A}

., COORDINATION OF DISTRIBUTION SYSTEM PROTECTION

4 : . ‘ -»
. 1

‘ . , Anutassios ]Vassilioo Psychogios l |

-~
-

*

The effects of short~circuit and normal operation conditions

v o | ~on a pover system network are included in a general review of va-

- | rious problems associated iith the dpt}rminai:ion of the electrical

£ | . characteristics of all substation copponents. A géneral overview

- - of a possible interconnéction between them to permit the substation

} ' to function @s a unit with'reliability, safety of personnel, switchisg
- ﬂ.exibilities and readiaess, ami, in general. to be utilized with the

\

most pragtical way.,_ . Y,

. o~

‘ ; The time coordination problem is described and its effects

/ , » on the choice of subst,at,ion equipment tonsidered. The design of a

typical substation involving the use of a digital computer is 1nc1uded

as an example. o o ) o N
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?HAPTER I

Xﬂ . © INTRODUCTION |

I3 -

The modern substation is a complex structure since it req*ires

»

.

\numerous items of equipment and ‘allied services before it can serve its
1purpose. Both civil and electrical work afe involved in a substation.
The work on a substation starts from the c¢ivil and elect%ical survey of

the amea to choose the site.. The electfgcél design of a substation

1

ﬁ?inly deals with the selection of proper equipment, their location in

. .

the yard, and an organized, time current study of them in series from
£ Z€ ) 2 -

- the utilization device to the source to accomplish selectivitVyyf conti-

I

' nuity, and safety. This time-current study of these devices is known
as “zime;boordination".

-

For reliable operation of.a power system petwork, a studf'of .

all conditions under normal and short-circuit operation of the power

system network is verb important. It is, also, important to examine
. 'all substation éomponents as far as their electrical duties, ratings,
. W . ;

and choicé are concerned. Equally of importance, the mechanical and -
\ b4

thermal stresses on conductors, and the grounding problem should be

* considered to avoid conductor failuré or melting and personnel danger.

This report will examine and study the criteria under which the

selection of equipment and time coordination problems-¢an be handled

- ‘

properly for the system to be selective and safe. - -

1% .

0 ™
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: CHAPTER II N :
W ’ . y . .
L SHORT-CIRCUIT CALCULATIONS IN THREE-PHASE SYSTEMS

a , QL

&

® ..

2.0 INTROBUCTION

| ihe‘héture of the short-circuit currents in three-phase syste*b

v

will be“examined Here and hence the determination of the transient ca- -

pabilities of the sygtems'coﬁpOnents can. be possible. The analysis of
power sttems by symmetrical components‘haabﬁéde possible the éé;urate
; - » B
calculation of fault currents and voltages for asymmetrical faults

-
Y

.difectly from system constants. Generally, the three-phase fault givéé

maximum fault current, but line-to-ground may give maximum difficulty

of detection sihce currents may hot be all that large, depending on

'

location and nature of ground connections.

[l

>

. Instead of giving a rigorous analysis of the subject, the dis-
/

\ o '
cussion will be limited to the three-phase short-circuit célculationj

applied to low-voltage systems. ‘ \;, ~

[
»

2.1 NORMALIZATION USING PER UNIT OR PERCENTAGE QUANTITIES
x’ Al

”

. / el
This is essentially the choice of a new set of units based on

s

two arbitrarily chosen guahtitiés; The quantities normally used ang.

PN

volt-amperes and voltage, the values beihg termed base quantities,

From these all other units or base quantities are defined. And since

S
rs

d%ka is usually given as total three-phase kilovoltamperes (kVA) or

megavol tamperes (MVA) and line-to-~line kilovolts (kV) then the following

formulas relate the various quantities [5]':
- \
' ' ' . : ( “ \ -

£

.

oo ki raMrm s s B o Fin st T TR it BB, GIREN 5 30 Nl B A, it N




N

[

v,

2

. ' VAbas (3- phase or total voltamperes) .
\ e G \\lme-to-lme voltage) i anperes
\l Yiibase ,
7 \ : o - (2.1)
| . ! ‘ )
! . .
\\?}{_\ i
Base impedance, .
. vz . . 2
2, = LLbase in ohms T 2.2)
A ase(tot.al)vol‘t@mperes .. .
Hence, the per-unit quantities are: :
‘ . ;
. Z'a(actual impedance) ,ohms o (2.3)
R pu Z ,ohms o ‘
) v g

]

Ia(actual current),A

o

' ; ' (2.4)
S D g oA / .
[, ‘ ‘ ) ) .

' |
v La(actual L-to-L voltagel},V ) »

Vu s 7 - : A (2.5)

P LLb ' :
|

’ N - ' m

. VAa(actual total VA),VA N .

VA = - T
pu VAbase (total) , VA

0 2.6)

-

°
~

Per-unit values may be changed from one vpltampere and voltage base
to another as. follows:

. @ - !
Let the litter p_d

. . N )
e;note the new base and the letter ‘o the old base
{ ,

Then




=

o

-« -
i e R A AR

RPN o R R LI
] ! .

A

pun * “puo 'J . (2.7)
‘“‘b VLLbo
S/ \ ' { /*
- Similarly, it can be shown that A
. R
. VAb v
LLbo
» 'R
‘ - VAbC; o 2
(VA, P, Q) * 7 (2.9) °
! bn

)

What is usually chosen is a base VA (VA ) equal to the largest VA in
the system under consideration, whereas the base \mltage is.chosen as
the nomiTxal vclltage of each voltage level of the system. As a result,

the normalized impedances are automatically rererred to all parts of -

the sy;stem. [1] ., [5] f 4

L?..Z ASYMMETRY DUE TO THE dc ICCMPONENT

o

Basically, there are two-components of -current at the time a

fault occurs: y ) ’ ]

v I

[
‘x(l) An ac component of short-cirCuit current flows as determined

by the ,ac voltage and MpeJmce of the system. This is
. A

i

1

|

s Lt et ke C il g . #R e L et e

o Zoia b

L

A
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referred to as the symmetrical short-circﬁi)i current. The {
short-circuit currents for the combination of line and trans- .
A ’ 4

f’orﬁer are ['{] e

~

‘ . \\ oo '
R VLL " ) ! .
Three-phase fault = amperes in each phase (2.10)

V3 (ZI. + Zt) R
v . NN,
Line-to-neutral fault = LL amperes (2.11)

w v 3 (22, + 2,)

-

-~

o, L r
Linewto-line fault = W—T amperes
. . 1 Zt .

Iine~to~-neutral impedance in ohms,
‘or the impedance of one congluétor to

the point of fault..

L3
.

transformer impedance in ohms, 4r

. 20
Zoy w 10KV[,

Z =
t kvA

Zt% . " transformer impedance in percent

r
5

.

‘ ] . . :
s KVA = x‘aut:ing‘:Ir of the-three-phase transformer bank
< ¥

(2) The dc component flows to satisfy the“inductance ef‘f'ect".; that'
is, the current cannot change instantaneously. This dc com= .
ponent is initially equal ’in magnitude and of opposite instan- ‘2

eta-.neou,sl'y polarity to the a.c component of fault’ c{wre&t. Note

that the addition of the alc and dc components at bfime equal

zero gives zero current provided 1i(0”) = 0. The dc component

i




E

. o
decays to zero. The rate at which it decdays is a f?nctio34@f

the ratio of the®system reactqpce to Besistance (X/R) up to'

the point of fault.

¥
v

4 4

The resultant short-circuit current may be o6ffset due to the
9 . “ 5 - .

"

given

where

sym

Current

FIG.

(@] = g

by:

~

.dc .component and, hence, is referred to as the asymmetrical

4
o 2 9 2
Iasym = J.(Isym) + (I30) ’
B O T .
. N k )
=, rms ‘value of the symmetrical ac component
currént o
L
value 8f the dc component ’ /
414 ’ ° -
.0 F— -_— == rms value of the ac
. components -
P// |, | ) time in cycles L
1.414 I - Cﬁ\. -
1.4140\4\I | |
’ & dc cdmponehts . )
0 | 1 time in cycles
2.828 - :
) .3
1.732 - :
~| T 7 T.~ *"rms value of' the ﬂ.
0 . asymmetrical curr ng
. time in cycles
" -
2.1 Typical Curves of ac and Ndc Components

Resulting in a Fully Asymmetrical Short-
Circuit Current for One Phase of a 3-Phase,
System; Zero.&x:;fnt Prior to Fault.

- '

3 < . . x ) +
short-circuit current. ;The rms value of this current is

-
L

ot ot < g

Y




'
v

a ’ Y b '.*
As can be seen from Fig. 2.1, the maximum rms value of

. i

\" asymmetrical current can be as high-as 1.73 times the symmetrical

. ' current (rms) at the instant the fault accurs. Sémetimés the rms

value of the asymmetricsl current for the phase that-has maximum. I

.

B
RS asymmetry may actually exceed even 1.73 times the symme;rical com-

bonqu'depending on load\conditions priqr to the fault in the bar-

~
T ticular circuit under tonsideration. But, since circuit breakers

PR SR A ot 2L SN

are capable of beginning curtent interruption only between 0.5 to 1 o -
- \ MY P
cycle after the fault occurs and due to the rapid decay of the ,dc

e ¥ T

component,. an asymmetry factor 1.73 is large enough to determine. the

x 8 ‘ .

rms value of the asymmetrical current. This asymmetry factor (1.73),
~ i / .

. «is also enough to include the effects of synchroncuseand asynchro-

nous motors.[9] te

-
© -
A . ’

'
'

’

. n
; 2.3 GENERAL PROCEDURE FOR FAULT CALCULATIONS.

‘ .
b : . CLr . .
. . . :

. " It is usually permissible té simplify the calculation of fault

w

currents by omitting all static loads, all resistances, the hagnetizing

current of each transformer, and the capacitance pof the transmission

' .

. line. Under the assumptions ’

o
a~

(a) time-variation of synchronqus generator parameters

«
s

is negligible , } s

«
. % -
B M .
.
, e
o f b -
, . . .

{b) no significant synchronous or induction motor

! o 1+ loading ¥ ‘

v . ' / B .

, - (c) no clurrent before fault ’ . ’ '

e

e




-

the steb—by-step analysis is as,follows:‘

- Qgrrent.

'
N
8 . .
/ ' » oo
’ B ——— - -
- .

'z‘.“. " ) o
A cingn value of base kVA'is chosen for all parté or voltage

©
devels in.the system; ?ften the rating;of the largest unit is

i chosen. The-base voltage is the nomlnal voltage ‘at each. part

o} the sys?em. e ST

°
-

The e}stem is répresented b& an equivalént circuit conpaiping

only 1nduct1ve reactances and sources. (See Chapter VI,

réference [5] \fL' c:* ’ ' k y
- R R}

(3)' The symmetrical short-circuit current (Isym)n is calculated

. - AY
using standard steady-stite analyﬁical techniques.

- - . - i

The symmetricdl short-circuit cubrent is multipliéd by 1.73
J

to obtalnsthe rms Jvalue of the maximum possible asymmetrlcal )

'(" ,:’ ' *J

-
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‘provide maximum protectign for, all circuit cohponents.

) . P
. ratings which should not be exceeded in application. Some fuses are

» ’ CHAPTER IIT \ . .
. FUSES

<P

»

3,0 INTRODUCTION p

A method of protecting circuits against, the Jamage of overloads

)

and -short circuits is through the use of fuses. A fuse i defined by

NEMA as: . Y

|

"A devise which protects a circuit by fusing open its "
current-responsible element when an overcurrgnt or
1 short circuit passes through." ‘[é].

| Fuses are-available having interrupting capacifyg ratings up to

200 000 A [8] symmetrical, rms and the curfent limiting dility to- -

-

3.1 LOW-VOLTAGE FUSE RATINGS

- ’ S

Low voltage fuses have current, voltage, interrupting, and kVA

- ? . ”
rated, also according to their current-limiting capability which is, -

-established in accordance with the maximum peak 1et-thrqggh current

* * . . _ ' v ’ 2 » . , "
(Ip) and the?max1mum let-through energy (F{SIasymdt) by t%e fuse when
clearing a fault. . oy o ) N
where: R = fuse resistance

(1) .The current mating of a fuse is the maximum direci or rms’

4

alternating current, in amperes,lat rated frequency which

it will carry without e%geeﬁing spec;fiéd,limits of temperature _

I
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(4)

-

rise. The range of ratings is from a few~milliam§eres ‘ ]
to 6 000 A. 7 ‘

”

The voltage\géting is the maximum alternating or direct-

current voltage at which the fuse is designed to operate.

I

' The standard ratings are 6Q%} 300, 250, or 125 V alternating
K Lot !

or, direct current v both, .

4

/
)
!

The iﬁterrupting rating is the assigned maximum short-cir=
" \ .
cuit current (usually alternating culnent) at rated volbgég

which the fuse will safely interrupt. Their intérrupting
: f

ratings are 10 000, 50 000, 100 000 or 200 000 A. v

The kVA‘fating’orgpreakiAg tapac;ty at a fuse is-the pro- -
QUEt of thf rms value of the ggﬁ‘cbmponent of that current
whiéh would flow under fault.conditions and the system vol-
tage. The fault cur}ent hormally has a very lérge first
loop, but since it‘generétes sufficient energy, the fuses
melts well before the peak of this loop ié reacﬁed. Since
the égt-off current (gee Figa 3.1{ iL largely determined

by th4 amount of energy needed to melt the element, its value

will vary accoh@ing to that current which would fl?w under

fault conditions. The cut—oqf'current is'alwayé less than

. the peak value of the fault current. .?hﬁs, a fuse almost

never actually passes a gurrent equivalent to its rupturing

or breaking\capacity. It'is however assigned that-value ,

becausg.it prevents the development of this currekt by its
e
cut-qQff action. ~

4
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; 3.2 TYPES OF FUSES : R . ‘

. "

L] v * :

B = . 4
1. : . 4 v
: '

Only two types will be mentioned. ’ ' S

N )

(1) Plug fuses: They may be used in.circuits up to 30 A.
s Their Use is limited.to circuits fateé at 125 volts or
. - 4 N N i ;

* less, except that they may be used in installétions having .

“ ©° a grounded neutral with a maximum of 150 volts to ground.
.. ¥ . '

N ’. art .
. They are not used in main power flow of substations. . - " N

. " i
A . .
0 . . .
N * 7 N

(2y Caétrrdge fuses: . They are classified in ratings of up to- - \

N
U U S
.

. ) ‘ 600 A and from 601 to 6 000 A. Fusgs classified up to 6dO‘A_,

2

are rated "not over 250 volts", "not over 300 volts", and g

4 e .o : .
, "not over 60? volts", Fuses classified 601 to 6 000 #are - " ’

¢
LS " rated-at 600 volts or less only. Some cartridge fuses have ' A

. " a dual element (time'delay) which caombines a thérmally‘con:’, ; Ce
trolled element that functions in ‘the case of an qusload L.

and a fusible element that operates under short circtit, ; . “':ﬁ"

Its design permits matching of fuse characteristics with~
. the load so that superior progection is proviied.

"

3.3 ° SELECTIVITY OF FUSES ‘ . ' ’

ta
. .
P3 v

L
., A B *.w T wae
e . - > - (3
] . Since th% eléctrical distribution-systéﬁ is ‘the heart of most -

’ P . I o

industrial, commercial, and institutional type instdllati&ns, it is |

Ty

. N '
iﬂp?rativ?,that any unnecessary shutdowns of electrical power be pre- ’ | '

# " vented. Unnecessary blackouts can be avoidéd by the prope} selection

of overcurrent protective devices. * Selectivity or coordination -may

be defined as "the complete isolation of a faulted circuit to the point -

of fault without disturbing any of the other protective dev}ceé’ih e

.
—— iKY
>
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the system and therefore unfaulted parts of system. In practical terms, .

{see Fig; 3.1), for selectivity the tothl ¢learing energy of fuse B
]

must be less than the melting energy of fuse A when they are oﬁérating

in series and fuse A Feeds fuse B. l

] T ‘ |

3.4 CHARACTERISTICS OF FUSES

} —

-

* There’are two types df fuse characteristics: melting time-
. : \ current characteristics and total clearing .time-current characteris- :
' . tics. Typical characteristics are Lhoqp in‘%ig. 3.2 and FFg. 3.3,

. ’ - ~For selectivity the total clearing curve of fuse B should be plaéed
) ?

‘ }U*the left of the melting curve of fuse A on the time-current chat !

! ' racteristics of the whole system. Details are givenvin Section Q.% .

of the Appendix.

2
Tasym 7 H
) Cut-off current

3 T Meltin . ; Availablé short-circuit current (asymmetrical)

P = ' ENEreY N Fuse A limited current

! ‘ Fault Zero current
- ' : occurs .

; , : . £

d et | t

m
\ | I [ .
Yot

. } ! | c -
.A. . oﬂ : ' x :
3 0{. | '

. .r * '
. . X . 1 L °

L o “Total. -

: L, - -, EEEE;IHE\ » Fusg B’}imited current |
. 2 J
! energy } 1
g P " >
cl
\ . L . ‘ - s .
;,%ff e FIG. 3.1 Typical Clearing and Melting Energy at a £m-\*_ﬂ
Y o Short Circuit ,
} , tm = melting time, tc = clearing time _

o
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> 3,5 ADVANTAGES AND DISADVANTAGES OF A FUSE /' \ |

Some merits and disadvantages are stated below to give a

- -
better feeling of where and why a fuse should be chosen.
o ~ o o
=~ 3.5.1 Advantages * : .
‘ - \ a
/
/

(1) Capital cost is considerably less than any other type

of protection.

R v

i 4N :
| B (2) Ih)provides a current limiting effect under short-
cipcuit conditions due to cut-off, ~
" . .
" i3) The midimum time of operation can be made much smaller
\ 2
- than that with circuit breakers.
N (4) \It nequires‘po maintenance.
; (5) It interrupts enormous short-Jircuit currents without”’

the noise associated with circuit breakers.

3.5.2 Disadvant&es B ( )

{1) On heavy short-circuits, discrimination between fuses
in series cannot be obtained unless there is considerable
difference in the relative sizes of the fuses concerned,
(25 Time is‘lost in replacing fuses after operation.

(3) Cosi of ;eplacement.

\u (4) It is extremely difficult to coordinate fuses in a radial

distribution system and thus provide secondary protection.

. |




CHAPTER IV

CIRCUIT BREAKERS




.« 4.0 INTRODUCTION . o )

) | CHAPTTR 1V

0 _ , cmgun‘ BREAKERS

. Ther.'e ar'ev two basic cla;sifications of 1ow-v<;ltage (11 }(V common
or QQ::) circuit brealéer's, (1) molded-case circuit breakers and (2)
l;;v-volt;age’ power circuit breakersg (éir ‘type). 0il breakers are usually
used on high-voltaige‘cir'cuits. Since they require maintenance,. the oil”

is easi~1¥ inflammable and may form an explosive mixture with air, they

are seldom used in enclosed spaces gnd on low-voltage circuits.

(1) A molded-case circuit breaker is one which is assempled as an
S I
iy . !
integral unit in a supporting and enclosing housing of insula-

ting material. }

:
.
\ § .

(2) A low-voltage power circuit breaker is one for use on circuiss
rated up to 15 kV aiter‘nating current aT below, but not

including molded-case circuit breakers.

Bagic ratings are:

(i) Rated voltage
(11) Rated frequenc
¥ ‘
,(iii) 'Rated continuous current )

{iv) ».Rated interrupting current

. (v) :  Rated short-time current (low-voltage power

. . circuit breakers only). +0©

!

O,

e




A knowledge of the currents resulting from various types of f‘ault

2

at a location in a distribution system is essential for the eft‘ectlve

\

operation of what is known as system.«protection. When a short circuit ’
occurs, enormous energy may be fed into the fault with considerable

damage and interruption of service. The aims of protective devices are-

'

to achieve (1) discrimination, (2) speed of operation, (3)  relia-

bility, (4) stability, 2and (5) back-up protection.
‘ J .

~
Discrimination is its effectiveness in iéolatin%pnly the f‘aulty\
part of the system. Speed of operation is required in order lthat no
damage may be don\e to the power system by the short-circuit currents.
Rel:‘{.abilit}; is required, as the protective device is added because it is
i'ntegc‘ied to improve the reliability o‘f the whole system. Stability is
the pr',operty of‘b remaining inoper‘ative\fwith f‘aults accuring outside the

7

protected zone (called external faults), Back-up protection is a com-

pletely separaté arrangement which operates to r‘emove,'the faulty part

p

if the main protection fails 'to operate. The back-up system should be

as independent of the ‘main protection as possible possessing its own

,

.cur'r‘e:lt transformers and relays.
' R
. B
Here, it is not intend®d to give an account of circuit breakers,
& ! -

but their ratings and tripping devices will be brigfly discussed.
Iy i e

4.1 RATINGS

'

(1) Rated Voltage: . Nomlnal voltage is the system voltage for which

»
the breaker is intended and 1t is stated in terms of three-phase

'

line-to=line voltage. Max1mum voltage is the maximum voltage

at which the breaker can operate witthut insulation damage. It

is advisable to- avoid operation there. Its significance is to

’




» L , 18
, )

meet the insulation requirement of that transient overvoltage.

" {2) Rated Frequency: This is the frequency (or range of frequen-

cles) for which the gth'er ratings are applicdble.

(3) Rated Continuous Current: This is the maximum current the '
- breaker can stand with continuous operation; it is not to be

-

confused with the direct current.

8

(4) Rategg Inter'rup'tirlg\ Current:' The intferrupt:@ng rating of a _

.bJ'eaker' is expressed as the inaximum"currgnt that t]he breaker

b cdn interrupt at a specified voltage.
¢’ -

(a) 1In a 3-phase circuit; this current is the asymmetrical -

W

cuyrrent which is defined as the average of the rms
values of asymmetrical currents in the three phases

. - measured at the instant half a cycle after the fault -
. . 4 .

, o . oécurs. [1] ,‘ [6] L . \

"(b) Im dc circuits, it is the maximum value of the current

flowing duririg the fault transient.

-

,
The stal&dard interrupting duty cycle of a circuit breaker with

instantaneous ﬁlrippiné for fault currents consists/of an opening *

»

]

operation, followed after a 15-segond int. val by a chose-open
operai;i_on &

. The stamLard interrupting du

’ycle of circuit
breaker with delayed tripping for fault currents is defined as

. , . .
"' “previously, the tripping being delayed by the associated tripping .

>

devices.

. . i U\ C .. .
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(5)" Rated Short-Time Current: This is the value of fault current

D A S T B S e
-

é

o

P that the breaker can successfully carry for a short-time '

. intérval, based on the following duty cycle. [9] . 1

fc

. The stahdard short-time duty cycle consists of méintaining

Al

- - !
' . (:r;ed short-time current for twoiperiods of one-half second .
each, with-a 15-second .interval of zero current between the
- one=half Eecond’periods. The'short-timg current is defined

in the same manner as the 1nterfupting turrent.
. X
! ~ |

-~

4.2 SERIES OVERCURRENT TRIPPING.DEVICES

e v . : i

. J - - .
' - Before proceeding to the actual tripping devices, some comments:

l

-~ on the term "pickup" are required. J : -

B - o

>

g ) . This term has ?cquired severai meanings. For many deviées,
pickup is ddfined as that minimum current. which stifts an action. For
instance, the pickup current of an overcurrent'prétéctive relay is the

minimum value of current which will cause the reiay t& closerffs con-

tacts. A trip déviée with.a-long-time delay, short-time delay, and

an instantaneous chgractefistic will have three pickup values.

3
. - _ B

g ) There are, therefore, éhbee basic over-current tripping. charac-

?

T teristics used on low-yoltage breakers: °
- ¢ hd .

*(1) Long-Delay: This Lharacteristic is furnished by a magnetic
. ot . element which gives a delayed Eripping in the ordér of seconds
or e;én minutes for values of overcurrent oA;y a few multipies
of the trip coilrating. Both the pickup current and the time-'\

. delay unit are adjustabie and therefore two séttings are required

» . . Lo
N i -
“ R

soatd AV Ry 2ty e




o

oo ‘ ﬁo define,complete€ly qhe 1o§£-de1ay characteristic.: Its usual -

»
! '
.

| . - function is to furnish ovevlo%d protection for conductors or
P ’

. - apparatus or both. | g . '

|- ? ’ : e :
(2) Short-Delay: - This characteristic is also furnished by a /

-

- \

for currents having the approximate maghigpde of fault current.v
5 . i ) ¢ o . ‘ . @.
od - Two settings are required to define completely the short-delay

B © - ' ~
,.Ltharacteristic, nanely, a pickup setting and a time-delay set-
[} \ . ' - N
- 1
~, ting. Its usual function is to provide a short-time delay fqr .

‘ . “ < -
! ¥ - fault currepts*in order to give selectivity with other circuit
! . . @ [N . . /
¥ " . - ~ 7
AR breakers. ' 4 . ) N

- .
7 . .
e a .- v .

L d

e ' ‘ (3) "Instantaneous Trips: This charaeteristic is furnished by a
: W w

magnetic instantaneous device with no intentional time delay.‘/
. . Lo . . W

. - Only piékup setting ;is required to define Epe iqstantaneous .
C o . * ' "l ’ j \'
‘ - .. :\‘cha[acteristic. It al function is o give short-circuit

\ _p

b ' NS -b R . !

| ) 2T ection to load circuits. Typical t

‘¢ 4 S ~ v T, ) o ../\D -
K C e s curves are shown in Fig. 4.1, 4.2: - .
~ ‘ . . v ‘ \
/. - 4 ‘ "' . . P N ' . bt o . I ) /

v 4,3 REVERSE-CURRENT TRIPPING DEVICES o
PR T v
.. 1 { ~ ) o ) 1

. . Reverse-current tripping'deviqks of the .instantaneous fype are

ping charactertstic

available for appliqgticns on dc systems. Such devices will trip for

&
qu reverse~current down to 5 percent of the current r%ting.
D ) -

Y ¢
|
— ' * . . \\; ,\ .

. ) 4 SHUNT TRIPPING DEVICES - ' a\} \
. - * \

P

\

- Lo : Shunt trip attachqentspare solenoid mechaéisms that trip the
Lo \ . ' ~

T or&ker when energized through a contfol switch contact or relay

¢ o .

magne@ic eleﬁent that gives a time delay in the order of cyclés )

l
!
i

<

S




w9

¢
il
e
&
f#/
Ax

4

et & e

v

b e hm e e gy

contacts, Shunt trip attachments are requlred on all electrlcally

operate? breakers and on breakers that are tripped by relays.

4
P

Other tripping devices are: undervoltage tripping ﬁgzéchments,

=

. . - - . g A
_ closing devices, control relays, alarm switches, auxiliary switches,

and interlocks utilized in order to obtais better and safer performance.

2

4.5 CIRCUIT#KREAKER CHARACTERISTICS

»

The two main types of"éigcuit breakers have différent charac-

teristics. A low-voltage .power circuit or an air circuit breaker has
.

characteﬁ/stlcs as shown in Fig. 4.1. It can be seen these breakers

~

‘have a great number of comblnatlons of settings for long—delay plckups
and Yimes, short delay pickups and times, and instantaneous pickups as
well. There is also, a short-delay pickup and ground-time for ground

protection. The method for choosing these settfhgs is described in
. . . ' /-
detail in the aﬁpendix. A molded-case’circui& Hheaker has typical .

characteristics as shown in Fig. 4.2. The curves represent current ‘

tripping limits for the breaker. For a given éurrent, at rated ambient

3

tempepature, a breaker’'will clear the circuit automatically at some

&

total time within the two extreme values defined by "maximum" and -

Al

"minimum" curve€® The upper left portions of these curves show the

inverse time delay trippiné of the breakers due to thermal action.¥*

. -
\ . |
1/// , \“ |
N / - ]
\. * Thermal magnetic breakers are usually equ&pped w1th a tHermala
frant adjustable magnetic trip unit. In the trip it, thermal trip

Qgiehents indirectly heated by a transformer, provide inverse time delay
chafacteristics for overload conditions. Being transformer: heated, the
thermal elements do fiot respond to direct current and theFefore must be
used on\alternating current ciriyits only. ' I

\\ J ®
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" The lower right segment§ of these ctrves portray the mégnetic tripping

¥ ,.

action of the breskers. In the case of the front ijustable thermal-
{ -

r v
magnetic breakers, the magnetic tripping elements may be adjusted to
- N o

trip at values within a specific current range. Currents equal to or.

greater than these magnetic settings will cause instant tripping. .

Tinca; breakep unlatehiﬂg timés are tabulated for high cug;ent values;
on respective brgaker curves these a‘ﬁe the time-curren£ values actually
requir§d for'tﬁe-breaker trip element to tqigggr'the release mechanisms.

In_application, "the curves can be moved paralled to themselves along

°

the current axis by varying different settings.,

N

&

£
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« CHAPTER V
RELAYS . .
5.0 INTRODUCTION .

: =~
A protective relay is a deviie whose function is t;iletect

.
w

defective lines or apparatus or other power system conditions of an
» . N »

- / . °
abnormal or dangerous nature and to initiate appropriate control

circuit action. Usually, they trip ¢ircuit breakers.

Protective relays constantly monitor Eﬁe power s&stem to assure
maximum continuity of electrical service with minimum damage to‘life
and proéerty. Protective relafs are a form of active insurance. By
their application in the power system, abnormaliﬂies aﬁe quickly reco-
gnized and Jction initiated ?o isolatéfzhe faulted ;quipment. Like
insurance, one can have as much or as little proteétion as desired,
de%ending on the individuality of the power system and its engineers
and operatorg. Since continuity of service and maximum equipment

protection are incompatible goals, compromises become necessary and

% must be evaluated on the basis of comparative risks.

. o . .

»

'5.1 RELAY TYPES, CHARACTERISTIGS AND RATINGS

~

All rélays, except the thermal type, operate on:

(1) Electromagnetic attraction

! e
(f/(Z) Electromagnetic induction

Id

i1

—
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‘The electrcmagnetic induction relays consist of an induction’ak\
unit 'or an induction unit with an instantaneous unit which permits
« instantaneous tripping for extremely high currents, or an induction

unit with an ac trippingimit for use where dc powér is unavailable
¢ /

or ac ‘tripping is preferred. [
k)

The inducticn unit may have one or tJf circuit-closing con-~
3 i B

%, ™ tacts gﬁich‘cloge as the current increases t% the p;ckup value as sét’

on the tap block. The time delay for closing the contacts is de-
ot o '

termined by the setting of tke time 'dial. Typical time-current cha-

racteristics are shown in Fig. 5.1. ) /

-
o

As can be seen on the curve, with a slight overcurrent, say ’

the ;alue obt;;ned with the 1.5 multiple of pickub setting (tap),

the relay contacté will close in 1.7.to 36 seCOnds,ldepenéing on the
time dial’setting. If, however, the overcurrent is the 20 tap, the
relay would operaﬁg?in .029 tg‘O.Zé seconds. In oéﬁérhwords Fig: 5.1
indicates bQ§ time required fo; theﬂcontacts to close with a parti-

cular time-dial setting when the current is & prescribed number of

! , /
times the current tap setting.
The induction element is usually designed to use ény one of
three operating cojls, each having a different combination of taps; vz -

for instance, Fig. L1 gives these different combination of taps, i.e.
‘ -

, 0.5, 0.6, 0.8, 1, 1.2, 1.5, 2 amperes; 1.5, 2, 2.5, 3, 4, 5, 6 amperes;

4y 5, 6, 8, 10, 12, and 16 ‘amperes. _ :
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It ;5 worth stating here the device function numbers for use

~— —

~  with all external diagrams:

v

50 - Ingtantaneous Unit ‘ ' v

~— . ! .
51 - Overcurrent Relay ]
51N - Groynd Overcurrent Rela&
52 ~ Power Circuit Breaker X E

.TC - Treip Coil. |

‘A - Adxiliaﬁy Gontact, closed When breaker closes
‘ \

| . 3

5.2 TAP SELECTION AND SETTINGS

To 1liustrate the process of selecting taps and settings, the
'following'example uses valuee typical of many distribytieh ;yslems..
Ehppose that a primary relay has to be cgordinated with the main
secondary protection circuit breaker. The transformer is of
.l 000 kVA, 3-phase, 13- 800/480+V rating, X = 5.75%. Any current at
the secondary greater than 2083 A {1 000 kVA/480 V) will normally
- overlo?d the transrormer. Thus, ~i?% maximum selected currént of the ‘
" breaker during which circuit interruption is expected is 2083 A. ]
; " If we choose as v, = 480 Vv, Spr = 1000 kva, then . :
I =1 %10°/(V3#480) = 1 200 & and,L,, = 1/0.0575 = 17.39.
Therefore, a short after the main™secondary circuit breaker will

\.(Isym = Ip » I ) (Everything is referred to the 1ow-voltage side), ~ :

\
) . produce a symmetrical short-circuit current equal to 20 869 A_
} Then, the procedure is as follows .

-

A ]
o \ (1) The continuous’ current at the primary (I ) is

'l ~ . F « "‘ p , , !
o VA 1.%10%° ' '

I = _ 2 L = W24 : (5.1)
LR FCE'AN V3 # 13 800 ' S '

M




I3

(2)

-t

«= 1

-“relay overload

(3)

. then ‘[is

E

Since, the current transformer should be about 150-250 percent
v .

of the Ip a 100/5 ratio cuyrent transformer can be assumed.

S

To obtain the current rating for the Eelay overioad unit, it

—

is expected that the maximum selected current of the breaker
be the minimum pick¥up current of the relay. This is because
for selectivity, any current deviation above its normal value
at the secondary has to be interrupted by the; main secondary

circuit breaker first and in casé of its failure to do sq,

then the primary relay undertakes this duty.

Thus .

C ) "_ minimum pick-up current
ro ~ current transformer ratio

K

1 : \
*
primary voltagqg (5.2)

secondary voltagde |

[y
I

A

?This is don]e when all the characteristics are referred to

the secondary voltage).

. 2 083 _ ’
/ Tvo = 'To0, 13800 = 364 ¥

' 5 480

»

Therefore a tap setting of 3.6 A can be chosen if Pt exists
or the next higher tap settinge If the next higher tap , .

setting is 4 A, this is chosen.

) ’ !
The actual relay pick-up for the chosen tap setting (Irp) . “ !




Irp = tap Setting * current-transformer ratio *
% ’primary vdltage (5.3)
secondary voltage , ‘
]
or A . -
. | .
1, = 4% 100 . 13800 F 5 560

- rp . 5 -480

=

(4) The current rating for the instantaneous unit is given by

max. asymmetrical short

(1.) = -circuit current o

I . I. -
relay instantaneous "ri <urrent~transformer ratio

1 (5.4)
primary voltage
. ! . secondary voltage .

20 869 * 1.73' _ e
" Too oo - B4

5 % 480

~ I .
; “ri =

Hence the instantaneous setting should be at 63 A which is

between the rating range 40, - 160 A of the relay (Fig. 5.1).

Note that.lﬁp and Iasym are referred to low-voltage side

of the transformer wﬁereas the Iro 'and Iri are referred to the

v

primary and are the actual currents beiné monitored by the relay.

)
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CHAPTER VI

TRANSFORMERS .

S 6.0 INTRODUCTICN

'
v

Transformers can be grouped into two categories:

A

, (a) power transformers -

(b)\ instrument transformers

L4

] . ,
Power transqumers are used to provide the power needed by

the substatlon and lnstrumﬁTt transformers are used to feed tke

protectlve devices of the substatlon. '

[y

.

\

6.1 POWER TRANSFOMMER& : T

\
- " -
- ’
B

. They can be cla331f1ed in accordance with ‘the forms of

» »

[ -

I
»

. .
construction, ‘type of cooling, number of phases, power capacity,

Y

type of insulation, type of primary and'éeeondary windings con-

"
o

" nection (Y, A ) etc. . -

o ’

i

5 )

There are many factors to be éonsidered in the chcice'o} a

power transformer. Basically, the rated kVA\output of a tfansformer,“

the voltage transformatlon, the: windings' connection (Y,4A), the short-
c1rcu1t impedance, the “number of ‘phases (singlew tuo,pr three-phase

0
transformer), and the limited duration. of a short-circuit in secon{s’
0 - \ “‘ . .

should be considered. . b

¢ #3a s T

For the limited duration of a shorflcircuit‘ the following

4.

time per;ods or intermediate values by inderpolatlon can be used [2]

\ n

w




t{ '
" LY “ o ~ o ° 'y& ‘
EEEE ‘ |
| s R Symmetrical Currént Ml R me Period
™ 1~‘ , * in any Winding : n Seconds
Ll N // , ) .\‘ . . / *
- ! ' 25 - times base current . 2
3 h O 20 times base current '3 '
; i 16.6 times base current 4
i C 14.3, or-less, times base.curygent ‘5
- l ‘O
~ ‘ 1 fABLE 6.1 lelted Duratlon Time Periods f&r
o " Pcwer- Transformers
iqd " ) “ ’ .
en L 4 . . . . " . : . . e
Fo . ‘ Th;s time period is very important for the seleetion of the °
. v . /h\ . i .
i a . rated short-time current for tripping of sw}tdhgear..The tr}pping

i
. time of a circuit br?aker should be lesg.than the time given in
i } /
% Table 6.1 of an adjacent transformer. - It is this table which is
PRY . v B .

- used to construct the time-current characteristic of a transformer
‘ : ; .

' . . (see Fig. A.6, Characteristic no. 5). » 4 ‘

f
'

The rated kVA outpﬁt of\a power transformer is that output

e
S

B . ! .
tage without exceeding a given §empkrature rise measured under

¥ . ﬁf ' i ' Yy . “?
ot prescribed test conditions. The choice of the rating of a power

y A ¢ // I‘L ) . . . 3

, :trinsfo mer depends on the maximum load demands. N\

s R i- »,,
1“ . For more- detalled con31deratlon, refs [l] [2] [f] and
‘ [8] are suggested.’ A S . &
’ ' l b a
hd - . o ~ . . »
o oa ’ ) ' . 3 !
, ' , . - ’ -y ' . . ’
6.® " INSTRUMENT TRANSFORMERS *
¥ . ‘

. - there are potential or voltage and current 1nstrument trans-

¥ . ) Wt ——

P formers. Voltage transfonmers are very well known so that their duty ' . .

* . > e B o
. - N D
¥ - -

v . 2 “




\

A
\

will be omitted [1] . Current transférmers and their duty will be
éxplained briefly. They are used to obtain currents which are pro-

.portional to the system (primary) currepts and which can be used in

«

measurement and control tircuits. Ofted the primary conductor

-

itself, e.g. an overhead llne, forms a single primary turn (bar =~

primary). Whereas instrument curr&nt transformérs have to remain
accurate only up, to slight,ovegcurrents, protnltion current trans-

. .
formers must remain proportional ‘up to, sar, twenty times normal
i

‘fufl logd [4] .

/|

¢
|
t

* T
. A major problem exists when two current transforhers are used

- —
*

" which should have identical characteristics up to the highest fault

: €L C . e
current, e.g. in pilot wire schemes. Because of saturation in the

-

silicon steel used and_fhe possible/existence of a direc% component

ir* the f‘a‘t current the exact Imatching’ of such current transformers

is difficult. A pilot wi;; scheme is a system protection method

which requires that a relay'éhali,opgrape when the currents at two

points{gf the system are unedualL Et the occurence of a faﬁlt, although
- the ‘currents ip the primaries of the current transformers are equai,

they may produce currents in the secondaries w?ich vary by more fhan

the perm1351ble difference 1f the current transformers are not-identical

. (see ref. [2] Chapter IX). ,The nominal secondary current ratlrg

of. current transformers is now usually 1 A but 5 A has been used in

the past (9] . > ' . /
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<CHAPTER VII

. é‘ACITORS

7.0 INTRODUCTION -

: »
In distribution systems capacitors qte“bfﬂgggused to improve the

P
g

power factor by compensating at least partially the reactive companent

e
of load current (shunt capacitors). The main advantagés of advancing
!

the phase to as near unity power factor as possible are:

0 . -
(a) the load power output of a given plant is increased
% for the same apparent poweé and with it the earning ~\‘

capacity

"

line losses are reduced to a minimum
4
‘ |
voltage regulation is considerably reduced, and

there is a beneficial effect upon the stability -

of the system. : ~
- T

Usually, the average values of power factoﬁ;for different kinds

~

*

of loads are the following [9]‘: .,

A )
Lighting . / ,0.95/] v

Lighting and éoweq demanded, mainly the:.former 0.8 - 0.85

Lighting’and power\demanded, mainly the latter_\ 0.75

Power demanded o ' 0.65 - 0.70

— -

Single-phase powef demanded?’ 0.5

2




~ - . 13

In all cases the power factor is lagging. There are many

methods of advancing the poweﬁsfactor, but only one will be examined,

using static shunt capacitors. ?

v

{ -

1

7.1 STATIC SHUNT CAPACITORS

To find the value of a capaciter connected in parallel with
a load required to raise the power factor PFl of a three-phase load

to a value PF’2, all that has to be done is:
\./ -

Usually, VLL’ PFl, PF2, and total-<power ?L3 at load are given.

/

« ' Then

{(a) The reactive power (Ql) per phase before tLe addition of

any' reactance is ' I
PL3 : ‘-1 :
’ Q, = —2 tan [cos™ (PF))] kVAR : (7.1) .~

(b) The reactive power (Q,) per phase that should exist after
j 2

}
the addition of capacitance, i.e., with the PF2 power

| factor is : , ' )
Py 1 L I
0, = =2 tan [cos™ (PFy] KVAR (1.2) .
¢ ’ ‘

(¢)q The difference is!ﬁhe required reactive power per phase
e »

¢ ibo be added "

Q = ?2 - Ql . ' . R (7-3)

~—
L

{d) The reactive current (12) for the required reactive power !

(4) for the starbank connection is

|

i

L4 r ‘sk
‘ -

3

+
?
-




,"

. , . st N
. .

(e} Since the reactance X, for ‘the star bank connection is %

X = LL _ ' - °
€ W3 wly ’
2. .
then - - ’
31, , . -
C B e—m————— ‘ ’ ‘7-5)
, 8 ) VLL . o . '
. (Cs = required capacitance in the star ban/k) = .
. « -
(f) Since ZY = ZA /3, then the required capad¢itance in the
delta bank &s - C . ' ' ¥, SN ‘;1;?;;«_ a
I . . |
e |
Cp = ———— ; (7.6) : |
EQ’VLL o X , o . 11
N . - |
% (). Finally, the rating (kVAR) for both cases is 1
. . : ' |
. _ * w
SRR = BI s (7. |
o\ ‘ ~ . 1
[I‘ is defined in the appendix (A.2)1 \ Ct , i |
s 2 | . . :
\ s ' l
. L3 ‘ o }
i
i
f H‘ \;
¥
;
I

g 1o PR A ad e b,
51 e R e

3 B )
., » N - . ) . Y L. ‘,‘ . . :
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CHAPTER VIII

o COORDINATION OF OVERCURRENT DEVICES

. !

8.0 INTRODUCTION l

I . I4

Coordination'is a study of an electric power system consisting
of an organized‘time-cdrrent sﬁhdy of all devices in series from the
utilization device to the source. This study is:'a comparison of the

tiqe it éakes the individual devices to operate when certain levels

of normal or abnormal current pass through the protective devices.

S
T N o
B

In most power distribution systems the tripping|elements are arranged h

_in a coordination scheme so that only the breaker closest to the fault
should operate to clear the fault and leave the rest of the system

operating normally. ' )

, . ‘

\ ' i
To ensure that a system has been coordinated, the time-current

characteristics of all the devices in series must We plotted in such
a manner Fo-that no overlap of these Spavaoteristics occurs within the
values of short-circuit current applicable. Consideration must also
be, given to primary‘pfotective devices, and their trip characteristics

should be plotted and converted to the same voltage base as the secon-
a

dary devices. e :

8.1 CHARACTERISTIC CURVES j

!
!

A basic understanding of time-current $haracteristics is essen-
”»
-l
tial 90 any study. On an ordinary coordination curve, time zero is,

considered as the time at which the fault occurs, and all times sholm

) o,
on thj curve are the elapsed times from that point. The curves that




—w
£5 ‘ ' '
3 38
, ' s
% are drawn are risponse times and all the devices between the fault and
? . 7’ the source experience the same current until one of them interrupts the
circuit. . '
: : . ” -

4
~

A coordination cpyrve is arranged so that the region below and

to the left of the curve represents an area of no operation, The curves, -

é‘ e in current and time coordinates, reprepent in pairs the family of: loci
‘ .‘_' Which indicate how long a period of time is required for device opera-

‘2155 at a selected value of current Protective relay curves ére usually'

_ represented by a single line only. Circuit breaker trippiﬁg curves thch
i ) ‘ L " include the circuit breaker operating time as well as the trip dgvi?e
' r time are represented as bands. The bands represent the limits of maximum
,§A// ‘ qﬁdrminimu? t}més at selected currents; during which circuit inter;uption

, ‘ o
is expected. The region above and to the rightuof the curve or band

represents an area of operation.

Fig. 8.1 shows a time-current curve represented as a band. Time

t, is the maLimum time from the initiation of the current flow I within )

2

A
‘which operition of the device and circuit breaker is assumed. Time tl

'is the time from initiatidn of the current flow I within which the

‘ currént mast be normalized to prevent the device under Jonsidera;ioq

from operating due to the impulse characteristic at the trip device.

. ,
P .

The,characferistics of an air circuit breaker can move in a

parallel way. To be more’ specific, and referring to Fig. 4.1 line AB

~ moves -parallel tT the time axis, line BC parallel to itself or to line

FG, line CD parallel to the time axis again and line DE. parallel to

the current- axis.




current

"' ) o , | S

-

FIG. 8.1 ;Time-Current curve o Tripping Qevices. ‘

’] For molded—case circuit breakers the time-current characte-

v

mstlcs move to the right or left of their original p031t10n w1thou'c

N any change of their slope. ” J 7’

A

.
) ! ~
’

8.2 COORDINATION TIME INTERVALS

- |

When plottihg coordinati’n curves, ‘cer-tain time intervals must
be maiﬁtained between the operating times of var’iouL protective devices !

in order to ensure correct sequential operation of the devices. These

intervals are required because’relaJs have over-travel, fuses have— ~  iged i
damage characteristics, and circuit breakers have certain speeds of
LY .

operation. |Sometin{es these intervals are called margins. -
!
. ' N

4 . - —
4 U S A R S 2 S e Rk

g 2ol e, 4%
e )




Since these intervals cannot, in general, be specified, only

14
a slight separation is planned between the different characteristic

curves, This lack of a spgqified time margin is explained by the

~

incorporation of all the variables plus the circuit breaker operating

. times for these devices within the band of the device characteristic

‘
curve, -

Some general rules concerning the continuous-current ratings h

M )

: f
of fuses, breakers and r‘Llays are: N

A3

A fuse is selected suth that its rating should be 200 percent
of the transformer rated current to override the transformét magne-

tizing inrush current and provide adeguate fault’protection.

. : -

The transformer main secondary |breaker should be of the se-

.
Mective type with series overcurrent 'tripping devices having long

and short-delay characteristics_and a 25-33 percent continuous cur-

rent greater than the transformer rated current. [ -

The primary ratings of the current traﬂsformers on the high

voltage side should be about 150-250 percent of the power transformer

¥ .

rated current. — C '

A general rule can also be observed that a maximum of four
H ' .

N

low-vo}tage air circuit breakers can be operated selectively in series,

*

one of these being a feeder breaker with instantaneous overcurrent

1

tripping. (A feedeF breaker usually is the one following the main

v

secondary breaker)/




) 8.3 TATA REQUIRED FOR A COORDINATION STUDY

R4

(1) One-lix;.e' diagram of the system or portion of the system involved

]] in the study. Y

(2) Apparent power and voltage ratings as well as the impedance and

. connections of all transformers.

\

(4) The time-current characteristics of all the devices under

consideration. .

oy

maximum loading on any circuit considered.

(6)\ Current transformer ratios.

2

~

’

1 4

(3) A complete short-circuit study as described in bhapter II.

|

-

»

i
\
|
|
} ' {5) Conductor sizes, types and configurations, or the -expected _ ' %

All these items can be shown on thé one-line diagram to t‘acili-‘

+" -tate the process. The proceduré 'is better presente& by the aid of the

example given in SecLions A.2 and A.3 of the Appendix,

— .
-~ | v

¢
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CHAPTER IX :
MECHANICAL AND THERMAL STBESSES DUE TO SHORT-CIRCUIT CURRENT

i

9.G . INTRODUCTION

+On a current—c?rrying*conductor two types of stresses are

[} /
»

hoticéd: thérmal and mechanical.

L]

. Y
When the current’ direction is the same on par%llel conductors,

\ 2 * [ .
\ attractive forces (Fc) are produced as a result of the magnetic field

and repellenE forces are Hrpduced when the current direction is oppo- *
site. These forces produce mechanical stresses in both conductors

and insulators. .

On thé other hand, thermal stresses are produced on a' current-

carrying conductor depending on the duration and magnitude of the
4

short-circuit current. ‘ The excesslﬁempeﬁaturp_then produced can, ,

] damage the conductor.

) -
~

9.1 MECHANICAL STRESSES— . . ‘
E laestact ® R A S .
: ; .

,§ince the mechanical stresses depend largq}y on the pdrticular

~»

3

construction of each condlictor and it istnot possiblp for a rigorous )

analysis to be presented,.single cross-section rigid conductors will

v ’

be examined. Details are given in [@ﬂ ’ °

-~ ®

%

® L4 !

g.1.1 Conductor stresses are produced'by the‘acéion'of theyforce (Fc)

‘between conductors within a suppprting.distance. ‘The magnitude of this

Ny

. force is given by the following equation: “ ' : i




Lo e 'l - -
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g - L . Fl ° ‘
: » L =4 o
/ \ = 0.2 Iip - S 5 (9.1)
E“ & < .
- -~ ‘and the main conductor stress is given by equation '
A 4, ’
N2 F_L |
)N -ﬂé’“u m kPa . '!‘ (9.2) =
. . . , b
° o . ! ! /:\ ' N -
. ~ . ahd from/(9.1) and (9.2) “ - '
L . N l' N
i per, ' : "
- 9 ‘“ K kPa . (9.8)
T ‘ . ‘ = "
o or
' | J
v ' '”C a W .
¢ L = am (9.4)
u * 1t s .
. ip
. " i l
: where: ~ o -t
“ . a, = conductor spacing in cm
2a,
- i I = = 3 am—
» , - Igp impulae current (peak value) in kA (I Ip 7 )
f I - I‘p = maximm asymetrical short-circuit current ( peak value)
15 1A (1, = 1942 1, T, -
. ) I‘?y"i: ' symetrical short-circuit current in kA
T v ‘
'! ¢ L = distance ‘between supports in cm’
‘{ o »
- . Lt ur o= t‘requency factor f‘or conductor stress
3 N . W= resistance moment (section modulus) of cohductor in cm®
g . ¢rc = l:aximm conduct;or stress in kPa - v
. * "l; = minimum yield poin_t stress of condugtor in kPa
. B R T ~—— . ‘. . N . Q:‘
C G = max¥mum yield point stress of conductor in kPa .
. " "l. ‘ b} !“ ~‘ ‘ .
’ Yo It is reccmended ghat = does not exceed twice the minimum )
. yield point stress ¢ of‘ the conductor- [lg . e <.
- & ( —




-

to two, u = 2, and with an ac and three-phase circuits u £ 1

But the value of u = 1 can alwaysﬁ,‘be ﬁse& instead of u ¢1 for mo/re (/

b “safety. ;
;’ ) R "{;‘

(\\
one found from equation (9.4).

| \ '

To assure safety, L shculd’br considerably less than the

. . The value of g determines the most critical distance from an

] in.sulation point o; view, because when the magnitude of the electric, -

e - field intensity (kV/m) excee;is the di%lectric strength of a substance,

’ the insulation brealm down and| arcing (conduction) occurs between

" conductors. It is also r&esséry to éompensate for surges (lightning,
svitciipg, etc.) and fleld non-unifornity. Thus, considering that

‘ the dielectric strength of air is 3 000 kV/m, the distance a for bare

conductors in such a medium should be

| o C ,‘
/."’a)qo!ia_g.‘i%_g%éﬁ&_(ﬂ * 100 cm ' (9.5)

. FIG. 9.1 TyMcal Three-Phase Conductor Arrangement
. Showing L, a, Fc, Fi

a
. . 3

. v
i

-
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Id )
9.1.2 1Insulator stresses are produced in the insulators (see Fig.

. —

¥, 9.1) by the load (force) F..
. , K ﬁ“\

Where . .

<
e
,

i ie¢ ip N (9.6)
wand s | .
v o .
~ ui = Frequency factor for reaction of support: it can tahe
. the value of u : :
- . ~
o @

However, in order to obtain a high margin of sgfeﬁx, load Fi

should not be greater than 80% of the nominal maximum Iéad (Fn) of a
’ / & '
chosen ;ype of insulator. - .
* . .
/| That.is % ~ ’

F, £ 0.8F . (9.7)
Equation (9.7) should be satisfied\and if not, then either L

is reduced or a is increased or eveﬁ\the choice of another insulator

with greater Fn is recommended. L and a should also satisfy equations

/

(9.4) and (9.5) respectively. [10] , [21] . |

9.2 THERMAL STRESSES

|

Thermal stresses are produced on a current-carrying condugtor
 and depend on the duration and magnitude of the shodt-dircuit current.
What is examined in thermal stresses is the minimum cross-section q

| 3

~ ’ . ~ . .
of a cdbfent—carpylng conductor required to carry its maximum current

) »~
without melting. Usually, since all conductors|are made from copper or
‘ , -
I

R T i T A

%
5
5
-
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.
kS - = - ~
e ST - .
,

o
¢

’ I in kA

L]

ct
o

fault duration time in s (see Chapter X, section 10.1)
n it takes many different values depending on t;xe

qperating system voltage, minimum ang maximum tg/gnpe- !
rature and type of insulation u§ed for the specific

conductor.

For bare copeer lines: n T with 50% ¢ T £ 200%

- ' For bare aluminum lihes: pn’

11.2 with 50°C ¢ T £ 18¢°C |

~ ax;d al/l operating voltages. !

.

)
"

asymetry coeft‘icient;' depending on the ratio R/X of
*  the short-circuit patﬁ. Its value varies from k = o

for large ratios to k = 1.73 for small ratios. /

: , ‘ . v i
. -~ ¢ é ! ‘

For a complete analysis and details, refgr:ence [1]] is suggested.
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CHAPTER X

. \ GROUNDING
10:'0 INTRODUCTION oy »

[ 4

1o ensure‘iafety of personnel and provide a predetermined path

for ground-fault currents, all metal parts of electtical apparatus
K []

, other than the conductors, are bonded together electrically and conw/

nected to a low-resistance earth electrode. The current pathsimust
have/a cﬁrrent-cafr}ing capacity sufficient to deal ;ith the maximum
fault curreﬁfg"(Iasym), and a resistance low enough to prevent dan-
Eerous voltages abpeaving between any points which a person could’\
reach simultaneously. 1In addition to nersénnel protection, protection
systems have been déveloped and employed that react quickly to currents
takiﬁg wrong paths (paths to ground), thus protgcting the éystem from

<

ground faults.

]

¢ .
Here, solutions to these problems will be examidfed.

—

1C.1 SUBSTATION GROUNDING

‘A grid or a mat is usually the most practical way to do the‘
grounding at substation yards. Ground rods or pipes are ?sually made
of copper driven gerticaliy at the surface and are intercqnnecéed by
ground conductor (copper) buried horizontally to form a mesh, so that
if one rod is accidentally disconnected it will not interrdzt the
path to the ground. For the same reason, major plant and the ground

rods of switchboards should be connected to the station system at no -

fewer, than two points. Thé épacing between rodé should be between .

*

[
ol
‘
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\ ’ -
5m and 20 m [11& [15] . Depending upon the soil resistivity a

|
’%
depth (h) of about 0.5 m to 1.5 m is usually chosen for the ground |

/

‘conductor. Typical rod size is Im length * 1.9 cm  diameter.

The cross-section of the ground conductors is proportional to’ ‘
the current which they may havLa to carry so that the maximum allowable V
copper température\ gf‘ 300°C will not be exceeded with a fault duration __
of 0.5 seconds l:lli] . This cross-section can be calculated using the
following equation with t = 0.5 seconds and n = 7 (for bare copper

conductor), (Chapter IX, Equation 9.8).

q = anSym ﬁ mm? | (9.8)

Furthermore, where ground conductors are run on walls or steel- !

work, stand-off saddles should be used to minimize the risk of cqr'rosion

particularly in boiler houses, where sulphurous mo.}sturﬁ may be present.

H

From a design point of view the gr*nd resistance (Rg) is given

by Laurent's formula [ll;] as
S

3,
’

Y A 4 ,
g = -"%-I‘ + I @ ' . (10.1) )
LA
where: A '
' [AY
p = the average resistivity of the ground ip ohm-me ters-
¢ <
L. = the total length of buried (ground) conductor in meters -
r = radius of equivalent circle whose area is équal to'that . .

of grid in meters (r = YA/m.) |

A = substation area

't

The minimum leﬁg h (L) of buried gNuctor required for safety'
of personnel is obtgined [13] by
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l'SpIsymE . \ \MIO.Z)

165 + 0.25 p_

maximum duration of shock is s‘e'};onds' (usually 0.5 s)
. ) .

= in amperes - \

|
resistivity of ground immediately)beneath 'the feet, \
\ ]

in obm-meters

4
—

Another requirement which has to be satisfied is:

L =
where
t =
I
sym
Ps =
where .-
Rt =
8
[} Er‘=
Thus

g

yHence, a step-by-step approadﬁ has as follows: : {

R ShO\;ld be. less or equal to Ré

~—

Er )
Ré = 7 - (10.3)

ground resistance

rise potential in volts .,

{

(1) p 'and Ps can be méasured [16] . The available sub‘sta.t}on area

(A5 can be measured as well, and values for t, E r'l’ and ‘h can be

2

chosen, Usually, - ' - S

3 000

0.5

5 000

¢ Ps £ 5‘ 00\0 ohm-meters

in

h £21.5m

t = 0.5 seconds - % _v'

n

¢ E gz €00 Vv «' C |
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- u The value of p °varies in accordance with the type ‘of ground as
/ '
follows: . !
f Type of Ground . Resistivity in ohm-hneters
“ Wet organic sdil* . 10
| Moist soil 100 . /
~ Dry soil oo = . 1.000 -
/~ X 5 P
Bed rock /10 000 ]
{ ’ ‘ @
- (2) From equation (9.8) the minimum grid conductor diameter can -be: )
calculated for bare copper wire baring in mind the CSA x_'eéom-‘
/ ¢ s . N v
mendations, i.e. ‘
" Fault Current (A) Conductor Size S
. r b - »
5 ¢ 5000 | No:  2/0 AWG 1
5 001 - 10 000, 250 Mo | |
v v ]
10 001 -~ 25 000 500 MCM
j R 25 001 ¢ ~ _ - '@ “1 000 MCM
(3) %he required”L and Bé can be é\ralua}:ed using equations (10.2)
and (10.3) respectively: (finally, greater or equal L should be
__used). The value of B'g varies in accordance with the station
N capacity. CSA recommendations are:
\
' ’ . 'Ground Resistance (ohms) Station Capacity (kVA)
15 . ,” 1500 /
‘10 1 501 - 10 000 ,

. : ' L2 : 10 001 and above | -

LA A A




The length and. width of the available substation area are

di’vid?d into little squares to form a mesh starting with a

side length of each square of 20 m (spacing among buried .

conductors). Theﬂtotal' length (TL) of the buried conductor

of the (s0 constructed) gr'id is evaluated and a comﬁar‘is_on

is needed with the one calculated by equation (10.2). If

gragually up to 5 m until TL.> L.

CTL L, thdb the spacing among buried conductors is reduced
If even now TL<L L,

then—the- possibﬂityf o ﬁncreasi:ng"thje—avaﬁ:‘able—subsiﬁioﬁ

area is examined. But if TL® L is achieved for a spacing

(M} 5 £ M£20 meters, then R ,is calculated from equation
k] © _g

klo.l) ang\ is compared to that\eith

(19.3) or read from CSA recommendations. Once more, if

A or even reducing p are examined. The criterion is

|
_—

|

‘ economical and depends aiso on the region morphology.

— = —

FIG. 10.1 A Grounding Grid

er obtained by equation

Bg> Bé, then the possibilities of increasing L further or
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A

AR YT N
P

|

follows SLnde 's

* (5) The resistance of a single ground rod

equation [12], i.e. ’

P 1,27 Ly
£
where |
| |
Rr' = resistance of ground rod in ohms
L, = length of ground rod in meters ! , )
d = diameter of the rod in meters ( s
- " ! » / »
o p = s0il resistivity in ohm-mejter's
{ h = buried depth in meters .
— £~ )

3 W it is cﬁf‘fiﬁ:‘\xlt to give a generalized formula for the total '
number of ro

gs required,; the ff‘ollowing empirical f‘or"r'nula can be used

.
applied only f;o ground rod having the typical rod size (3 m ¥ 1.9 cm)

. -\ ‘
) For Utility Applications * For Induskzial Applications

‘105 Rr‘ﬁné 0075 RE‘ 0075 Rr.‘.né 0025 Rr‘

-

where:

’

numbey of tdtal rods required.

n

v o-10.2 'i‘RANSMISSION LINE GROUNDING

1

!

a ‘Transmission lines usually are grounded with one or more grounding

rods driven vertically at the surface. The grounding resistance, in
ohms -of one rod is given by equation (10.4). It is evident that when -~
the ground fault current is very high, even a grounding rod having low

grounding r‘esistanc‘e may produce pote;iti’al gradient on the ground which

»

& ]

4

.
R

' -
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__may be dangerous to human and animal life. -

For proper safetyﬁgnd when the earth resistivity is high, either
;2
we increase thg number ‘of buried grounding rods or one of the following

grounding arrangements is used.

Singie parallel
continuous

4

Double parallel
continuqus,

+Radial

r

-ContiLuous and radiél

°

\ ' v
t e

FIG. 10.2 Grounding Arrangpmenﬁs of Transmission Lines

k]
»

Equation (10.4) is still valid for the abovJ arrangemeqts
v N ’
introducing only a small error due to non-uniformity of the ground

currehf flow.from different parts of the ground wire.

-

RO M T e




10.3 GROUND 'FAULT PROTECTION ;

A protective system has to réact, not only to the magnitude

and duration of the current, but also .to know the path which the

1

current is taking; and if ’ch:a path in wForig to react quickly, no

makter what the magnitude of the current is, since, undoubtedly any

D

current&following a wfong path i likely to create damage.

.
’ . N " 'ﬂ
] . J

, On a grounded system the wrong paﬁh'usually is from-a live

conductor to ground (excluding, of course, return currents 1n a

neutral conductlr) Such & path to ground usually involves arcing.

y

During the first few cycles the fault current will be of relatively

¢

low magnitude due tq the high?impedance of arc resistfance, but with

formation of ionized gases, ‘vaporized metal arc r‘esistancaecreases N

and the current rises. ‘-

.
L
~
Pl

o

An ungrounded~system is, in effect, groupdéd through the ca--

pacitance of the system and if a ground does oscur on any one phase,-

. Lal
capacitive current will flow through to ground. . The magnitude of

¢ 2 . i 2

such currents will vary appreciably with the caéacit;;;% of the
system.' Published figures indica® that capacitive currents may vany

. from 200 mA to 2 amperés*pev 1 000 kVA [rﬂ . Ungrounded systems

. can Qperate without" 1nterruptlon of service where one phase is .

>

grounded, but voltage build-ups @ppear\on the ungroundsd phases,
particularly if the ground fault is of an arcing nature. Such voltage
build-ups {up to 7’time$ line, voltage) can'cause extensive outages

05
and insulation damages.

-~

it Tk -ﬁ.;{\:‘-“ PR




Since, generally speaking, gqounded systenis are considered

safer than- those*which & are ungrdunded, an examination of ground fault

7

protection to these systems will be presented [l'a

\. ' ‘ N - . o \
o , A stanclamdJ overcurrent protective system reacts only to the

7. magnitude and duration-of the fault currents (over'load and high ma-

gnitude currents) When it is used by i,tself there are two opposing

“

<

L requirements which must. be fulfilled in coordination.
‘s A \/\ - t 3
y - (a) Pickups and time. delays must be set as low as possible

S0 as to make protection as éffective as.possible at

low values of fault'\cyent‘: .

) { -
Y r . 7 L

(b) Pickups and time delays have to be'§et high enough so
) - - ' e
as both not to Map with the cheracteristics of the / 3

- devices "down str-eam", and to withstand normal overloads ‘

cp and current inrushes in a particu}ar circuit. S Te

- - ’ ° h

- . N Lo 4 . ’ ‘
[ ] k Therefore, such coordination,is only a compromiie solution. “ ﬂ

.+

A ground protective system reacts to the wrong path whiéh' the o~
- /

current is f‘ollowing (low value groynd fault currents). It is a mul-
~, tiple componentJ electrical devi‘:ce\—designed to protectx distribution ' 1

A ., systems,-and their equipment from the dangers olL. low voltage ground

o

faults. It consists of a current penitor or zero sequence current

2

¥  transformer, a grond fault sensor or relay, and a circuit breaker
}with a magrxefi‘c~,shunt trip. <« The "window" type of current blnitor is
i

comgon, its magnitude °co?'e surr'ounding all conductors inc¢ ng the
. : A o N
neutral if present. It comes with circular or rectangular openings,, .-

v . J - '




.
SN . . - r

with rectangular split’ core designs and a variety of sizes to accommo-
b v

’

. date all standard bus and caible azlrangement;s.

h ‘{“h ! ]

’{he sensor 1s avallable
in two dlffer%ant-umtfs' ;standar'd and interlocking. . The standard unit
obser'ves the time delay setting before 51gnalmg the shunt to trlp the

breaker. The mtez‘locklng unit, on the Other hand, overrides its time

. q\
delay, and s:.gnals its shunt to tmp medlately.
- "\

1t alsoa;SJ.gnals#)ther' sensor units to delay tripping, or block tripping

At ttlxe same time,

completely./ ! .
{
. ! , .
As loné'as thgre are no grounds,’ the circuit is balanced and

— N [y
“the current Jor)itor' output will be zero. The’hmagnltude of the currents

(eigher 1oqﬁ or short circuit) in the conductors cancel each other
)

through ttpé Zero sequence current transfokaer. However, when a g?*ound '
/ ‘
. occurs, the current monitor‘output will not be zerg and a current

flows f’r'om the current monitor tc the sensor. When the current reaches

tbe pf*e-se],ected detectlph p01nt the sensor goes 1nto operation.

Stghdard or 1nterlock1ng circuity ih the' sensor determines the action. '
: [ ’ * 4,
. 4 ‘ |

- o ’
3 .
2

. ¥
, The combination of the standard overcurrent protective syst®nm

v .

and the ground protective system_introduces*the so called "total

pr\'o,bection“ scheme. fThis scheme eliminates .entirely the netessity to’

3 -

. p ;
keep “overload protection settings low for the pur'poie\of readting

. quickWy to low fault values. More, margin for spacing between t{xc -

<

uIrves can %t!;ade to allow for the tolerances and the 1naccurac1es

, |
cﬁ‘ the devices.

Ther'efore, imediately, the job of coordination be- |
comes easiér and ?ore reha})le. In 1ts simplest fonn the addition
“of a single ‘sensdr operated by a current monitor over the groundmg

strap \equlpment und) and an automatlc switching dev1ce for the

main mccnung semce }:i necessary. The-‘main dlsadva.ntage of 3uch

(TN,
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a scheme is that the whole system is tripped out by the main service
\ L -
protector (circuit breaker) regardless of the location of the ground
S 'y } ' .
fault’ anywhere on the system. In some instan?es, on the, other hand,

the economics ‘of an ele¢trical jinstallation are such that a comalete
"total protection" scheme can be jus%ified {(a complete "total pro-

tection" scheme is one where a groudd protectivg device)is.used in

1Y

each section of the/éystem fully coordinated with the,f pstream" or

u

"downstream" de&ices in ‘addition to the standard overcurrent protec-

R
.
1Y

tive scheme).
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; - ~ CHAPTER XI T )
& _ SUBSTATIONS =~ :
I . :

11.0 INTRODUCTION L’ L -
?& e ‘~ ) )

e

.In between the -Power house and ultimate consumer a number |of
! -

£ ' .
’ transformation and switching stations have to be created. These,’ are:

generally known as substations. The electrical design of a substa-

. tion mainly, Qeals with the selection of proper equipment and its '

’

location or placement “in the yard in a proper way which would pre-

»

[ i

| suppose a f‘aiT kno»}lc;dge and understandipg of the principles, ,bpe-

7. i
rations of working and the types of the various equipment. | )

[

1

PR A
. @

~

As .in any other desigq, the substation-should be f‘lex'lble and-

economical but not at the cost ef continuity of supply, simple and

# €asy in maintgnance. A flexible system would present alternative

- ¥

s arrangements in the event of an outage on"ka.n“y piece of Qqui'p ent.

) Such a system would glso present no difficulty in.expansion jor augmeﬁ-
tation of the system. p - .
. . ?,
> v / . T
. \ 2. \ o, ’
11.1 ELECTRICAL—- PLANT LAYOUT NS o )
- 8 ' J\\‘ ¢ v !

.

There are mfény types of substations dependihg on the)purpose

.

and on the éonstructional features of the substation (step-up, se-

SN condary, distribution substation's, outdbor-, indoor type, et:.'..).

’ LI

L " But the electrical work involved for all of then comprises: [ om

. 1

‘ ¥ L4

(1) Chofxe of busbar arrangement.




o

A

N ~

(2) Selectlon of isolators, instrument tﬁansformers, power

transformers, circuit breakers, protective relays, llghtning

arresters, voltage regulating equipment, grounding, etc.

{(3) Provision of facilities such QS‘illumination, fire‘pro—
-tection, cabling, grounding, ccmmunication facilities, ;

ac ayxiliary supply, dc auxiliary supply, interlocks '

etc. . ' - . R

1

~

There are numerous variations of busbar arrangements, the

choice of which depends on various factors such as system volt ge,

5 3
flexibility, reliability of supply §nd:cost, position of the sub )
I . R “ R -y ~
station in the systemT‘etg. ’ ? -

~ R v
~— N ~
3 ‘ e , N -~ 1 A

A typical and most common busbap arrangement is shown in
Eig: 11.1, the so called‘"sinéle‘bﬁs with sectidnalizing scheme’.

O o ¢
u ]
f

Mair lihe -
. ,(high voltage) e

: $yain busbar

/ . p /IH_/___ -
=i = R
CoT I j:"’ | ”__/_.4/

R . ‘ . ‘ ) fééder—\. .
v L N L : v ‘ ~-
A, ® * o ' " '
, - FIG, ,11.1 Single BUs with Sectionalizing Scheme w
. Efd : = circuit breakerll+3/ﬁ-= gpound switch
PR . li— tTansformer ' —7/* = isolator

: & W‘ I = normally opened )
. o
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B

60

%;§‘s c1rcu1t breaker (tie brcaker) and the two incoming

breakers are so 1nterlocked that only two breakers can be closed
at a time, Normally, each section continues to cater to its load. ' L
If the incoming circuit on any section has to be taken out the tie

breaker can be closed and supply restored to the.outgoing circuits

11.2 LIGHTNING ARRESTERS * !

11 4 * . N -

of this section.

Lightning arresters should have their own earth electrodes. .
They éhould not be connected in any way to the station earthing
system because, owing to.the extremely steep wave fronts of the dlsz' ‘
charge, dangerous voltages may appear over quite shor@ lengths of
conductors. A lightning arréstenﬁis usually placed on the main line
between the circuit breaker’and the high-voltage side of the feeding

transformer before the entrance to the building, one negfed on each
w @

* 4 q i
> , o

11.3 CHOICE OF OPERATING VOLTAGE

feeder.

e n"'a:"h.-&k . I "
T~ _An approprlate study for the choice of th? operatlng voltage

of -a system must be made before the electrical layout of the sub-

station gan be settled. The criterion is the cost estimation. The

- analysis of cost takes into account the switchgear, cables and motors,

The operating voltage chosen is tbét which #ill result in minimum  °

toial cost using equipment having standarq ratings [8] .

\

-
[
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- ” CHAPTER XII

CONCLUSION

sy '

- It‘cah be concluded, that the basis for carrying out the
‘analygis and synthesis of a substation is the determin;tion of the
short—Lirquit currents. The accuracy of the calculated values is
not critical and a variation of 5 to 10 pércent can be tolerated.
This comes as a result of the fact thaf\tﬁé final choice of tye '
* equipment of a substation is usually slightly greater than the cal-
culated rated values to compensate for unpredictabl; overcurrents,

In addition to that, the known methods for determining those currents

- are hot very advanced and exact as shown in Chapter I1I. \\)
’l ' ,.’

Knowing these short-circuit currents it is possible to cal-p,
culate the mechanica; and thermal gire5ses abplied to'the conductors,
- and thus, to choose ‘conductors of appropriate size. Undgr,thé short-
circuit conditions, the switchgear'ca;acities and the ground elec-

trode required are also determined for the Jafer of a substation.

The determination of the éaﬁings of the transformers and
capacitors used can be accomplished from calgulations under normal
conditions. The transformers should not onlx withstand the load
requirements but also be ready to face possible future substation

£

expansions. For economical .utilization of the substation, static

f

capagitors should be added to improve the power factoT. \

» ~

s’ . .
Lo . . (-
o .
. . ‘ g .
. R ,
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"t The cobrdination problem is very delicate but is necessary

N to'prdvide selectivity for bettar performance of the system.
« (Chapter VIII giv.es somes details on how this problem can be
| approached with the -appropr'iate placement of the time-current

characteristics). ' ’
< / | ‘ . i
. : “ Some general principles and recommendations about substations
for a safer, more economical, mote flexible in utiliazt:i.on and re- g

. 1liable way of operation ,fare stated in Chapter XI. ’

|
' In the Appepdix, L collective example is presented in an i
& | attempt to try to combine all the material and glve more under-
standing of the design routine leading to the choice of equipment.
Finally, a computer program is attached which renders easier
and faster the wéy to determine currents, voltages, and powers for

N loads connected to the same feeder via a busbar.

»

A

“be very help f the electrical betfavior of substat?.oxis;
however, the /Aoyl oF t of the prc':blemlwas not studied [8] .
* well, for it gives the criterion /

peration of the system is chosen.




-

e - o ¥

.
i ' .
[ [N
‘ v
) - .
A3 N .
N o
{ N . .
oo '
H .
~— '
A
.
' +
o AN -
B " ‘R : . '

+

2
R
ki

-

I

r

j
1
1

1
;
cr
| .
. -
.
)
.
-
L4
.
i *
.
.
. i
Al e
¥ . N
= ) =™
- I3
R
» !
~ . [

. danT R

s
:

ek
w3

Y e,
=

e Yol

o




APPENDIX A : L
PROCEDURE EXAMPLE e :
A.C INTRODUCTION '
s Up t.o now some necessities amdtpossible factors have been

considered which affect the design of a station (or substatiom’

\

, In addition to that an effort has been made to explain the most

3 important components of a station (or substation), as they mTlate

to the electrical layout. Hereafter, tbe Montreal METRO substation

ts presented as an example to employ the previous Chapters' analysis.
!

f ’ \ o

* A.1 BRIEF DESCRIPTION OF THE LAYOUT '

’ , .o 'Fis- Al iS a hish-VOItage one line diagram of the METRO ) ’
“ " substation. Fig. A.2 shows more]details about eacl{' PSD (Poste - -
Secondaire de Distributioch) secondgry substat:.ion. The LﬁETRO ‘sub-

station (lighting load) consists o; 20 such PSD seccndary sub- M

- 3
stations each having a Tapacity of 5450 kVA, that is a total of

o i g

9 009 KVA. There are seven rectifier secondary stations of 2 500 kW
( each, i.e. a total of 17 “300 kW, Two garages also ex,ist'f‘rom

| 1 500 kVA each or 3 000 KVA total. Since the power factor (PF) -
| for those seven rectifier stations is very close to that of the

lighting load above, kW and kVA can be added algebraically to end up

ol o O T

i ' " with a total of 29 500 kVA. Here, the demand factor is assumed to \
. - " . .
x ‘ ’ be 50% so that the demanded kVA is 14 750, ' : ' ‘

s ® ;N
\. . s »

M'here, are also: two emergeqcy power supplies. These power ..

supplies consist of‘ a combination of a diesel engine with a power *

iy LA sk




. 6 |
- generator of‘looo KW each. This is the power der’handed by the lighting
system, telecpmunicati:bn, signaling, ventilation Llugs station wéten P
pumps. ) o )

X { o

The whole system works as follows'[Fig.{ Al

J
/

(1) Normal operation£ Normally the tie breaker T-1 is opened and

T-2, T-3 are closed. Line #1 and line #2 share the required

power between PSD-1 or PSD-2 and the rectifier stations. Either .

~

PSD-1 or PSD-2 can be considqred as "stand by" and their opera-

tion is controlled by the automatic transfer unit {TA). They s

» never work both at the same timéd.

¢
The rectifier stations work with 750 V. cic and are connected ‘to.

the main bus in such a way as to reduce the possibility of

failure to a m)inimum.
: |
!

- (2), Abnormal operatio

- !

n: Much care has been taken to increase the

reliability of this substation, for it is a means of transpor-

tation. | \ ‘ *

If line #1 is out of order, T-l1 is switched on, breaker A bpens

B " automatically and line #2 unJer't:akes line 1's duties leaving

thg rest of the system untouched. The same will happen if line 11
- N

42 is out of order, i.e. T-l is switched on, breaker B opens

automatically and line #1 undertakes line 2's duties. ' \

If PSD-1 is out of order then the TA unit switches PDS-2 in

— > -

¢ automatically and vice-versa, The same could have happened if"
N k3

all PSD-l's failed. B
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the values of 12 470 YV and 600 V are chosen for the high-voltage level

» )
4 .- . N

A.3 SHORT-CIRCUIT CALCULATIONS . . . o .
- , .. I . . _ o RN ‘ 'f
‘\, Given: (From the Hydro-Quebec incoming line) : . Cy
, * Incoming voltage v, =71240V = v . .
a . P ' ' . ] . ) -
Shér't-circuit kVA availai)lg at the input 3 i F 500 000 kVA .

st 4

. . T . . » N -
- In the lighting section of the system a transformer of’

450 kVA/3-phase, 12 470/600/347 V, X = 5.75% is available.

. . i * ,
\‘ The value of 14 750 kVA is chosen -as the base kVA since this

Vo

,cc?rresponds to the demand power stated in page 63. As a base’ \\Joltage,

13
1

and low-voltage level respectively. . >

~

' (a) Point #5 (Fig. A.4) :° A short at point #5 can produce a

.
’

symmetrical shpr't-circﬁit current of

_ . 500 * 10°
YB3 12 410

N

I

L% ’

= 23150- A and

. L .
e n g v ey - . e

. e =z ¥ z T
L Iasym 28 159 1.73 40 050 A ‘ ‘
N - - ~
. ~ Since .
S‘i = 500 000 kV)\A and Sbase, =. 14 750 KVA, )
v
Then ‘
_ 500 000 _ . - « N
Ipu S v 33.39 (for high-voltage 1eveN‘ ”

S :

R
:
N
i
f




2

O

(b)

'(c)

. L
R RV SR

. v u
X = P

-
» .
~

Ipu = bper unit current

v

For a short at point #5 the reactance per unit (xpu) is:

QJ-

]
1 . ) e K
Ipu = 3385 ° 0.0295 (Vpu = voltage per Bni§?

LAY

pu,

\

Point #4: A short at point #4 will produce ;_symmetrical

. Y
short-circuit current almost equal ‘to that at point QS,'foﬁ
the distance from point #5 to point #4 is approximately

10 and the conductor reactance can.be considered as

Y

neglifible. .

Point #3: A cable for three phase system, s}ngle conductor

. #2/0 AWG copper, cross-linked polyethylene insulated,

shielded~ PVC jacket, 15 kV grouﬁded (100% insulation level)
is used. The.inductive ;eacténce of this cable is 07108

ohms/km at 60 Hz . The maximum éstimated distance from"

/

point #4 to point #3 is 3.44 km." Thus, the total reactance )

»
of the cable is 0.108 * 3.44 = 0.3715 ohms, and:the

v

reactance per unit is:

\’ B . »* ' N
Xy = 0.3715 14 750 1,°°° = 0.0352
Jpu T (12 470)

L4

-

Hence, a short at pbint #3 produces a cgvrent'of see Fig, -
A5 L L
. 1 - .

I 2 = 15.456
pu 0.0295 '+ 0.0352




o . - n . ~
Sinc;’e the base current for the 12 470 V side is: ‘f

14 750 00D : a
Ib a — = 683 A -
V3 # 12 470

then ) thg
- L ,
Isym = 15 ,456 683

n

Py

and

- - * A
Isym™ 10556 * 1.73 1%\262 A

(d) Point #2: The per-unit reactance of; the transformer is:

?
[

| - . 14 750
- *
Xpu <= 0:0 575 =5

n L d

z 1.884°

Thus, the equi\;alent reactance circuit is: ,
° ) 7

v .
0.0295 0.0352 _ 1.884

Y
e

»




: ' o e SRS

A slx;rt. at point #2, then, will produce-a current of' \ - -
Ly ® 1/(0.0295 + 0.0352 + 1.884) =z 0.513 . Sirce .
v 0 '.IbrorthesoOVsideis‘, S
% Y0000 ’
. Ib 2 Eemreri— = 14 193 A
E ® 600 ) C- ‘
) . A ! -
- ' * ’ ' - OI -
* then the . - “\ o
1 = 0,513 # 1% 193 =-¥é§1 A
. sym - R "
and ’

Y ‘.

] ‘Iasym = 7‘281 ' 1’l73 = 12 596 A' ) = ‘ !.
7 o \

. I (e) Point #1: Since the distance from point #2 to point #1

is approximately 15 m, the conductor reactance can be
conéidered as negligible, ang it can be assumed that the
aaymmetrical short-circuit current has that value calcu=

. lated for point #2 (Iaqym .= 12 596 A). /

t -

A.4 COORDINATION, ° S | s/ 8\

e . Everything }s referred to 600 volts and the lighting and rec- ,.,
tifier loads are .bes&ongider'ed separat.e‘ly.‘ The equipment is chosen

on the basis of its,suitabili.ty .to the coordinaj:ion problem. (It should

bé noted that the equipment identification numbers agd the r'especti\ie'

& currents handled when identical it is only as a coincidence and,f’or‘a .

.

particular manuf‘aci:urer).' ' ) .

w 5
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(1)

(2)

[

A.4.1 Lighting T . e ’ -
) '&r— . . ¢
- ‘
Continuous Current Ratingi ’ .

: 71

~

4

(a) Breakers at point ¢1 [Fig. A.4] : The loads at point
#l are such that breakers rated at T0, 150 an/ 225 amperes
‘are the most -suitable. The ac@ll breaker's are molded-case

types HFB-TOA, HFB-150A, and HKA-225A. ®° i
(b) Breaker at point #2: The current flowing through this branch .

(I.) is 321 A. Of the standard ratings available, the .

ab
=7
smallest rating above 391 ‘A is 40Q A, which is type DB-50
air-cir‘cuit breaker of this one particular manifacturer. .

o

" Fuse at point #3: The 450 kVA transformer rated current on

“the primary side is 21 A (I,

And since the rated current
of the fuse should be approx;.mately 200% of the transformer

rated current a BAL-PT-50E would nomally be supplled

4

{d} Relay at point/#A' The current (I' ) is 125 A. And since

'the current rating at the:primary of the currqmt transfomer -
‘should be about 150-250 percent of Ial a 200/5 ratio cl&‘-
rent transformer can be assumed. g“or tap setting see below).
A CO-7 relas;' mis. chosen, for the characteristics coordinate

best with thoé of the other breakers, relays, and fuses.

P o

Interrupting and Short-Time Current Requirements

Ad

Since the short-circuit current on the 333 .kVA bus
is 12:3g6 A (T, qpm)

HFB-70 A, HFB-150 A and HKA~225 A are 14 000, 14 000 and
T v

{a) Point #1:

and the interrupting capacities of '




;; ’ N A /’ . . . ‘ 18
3 - 25 000 A symmetrical t'eapectively (as shown on their °

characteristics), thess breakers may be saf‘ety used. n

p . ) 4 .

' - . .- (b) Point #2: .Again, the interrupting eapacity of the DB-50
) ‘ ] ‘ ./

aircircuit bre.aker is 42 000 A symmetrical, a value -

L4

more than adequate for the 7 281 A symmetrical-short- a

% - ‘ N « T . ] ‘
i “# circuit current of that point. . >

Ve ¢ .
E,

Id

(c) Point #3: The type 50E fuse has an interrupting rating

- of 84' 000 amperes at 12 470 volts and hence it is adéquaté .

p: (d) Point #4: Based on the given short—circuit kVA of 500 00O,
- the type 150DHP500 breaker37 are adequate. f
/ »

! . —_

(3). Tripping Characteristics

»
(a) Point #l The characteristics of the HFB-70 A .and HFB-lSO A
have been placed on Fig. A.6 with long-delay pickup at 70
s , ‘ ' and 150 amperes "respec‘tively., Next the characteristic's qf
& e thg HKA=225 A breaker have been placed with a. long-delay
. pickup at 225 A and instantaneous tripping at 1 125 i\y,{. |
Lo ' (Note ‘that the ch-azs A breaker has an adjustable magnetic
trip with a continuous range of 1125 to 2 250 amperes.)
'l:he other two breakers can trip instantaneously at 'a non=-
adjustable valué at about 10 times- 'the_ long-delay picicup.
3 The ovérlgpgiug of these three breakers on the time-current
characteristics does -not really matter, for they do not
have to be selective among themselves, but they 'have to do
°  sowith the preaker\s that are in series with them. Their
‘curves were plotted jﬁst to be cou{pared with the other breakers

. . - in-series.




(b) Point #2- The D -c:.rcuit breaker characteristlcs * ; (

-

o
.

‘ \ can be - placed on the same figure -A. 6 as f‘ollows

+ The main object;ivé is ‘to avoid~ overlapping. Thds, f‘rom

: L3 ' ., Fig. A. 6 the values of thh critical current and tlmes
‘ - ” L .
* , . ++ for possible overlap%ing can be read. These are at the '

elbow or at the intersection of the 16-second line with
. ?, -

) g
the 2 100 A line.- Now, from the time-current characte- "\

~—

* ristics of the DB breaker a setting for the lefig-delay
time and the ,short-delay pickup can be choée_n such mE‘t, ‘
at 16 seconds or' $o thé 11ne CD of Fig. 4.1 can be

e
placed to the right of the 2 100 A £0o avoid overlapping.

) ' If a 1ong-de1ay time set,tlng of 16 seconds and a shor't--

<

<L \ v

velay pickup settmg #6 are chO\sen, the 1ntersect10n of ‘-
l S those two lines {the lé-sec,ond line and the 6 * z,oo -

A 2 400 “A 1line) gives the starting pmmt. In other words,
.o - E 0
" it is now possible to draw two more, lines, "one parallel

< . . to the BC line and one parafiel to *CD line or the

' 2 400 A 1line. “Two more settings, namely the long-delay
, . d
' ¢
gk , pickup gnd tH® short-delay time will define wheére to stop

‘the linés previously drawn. Keeping in mind ‘th;‘tw'@er*-
lapping should be avoided ahd that tfe cha;'écter-is,tics

" should be placed ad much ;co" th'e lef't as-possible for a °©
good protection, a setting of 1.25 ¥ 400 A and an 0.18
second. s.et;t':ing for the long-delay p@ckop and the short-

" delay time r:espectively are adequate to-avoid overlapping

| Ty and furnish ‘good péotection. Thus, those two lines can

’ o . be stopped at the 500 A line and at the 0.18 second

[ [y
@

]




-

. * | : |
o S

.

‘ 1in§;‘\ Note that these lines, are the médian of" the breaker

v oo a
. band. Finally, the time-current characteristic of the
) .

breaker is drawn keepl g the same band width along those
lines. =y °

. o
(c) Point #3: Again, the, fuse characteristic should be-placed &

' . hnad 0 ! N -
: to the,.g‘fg{;%f‘, the .DB air-circuit breaker characteris-

bt ]

tics. The critical point'again is the elbow at 16 seconds

and now at 2 60(5 A. Thus, the meltmg tlme—cur‘r‘ent cha-
~ (I 3 T
racteristic of‘ the® '50E fuse m meet these ‘require-

. 5

- ments.. Fr'om the meltlng tifne-current character'istics of
- a
this fuse, 16 secondé correspond to D3O ampeares. Reﬁermng

1)

this ‘cumeent 4o the 600 volts base we haVe (12 470/60Q)
¥ 130 = 2 701 A. Th\us, this I‘use ‘can be kept and what
N / '
is needeg is a trénsfer‘,c}f‘, the mglting and total clearing.

- ‘ttime-purrenth characteristics"from the 12 470 V base to the

%00 v base: Table (A.l) é'hawq the time-cu‘r'r"ent corres-

. i s
1. pondance according to the followirg rule: 7 ' @
h = . ' 12 470 . - }/ . .,
1600 = kIJ_g 470 .(k fo Yy 2_0.78) tf;‘g)r' the same
- < Cime..

L4 e R
: L ) »

{d) Point-#4: The characteristics of the’ relfs; shbuld be pia—

TN e

* ced to the right of thaf of the br‘eakers and f‘use. The

! /
Pd

,minimum long—aelay pickup j/sfthe current I z \125 A .

.

t.n.mes the voltage transfoﬁna&mn ratio (12 470/600), Por‘ “

‘ -current is larger than t;‘:e t"otal-c]fearing cur'r'ent‘, of the -

fuse (2 000 A) it can be used. Thus, the r'elay overload .

N

current ret‘&red to the high-voltage side is:

2 598» A (r'ef‘erred to t?e ,low-voltage 51de) Since this ~ ‘

"

L]

a

+ e

9,
T en g b s 32 T e S
- A




K- ‘ ‘ . '
. _ 2598 -
Ir'o = - =~-3.1.A ~
200 - 12 470 o v
5 ., 600. °

-

«

- Hence, the 2 - 6 A range isichosen for the CO-7 relay.
The 4-ampere tap setting is chosen. The relay. overload

— pickup'ryferred to the low-voltage side for the chosert” ':

~ -

L &
ta tt is: ' . . .
_ p setting is ] N . : ,
) 200 12 470
Irp"= L % *. = 3325 A
Cos 680G a |

. . . . : " N
‘ 7 -~ % . L
To seg the instantaneous unit, the symmetrical short-circuit

current is used., At branch #5, the Ioym was found to e 7 281 e

v

N N ‘ . o; * : ) - . 3 -
. Apd the Igaym is 7 281 }.]3 12596 A. To ?verrlde th}s low

-
“ [ 4

vQltage fault the nlinimum instantaneous setting allowable should be

i

calculated using this Laym = 1259 A. 'But since this current

A

does not give too much chance to‘the fuse to'ifterrupt a possible

[y

, fault the instantaneocus setting should be mpved to the righﬁ)a litkle .

bit more. In.this case a‘value of 33 000° A is aSsumed. - Thus

-

. 33 000

‘ i - = 39.7 A (referbed to the high- _
1 T 200, 12 470 ] voltage side). 8
5 600 - < (v, .

\ K
o

°

,In the rangg of 10-40 ‘A, ?he 40 { setting is chosen. ¢ - :

N o

\ There is-a time dial setting to be chosen.as well. This can

!

J

‘be done by keeping in mind that no overlapping is allowed. A #5 ‘time .

. .
dial setting is the most suitaBle, for at 6 seconds and at 4 987, A,
. =
it is p%@ced to the right of the total-Llearing curve of the fuse.curve,
. , - . _ ’ — i\
A #4 setting is too close together and a #6 is too far apart. Thus,

- Al ’




n

by

<
FHE 430 VA T

saL- PY-s0¢

NE o 2/0

PRI
0-—tOA

F co-o

T ¥*TY
L METTING
F 10-404

t co-7

g——ig
BEYTING o
20 -804,

N

i §

AN

A




ot

) , ; 1
MELTING CURVE . TOTAL CLEARING CURVE
. Fuse Amperes Fuse Amperes Fuse\AmpereE . Fuse Amperes
Time ' | at 12 470 V at 600 V', Time | at 12 470 A at, 600 V
1000 93 1932 1000 120 2 493"
500 97 2 015 500 125 . 2597
100 £ 110 2 285 100 130 2 701
50 . 120 2 493 50 138 2 867
10 144 3 000~ 10 165 3425
5 160 3 324 5, 200 4 156
"1 252 5 236 1 315 6 545
-5 320 6 649 S5 v 435 9 039
.2 457 9 496 2. 700 ° 14 546
1 620 12 883 1 1 100 22 858
.05 870 18 078 .05 1 299 27 000
.01. g0 o, 39 489 .01 4 010 83 327,

TABLE (A.1). ' Transformation
‘from 12 470 té6

4

of BAL-PT-50E Fuse Characteristics
600 V. .

N

ﬁgiﬁiples of Tap _ : a
Value Current Relay Current (A) v "y Time (s)
1.5 1.5 ¥ 3325 = 4 987 6
2 . 2 %335 = f8N6s50 1355
3 ' 9 975 2.3
4 13 300 1.9
’ s : la"‘a) 16 625 1.65 "
6 19 950~ . 1.5
7 23 275 ©1.38
8 . 26 600 1.3
9 29 925 1.22
10 b 33 250 ©1.15
. o, .

TABLE-(A.2).

from 12 470 to 600 V.

©

P

4

Transformation of €0-7 Relay Characteristics




andther table has to be constructed to transfer the C0-7 relay cha- ‘

o racteristics to Fig. A.6 . [See table (A.2)] . .
. K o ) / -

wd
'

'To finish with the lighting coordination two more points should
be checked out, the transformer and cabl%ﬁcharac#erlstics. The time-
current %haracte>istics.are placed on Fig. Qb6 '« Since the transfor-
mer chaﬁécteristic is on the right‘of the fuse curveds and the cabie: *\ o

oﬂé‘&s on the'right of the CO-7 relay curve, then protection is assumed.

Y
i

r _ ‘ -
A.4.2 Rectifier Station .

| . /

Since the current Ia8 2 115 2 125 = Ial then the same

/

type of current transformer (200/5) can bd used ‘and the same type of

relay (CO-7) with the same settings. Thué, seven such relays must be

.

[

»  used because there are seven rectifier station§>\ . )

A.4.3 Combination of Lighting and Rectifier Stations

L}
t

0 = 684 A, Hence, an 800/5

current-transformer ratio can be used with the same type of relay

Kt branch #0 the. current Ia

(CO=T7). What'changes/here are the relay settings. ‘ 7 oo

”

It Is a common practice to have the.tie breakers on a main bus b
' the same as the feeder breaker. That is, the tie breakers are tgeﬂsame . “E7
as the A one. Again, what changes is the relay settings. For the tie

breakers the CO-8 type relay is used.
- .? ¢ ’ . 3 .
Since the current at branch #9 1s 509 A (684 % .75) or 10 578 A ) ? : ﬁ
) ) i |
referred to the low-voltage side and long-delay pickup of the relay at . ’

point #4 is less (3'325 A), the 10 578 A value has to be chosen to.

calculate I 70 : s

w
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] ' ~ M ) " +
. A CO-8 relay with time dial setting.at #2 can be used with' the tie

. .
1 13 o

. . .

F

e} " 10578 . , - ;
I, = . = 3.18 A (relay range 2 - 6 A) - .
800 , 12 470 | ) y .
5 600 N : Toe -—

]

The setting #4 is adequate and thus .
: &

. 800 *12 470

4 *

I
rp

5 600 .
‘ Y . \‘ °J
The instantaneous setting for the relay at branch #4 was 33 000 A, -

If a vélue of 33000 % 1,5 <-50 000-A is chosen'to_qalculatg Iri ,.

! a

then

»
.50 000
I

, ri 800 * 12 470
—_— —

5 600 - . ’ .

D

15 A (relay range 10 -'40 A) o | .

®

' . : o

{
breakers. ' .,9 . : -~

© i

A CO-7 relay is chosen for the Q and B breakers with '~ 1 | .

.

14 215 12 470

(684 ¥ = v14 215)

I 4.97 A
- Te “ 600

L4

: 800 , 12 470
v ' . 5 600 .

] PR . ‘ . \ %

A 5 A setting can be used {relay range 4-12 h)

©

4

and
———

800 ~
16 627 ‘A .

5 ¥ %
5

\

12 470

- -

Il"
P 600 -

v

The instantaneous setting is

X 50 000 **130%
I
T ri

i -
T =

800 , 12 470
5 600"
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A 20 A setting can be used (relay rangée 20-80 4). /oo ‘

/".\'_ ! M ) . -
This time-dial setting for the A breakers should be set in s

. [ 4
such a way that sufficient time is provided between the relay‘on T

o, C b

Ffig, A.4)and the A and B breakers for instdnta- '

-
a
A * »

neous-ftr‘i\pp,i‘ng-se ctivity. Between T's and C's it does not.really

. ' <
matter, f‘%r these relays are operating in parallel.
N <

. \\/ ~
A.5 GRID CALCULATIONS b N )
. > . ' ' . . ’ ® 'Q ~ ®
Assumptions: . - ) '
\

p = 250ohmem h ="0.5m A = 130 ¥ 130 m?
~ Py = 4000 ohm-m t = 0.5 seconds

!

From the CSA recommendations and for 23 150 A symmetrical

. N\ ¢
short-circuit current, a 500 MCM conductor can be used,
. i

(d, = 0.813 * 0.0254 = 0.02 m),

0 A}.so: , , ‘
1.5 % 250 * 23 150 ¥ {0.5

L 2 = 5260m
165 + 0.25 * 4 000 -

, " 250 250 Loy sy .
R . = lomms (r =|~—— =z 65 mn)
g 4L %65 5 269 . . 3.14

u

Ré = 2 ohms (lf‘r'om CSA recommendations)
115
TL = 2 % 115 ¥ —_ 4+ 1 = 5520m (M = 5m’
5 -
) - 250 1.2 * 3 '
: R, = 1 = 97 ohms

r n —————
3,14\ J0.019 * 0.5 - : L

M|




¢ ‘s n o= 0.75 ®*97 = .73 rods - "

Since Rg< Ré and '}‘L> L .the following configuration camt e

L

© used: . : .- e 3 .
\ ’ -
. A ) . ’ , . .
i p————115 n—- - S
-5 m— F5 0 =05m B :
A d ' M .
Gl , T - T d. = 0.02 mor
. 5m - ' ‘ * 500 MCM bare
' Ad- l copper conductor )
E o buried -

¢

73 rods of :

=
1]

” . ' | | 115 m 3m*1l.9cm
A} —n ds—— — - . — ;— . . . ’
. ] L
" T .
5m | ° | | ! |
\d ¢ ’ L . v
- 2 .
@ < - . - '
FIG. A.7 . Grid Configuration
( - : ;
A.6 COMPUTER CALCULATIONS -

a - 'rl . |

s . b

. _ What follows is a computer program in FORTRAN which;calculates
, the voltage, in-phase and reactive current, real and reactive power, - !

. ) \a : . 1
and the load impedance per phase of the configuration shown in Fig. o
A.8, as well as the “total reactive and appafe?'é' power of each load. ' BN |
It, also, determines the total load current. . Theée qdantities can be N . i
: . - e ‘ . |
otg‘c',ained for the feeder feeding N branches (loads) as well, given . 4
‘ ]

. VLL’_ >PL3 and the power factor (PF) of each load.l (PLB .= load .rreal

\
1

. power for three phases). . ' ‘ . s

: ]
The sequence of computations is as follows:

v
-

w, e PRI L) +
R R T A Y
Ll A e A
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1 -4 ’
Given the configuration of Fig. A.8, VL Py g and PF for :
each 1oad,~getérmine the voltages, cprrenfs, and power per‘phase per
\ . ‘
load and for-the maim feeder under normal condition. *
. — I’. . .," Mt
' First, a number is giveﬁ\to'éggh branch startiq'bwith LN, -
LN2, ..., LNN (for N loads)? '
2 N K ’ . %
. S . jr——-FeeQer4'
‘ A C . {r—— Main busba{ . °
! . N , ° | / ’ %o
; : .
LNI -LN2 ) LNN
FIG. A.8 Connection of N Loads to a Main Busbar Feeding .
by a Main Feeder
4

]

. , - « . K .7 .
/J ' . ) \%
. - Then we feed to the computer as many cards as there are branches

. {loads), plus one more to inform the computer about the number of

loads following. Hence, for 5 loads, 6 cards arg ﬁéeded. The first

contains the number 5 and what follows is'5 more cards with VLL’ Pi3

and PF each given in volts, watts respectively. The computer output
~ is given as shown in the computer program. Voltages are given in

. volts, currents in amperes, powers in watts, and_ impedances in  ohms.

It is worth noting that the total calculated reactive power

per load can be considered as the reactive bower required per load

P -for static capacitors to ,bring the pdwer factor to, unity.

oy

, - . ’ \ <
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ﬁnosnny TASSOS (INPUT » OUTPUT) '
C V1aLINE=-TO-NEUTRAL VOLTAGE

€ I2sREACTIVE CURRENT PER PHASF :
.....C. 1=APPARENT. CURRENT .PER PHASE . S
C PlaREAL POWER PER PHASE ' ‘
. C Ql=REACTIVE POWER PER PHASE
C R1=LOAD RESISTANCE PER PHASE ~

F T I e P T,

TIORI MI RE en

. ef
€ QT=TOTAL REACTIVE POHER

C SAT=TQOTAL APPARENT POWER - ) . — s
C PT=TOTAL 'REAL POWER T
C TME LETTER B IN FRONT OF THE ABAVE NOTATIONS DENOTES BUSBAR CONDITIONS
COMPLEX -A7»2L
Bllx0, i : v
Bt2l0. >
....BQT=0, . C
BPTs0, - : .
_ BSAT=0, . ‘ R
; ’ PRINT- 10 -
. \ — 1D FORMAT (w]®)

READSN

DO ! KsleN

READSVLLIPL3PF
: ~_Al=SGRT(3.)

f VliaVLL/Al ‘
APL1£L3/1. -
AllaPl/vl . v

» A2=ACQOS (PF) T .. .
A3=TAN(AZ) . - 7
CQlmPl®Al - -/

Al2=0Q1/V1 ;
A~ X gqggg

Al=SQRT (A&G)
QTz3.#A12%V]
ASgpln§2¢olnﬁ2
A63SGRT (AS) '
‘ sn-aue ,
- X(AIl .-AY?1
ZLeV1IFAT ‘ ' o
: R1aREAL (ZL) g A
\ X1sAIMAG(2L) :
. Bll=aBlleall . .
BI2=BI2+A12
BPT=BPT«PLY
BQAT=BOT«QT
BSAT=BSAT+SAT
PRINT 2,k
2 FORMAT (2Xi%_0AD NUMBER®*42Xs13s/)
s PRINT 3
FORMAT (14Xa#V1Na21Xo¥] 1 80]7X % 12—.-1&;..1.&.45&4_!9 1#)
PRINT 44V1sARlrAI24AL,P]
4, FORMAT (5F20.29/)
PRINT §
S FORMATY (14X:“01“021X'°R1"17X'“X1°s16X.“GT*-15Xo'SAT')

-

-

—f—
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4]

PRINT 6+Q1+R1sX10QT+SAT - . .90

- 6 FORMAT (SF20.29/) '

° 1 CONTINUE °
»e ! L
B1aSORT (BA8) L : .
i e PRINY . 2 : e e e e e
4 7 FORMAT (2Xy#MAIN BUSBAR CONDITIONS®e/} ,
PRINT. 8 ... .. Y
. 8 FORMAT (lax'~axl-.17x.-312~.17xa~apr».16x.~aor~-1sx.~asar'.
+20Xe %A T0)
PRINT 9:811+B124BPT+BOTyASATHBI . e
9 FORMAT. (6F20.2) . i . e -
STOP , _ : T
ENDO ... . o o L e e e
a3, T
L, : R
/w_'_ A . -
r] :l
- R A - s
)
, . . ‘
\ . . / e e ) .
€
) \
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