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Abstract: Considered in this guide are the components of both the ac and dc systems and the
provided guidelines and recommendations for designing the appropriate systems for the substation
under consideration. This guide includes the low-voltage auxiliary systems from the source(s) to the
distribution point(s). Reliability requirements and load characteristics are discussed and distribution
methods are recommended.

Keywords: ac system, auxiliary systems, battery, dc system, IEEE 1818, low voltage, station
power, station service
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These notices
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading
“Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use,
are developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus
development process, approved by the American National Standards Institute (“ANSI”), which brings
together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers
are not necessarily members of the Institute and participate without compensation from IEEE. While IEEE
administers the process and establishes rules to promote fairness in the consensus development process, IEEE
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE should be considered the approved
IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, or
educational courses, an individual presenting information on IEEE standards shall make it clear that his or her
views should be considered the personal views of that individual rather than the formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless
of membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and Standards
Coordinating Committees are not able to provide an instant response to comments or questions except in
those cases where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in revisions to an IEEE standard is welcome
to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.

Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy
portions of any individual standard for company or organizational internal use or individual, non-commercial
use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, Customer
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions
of'any individual standard for educational classroom use can also be obtained through the Copyright Clearance
Center.
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Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten years
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit the [IEEE-SA Website at http://ieeexplore.ieee.org/xpl/
standards.jsp or contact IEEE at the address listed previously. For more information about the IEEE-SA or
IEEE’s standards development process, visit the [IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:_http://
standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std 1818-2017, IEEE Guide for the Design of Low-Voltage Auxiliary Systems for
Electric Power Substations.

IEEE Guide 1818 was created by members of Working Group D9 and is under the sponsorship of the
Substations Committee of the IEEE Power & Energy Society. This guide provides guidance and information
to substation engineers on factors to consider in the design of ac and dc auxiliary systems for application in
electric substations. This guide references several existing standards and is not intended to replace existing
documentation, but to provide guidance for the application of ac and dc systems specifically in substation
applications.

Acknowledgment

The D9 Working Group would like to acknowledge Chuck Haahr for his fine work as technical editor.
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IEEE Guide for the Design of Low-
Voltage Auxiliary Systems for
Electric Power Substations

1. Overview
1.1 Scope

This guide will consider the components of both the ac and dc systems and provide guidelines and
recommendations for designing the appropriate systems for the substation under consideration. This
guide covers the low-voltage auxiliary systems from the source(s) to the distribution point(s). Reliability
requirements and load characteristics are discussed, and distribution methods are recommended.

1.2 Purpose

The low-voltage ac and dc auxiliary systems comprise very important parts of the substation equipment. The
design of the ac and dc auxiliary systems facilitates the safe and reliable operation of the substation. This
guide considers various factors that affect the design of the ac and dc auxiliary systems such as reliability, load
requirements, system configurations, personnel safety, and protection of auxiliary systems equipment.

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments or corrigenda) applies.

IEEE Std 485™, [EEE Recommended Practice for Sizing Lead-Acid Batteries for Stationary Applications.'?

IEEE Std 525™, IEEE Guide for the Design and Installation of Cable Systems in Substations.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The IEEE Standards Dictionary
Online should be consulted for terms not defined in this clause.’

'The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc.
2[EEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854, USA
(http://standards.ieee.org).

3IEEE Standards Dictionary Online subscription is available at: http://www.ieee.org/portal/innovate/products/standard/

standards_dictionary.html. D Oc u m e n ts
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authority having jurisdiction (AHJ): The organization, office, or individual that has the responsibility and
authority for approving equipment, installations, or procedures.

available short-circuit current: (at a given point in a circuit) The maximum current that the power system
can deliver through a given circuit to any negligible-impedance short circuit applied at the given point, or at
any other point that will cause the highest current to flow through the given point.

basic impulse insulation level (BIL): A reference impulse insulation strength expressed in terms of the crest
value of the withstand voltage of a standard full impulse voltage wave.

battery duty cycle: The sequence of loads a battery is expected to supply for specified time periods.
cell size: The rated capacity of a cell, or the number of positive plates in a cell.

equalizing charge: A charge, at a level higher than the normal float voltage, applied for a limited period of
time, to correct inequalities of voltage, specific gravity, or state of charge that may have developed between the
cells during service.

extra-high voltage (EHV): A maximum system voltage that is greater than 242 kV but less than 1000 kV.

ferroresonance: (A) A phenomenon usually characterized by overvoltages and very irregular wave shapes
and associated with the excitation of one or more saturable inductors through capacitance in series with the
inductor. (B) An electrical resonant condition associated with the saturation of a ferromagnetic device, such
as a transformer, through capacitance. Ferroresonance can arise when (1) due to dissimilar phase switching,
the capacitance normally in shunt with the ferromagnetic device becomes energized in series with the device,
(2) a weak source is isolated with a lightly loaded feeder containing power-factor-correction capacitors.
For example, if the resulting voltage buildup produces saturation of the feeder transformers, there will be
an interchange of energy between the system capacitance and the nonlinear magnetizing reactance of the
transformers.

float charge: A constant-voltage applied to a battery to maintain it in a fully charged condition, while
minimizing degradation or water consumption.

float service: Operation of a dc system in which the battery spends the majority of the time on float charge with
infrequent discharge. Syn. standby service.

fully rated system: Every protective device is rated to at least the available fault current at the service point.

high voltage: A class of nominal system voltages equal to or greater than 100 000 V and equal to or less than
242000 V.

low voltage: Voltage levels that are less than or equal to 1 kV.
medium voltage: A class of nominal system voltages greater than 1000 V and less than 100 000 V.

molded-case circuit breaker (MCCB): A circuit breaker that is assembled as an integral unit in a supporting
and enclosing housing of insulating material.

nominal battery voltage: The value assigned to a battery of a given voltage class for the purpose of convenient
designation. The operating voltage of the system may vary above or below this value.

nominal system voltage: The ac system voltage by which the system is designated and to which certain
operating characteristics of the system are related.
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pad-mounted transformer: An outdoor transformer utilized as part of an underground distribution system,
with enclosed compartment(s) for primary-voltage and secondary-voltage cables entering from below, and
mounted on a foundation pad.

panelboard: A single panel or group of panel units designed for assembly in the form of a single panel,
including buses and automatic overcurrent devices, and equipped with or without switches for the control
of light, heat, or power circuits; designed to be placed in a cabinet or cutout box placed in or against a wall,
partition, or other support; and accessible only from the front. (Adapted from the NEC.) See also. switchboard.

period: An interval of time in the battery duty cycle during which the current (or power) is assumed to be
constant for purposes of cell-sizing calculations.

rated capacity (lead-acid): The capacity assigned to a cell by its manufacturer for a given discharge rate, at a
specified electrolyte temperature and specific gravity, to a given end-of-discharge voltage.

remote terminal unit (RTU): A piece of equipment located at a distance from a master station to facilitate
monitoring and control the state of outlying power equipment and to communicate the information back to the
master station or host.

separately derived system: A wiring system whose power is derived from a generator, transformer, or
converter windings and has no direct electrical connection, including a solidly connected grounded circuit
conductor, to supply conductors originating in another system.

series rated system: Each protective device needs to only be rated for the available fault current at its
terminals.

station service voltage transformer (SSVT): A transformer that supplies power from a station high-voltage
bus to the station auxiliaries and also to the unit auxiliaries during unit startup and shutdown, or when the unit
auxiliaries transformer is not available, or both.

switchboard: (A) A large, single-panel, frame, or assembly of panels on which are mounted, on the face, back,
or both, switches, overcurrent and other protective devices, buses, and usually instruments. Switchboards are
generally accessible from the rear as well as from the front, and are not intended to be installed in cabinets.
(Adapted from the NEC.) (B) A metal-enclosed panel or assembly of panels that may contain molded case,
insulated case, or power circuit breakers, bolted pressure contact or fusible switches, protective devices,
and instruments. These devices may be mounted on the face or the back of the assembly. Switchboards are
generally accessible from the rear as well as from the front; however, they can be front accessible only.

switchgear: (A) A general term covering switching and interrupting devices and their combination with
associated control, instrumentation, metering, protective, and regulating devices and covering assemblies
of these devices with associated interconnections, accessories, and supporting structures used primarily
in connection with the generation, transmission, distribution, and conversion of electrical power. (B) An
assembly of equipment used to switch and control electrical power.

tertiary winding: An additional winding in a transformer that can be connected to a synchronous condenser,
a reactor, an auxiliary circuit, etc. For transformers with wye-connected primary and secondary windings, it
may also help (1) to stabilize voltages to the neutral, when delta connected (2) to reduce the magnitude of third
harmonics when delta connected (3) to control the value of the zero-sequence impedance (4) to serve load.

valve-regulated lead-acid (VRLA) cell: A lead-acid cell that is sealed with the exception of a valve that
opens to the atmosphere when the internal pressure in the cell exceeds atmospheric pressure by a preselected
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amount. VRLA cells provide a means for recombination of internally generated hydrogen and oxygen to limit
water consumption.

vented battery: A battery in which the products of electrolysis and evaporation are allowed to escape to the
atmosphere as they are generated. These batteries are also commonly referred to as flooded.

4. Design of substation ac auxiliary systems
4.1 Introduction

The objective of this section is to provide the required information for the substation engineer to design an ac
auxiliary system as applicable for a substation. Figure 1* represents an ultimate station power configuration
that can be applied to any substation depending on substation size, reliability, and load requirements. One ac
source is designated as the normal or preferred source, and the second and third (if available or necessary)
sources are designated as the backup source(s). A loss of the normal source may require transferring the
load to a backup source. In substations with multiple sources, the sources are typically connected through a
transferring scheme. One or more ac panels are used to serve the substation load as required.

“Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement this
standard.
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NOTE—The above letters reference different subsections covering specific components of ac auxiliary power schemes as
follows: A:see4.2,4.3,and 4.4; B: see 4.5; C: see 4.6; D: see 4.7; E: see 4.8; F: see 4.9.

Figure 1—Block diagram for typical substation ac auxiliary power

In the first step of the design process, the design engineer should review:

a)  The design criteria for the station service.
b) The number of station service sources available. The source type could be single-phase or three-phase.

¢) The load required to be served.

4.2 Design criteria
4.2.1 Introduction

In general, the design criteria of the ac auxiliary system are determined by the existing, proposed, and future
substation loads, typically measured in kVA. Diversity of the total connected load needs to be considered as
not all loads are concurrent. For example, the control enclosure cooling system should not run simultaneously
with the heating system; redundant cooling systems are not concurrent; and spring charging motors for power
circuit breakers may not run concurrently.
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Also considered with the substation loads are the equipment voltage ratings and phase requirements (single-
or three-phase) of the substation equipment to be installed. When sizing auxiliary transformers and other
station power components, the designer should consider substation expansion and short-term loads, such
as construction or maintenance loads. Timing of any proposed expansion may dictate initial installation or
deferral of station power components. Some loads may be identified as critical, which requires ac service to
be maintained continuously. Depending upon such critical loads, the substation may require two or three ac
station service sources with the ability to transfer loads between sources.

Due to the importance of the station power to the operation and reliability of the substation, the following factors
should be considered in order to determine the required station power configurations. This guide indicates
various equipment ratings (voltage, ampacity, capacity, etc.) compliant with IEEE and NEMA standards.
Equipment with other ratings conforming to standards published by other organizations is available. Design
philosophies and practices presented in this guide should be adapted appropriately based on the equipment
utilized in design and authority having jurisdiction.

4.2.2 System stability

System stability considerations are important for the reliability requirements of the station power. If the loss
of a substation results in a system disturbance to the electrical grid that could create a blackout condition in
the area, the station service system should have an independent power source. The auxiliary power system
requirements for redundant supply may also need to include the ability for the station to complete black start
operations—meaning a local generation source is required to supply the station power system and battery
chargers for the protection circuits in the event of a system collapse and subsequent repowering. See 4.3.5 and
4.7.5.

4.2.3 Customer service and loss of revenue

Some substations serve critical loads such as hospitals, manufacturing complexes, government offices,
schools, or serve large blocks of load where the substation reliability requirements are high. Some substations
are connected to power plants that obtain at least a portion of their station service from the substation. Loss
of the substation station service may result in tripping the plant and lead to a loss of revenue. These type of
stations may need multiple station power sources. Other less critical substations may only have one station
power source.

4.2.4 Equipment protection

Substation equipment protection considerations should be given to all substations regardless of the size.
High-voltage and extra-high-voltage substations contain expensive equipment such as transformers where
the cooling system is important for operation and a backup source is generally required. Similarly, protective
relays or other electronic control equipment located in high-temperature areas may require a continuous
cooling system and a second power source. Separately implemented control and protection schemes may be
implemented to mitigate the likelihood of equipment damage. The control and protection schemes are outside
the scope of this guide.

For neutral grounding, there are several different grounding philosophies. The designer should ground station
service transformer neutrals per utility practice or local jurisdictional requirements.

4.2.5 Design considerations

The designer may consider the following list when designing an ac system for substations:

a)  Location of ac equipment—indoor or outdoor
b)  Number of ac panels

c) Essential loads
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d) Non-essential loads
e) Conductor types and sizes
f)  Voltage drop calculations

g) Jurisdictional requirements such as the National Electrical Code® (NEC®) [B34]°

h)  Arcflash considerations

4.2.6 Selection of auxiliary system voltage

Several secondary voltage levels are available for ac auxiliary systems. When determining the secondary
voltage, the designer may use a standard voltage level determined by the designer’s power system or use a
voltage level based on the supplied equipment. Either way, the designer should consider the factors listed
in 4.4. Voltage ratings listed in this document are typical of North American power systems, but are not all
inclusive. Variations to these voltages discussed in this document are common in other areas of the world.

4.3 Station power source requirements
4.3.1 Introduction

Three ac sources are represented in Figure 1. One source, typically the most reliable source, is designated as
the primary, or normal, source. The second source is designated as the backup source and is used when the
normal source is unavailable. The third source is used as a second backup and is utilized only when both the
normal and secondary sources are unavailable.

There are four sources that are commonly used as substation ac auxiliary power sources:

a)  Power transformer tertiary
b)  Substation bus
¢) Distribution line

d) Standby generators

Each source has advantages and disadvantages. Substation location, substation equipment, and bus
configurations may dictate which source is normal. The selection of redundant sources is important so an
outage would not remove both normal and alternate sources.

4.3.2 Power transformer tertiary

The tertiary of a power transformer in substations can provide a reliable source for station power applications.
When the primary and secondary windings are connected wye, a third winding connected in delta is typically
used for transformer stabilizing purposes. A tertiary winding presents a low impedance path for zero-sequence
currents and harmonics, thereby reducing the zero-sequence impedance presented to the outside world, while
avoiding the problem of tank heating. The tertiary winding typically has a volt-ampere rating between 20% to
30% of the volt-ampere rating of the primary winding. The tertiary winding typically has a medium-voltage
rating up to 34.5 kV. If there are plans to use the transformer tertiary for station auxiliary power purposes, the
tertiary winding is brought out of the transformer through bushings.

The volt-ampere rating of the tertiary winding typically exceeds the maximum volt-ampere requirement of a
substation’s ac auxiliary power load and is an adequate ac auxiliary power source.

*The numbers in brackets correspond to those of the bibliography in Annex A.
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Consideration should be given to the available fault current at the tertiary bus. In the case that the fault current
magnitude exceeds the interrupting rating of the protective equipment, such as fuses or circuit breakers,
several options can be employed to mitigate the fault current. These options include installing current limiting
fuses, resistors, or reactors; or increasing the transformer tertiary impedance.

4.3.3 Substation bus

The substation bus is another available source for auxiliary station power. When distribution voltage is
available, distribution transformers are typically utilized for station service. Transmission voltage buses can
be used, but are not typically preferred due to their relatively high cost. A station service voltage transformer
(SSVT) is used to transform the transmission bus voltage to the ac auxiliary voltage. These transformers are
available for voltages from 34.5 kV to 345 kV. One or more SSVTs might be required, depending on required
station power load. See Figure 2 for possible connections.
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Figure 2—Possible SSVT locations

The SSVT is located within the line or bus zone of protection. A fault on the SSVT may be cleared by the
protective relay or by a high-side fuse. Depending on the size of the SSVT, the required fuse ampacity may not
be available for certain voltage levels. The protection engineer should be consulted for the final location when
determining the required SSVT protection. Low-side overcurrent protection of the secondary conductors
used for auxiliary station service are typically applied as close to the secondary terminals as possible. Surge
protection is typically needed on the high-side connection of the SSVT. If arresters protecting other equipment
in the station are close enough to protect the SSVT, a dedicated arrester for the SSVT may not be required.
Guidance on surge protection and separation effects can be found in IEEE Std C62.22™ [B27].
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4.3.4 Distribution feeders

A common source for substation auxiliary station power is the use of nearby distribution feeder circuits. The
feeder primary is typically connected to a step-down transformer located near the control enclosure. If the
feeder is owned by another utility, a revenue meter is installed. Since the feeder has more exposure to faults, it
is typically used as a backup to the primary source.

4.3.5 Standby generators

Generators may also be used as an ac auxiliary power source. In substations, generators are typically used
as an emergency/backup power source. There are many disadvantages in using generators as a permanent ac
auxiliary source. Choosing to use generators as a permanent ac auxiliary source requires additional design
considerations. When using generators, designers should consider fire-protection systems, fuel-storage
systems, ventilation, and the climate. Generators may also be housed in a separate building structure, which
requires the installation of a ventilation system. If the generators are located outdoors in the switchyard, there
is a reduced need for fire-protection installation, fuel-storage systems, or building ventilation.

4.4 Load analysis
4.4.1 Introduction

In order to design a reliable station service system, the ac loads for the system need to be identified and
calculated. The designer should consider the ultimate plan for the substation in order to account for future
loads anticipated at the station. After the ac loads have been identified, the demand and load factors for each
load should be applied. The resultant ac loads are used to size the station service transformer(s) and determine
associated conductor ratings. The use of demand and load factors allow for the economical selection of the
transformer size without being overly conservative.

4.4.2 Load identification

The following types of loads should be considered when identifying the overall station load:

a)  Substation major equipment loads, including:
1) Transformer cooling fans
2)  Transformer pumps
3) Load tap changer motor drives
4) Breaker ac charging motors
5) Equipment heaters

6) Yard loads—This load includes yard lighting and receptacle loads for equipment testing. Also
transformer oil-retention pit pumps load should be included.

b)  Control enclosure loads: The control enclosure houses critical equipment used for the protection and
operation of the substation. This equipment includes substation protective relays, metering, battery
chargers, and control equipment. For optimum operation of this equipment, the cooling and heating
of the control enclosure should be operated within a specified temperature range. Other loads may
include control enclosure lights and receptacle loads.

¢) Maintenance equipment load: For large substations, maintenance crews may elect to use a portable
generator as a source for the maintenance equipment. If maintenance equipment is served from the
station power transformer, the load of the maintenance equipment should be included.
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d)  Ancillary structures: The substation may have additional structures for maintenance, storage, or other
purposes. Include any heating, ventilation, and air conditioning (HVAC), equipment, or structure
auxiliary load if it is sourced from the substation ac system.

e) Future build out: In order to account for the ultimate load of the substation, any future loads should be
considered and included in calculating the maximum station load. This includes loads for additional
power transformers, cooling and heating, breakers, etc.

4.4.3 Equipment rating identification

Once all planned and future loads have been identified, the ratings for each load need to be established. Ratings
may be provided by the equipment manufacturer in amperes, watts, or kVA. In order to calculate the station
load, a common basis needs to be used. Either current or kVA are typically used because both are easy and
straightforward. If current is used, the total power should be calculated based on the respective voltage class
of the equipment. Loads also should be segregated between single-phase and three-phase. For multiple-phase
systems, loads need to be balanced between phases for optimal transformer loading.

4.4.4 Demand and load factors

The demand factor is the ratio of the maximum coincident demand of a system, or part of a system, to the total
load connected to the system, or part of the system, per IEEE Std 141™ [B3]:

maximum coincident system demand

demand factor =

(M

total load connected to the system

Demand factors can also be established for a subset of similar equipment (such as receptacles) rather than only
a single system-level demand factor.

The second consideration is the amount of time that a load runs based on a selected period of time, referred
to as load factor. Load factor is the ratio of the average load over a designated period of time to the peak load
occurring in that period per IEEE Std 141 [B3]:

average load over a designated time period
load factor = g g p

@)

peak load occuring in that period

The period for which the load factor is considered should be chosen based on the load capability of the
transformer(s) that is used in the design. For best practice, loads operating for three hours or more should be
considered as continuous load. High loads that operate for short periods of time also need special consideration
in relation to the entire system load.

4.4.5 Load calculations

After equipment ratings have been established, the demand and load factors are selected. Selecting the demand
and load factors often requires engineering judgment in terms of familiarity with substation operations and
understanding how the loads such as receptacles, lighting, air conditioning, transformer cooling fans, etc.,
are applied. Applying the demand and load factors provides a more realistic adjusted load (rather than simply
summing up the nameplate ratings of the equipment) for sizing of the station service transformers. In the
process of determining the ultimate loading, various conditions (generally the worst case scenario) under
which loads may be operated should be considered, such as seasonal and/or time of day. The person responsible
for the sizing of the transformer can perform the total adjusted load calculations.

For information on the process of sizing transformers, see 4.6. Be aware that the thermal time constants
(overload capability) of transformers are determined by the manufacturers and are typically different for
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dry type and liquid-immersed units. Refer to IEEE Std C57.91™ [B24] and IEEE Std C57.96™ [B25] for
additional information.

A general example of a substation load analysis is shown Table 1. The example only considers the case of loads
running during the daytime in the summer. It is not an exact or comprehensive analysis for substations, but
intended to illustrate one practical approach to the process. Load analysis varies based on substation voltage
class, capacity, climate, and any non-traditional loads.

In the example, adjusted kVA load (for transformer sizing) is determined as follows:

adjusted kVA = quantity X kVA per unit x demand factor X load factor 3)

Justification or reasoning for the demand and load factors should be documented, such as shown in the
comments column of the example.

4.5 Conductor selection
4.5.1 Introduction

Subclause 4.5 presents general information useful in the selection of both line and load conductors. It describes
various characteristics essential to conductor selection: conductor type, insulation type, insulation voltage
rating, insulation temperature rating, conductor terminations, and conductor size. An essential document in
understanding ac and dc cables used in substation design is IEEE Std 525™,

A process flow chart has been developed to aid the designer/engineer in the conductor selection process.
However, any rules and restrictions set forth by the authority having jurisdiction (AHJ) in the area that work is
being performed supersede any documents referenced in this section.

This section covers the selection of both line and load conductors. There are six main characteristics to consider
when selecting a conductor—conductor type, insulation type, cable insulation voltage rating, cable insulation
temperature rating, the terminations being connected to (temperature rating, ampacity, etc.), and conductor
size. The engineer performing the conductor selection can use the process flow chart shown in Figure 3 and
described in 4.5 for guidance on conductor selection based on these characteristics.

For specific examples on selecting conductors (control, instrument, power, and communication), refer to the
annexes in the latest version of IEEE Std 525.
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Figure 3—Conductor selection process flow chart

4.5.2 Conductor type

The first step in conductor selection is to determine the type of conductor to be used. The conductor material
and stranding type are the most important factors to consider (i.e., aluminum versus copper and stranded
versus solid). There are advantages to using each type of conductor depending on the application. Consider
characteristics such as their weight, conductivity, and surrounding environmental conditions for the application
of the conductors. Copper has historically been used for conductors of insulated cables due to its desirable
electrical and mechanical properties. The need for mechanical flexibility usually determines whether a solid or
a stranded conductor is used, and the degree of flexibility is a function of the total number of strands. A single
insulated or bare wire is defined as a conductor, whereas an assembly of two or more insulated conductors,
with or without an overall covering, is defined as a cable. All of this information is typically available from the
cable manufacturer. For additional information on conductor material and stranding, see IEEE Std 141 [B3]
and IEEE Std 525.
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4.5.3 Cable insulation voltage rating

Cable insulation voltage rating is selected based on the operating voltage, and the expected fault-clearing
time. Further guidance on selecting the voltage rating of cables should be provided by the AHJ, or by specific
product literature provided by the manufacturer.

4.5.4 Cable insulation type

For jacketed conductors, the insulation type should be selected to meet the local environmental conditions—
such as dry, wet, or both, and chemical resistance. Typically, information on the application of different
insulation types is available from the manufacturer. There may also be requirements by the AHJ. IEEE Std 141
[B3] and IEEE Std 525 provides general guidance on cable insulation selection.

4.5.5 Cable temperature rating

The temperature rating of the cable should be selected to withstand the ambient temperature of the environment
in which it is installed, in addition to any self-heating that may occur. The designer selecting the conductor
should note that the conductor installation may cross multiple environments, all of which should be considered.
Typical conductor temperature ratings are 60 °C, 75 °C, 90 °C, and 105 °C.

4.5.6 Consideration for the characteristics of termination points and connected equipment

The ampacity of a conductor with a given temperature rating may need to be reduced depending on the type
of termination points to which the conductor is connected. The conductor should not be allowed to become
hotter than the thermal rating of the interconnected equipment. Typical equipment terminals are limited by the
manufacturer to 75 °C. For an example involving cable selection based on termination ratings, see Annex B.

4.5.7 Conductor size calculations
4.5.7.1 Introduction

The following factors should be considered when selecting the conductor size:

a) Required ampacity (initial conductor size selection)
b)  Temperature, burial depth, and bundling corrections
¢) Voltage drop

d)  Short-circuit calculations

4.5.7.2 Required ampacity (initial conductor size selection)

All conductors should be initially sized based on the ampacity of the load(s) they are supplying. The size of the
conductor may be based on requirements provided by the AHJ, or by specific product literature provided by
the manufacturer. For an example involving the initial conductor size selection, reference Annex B. Once the
initial conductor type and size selection is made, verify the conductor has been sized to avoid overheating and
excessive voltage drop. If the verifications prove the conductor size to be inadequate, then the engineer should
make an economically and practically sound decision to redesign the load-distribution scheme. The redesign
decision could involve any of the following options:

a)  Resize the conductor (reduces voltage drop)
b) Reallocate loads to, or rebalance loads among, different circuits to adjust load distribution
¢) Addadditional circuits to accommodate new loads (may require a larger ac panel)

d) Decrease the distance of circuit run (reduces voltage drop)
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e) Consider a higher voltage distribution system and local step-down transformers

4.5.7.3 Temperature, burial depth, and bundling corrections

The ampacity rating of a cable may vary based on ambient temperature, burial depth, and proximity to other
current-carrying conductors. The manufacturer can provide ampacity ratings based on a range of ambient
temperatures. If the ambient temperature in the area of a particular cable installation is not within range of
the ambient temperature specified by the manufacturer, then the ampacity should be adjusted. Guidance for
this type of ampacity adjustment factor should be obtained from the cable manufacturer or the AHJ. For an
example involving ampacity adjustment based on ambient temperature, see B.2.

4.5.7.4 Voltage drop verifications

Losses by means of voltage drop across a conductor are directly proportional to the length and impedance of
the conductor. Per Ohm’s law, the higher the current a conductor is carrying, or the higher the resistance of a
conductor, the greater the voltage drop. Voltage drop can create under-voltage issues for substation equipment,
leading to various malfunctions, depending on the type of equipment.

Voltage drop calculation for a single-phase circuit:

_ 2x I X LX[Rx pf + X xsin(arccos(pf))]
14

%V, x100 @)

Voltage drop calculation for a 3-@ load:

%VD:I><L><\/§><[Rxpf—;Xxsm(arccos(pf))]XlOO (5)

where

V,, is the line-to-neutral voltage drop of the conductor expressed in volts, for a 10 conductor

or the line-to-line voltage drop of the conductor expressed in volts for a 30 conductor

is the nominal voltage of the circuit

is the alternating-current resistance in ohms to neutral per unit measurement

is the alternating-current reactance in ohms to neutral per unit measurement

is the load in amperes at 100%

is the length of the conductor in unit measurement being considered for the voltage drop

pf is the equivalent power factor being considered for the circuit. If this factor has been accounted for

N~ xS

in the load study, then a value of 1.0 should be used in the voltage drop calculation

After a conductor size is selected with an acceptable level of voltage drop, verify the terminal voltage delivered
compared to the operating voltage range of the load. It is important that adequate voltage is delivered to
critical loads (i.e., trip coils, battery chargers, etc.). It is common for the AHJ to provide standards that provide
acceptable levels of voltage drop. For an example involving voltage drop calculations, see B.2.

4.5.7.5 Short-circuit calculations

Verify the conductor size can withstand the available short-circuit current at its termination point. Sizing
of the conductor based on available fault current is a function of initial or continuous conductor operating
temperature, the final conductor temperature after a fault, the maximum possible fault-clearing time based
on protective devices, and available fault current at the circuit’s termination point. The conductor final
temperature limits should be obtained from the cable manufacturer. Suggested methods and values for sizing
a conductor based on short-circuit current can be found in IEEE Std 525 and IEEE Std 242™ [B4]. However,
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