time Peak Rate Time Interrupting Delay Current
Voltage (1) Factor Current Current T2 (4) R T Time (5) TimeY )
Line kV, rms K Amperes, rms kA, rms nsec kV/ nsec nsec ms sec kA, peak
No. Col1l Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10
1 123 1.0 1200 20 275 1.7 2 50 1 52
2 123 1.0 1600, 2000, 3000 40 260 1.8 2 50 1 104
3 123 1.0 2000, 3000 63 260 1.8 2 50 1 164
4 145 1.0 1200 20 330 1.7 2 50 1 52
5 145 1.0 1600