200
250
350

*For aqerrent industry recommended values, refer 10 the
ltewt renimon of the Natonal Electne Safety Code.

The Hat curves of the valve types indicate their rapid response, espedally 1o
fightning voltages even during steep wave-front surges. Although expulsion
arresters do not have sparkover voltages as low as the valve types, they do provide
adequate protection for distribution systems; consideration must be given, how-
ever, o the maximum fault current at the expulsion arrester and its effect on

coordmation with overcurrent protection devices on the system. The curves are
hased on a standard 1.5 by 40-us test wave.

i)
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B
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i

Sporkaver volioge, kY cres)

&

@
Sparkover vollage, kV craul

ELECTRICAL DESIGH | f01

Arrester Connection Arresters should be placed as dose to the
rotected, and the lengths of the connections 1o the HI:IF and to th

should be kept as short, as possible. Thar is because lht:s-t -:nnraen't gmlfmd

relatively high-impedance paths to voltage Surges, so that lar cmrr;in;rﬂ 4

through them could cause a voltage drop in them which fddcd o the .

voltage. could impose additional stress on the insulation rjf':he equrp:ncnl :::f;

prﬂltcled. Moreover, on longer lines, such SUrges can be “reflected,” essentially
doubling the value of the surge voltage ' -

Short leads and minimum distance between the arres
tected are desirable for all arrester applicauons, Further,
prutectfd has a ground, that ground and the arrester
connected to relieve any potential stress that may dey
across the ground impedance. '

Arresters should be connected to the primary side of distribution trans
formers and to capaaitors. underground risers, and other equipment; at certain
points on long primary lines; and at reclosers in substations. One arrester should
be connected to each phase. For station arcuit breakers, transformers. cutdoor
regulators, and reclosers situated on primary lines, arresters should preferably
be connected to both incoming and outgoing sides of such equipment. Voltage
ratings of arresters should take cognizance of whether the systems are delta or

wye, grounded or ungrounded, and of the voltage distortions resulting from an
acadental ground on one phase.

equiprment to be

er and equipment pro-
if the equipment being
ground should be inter-
elop from the voltage drop

FAULT-CURRENT CALCULATION

For the proper coordination of protective devices on a distribution system, i3
essential that the magnitude be known of the fault corrent which they may be
called upon to handle. For dc systems, the calculation is 2 relagvely simple
application of Ohm's law; for ac systems, the procedures are more complex. but
for most problems, practical solutions permit simplified procedures.

For ac systems, four general types of faults can be considered: three phases
short-circuited together (with or without a ground), phase (o phase 10 ground,
phase to phase, and single phase to ground. |

The following simplified equations yieid symmeinc current values that are
sufficiently precise for purposes of coordination.

. Three-phase faul current:
= 058} A
z'l = 3 ZE.

2. Phase-to-phase-to-ground fault current:

VWI(Z + Za) + Za T ZF + L 7 Z-NZs + Z2)
\ = (Z. = Z3) 224 = Zo) + (2 T Zs))

A

3. Phase-to-phase fault current:
IH — 06715; A
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50 kVA: 0,225 kW X 9937 equiv h = 660.8 kWh

ki he cost is $33.04. ' :
AL3 mntsi k.llﬂ:;:“:::;;l :arry’ing charges to the cost of losses, for 25
gxrlngmgzaiw costs are $78.35 and $74.00; for 50 kVA, they are

04,
sm‘:’fi,;::]hisﬂﬁw.& transformer figures are reasonably close and rep.
resent the more econom

of life and no provision

the 50-kVA unit probably should be pr | |
secondary-transformer combinations might be investigated—say, two sec-

for future growth. Despite the greater difference,

ondary ¢l

ical unit, they dosoata pmbable cost of shortening |

prefcrred. As an exercise, different |l

rcuits with two 15-kVA or two 25-kVA transformers, or three ||

secondary circuits with three 15-kVA units.

It is obvious that any secondary-transformer configuration represents a com-
promise. Much depends on the relative costs of material and labor, which may
vary widely from time to time and from place to place. Further, other consid-
erations may play a great part in the final determination; e.g., conductor sizes
may change to meet mechanical requirements.

Future Growth

To provide for future growth, loads are adjusted upward by a percentage es-
:lnma’el;d; ::I er:cp:':sem probable increasf: over a specified period of time. Facilities
e creased loads are designec_i mllhe same manner described. The

mnvestment costs for each design is evaluated in terms of the future

" B 2510 apprecigh
e ﬂl‘folu.m m, : .)' h’ applied o de erhead single-phase radial-

d circuits and three-phase
*MS 10 fit the cases. With

€rror i".imfﬂducﬁd_
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}& |

FIG. 4-2 Division of network into radial secondary
circuits for design analysis.

underground circuits, the lesser current-carrying capacity of a size of conductor,
without overheating, must be taken into account. In network design, the ability
to burn clear the conductors in the cable under fault or short-circuit conditions
should also be ascertained. These additional considerations may be taken into
account after the economic studies are made.

Rural Systems

Where consumers are scattered, such as in rural areas on in the case of three-
phase consumers in an area supplied essentially at single phase, the load may
be served either by extending the secondary from one transformer or bank of
transformers, or by installing a separate transformer or transformers to serve
those consumers. Annual carrying charges, including costs of losses, should be
compared in selecting the method of supply.

There are many other problems in the design of secondary systems, but they
lend themselves to the application of the same basic principles and methods,

with proper consideration given to their particular requirements.

THE PRIMARY SYSTEM

The primary system comprises the facilities that deliver power from the distri-
bution substation to the distribution transformers. These take the form of one
or more distribution feeders or circuits emanating from the substation, each
supplying a portion of the entire load servec! from that substation. The feeders
are made up of mains (or trunks) from which branches (or laterals, or spurs)




|

e ™

nsformers serving loads within the feeder’s

e ally th ha
+ feeder mains are usually three-p
mﬁ are predominantly single-phase,

se three- or four-wire circuits, and the
although they may consist of two or

three phases of the three-phase circuit if the loads carried on them are large or
ree phas

i ' ly. :
m::: F]:}:Y;::nsed;ur}?':ﬂz:f“ilv the design of the primary feeder is based on the

ximum voltage variaton permissible at the farthest consumer. This depends

on the size, type, and location of the loads to be supplied, the size of the con-

ductors, and the operating voltage, which may also be limited by local codes and

regulauons.

Conductor Size

The size of the conductors for the “main” portion of the feeder is usually larger
than that of the branches. While a conductor’s size may be reduced as it proceeds
farther from the substation because of the smaller load it is normally required
to carry, this is seldom done. The size of the conductor of the main near the
substation is often carried all the way to its extremities; indeed, it is sometimes
made even larger than normal operating conditions would dictate. This not only
provides for rapid growth, in which it may be found desirable to divide the load
50 that the direction of supply may be reversed, but also provides spare capacity
to carry all or part of the load of adjacent feeders under contingency conditions.
Moreover, }he larger conductor size may substantially reduce the voltage vari-
ation on this porton of the circuit, permitting greater freedom in the design of
the bﬁ'ﬂthtf- The sizes of wire for both main and branches, as in the secondary
;f"f’m previously discussed, will depend on the voltage variation or regulation

ésired and on economy, which includes evaluation of losses in the conductors.

Sectionalizing

Frovision for moderating the
e e
form of fuses and swilclges. E:cflfﬁcls of faults on the circuit usually takes the

she cusin T of the single-phase branches is connected to
'leagll,[:ng e fcﬁ;ﬁi dau L on lht? br?nch will blow the fuse and isolate
| | mainder of the circuit intact. A fault on the three-phase

the c | 1
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beyond the fault 1s energized from adjacent sources; the portion containing the
fault will remain deenergized until the fault condition is repaired and the circuit
restored to normal operation. Where the feeder main may consist of two or

more parts, circuit breakers in the form of “reclosers” may be installed on each
of the parts. Refer to Fig. 4-3,

Reclosers

Reclosers are designed to open when a fault occurs on that part of the main in
which they are connected; a timing device, however, enables them to reclose a
predetermined number of imes for short durations. If the fault is of a temporary
nature, such as wires swaying together or a tree limb falling on them, the recloser
will remain closed and service will be restored; should the fault persist, the
recloser will remain open and disconnect that part of the main from the circuit.

Substation bus

Adjocent
feader

Adjocent NO 5
feeder -

NC
NC
Adjocent  \n E é
feeder . =
Key
® Recloser

/A Sectionolizer

NO Normally
e Fuse open
—_ Lightning or NC Normolly
surge arrester closed

—_Sectionalizing
switch

FIG. 4-3 Radial primary feeder showing location of protective devices,
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Similarly, a distribution transformer may be connected to the primary main or
branch :l;mugh a fuse. A faultor overload on the transformer or its associated
<econdary drcuit will cause the fuse to blow and disconnect the faulted section
from the remainder of the primary circuit.

Load Balancing

On polyphase portions of the feeder, on both main and branches, loads are
halanced between phases as closely as practical by connecting transformers and
single-phase branches to alternate phases of the circuit; this provides a more
uniform balancing of loads along the line (contributing to better load and voltage
conditions) than would balancing in large blocks of loads. An approximate method
multiplies each load by its distance from the substation; the sum of these, uni-
formly distributed, should be about the same for each phase.

Operating Voltage

The sel:cl:;n of the primary juperating voltage is probably the factor having the
thme = ;_ea;:e ?ﬂ the des:.g_n of tJ1+_e primary system. It has a direct effect on
¢ feeder and its loading, the substation supplying the feeders

and the number of feeders, the number of consumers affected by an outage

and on main - -
e s‘;“sf::;"d operating practices (which, in turn, affect annual car-
charges), voltage levels have evolved into “standard” nominal values

of primary voltages: 2400
= g , 4160, 7620, 13,200, 23,000, 34,500, 46,000, and

Delta and Wye Circuits

Many of the olde
. - deT systems employed delta circuits wi
approximating 2400 V; as Inaﬂs iyncr i

th phase-to-phase voltages
nto s eased, it was f ; h
with Phas:h o Sy L phase- as tound economical to convert

| to-ph : :
of g 2se-to-neutral voliages remaj phase voltages approximating 4160 V, but

_ mainin a :
- Same transformers, insulators, g at the 2400-V level, permitting the use

'PeTatin o 10-ph; : which were delta circuits

ound voltage of thjs level is 7%;“‘;‘1va1£1{}:3.200 V; the wye fr:r;;e
| -Forthe same econom

y reasons
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the 13*?00'\’? phase-to-phase delta subtransmission supply circuits to distribution
substations were converted to 13.200-V phESE-tu-neutml wye circuits . havin,

PhasF't”“Ph““ voltages of 23,000 V. Distribution circuits at these higher volta eﬁ
I'qulll‘.ﬂd fewer substations, whose acquisition in the more developed areas %c-
came increasingly difficult. Circuits at these higher voltages also found employ-

IERS I.n. rural areas where distances between consumers were greater and load
diversities lower. .

This process continued with the development of distribution circuits oper-

ating at 34,500 and fiﬁJJﬂO V from subtransmission lines operating at these
voltages. Advantage is taken of taps on transformers supplying these circuits,
sometimes as much as 10 percent, in adapting these feeders to distribution

requirements. Other voltages, outside the ranges mentioned above, may be found,
e.g., 3000, 6600, 8800, 11,000, and 27,000 V.

Advantages
The principal advantages to such conversions from delta to wye systems are:

1.

The wye system affords greater feeder capacity and usually improved voltage
regulation.

Existing transformers, insulators, and other material can be used; in most
cases, spacing between conductors is left unchanged.

Single-phase branches need not have any work done on them.

4. Existing secondary neutral conductors can be used as the fourth and neutral

. Transformers and other equipmenta

. Where the neutral 1s gruunded at

conductor in establishing the wye drcuit. Where a new neutral conductor is
required, it can be nstalled safely and readily in the secondary position on
the pole with no conflict with the higher-voltage energized conductors.

The entire circuit need not be converted to the higher voltage at one time,

but can be converted piecemeal over a period of ume; a portion of the three-
phase delta circuit can be maintained from a relatively small step-down trans-

former [pole—»mnumed) connected to the new supply three-phase wye circuit.
¢ the substation can be rearranged and

reutilized, like those on distribution hnes.

the substation and at many points along
the feeder, the voltage stresses On the insulat_ion of the lines, transfo_rmers,
nd other devices are limited to the lowest possible value; slTnuld an accidental
ground occur on any phase, .t will be cleared as the circuit breaker opens.
Jlized in the equipment installed on wye systems:
high-voltage bushing; only one cutout anl.f; light-
ning arrester are requjred (if a cumplet_e-ly seli:-prmected [l?mfmfjmim;;f
the cutout can be eliminated); and the single hlgh-v?ln}ge _ ne cﬂ?ﬂ f;: o ;
be mounted on one pin at the top of the pole, ehmn;];lungun e)e need -3
cross arm (and contributing to 4 Heater appearance of the .

Important savings can be re
transformers need only on€
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| mi disadvantages (o the conversions from delta 1o wye:
e 80

There a ‘
I load and voltage advantages of the higher voltage apply only on the
1. The !;‘”:n % and not on the sing]g-phi‘lﬁf branches, as they continue (o
three- main
operate at the existing voltage.
9. A ground on a phase conductor constitutes a short circuit, which will de.
--mﬁlﬂl_ rgize at least that portion of the circuit. On delta civcuits, normally op-
eruted ungrounded, one or more accidental grounds on the same phase of

the circuit will not cause any interruption to service, (The occurrence of ;
ground on another phase, however, will create a short circuit between phases,

' possibly connected together through long lengths of conductors; ifthe imped.
ance of the intervening conductors between grounds is large, the Fault carrent

' flowing to ground may not be sufficient to open the circuit breaker at the
! substation, and much damage can ensue until its magnitude either causes the
cireuit breaker to open or the conductors burn themselves clear at some point,

' A delta cirenit may be hazardous, as a worker, unaware of a ground that may
. exist ata point farther away, may come in contact with an ungrounded phase

| \'i'lm.}

I} 3. Because of the grounded nature of the wye system, greater care, reflected
| iu greater maintenance costs (e.g., greater and more frequent tree trimming),
" ‘ may be required to achieve the same degree of reliability as in a delta circuit,

| . ﬁher?lghﬂ voltage and the many grounds in a wye circuit may cause greater
erlerence to communications circuits that parallel the power circuits,

1 Sm;‘llf;l mgﬂququ and cuc!cs may require greater safety factors in the
1. | on ol facilities operating at the nominally higher voltages.

| Higher-Voltage Circults

| When the need is indicated

| Teconsiruction and « Cﬂmpl::r :!: 5::1 hlgher-vullage }Iiilt‘il)ﬂtiu:‘t circuit, major
1 I8 usually necessary. The new hi ph cement of transtormers and other devices
Wm-wympmﬁm et 8 ﬂ'-‘foltage Circuit is generally designed for

, 10 the mm mnllrumi;n Thng t-he} '.““mﬂdliile delta operation, In addition
NSt be considered i demr:nui‘;:;uadddumnal maintenance and operating costs
:cyond about 15 k) 'y hanﬂﬁng lﬂEh ;f ecanomics f’f going to higher voltages.
metk I.rort_hﬂﬂuener ?:;‘ am:‘ Cquipment requires either “live

e Tequire additiona) ut%inr? El_'ﬁl lines ““d equipment. This latter
Baic o RKAN tween feeders ¢ izing facilities, including a greater
The grey h“"ﬂﬂﬁuﬂ | O enable loads (o be tansferred from

0 have e, seue 1?8 iy of the
ntervuption o e RCT reas and  yre

:_uﬂhﬂ'*’nltage primary circuits tends

- Areuit will g(:r inu_mb“. of consumers, so that an

' Teenergizin -___mm?ﬁrﬂlﬂ _effﬂ’-l on the area served.

Ithe servina ¢ therefore more necessary and
Service relialy

- i-“t!" factor n cconomic studies.

e .r .' v u
. .'_“;,I l-'-!"'l."j ™
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Voltage Drop and Losses

Sizes ol “‘"'f""'“-"’“ ol primary circuits are nlm;n based on acceptable voltage drop
and losses in the conductor euul. the cost of the facilities; the mechanical re-
quirement |'n:1y.hr: the decisive factor. The principles and methods given for
secondary circuits also apply here,

Branches of the primary cirenit may supply from one 1o a great many trans-
formers. Where only one transformer is involved, voltage drops and losses may
be calculated as a rnnrcrllr;tl{"tl load at the end of the line. Where the branch is
relatively long and serves a few transformers widely spaced, these values may
be derived from a circuit considered to have a distributed load. Where the length
is short, or where a larger, more closely situated number of transformers exist,
the circuit may be considered as supplying a uniformly distributed load; the
total loads of these transformers can be assumed to be concentrated at a point
half the length of the branch (from the tap-off at the main to the last transformer)
in calculating the maximum voltage drop, and at one-third the distance (from
the tap-off at the main) for calculating losses in the entire length of the branch.
For single-phase circuits, the characteristics of the neutral conductor should also
be considered, For polyphase branches, each phase and the transformers con-
nected to it may be considered separately; the loads on the separate phases may
be considered balanced and the neutral ignored.

Voltage and loss calculations for the three-phase main portion of the feeder
may be considered to be concentrated at the tap-off point of the main; these,
together with the transformers connected to the main, can be clunudered as a
uniformly distributed load on the main. In some instances, the main may proceed
from the substation for a certain length before serving any branf:hcs or trans-
formers. In this case, the main can be considered in two parts, "Ihc Enruqhn_ln
which branches and transformers are connected may be cnnsnder:_ llo ;:e
uniformly distributed load, with voltage and Itms‘es calculated aclcm;i ing y.e ﬂe;
untapped portion of the main (from the substation to the hrst load conn

' ! ' h the entire load (the uniformly distributed
to it) may be considered to be a line with the en ‘ |

' atits end (where the first load is connected).
load mentioned earlier) concentrated atits en .
- need and the neutral neglected. The total
The loads may be assumed to be balanced anc ‘ . _
) .}' i ' i the two portions of the main; the tatal

voltage drop is the sum of the drops in the por W
losses in the feeder main are also the sum of th::'me in :.lee o Enﬁ]parisun .

In considering the total annual cost of the primary lin | ¥
| ' . i addition to the cost of the conductors in
the annual cost of the losses it

* , included as well
place, the cost of poles, insulators, switches, etc,, must also be inclu
as the annual costs of operation and m:umemmcs. snantially 11 tHEAERIE
Voltage drops and energy losses are reduced su R
8 : y circuits, p:lrncularly those op g

voltage values increase. For primar . e
highegr voltages, these values are considerably less than for comp | ry

quantities. the most economical size of con-

As indicated earlier for secondary Systems, S Nt
ductor for a proposed load (present, future, and cnnungtm_:)‘-) ay m:l;;ﬁl
e e rrying charges for the system consicers

mined by an analysis of the annual ca e
and the annual cost of energy losses n the
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Conductor Size
A conductor SizFli .
analysis, may st S :
dr:l;s in the several parts of the a

though as near as possible to li}al indicated by .th'e €CONomic
ubject to other considerauons.‘ The pen‘m'ss:ble voltage
' rcuit will determine the minimum size of

“ductor: if this size is greater than the indicated economical size, economy is
e ::led if smaller, the economical size should be chosen.
dﬁr;ﬁ r-_hni::c of conductor size, however, will not‘unly be limited to those which
will carry the load with satisfactory voltage variatons, but the size chosen must
a],go.bf.' mechanically able to support itself even t}nder unfavorable_ :'-x'{i'aiher
conditions, if overhead, and to withstand installation cable stresses if under-
ground. As a rule, for overhead systems, conductors smaller than no. 6 AWG
medium- to hard-drawn copper are not recommended, because of strength
limitations, nor are those larger than no. 4/0, because of the difficulty in handling,
For underground systems, soft-drawn copper may be used because of its ease
in handling; no. 6 or no. 8 is the minimum for reasons of strength as well as
load and voltage limitations, and no. 4/0 and 350,000-cmil are the largest sizes
that may burn themselves clear under short-circuit conditions; where a conductor
l::ge:l; than el.:es.t sizes is required, two smaller-size conductors in parallel may

substituted.

As indicated earlier for secondary systems, the sizes of conductors employed
for pnmary (and secondary) circuits should be standardized for any one system,
and limited to rel_atjvel}r. few in number. Such standardization simplifies, and
id’i‘i:?dmnﬂm)’ in, their manufacture, purchasing, stocking, and handling in
pli::lﬂi(:hl:ﬁifmsmn applies principally to radial-ﬁtype ?y.ﬂems' it is also ap-

ry network systems, the network being divided into a number

of adjacent radial-type circuits; th i e 2L
for secondary nen?szs_ ; the analysis will be very similar to that indicated

VOLTAGE REGULATORS

Where the o : .
i g:ea“:::‘t;;zﬂﬂmlcql size of conductor results in voltage drops or reg-
include the in stalatio Pe';‘l;“s‘blfr_ alternatives may be considered. These may
economics indimﬁng!:;: M;E:;'Mt‘-‘éﬂnducmm_ or a voltage regulator, or both,
the annual @rrying charges of on. Here the economic comparison is based on

the regulator—the ener lo Lh_e conductor installed together with those for
_ BY 10ss€s in the regulator and its operating and main-

Prove satsfactory without 2
nual cost is the one pre[erred.
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Controls

Tl“lile regu!amr does not reduce the voltage variation along the feeder with which
it is associated. It does reduce the voltage spread at the poir;t of supply to that
feeder, or a portion of the feeder. Refer to Fig. 4-32. i)

The regula}u.}r can be applied at the substation to reduce the supply-voltage
5preiad on individual feeders or on the bus supplying a number of feeders. Unless
the feeders are of about the same length and have the same kinds and magnitudes
of loads, in‘dividual teeder regulators are generally preferred. |

jWherE teeder voltages drop below permissible limits, voltage regulators may
be inserted in the primary circuit to correct the condition. They should be located
at the point on the feeder where, under full load, the voltage falls below the
permissible Iifnit; they are usually located some distance before this point in
order to provide for some future increase in the loading of the feeder. Voltage
regulators may be of either the induction type or of the tap-changing-under-

load (TCUL) type; these are described in Chap. 12. They may be either single-
phase or three-phase units.

Voltage-Regulating Relays

Regulators are usually controlled automatically, though they may be manually
operated in association with a voltmeter. In older units (many of which still exist),
the element for automatic control is essentially a contact-making voltmeter, which
makes a contact 1o cause the regulator to raise the voltage when the voltmeter
reads the minimum permissible outgoing voltage, and another contact to lower
the voltage when the voltmeter reads the maximum permissible outgoing voltage.
In newer units, electronic (solid-state) relays accomplish this function without

any moving parts.

Line-Drop Compensators

Where it is desired to regulate or maintain the voltage band at some distance
from the source of the distribution feeder (e.g., at the first consumer or at some
other point farther out on the feeder), a line-drop compensator 15 PSEd v.anh the
contact-making voltmeter. The line-drop compensator is an el.ectncal miniature
of the line to the point where the regulation is desired. See Fig. 4-4. Resistance
and reactance values of the line are calculated and a resistance and reactance
proportional to these values are seton the compensator; the line current, lhrqugh
a current transformer, Hows through the compensator, producing a voltage drop
proportional to that current. This drop is subtracted friom the line vulta%e at
the regulator terminals, thus applying at the cnmac[—makmg_ vn!t;neter avo tt?gz
(varying with the load) representing the voltage at the point of compensa

on the feeder. Refer to Fig. 4-32.
The point of compensation should be selected so that the consumer farthest

from the regulator will have at least the lowest permiﬁsibh? voltage und?rhthe
heaviest load while the consumer nearest the regulator will have the highest

permissible voltage under li

ght-lﬂad conditions.
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FIG. 44 Schemalic diagram of line-drop compensator and volt-
‘age-regulating relay.
Networks

Where the regulators (at the substation) control the voltage on feeders supplying
a secondary network, steps must be taken to prevent the regulators from be-
coming “unstable,” i.e., some moving to their maximum increase position while

ders move to their minimum positions; this condition can

 continuous, not only creating periodic voltage variations
ying, but creating troublesome crculating currents. This is

reverse itself and be
that might be anno

“ hase displacement. Me-
¢ regulators, and phase shifters are sometimes
y. Where two feeders only are involved, stability

line in the compensator for

C'h:amcal Interconnections, mn-p
used to Prevent this instabilit

Where voltage im
rovem .
Eﬂmw W_:Ilugesl:u E_xhtem can be obtained by some fixed amount which will
Portons ;ﬂ[ unfe feeder HB€d on the distribution It oY o eTs on Certain
4amn
“Mple, ilfﬂsummg anevenly distributed Joq

fd on a feeder, the taps on

L =t W secondary v - rom the substation can be

o Center | Ty voltage a fix

the of the feeder may heg ed amount; the taps on the second

the feeder may formal setting; and those on
10 raise the secondary voltage

left on their
b@ cha ngg_d

i5 (52y) 20 1 1 1 N2

n he - ;
7 «Vito. ] to give 'B€ their ratios of transformation.

4 secondary voltage of 120 V, tap
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changes on those nearest the substation would result in a 21 to | ratio and a

voltage de of approximately 6 V, which, if subtracted from a high rmissible
voltage of 126 V, will still leave a voltage of 120 V: or put anmhggr wie [he ta

cl?angf: allows the highest permissible voltage at the substation to be rgised 6 S
:ﬂ-’llhﬂut Exceedit}g the permissible high-voltage limit at the first consumer. Sirm-
Iial:l}’, on those farthest from the substation, tap changes can result in a 1;_:; to 1
ratio and a voltage increase of 6 V. allowing additional voltage drops in the

feeder up to 6 V before the permissible low voltage at the last consumer is not
met,

BOOSTERS

An increase or decrease in the primary voltage can also be obtained by the
installation of a transformer in the line to provide a fixed voltage drop. A
distribution transformer, connected as an autotransformer, may be used to boost
or buck the feeder voltage at the point of its installation. The percentage of
boost or buck will depend on the ratio of the primary and secondary coils,
including the tap used, of the transformer selected. The capacity of the unit is
determined by the current-carrying capacity of the secondary coil, through which
the entire line current will flow. (Refer to Fig. 4-6k.)

The use of a distribution of normal design in this way is usually done in an
emergency. It 1s an unsafe method, as the secondary is connected directly to the
primary. For safety reasons, special attention should be given when connecting

or disconnecting such units.

CAPACITORS

Voltage regulation can also be improved by the application of shunt capacitors:
at the substation, out on the primary feeder, or both. The current drawn by a
capacitor has a leading power factor characteristic and will cause a voltage rise
from the location of the capacitor back to the current source. The -vnltage rise
will be equal to the reactance of the circuit (back to the source) mulliphe‘d t_)y
the capacitor current (taking into account their vector ‘relatmnshlp). The rise in
voltage is independent of the load on the circuit and is greatest at the location

of the capacitors and decreases to the source. .
Capacitors provide a constant increase in the level of voltage at the location

of the capacitor that is the same under any load condition of the feeder.‘ from
light to heavy loading. If capacitors are installed so that they may be smtc!}ed-
on during heavy load periods and off at light load p eriods, voltage regulation
can be imprﬂved. If a bank of capacitors IS SO arranged that sn}ne of its units
can be switched on and off separately, voltage regulation can be improvediEHe

further.

Primary Feeder

When they are installed out on a primary feede
(in kVA) and the location on the feeder where t

r, the capacity of the capacitors
hey are to be installed depends




‘mﬁhﬁﬂhm distributed on the feeder, the power factor
ﬁmmmmd spacing between conductors, and the
: conditions along the feeder. Like the line voltage regulator, capacitors
' hmmmdy at the point where the voltage at heavy load
8 al the mmmum | level (with some consideration given to load
mmm under light load will determine what portion of the
mehMmdﬂm may be switched.

'-
1 43 Refer to Fig. 4-5.

___f___ Imﬁzipmy mﬂm The minimum voltage at the last
uncorrected), and the minimum voltage at the capacitor
lﬁ"ﬂmﬂﬂhﬂw load). Thus the minimum correction required

-,.;-_L im voltage at the last consumer is 127 V (light-load-cor-

_”f"“ _‘ _ IIm:;m ":;F al the capaditor point is 128 V (also
i Tf' : ﬁ.m'nm reactance from the source to the capac-

I *.I -==—-.==_L
TR O ®8A e load

L
&

_‘:" 't':r"'E 1 *
-ﬁf?‘:‘"' 014 Mm
* the voliage 8 V at heavy load:
| -

n.r% m

At light load, the 128 V at the capacitor must be lowered a mi
of 2 V. and the 127 \-’atlhelanmnnmermhrhmﬂi
of 1 V.

To determine the capadity 1o be disconnected to lower the voltage L
at light load: IF'

Capacitor kVA = lf—i— = 51.6 kVA

Say two 25-kVA units.

Substations

Capacitors may also be installed at substations on the bus supplying the outgoing
distribution feeders. They are usually installed in relatively large-capacity banks,
and it is usually necessary to switch off portions of them at periods of light load
to prevent excessively high outgoing voltage. The voltage drops along the feeders =
supphed from this substation bus remain the same as do their power factors.
since the relationship between the voltage and current flowing through each of
the feeders supplyving their loads is unaffected by the capaators added to the
substation bus. The voltage level of each of the entire feeders is raised depending
on the capacitance added at the substation, but the voltage spread on each feeder
remains the same. In many instances, the principal reason for the capacitors at
the substation bus is not necessarily to control the bus voltage, but, by counter-
acting the effect of induction (or reactance). to reduce the current to that mf-.u
essary to supply the load at approximately unity power factor, thereby permitting
larger loads to be supplied by the same transmission and substation facilities.

-
Series Capacitors -
Capacitors can also be installed in series with primary fccdeismmm
drop. but they are rarely employed in this fashion. Where shunt capacitors,
connected in parallel with the load, correct the component of the current ¢
to the inductive reactance of the circuit, series capacitors compensate for the

reactive \oltage drop in the feeder. -
A capacitor in series in a primary feeder serving a lagging-power &mﬂ
will cause a rise in xulmgeasmehadmtmmpom&mﬁhm
through the series capacitor and feeder must be lagging if the wm
to decrease appreciably. The voltage on the load side of the series & . h
raised above the source side, acting 10 improve the voltage reguk of the
feeder. Since the voltage rise or dmp is produced in:
variations in the load, the series capacitor response asa “M‘W
and smoother than the induction or TCUL-type regulator: m“,
making voltmeter and load compensator are required for its IR
During fault conditions, however, the large fault current g
series capacitor can develop excess: ve vollage across theqm
cause its destruction. It is essential, thertl'ﬁm. that it be taken o _ C
quickly as possible. imﬂsmrmdmrgtpmmm__ , X
of the series capacitor. Whmthevohgvmw v




R ﬂwma}ortobesharl-t:trcuited lhl'lJl_lgh the rESiSI(Jr:
sdown and SERER any oscillatory discharge current SO the Bap can break
wsistor dampens ¢ Mﬁtmut damaging the capacitor. Auxiliary rejayg
e it and bypass the capacitor if the fault persists.

operate t¢ ﬂrmmw hazard, series capacitors as voltagf: regulators are
. muuidﬁl to supplying single large consumers where ﬂlckfﬂ‘ may fﬂ?lllt
rom frequent motor starts or from electric welders, furnaces; and similar devices

that may cause rapid and repetitive load Auctuations.

I. - " ..r . -I. '
nes ___ _. 1=

Where relatively high-voltage primary feeders (23-kV and above) operate in

etallic sheathed cables and are rather long, the capacitance effect of the cable
may cause undesirable voltage rises along the feeder. Reactors connected be.
tween the primary conductors and the neutral or ground are inserted in the
feeder at appropriate points to hold customer voltages within permissible limits:
shunt reactors act in a similar fashion as shunt capacitors,

of J:r;m pie design of distribution systems; they
S With other ¢ ﬂmﬂiltn;'mﬂl;,; :luuuw l'-'fw ul:ilizalion voltage of the
3 Oltage due 10 he mﬂfmt ~_-~-t':’h“-"°fl-clrcuit. the energy losses
e selection of the i, ﬂnd WINg through them to supply loads

- e andlocation of transformers.

|
= 0 RIE Primg 5
o Aliarn

") results from (he magnetizing
Wﬂl’ﬁsﬂnﬂm of the load carried.
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Its value of about 0.5 percent at rated full

voltages above or below rated values. Althou

on constantly, accumulating into significant
watthours).

load may vary substantially at
gh small as a power loss, it goes
annual energy losses (in kilo-

2. Full-:!nad losses (earlier known as copper losses) result from the load current
passmg.thmu gh the resistance of both primary and secondary coils. This I’R
loss varies with the square of the current carried and therefore depends on
the shape of the load curve. Since the current Howing in a circuit is inversely
proportional to the voltage, the copper loss is inversely proportional to the
square of the voltage; hence, for the same-size transformer, the losses in the
primary coil are substantially less as the voltage ratings increase,

No-load and full-load losses for the various sizes of transformers vary with

different manufacturers and are usually specified by them in some percentage

of normal voltage and full-load ratings. No-load losses may be expressed in watts
or as a percentage of the full rated load in watts.

Impedance—Resistance and Reactance I

Copper losses, as well as voltage regulation, require that resistance and reactance
values (and their vector sum, impedance) of the transformer be known. These
three values represent both primary and secondary coils of the transformer,
They are usually specified by the manufacturer as a percentage related to the
percentage voltage drop. That percentage gives a value in volts when applied
to either primary or secondary voltage; from that voltage and the full rated
current the values in ohms may be derived.

The percentage impedance given for a transformer represents (and is equiv-
alent to) the percentage drop from normal rated primary veltage that would
occur when full rated load current Aows in the secondary; thus the percentage
impedance can be used to determine the impedances (in ohms) of the primary
and secondary as follows. In reference to the primary,

, - BLE,
2 100 7,
and in reference to the secondary,
% Z, E,
4= 00 I,

where I, E,, I,, and E, are all full rated load-current values. Since E, = nE,,
where n is the transformer turn ratio,

-]
Zp _ (E}) —
V.4 E, |
The relationship between resistance R, reactance X, and meed-anﬁt&l.l = i
2'=R'+ X? : —_"'l,

: iti ' tages (% Z, % R, % X), in ohms
applies whether the quantities are In percen od ta the secE A
referred to the primary (Zy, Ry, X;), or in ohms referred to the secondard (2



ety | L impedance and the percentage resistance for a given
j'a"l. m‘gm[&amgﬁgdﬁi the manufacturers, the percentage reactance
| %X =V(%2- (%R)?

. and the percentage resistance and percentage reactance can be reduced to ohms,
| referred tnéi'th_er_the primary or the secondary side of the transformer:

' _ %R E; QO
Ry'= 100 transformer kVA X 1000
1 g2t B =l g
| *~ 100 transformer kVA x 1000  n?
x =il % x Eﬁ ﬂ
f #7100 transformer kVA x 1000
_ %X ES Gt
100 transformer kVA x 1000 52

’I‘hgmppcr loss W, in watts at full load, is caused by the current passing through
the resistance of the windings. Thus,

W=R’I2=RJ?

specifies the copper loss, the equivalent resistance can

Since the manufacturer
be computed:

_ Yoltage drop (secondary)
rated Secondary voltage

d_x €an also be employed in
€ (for a three-phase circuit) is
-~ oage value in the equation is
| hﬂ&e lo-neutral characteristics
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Phase-to-phase;

7% R E x 3
100 3¢ kVA x 1000

7 = SO Ej

F P — n
100 3¢ kVA x 1000
T Z E?2

Ly = £ L))
100 36 kVA x 1000

Phase-to-neutral:

J 2

= % R E3 a
100 3 kVA x 1000

X and Z, will use the same expressions as for single-phase values, but with total
three-phase transformer capacity in kVA.

Transformers connected in parallel or in banks should have impedances as
nearly the same as possible, within a fraction of a percent. Transformers not
having essentially the same impedance when in parallel will not divide the load
in proportion to their ratings, and when in wye or delta banks they will cause
circulating current to flow that reduces the capacity of the transformers, increases
losses, and results in excessive heating.

Transtormers supplying radial secondary circuits, whether single-phase or in
banks, have a reactance of from 3 to 5 percent, which results in reasonable
voltage regulation. Transformers supplying low-voltage secondary networks have
a higher reactance, sometimes as high as 10 percent, to ensure a ?thter load
division among the transformers, particularly under cnntipgency conditions when
one (or more) of the supply feeders may be out of service.

Transformer Connections

Transformer connections were already described in Chap. 2, together with some

vector diagrams of current and voltage relationships; Fig. 4-6a through ﬂk; in
which connections involving transformer polarity are shown, also portray those

most apt to be found on distribution systems.

Single-Phase The standard single-phase distril?utinq transfnrmg:;clls.generalle)lf:
designed with the secondary coil in two parts, which may be ﬁ:}r;;:;tv 3 [:::;ln
for two-wire 120-V operation, or in series for fhree-mr‘e 12 | dit;pqh uun
The latter is the most commonly used connection fm §mgle-phasef Tal:nce
systenis. The load is balanced between two 120-V circuits; with perfect nce,

* 1. 4-6a.
no current Alows in the center or neutral wire. Refer to Fig

ems, the wye-connected secondary can serve
phase; when the load is balanced, the ngum[
on can also supply three-phase powerlmds
use on secondary nem;:_i;;;
hase (208 V) vnlmge.aupph

Three-Phase For three-phase syst
single-phase loads at 120 V for each'
will carry no current. This curtnf.:cu AR
at 208 V between phases, and it 1s best adapte.

It does have the disadvantage of a lowered three-p




X4

120V

2 wire, 120V

(b)

4 wire, 120/208 V

208V
208V
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(CAL DESIG
ELECTA

1
i 240V
Hz
X3
. 240V
: - L . Vand Jwire, 120V
) v Iwire, 240
H' " X1 3 wire, 240
2
Primary .
Hy
H1 40v
H i Qwire, 12072
2
1 240V
Jwire,
: (e)
Primary
Hy
Hz )
H* 4 wire, 120/240V
Hy i
Primary

4 wire, 1207250V

Primary




Xy )
X2 120V

120V 230V
X3 | 1

$— Neutral
Xy
120V
X2 20V
240V
X3 S
i Primary Iwire, 240V 4 wire, 240V S wire, 120/240V

J (h)

Xz E-TV
‘ Xy Xz X3 250V
& wire, 240V Swire, 120/240 V
| (i)
I \
N
i H'n-.
| I Secondary as in Fig. 4-6i.
" Hz Hy
: Fd
| ]
| | Prlﬂ'lﬂ"r

Xy I

Xz
Bucked
prlmﬂry

T

ndary connections. (/) Three-phase/
¥ Connections (also known as the
€8a) four- and five-wire secondary
- 4-6i. (k) Single-phase boost-buck

Cﬁnnectiuns for three-phase transfor

lationships. Often, further economy is achieved if both the prima
ondary circuits employ a common neutral conductor
Small amounts of three-phase power loads mz

ry and sec-

installation of a small-capacity single-phase tran
delta bank (on the primary side) with the principal single-phase transformer.
The secondary of this second single-phase transformer is connected in an open-
delta configuration with the secondary of the principal transformer, providing
a small three-phase delta power supply to the small three-phase requirement.
Because of the phase relationship of the voltage and current, however. only 86
percent of the capacity of this second, small single-phase transformer can be
utilized. This is an economical method of supplying a small, isolated three-phase
load in the midst of an area supplied from single-phase facilities. See Fig. 4-6d
and e.

Two-Phase Although two-phase systems are virtually extinct, there are still some
two-phase power loads in existence. These may be supplied from three-phase
delta or wye systems through proper connections of two single-phase trans-
formers. Two such connections are shown in Fig. 4-.6!:, as are those for three-
phase to two-phase (and vice versa) in Fig. 4-61 and J.

Boost-Buck Earlier, reference was made to the use of single-phase t@sfﬂm;ﬁ
to boost or buck the line voltage of a primary feeder. Here,.atillE' Enmma{?ng o8
secondary of the transformer are connected in SeTies, essilnu } tlpliprimﬂf}’
an autotransformer. The incoming primary coil is mnnecmc:n?mg;jl terminal of
circuit, while the outgoing primary is ‘3”““5_‘:[8& HEOVEER S dary coil; the voltage
the primary of the transformer and the terminal of the sec‘?n-ulm' e or subtracted
of the secondary coil is either added to boost the P?m;r; ‘n'mfr}' current that
10 buck it. The capacity of the secondary coil limuts : inPFig- P

May fow through it. These connections are also show

Th :
rée-Phase Units 1 and lead markings are shown in the

- 4-2.
EEE classification of polarilies illustrated 1n Table
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TABLE 42 IEEE CLASSIFICATION OF POLARITIES OF THREE-PHASE ELECTRICAL DESIGN | 77
TRANSFORMERS Autotransformers

Under certain conditions, when the ratio of transformation desired is low usually
X
3

Three-phase transformers without taps

Ha X2
Group 1:
angular
displacement
0

H
1 X

secondary circuits is not essential the autotransformer has some ady:

The _;Jutnlranslnrn'ufr consists of one winding, a part of which m dntages.
both primary and secondary. In a two-winding transformer, all of ,Lh:,.'f’esirve as
transformed by magnetic action. In the autotransformer, a F:Urlinn onl 'I;:;'E};:
formed magnetically and the remainder Aows {nndun;‘,d}, thirbd h?; | Dy
its windings. Since only a portion of the energy is transferred th%: autEtrans*
former can be smaller than a two-winding unit: comparable c:usts of the unit
and its installation are less. Also, the losses from currents Aowing through it are
1 lessened, resulting in greater efficiency and improved voltage regulation.

A schematic diagram is shown in Fig. 4-7. Voltage, current, and turn rela-

tionships are indicated. The same ratio of transformation exists as in 2 two-
winding transformer:

not greater than about 5 to 1, and electrical isolation between primary and
H2
3 Hy Hs X

.| x‘l 3

Group 2; X

X
Hz
angular
displacement
180°
Hy H X
X2 The higure shows a step-down arrangement of the voltage from E, to E;
X <
Group 4

reversing E, and E, will give a step-up arrangement. The current in the coil

froma to b is the sum of the exciting current/, and the nontransformed, relatively
large conductive current /,,. This part of the coil, a to b, must be a sufficiently

angular

displacement

10°

S

X2
2
X

3 H| H3

large conductor to carry this load, whereas the portion from b to ¢ carries only
the magnetizing current and hence can employ smaller-size conductors.

The percentage of volt-amperes transferred and the percentage of voltage
transformed are the same (using the high voltage as a base). For example, if the
autotransformer lowers the voltage 5 percent, it actually transforms only 5 per-

3

X

X
2

X4 cent of the volt-amperes supplied the load. Since the size of the autotransformer

depends on only the volt-amperes transformed, the size of the unit can be only

X3 5 percent of the load; if the load supplied is 100 kVA, the size of the autotrans-
former required would be 5 kVA.

As the ratio of transformation increases, the autotransformer becomes less

and less economical until, at about 5 to 1, its advantages no longer apply. A

P — = - - .
=

FIG. 4-7 Autotransiormer

ould require a larger conductor and heavier
onnected electrically. - .

he incoming and outgoing circults is a dis-
ffects the other. For example, a ground
d a ground on the high-voltage side

- e gy = >

larger and larger part of the coil w
insulation, since both portions are ¢

The electric connection between t
advantage, as a disturbance on one side a
on either circuit is a ground on both, an
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may impose & high voltage on the low side and on the loads connected therey,
Tﬁéhﬂrﬁﬂg‘f side may be insn.llatcd o withstand the hlgher x*{_‘rl[agf:. buat the
connected loads may not be so protected. : :

The autotransformer generally has a mmpar:au_vel}' ll:]\\'EI‘ lzrlpegﬁl1Lf,r which
may cause greater fault currents to Hq*fs' through it during a contingency. The
sutotransformer, therefore, must be built very ruggedly to withstand the greate,
mechanical stresses produced, or else external impedances should be connecteq
i~ the arcuit to limit the magnitude of the fault currents, or both should he
done in some combination.

Autorransformers may be used on both single-phase and polyphase circuirs,
as indicated previously. Voltage regulators of both the induction and TCUL
types are autotransformers in princple.

Ratings and Temperature

The ratng of any piece of electncal equipment is limited by the maximum
permussible temperature in any of its components. For transformers, an addi-
tonal consideration is the permissible voltage drop through the unit.
' The maximum temperature generally accepted is that beyond which the
msulaton Is apto be damaged. Standards set by engineering and manufacturing
groups speafy an allowable temperature rise of 55°C above an ambient of 40°C.
min}:;{a\'emgf' h:impera'rure of the windin_gs: allowing a 10°C difference
: "PO% and average temperatures in the windings, a maximum
temperature of 105°C is indicated. This value is well below
which msulation fails, providing a large factor of safety.
Transfuru:'.e!'s are rated in volt-amperes (or kVA) ;
the characteristics of the dircuit and jts loads affect
being transformed, 2 poor power factor can ca

the temperature at

A) rather than watts. Since
the power factor of the power
use a large current flow in the

heat, with relatively little actual
account the current Aow and the

: : standard sizes, there i ally

ca s LNEre 1s normally

chor, oo yailable for supplying loads above the rating
Penods of time:

rs chan .
lovolt-ampere ge ffﬂm tme to ume as eco-
“Apaaties presently in greatest
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Single-phase units: 10, 25, 374, 50, 100, 167
units that still exist in service include |, 14
kVA.

Three-.phase }mi_ts: 75, 150, 300, 500, 1000, and 3000 kVA. Other older uriits
still in service include 5, 74, 10, 15, 25, 50, 100, 200. and 450 iw.

250, 333, and 500 kVA. Older
¢ 3, 5, 74, 15, 75, 150, and 200

Voltage Ratings

Standards of voltage ratings, on both the primary and secondary sides, as well
as the numerical and percentage voltage variations above and below nominal
voltage ratings, are specified in the selection of taps included in the primary
winding of the transformer; these, too, are subject to revision from time to time
in response to changing requirements.

SUBSTATIONS
Location versus Distribution Voltage

Perhaps the first consideration regarding a distribution substation is its location.
In general, it should be situated as close to the load center 1o be served as
practical. This implies that all loads can be served without undue voltage reg-
ulation, including future loads that can be expected in a reasonable period of
time. The difficulty in obtaining substation sites is an important factor in selecting
the distribution voltage, both in original designs and in later conversions.

The higher the distribution voltage, the farther apart substations may be
located, but they also become larger in capadty and in the number of customers
served. Thus, the problem of the number and location of distribution substations
involves not only the study of transmission and subtransmission designs, but
more emphasis on service reliability and consideration of additional costs that

may be justified. The subjects of sectionalizing, field-installed voltage regulators

and reclosers, capacitors, and ties to adjacent sources are discussed elsewhere,

but are pertinent to the problem.

Supply Feeders and Circuit Breaker Requirements

The number and sources of supply subtransmission feeders to the distrbution

10n Wi ' the degree
/ t only on the load to be served, but also on
el ?me rural substations may be supplied from only

e substations serving urban and suburban areas
ers and may have several more. lE.ach ad-
ds to the bus and switching requirements,
rotection, all of which add to costs.

have a minimum of two supply feed
ditional incoming feeder, however, ad
including auxiliary devices for their p

Circ a ents
uit Breaker Arrangem e circuit breakers and trans-

- incoming high-voltag i
Some basic arrangements of incoming high-vo e ol
formers are 5huw1g1 in Fig. 4-8. Each SChEH:lf progr Eﬁ;d?ﬁﬁ: tlz t::  Sres
of service to the substation and the loads it supplies. For ple,
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: mentioned earlier, banks of capacitors may be connected (o the high-voliag,
i]i'mming bus in connection with voltage regulation :md' Increasing the Capacity
or capability of the substation to SUPPI)"IQ‘{"- {’*" or'portions of these banks May
be switched on and off to prnwd::: Aexibility in maintaining voltage regulation
and power factors. This is done with one or more circuit breakers, and arresters

or other protective devices as indicated.

Transformers

Substation transformers may consist of three-phase units or banks of three single-
phase units. The size of these individual installations may range from 150 kv A
(three-phase) in small rural stations to upwards of 25,000 kVA at larger urban
and suburban substations. Their impedances are generally low, restricting un-
regulated voltage variations at the bus to a few percent, except where faul
current levels are high. In this case, transformer impedances are increased 1o
limit fault current duty to design limits.
The impedances of the transformer banks in a station should match each
other as closely as practical to have the banks share the load as equally as practical,
The transformers may be connected in 2 delta or wye pattern, on both the
incoming high-voltage (subtransmission) side and the outgoing low-voltage (pri-
-mar)“circuil? side. The transformers are ordinarily of the two-winding standard
{Ype, operating much as the distribution transformers.
mui':;dﬂ::t_g :;:5:;1:; Z]fcllt;ding [h;.' random and nunu'nifurm movement of th_e
e e t;ans ormer, the a!lernaung magnetic !‘IEld that is
T + Produaing serrated sine waves on t?mh sides of the
£8€ Serrations can be broken down into a series of harmonics

@ ground ket ected in a wye arrangement withou!
bothersome, T, Overcome these : 5:“"‘30- the harmonics may be particularly
or within 2 lhl'&e-Ph Eaciokithe 5'"gl“°-"r-‘*hil$li'lr:?.nsft:urrmati:::+ns (singly

: third, small- ' inding;
NS are connected ir_a delta (even though fhaf ﬁg;n?rilllﬁi'
N wye). The delta thus formed allows
ttle heat buy essentially filtering
h the high and low sides of the

A - Mam byus
B - Auxiliary or transfer bus
R - Regulator

FIG. 4-9 Arrangement of distribution feeder buses at substations (see also
Fig. 4-8).

usually made for permitting circuit breakers. switches, regulators, and other
devices to be taken out of service for maintenance or for other reasons without
causing an interruption to the outgoing distribution feeders. Each of the out-
going distribution feeders is usually equipped with its own circuit breaker. The
relays operating these, as well as the transformer high-side circuit breakers, and
the capacitors (if any) are coordinated so that only the proper circuit breaker
will operate to clear a fault that may occur on some portion of the system; this
is considered in more detail on pages 92 to 96.

Voltage Regulators

Each distribution feeder may have its voltage individually regulated, empluﬁy:nﬁg
three single-phase regulators or one three-phase regulator. If all of the distri-
bution feeders have approximately the same load cycles and voltage regulation
(even if corrected by capacitors, field regulators, or other means out unt_l.he
feeder) the bus to which they are connected may be regulated in place o in-
dividual feeder regulators. While this calls for a certain amount of compromise,

it may prove economical in many instances.

Moblile Substations : re w0 thatiwhere
‘ - - rme ' :
Substations are often designed for three single Ph;:ij:}'r::; DOPErate in open delta

they are connected in delta on the incoming side, instances, a spare single-
in the event of failure of one of the units. In sum; e SO
phase transformer is installed at the substation so that,

made readily.
of one of the transformers, a replacement can be

: : _ improved transportation eguip-_
With the advent of lighter transfor mf";::c;';:ﬁr[mnsfurmer and associated

ment, it has proven practical to mounta t ially designed for that purpose.
switching and surge arresters on a trailer especi Ld to a substation where a
Such a mobile substation can be readily lr*;:n'::bli“";f both the mobile substation
failure has occurred. The terminal arrangements
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he fixed substation are so designed that often service can be reg, et more
m:;:] cﬂu,n by peconnecting the spare unit (which no longer need 1ye Provided)
qu'l'h: mobile substation not only can be effective where the failure May involye
mnrt' than one lrlmfﬂrmr!r. but can urrvu:f a number of nulml;mnn“ N4 More
economical fashion than the installation of spare transformers ar many | not
all, substations. Further, it may also be installed as a separate, temporary g,
station, picking up portons of the load of one or more substations whose facilitios

may be overloaded.

Current

PROTECTIVE DEVICES FIG. 411 Typical tirme-current

For the distribution system to function satisfactorily, faults on any part of it muyy - craracteristic for fuses
he isolated or disconnected from the rest of the system as quickly as possible:
ndeed, il powsible, they should be prevented from happening. The principal Time
devices 1o accomplish this include fuses, automatic sect lnalizers, reclosers. cire: it
breakers, and lightning or surge arresters, Success, however, depends on (heiy
coordination so that thelr operations do not conflict with cach other, Figure 4.

Yindicates where these devices are connected on the system. Y 1
200 |- F=1 B Fal WSl Y 1R ) ~ L o
JI 1 POt S D ) ) o il A ()
Fuses 1 L i o
. . ' : 0 ST TGN 1R - — - - fine i
Til]l-ﬂurrmf Characteristic A fuse congiss fmm:ully of a metallic element that Eﬂ I I i
relts wlu-._n Excessive” current lluwnthruugh it The magnitude of the excessive 30 ! i 1 [ 5
;ue:enlJ will vary nversely with its duration, This time-current charac Leristic iy 20 ‘r— I [ - et gt I
cﬂnﬁrmlmqjd natonly by the type of metal used and its dimensions (in luding its 'HE 7 O
o B;‘Tm “;H. but illlln on the type of ity enclosure and holder, The latter no Ig -\ - 1
‘ML: ;{Cl ! ‘I;-' melting time, Fm!, i addition, affect the are . learing time, The 6 "‘ ~
i :c;::l? ;.l.": Luse, then, iy the sum obthe melting time and the are clearing 9 L) I I )
llmr‘ lurl all “-'m:ﬁl.:]mnn'tl 411, Note thay for curve b in Fig, 4-11, the clearing " : ) A8 -
1 Vi UITEnt is leas (e & | | M|
churacteristic § i i e ol current is less than for curve a; the fuse with the E =114 Maximum clearing fime -
of Stherefore referred 1o asa “fant” fuse, compared with the fuse | =y 1 i i
‘;UM’ o Refer 1o Fig. 4.11, Lailll 0f I8 .V N 0 1 N 3
uses are rated in ey vt 1 0 O o e
s of volia Ty (— L . oo 1 !
inm.up.ljﬂn Clllll‘m‘:l,crmi“ okall IH{*. 1oy I'Il:l' cHrrent-carrying ability, and 04 F——-}-| 1{ L B el 5 7
Actually representy 5 hyng Imtwi r i by Umescurrent curves, Each curve va [T NN 0235 !
CEN @ minimum and 4 maximum clearing time o2 90 A ——1-| \ X ;.-:_--';“-EJE—[ ul B
e 10
0%‘; -—"HP{ =) ) B o 27 ":_I'_: 020s 1T
| Fow) 06 bt ]_ 1 IR0 8 Nl P vy o 1
MIW Timy Ak eurrant gos / _‘L_ FI. 1[I0 1 —
004 Minimum < = ) ) o o]
Q03 p—t—t maelling Hme ~11 \R
0.02 |ttt g i i B . ) 0 =
s e e ,’. ! l - - g | r'_:'_‘__',"_“.........
FIG. 410 ¢ 0.0l s i
{ scllogram of Iink YO0 O C 2 ) -]
:‘In:lllnu and faul aurran Intarrup:- 6 MGHE d ki §§§B g g g h‘?
cﬂ”}' rcﬂl-"ﬁﬂﬁy M{}Grﬂw Eclison Curreni, A

FIG. 412 Typical time-current characteristic fora10-
K 1use link, (Courtesy McGraw Edison Co))
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the difference between them is a predetermined Percentap
. e

adjustment made (o allow for manufacturing tolerances and to ensure 4, arlt

quate clearing time. A set of such curves is developed for each of the f.“f'l'r:rm;,

ratings and types of fuses; see Figs. 4-12 to 4-14.

for a particular fuse;

Fuse Coordination The number, rating, and type of the inlerrupting devices
shown in Fig. 4-3 depend on the system voltage, normal current, maximum, i;u-,ﬁ
current, the sections and equipment connected to them, and other |ocy] con-
ditions. The devices are usually located at branch intersections and at other key
points. When two or more such devices are employed in a circuit, they will be
coordinated so that only the faulted portion will be deenergized. In Fig, 4.93
fuse D must clear betore sectionalizer €, and C must clear before recloser ;5
Likewise, fuse G must clear before F, F before E, and both E and B before A‘
At the transtormer locations, fuse M must clear before D, and N before G *\Ii

t
Fuse Imk rotings l
Q

6 1015 25 4065 2

11‘\\1\

= Min. melting
T~ Mox melting
Max clearing

i

10
100
Current, A 1000 10,000

Haprm‘l - L i &

characteristic o ative” minimym :
i Curves for EEI-NEM2 and maximum f
Westinghouse Electrc Co) & type K (Tast) fuse Iinksl,n;ggx:rf:;
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Fuse link ralings

o
6 1015 25406 8 gg

I\

‘ﬁk\\\x

""\
\

(I

\1

‘ﬂrcfng Fr.n-.e

—Min_. melting
— Max. melting
~= Mox_ cleoning

1 10 100 1000 10,000
Current, A

FIG.4-13 (b) “‘Representative” minimum and maximum time-current char-
acteristic curves for EEI-NEMA type T (slow) fuse links. (Courtesy Wesl-

inghouse Electric Co.)

of these devices must be coordinated; i.e., their ratings should provide for car-
rying normal load currents and for responding correctly to a fault. .
Fault current will Aow from the source to the fault through the rari?us devices
in its path. The magnitude of this fault current will depgnd on the impedance
(resistance for dc circuits) between the source and the point of fault, or roughly,
on the distance between them. When a fault is distant from Lhe_ source, the
impedance of this part of the circuit is high and'Lhe+ fault current is low; when
the fault is close to the source, the fault current is high. e

At the coordinating point farthest from lhe: source, dlerefur:l. e
have the lowest ratng consistent with the maximum normal load at point;

at the other coordinating points along the path of the current [}: ﬁ:;si:giha:
increased ratings as they are closer (o the source. These are indica i Eﬂ %
15 and Table 4-3. The characterisucs of these fuses mus-i;l:ho ::f tlli:e I:il'cl.ﬁt.
those of other protective devices in the same path and with (ho

breaker at the source.*

: v e 1o 2nd Edinion,
- < Bl = Lt_ tﬂ -:1
*See reference to “current limiting fuse ™ in Prefa
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TABLE 4-3 FUSE-COORDINATED SYSTEM
————————————————————————

Fault Maximum  Minimum

current, Protective clearing melts :
F g 3 R ' f T
Position A inX time M, s time J"I:F s Ml}f::.lﬁ;f';‘;ii Percent

A 1620 65-K 0.078

B B75 10-K 0.066 0120 0.078-A/0.120-B 65,0
C 600 25K 0,061 0,093

0.066-B/0,093-C 71.0
D 390 15-K — 0,084 0.061-C/0,084-D 72.6

1

_%
Clearing factor

. i

Courtesy McGraw Edison Co,

{5-K
nimum melting Repeater Fuses

Line fuses are sometumes installed in groups of two or three (per phase), known
as repeater fuses, having a time delay between each two fuse units. When a fault
occurs, the first fuse will blow and the second fuse will be mechanically placed
in the circuit by the opening of the first: if the fault persists, the second fuse
will blow; if there is a third fuse, the processis repeated, If the faultis permanent,
all of the fuses will blow and the faulted part of the circuit will be deenergized,
New fuses must be installed to restore the line to normal.

Where capacitors are applied to feeders for power factor correction, fuses
J/ | chosen to protect the line from the bank (and vice versa) must also coordinate
S En
\

with sectionalizing and other devices in the circuit back to the source.

Transformer Fuses

Fuses on the primary side of distribution transformers serve to disconnect the
transformer [rom the circuit not only in the event of a fault in the transformer
or on the secondary, but also when the normal load on the transformer becomes

RS
\

[l

§ 38208 § §§§ § g % g § so high that failure is imminent. Fuses on the secondary side protect the trans-
T u

former from faults or overloads on the secondary circuit it serves.
Current, A The characteristics of a primary fuse are a compromise between P"—"tcfﬂ““
FIG. 414 Coordination by time-current i'rp m:a fault and prmectipn hramicyeroadiyELis ['USE flls?lhas w riﬂﬂll'dlﬂﬂlt:
McGraw Edison Co ent curves. (Courtesy with other fuses on the line. Qne attempt at a_ﬁnluunn 15: L1, COm QIGEESRShae
protected (CSP) transformer, in which the primary fuse, with characteristics
based only on protection against fault, is situated within the transformer tank
(and, to differentiate, is called a link) while overload protection is acc{?mphshed
by low-voltage circuit breakers (instead of fuses) on the secondary side of the
transformer that are also situated within the tank. The circuit breakers, once
open, however, must be reclosed manually.
Fuses are provided on the line side of the protectors on lowsvoltage secantasy
networks, These are backup protection in the event the L fails' to:open
during back feed from the network into the primary when it is faulted or de-

Example of lUﬁe-cmrdinaleu hbera:el)r BraMnHed: e also pmvided at the juncture of sec-

Secondary fuses, known as limifers, ar .
ondary mains to isolate faulted sections of the secondary mains and to prevent

FIG. 4-15
system
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in conductors (usually in cables) where sufficient [,

the spread of hul‘nll‘lﬁn burn them clear in a small portion of the maing.

current does not exist {

Automatic Line Sectionalizers

ic line sectionalizers are gonnected on the distribution feeder iy e les
Ap:‘ﬂ:!?ﬂ:l;nd sectionalizing fuses; they ave also in series with and electricq))y
with line

farther from the source than F'rtlmcrs Or Circuit .hil‘lf‘ilki.‘l'!i -.;'_i‘tln‘.:rrllr mim:‘q yeles,
These devices are decreasing in usage, but many Gt bl '.“_“ 'l“'“f’” Systems

When a fault occurs on the circuit ht‘}'tl_lﬂ'l the Lo “‘-“"']'f‘ ’ ' ‘_" I.-I‘”!'. current
initiates a fault<counting relay that 1s El'll}l.'{lll'llﬂllr?[l with lllr.:. character l..'\tlt s of the
fuses and other devices. Each time the circuit 1S :.ls.-rm.-rlgmuii (from reclosers oy
circuit breakers), the relay moves toward llw‘n':p position; just Iu‘llnl't' the ﬁn;il
operation that will lock out the recloser or crcuit l.‘ll't‘;.lkl‘l' if the fault ]H'I_'.'il.'ﬂ.‘-_‘,
the sectionalizer will trip (while no fauli current is H:'m-_mg! and open the circuit
at that point, removing the fault and }lt‘l‘llllllll!g l|llt‘ circunt breaker or I{'l.‘lli‘ﬂ‘l.
to close and reset into its normal position; service is thus restored to the rest of
the circuit up to the location of the sectionalizer. If the fault is of a temporary
nature and is cleared before the reclosing devices complete their operations, the
sectionalizer will reset (o its normal position after the circuit is reenergized.

Sectionalizers are rated on continuous current-carrying capacity, minimum
tpping and counting current, and maximum momentary fault current, as well
as for maximum system voltage, load-break current, and im pulse voltage or basi
msulation level (BIL),

Mare than one sectionalizer can be connected in series with a reclosing device.
The sectionalizer nearest the reclosing device can be set to operate after (say)
three operations while the more remote one is set tor (say) two such operations.

Sectionalizers are relatively low-cost devices: they are not required to interrupt
fault current although fault current flows through them, They may be operated
manually and are considered the same as load-break switches.

Reclosers

Reclosery are essentially circuit bre
current and interrupting duty. The
distribution feeders in series with ot
same function as repeater f
the substation,
Reclosers are desi

akers of lower capacity, both as to normal
y are usually installed on major branches of
her sectionalizing devices: they perform the
uses connected in the circuit or circuit breakers at

gned 1o remain open, or

‘ locked out," after a selected
operations.

A fault will trip the recloser; if the fault is

1815, the nex| tripping operation does not
| S normally closed position, ready for
PETAISLS, the recloser will close ane the operation
.““" mdm‘:l‘ locks out, The reclosers are usually set for
N operations before Iurking out; the first l_:|;u:':'uli“" 15

Mo
liﬂi i j ! "
' + OCCUrTIng as quickly as (he breaker contacts can
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imurrlml, that for the second lnp]unu smalley than that for the third a fnurl}ﬁ

ipping will vesult in the recloger's remaming open unil it IS automatcally o
manually restored 1o normal, ready fo, the next incident il

Reclosers can OpETale on one or more time- urrent chas
shown in Fig. 4-16. The recloging characteristics of the
aton are coordinated with those of the fuses ar the o
circuit and with those of the relays controlling the ¢
gon. These arve illustrated in Fig. 4-17. The hrst and basic curve Is a IFipping
setting representing the minimum clea g time of the recloser: the other curves
are determined by deliberate time delays introduced by m
in the hydraulic and mechanical linkage system.

Reclosers may be single<phase units or three-phase units. The latter usually
consist of three single-phase units mechanic ally interlinked for acommon lockout
upcriltinn. and are installed in a common tank. Figure 4-184 and b are typical
oscillograms ol single-phase and three-phase faults interrupted by these units,

ACLETISLE curves, as
recloser for each oper-
ordinating points in the
rcunt breaker at the substa-

aking minor changes

o gy @O

AV

.,.h'.. e B

alarded

04
0.08

ggg | | | ' FIG.4-16 Time-current curves ol

004 ) I 11 standard-duty reclosers fcou'r*
003 FEEHEH | tesy McGraw Edison Co,)

0.02

ofle]

8RB8 888388888 88

Current, % of full load raling
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:
4

r—— 62 cycles “1 ~ 58 cycles _’1 “‘ 59 E'jthﬁ_.1 ‘ Lockout

Potentiol across
recloser
14 400V rms

Current 1260 A
rms symmetrical

__-l L— I% cycles —J L—Z:_‘;r:teg _.15 L_ —'!15%1-—

1
-]
Croles cycies

R i B DD 3 E'-Bﬂ

im0 s

iﬁl!l'l"l..lp'llol"l af 1?5‘13 A at 14 ‘m VY. power "x_'n'_’.-l' l:' '3'E pErTEnt by EE ey Auty Ecloms

Tima,s
o
R BgER

A First opening Towl clesring time, 1% cycles Arcmg ume C. Thurd opereng. Tonl clearing ime, 5% oycdien Arcing Trme
st contscts, % cycle, Reclogsing time, B2 cycles at contsety, % oycle Recloaing time, 58 cydes

B. Second opening. Total Cleasing time, 2 cyties. Arcing tims D. Fourth cpening. Tood clewring trone, 5% cydiexr Arcrg
af contacts, ' cycle Recloting time B8 eycles timia 3t conmcts, ¥ cycle Aecioser fociks oot

_1--|.-.-.-._-u--n—1---n-—-n —

Lockout

N "D

|
222328 § 8883882

Currenit, A

FiG. 417 Coordination of OCB relay and recloser. (Courtesy
McGraw Edison Co.)

Circuit Breakers—Relays"

W'!::Iﬂ.'l the fault current is beyond the ability of a fuse or recloser to interrupt
it salely, or where repeated operation within a short period of time makes it

mﬂlﬂm emr;::lcal. a circuit breaker is used. The ability of circuit breakers has |
N louc upon earher; their time-current characteristics, however, are de-

md:hm on the protective relays associated with them and must be coordinated L_ : : 'L_imw las ,_,l 119 cycles —-l Lackout
ose of down-line reclosers, fuses, and other protective devices. RRISIBIEE

. thutTy Teciomes.
1 4000 A st 13,800 V, powet factor of 12.5 percent by €13 three-phase Demr
nLa ,
ot ree, phases Aand C. T
% Third ing Tois clesring
A First opening Total chearing timi, phiss A, 1% cychs. Ef:urphn: s v
phase B, 1% cycles; phase C. 2 cyches. Arcing time, all phases, 3t chiwngmim, HE-:.ﬂnw phEses, IOR0N
spproximately 1/2 cycle. Reclosing time, 121 cycie

Interruption of three phsse fault curme

Overcurrent Relays

Overcurrent relays close their contacts 0. Feurih opening Tow! clearing time. al thrye phases

T 10 apen or dlase when Lo actuate the circuit that causes the circuit B, Second opeti: Totlciewing time, sl hres phases = D e e e, sl phasms sopraxmately . CYSe
1 i I i by 2 2
mined value. n ne current HﬂWIﬂg in them reaches a prcdflfl‘- cvele Arcing time, all phases approximately % €Y Recioser locks out
(b}

Recloging ime, 120 cycles
: -illogram of three-
Instantaneous Wi : . ~ ( recloser operation. (b) Typical osc:[_ 5’_.:”
contacts “i"ﬂﬂnia::;:tl time delay deliberately added, the relay will close its FiQ.4-18::(s) Typical obsc:::g::'j;:w recloser. (Courtesy McGraw € 0
sly,” Le.,ina relatively short time, in the nature of 0.5 10 phase fault interruption by

-&c. il : “
relerence 10 “electronic relays” in Preface to 2nd Edition.
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s ent frequent operation of the breaker from trance-.,
g condions. undesirably high settings may be applhied to the relae
_ st of this tvpe of relay & shown In curve ¢ i Fi

The operanon of the relay may be made to varv appro
mversely with the magninuie of the carrent. The current setung may be v
snd Sme delay introduced by varving the restraint on the movable elemen; o
the relay; these are indacated In curves P and ¢ m Fig. 4-19. Greater sslectivin
hetween relavs and fuses in the arcuit may thus be obtained.

Defimite Time A defimite Gme delay can be introduced before the relay begine
w0 operate. allowing greater selectvity to be achieved. This feature s often added
s the mverseame characteristic bevond 2 certain value of current after which
the refav operaiion is completed after the hxed ome delay. This inverse definne
minimum Gme feature & employed in most overcurrent refav apphcations. It
shown m carve 4 of Fig. 419, in which the Hat portion of the charactensac
results in oaly 2 small relay ame increase for small values of fault current. Refer
w g 4£1%

The dismbution arcuit may be sectionalired with redosers, automatic sec-

gonalpess, and fuses, at which points faults may be solated without affecuns

-

|
%; — = -
- i 47 ] 1 o8 L

2000

AG. 419 (D) Type

Wasinghouse Becie (X

o the primary sude of dsmbaoon

the entire circuit; fuses are also provided |
ransformers. The definite nme characternsos of the relay sssocated wath the
circuit breakers at the substation is coordinated with the characrersocs of re-

dosers and fuses on the distribution arcuR, as shown i Fig. +20

Directional Relays

Directional relavs are essentially ove
0 a wattmeter i1s added, both sets ©
Elcmcm will k‘*ptr.ttc o close 18 contacts r!:'g.lnﬂc-‘i& |
power in the line: the wattmeter element will tenrd o urn m

ncurrent relavs 1© which an clement ssroakar
f contacts being in senes. The evercurrent
of the direction of Bow of
ane directon winder




Transformer

-3%—0'&:5;{

B BE 888

Ll O DD

Time,s

o
(e

o
on

{0
NS
X

o
£

o
L

o
%)

Fuze link
melting time turv “‘N

N

-

1\
- SRSAR8 ggsgsg gass

Current, A

g

FIG. 420 OCB-fuse link coordinati .
son Co.) ination. (Courtesy McGraw Edi-

Eﬁ;iﬂeﬂ;:e:éuf;::::ig?hme reverse direction when power flows in the
Ina given direction beft}re‘(h Sieu O?C‘}nmcts must be closed and power Howing
L0 one 5o that only 4 < € relay will ﬂPEl‘EFe. Both elements may be combined
Only a single set of contacts is required
relay is used in '
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S50 U 10
340 200
330%

3208 ‘
3105 Vector mtotion
VAV VA 300°
eao*®
N

2B0° &.Q-

270*

To network

FIG.4-21 Typical lripping characteristic of the CN-33 network master relay under balanced
three-phase conditions. (Courtesy Westinghouse Electric Co.)

not operate. A fault within the line or equipment, however, will disturb this
equilibrium, and the relay will operate to trip the supply circuit b:_'eaker or
breakers on both sides of the line or equipment being protected. This type of
relay is used to protect buses, transformers, and regu!amrs at the substation.
Since the voltages at which these operate may be high._ current transformers
installed on both sides of the equipment, with proper ratios in the case of trans-
formers, supply the currents to the relay. Refer to Fig. 4-22.

Power Transformer
OCB 3 OCB Current tronsformer

S
S

Polarity
Autotransformer
Overcurrent
relay

maorks
FIG. 4-22 One-line diagram of current-differential protection.

Surge or Lightning Arresters s

. . on
The function of a surge or lightning arrester is to' it .ltl:fnvu;zi:}::::agg
the insulation of the equipment being protected by permi -.rulEagE generally are
Lo drain to ground before damage occurs. The surges 1n :
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caused by lightming (either by direct stroke or by induction from a nearby s roke)

ar by switching. ‘ ! ' |
Arresters consist of two basic components: a spark gap and a nonlinear re.

cistance element (for a valve type) or an expulsion chamber (for an expulsio,
type)- When a surge 0Ccurs, the spark' gap breaks down or sparks over, anq
permits current to flow [hmygh the resistance (or chamber) element to ground.
Since the arrester at this point presents 4 low-impedance path, a large curren
referred to as 60-cyele follow current, flows through the arrester. The nonlinear
resistance, at the higher voltages, will tend to restrict this current and eventually
cause it to cease to flow; here, the magnitude of the follow currentis independent
of the system capacity. The expulsion chamber will confine the arc, build up
pressures tha eventually blow out the arc, and cause the follow current to cease
w0 flow: here, the follow current is a function of the system capacity and the
expulsion chamber must be suitably designed. After each such operation, the
arrester must be capable of repeating this operaung cycle.

Insulation Coordination 1t must be kept in mind that while the arrester is op-
erating, the surge voltage is also “attacking” the insulation of the line or equip-
ment it is protecting; the arrester, however, drains the high voltage to ground,
reducing 115 magnitude, before sufficient ume has elapsed to damage the insu-
lation of the line or equipment.

Insulapnn Fharacteristics. therefore, can be expressed as functions of voltage
and the time it is impressed. This is usually shown as a volt-time curve, known

Insulation charocleristic
(NEMA withstand test on
T200-Y fransformers)

/Cmmd wive

/-Spariw'fer characterisiic
lexpulsion arrester)

Violtoge, kV crast
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as the impulse level, and represents the voltage and
can withstand.

The arrester also has a volt-time curve that indicates
which the spark gap begins to break
Lo grnund.

s duration the equipment

; . the voltage and time at
down and permit the passage of the surge

The insulation characteristic of the line or equipment being protected
be at a higher voltage level than the volt-time characleris.lif gf the earrml:::'
protecting it; indeed, a sufficient voltage differential must be provided to e::ure
safe and positive protection. Figure 4-23 illustrates typical curves and their re-
lationship: While the impulse level of the line or Equi]}}neni must be high enough

that the arrester provides adequate protection, it should be as low as practical
to hold down insulation costs.

Basic Insulation Level (BIL) The coordination of insulation requires the estab-
lishment of a minimum level above which are the components of a system and
below which are the protected devices associated with those components. A joint
committee of electrical engineers, utilities, and manufacturers adopted basic
insulation levels which define the impulse voltages capable of being withstood
by insulation of various insulation classes: “Basic impulse insulation levels are
reference levels expressed in impulse crest voltages with a standard wave not
longer than 1.5 by 40 microseconds. Apparatus insulation as demonstrated by
suitable tests shall be equal to or greater than the basic insulation level™

The standard 1.5- by 40-ps wave selected simulates lightning surges, which
are more prevalent than switching surges, and are more readily reproduced in
the laboratory. The wave, shown in Fig. 4-24, reaches its maximum Or crest
value at 1.5 ws and at 40 ps reaches one-half its maximum value on the “wave
tail.” The steep rising portion of the wave is called the wave front, and the rate
of rise (in kilowatts per microsecond) determines the slope or steepness of the
wave front.

Recommended insulation levels for equipment of various voltage classes are
listed in Table 4-4. These levels and the sparkover charactenisuc of arresters are
determined by impulse tests. _

The sparkover-time characteristics of the valve- anfi the expulsion-type arres-
ter differ in that the characteristic curves for expulsion types are not as f!al as
those for the valve types: the two are shown in Fig. 4-25a and b, respectively.

m

FIG. 4-24 15- by 40-pS vut!_aga
wave (Courtesy McGraw Eaison

Co.)

o
n
m

Voltage, kV
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o bending moment produced by a partial uniform loag whi
ﬁm the entre dcadpand live load by the area bounded by 1:: ;;;;u
g of the structure and of the strip extending 24 in inward. T, Tt‘:sufu';
ial uniform load shall be applied to the floor design span apg 2 des; g
moment shall be calculated. o
In areas of soft clay, medium dlay, organic material, and a water condition
where the groundwater is higher than the Hoor level, the floor sha be designed
as a reinforced slab resisting a uniform load which is the result of the tota] dead
and bve load divided by the total area of the base of the manhole. The Aoor
siab may be designed as either a one- or a two-way slab. In severe Water ares
{odal zones, high water wable) provision shall be made for moment continuity g,
the junction of the Aoor and wall. Negative-moment steel shall be provided by
using onec-sixth the dear floor span plus 12 in as the reinfurcing rod length l;
be carmied into the wall and the floor. The rod size and spaang shall be takep,
as the same as those used for the foor reinforcing.

Precast Floors Precast floors shall be designed for soil conditions as described
above. If poor soil conditions exist, discretion should be used in specifying a
preeast manhole. A layer of crushed stone or concrete may be required to
mmprove the foundation characteristic of the soil.

Precast Hoors shall be designed for lifting, using a dynamic load factor
of I.1.

Field-poured vauls on rock—=R in
Field-poured vauls on steel frames—$§ in

l'Er‘;_:ll -

JABLE 67 MINIMUM CONCRETE PROTECTION

"—m

Bottom  Sides Top  Bottom 5, Pai

2.0 ?_f_} 2‘_!:] 2_0 ‘?,Ij

1.0 2.0 20 1.0 20 20
1.0 2.0 20 1.0 20 2.0

3.0 20 10 1.0 20
3.0 20 19 g4 20
3.0 20 19
L

1.0
1.0

_ —_—

_ —

Walls—Clear of inside face — 1.0 iR o 1.0
Clear of outside face — 9 ) . _

—_—

*Vault indudes ransformer manhole.

Sidewalk Areas

Graangs over vaults and transformer manholes in sidewalk areas shall be formed
of bearing bars riveted to reticuline bars at 7-in centers and, for grating doors,
at 34-in centers.

TABLE 6-8 LOADINGS FOR GRATINGS
h E T “

Type Location Mmimam kve-loed requirement
Roadway Vehicular way 20,800-Ib wheel on 12- x 20in arc
Heavy-dury Driveway Same as for velucular way
Medium-duty  Sidewalk, nonindustrial 600 [/

CONSTRUCTION PRACTICES
Precast Manholes and Vaults

Precast manholes and vaults shall be constructed as follows:

4 roof unir.

2. Two parts, a lower and an upper part horizontally joined 3t the
of the walls, 10 be used for manholes only.

3. Precast structures shall be designed for a 4-ft depth of sod cover.
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Cable Manholes

Cable manholes are usually larger in size, 1tandar'dijrzri at dilferent dimension,
and shapes, with headroom nf about 6 fi or better. They may be re angular ip
shape for straight-line conduit construction, square for Accommodating cabje.
from four directions, or L-shaped where there is a turn in the duct line. The
may accommodate ducts containing secondary mains at upper levels and duycts
carrying primary cables at lower levels. The lauer prm:t-fd from manhole o
manhole, bypassing the service boxes, and the conduits are sometimes referred
to as trunk ducts,

The manholes are made of reinforced concrete with facilities included for
installing hangers to support the cables and splices along their walls, The size
of the manhole shaft through the roof (or throat or chim ney) is generally abou
3 [t square or 3 ft in diameter.

The manholes are spaced as far apart as is practical to hold down the number
of splices required. Proper selection of locations for the manholes will also redyce
the number of bends in the conduit or duct system (o a minimum.

The vanious shapes of manholes also take into account the need for training,
splicing, and racking of cables; typical “standard” shapes are shown in Fig. 6-3.
The essential difference among them is the number of conduit lines {*niering

BTFﬂqu‘*

FIG.63 Typical shapes of
: Cable manholes, (£
Undergroung Systems Relerence Book. )' - (From EE

- mh TR

MEras
=CLHAM ‘:f._‘_ f EF-:’_:-:-' § S

TSGR0
the manhole and the angle a1 hich they en,
other. '

Where the standard precas manholes canne be .
manholes of various shapes and sizes may be consirys ¥ Teason,
It is generally desirable 1o keep the f:ar;h fill oy e; 11:1;- L el
not only for econf;n:it reasons, 0 for makin .l:an_hﬁlc At 3 minimum,
services and streetlight connections MOTE Practics]. Lrga]!r ed_mﬂallauun nfilocaj
subsurface structures, however. may dictate the de 'th i |
roof 15 located. P

€T in the walls in relation 1 each

Transformer Manholes

Tl‘ﬂﬂifﬂl'mfl' manhﬂ'lf& dare df.&ig”&d “'_I I':ﬂﬂLajn lranjrgrmm
ment required for radial or network Systems. Their dimensio
location and the equipment they are 1 contain. Standard ¢

and other equip-

ns depend on the
ransformer manholes

1000

Removoble roof siab /—ﬁ;-:n-dn-:n :
Z, surfoce

Tronslocmer

Bockwater

Sewer frop 171 in

G vable
‘m“ Transformer manhole under roadway. with remo
[1om gg) Underground Systems Reference Book)

Section A-A
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ol reinforeed prrl’nhrirnml concrete are generally approximutely o | liy 1Y i
by 8 1 0f Iyeaelroon, essentially to necommaodate a HO0 kVA three phise Hetwork
anit, as shown in Fig, 645 the manhiole mny nlmlhnum- other typey o L
(armmers and awitches an part of a radinl disecibutlon aystem. 1 he dimensions
provide space Tor wor hars o operate and madntain switches on the primgg ¥ 8lile
and petwork profectors on the secondary side,

Design Loading

e loading on the several s ol the munhole tli‘lﬂ"lllln an the mmxdmum leviad|
imposed on the street surbuce, The live load on the surcbace affects both i)e
design ol the rool slab and the walls, Wheel loads of 21,000 Hy and et of
B0 pereent are typleal vilues for heavily traveled steeets over which track ralfi
may be concentented, For conservative values, wheel areas an lede as 6 by 12 |y,

o o sur bace aren of 086 1V wre also cansiderad, The concentrated load mny then
be s much s 63,000 /i

wheel load = (1 % impact + 100
wheel aren
2100001 4 0.5
1 0.5

Concentrated loud =

= 08,000 1/

Fhe type of pavement, the nuture of the soll beneath the pavement, and the
depth (thickness) of the soil above the raol of the manhole serve 1o mitgate e
actunl effect of the concentrated load, The reducton in effective pressures ol

difterent depths below the surface Is shown In the diagrams of Flg, 0-ba ind b
and the msocinted “Tables G- 0A and G011,

Hoofs

M*"'I,"'Ir roofs wre disigned ax o serles of structural steel beams or rails, ol

elnforced concrete with extracheavy ateel reinforcement or structuril steel o

support the manhole frames, Where installed in sidewalks or other areas not

:uhinnrd 10 Beavy vebiloulay teaffic, ool designs may take into account the lghte

:::E:IE I:illmlr A Hiy pnull;lility of 1 belng subjected 1o londs approximating
tings, the design should be bused on the heavies loudings,

Walle

Manhole wall denlpis are bsed
Both Wve and rlmu’lulun e
on the surface, the an
At depths below 4
loads, the welghi
af e Lve dod
depthiy,

the horizontal component of the effect ol
1:1 ncting on the walls, The horizontal forces will depend
Ko ol vepose of the soil, wnd the effect of the witer table

Bout b 14, as shown in Table 6. | I, for the spread of wheel

ol the enrth above the il

“E wedon i K ",|| nveripe
effects approximutes 450 1 predominstes, Here, the M

St Appears o be constant ol lower

MECHANICAL e LN MROUNE ( 208

Ciagh 1y bebiom s foew
pi s 4 5 ¢ |

aw i i

-1

i Mg
} .‘3"l L
| i

R —

-
-

ot SirOw BT

-
-

Dot blir st focs
an s 2

FIG, 06 Dingram showing aren of spread of wheel loads {nl(}lnﬁ:l wﬁ
11 aprand nnd (b) based on 111 spread. (From EE1 Undarground Sy

Rolarence Book )

The dead loads at various depths and various I:\'umul;u;l E::::‘Hl:l; ;. P&:‘;
centage of the vertical pressure are shown in Tahle 6+ .“ N e n deers
tabulation associated with Fig, 0:5a and b lable 6-2 serves o g
mining the horizontal pressures with various thtlrt:"ﬂ:t“u"' iram the b
sevaral correnponding angles of repose of the soil and p

drostatic head of the water table,
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TABLE6-1A_PRESSURE CALCULATIONS BASED ON A 21.000-1b WHgg, LOAD.
11 WHEEL SPREAD |

Depth Area of spread

Pressure on roof

Live-load — —

rurface, Width  Area,  pressure
R L g W, fi ' onmcover* Live lpad*s Surcharge

Total

0 067 167 112 18500 5200 0 5200
: 167 267 446 4710 2100 150 9950
2 2,67 3.67 9.80 2,140 1310 95() ;;gﬁ
3 367 467 17.10 1,230 960 350 810
- 167 567 2650 790 750 450 1900
5 567 667 37.80 560 620 550 1170
6 667 767 5110 410 520 650 1170
7 767 867  66.50 320 450 750 1900

- : ___'_'—-—-—._.__
*Average presure P,, that might be imposed on cover by maximum concentrated load, or (21,000

IbVarea

**The surface concentrated load uniformly distributed over the width of the manhole, or P_w/5
From EE| Underground Systrms Heference Book

Floors

€ In place,
in thick.
oading of the walls, the
+ the floor is poured before

Pressure on roof, Ib/fi?

Live-load
pres
on cover*  Live-loadss smﬁargz

12 18500 5900

1430 150
540
590

TABLE 6-2 HORIZONTAL EARTH PRESSURES 47 VARIOUS DEPTHS
No l.l.’l.'t ‘Oﬂd LI'-“ m;_r-———-____
Haritanfbuf essure, "
'f

Dead —
Depth load 25% 30% 359

———

Horizomta]

i) S— —
150 38 53
250 63 85
350 88 123
450 113 158
550 137 193
650 162 298
750 187 5 262
B50 212 208
950 237 333
10 1050 263 367
11 1150 288 402
12 1250 312 438
I3 1350 338 . 479
14 1450 352 507
15 1550 387 542

mmqmmnum—a

From EEI Underground Systems Reference Book

the walls are installed. Similar measures are employed in areas of high water
table. Such floors are usually made of reinforced concrete. minimum thickness
of 61n, and are constructed with a keyway for the walls. Where the hydrostatic
pressure is high, an additional pour of 2 to 4 in of concrete is added on top of
the floor.

Prefabricated manholes may be completely precast in one piece, or in a caisson
type in which the roof and floor are separate. The caisson walls are sunk in
place, the precast floor is placed within it (or a Hoor is poured), and a precast
roof is installed in keys in the walls provided for that purpose (such roofs are
also installed in other types of manhole construction). Small manholes or service
boxes may also be completely precast or formed from precast individual pieces.

Frames and Covers

The frames and covers are made of cast iron, malleable iron, or steel, and are
designed to withstand the loadings mentioned earlier; covers mfmqu:m.!y used
May be made of reinforced concrete. Depending on the area over which the
load is applied, frames and covers may have to withstand_whc:l luads_fmml:
30,000 to 200,000 b, though sidewalk covers may be designed for lowere :
lmdiﬂﬂs- Although covers may be either square or round, the latter shape is
Preferred to insure against their :
Frames and covers quransformer manholes may be of the completely fabricated

falling into the manhole when being replaced.

“ull - =::

e g
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: mbination t rt solid and part grating—iha -
W“&”}ﬂ?;ﬂﬁ:z but they wsrﬁ-e_:?fa lower loading r.-_:_ni?_ B=that js
spggﬁransfurmer manholes are usually built with a removable roof slab coveri,
an opening capable of admitting l:u:ge distribution and network units, The “mf
holes are of reinforced concrete with the slabs sealed_ and made watertight, the
pavement being replaced after the transformers are installed. The pavemep, is
cut and the slab removed when transformer rcplacemems are required. Whep
the transformer manhole is located under the 5:deviwalk. the roof slabs are flygh
and made part of the sidewalk surface, and are readily removed when necessary,
Prefabricated manholes may be completely precast or formed from precast in.
dividual floors, walls, and roofs.

Ventllation

The principal source of heat within a transformer manhole is that caused by
losses in the core and windings of the transformer, losses which can be obtained
from the manufacturer’s data or can be calculated approximately. The dissi-
pation of heat is to some extent based on the area of the enclosing walls and
the nature of the adjacent soil conditions. For proper operation of transformers,
the manhole should have sufficient cubic content supplemented with natural
ventilation to keep the temperature within prescribed limits. Air temperatures
in the manhole should not exceed 40°C, mainly occurring at periods of maximum
load. The approximate number of cubic feet of air per minute to dissipate the
heat may be found conveniently from the curve in Fig. 6-6. When such limits
cannot be attained by normal crculation of air between the two venulating
gratings of the transformer manhole, it may be necessary to provide some means
of forced ventilaton, such as blowers, water coolers, etc.

3

g
Air flow required, per wott loss, f1%min

8

rn
&

FIG.6-8 Airflow requirements for
limiting temperature rise in trans-
former vaults. (From EEI Under-
ground Systems Reference Book.)

g 8

)

% 22 18 4 10 & 2
Permissible temperature rise of cooling oir, *C
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The ventilation of transformer manholes must not only provide sufficient
cooling Lo ktc‘p the transformer ':s'ithin proper limits even under extreme op-
erating conditions, hul. must provide a sufficient vent area outlet 1o prevent the
cxplﬂsiﬂﬂ of gﬂSES or oil \r’ﬂp_ﬂl'ﬁ that may dL‘VEInp from transformer failure. This
yent area must bear a _rfh’““"""'h‘[‘ to the volume of the transformer manhole:
the smaller the ratio of the volume of air in the manhole to the total ventilatin

area (or area of openings), the less will be the pressure developed in the manhole

and the lighter the construction necessary to withstand the force of the possible
explosion. : :
Gratings situated at either end of the manhole, generally over the cleared

areas reserved for workers, not only provide access but help to venulate the
(ransformer and manhole.

Transformer Vaults

Where the transformers are to be installed inside a building, or sometimes outside
under a sidewalk, vaults are constructed. They are usually of reinforced concrete,
the dimensions of which are dependent on the transformers and accessories to
be installed, the space available and its location, the adjacent structures and
substructures, and applicable code requirements and local ordinances. The same
minimum ventilation and vent-volume requirements apply as for transtormer
manholes. Access for both equipment and personnel from the outside are usually
sought, but may be substituted by adequate internal means Inf access. In very
@all buildings, such vaults may be located on upper floors, in addition to the
usual vault at basement level. | ) ,

Vault ceilings or roofs should be designed to take into account possible hre
and explosion from transformer failure or other causes.

Cables

Multiple-conductor cables are pre ferred ?’ur imt?‘llutiunf in dur: 5‘-’1:“'?‘3‘1?5322
of the advantages of handling one cable in the hel@ Where the con l:-mg o
rather large, each single-conductor cable may be mst.ﬂlfd lln ﬂu:cﬁctur rablc;
Primary mains are almost always three-conductor cables. bmﬁ :: :I'; T Ty
are generally used for secondary mAins; they are also use ‘,‘;1 i ances for
feeds from transformers, for streetlight arcuits, and in speck

primary mains.

astics such as cross-
lusively used; some oil-impregnated pa-

Cable Insulation For both primary and secondary cables, pl

linked polyethylenc are now WO S " that kind of insulation exists.
per is still installed in special cases wthf much ol t Ebc-'-' for secondary cables,
Varnished cambric and rubber, for primary. and FULASK

: ; sulation are sull i
were widely used, and many cables using these types of ins

. : 'C) insulation is also being
use. Some polyethylene (PE) and polyvinyl "-hlm‘ld; {IP;SA;H;::mic insulations, 1t
used, principally for secondary cables. The tren ?_md; certain to make their
appears, will continue, with new and better compo

appearance,

€] =
vhbbEUs OF TAFE
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Cable Sheaths Lead sheaths, again, though stll used in (tt!l'rt.‘ilﬁing amoy

appear to be giving way to plastics. Many lead-sheathed cables exist an | will {"].H'
for a long time, but new installations are almost exclusively plastic, Pring f“-“
cross-linked polyethylene, used as both insulation and sheath, Pally

Splices
Splices or joints in cables with nonplastic insulation and with metallic sheat}
are much more complex and require greater time and skill to make than ;[l” .;H
in plastic-type cables. Such a splice is shown in Fig. 6-7. Cables witl, [}Iaq:"t
insulation and plasuc sheaths are simpler and quicker to splice as, generally qhu.
splice consists of a wrapping of tape of the same material over the CU]II]L';'I'J}T:
crimped on the two conductors being spliced. The plastic tape eventually q-”“{;.
thes into a homogeneous mass integral with the insulation or sheath.
Conductor connectors are usually copper or aluminum tubes crimped onte
the ends of the conductors to be joined. Some of the older connectors we l
tubes split horizontally and squeezed onto the ends of the conductors, wilh‘mldtr";'

Y4in copper mesh tope,
one layer hall-lapped,
3 over eoch canductor
bk mr:f;;:m".lm“;pg‘ Spot solder turns Togermer
Sm.l owhally R and 1o shielding tape
together, Yo leog
weath and to shislding "
tape of soch conductor = ' .

_‘H‘ - Shiglgeq

Shielding caple —.

: %ilﬂ?,!m,IﬂW#ﬂf
AL T RT3

Nolural bell of e Sy ARy i W

R e e = e e e e e e e e  Salder

I#a0 sheath :
*IFIHE“I"— S "'“F.":'

%,

V4" varnished cambric—" L T varnished M slooy
tape oll-immersed, Binder % in copper cambric tope, SR SIRAVE
holl-lapped, meshtope, 2 loyers,  oil-immersed, Filling compound:
hﬁ”-iﬂppﬁdl over half-lopped. Asphaltic, oil-insalubla,
ail canductors, or petralotum 15 kv
Coble oil, oil-insoluble,
or pefrolatum -
Valtage Dimensions, in g;rpa 15 ;:,
1'|:|'I'.r:..|;iII
Ky o D
- VC
15 9-11 The
27 11-
13 e

12%24
3 ] 9% -

Dimension p
zElo-: POPET intulated coble
o s =tor vornished combric insulated coble

The upper limit apo;
pplies 1o 1o
.-c::i:r::m i:wlunun ""“T?:r!ﬁlt:f;mcireu
. FOr soine
$epped is pralerag . o C0tS (0ted 35000V,

FIG. 6.7 Stralght joint 1ot three

lead-covered cable, 15 1o 35 & e dolon g

V. (From EE| elded paper- or varnished-cambric-insulated

Underground Systems Relerence Book.)
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ured into the sht and over the connector, Solde

red con
entirely obsolete. Nectlors are now almosy

Underground Equipment

Transformers, oill-filled cutouts, and oil switches for iide
metically sealed so as to be waterproof. Such Whmenlil;;]t F :Tgrﬂund. are her-
of welded construction. Wiping sleeves are welded or hrazulqdi‘fm;m 18 usually
or terminal chamber, to which cable sheaths are attached Bar:;ft:-?'m the tank
ductors prevent the equipment oil from being siphoned il;un the {'_:l;[" s
In Iﬂw-Fﬂhagt‘ network dreas, network transformer Units are iﬂ'il.arl:-.d com

prising switching facilities on the primary side and a network protector on the
secondary, low-voltage side of the transformer. |

PRACTICAL MANHOLE DESIGN PROCEDURE®

Practical procedures containing instructions and technical data for designing
underground facilities have been prepared, reducing the work necessary in
preparing plans and orders to the field. A procedure outhining the basis of the
structural design for field-poured or precast reinforced concrete manholes and
vaults used in electric distribution systems follows.

DESIGN LOADING

Live Load

Live-load requirements are based on those of the American Associauon of State
Highway and Transportation Officials (AASHTO) for an HS5-20 or H20 16,000-
Ib wheel load plus a 30 percent impact factor, or a maximum wheel load of
20,800 pounds. They must also meet prevailing local building codes and ordi-
nances that usually specify 600 Ib/ft*. The basis for design is the greater of these
(WO requirements.

Live-Load Criteria

L. Sidewalk and driveway: A 600 Ib/fi* uniform live load or a 16,000-1b wheel load
without impact, whichever produces the greatest SIresses

2 Roadway: A 600 Ib/ft? uniform load or a 16,000-1b wheel load with a 30 percent
impact factor, or 20,800 Ib, whichever produces the greatest stress

90) wheel load shall be taken as acting

Wheel Load The 16.000-1b (HS-20 or H :
b ( n two such loads shall be acting at a

on a 12- by 20-in area, and no more tha
Spacing of 5 ft; see Fig. 6-8.

cuon Practices on

section Constru
ol the «d Edison Ca. of

*The materi i | ough the end :
ral from this point throug ¥ il Gonsalidat

P: 232 is adapted from Application & Design Man
New York,




FG. 68 Multipie wheel load. (a)
H20 (HS-20) whee! load. (b) Mul-
bple wheel lcad. (Courtesy Con-
sokdated Edison Co.)

Wheel Load Distribution The effective area over which a wheel load acts at any
;Eh below the pavement surface shall be determined by spreading the wheel
through pavement (concrete or asphalt) and soil in the following manner:

L Pw_: The wheel load is wo be spread at a 45° angle with the verocal in
all directions.

2. Sail . -

_ Th:"whccl load is to be spread at a 30° angle with the vertcal in all

The wheel ,
Fig. 6-9, l0ad area as a function of depth for a 9-in pavement is shown m

Surcharge Load The unifo :
. rm 600 Ib/fe? live load shall  ble.
48 acting on the surface 25 2 surcharge load. shall be taken, when applicable

The active earth pressure coefficient shall be taken

43, which assumes an angle of repose or internal friction of 30°.

weights used for computing dead load shall be as follows:

submerged soil weight

U_T:_‘:':—n ™ B

e, WEWRS_ _.h_-.}-?w I-H:.,:;_F_.'-'El.m

A

e
L=

Arao, 11¢

S55-ft oucH |

800 I1B/112 |_//,..
arrtorm load - |

| |
| | |

Depth below grode,

FG. 69 Spread of wheel! for 9-in pavement (Courtesy Consoficated £0-
son Co.)

3. Pavement (concrete or asphalt)—144 Ib/ft*
4. Concrete (plain)—144 Ib/ft°
5. Concrete (reinforced)—150 Vit

DESIGN STRESS BASES .
Allowable stresses are given in terms of the following q
Je allowable compressive strength in CONETELS, Ib/in®

2
I 28-day compressive strength of concrete, Ibin
/i allowable strength in steel, Ibin*

uanunes:
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n ratio of modules of elasticity of steel to that of concrete

V. allowable shear stress in concrete

Allowable Stresses—Concrete

TABLE 6-3 ALLOWABLE STRESSES—CONCRETE

ﬁ
Type of concrete n fe b7 V.

Precast plant concrete 8.5 3500 1575 118
70 5000 2250 141

Field-placed concrete 85 8500 1100 83

Allowable Tenslle Strama—ﬂalnfnrclng Steel

For ASTM A615 grade 40 deformed-billet steel bars, J: = 20,000 Ib/in2

F
ASTM A615 grade 60 deformed-billet steel bars, fi = 24,000 Ib/in2. -

Allowable Steel Stresses

Structural steel elements are 1o be designed in accordance with the latest revision
of l:he ISC Manual of Steel Construction. All solid steel covers and steel gratings
subjected to repeated traffic loading are to be designed in accordance with the
AASHTO Reguirements Jfor Design of Repeated Loads for 200,000 cycles of load.

0ading f,
aken from tht-is?;n]i;]?:-e?h Pressure due 1o live angd dead loads shall be
SUpported Strip with hei I:? 8- 6-10. The waly should be analyzed as a simply
BNt equal to the headroom of the manhole plus one-

Grode

I [ ————
1 Tt iﬁl?.
2 — ] 467
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218 PLANNING AND DESIGN

ROOF DESIGN

Live Loads _
All roof structures for manholes or vaults shall be designed 1o carry (he lice

loads specified above in the section Design Loading,

Wheel-Load Area

The design wheel load (HS-20 or H20) shall be taken acting on an area which
is to be determined using the method of spreading a concentrated load defined
under Wheel Load Distribution in the section Design Loading, above.

Fleid-Poured Manholes

All field-poured manhole roofs shall be designed using structural steel sections
around the roof opening to support the manhole frame.

Precast Manholes

Precast manhole roofs may be designed using a simply supported reinforced
concrete beam around the opening to support the manhole frame.

Roof Slabs
Roof slabs shall be designed as one- or two-way reinforced concrete slabs; where

ll:dratiu of short span 1o long span exceeds 0.5, a one-way slab design shall be
used.

Oual:ay Slab The dmign_ moment shall be determined using a simply sup-
m beam strip loaded with the effective live-load intensity and uniform dead
- Table 6-4 gives the design moments as a function of depth.

TABLE 64 SIMPLE-SUPPORT ROOF SLAB MOMENT, ft'lb

Design span
%mﬂ if 5fi 6 ft

7 fi 8 fi

07 5
510 1.75 5500 7860 10270 12,740 15,260

1.75 1w 5.
5.0 2860 4690 6,550 8,130 10460

Two-Way Slab The desi

M?‘ slab and then p
irection and

Table 6.5 !

rgn mqm"',“'* shall be determined using Table 6-4 for a
_3‘. TUoning the one-way slab design moments for the
g-direction moments using the conversion constants 11

-and 4 water condition where the grﬂundwawr'ﬁ!\’f
Hoor level, the Hoor shall be designed as a rein
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TABLE 6-5 CONVERSION FACTORS FOR TWO-WAY SLAB MOMENTS

i‘_ﬁp ofcleur spans lmg;atta:r "E"'f"l Shm}m i

1.0 0.500)
0.9 0.396
0.8 0.295

{).
0.7 0.194 ; ;?,2
0.6 0.114 0.885
0.5 ().0549 ng_;ﬁ

Short-span moment M, = K, % simple-span moment

Long-span moment M; = K; * simple-span moment

0.500
0.604

Above-Grade Vault Roofs

All above-grade vault roofs shall be designed for a uniform dead load plus a
live load of 30 Ib/ft* of projected area plus internal blast load.

Other Requirements

The minimum thickness of a precast roof shall be 6 in. The minimum thickness
of a field-poured roof shall be 8 in.

FLOOR DESIGN
Loading

The loading on the floor of a manhole or vault depends on the size of the
transformers or equipment to be installed. The weights of some transformers
are listed in Table 6-6, together with some approximate areas upon which the
loads are imposed.

TABLE 86 TRANSFORMER WEIGHTS AND LOAD AREAS

e e

Transformer size, VA  Weight or load, I5*  Area for direct load

300 giﬂﬂ{] 2 ft x 3‘] ft
500 12,000 2ft x 4 ft
1000 16,000 2ft x 4 ft
2000 94,000 3 fr x 4ift
2500 30,000 it xHit

*Add 3000 Ib for network protectors.

Manholes

' ‘ * ic material,
Soils In all soil conditions ather than soft clay, medium clay, organic ma

| is higher than the top of the
forced concrete slab capable of




