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) r plﬂcﬂt very Ial'gt IMdS, their size and fﬂP&uu
&enmllﬂm i mn:ﬁ-.l:e values as can be successfully handled by (he

may have to be uld they become entirely deenergized

oS . sources sho ey Y’ or
generaung nrﬂﬂ_*l'z;‘:m deenergized for any length of time, the inrush
any reason. When

are very large, as diversity among consumers may be lost, and this may
currents : -

be the limiting factor in restricting the size and capaaty of such networks.

Voltages :

service, primary vo are becoming higher. Original feeder
I-‘n‘rall'rpﬁif ofahoﬂt 1000 V Edunbed to nominal 2400, 4160, 7620,
mﬂm. and 46,000 V. Moreover, pnmary feeders th.:at orginally op-
erated as single-phase and two-phase circuits are all now e-ssenu;ﬂy t‘hree-phase
arcuits; even those oniginally operated as delta ungrounded circuits are now
converted to wye systems, with their neutral common to the secondary neutral
conductor and grounded.

Secondary voltages have changed from nominal 110/220 V single-phase values
to those now operatng at 1201240 V single-phase and 120/208 or 120/240 V for
three-phase arcuits, the 120-V utlization being applied to lightung and small-
motar loads while the 208- and 240-V three-phase values are applied to larger-
motor loads. More recently, secondary systems have employed utilization voltage
values of 277 and 480 V, with fuorescent lighting operating single-phase at 277
V and larger motors operating at a three-phase 480 V. To supply some lighting
and small motors single-phase at 120 V, autotransformers of small capadity are
empioyed to step down the 277 V to 120 V.

Secondary voltages and connections will be explored further in discussing

and transformer connections.

the poles.
hile an underground system is not exposed 1o damage

from storms, traffic, etc,, on the other hand, when trouble d
much more difficult and lime-consuming to locage and re
head system. For this reason, additional 1]

and Interruptions
0SS ocaur, it is very
pair than in

schemes, networks, etc. Also, the lesser ability
ground system does not permit the iﬂading an
equipment possible with overhead systems.

With plastics taking over the functions of insulation and sheathing in un-
dﬂgmund cables, and the ability of these materials to be buried directly in the
ground, the economic advantage of overhead systems. though still favorable. is
markedly reduced. The recent greater emphasis on environment (appearance)
also has contributed to a greater pressure for underground installations. Over-

head systems will, however, prevail to a very great extent for some time, and
will be in almost exclusive use in rural areas.
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PREFACE
TO
THE
SECONDEDITION

In the decade since the hirst edition made its appearance, events have caused the
electric utility industry to reevaluate its goals as well as its position in society.
Technical developments, together with substantial changes in the financial and
environmental climates, ageravated by spiralling costs of fuel;, have forced utility
engineers to seek means of achieving greater efficiency and economy in the plan-
ning, design, construction, maintenance and operation of their electrical systems.
Their long time philosophy of “reliable service at low cost™ no longer adequately
interprets the goals of the enterprise. While still an important incentive, enginecrs
must pay greater attention to the financial and social problems aftecting the mcif:ly
of which they are a part. This second edition discusses the changes that altect
the distribution systems.

Distribution rn:qinm-n\: have had to expand their scope and responsibilities li_’"'}‘““d
lectrical and economic considerations. Their new
¢ consumer’s operations and intrude into the
erations as well as in that of public relations.
ibution engineers and consumers consultants

the traditional mechanical, e
responsibilities now encompass th
fields of generation and system op
The closer cooperation between dist | | cons!
has resulted in an effective amalgamation ol the two disciphines. .

In determining the physical plant necessary to supply f"‘1"5u"‘ff3 loads, d"‘m?:;'
tion engineers not only meel the electrical and mcrh:uumlt rctj;un-'c:tm::nlb u::: ;
ing to Kelvin's Law, but must modify them to meet the il s;}mpﬂ b:.
lh:' availability of financial resources. And further .,nmﬁﬁmlml\ Ph mﬂ?h
necessary to meet the environmental r;icm.'mds.. varying I!mm ;reia} (o ur;a. gt;.[::
must bhe ;111‘: (o maintain that prirclcss commodity in hm‘*““‘ﬁ ealings, the
will of the consumer, the community “”d,t.lw -”M_m}.}ll }::IE lt:[t‘:rlt the shock waves

Like almost every ather industry, the utiity "]:T :ll :im-; ronics and computers.
generated by the explosive developments in the WORGOLER
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‘means of disconnecting the consumer fr

f10W serve as a path to the several services from 1
‘Which supply them. being delivered is reduced to

CHAF‘TEH 1

THE
DISTF“BUTION
SYSTEM:
DESCH|PT|0N

Although there is no “typical” electric power system, a diagram including the
several components that are usually to be found in the makeup of such a system
is shown in Fig. 1-1; particular attention sheuld be paid to those elements which
will make up the component under discussion, the distribution system.

While the energy flow is obviously from the power generating plant to the
consumer, it may be more informative for our purposes to reverse the direction
of observation and consider events from the consumer back to the generating
source.

Energy is consumed by users at a nominal utilization voltage that may range
generally (in the United States) from 110 to 125 V, and from 220 to 250}" (for
some large commercial and industrial users, the nominal figures are 277 and
480 V). It flows through a metering device that determines the billing for the
consumer, but which may also serve to obtain data 'useful later alit:r lﬁi}aﬂ:ga
desi ‘ tering equipment usually '

Sgn, and operating purposes. The meﬂm the lfll1 cnpming supply should this
become necessary for any reason.
~ The energy flows through conductors to t
(if any); these conductors are referred toast

0 as the service drop. e dary mains

Several services .-:fe connected to the sffﬂndawhﬁizii?:ﬂﬁﬁlﬂnmen

he meter from the secondary mains
he consumer's service, or somenmes

At the transformer, the voltage of the energy
the utilization voltage values mentioned earlier frg ”
that May range from 2200 V to as high as 46,1 ‘f ults by fuses or so-called

€ transformer is prﬂtecled from overloads and fa

m higher primary line VOItages

3




4] THE OISTRIBUTION SYSTEM DESCAIPTION | 8

L the transtormer s situnted on

_ an overhead system, it is also protected from

lightning or line voltage surges by & surge arrvester, which drains the voltage
surge to ground belore it can do diumage to the transformer.

s I'he Ir.mnh[ulnm-u W connected o the primary clrcuit, which may be a lateral

OF ApUT consisting ol one phnsr of the usuul lhrfr.l,h;“g primnr}r i, This is

done ummlly through o line o sectionaliing fuse, whose function is to discannect

High vaitage the lateral from the main in the event of fault or overload in the lateral. The

PN R RN NErgy components “ﬂWi“g lhrnugh

nt not only the energy used by the
but also the energy lost in the lines and trans-

lateral conductors carry the sum of the e

each of the transtormers, which represe
Shep o awn ' _
bl ik consumers connected thereto,

formers to thut pniul.

Tronsmsaion

Fhe three-phase main may consist of several three-phase branches connected
Sublronymssion together, sometimes through other line or sectionalizing fuses, but sometimes

also through switches, Each of the branches may have several singlesphase lateraly
connected to it through line or sectionalizing fuses.
i - Yrondlarmes : Where ‘ninglrﬁplhunf- or thrw*-plt_;mr_' m.*r:rhr;ul lines run for any considerable
aus distance without distribution transformer installations connected o them, surge
arresters may be installed on the lines for protection, as described earlier.
}:::.?3:0--. Some three-phase laterals may sometimes also be connected to the three-
Primary llhusﬂ main through aireuit reclosers. The recloser acts to disconnect the lateral
feaders from the main should a fault occur on the lateral, much as a line or sectionalizing
fuse, However, it acts to reconnect the lateral to the main, reenergizing it one
or more times after a time delay in a predetermined sequence before remaining
open permanently. This is done so that a fault which may be only of a temporary
nature, such as a tree limb falling on the line, will not cause a prolonged inter-
ruption of service to the consumers connected to the lateral,
The three-phase mains emanate from a distribution substation, supplied from
Segonbary A bus in that station. The three-phase mains, usually r'ch-r.rcd Lo a8 & cireut or
P feeder, are connected to the bus through a protective circuit lJl‘l?iIkFI‘ and some-
times a voltage regulator. The voltage regulator is usually a modified furrln of
Melers { transformer and serves to maintain outgoing voltage within a predetermined
. band or range on the circuit or feeder as its load varies. 1t is !ﬂmtlil]ltl Plntfd
electrically in the substation circuit so that it regulates the vnlmg‘c of the entire
Consumer's | bus rather than a single outgoing circuit or feeder, and sometimes along the
wing route of a feeder for partial feeder regulation, The circuit breaker in the feeder
acts to disconnect that feeder from the bus in the event of overload or fault on
FIG 1 Typl - | * distribution feeder.
Nutewm;p c:::l::::f fyslomm showing operational ivislons. the’ﬁ::f::ll:ﬁ;:::e_::mi:::n usually supplies several distribution feeders and carries
the sum of the energy supplied to each of the distribution feeders Eﬂﬂﬂ'ﬁlfd:l'
it, In turn, the bus is supplied through one or more transformers and ;:smmlnl
cireuit breaker protection, These substation tramﬁ}.rmcra step duwt:f the mrl:lg;
of their supply circuit, usually called the subtransmission system, which ope
at voltages usually from 28,000 to 138,000 V- al distribution substations and
The subtransmission systems may supply several dis r gl
may act as fe feeders between (wo or tput:r su_humuuna }[I‘;at a:‘::l Jbs b AR
power or transmission type or of the distribution tfpc.i :Hbrc:ker i dias
to supply some distribution load, usually through a €ire '

Qistribution
Translomeis

weak links on the highvolta
devices on the low-voltage
the event of overloads or | aults

ge side; the latter also
These operate 1
- The circuit by
| » or low-voltage, side ope '

or overloads in the s Pem:::::::};:f

usually include circuit-breaking
0 disconnect the transformer in
cakers (where they exist) on the
the condition is cauged by faules

or consumers' premises; the
] i
perates in the event of 4 failure within the
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: : mercal consumer having a

consumer, generally an industrial plant or 3 com
m1 mw - bulk power substation serves much the same purposes
mmm‘ mhs!anm“‘ mcptpo that. as the name implies, it handles much
;eml amounts of ene X the sum of the energy individually supplied to the
W' ssion lines m:'E‘ Mtcd distribution substations and losses. Voltages
transmission substations are reduced to outgoing subtransmission line
:::;es from transmission voltages that may range from 69,000 to upwards of

?ﬁﬁ;:nt:umm lines usually emanate from another substation assocated

‘ power. generat t. This last substaton operates in much the same
;?;t as other mh:;fioinbul serves (o step up to lransmission_ line x-n!mge
values the voltages produced by the generators. Because of material and insu-
lation limitations, generator voltages may range from a few thousand volts for
older and smaller units to some 20,000 volts for more recent, larger ones. Both
buses and transformers in these substations are protected by arcuit breakers,
surge arresters, and other protective devices.

In all the systems descmbed, conductors should be large enough that the
energy loss in them will not be excessive, nor the loss in voltage so great that
sormal nominal voltage ranges at the consumers’ services cannot be maintained.

In some mstances, voltage regulators and capaditors are installed at strategic
pomis on overhead primary drcuits as a means of compensating for voltage

drops or losses, and inadentally help in holding down energy losses in the
conductors.

In many of the distribution system arrangements, some of the several elements
between the generating plant and the consumer may not be necessary. In a

(thereby energizing the primary and creating unsafe conditions), automatically
operated arcuit breakers, called network proteciors, are connected between the
secondary network and the secondary of the transformers; these open when the
direction of energy flow is reversed.

The two examples cited here are perhaps the two extremes in the design of
distribution systems, the first the sumplest, the latter the most complex. There
are many variauons in between these, and the basic ones will be described in
their appropriate places.

Only distribution systems, however, will be the subject of further description
and discussion in this book. In general, these incdlude the distribution substation,
primary feeders, transformers, secondary mains, services, and other elements
between the substation and the consumers’ points of service.




CHAPTER 2

DISTRIBUTION
SYSTEM
CONSIDERATIONS

In determining the design of distribution systems, three broad classifications of
choices need to be considered:

1. The type of electric system: dc or ac, and if ac, single-phase or polyphase.

2. The type of delivery system: radial, loop, or network. Radial systems include
duplicate and throwover systems.

3. The type of construction: overhead or underground.

DESIRED FEATURES

Electrical energy may be distributed over two or more wires. The principal
features desired are safety; smooth and even fow of power, as far as is practical;
and economy.

Safety

The safety factor usually requires a
electric energy is utilized by the ordinary consumer.

a voltage low enough to be safe when the

Smooth and Even Flow of Power " .
A steady, uniform, nonfluctuating flow of power 1s highly dc.umhlc.hbm;i for
lighting and for the operation of motors for Power purpclnzs :jh‘hu:;lg ;i, mr::
current system fills these requirements admirably, it 1s limited 1n the _

- : ilization voltage.
over which it can economically supply power at utilizatio
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' i following
deliver power 1n a ﬂuuuaupg manner
. 4l I;[[;‘: :;Tt:gt gcnegt‘ed. Such Huctuavons of power are not
‘hcdjem“n “n?-wn;;ﬁng lighting, and small motors, but are not enlfreh- sat-
i et I:ro mtio,n of some devices such as large motors, which must
dzﬁxﬁmm;tiz:;;licalpcwcr steadily and therefore require a steady input of electric
pm:r This may bepodonr by su;ipl}ring electriaty to the motors by two or three
arcu i ac;l sup lving a pdrt:ion of the power, whose fluctuations are purposely
mad H&n; o mlcjsr at the same ume, thereby decreasing or damping out the
e!fmt f the fluctuations. These two or three separate alternaung current circuits
] ingle ircuit) are combined into one polyphase
each often referred to asa single-phase arcuit

: ircui - fi lyphase arcuits or systems are

(two- or three-phase) drcuit. The voltages for polyp

supplied from polyphase generators.

Alternating curre

Economy

The third factor requires the minimum use of conductors for delive‘r?' of electri‘c
energy. This usually calls for the use of higher voltages where conditions permit
and the elimination of some conductors by providing a common return path for
WO OF more crcuits.

~ TYPES OF ELECTRIC SYSTEMS
Direct Current Systems

Direct current systems usually consist of two or three wires. Although such
distribution systems are no longer employed, except in very special instances,
older ones now exist and will continue to exist for some ume. Direct current
systems are essentially the same as single-phase ac systems of two or three wires;
the same discussion for those systems also applies to dc systems.

Alternating Current Single-Phase Systems

Two-Wire Systems The simplest and oldest circuit consists of two conductors

between which a relatively constant voltage is maintained, with the load con-
nected between the two conductors; refer to Fig. 2-1,

! _ : grounding of one con-
_ .“mlbamc?lly a safety measure. Should the live
conially with the neutra) conductor, the voltage

4 :
&. throughout a relatively large body of

purposes, be disregarded.

In calculating voltage drop in the circuits, both
of the two conductors must be considered.
exist during normal fow of current.) This ¢
tance, known as impedance, is measured

the resistance and reactance
(In dc circuits, reactance does not
ombination of reactance and resis-
in ohms (0). Because the current in

the grounded neutral conductor may be less than the current in the live con-
ductor, the voltage drop in the neutral conductor may also be less.

FIG. 2-2 AC single-phase three-
wire system.

Three-Wire Systems Essentially the three-wire system 1s a combination of two
two-wire systems with a single wire serving as the neutral of each of the two-
wire systems. At a given instant, if one of the live conductors is E volts (say 120
V) “above” the neutral, the other live conductor will be E volts (120 V) “below”
the neutral, and the voltage between the two live (or outside) conductors will be
2E (240 V). Refer to Fig. 2-2.

If the load is balanced between the two (two-wire) systems, the common
neutral conductor carries no current and the system acts as a two-wire system
at twice the voltage of the component system; each unit of load (such as a lamp)
of one component system is in series with a similar unit of the other system. If
the load is not balanced, the neutral conductor carries a current equal to the
difference between the currents in the outside conductors. Here again, the
neutral conductor is usually connected to ground.

For a balanced system, power loss and voltage drop are determined in the
same way as for a two-wire circuit consisting of the outside conductors; the
neutral i1s neglected. _

Where thf loads on the two portions of the three-wire circuit are unbalanced,
voltages at the utilization or receiving ends may be different. Th‘ese are shown
schematically in Fig. 2-3. Let the distance Ifnen«;een the dashed hnesmrePresc:l:
the voltage. There will be a voltage drop, with refertt::cf to the neutral, in eac
of the conductors 1 and 2. The neutral conductor will carry the d:{l‘erence in
currents, thatis, /s — I,, or /.. This current in th{:: ne:._lual conductor w::lsﬂp;)dbeun:
a voltage drop in that conductor, as indicated in Fig. 2-3. The resu _




Receiver
} Dropin 4

> Em

neutral

FIG. 23 Unbalanced load—single-phase three-wire system.

much larger drop in voltage between conductor 2 and neutral than between
conductor | and neutral. If the unbalance is so large that I, is greater than J,,

the receiving end voltage Ex, will be greater than the sending end voltage Eg,,
and there will be an actual rise in voltage across that side.

The limiting case occurs when / 1 = 0and I, = Is. In that case, all the load

1s carried on side 2; the rise in voltage on side 1 will be half as much as the drop
in valtage on the loaded side 2. However, if an equal |

1, th:.ItEds in both parts of the circuit will be balanced and 7, will equal 0. The
‘between cunduc}nr 2 and the neutral will be reduced to half
although the load now supplied is

In all of this discussion, the size 0
same as the live or outside conductors.

Series Systems The seri
dlthough being rapidly
€XI5ts in substantial num
Current is maingai

depends on the current
Pedance of thar section of

CONSIDERATIONS | 13
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FIG. 2-4 AC single-phase series system and voltage vector diagram.

depend on the current (squared) and the resistance of that section of the con-
ductor.

Alternating Current Two-Phase Systems

Two-phase systems are rapidly becoming obsolete, but a good number of them
exist and may continue to exist for some time.

Four-Wire Systems The four-wire system consists of two single-phase two-wire
systems in which the voltage in one system is 90° out of phase with the voltage
in the other system, both usually supplied from the same generator. Refer to
Fig. 2-5.

In determining the power, power loss, and voltage drops in such a system,
the values are calculated as for two separate single-phase two-wire systems.

Three-Wire Systems The three-wire system is equivalent to a four-wire two-
phase system, with one wire (the neutral) made common to both pl_uses; refer
to Fig. 2-6. The current in the outside or phase wires is the same as in the four-
wire system; the current in the common wire is the vector sum of these currents
but opposite in phase. When the load is exactly balanced in the two phases, these
currents are equal and 90° out of phase with each other and the resultant neutral

current is equal to V2 or 1.41 times the phase current.

Load C) %#}

)

FIG. 2.5 AC two-phase four-wire system and vector diagram.




PIG. 24 AL two-phise three-vire systerm and veclor diagram

ires ; | on wire 18 the normal phase
ROV Begn ecirien phaﬂ'_ Wflfﬂ .”'Hl ”’":f::l’;:? drop, the same as iln the
voltage, and, neglecting the difference in neutr | P e L
fourwire systern. The voltage between phase wires is equal 1o V2 or 141 times
lm'l;wm;xﬁcr dehivered is equal 1o the sum of the powers rlrliverrd by the two
phases, The power low is equal 1o the sum of the power losses in each of the
wires,
l‘w’.;l.'l'.\-t voltage drop is affected by the distortion of the phase relation caused
by the larger current in the third or common wire. In Fig, 26, if E, and £, are
the phase voltages at the source and 1y and 1, the corresponding phase currents
tamuming balanced loading), 15 is the current in the common wire, The voltage
(1Z) drops in the two conductors, subtracted vectorially from the source voltages
Eyand Ey, give the resuliant voltages at the receiver of AB for phase | and AC
for phase 2. The voltage drop numerically is equal 1o Ey = AB for phase |, and
Ey = AC for phase 2. 1t is apparent that these voltage drops are unequal and
that the action of the current in the common wire is w distort the relations

between the voltages and currents—the effect shown in Fig. 26 is exaggerated
for il ion K 44

Five-Wire Systems  The five-vire systenm s eq
system with lhc midpoint of both phases brought out and joined in a fifth wire,
The voltage is of ihg same value from any phase wire to the common neutral,
value may be in the nature of 120V, which is used for lighting

loads, while the voltage between Opposite pairs of phase wires,

used for larger-power loads, The voltage between adjacen:

mes 120 V (about 170 V), See Fig, 9.7,

ced on all four phase vires, the common or neutral

Mt s o balnpced, the neutral conductor carries the
currents in the two phases,

uivalent to a two-phase four-wire

systerms supplied from the

each phase is 120° gu of phase with the voltages

CIMUERATIONS | 18

of the other twio ljh;‘p:t‘ bist one : -
to the vector sum of the curreny 0 the three phases l.;u: ': i Equal
shown in Fig, 2.8 ’ Pposite in phase, as

If these three CUrrents are e
since these phase currents are 19

is usually grounded. Single-phase loads may be connected betweer one oha

wire f’-‘”" the neutral, bus may also be connecied Imtwn;;n Jphat-r wires i’l riefir;
]_ﬂ f'if”" latter instance, the voltage is V3 o 1.7% times the line-to-nieutral w}liagn;
E. Three-phase loads may have each of the Wparale phases connected to Ih;
three phase conductors and the neutral, or the separate phases may h;"t;:mnertﬂi
to the three ph:«:w conductorsy r:nly. . '

Power delivered is equal 1o the sum of the powers in each of the three phases.
Power loss is equal (o the sum of the IR losses in all four wires,

The voltage drop in each phase is affected by the distortion of the phase
relations due o voltage drop caused by the current in the neutral conduetor.
This is not so, however, when the neutral conductor is grounded at both the
sending and receiving ends, in which case the neutral drop is theoretically zero,
the current returning through ground. The voltage drop may be obtained vee-
tarially by applying the impedance drop of each phase 1o its voltage. The neutral
point is shifted from O 1o A by the voltage drop in the neutral conductor and
the resulting voltages at the receiver are shown by Esg, Es, and E sy, The voltage
drops in each phase are numerically equal to the difference in length between
Eyyand By, Ezs and Eyy, and Eq, and Esy. The effects of the distortion due to
voltage drop in the neutral conductors are exaggerated in Fig, 2-8 for illustration.

conductor

arly equal, the neutral ¢

: urrent will be small,
0 out of phase with eac

h other. The neutral

Three-Wire Systems I the load is equally balanced on the three phases of a
four-wire system, the neutral carries no current and hence could be removed,
making a three-wire system. It is not necessary, however, that the load be exactly
balanced on a three-wire system.

Considering balanced loads, on a three-phase three-wire system, a thre.z:-phm
load may be connected with each phase connected between two phase wires—a

i

m

g S a.-t...‘\.h. N
ek e o

-
™o

Jdoitral

o
SR .

m

34—

o

P
{

N
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|

FIG. 2.7 AC two-phase (ive-wire systemn and veclor diagram.
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any one phase.

The voltage drop in each
determined by adding the im
when balanced loads

Detto(A)
Wye (Y) At
connection

for the same load are shown in
. | the vector difference between
currents; hence:

Iy = V_i{ur 1.73) times 1

diagrams (current vector
FIG. 29 AC three-phase three-wire system and voltage vector diag
not shown).




18| THE DISTRIBUTION SYSTEM

1Z. is subtracted vectorially from Eys for each of the three
Itages between phases at the receiving end (E,z) are
ector diagram of Fig, 2-9 are exaggerated

conductor impedance,
phases, and the resulting volt:
obtained. The effects shown in the v

for illustration.

Alternating Current Six-Phase Systems

Six-Wire Systems Six-phase systems consist essentially of two three-phase sys-
tems connected so that each phase of one system will be displaced 180° with
reference to the same phase of the other system. These may consist of two banks
of three transformers connected separately with the polarity of one bank re-
versed with reference to the second bank; or one bank of transformers may be
employed, with the secondary windings divided into two equal parts and both
ends of each winding part brought out to separate terminals (for a total of 12
terminals).

The windings may be connected in a double-delta fashion as shown in Fig.
2-10a, or in a double-wye arrangement as shown in Fig. 2-10b. The associated
vector diagrams of the voltage relationships are also indicated.

Inthe dnub_le-w}'e connection, it 1s not necessary to have the windings brought
oul 1u_+_12 terminals; the neutral connection may be made by connecting together
the midtap from each of the three secondary windings.

401

5

XX

3h Aor ¥ primary

6ch double A secondary

3

2

3 A or Y primory
Mo B WM
6¢b double Y secondary

FG. 210 ac -
plmmatx-mmc[:i::m Six-wire double-delta system (a), AC si
o diagrams. system (b), and voltage

i

‘guch systems are almost exclusively yseq in
¢ conyerters to serve direct current loads: (h

'iﬁf-l‘-mp;uving power factor on the allernaling

QM’W'.” Sy#_tﬂm A seventh, or neutral, wire may be
_,mmon junction of the double-wye connection, as iI:ldir_:a
\ The seven-wire system may be used for distribution
nnected L0 other common neutral systems. The disa

m ; . .
conductor is balanced against two major advantages:

brought gy from the
ted by the dasheq ine

PUrposes, with the neytrq
dvanlage of the additional

|, The ability to serve single-phase loads from a source of
" twice the line-to-neutral voltage, compared with 1.73 time
yoltage in a three-phase system.

higher voltage, ie,,
s the line-to-neutral

9. Reduction in overall line losses, as each conductor will carry only one-sixth

U of the load, compared with one-third in a three-phase 5}'stem—ﬁﬁiy half the
load per conductor in a three-phase system. The losses, therefore, will be
one-quarter those in a three-phase (three- or four-wire balanced) system.

The overall savings in fuel costs for supplying the lesser losses may exceed
the increased carrying charges associated with the additional conductors. The
improved voltage in supplying three-phase delta (power) loads from such a
system also contributes to its acceptability. As fuel and operating costs increase,

such systems may find wider application.

Comparison Between Alternating Current Systems

encies for the several alternating current syst€ms, assuming
oltage between conductors, and the same
a single-phase two-wire

'Acomparison of effici
‘the same (balanced) loads, the same v _
‘conductor size is summarized in Table 2-1, which uses

‘circuit as a basis for comparison.

TABLE 2-1 COMPARATIVE EFFICIENCIES OF AC SYSTEMS
Amount of  Power Voltage drop

conductor loss (app m:imaii

?is.iﬂgl_bphasﬂ 2-wire 1.0 104 lg?
3 3-wire 1.5 0.25 0'_3
~ Twophase  3-wire 1.5 D3k gf:
4-wire 2.0 0:23 U;
5-wire 2.5 0'2?. IJ' l;':?
'@h{#t’vphme 3-wire* 1.5 0,154 L1+51J
3-wire** 1.5 0.0 U- 167
4-wire* 2.0 0.167 o.{H?
SIX-phase 6-wire 3.0 0.042 D:{HE
T-wire 3.5

~ Type of ac system

0,042_______________.._-

Gy
w?tﬂ"s voltage same as single-phase.
“Delta (4) Voltage same as single-phase.
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TYPES OF DELIVERY SYST EMS Ly

i lectric en from the generating plant to the consumer may
nnerid :'EZ:E more n:lga distinct parts that are nevertheless somewhar
ﬁumhled described generally in Chap. 1, The part considered “distribution,”
ie., from II;E bulk supply substation to the meter at the consumer’s premises,
::an' be conveniently divided into two subdivisions:

I. Primary distribution, which carries the load at higher than utilization voltages
from the substation (or other source) to the point where the voltage is stepped
down to the value at which the energy is utilized by the consumer.

9. Secondary distribution, which includes that part of the system operating at
utilization voltages, up to the meter at the consumer’s premises.

Primary Distribution
Primary distribution systems include three basic types:

I. Radial systems, including duplicate and throwover systems

2. Loop systems, including both open and closed loops
3. Primary network systems

Radial Systems The r?dial-l.ypc system is the simplest and the one most com-
monly used. It comprises separate feeders or circuits “radiating” out of the
substation or source, each feeder usually serving a given area. The feeder may

be considered as consisting of a main or trunk ! 1
sting portion from which there radiate
spurs or laterals 1o distributi '
iE =i which distribution transformers are connected, as illustrated
The spurs or laterals are usuall

fuses, 5o that a fault on the lateral y fpnnected (o the primary main through

will not cause an interruption to the entire

Laterol

o o

I Trunk (main) Latergl

(spur)
Trurk {main) ; | Laterol (spur)

Trunk | (maoin)

Lateral
(8o Loteral (spur)

Loterg) (spur)

-

2
F8.241  Primgyy %
el or spurg, ! SCNeMatic diagram showing (1,

—— GD’E’TMIH; tireyurd

— & iternot Mg Carcurt

Optional

circurt breakers

Secondory service
D coneumer

throw switch

FIG.2-12 Schematic diagram of altemnate feed—throwover ar-
rangement for critical consumers.

feeder. Sh:nuld I.hﬂ: fusg: fail to clear the line, or should z faul
feeder main, the crcuit breaker back at the substation or sou
the entire feeder will be deenergized.

Tn_hnld.dnwn the extent and duration of Interruptions, provisions are made
to sectionalize the fe?der so that unfaulted portions may be reenergized as quickly
as practical. To mxfmmize such reenergization, emergency ties to adjacent feeders
are incorporated in the design and construction; thus each part of a feeder not
in trouble can be tied to an adjacent feeder. Often spare capacity is provided
for in the feeders to prevent overload when parts of an adjacent feeder in trouble
are connected to them. In many cases, there may be enough diversity between
loads on adjacent feeders to require no extra capacity to be installed for these
emergencies.

Supply to hospitals, military establishments, and other sensitive consumers
may not be capable of tolerating any long interruption. In such cases, a second
feeder (or additional feeders) may be provided, sometimes located along a sep-
arate route, to provide another, separate alternative source of supply. Switching
from the normal to the alternative feeder may be accomplished by a throwover
switching arrangement (which may be a dircuit breaker) that may be operated
manually or automatically. In many cases, two separate circuit breakers, one on
each feeder, with electrical interlocks (to prevent connecting a good feeder to
the one in trouble), are employed with automatic throwover control by relays.

See Fig. 2-12.

t develop on the
rce will open and

Systems Another means of restricting the duration of interruption em-
m f.:eders designed as loops, which essentially provide a two-way pn:m::hry
feed for critical consumers. Here, should the supply from one direction fail, the
entire load of the feeder may be carried from the other end, but suﬂt‘fem 5pfcr§
capacity must be provided in the feeder. This type of sg:;:i may be operat
with the loop normally open or with the loop normally :

Open Loop In the open-loop system, the se_venl sections of ;;hj;dgﬁ ;ﬂ:o Ef;;
nected together through disconnecting devices, with the loa e
several sections, and both ends of the feeder cn.nnccth to d ; nu!::’ i
predetermined point in the feeder, the disconnecting dev:lic is in ; e
open. Essentally, this constitutes two feeders whose ends are separa
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Circuit N
bregker
or fuse 1T
D Discoanecting dévice or
Normally

Sybstaten fused disconnect -

or source | clased

e

' Consumer or distribyton tronsformer

FIG. 2-13 Open-loop circuit schematic diagram.

disconnecting device, which may be a fuse, switch, or circuit breaker. See Fig.
2.113:; the event of a fault, the section of the primary on which the fault occurs
can be disconnected at both its ends and service reestablished to the unfaulted
portions by closing the loop at the point where it is normally left open, and
reclosing the breaker at the substation (or supply source) on the other, unfaulted
portion of the feeder.

Such loops are not normally closed, since a fault would cause the breakers
(or fuses) at both ends to open, leaving the entire feeder deenergized and no
knowledge of where the fault has occurred. The disconnecting devices between
sections are manually operated and may be relatively inexpensive fuses, cutouts,
or switches.

Closed Loop  Where a greater degree of reliability is desired, the feeder may be
operated as a closed loop. Here, the disconnecting devices are usually the more
expensive circuit breakers. The breakers are actuated by relays, which operate
10 open only the circuit breakers on each end of the faulted section, leaving the
remaining Raninn of the entire feeder energized. In many instances, proper
I'Fiﬂ}"ﬂptl‘ﬂhﬂn can only be achieved by means of pilot wires which run from
arcuit breaker to arcuit breaker and are costly to install and maintain; in some
{nstances these pilot wires may be rented telephone circuits. See Fig. 2-14.

Disconnecting
=R== e

Pilot wire for reicying

Circurt

T

Consymer or distribution transformers
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To hold down costs, circuit breakers may be installed only he :
sections of the feeder loop, and ordinary, less v di[;:? tween certain
installed between the intermediage sections, A fault will then ;“Hem[lg devices
sections of the loop; when the fauly is located, the disco €energize several

ends of the faulted section may be opened and the unfa
by closing the proper circuit breakers

Primary Network Systems Although economic studies
conditions the primary network may be less expensiv
some variations of the radial system, relatively few primary network systems have
been put into actual operation and only a few still remain in service.

This system is formed by tying together primary
radial systems to form a mesh or grid. The grid i
power transformers supplied in turn from subtransmission and transmission
lines at higher voltages. A circuit breaker between the transformer and grid,
controlled by reverse-current and automatic reclosing relays, protects the pri-
mary network from feeding fault current through the transformer when faults
occur on the supply subtransmission or transmission lines. Faults on sections of
the primaries constituting the grid are isolated by circuit breakers and fuses. See
Fig. 2-15.

ndicated that under some
e and more reliable than

Transmission or subTransmission AA
supply teeder

| -
L;.r"n

r al
Circuif bregker slibstation

T el

Circuit breakers l 1

Primary te feaders

i

mm
R

P S

/ Distributipn trapsformers

T —=

Supply
fesder

i1 i not shown.
FIG. 2-15 Primary network. Sectionalizing devices on feeders




nventional substation and long primary

: - iminates the co b _
Thlse:fdpt nt;:ﬁ;:.;;lﬁim with a greater number of :‘umt substations stra-
tmpk fs p!::ﬂ ;hl:-uughﬂ“‘ the network. The additional sites necessary are often

dt ) : ienced in maintaining proper
btain. Moreover, difficulty i1s expenen - pe
fﬁmmﬁl;:o o? tltla:-n voltage regulators (where they exist) on the primary feeders

when interconnected.

Secondary Distribution

Secondary distribution systems operate at relatively low utilization voltages and,
like primary systems, involve considerations of service reliability and voltage

regulation. The secondary system may be of four general types:

1. An individual transformer for each consumer; i.e., a single service from each
transformer.

2. A common secondary main associated with one transformer from which a
group of consumers is supplied.

3. A continuous secondary main associated with two or more transformers,
connected to the same primary feeder, from which a group of consumers is
supplied. This is sometimes known as banking of transformer secondaries.

- A continuous secondary main or grid fed by a number of transformers,
connected to two or more primary feeders, from which a large group of
consumers is supplied. This is known as a low-vollage or secondary network.

Each of these types has its application to which it is particularly suited.

Individual Transformer—Single Service Individual-transformer service is a

cable to certain loads that are more or less isolated, ppl-

such as in rural areas where

. Fuse or
circuit breaher

Transformer

; ;::;ura;l ttamf‘urmen and the sum of
= Parative Purposes) tl}an those
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Primory feeder

5 Fuse or disconnect
Transformer

Secondory fuse

or Circuit breoker

B

FIG. 2-17 Common-secondary-main supply.

Strain
Insulator

transformer of smaller capacity than the cpaaity of the sum of the individual
transformers to be installed. On the other hand, the cost and losses in the
secondary main are obviated, as is also the voltage drop in the main. Where low
voltage may be undesirable for a particular consumer, it may be well to appl

this type of service to the one consumer. Refer to Fig. 2-16. :

Common Secondary Main Perhaps the most common type of secondary system
in use employs a common secondary main. It takes advantage of diversity be-
tween consumers’ loads and demands, as indicated above. Moreover, the larger
transformer can accommodate starting currents of motors with less resulting
voltage dip than would be the case with small individual transformers. See Fig.
2-17.

In many instances, the secondary mains installed are more or less continuous,
but cut into sections insulated from each other as conditions require. As loads
change or increase, the position of these division points may be readily changed,
sometimes holding off the need to install additional transformer capaaty. Also,
additional separate sections can be created and a new transformer installed to
serve as load or voltage conditions require.

Banked Secondaries The secondary system employing banked secondaries is
not very commonly used, although such installations exist and are usually limited
to overhead systems.

This type of system may be viewed as a single-feeder low-voltage network,
and the secondary may be a long section or grid to which the transformers are
connected. Fuses or automatic circuit breakers located between the tra'qurm.er
and secondary main serve to clear the transformer frqm the bank In case 9f
failure of the transformer. Fuses may 33150 be placed in the secondary main
between transformer banks. See Fig. 2-18. : : .

Some advantages claimed for this type of system include umnte;rupt:f :':,:
vice, though perhaps with a reduction in voltage, shﬂuld: '-1':::5 u;l:lnditinn;
better distribution of load among transformers; better normadvn ; E:d o0 R
resulting from such load distribution; an ability to afciﬂlfﬂ m?;i‘:] ; nc:trans-emf
by changing only one or some of the trapsfurmeTs. or by 11:1: eﬂfﬁn g
former at some intermediate location without disturbing the g
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Primory feeder __r_———

f =— Dotioeol primary fuse =%

w\'—Trﬂ'!i"ﬁfl'ﬁﬁ

. Foirtul® breokers,
[: -rfiﬁtiinnﬂuﬂitkﬁia

Sectionalizing
fuse Secondary
mon
Y ServiCes

FIG. 2-18 Banked secondary supply

i SR t diversity between demands on adjacent transformers
Lnﬂﬁ“;dlz:eptﬁﬁ::gllrriasfarmer load; more capacity available for inrush currents
that may cause flicker; and more capacity as well to burn secunda_ry faults clear.

Some disadvantages associated with this type of system are as ia'iluws: should
one transformer fail, the additional loads imposed on adjacent units may cause
them to fail, and in turn their loads would cause still other transformers to fail
{this is known as cascading); the transformers banked must have very nearly the
same impedance and other characteristics, or the loads will not be distributed
equitably among them; and sufficient reserve capacity must be provided to carry
emergency loads safely, obviating the savings possible from the diversity of the
demands on the several transformers.

Banked secondaries, while providing for failure of transformers, do not pro-
vide against faults on the primary main or feeder. Further, a hazard on any
transformer disconnected for any reason may result from a back feed if the
secondary energizes the primary (which may have been considered safe).

Secondary Networks Secondary networks at present provide the highest degree
of service reliability and serve areas of high load density, where revenues Justify
their cost and where this kind of reliability is imperative. In some instances, a
single consumer may be supplied from this type of system by what are known
as spot networks.

In general, the secondary network is created by connecting together the
secondary mains fed from transformers supplied by two or more primary feed-
-:]:1- Automatically operated circuit breakers in the secondary connection between
: ]:m II;::Ertftr.and the secondary mains, known as nelwork protectors, serve to

o ¢ ransformer from the network when its primary feeder is de-

CONSIDERATIONS |27

anits remaining in service; therefore this
(o a5 a single-conlingency newwork.

Most networks are 51{Ppl‘fd {rom three or more primary feeders, where the
network can operate w!tll the loss of two feeders and the spare transformer
ﬁpacity can be proportionately less. These are referred to as second-contingency
n.ﬂ[WﬂrkS- :

Secondary mains not only should be so designed thar they provide for an
equitable division of lu;:id bem:ee.n transformers and for good voltage regulation
with all transformers in service, but they also must do so when some of the
ransformers are no longer in service when their primary feeders are deener-
g'tzed- They must also be able to divide fault current properly among the trans-
formers, and must pr?v:lde for burning faults clear at any point while inter-
rupting service (o a minimum number of consumers; this often limits the size
of secondary mains, usually to less than 500 cmil % 10, so that when additional
secondary main capacity is required, two or more smaller size conductors have

to be paralleled. In some nEll‘t‘ﬂTks, where insufficient fault current might cause
Jong sections of second ary mains to be destroyed before the fault is burned clear,
sections of secondary mains are fused at each end.

type of network is sometimes referred

P'I"IIT'iIL'II"" ""-"fl"fl"lrl" Pr mary

feeder feeder Feeder
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FIG. 2-19 Low-voltage secondary network.
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CONCLUSION
These are only a few examples in which recommendations based solely o, tan
gible rechnical considerations may be overmidden by nontechnical L‘T'ﬂiid(‘-r-__;_r_i::_;
inRuencng the design of the dstribution finally selected. >
The dissmbunon engineer, therefore. must not only be aware of pey, nd
improved matenials and equipment, but must be cognizant of changes in, ‘:":;H
gons, and construction and maintenance standards and practices. Map,
of these are brought about by the development of new methods as well a5 pe,
materials and equipment: many are also influenced by the changing public ex.
pectations resultung from changing socal values and economic conditions. .
deed, the engineer must not only keep abreast of such changes, but shoyld hf
an achive contnbutor 1o them. -
In sclecting each wem and designaung s place in the distribution sysrem
the engineer must examine step by step is impact on safety, service quality, -,.-,né
economic results before making a final determination and issuing orders 1o the
feld.

CHAPTER 15

OPERATING
CONSIDERATIONS

INTRODUCTION
There are yet other requirements which the design of dismbunos systems mes
meet, other than those of meeting the consumer’s and commungy's needs and
desires. The additnonal requirements, in the mam, have ansen from the chasgmg
national economic and energy situations. Collected under the general subjea of
operaing requirements are the mstallanon and arrangement of Eaolnes 1o aciseve
a better quality of service. but zlso 2 more efboent dsmbubion sysiem znd 2
more economical overzall electric system from the generaung plant to the coo-
SUMET s premises. :

The operations may be dassified into four speciic funcnoss and =ay be Bsted
under simplified headings:
1. Quality of service
2. Load shedding
3. Cogeneration
4. Demand control (or peak suppression)

, rstrThuion SYSteTm

These are somewhat interrelated, and 2l mvolve e distm 5

QUALITY OF SERVICE .- : the COnSUTSET

Operations involving the improvement of qu;fhn; ﬁ! i;::nt; o

have been discussed in previous chapters, and ’ .
pornon of the dasribunon

I. Isolate faults and restore service 10 the unfauked

system
s
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2 Transfer koads between phases or between arcuits o relieve overjo.g.

potential overloads, and improve voltage conditrons ==

$. Swich on and off capadcitors installed out on the distribution feeders (and ;

the substations) to improve power factor, reduang the value of . é:n

ing and releasing capacity of distribution facilities, with resulian v .

mnprovement -

4. Enable portions of the distnbution system, induding the substarion

to be deenergized for construction and maintenance purposes wit

fectng the remaining portion of the arcuit

Designs of distnbution systems mndude provisions for GRITYIng out these o

erations by means of suitable arcuit extensions and switches. With the d,{-":t!__

opment of electronic and miniaturized systems of control and mmmurs:;a,;q

many of these operatons, generzlly performed manually and sometimes + k=

signiicant apse of tme, may now be performed automatically almoss inea.

g

=

Porion

XUt af.

s ]

LOAD SHEDDING
Why

The need for load shedding stems from two general cuses, usually unforeseen-
L. 1ack of sufhicent power supply

2. Ia<k of sufhcent tansmission or distribution load-carrying ability

These conditions may come zbout from-

L laadgzwth&ﬁath:nmmufnewfadﬁdacaﬂbeacmmp{ﬁhed

r & Ahtormzﬂyhighunfmdtmndsthmzr:medb}'unmm}mmj

dnn:g:sm:bysnm:sptciajnm[sthalcauscasignﬁ{amimsmdﬁenin of

PTG CoMSe s e
Foltage Reduction Voltage reducrion may be 2o =
colage regulators at the subuotion on mdivide t? ;ii =aed by %
bus, where the substanon’s voltage & 5 e T o on the sboasen,
rding to the amount of load '
ﬂpm - - Slea 5
essentally BEBUME or unaty power facior
in lmost 2 1 percent drop in load.
may be 1 or 2 percentage poire hio =
howey e R ,‘T JE.:' < ==mmam of Ao 8
gﬁm_ WEVET. ‘rflt:-r.-:g?i.' E Xowrred 0 0w vy = S pocERt
moTe o, | 3 porornt a=d R
F . ong ths R o
Eowerng voltage beyond this 8 percent valne mzy prose se¥f defeasing 2
Bght output from iIncandescent bmps decrezces 1 the pomt where adidmong]
ing may be turned on. Fluorescens behong w zlken 2 Terted 25 s
= SHLSIE = S50 atien: p—ant
of the electron flow in t_l_&m EUGT_E:S{EE*. tube becoes aoces. Power inads oSy
continue to operate satsfaciorily 2t the lower yoie

“=ge. drawng more correns
. ‘:,-ﬂ"'rt |i - = - - - 2 m
that they bave hitle effec on load reducion Thx g Ot 3 amvens. howeyer,

may cause overheanng, loss of torque. and other undestie coadnons © ske

Fi:-:1::s:l:n:m'.‘ mnstances, the lowenng of voltage moy ke piace on the Taosswne
or subtransmission mooming su p'p.i-' CGrous O Grouss when they zre ecazpped
with voltage regulators at the @.d:gﬂdal:_ﬂrm‘:&mm
oa the distribunion feeders (or on the disrbution feeder bos) = the suberars
may have to be blocked in 2 fixed or & ural posiion 50 25 DOt 10 segate the
effect of the reduced volizge on the moommgs supoly

chuhtmmﬂaﬂcdindmﬁtldenpemﬁ&f?ﬁﬁajm&rpﬂiﬂ
reasons, are usually left alone and allow to travel 0 ther maxEmmm postion
f pecessary. The relatvely small amounts of load that cs be shed by anendeme
to these units is often not worth the effort pecessery 1 adjust them o nomaw-
tomalic operation af the start and to refurn them o 2mosate operabon at the
end of a usually short period of tme.

Distribution Sysiem Problems Where disimbunon ftcﬁﬁszrcde&u'a:ﬁ‘r- de-
signed to accommodate such lowering of voliage below normal values, 2 =y
be necessary to reinforce or provide for some consumers, asully 2 the eads of
mﬁ'METhﬁemrm\'tamﬁmd\'hmncmm&
additional drop may cause damage to some of their coanected loads. In =ost
mﬂ-pmvisiuﬂh:roh-cgmeghancﬂingﬁfgmndaﬁmzaduxmt.dmdf
Sﬁﬂdi&ﬂﬂhm&mfemam%mrbcs:ﬂfmamtum
lowest) ratio of ransformation. Sometmes. the msafacea of 2 boosier trans-
fmmmmcfmhﬂmsﬁ'mcwwiﬁamﬂﬁﬂm-
pose. In any event, this feature requires mnvesuganon and the =kng iﬂmc:s:ﬁ
mpm&rzﬂybcfortthcnctdfursuchmhzgrm&mm
placed in effect. i
“‘hﬂtthcmcdfnr\ﬂmgcnducmnﬂm@?ﬁﬂﬁlﬁ:;m:
the distribution system, that dehcency should be u‘k:ﬂﬁt:f mmw:m
Mﬂposﬁhk:mhanﬂdmightmrgwmmﬂmm* =
outgoing undu-g’roundmﬂcsupphingafccdﬂihﬂt armes
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¢ a load under normal conditions, or under contingency conditions where
it may be called upon to carry the load of an addiuonal circuir or circui

S Or
parts of them.

Lou-Voltage Network Where the ljcedf_rs suppl?* a I(}W—t'ﬂllagc secondary ner.
work. extreme care must be exercised in lowering the roltalge on the supply
primary feeders. Operaton of the reguialqrs must be mm-dmatgd 50 that (he
voltage on each of the feeders is lowered as Slml:l.l[‘ant‘ﬂu!il}' as practical to prevey,
opening of network protectors on the feeder if its voliage alone is lowereq. In
wurn, the addinonal load picked up by the feeder or feeders whose voltage s
not lowered may cause “huntng" between the protectors of the severa feeders,
or may cause feeders to trip from overloads in a cascading effect thag would
shut d;:uwn the network. In some instances, the overcurrent relays on the feeder
arcuit breakers may be blocked to prevent feeders from tripping from temporary
overloads unul all the regulators have been adjusted and locked in at the desired
lowered voltage level. If the voltage lowering operation is to be z relatively
frequent occurrence, relay settings on the network protectors in the field may
be made sufhciently insensitive to keep the protectors from hunting and the
feeders from cascading out.

Brownout

Brownout is a procedure in which feeders are taken out of service for a relatively
short period of time on a predetermined basis, usually one at a time. to reduce
the demand on the substation supply transformers or on the facilities back to
the generating station. Critical loads, such as hospitals and military bases, are
usually supplied from two sources with double-throw facilities to accomplish a
switchover o an energized source, either manually or automatically. Where this
drrangement does not exist, it may be necessary to sectionalize that portion of
a feeder supplying such critical loads, connecting it to an energized feeder when
its normal supply feeder is deenergized. In some instances, where more than
one critical load may exist on a feeder. that feeder may be exempt from the
brownout procedure. Feeders supplying low-voltage networks are usually ex-
empt as the load dropped by them in such an operaton would be picked up by

the others supplying the network, and the net reduction in load would be very
nearly zero,

COGENERATION

F“Eﬂﬂl;frﬁt:inn.inmlves the interconnection of consumers'’ generation

g mad:t:ui;]ﬁ:::l:umn system, Changing energy and economic conditions
mandated by fay { connections feasible in mdany instances, and, in some areas,
il-ﬂﬂnumiqj},[y :l‘-‘-:l:gl;lgfmﬂ‘ Large users f}f steam and hot water have found
: “ Beherate electricity and use the “waste” heat to meet
aler requirements. The electricity so produced that they

s sold to the utility, usually at an advantageous rate. This
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is because regulatory guidelines tend 1o 4y
by a utility (the avoidable cost (o produc
efficient power plant, whereas the cost

paralleling the Systems

Paralleling the consumer's generation facilities with those of the utility requires
that additional protection equipment be installed ar the cogenerator's facifities
The principal features of this additonal protection include:

1. Automatic synchronizing of the generator output with the utlity

2, Relaying to prevent the closing of the dreuit breaker to the wrility system
until the cogenerator’s generator is open, for protection of that generator

3. Relaying to open the circuit breaker to the utility system on loss of power in
the utility system

4. Relaying to open the circuit breaker to the urility system on 2 ground fauli
on the utility system

5. Relaying to control the cogenerator's generator arcuit breaker o provide
generator overcurrent protection, phase current balance protection, reverse
power protection, under- and over-frequency protection, and under- and

overvoltage protection
. Control of engine governor equipment for speed, generator phase match,
and generator load
The electrical connections and indicated protection are shown on the one-line
diagram in Fig. 15-1.

2 Generolor governor 7 Time - overcyrrent réidy
3. Dilferentiol protective relay 8 Diectional power relay

4 Frequency meler and relay
- consumer co-
FIG. 16-1 One-line diagram showing protection relaying for
generation unit.
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Modes of Operation

There are several load relationships that may exist between the o

BENerator and
the uulity:

I. The cogenerator always supplying power at a constant rate; i.e.,

the CGEQ-
nerator supplying a part of the utlity’s base load

2. The cogenerator always supplying power in variable amounts, flucty
with the consumer's needs: i.e., the cogenerator supplying only a mar
part of the utlity's load

Hung
final

3. The cogenerator and the utility both supplying the consumer’s requiremenys
on a normal or contingency basis

4. The utility supplying all of the consumer's requirements on a contingency
basis

The Distribution System

The variation in the modes of operation not only may affect the settings applied
to the protective relays, but may influence the design of the utility’s distribution
system. Obviously, the distribution Facilities required will vary with the mode of
operation, and the problem of maintaining voltage within acceptable limits as
conditions change (e.g., from mode 1 to mode 4 above) may tax the engineer’s
Ingenuity.

The wide variations thar may take place in
tribution in the distribution circuit to which th
require rearrangement of the circuit configu
ceptable standards of electricity supply.
additional switching facilities to achjeve
ment; preferably the switches should
generators are usually under control
bution system is controlled b
may arise,

voltage profiles and current dis.
€ cogenerator is connected may
ration to maintain safe and ac-
These may require the installation of
desired sectionalization and rearrange-
be automatically operated. Moreover, as
of one operating group while the distri-
y d separate group, some difficulties in coordination

DEMAND CONTROL (OR PEAK SUPPRESSION)

From an economic viewpoint, it is desirable (o hold down the peak load or
Maximum demands on all the parts of the electric system-—generation, trans-
fission, and distribution. This has the desirable effects of reducing plant in-

vestment and at the same (ime reducing Operating expenses (fuel) because of
reduced IR losses, This has been touched upon in Chap. 8,

Load 'sheddin_g as described above is a form of demand control or peak
*Uppression, but is associated with contingencies usually of a temporary nature;

demand m“f’fﬂ applies to a Permanent reduction in maximum demands as a
normal condition.

BlﬂcCcmcam

For a utiliy, the most efficien

-

. use of its !'an:ililies. from an investment point of
VIEW, 15 Lo use them throughout 3

their lifetimes a maximum loads, By definition,

does not accur, because some consumer

if this were done, the load facior for he facilities woylg be 100 percent. This
loads are not alway '

B ¥s 1 :
turned off. The closer the utlity can approach 100 percens lﬂadr?::;:dhz:dt::
the better the investment can be utilized. and the lower 2 yni of nuq-:u: can h¢

riced.

The load factor Cﬂﬁiflfpl_irl supplying a given load applies
it is applied to the utility itself or 15 2 single consumer. F
unusual for a utility to have an annual load factor of 50 1o
of seasonal air-conditioning loads: this implies thar 2 great
used to meet summer peak rie_rnands will

Typical load factors range from less th
over 90 percent for some mr.iu_s.maj plants (like some manufacturing plants
having large air-filtering installations). In between, office buildings typically may
have load factors of 20 to 30 percent and large, three-shift manufacturing plants

70 to 80 percent. Small to medium industries may have load faciors ranging
from 20 to 70 percent.

Part of the faclities
remam sdle the rest of the year.

an 20 percent for some residences (o

Conservation

Demand control is also a conservation measure, asu will substanlial]}f r:dufc
losses, in both the utlity’s and the mnsumgr's fauhm?s.: These reducuqns will
be reflected in fuel consumption at the ut:h[}-.‘s generating plan1u and in both
demand and energy charges (including fuel adjustment charges) in the consum-
s bill. :
A s‘;ljthnugh the total overall consumption by a consumer may ;ﬂ:&lﬂmit ;anl;
the leveling of demands will decrease the maximum current ,115 1055; i
reduced current How may continue for a longer period cculf urnuri'l i.n“mn&al
vary as the square of the current, ll_\f: lower current should res
reduction in the total energy requirements of the cunsug]thdemnd St
Experience has also indicated that reviews for redduﬂnih e
COVEr unnecessary operation of some equipment, a’?:::all of which reslt i
some operations and improved methods of operat

decreased energy consumption.

Load Management

ility must seek 1o reduce

Basically, to reduce the demand on its faq:lllmrf;T l!;:-‘tl:ﬁﬁig:;i AR T

gl idual cOnsumers! 1:(I!emanj ﬁr:?;;-[::‘ff::l;i-e';t a minimum coim;iidcm da.:

Id also be coordinated so as (o : : an the fiest, as 1

22235 'sltll'ﬁ:l latter feature is more difficult t;r a:s:iniin;n;};umcr, but among

involves cooperation not only between the utl Héucing demands differ for h"E‘f

a number of consumers as well. Methods for re Il consumers, such as residences;
consumers, such as industrial plants, and forsma

both, however, employ rate incenuves.

. ed upon in Chap.
: ¢ was touch ;
Large Consumers For large consumers l]rl IS suhjlt‘f o 1 heir: role
8 :E connection with the demand metering l:ll;';;fldi This is important (o the
in schemes employed for reducing consumer |
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consumer, as utility rates include demand charges based on the registered p,.,
imum demand. The timing impulses from the demand meter are used in yeyepy
whemes to hold down demands 10 predetermined values.

To reduce demand requires that nonessential load peaks be reduced or ol

B
inated. Loads are analyzed into several categories:

|. Those that are essental, that cannot be turned off without affecting
and operatons.

. Those that may be curtailed or turned off for relauvely short periods of (i,
without being noticed (e.g., 10 min out of each hour); they may be bro:
grammed to be shut off sequenually for predetermined periods of time.

safery

. Those that may be deferred, put off to some random off-peak time whicy,
may differ from day to day (or other period).

4. Those which may be conveniently rescheduled regularly to off-peak periods

Typical examples of such categories for large industrial consumers are showy
in Table 15-1.

Load Cycling Cycling involves the turning off and on of individual loads of
groups of loads. How long they can be turned off and how often is predeter-

TABLE 151 TYPICAL CATEGORIES OF LARGE
CONSUMER LOADS

Category Ezamples

Essrnitaa) Lighting (some)
Elevators
Produciion equipment (some)
Ventilators (some)
Pumps (some)

Arr condinoners
Heaters
Venulators
Refnigerators
Water pumps
Ovens

Coolers

Air compressors
Water heaters
Equipment lesting
Electric furnace
Process avens
Incinerators
Trash Compactors

Bautery chargen

825 The

NG UJF;_E,-:“-TMI‘
St and the off-on tmes are staggered o thay
- muﬂ 4t any one tme o achieve the '-ma.Jlr-:_;-.
|ﬂ__. - . == Practica)

l omalic demand-control sy ST : iy

- Mostay ns employ lead cycling ‘m;;: detrand

B e of demand forecasting 1o determine ot
gehmque * When loads dhenis -

= on. All are based on the consumer’s acry com
“asump 0, and

'!-= f'ﬁl.f-.:r;u‘m n

Ohve e

= o 1o some predetermined ideal rate. Seyer e
! s have been devised yielding differen f!t"f”:-,.‘ rgals
s il

)

not be further detailed as they are ney o
gimost all employ PULH"F obtained from the ULity's demand m,

demand under consideration with that being ll"‘:{fﬂdf-d fntiﬂffwm chng
Pemand-control equipment also acis o control =3, -:raé:' rm::m"d metey
Wg the utility still needing 1o meet the a2yl i UM demands

: T peak magien,
control usually leads o increased off.on i :;‘ﬂ demand
M. *WiCmn E
‘rare must be taken, therefore, to ensure that thermal . .ﬂhai;h_"d‘-"%’-h?m,
. A3 Methanes]

ﬁ"‘ of switching devices do not occur because of shory cyding of equinaens

1
_—

wcwumers Most small consumers are rrsui::m..a] CONSUMETS whose de.
mand is not usually metf:red: Efforts by Lh;- utifity 16 hold down their demands
are limited almost to promotional rates f-r:h.y:h. for practical purpeses. cannes be
‘M‘ More and more, however, utilities are msizlling demand meters op
‘docking devices connected to the larger loads, such as hot water heaters, dish
2nd clothes washers, etc. Consumers are thereby encourzged 6 mstall small
mijrﬁmuattd devices for controlling the turming off and o of such loads:
these include supplementary time delays so that the initel mrush currents on
the various appliances will not (because of possible loss of diversity) 2l pocur
‘amultaneously, causing service interruption and possible damage (o the apph-

Thermal devices have been developed for storing cold 2nd heat duning ofl-
peak periods o be used during periods of electrical peaks. Such devioes are 3850
beyond the scope of this book.

Load Management Control
A number of utilities have assumed control of devnces that will switch off loads
ontheir system automatically when undesirable demand k"dimmml the
Thisinvolves the identification of noncritical loads that can be ot tme 1o
@ontrol of the utlity with agreed-upon cnmlmnu_rtg‘afﬂmg_mp";k- —
be left off. Agreements with consumers include talmﬁbkm;asg:umd by radio.
ichedules. These may be controlled by means of sigra smication are also
Garmier, or telephone communication. (Similar means et
employed in small residential consumers, mentioned caricr. chared with the
Costs for such demand-control installations ar¢ mu;dlm::wnﬂﬂi the cos
4Ige) consumer, where the same equipment 8 k0 pous TEREw 10 &
SUmer's maximum demand. This demands an 2lmost ;‘;ﬂm -
Cenain that a target value set up by the CORSUMET =

Up by the utility.
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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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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
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