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INTRODUCTION

This bulletin is a guide for making sectionalizing and protection studies on electric
distribution systems for rural electric cooperatives. It provides a revised and updated
version of RUS Bulletin 61-2 which was rescinded in 1992. Specifically, the bulletin
updates methods, examples, and tools relevant to radial distribution systems. As in the
earlier publications, it is not intended to provide a complete and exhaustive discussion of
the subject, but rather to present the reader with helpful information and examples that
will typically be encountered.

Within the arena of sectionalizing, there are many aspects of the subject that are
established, quantifiable, and part of national standards. Included in this body of
information are specific time-current characteristics of fuses and relays, the methods of
calculations for available short-circuit current, and the standard damage points for
distribution transformers. There are also many aspects of sectionalizing that are more
subjective, debatable, and influenced by experience. These include “fuse save” versus
“fuse blow,” coordination margins, and transformer protection practices. This reflects the
idea that system protection is partly science and partly art.

This bulletin concentrates on the “science” side of the subject and offers some well-
established practices and conventions on the “art” side. In the end, it is the responsibility
of a cooperative’s protection engineer to recognize the specific needs and goals of the
cooperative and apply the principles herein to the available equipment and technology to
accomplish the best combination of reliability and economics possible.

This bulletin is not intended to provide a detailed discussion of substation transformer
protection. The document focuses on the distribution system beginning at the low-side
connections of the substation transformer.

Arc Flash energy available on a distribution system will be affected by system protective
device settings. Although it is beyond the scope of this Bulletin to address this issue, the
protection engineer is encouraged to research and understand the relationship between
system settings and arc flash energy.

PHILOSOPHY AND STUDY PREPARATION

a General. At a high level, sectionalizing is about compromises and creating the
best combination of methods and practices that suits the individual cooperative.
Goals and issues must be considered and evaluated and then implemented.
Questions that must be considered include the following:

Which is more of a problem, blinks or longer outages?
How high can we (or should we) set protective devices?
Are our equipment maintenance cycles adequate?

Do right-of-way cycles affect our protection plans?
What weather patterns affect our service area?
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System Reliability. The goal of all coordination philosophies is improved system

reliability.

1)

()

(3)

Setting Service Priorities. Inherently, the installation of any coordination
device sacrifices the electric service to the loads and customers downline
for the greater good of maintaining service to the rest of the customers.
The device may protect major or critical loads by dropping long exposures
to noncritical loads during fault conditions. But one must remember that
every sectionalizing device sets a priority of service because its operation
stops electric service, even temporarily, to the downline customers in
favor of the rest of the circuit customers.

Protective Devices. The protection engineer must face a compromise:
Higher settings for protective devices typically will improve reliability on
a distribution system by reducing the number of nuisance operations while
allowing for more downline devices to be applied. On the other hand,
lower settings for protective devices can improve the security of the
system by clearing higher-impedance faults (at the expense of increased
operations).

Different Approaches. No single approach is right for all systems and,
many times, not even for all portions of one system. Urban and rural
service areas have different characteristics and different approaches may
be appropriate. This bulletin suggests an approach for determining
settings for typical environments. It is important to understand the
methodology and what can be achieved (as well as what cannot be
achieved) rather than to use rote settings or values.

Temporary and Permanent Faults. Faults can generally be categorized as

temporary or permanent.

(1)

2)

System Protection. It is easy to agree on one thing in system protection:
that permanent faults need to be disconnected or they will disconnect
themselves through destruction of the system. Studies have shown that a
majority of faults are temporary in nature. Historically, utilities have used
devices (circuit breakers and reclosers) to clear temporary faults and
restore service without manual intervention. These same devices also
clear permanent faults, but require manual intervention to restore service
afterward.

Application of Fault Devices. The application of these devices, including
how many to use, how to use them, and how to set them depends on the
sectionalizing goals of the cooperative. Any fault or short circuit draws
fault current depending on the system and fault impedance. Some
electronically controlled reclosers record the magnitude of the fault which
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occurred. Some faults are actually located by comparing the actual fault
current level to areas that can develop a fault of that magnitude. Tolerance

to temporary faults is discussed in Section 2E of this Design Guide,
“Fuse Saving.”

d Zones of Protection. In developing a sectionalizing study, maximum and
minimum fault currents must be calculated.

1) Determining Fault Current Levels. Maximum fault current levels are used
to ensure that interrupting devices have adequate capabilities and ratings
to handle the full amount of fault current to which they may be exposed.
Minimum fault current levels are used to determine the zone of protection
for a particular device. Determining the minimum fault current is a
challenge, as fault currents can be below load levels. Certain assumptions
are required because of the variability of faults on distribution systems.
Utilities have used such methods to estimate minimum fault current levels
as:

e Assuming some percentage of maximum fault current,
e Assuming some multiple of load current, and
e Assuming some fault impedance (Zs) level.

2 Methods. Traditionally, cooperatives have used the fault impedance
method successfully, and this method will be described in this manual.
The question that has always been considered is “What fault impedance
should be used?” The previous version of this bulletin suggested 30 to 40
Q for overhead lines and 10 to 20 Q for underground lines. This led to
some confusion and concern about the use of 40 Q of ground fault
resistance to calculate the minimum fault current available for overhead
construction on distribution systems under the jurisdiction of the Rural
Utilities Service.

3) Discussion. The following discussion (through the end of this subsection)
is offered to clarify the issue and establish guidelines that can support
sound electric system operations. Studies have shown that the actual fault
impedance when an energized conductor is in contact with the earth can
vary from zero to infinity." Therefore, it is impossible, using current
technology, to select a minimum pickup value that will both detect
energized conductors in contact with the ground and allow normal load
currents to flow without interfering with normal system operation.

The 40-Q value described in RUS bulletins and literature has always been

! “Downed Power Lines: Why They Can’t Always Be Detected,” NRECA, February 22, 1989.
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a compromise and was never intended to be an absolute value.? This is
supported by the fact that Bulletin 61-2 was a guide bulletin before it was
rescinded and by the fact that it suggested the use of 30 Q under certain
conditions.

From an engineering perspective, any ground fault resistance used in
selecting minimum ground trip levels is a “design value” selected for
calculation purposes only and should not be confused with the ground
fault resistance that might occur. The values of 40 and 30 Q have been
used for many years on RUS systems. Surveys have shown that utilities
frequently use values other than 40 Q.** The actual value used (or method
used, for that matter) should be determined by the cooperative’s engineer
or consultant. Such a practice of selecting a method that allows for the
possible detection of low-level ground faults while considering system
voltage, load current, phase unbalance, and system coordination is
considered prudent and sound utility engineering.

e Fuse Saving. One method of system protection and sectionalizing is the proper
application of power fuses on the distribution system. This is an economical
method to provide additional sectionalizing locations, but has one major
drawback.

1) Drawback. When the fuse blows, a service technician must go to the
location, determine the cause of the fault, and re-fuse. Automatic devices,
such as reclosers and circuit breakers, will reset themselves after operating
a few times short of lockout, but at a considerable added cost. Fuses, by
their nature, are a time-current device. A given current for a given time
will melt or “blow” the undamaged fuse. Temporary faults can also melt
the fuse.

(2) Outage Solutions. To avoid an outage and the associated service
technician’s visit, the upline recloser may have a “quick-trip curve”
enabled. This allows the upline device to quickly deenergize and
reenergize the line with the intention to save the fuse from blowing.
Unfortunately, this “blinks” the lights of a much larger portion of the
system.

With today’s demand for improved power quality, including fewer blinks,
this fuse-saving philosophy is being avoided, for at least a portion of the
time, by some systems. By disabling the reclosers’ quick-trip operation
and allowing the fuses to blow, the smallest possible portion of the system

2 «“Review of Sectionalizing Fundamentals,” L.B. Crann, July 1972, REA National Field Conference.
% «“Ground Fault Impedance Values for System Protection,” NRECA CRN Project 96-05, August 1997.
* “IEEE Guide for Protective Relay Applications to Distribution Lines,” IEEE Std 37.230-2007.
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experiences the outage. But, unfortunately, when a lightning shower
blows through, many fuses are blown that could have been saved. Some
systems can switch from the fuse-blowing philosophy to the fuse-saving
philosophy, and vice versa, by reenabling or disabling the quick trip
feature with distribution automation systems.

Some systems accept the fact that blinks caused by temporary faults are
the real world and that the power system cannot provide blink-free power
to its customers. In such systems, it is strongly suggested that each
customer provide its own voltage protection in the form of uninterruptible
power supplies (UPS) to critical loads, including home personal
computers, just as they must be protected from surges by surge
suppressors.

Frequency of Studies. Sectionalizing studies should be reviewed at frequent

intervals to ensure that they are adequate.

1)

(2)

The frequency of review should be driven by the rate of change of the
system itself. When load currents or system configurations experience
significant changes, the sectionalizing study should be updated to review
the impact on devices.

Major system changes would also necessitate that a sectionalizing study be
performed as part of the work. The following would typically determine
the need for a new study:

Constructing a new substation,

Increasing substation transformer capacity,

Adding new substation feeders,

Changes in available fault current due to transmission and/or

distribution improvements,

o Major reconductoring projects, whether increasing conductor size
on existing three-phase lines or converting from single phase to
three phase, or

o Conversion to a higher operating voltage.

Summary of Steps in Making a Sectionalizing Study. The following is a list of

individual steps involved in making a sectionalizing study. These steps provide
an orderly overview of the process.

1)
)

(3)

Obtain complete data on the distribution system and determine all device
types that are likely to be used in the study.

Select preferred locations for sectionalizing devices or relocated sites for
existing devices. Determination of locations is based on operational
concerns, outage histories, and review of system configurations.
Calculate all available fault current at each tentative sectionalizing device



(4)
()

(6)

(")
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location.

Select feeder protection to provide optimum coverage on the feeder and
adequate coordination with substation transformer protection.

Starting at the substation feeder protection level, make sure each device
meets the cooperative’s goals for sectionalizing and coordination. Revise
locations and settings as necessary.

Check the selected devices for voltage rating, continuous current rating,
interrupting current rating, and minimum pickup rating. Make sure each
device is applied within its rating and will respond to minimum fault
current within its zone of protection.

Prepare written instructions for additions and changes to sectionalizing
devices and update existing circuit diagrams.

Data Necessary for Sectionalizing Study. The following data should be

assembled and updated at the beginning of the study.

(1)

()

(3)

Distribution System Information

@ Circuit diagrams of the distribution system prepared in accordance
with the appropriate RUS bulletins.

(b) Locations of critical and large power loads.

(© Maximum load currents at the time of the study for each proposed
sectionalizing point.

(d) An understanding of historical load growth and future anticipated
load growth for respective feeders and areas.

(e The distribution of meters along the circuit.

Substation/Source Information. This information may vary, depending on
whether the cooperative owns just distribution lines, or distribution lines
and substation transformers, or distribution lines and substation
transformers and transmission lines. In each scenario, the available fault
currents at the appropriate location must be obtained or calculated.

Equipment Information. Information about the sectionalizing equipment
being used and to be added should be collected. Specific equipment
information, such as make, type, ratings, and characteristic curves, should
be assembled and available for use.

Location of Sectionalizing Devices

1)

()

Determine Locations. After the basic data have been accumulated, the
next step in the study is to determine tentative locations for sectionalizing
devices. These locations may be revised after the short-circuit currents are
calculated and load currents checked.

Suggestions. Judgment and knowledge of one’s system, including terrain,
must be used for each case, but the following may be helpful:
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(b)
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(d)
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Number of Automatic Sectionalizing Devices. The number of
automatic sectionalizing devices used in series should be kept to a
reasonable level. There are obvious advantages and disadvantages
to the number of devices in series. More devices can help reduce
the number of affected customers, but more devices also can create
greater coordination difficulties, causing misoperations. Non-
automatic devices, such as disconnect switches, can be very
helpful in restoration when used judiciously between automatic
devices.

High-Reliability Zones. “High-reliability zones” have been
suggested to improve system performance. In these zones, efforts
are focused on the feeder from the source to the first set of feeder
devices. Within this zone, all taps are provided with some form of
sectionalizing to reduce the possibility of feeder operations.
Outside of this zone, more judgment may be used in weighing
protection devices versus exposure.

Visibility. Main sectionalizing devices should be visible and
accessible from roads during any season of the year.

Critical Placement. Sectionalizing devices should be located
where they will not disrupt service to critical customers. Generally,
such devices should be placed just beyond these customers.

Suggested Outline for a Sectionalizing Study

(1)
()
(3)
(4)

(5)

(6)

(7)

Scope of study.

Tabulation of sectionalizing devices to be purchased.

Sectionalizing device schedule for each substation area.

Cost estimate (cost of new devices and their installation, plus changing or
converting existing devices).

Schematic diagram and coordination chart for substation protective
devices for fault conditions.

Detailed impedance fault current calculations for source and substation
transformers up to load side bus, if appropriate.

Examples of typical time current characteristic curves for devices used in
the study.
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(8) Instructions to the operations manager.
3 DETERMINATION OF FAULT CURRENTS
a General Information
@ Assumptions. The discussion and the information in this Section of the

(2)

Design Guide are based on the following assumptions:
@) The frequency of the system is 60 hertz.
(b) All distribution lines have multigrounded neutral conductors.

(c) Underground lines are made up of direct-buried, single-phase
jacked cables with aluminum or copper conductors and bare
copper concentric neutrals. The voltage rating of the cable is 25
KV or less.

(d) The substation transformers are connected delta on the supply side
and wye-grounded on the load side.

(e) The system is radial (i.e., no connected loops). If there is more
than one source of supply, they are not interconnected.

Fault Current. In a sectionalizing study, it is necessary to calculate both
the maximum fault current and the minimum fault current at each
sectionalizing point. In addition, the minimum fault current must be
calculated for the end of each line. The method of calculating maximum
and minimum fault currents will be given in Section 3B of this Design
Guide.

@ Types of Fault. There are four possible types of fault: three-phase,
double line-to-ground, line-to-line, and single line-to-ground.
Three-phase faults can occur only on three-phase circuits; line-to-
line and double line-to-ground faults can occur on three-phase or
V-phase circuits, and line-to-ground faults can occur on any type
circuit. As a result of the multigrounded neutral construction of
overhead lines, the line-to-ground fault is by far the most common,
although other types do occur. For underground cables, the only
type of fault that is likely to occur is a line-to-ground fault.
However, the impedance of underground cable to three-phase and
line-to-line faults is given in this bulletin because, for combined
underground-overhead lines, where the overhead section is farther
from the substation than the underground cable, it is possible that a
fault on the overhead line could cause either line-to-line or three-
phase fault current to pass through the cable.
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Maximum Fault Current for Three-Phase Lines. The three-phase
fault current generally determines the maximum fault current level
for three-phase lines. Near the substation, however, it is possible
that a line-to-ground fault may produce a larger fault current. This
is because line-to-ground faults see a lower source impedance with
a delta/grounded-wye transformer connection, but a higher
impedance per mile of line than three-phase faults. Thus, to
determine the maximum fault current on a three-phase line, it is
necessary to calculate the line-to-ground fault current as well as the
three-phase fault current up to that point on the line where the line-
to-ground current becomes equal to or less than the three-phase
current. (See Figure 3.1.)

Figure 3.1. Fault Current on a Distribution Line Supplied by a
Delta/Grounded-Wye Substation Transformer

II—g max

FAULT CURRENT

I30 mox

FEEDER DISTANCE FROM SUBSTATION

For V-phase and single-phase lines, line-to-line and line-to-ground
faults, respectively, yield the maximum fault current.

Double line-to-ground faults usually yield neither a maximum nor
a minimum value for any type of line and, thus, do not normally
need to be calculated. See Symmetrical Components for Power
Systems Engineering by J. Lewis Blackburn (CRC Press, 1993) for
further information.

Table 3.1 summarizes, for each type of line, what type of fault will
yield the maximum and minimum fault current values. The table

is applicable for overhead, underground, and combined overhead-

underground lines.
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Table 3.1. Fault Current Values for Various Types of Fault

Fault Type That Yields
Line Type Maximum Fault Current I (et
Current

Three-phase fault or Line-to- Line-to-ground
Three-Phase ground fault near substation. fault*
V- or Two- Line-to-line fault (line-to- Line-to-ground
Phase Line ground fault near a substation) | fault*
Single-phase Line-to-ground fault Egﬁfo-ground

*A value for fault resistance must be included.

A calculation method for determining fault current is presented in
Section 3B of this Design Guide immediately below. There are
various brands of engineering analysis software that will readily
perform these calculations once an engineering model has been
built and properly configured for the exact power system.

b Calculation Method for Determining Fault Currents
@ General
@) Since this bulletin was last updated, there have been many

(b)

changes in computational equipment and methodologies. With
the advent and widespread usage of personal computers and
specialized engineering software, there has been less and less
reliance on hand calculations. However, since this bulletin is
written for technicians and engineers of various skill and
experience levels, some hand calculation methods will be
discussed. Furthermore, there is an extensive bibliography
included for the serious practitioner. Tables containing formulas
and other useful information are included in this section of the
Design Guide.

Tables 3.2 through 3.4 in this Design Guide contain the
information necessary to hand calculate fault currents for line-to-
ground (Table 3.2), three-phase (Table 3.3), and line-to-line (Table
3.4) faults. Additionally, the percent and per unit methods of
calculating fault currents will be discussed in general.

Table 3.2. Information for Calculating Line-to-Ground Fault
Current on Load Side of Substation

1. SOURCE IMPEDANCE
(LOAD SIDE OF VOLTAGE BASE)
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Type of Fault Current or Impedance | Formula to Determining
Value Given Source Impedance Z
a. lsi-, line-line fault current on E?2

source side of substation Z, = : EL

s(L-L) —s(L-L)
b. lss, three-phase fault current on (9 \|F E? 1|
. . ; = 2

source side of substation ; L\/EJL E |
c. Z, Positive-sequence impedance B E,

on source side of substation Z, =22, )

Source impedance is available from power supplier.

2. SUBSTATION TRANSFORMER IMPEDANCE

Formula to convert substation transformer impedance Z; from
percent to ohms:

Z, (%) E/}

zZ, ()=
(kV A per phase) (100,000)

R; (resistive component of substation transfer) = 0.20Z;
(approximate)
X: (reactive component of substation transformer) = 0.98Z;

(approximate)

3. DISTRIBUTION LINE IMPEDANCE
(SINGLE-PHASE IMPEDANCE VALUES)

Overhead Lines* Underground Lines¥
ACSR Q per mile | Aluminum Q per mile
Conduct RL X, | Conductor Cable RL XL
or Size Size
336.4 0.410 | 1.010 | 350 MCM 0.560 | 0.159
MCM
266.8 0.510 | 1.039 | 250 MCM 0.759 | 0.211
MCM
4/0 0.640 | 1.220 | 4/0 0.890 | 0.261
3/0 0.759 | 1.270 | 3/0 1.089 | 0.340
2/0 0.940 | 1.369 | 2/0 1.319 | 0.439
1/0 1.120 | 1.450 | 1.0 1.559 | 0.570
2 1.640 | 1.469 | 1 1.839 | 0.670
4 2.470 | 1.459 | 2 2.159 | 0.880
6 3.72 | 1.540

4. CALCULATION OF FAULT CURRENT

Maximum line-to-ground fault current:
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E

L

TR R T R (XX X )

*Standard C1-type construction is assumed.

+To obtain total distribution line impedance Ry and reactance Xg;s; to any point,
multiply the appropriate value below by the number of miles of line. For two or more
conductor sizes, calculate resistance and reactance values separately for each
conductor size and total value for the sizes together.

E, = line-to-ground voltage on load side of substation.

Es-1) = line-to-line voltage on supply side of substation.

dist

Table 3.3. Information for Calculating Three-Phase Fault Current on
Load Side of Substation
1. SOURCE OF IMPEDANCE (LOAD SIDE VOLTAGE BASE)

Type of fault current of impedance value Formula to determine
given source impedance Zs
a. lsL-y, line fault current on source side of 3\ gz )
substation zZ, = (—JL—LJ
2 IS(L*L)ES(L*L)
b. Iss, three-phase fault current on source ([ gz )
side of substation zZ, = \/EL—LJ
IBSES(L-L)
c. Zi, positive-sequence impedance on ( \2
source side of substation z, = 32{ E, J
Es(L-L)

Source impedance is available from power supplier.

2. SUBSTATION TRANSFORMER IMPEDANCE
Formula to convert substation transformer impedance Z; from percent to
ohms:

Z, (percent) E/
(kV A per phase) (100,000)

R, = (resistive component of substation transformer = 0.20Z, ]

Z, ()=

S

) ) approximate
X, = (reactive component of substation transformer) = 0.98Z,

3. DISTRIBUTION LINE IMPEDANCE
(THREE-PHASE IMPEDANCE VALUES)

Overhead Lines* Underground Cables+t

Q per mile | Aluminum Q per mile
A.‘CSR conductor RLp XL | conductor RLp XL
size .

cable size

336.4 MCM 0.278 | 0.632 | 350 MCM 0.298 | 0.180
266.8 MCM 0.350 | 0.653 | 250 MCM 0.410 | 0.256
4/0 0.441 | 0.712 | 4/0 0.606 | 0.271
3/0 0.557 | 0.727 | 3/0 0.741 | 0.293
2/0 0.702 | 0.742 | 2/0 0.941 | 0.311
1/0 0.885 | 0.756 | 1/0 1.363 | 0.349
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2 1409 | 0.780 | 1 1.363 | 0.349
4 2.240 | 0.805 | 2 1.844 | 0.385
6 3.509 | 0.853

4. CALCULATION OF FAULT CURRENT
Maximum three-phase fault current

E

L

DX F X X )

dis

e JR R R

* Standard Cl-type construction assumed.

+ See manufacturer’s technical literature for exact impedance values based on exact
configuration, type of cable, neutral size, etc.

To obtain total distribution line impedance Rg;s; and reactance Xgis; to any point,
multiply the appropriate value below by the number of miles of line. For two or more
conductor sizes, calculate resistance and reactance values separately for each
conductor size and total value for the sizes together.

E, = line-to-ground voltage on load side of substation.

Es-L) = line-to-line voltage on supply side of substation.

Table 3.4. Information for Calculating Line-to-Line Fault Current on
Load Side of Substation
1. SOURCE OF IMPEDANCE (LOAD SIDE VOLTAGE BASE)
Type of Fault Current of Impedance Value | Formula to Determine

Given Source Impedance Z
a. ls-v), line-line fault current on source ([ gz )
side of substation zZ, = \/EL#J
s(L-L) —s(L-L)
b. Iss, three-phase fault current on source [ gz )
side of substation z,=2 L?J
3s —s(L-L)
C. Zi, positive-sequence impedance on ( \2
source side of substation z, = 2\/3’,2{ E, J
s(L-L)

Source impedance is available from power supplier.
2. SUBSTATION TRANSFORMER IMPEDANCE

Formula to convert substation transformer impedance Z; from percent to
ohms:

Z, (percent) E/
(kV A per phase) (100,000)
R, = (resistive component of substation transformer = 0.20Z ]

_ _ '+ approximate
X, = (reactive component of substation transformer) = 0.98Z, J

7 (Q):

S

3. DISTRIBUTION LINE IMPEDANCE

(THREE-PHASE IMPEDANCE VALUES ><2\/5)

Overhead Lines* Underground Cablest
ACSR Conductor | Q per mile Aluminum | Q per mile
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Size RL XL Conductor RL XL
Cable Size

336.4 MCM 0.516 | 1.176 | 350 MCM 0.552 | 0.335
266.8 MCM 0.650 | 1.213 | 250 MCM 0.764 | 0.380
4/0 0.819 | 1.323 |4/0 0.898 | 0.399
3/0 1.033 | 1.353 | 3/0 1.102 | 0.434
2/0 1.305 | 1.379 |2/0 1.393 | 0.460
1/0 1.641 | 1.405 |1/0 1.720 | 0.516
2 2.623 | 1450 |1 2.172 | 0.544
4 4,167 | 1498 |2 2.735 | 0.570
6 3.509 | 0.853

4. CALCULATION OF FAULT CURRENT
Maximum three-phase fault current

E

L

™ \/(Rs+Rt+Rdist)2+(Xs+Xt+xdist)2

* Standard Cl-type construction assumed.

+ To obtain total distribution line impedance Rg;s; and reactance Xgis; to any point,
multiply the appropriate value below by the number of miles of line. For two or more
conductor sizes, calculate resistance and reactance values separately for each
conductor size and total value for the sizes together.

E, = line-to-ground voltage on load side of substation.

Es-L) = line-to-line voltage on supply side of substation.

Use of Fault Current Calculation Tables. Regardless of the type of fault,
there are three main components of the impedance offered to the fault: the
impedance of the source, the impedance of the substation, and the
impedance of the distribution line up to the location of the fault. For the
minimum fault current, a fourth impedance, the fault resistance
component, is added.

@) For most cases, the calculation of a fault current consists of
determining these three impedance components (four for minimum
fault current), finding the total impedance offered to the fault, and
dividing the system line-to-ground voltage by this impedance. The
steps below outline the procedure in detail and will be
demonstrated in the sample problem in Section 8 of this Design
Guide.

(b) If you are using an engineering analysis program, you will probably
need to do the calculations in steps (2) and (3) below by hand and
then insert those values into the program and let the program
calculate the fault currents, etc., at the beginning and end of each
line section in the database model.

Q@ Refer to the appropriate table for the type of fault for which
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values are to be calculated.

The source impedance can be obtained from the power
supplier. The format usually used is R + jX % on the stated
base. Convert thisto R + jX % on 100 MVA base as
shown in the percent and per unit discussion.

Determine the substation transformer size, voltage, and
impedance in percent from the nameplate information or
from the manufacturer. As in (2) above, the impedance
should be resolved into its reactive and resistive
components either by using the formulas given in the tables
or by using a ratio based on judgment.

To find the distribution line impedance to any point on the
system, multiply the appropriate value from Section 3 of
the tables by the number of miles of line from the
substation to the point being considered. If two or more
different-size conductors are used from the substation to the
point, add the total resistance of the first size to the
resistance of the next size to the point, then add the total
reactance of the first size to the reactance of the next size,
etc.

As indicated in Section 4 of the tables, add up separately
the resistance and reactance components determined in the
steps above. (When calculating minimum line-to-ground
fault current, be sure to include a fault resistance value.)
Find the total impedance and divide the system line-to-
ground voltage by this impedance value to determine fault
current.

Minimum Fault Current. It is necessary to calculate minimum fault

currents for coordination purposes and also to define a maximum “reach”
or “zone of protection” of an overcurrent protective device. To calculate
minimum fault current, a value of fault resistance should be added to the
resistance component of total system impedance up to the point of fault.
The selection of fault resistance is discussed in Section 2D of this Design

Guide.

Distribution Substation Fault Current Calculations. Generally the power

supplier will furnish the source impedance.

@ These values—Z; (positive-sequence impedance), Z, (negative-
sequence impedance), and Z, (zero-sequence impedance)—are
usually given in R + jX format as a percent or per unit (P.U.) value
on a 100 MVA base (typically). The substation transformer size
and impedance information is generally known and usually takes
the form of a percent impedance on the transformer base rating.
The source and substation transformer impedance are then usually
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converted to ohmic values.
These ohmic values are then inserted into a typical engineering
analysis program to be used to calculate fault currents within the

model at the end of each line section.

(b) A typical example will illustrate the procedure.

Transformer Impedance (Percent Method)

A transformer having 10% impedance on a 20 MVA rating would have
50% impedance on a 100 MVA base (See Table 3.5 of this Design
Guide).

100
10% X =50% on a 100-MVA base

Source Impedance (Typical Format)

From the power supplier for Westland Substation (69 kV):

Z;=7.82 +j20.8%

7. = 16.60 + i58.78% } on a 100-MVA base @ 69 kV
0= 10. j58.78%

Transformer Conversion

Formula to convert transformer impedance Z; from percent to ohms (see
Table 3.3 of this Design Guide):

Z,(%)E*

Zi (Q) =
(kV A per phase)(100,000)

_ (7.09%) (7,200) 2
(3,333) (100,000)

3,675,456
(3,333 ) (100,000)

=1.102747 Q
Spread transformer impedance into its R and X components (€):

1.102495 Q
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0.2 +)0.98 approximate (use manufacturer’s data)
0.2205 +j1.080445 ©

Methodology and Formulas

1. Methodology and formulas to convert transformer impedance Z;
from percent on its own MVA base to percent on a 100 MVA base (see
Table 3.5):

10/12/14 MVA
7.09%
69 kV HS and 7.2/12.47 kV LS

Transformer size
Transformer impedance
Transformer voltage

where HS = high side and LS = low side.
2. Convert transformer impedance to 100 MVA base:

100

X7.09% =70.9% on 100 MVA base

3. Spread transformer impedance into its R and X components (percent
on 100 MVA):

709 % on 100 MVA
0.2 +j0.98
14.18 +]69.48 % on 100 MVA

Source and Transformer Impedance (High Side)

Source Z, 7.82 +j20.87 % on 100 MVA

14.18 +j69.48 % on 100 MVA

Transformer Z;

Source plus Transformer Impedance (Assume Delta/Grounded-Wye
Connection)

Total impedance at service point (percent on 100 MVA at low side):

Zys =21+ 2= 22.0 +90.352 % on 100 MVA
Zo= Zi = 14.18 +j69.482 % on 100 MVA

See constants for fault calculations. Multiply by 0.0155 Q/%
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Ziis = 22.0 +]90.352 % on 100 MVA

0.0155 /%
0.341 + j1.40046

Convert to ohms (see Table 3.6)

Zo= 14.18 +)69.482 % on 100 MVA

0.0155 Q /%
0.220 + j1.080 @

Convert to ohms (see Table 3.6)
Total impedance at service point at 12.47 kV:
Z1=0.3421 +j1.4049 Q

Zo=0.220 +j1.080 Q

Source plus Transformer Impedance

Positive-sequence impedance:

Z; = + (0.3421)% + j(1.4049)" ©
= 1.4459 Q

Impedance for phase-to-neutral faults:

ZpN = \/(Zl tz, * 20)2
3
2
(0.3421 + j1.4049 )
0.3421 + j1.4049
~ Lo.zzo + j1.080 J
3
Zen = \/0.30142 + j1.2966° Q

1.3316 Q

Fault Currents at the 7.2/12.47 kV Bus
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12,470
Three-phase current = E; | + (1.73)(Z1)) = ———— = 4985 A
(1.73) (1.4459)

Phase-to-phase current = E | + 2Z; = 4322 A
Phase-to-neutral current = (E.1)(1.73)(Zen) = 5407 A

where E_ | = line-to-line voltage in volts (not kilovolts)

Three-Phase Fault Current at the 7.2/12.47 kV Bus

Three-Phase Fault Current by the Percent Method:
Z; = 22.0 +j90.352 % on 100 MVA

= 92.99 % on 100 MVA

Three-phase fault current 100 (4630 A) = 4979 A
92.99 %

Note: The difference between this value and the previous calculation is
due to rounding off.

Line-Neutral Fault by the Percent Method

V2Z,+2,°

3

Line-neutral fault

(22.0 + j90.352\2
22.0 + j90.352
L14.18 + j69.42J
3

% on 100 MVA

\/58.182 +j250.124°
3

% on 100 MVA

19.393 + j83.3746% on 100 MVA
85.60038% on 100 MVA

100
(—j (4630 A)
85.60038



RUS Bulletin 1724E-102
Page 23

= 5409 A

What about the Minimum Phase-to-Ground Fault Current?

Here is where we have to insert a fault impedance such as 25, 30, or 40
Q or some other value determined by the application of education and
experience, industry standards, research, etc.

Calculate Minimum Line-to-Ground Fault

Ground fault impedance = R + jO
Use engineering judgment and experience to determine R.
Z,y = Zpn t+ ground fault impedance
0.3014 + j1.2966

40.0  + O
40.3014 + j1.2966

J(40.3014)* + j(1.2966)°

N
=)
<@

1

= 40.322225

Phase-to-Ground Fault

Phase-to-ground fault E + (1.73)(Z pg)

12 .470
(1.73) (40.32225 )

178.8 A

Minimum Phase-to-Ground Fault

If ground fault impedance = 30 Q, then phase-to-ground fault = 237 A.

If ground fault impedance = 25 Q, then phase-to-ground fault = 284 A.
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Line-To-Ground Fault by the % Method

Zpc = Zpn * ground fault impedance

19.393 + j83.3746 % on 100 MVA base
+2,572.400 + jO % on 100 MVA base (.c., 40 Q)
2,591.793 + j83.3746

2,593.1336 % on 100 MVA base

: 100
Line-to-ground fault current = [—j (4,630 A)
2593 .1336

178.54 A

Note: Use the constants for fault calculations to convert from ohms to
percent impedance on a particular voltage base, e.g.,

40 +j0 Q @ 12.47 kV (line-to-line)
x 64.31 %/Q
25724 + j0 % @ 12.47 kV (line-to-line)

(5) Fault Current Calculations. While a complete discussion of per unit or
percent quantities is beyond the scope of this bulletin, Table 3.5 gives a
short review of the various quantities. Both the percent and per unit
methods of calculation are simpler than using actual amperes, ohms,
and volts.”

The discussion in Table 3.5 is based on the constants for fault current
calculations for commonly encountered voltages in Table 3.6 of this
Design Guide.

Table 3.5. Discussion of Per Unit and Percent Values

1. DEFINITION:

P.U. apples = actual # of apples ~ P.U. ohms = actual ohms
base # of apples base ohms

P.U. current = actual amperes
base amperes

> Power System Analysis by John Grainger, Jr., and William Stevenson, McGraw-Hill, 1994.


http://www.amazon.com/exec/obidos/search-handle-url?%5Fencoding=UTF8&search-type=ss&index=books&field-author=John%20Grainger
http://www.amazon.com/exec/obidos/search-handle-url?%5Fencoding=UTF8&search-type=ss&index=books&field-author=Jr.%2C%20William%20Stevenson
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P.U. values x 100 = % values
%V = P.U.I. x %Z PUV =PU.I x PU.Z
2. P.U. IMPEDANCE:
P.U.Z = actual ohms
base ohms
where
Sece ol = rated voltage _ Vi, /\/g
rated current (base kVA )
| —— |
L 3kv )
where V_ is line-to-line voltage.
Then
1000 (kV)® kV)?
Base ohms = # = L
base kVA base MV A
PU.7 _ actual ohms _ base MV A Xactualohms
[ kvy? ] (kV)®
base MV A
Also
5 _ voltage drop across Z at rated |
' rated voltage (per phase)
. MV A %1000
_ kv o S x MVA
kv 2
75 kv
3

Note: %Z varies directly with the MVA base and inversely with the
square of the voltage.

Examples:

A transformer having 10% impedance on a 20 MVA rating would have
50% impedance on a 100 MVA base of
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100
10% X =50%

A 12.47-kV line having 1% resistance would have

2

12 .47

%R = 1% x (—j =0.816%
13.8

if the base voltage were 13.8 kV.

3. P.U. CURRENT:

load MVA % 1000

actual amperes J3 load kV
base amperes ~ base MVA x 1000

3 base v, (in kV)

load MVA _ 1
base MVA P.U. voltage

Note: P.U. I = P.U. MVA if voltage is constant.

Distribution VVoltage Transformation. When a line is encountered that

incorporates an autotransformer or two-winding transformer used for
system voltage conversion (often 7.2 kV to 14.4 kV or vice versa), there
are several additional steps that must be taken to find the fault current
beyond these devices.

(a)

(b)

Using the procedure outlined in steps 1 through 5 in Section
3B(2)(b) of this Design Guide, determine the resistance and
reactance values of the total impedance (source, substation
transformer, and distribution line) from the substation to the point
on the line where the step-up or step-down transformer is located.

Using the formula below, determine the impedance of the
transformer in ohms. (For the purpose of this bulletin, it is
assumed that only single-phase autotransformers or two-
winding transformers will be encountered.)

Two-winding transformer or autotransformer
%Z (E, )

z, (Q) =
kVA %X100,000

where E| is the line-to-neutral voltage on the load side of the
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transformer, %Z; is the percent impedance of the transformer
given at rated KVA and voltage, and kVA is the kVA rating of the
transformer.

Resolve the impedance into its reactive and resistive components,
either by using the formulas given below or by taking a ratio based
on engineering judgment.

Rt = OZZt Xt = 0982t

Reflect the source, substation transformer, and distribution line
impedance (Z STD) determined in step a to the load side of the
voltage transformation transformer by the appropriate method
shown below.

@ Step-up transformation:

Z STD load side (Q) = (N?)(Z STD source side (Q))

2 Step-down transformation:

Z STD load side (Q) = (1/N?)(Z STD source side (Q))
where

N = high side line-neutral voltage

low side line-neutral voltage

Add the distribution line resistance and reactance values from
voltage transformation transformer location to the location of the
fault to the R and X values obtained in steps b and c:

R total = R STD load side + R auto + R dist

X total = X STD load side + X auto + X dist

Determine the fault current, using the formula below and the and R
and X values determined in step d:

E 4 (load side voltage)

line-to-groun

JRo) (X0’

fault

To find the fault current that would appear on the source side of the
voltage transformation formula, use the appropriate formula
below:

@ Step-down voltage transformation:
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Source-side fault current = (1/N) (load-side fault current)

(2)  Step-up voltage transformation:

Source-side fault current = (N) (load-side fault current)

An example of the method follows.

Sample Problem

Determine the three-phase fault current at point 1 in the diagram. The step-down autotransformer
characteristics are 200 kVA, 144t07.2kV,% Z=2.63.

69 kV 24.9/14.4kV 10.0 mi
o 4/0 ACSR
Zy [ ] Autotransformer
7.2kV 1/0 ACSR
2.0 miles X Point 1

Zaist = (0.441 + j0.712) (10) = 4.41 + j7.12 Q, obtained from Table 3.3.

Step a:
Zst = 0 + j3.6 given by supplier
Zgiss = 4.41 + j7.12
Zgg = 441 + j10.72 Q @ 14.4/24.9 kV
Step b:
0 2 2
Zauto l0ad side = % 2) E) = (2.63)(7200) =6.82Q
(kVA)(100,000) (200 kVA)(100,000)
Rauto = (0-2)(Zauto) =136 Q
Xauto = (098)(Zauto) = 6.68 Q
Zauto = 1.36 +}6.68 ohms
Step c:

1
Zqa loadside = 1 (4.41+10.72) = - (4.41 +j10.72) = 1.1 + j2.68
N

2

Where N = S

7.2
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Step d:
Raist = (2.0 mi) (.855 ohms/mi) = 1.77 ohms
Xdist = (2.0 mi) (.756 ohms/mi) = 1.51 ohms
Zd = 110 + j2.68
Zauto = 1.36 + j6.68
Zist = 1.77 + j151
Ziotal = 423 + j10.87
Step e:
lspran= 7200/ +/(4.23)° +(10.87) = 720 _§173A
11.664
I3, =617.3 A

The same procedure should be followed for a step-up autotransformer or two-winding
transformer.

(7 Fault Current on Supply Side. A fault anywhere on the load side of the
substation causes a current to flow on the supply side. To determine the
supply side current, use the following formulas. Note that Is is not
necessarily the same in all three phases. The formulas give the maximum
supply currents in any one phase.

(a) For line-to-ground fault:
EL I L
E

s(L-L)

S

(b) For three-phase fault:

| _E NI
Es(L»L)

(© For a line-to-line fault:
| = 2E, 1,
) Es(L-L)

(8) Plotting the Sectionalizing Circuit Diagram. After the calculation of
short-circuit currents has been completed, the calculated values should be
placed on the circuit diagram at each sectionalizing point and at the
end of lines. The maximum three-phase fault current and the maximum
line-to-ground fault current should be shown on the circuit diagram at
every location where a sectionalizing device is installed. The minimum
line-to-ground fault current should be shown at the end of each zone of
protection and at the end of each single-phase and three-phase line.
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Table 3.6. Constants for Fault Calculations
Voltage
oy .| B e
to-line or P Percent/per Ohm Ohms/1%
phase-to amperes/100
MVA
phase
500 kV 100,000 KVA | 115.5AxV3 x100% 1 0hm
V3 x500kV 500,000 .0400 %
500 115.5 0.040 25.0
230 251 0.189 5.29
169 342 0.351 2.85
161 359 0.386 2.59
115 502 0.756 1.32
110 525 0.827 1.21
100 577 1.00 1.00
69 837 2.10 0.476
66 875 2.30 0.436
46 1255 4.73 0.212
44 1,312 5.17 0.194
38 1,519 6.92 0.144
34.5 1,673 8.4 0.11906
25 2,310 16.00 0.0625
24.9 2,319 16.13 0.06199
24 2,406 17.36 0.0576
20 2,887 25.00 0.0400
19 3,039 271.7 0.0361
18 3,208 30.87 0.0324
13.80 4,184 52.51 0.0190
12.47 4,630 64.31 0.0155
8 7,217 156.25 0.0064
7.20 8,019 192.9 0.00518
6.90 8,368 210.1 0.00476
6.60 8,748 229.6 0.00436
4.80 12,028 434.0 0.00230
4.16 13,879 577.9 0.00173
2.30 25,103 1,890 0.000529
0.600 96,228 27,778 0.0000360
0.575 100,412 30,246 0.0000331
0.480 120,285 43,403 0.0000230
0.240 240,570 173,611 0.00000576
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4 TYPES OF SECTIONALIZING DEVICES

a Introduction. If the goal of sectionalizing is to economically minimize the
number and duration of outages seen by customers, then the tools of
sectionalizing must be understood and judiciously applied. “Economically
minimize” would suggest that there is a point of diminishing return on investment
to combat outages. It is impossible to eliminate outages completely, so the goal
of the protection engineer and system planner is to understand and best apply the
resources available. The following is a brief discussion of some of the most
common tools used on rural distribution systems and their characteristics.

b Circuit Breakers. Circuit breakers can have vacuum, oil, SFg gas, or air as an
interrupting medium. Currently, in the distribution market, a vast majority of
breakers sold for feeder protection are vacuum interruption circuit breakers. The
construction and testing by manufacturers for medium-voltage circuit breakers are
defined by a number of national and industry standards (including ANSI, IEEE,
NEMA, and others). When used for distribution feeder protection, they are
normally controlled by time-overcurrent relays and reclosing relays. Circuit
breakers require an external power source for closing and tripping. Advances in
relaying have resulted in a marked increase in the functionality and information
that relays can offer.

c Automatic Circuit Reclosers. Automatic circuit reclosers have been used
successfully on rural circuits for many years. Reclosers are available with a wide
range of current and voltage ratings and are suitable for use on virtually all
distribution circuits.

1) Series Coil Reclosers. The original concept of reclosers was to provide a
self-contained, low-cost tripping and reclosing circuit interrupter, which
could be used economically for pole-mounted protection of distribution
feeders.

This type of recloser is commonly referred to as a “series-coil” recloser.
These reclosers employ a series coil that causes tripping of the recloser at
approximately two times the continuous current rating of the coil. They
can be either single-phase or three-phase devices. They may employ
either a hydraulic timing mechanism for time-delayed operating curves or
may feature a hold-closed method of operation after the fast curve
operations. Some of the heavy-duty three-phase or single-phase models
may use a closing solenoid connected between phases or from phase to
neutral. Series coil reclosers are used in both substation and line
applications.

2) Non-Series-Coil Reclosers. Some three-phase reclosers require an
external power source for tripping and closing. This type of recloser is
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commonly referred to as “non-series-coil” recloser. Reclosers that are
electronically controlled are more versatile and more easily modified.
They do require a power source for operation, which usually is an AC
source if used on the line, or they may use DC from a battery bank if used
in a station. This type of recloser closely resembles a circuit breaker in its
function and operation. Three-phase reclosers with advanced controls are
similar in functionality and information recording to electronic relays, and
are routinely used in stations as feeder protection.

(€)) Types of Electronically Controlled Units. Automatic circuit reclosers
come in a variety of single-phase electronically controlled units, which
offer a wide variety of coordination options and reporting functions.
Likewise, electronically operated three-phase units are now available that
can be configured for single- or three-phase trip or lock-out operations,
and which offer improved flexibility in sectionalizing, reliability, and
SCADA schemes.

d Automatic Line Sectionalizers. An automatic line sectionalizer is an oil, air, or
vacuum switch that automatically opens to isolate a faulted section of line. It
employs either a hydraulic or electronic counting mechanism, which is actuated
by a system overcurrent and an upline circuit breaker or recloser tripping action.
Unlike other overcurrent protection devices, a sectionalizer does not operate on a
time-current curve.

1) Automatic line sectionalizers are used principally in branch circuits where:

@ Small loads or little circuit exposure will not justify reclosers
(typically sectionalizers are less expensive than reclosers).

(b) It is desirable to establish an automatic sectionalizing point but
time-current curve coordination with other sectionalizing devices
would be difficult or impossible.

(2 Automatic line sectionalizers are available as either three-phase or single-
phase devices. They are not rated to interrupt fault current and, therefore,
must be used in conjunction with upline reclosers or circuit breakers
capable of sensing and interrupting minimum fault currents beyond the
sectionalizer. The recloser or circuit breaker must sense a fault and
perform the circuit tripping and fault-clearing operation. The sectionalizer
counts the preset number of recloser or breaker trips and senses minimum
fault current through the sectionalizer. After both conditions are met, the
sectionalizer automatically locks open during the open circuit time of the
breaker or recloser. A sectionalizer may be used for switching loads
within its load-interrupting rating.

e Line Switches. Line switches typically do not have overcurrent characteristics,
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but are extremely valuable in the operation of a distribution system, especially in
the restoration of service. For very long or heavily loaded circuits, line switches
can be used in conjunction with automatic circuit reclosers to help isolate
problems and restore service to as many customers as possible.

Sectionalizing studies should consider the prevention of outages as well as
measures to partially restore service, especially along main feeders. Line
switches can be individually operated or gang-operated, load-breaking or non-
load-breaking, and manually operated or remotely operated through SCADA
systems. Load-break gang-operated switches are typically located at open points
between feeders and substations to facilitate switching load between areas for
maintenance or restoration. Non-load-break switches are economically beneficial
in locations where main feeders go cross country or through heavily treed rights-
of-way or just past a load center; they can be used to isolate the part of a circuit
requiring repair, allowing the feeder to be reenergized to that point.

f Fused Cutouts. Fused cutouts are the most economical means of isolating
sections of faulted lines on rural distribution systems.

1) Currently, the standard fused cutout is very popular and used for fusing
line taps, underground take-offs, capacitor banks, and distribution
transformers. The cutout is versatile:

@ It can be used with one barrel for fuse applications under 100 A.

(b) With a larger fuse barrel, it can be used for applications of 100 A
to 200 A.

(©) It accepts a solid blade that can be used as a line disconnect switch
carrying up to 300 A of continuous current.

2 Fused cutouts are also routinely used as a bypass mechanism for automatic
circuit reclosers. While the cutout itself is a non-load-break device, a
hotstick tool can be used to break load or the cutout can be purchased with
a load-break attachment.

Typically, expulsion fuse links are used in cutouts because of their
economy and versatility. Several types of expulsion fuses are available
with differing curves for different applications. However, several
manufacturers also provide a current-limiting fuse that can be used in a
cutout for specific applications. There is available a sectionalizer (see
functionality above) that fits in a cutout and opens after sensing a fault.

g Current-Limiting Fuses. Current-limiting fuses are relatively expensive
compared to expulsion-fused cutouts. They are also more difficult to apply since
the engineer must consider not only their continuous current rating, but also their
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maximum (and sometimes minimum) voltage rating and their ability to interrupt a
current in less than one-half cycle. Industry standards define both “general
purpose” and “backup” current-limiting fuses. In general, where current-limiting
fuses are being considered, the backup type will usually prove more desirable
than the general-purpose type unless the general-purpose fuses have time-current
curves that nearly parallel those of expulsion fuses.

1) Advantages of Backup Current-Limiting Fuses. The advantages of backup
current-limiting fuses are:

@ No changes in existing fusing principles or methods are required
for coordination.

(b) The majority of faults should blow only the expulsion fuse, which
is chosen to coordinate with the current-limiting fuse.

(2) Disadvantage of Backup Current-Limiting Fuses. A disadvantage of
backup current-limiting fuses (CLF) is that it must be used with a
coordinated expulsion fuse. If an expulsion fuse larger than the one for
which the CLF has been designed to coordinate is employed, the CLF may
attempt to interrupt a current below its ability to clear, resulting in a
burned-up fuse and a likely system fault.

3) Justification to Use Current-Limiting Fuses. Current-limiting fuses, even
though they are expensive, can often be justified such as for:

@ Fusing Distribution Transformers on Overhead Circuits Where
Available Fault Current is High. Engineering judgment is required
in this regard because the probability of disruptive transformer
failure is related not only to the available fault current, but also to
the rated interrupting current of a transformer internal under-oil
expulsion fuse and/or the tank pressure withstand ability.

(b) Fusing Underground Cables and Associated Equipment. In the
case of underground equipment, current-limiting fuses may be
justified even where fault current is not high. Since a CLF
operates without expulsion action, it can be placed in a confined
space. For underground applications, either a general-purpose or a
backup CLF with an under-oil expulsion link can be employed
successfully.

Power Fuses. Power fuses can be current-limiting, conventional expulsion, or
boric acid types. They have higher interrupting ratings than distribution fused
cutouts and are, therefore, seldom applied on distribution circuits unless the
available fault current is extremely high. Power fuses find their largest
application as transformer bank protection or the high-side fuse for relatively
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small distribution substation transformers. They usually have a maximum voltage
rating of 138 kV and the fuse links are generally E rated.

Circuit Switchers. A circuit switcher is a high-voltage load-switching and fault-
interrupting device that usually—but not always—incorporates a disconnect
switch function in the switching operation. Voltage ratings will generally cover
all distribution power transformers.

1) Limitations. It should be recognized that a circuit switcher is not a circuit
breaker. It has a fault-interrupting rating less than the smallest standard
rating for circuit breakers and it does not have high-speed reclosing
ability. A further limitation is that there are no provisions for mounting
current transformers.

(2 Usefulness. Even though a circuit switcher has some limitations, it is
well-suited for protection of substation transformers against secondary and
internal faults, switching transformer magnetizing current, load dropping,
capacitor bank switching, cable switching, and switching both series and
shunt reactors.

Underground Sectionalizing Devices. Underground distribution systems are fed
either directly out of a substation or fed from an overhead distribution line. These
systems have evolved into almost distinct higher-current and lower-current
systems. Manufacturers generally rate components at 200 or 600 A. There are
exceptions, but for the most part these are the primary conventions.

1) 600-A Underground System. The sectionalizing devices used in 600-A
backbone underground systems are generally pad-mounted or submersible
switches that may have fused or automatically opening tap points to
connect to the 200-A system.

(2 200-A Overhead System. When a 200-A system is fed directly from an
overhead system, the most common sectionalizing device protecting the
main line is a riser pole (or pothead) fuse. Occasionally, automatic
devices such as reclosers are used to provide protection to the overhead
system from underground faults when greater flexibility is desired (which
comes at a substantially higher cost).

3) 200-A Underground System. When a 200-A system is fed (tapped) from
an underground 600-A system, a fuse scheme or automatic opening
scheme within a pad-mounted or submersible switch is the primary
sectionalizing device. Operationally, the sectionalizing device commonly
used to manually isolate problems or equipment on 200-A systems is the
dead front load-break elbow.

Fault Indicators. Fault indicators can be extremely valuable tools in locating
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faults and restoration efforts. Fault indicators are typically available to fit certain
diameters of wire and can be manually or automatically reset. For automatic reset
indicators, typically current or voltage is used to determine if the fault is cleared.
Various factors will determine which type is selected for specific applications.
Fault indicators are especially helpful on underground systems in locating faults
on the underground primary and allowing service to be restored to most or all of
the remaining system.

I Intelligent Electronic Devices. Advances in solid-state relays have provided
additional sectionalizing tools to the distribution engineer by making more
information available to perform sectionalizing functions automatically or by
remote control. For instance, intelligent electronic devices (IEDs) can
approximate the location of a fault for faster response time. They have an infinite
number of relay settings, e.g., curves, to make coordination more effective. These
new devices also make it possible to dynamically change settings to suit a variety
of conditions. Indirectly related to sectionalizing, they also record three-phase
amperes, watts, and VARS; monitor power quality; and provide fault analysis
information.

5 APPLICATIONS OF SECTIONALIZING DEVICES

a General Guidelines. In applying sectionalizing devices to electric distribution
systems, four tasks need to be accomplished to assure safe and reliable electric
operations:

e Choose appropriate locations for line devices.

e Select the proper type of device to handle the available fault duty (maximums
and minimums).
Select the proper size of device to handle the peak load currents.

e Select and set the time-current characteristics (TCC) to coordinate both with
the upline sectionalizing devices and the downline devices.

1) Prerequisites. In order to accomplish each of these tasks, an accurate map
and validated computer model of the electric system model must be
developed. Applying sectionalizing and protective devices without such
information can result in inadequate system sectionalizing and protection.
These prerequisites include the following:

e Maps showing the correct conductor sizes, lengths and phases, and
normal open points.

e Maps showing the accurate location of large critical commercial and
industrial loads with peak load conditions.

e Maps showing the current location of all sectionalizing devices and
their sizes and types.
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e Models with system fault calculations based on current source
impedances and conductor sizes and lengths.

e Models with anticipated fault calculations for the next 3 to 4 years.

e Models with current loading conditions that have been validated by
field measurements (e.g., feeder breaker or recloser ampere reading,
line voltage regulator voltage and current readings, end-of-the-line
voltage readings at peak conditions).

e Models with projected future loading conditions based on approved
load forecast or power requirement studies.

Device Location. Before applying any sectionalizing device to a system,
the system engineer should identify the proper and appropriate locations
for each device. This is more of an art than a set procedure. Choosing a
location is based on many factors and the circumstances may change as
the system operational characteristics change. Device placement is
selected to isolate faulted portions of the system from the rest of the
system and to assist operating personnel in the location of the fault.

@ Line Fuses. Line fuses are typically applied at locations that are:

(1)  Short single-phase taps off main three-phase feeder lines,
or

(2)  Single-phase lines with less than 20 amperes of peak load.

(b) Line Reclosers. Line reclosers are typically applied at locations
that are:

(1)  Single-phase lines with greater than 20 amperes of peak
load,

(2)  Three-phase branches,
(3)  After large industrial and commercial loads, or

(4)  Locations to cover the calculated minimum down-line fault
conditions.

(c) Line Sectionalizers. Line sectionalizers are typically applied at
locations that are:

(1) Downline from line reclosers where minimum fault
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conditions are met, or

(2) Downline from line reclosers where normally a line
recloser is installed and, generally, on the ends of feeders.

Uses. Typically, single-phase reclosers are used on most
moderately loaded line applications. Three-phase devices are
usually utilized on heavily loaded three-phase lines where ground
fault relays are needed to cover the minimum calculated fault
conditions. A full discussion on locating devices is included in
Section 5C(2)(b) in this Design Guide.

Maximum and Minimum Fault Currents. A distribution system

experiences both underground and overhead fault conditions regularly. It
is neither economical nor practical to design a system that would eliminate
all system faults. Faults can be caused by a number of sources,
including—but not limited to—the following:

(@)

(b)

Weather (e.g., wind, lightning, ice, high temperatures),

Equipment failure,

Trees,

Public contacts with both overhead and underground lines (by digging,
in the latter case),

Animals,
Automobile accidents, and
Vandalism.
Faulted Conditions. Faulted conditions can present a hazard to the

public and utility personnel, and can cause damage to electric
system equipment. Protective systems are applied to sense these
faulted conditions and to limit the consequences by clearing the
fault in a timely manner. Since most of the faulted conditions on a
distribution system are temporary in nature, line devices are often
applied that provide for reclosing. This results in improved system
reliability and improved service to the ultimate consumer.

Calculation of System Fault Conditions. System fault conditions
are calculated on the basis of (1) the available source impedance
from the power supplier (e.g., the G&T) and (2) the system
impedance of all line devices to the point of the possible fault. The
maximum fault conditions are calculated without any fault
impedance and represent the highest level of current expected at a
given line point. Such calculated levels can be used to establish
the interrupting capability of the sectionalizing device that is to be
applied.
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For a typical electric distribution system served by a delta/wye
power transformer, the maximum fault at the substation bus is the
line-to-ground fault. Moving downline on the feeder, the
maximum three-phase and phase-to-phase-to-ground faults are
higher and are used for sizing sectionalizing devices.

Minimum Fault Resistance. Minimum faults, as stated earlier, are
calculated by adding an estimated fault resistance to the available
source impedance. The fault resistance is based upon the judgment
of the system engineer or consultant and will represent the
minimum fault current levels that are expected on the system. This
judgment is usually based on the history of high-resistance fault
conditions experienced on the system. The minimum levels are
utilized to establish necessary line protective device pickup levels.

See Exhibit A for a sample model printout showing the
calculations of fault currents and loading conditions from an
engineering model.

Maximum Load Currents. The maximum load current levels on all system

line components are typically based on the most recent peak loading
conditions that occurred on the system. This is often called the “base
system.” These levels are based on peak-month consumer energy sales
and allocated by using computer engineering model software. The
resulting loading calculations should reflect the maximum loading
conditions that have been experienced on the system.

(@)

(b)

Planning the Sectionalizing System. In planning the sectionalizing
system, one must not only use the maximum load calculations
from the base system, the maximum conditions should also be
calculated for the anticipated future load conditions. Such
conditions are determined from the current approved load forecast.
The future system peak conditions should identify the maximum
anticipated loads that need to be served by the future sectionalizing
system.

Peak Conditions. It is not unusual for a distribution system to
experience two annual peak conditions. One condition could be
for the summer and one for the winter. If such peaks are long in
duration (longer than 2 or 3 hours per year), they both should be
modeled and reviewed for the proper sizing of the line devices.

When line devices for maximum load conditions are sized, device
manufacturers should be contacted for the overloading capability
of each device. Such ratings can be considered in the sizing of the
line devices.
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5) Device Coordination. Device coordination means choosing characteristics

for a line device so that it can experience a faulted condition outside its
zone or range of protection without being tripped and still operate
appropriately to clear the fault when it experiences a fault condition inside
its zone of protection. Effective line sectionalizing requires that line
device time-current characteristics have proper separation and devices
work independently when faults are in their respective zones. Section
5C(4) in this Design Guide describes the separation requirements and how
coordination can be achieved.

Guidelines for Substation Overcurrent Protection. The following is information

that highlights high-side devices used to protect distribution power transformers.

1) Power Transformer Protection

(@)

High-Side Devices. High-side devices are primarily used to

protect distribution power transformers are fuses, circuit switchers,
and breakers. Regardless of the protective device selected, the
primary function of the device is to protect the transformer. The
goal is to minimize the amount of time the transformer is subjected
to fault current. The considerations that need to be taken into
account in selecting a protective device are the size and voltage of
the transformer and economics.

@)

2

©)

Fuses. Fuses are the least expensive option but can be
limited in performance. They are usually used on smaller
units of 10,000 kVA or less and voltages of 69 kV or less.
There are some applications where fuses are used for larger
units and voltages, but these are less common.

Circuit Switchers. The next option for transformer
protection on the economic scale is the circuit switcher.
The