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PROTECTRON AND COORDINATION OF AUXILIARY -
SYSTEMS FOR LG-3 POWERHOUSE °

/"‘ A-( ~
George S. Govas

Almost any electrical power distribution system will

function smoothly under steady-state conditions. A

prépgrly designed system, however, will provide prbteqtion
for all system components under faplt condigions while
also providing selective fault clearing. The fault condi-
tions should be egtaglished and short-circuit calculations
mus£ be made for all'possible fault'points in the system.
Based on ca&culated fault cufrents( all gystem protective
devices must be applied and Fosrdiﬁéted properly to

»

achieveé a coordinated power system.:

_The first part of this report atteﬁpts to provide
a' sufficient coverage of each phase of the subject in order

to enable a good understanding of the basicprinciples.

In the second part of the report a real life example is

presented as studied by- the author.
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1. INTRODUCTION

All power systems, whether they be utility, industrial,
commercial, .or residential, habe the common purpose of
providing electric energy to the utilization equipment as
safely and as reliably as is economically feasible. The
relative importance of economic, reliability, and safety con-
siderations may vary somewhat with the type of system, but

Y
all three elements must be taken into consigeration in any

good system design, and certain minimum safety and reliability

requirements must be satisfied.

If the designer needed to consider only normal operaj
tion, his task would be relatively easy. He could assume
that there would be no equipment failures, no operating mis-
takes, and no "écts of‘God" such as floods, fires, or :
lightning strokes. But in practice ‘a design based solely on
normal operational requirements would be totally inadequate

and would {nevitably result in intolerable equipment outages.,

The function of system protection and coordination.is
to minimize damage to the systém and its éomponents and to
limit.the extent and duration of service interruption when-
ever equipment failure, human error, or "acts of - -God" occur

6n any portion of the system. Economic considerations and

e mete P B
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the choice of system compbnents will determine the degreé
of system protection and coordination which can be
feasibly designed into a system.' Failure to design into

a system provisions for protection and coordination

i o e ¢ g s e et

sufficient to sa;isfy at least the minimum system safety
and reliability requirements will inevitably result in

unsatisfactory performance. In the followiﬁg, the proper
s U M £y

selection, application and coordination of that group of

components which constitute system protection for industrial
3 v * . - L~
plants and commercial establishments is considelXed.

'
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2,1 NATURE OF SHORT-CIRCUIT CURRENTS

_Electric power systems are designed to be as fault free

as possible through careful system and equipment design, as

well gs\proper installation and maintenance. However, even
with these precautions, faults do occur. Some causes are:

loose connections; voltage surges; deterioration of insula-
tion; accumulation of moisture, dust apd contaminants; the

intrusion of metallic or conducting objects; and a large

1]
assortment of "undetermined phenomena”.

When a short circuit occurs on a power system, several

serious and possibly disastrous conditions develop:

1. Short=circuit current flo;? from various sources to the

_fault location.
At the fault location, arcing and Murning can occur.

Components carrying the short-cdrcuit currents are

subject to thermal and mechanical stresses.

the short-circuit current. Highest voltage drop .occurs

at the faulted location.

System voltage drops in proportion to the magnitude of'

DU,

R WETY
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It is clear from the above that if a protective

¥y

scheme is to be effective, its protective devices - circuit
breakers and fusible switches - must clear the fault, or in
other words must interrupt the maximum short-circuit current

which can flow for a fault dt the device loc?tion. This

short-circuit current is known as the "avai}g T short-
ey

7

circuit current.

2.2 SOURCES OF SHORT-CIRCUIT CURREN%'S

In order to determine the magnitude of short-circuit
currents all sources of short-eircuit should be considered

and the impedance characteristics of ‘these sources should

~ be known.

; .
There are fPur main sources of short-circuit current:

1. Generators. When a short-circuit occurs.on the circuit

L

fed by a generatof, the generator continues’ to produce
. voltage because the field excitation is maintained and’
the p;ime mover (turbine, diesel engige, watern, wheel,
or other) drives the generator at normal speed. The
generated voltage produces a short-circuit current of
a large magnitude that flowg\from‘the generator to the

short-circuit location. This flow of short-circuit current

would only be limited by the impedance of the‘generator

0 [

and the circuit between the generator and ‘the short- .
4

»
circuit location. -
4.
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Synchronous motors.  Synchronous motors are cons-
tructed much Hike generators; they have a field whic@
is excited b§ d.c. current and a stator winding in
which a.c. current flows. - f

They normally draw a.c. power from the line‘and con=-
vert it to mechanical energy. During a system short-
circuit, the voltage is reduced and the motor slows
down and stops delivering energy to the mechanicgl
load. But the energy stored in the inertia of the load
and the rotor drives the synchronous motor, which then

acts as generator and delivers short-circuit current

for many cycles after the short circuit has occurred.

Induction Motors. The field of the induction motor is
produced by induction from the stator, rather than from
a d.c. winding. As long as voltage is applied to the
stator the rotor flux remains normal but if the external
source of voltage is suddenly removed, as in the case of
a short-circuit, the rotor flux cannot change instantly.
Because the rgtor flux cannot decay instantly and the’
stored energy in the ipertia of the rotating parts drives
the motor, a voltage is generated in the stator winding.
This cauqés current to flow to the short-circuit until

the rotor flux decays to zero. Since there is no sus-

tained field current in the rotor to-provide flux as in

-~
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the case of a synchronous machine, the short-circuit
current décays in a few cycles. However this short-
circuit current lasts long enough to affect the momem-
tary duty on circuit breakersi,and the\interrupting duty
on devices tha£ open within one of two c§cles after a

short-circuit.

Elgcgpip_UEi;}Ey_stEgﬁs. The electric utility system
or the supply transformer are often considered a source
of short-circuit current. Strictly speaking, this is
not correct because the utility system or -supply trans-
former merely delivers the short-circuit current from
thé generators. Transformers merely change the system
voltage and magnitude of current. The short-circuit
current delivered by a transformer is determined by its
secondary voltage rating and impedance, plus the impe-
dance of the generators and the utility system to the
terminals of the transformer and the impedance of the

circuit from the transformer secondary terminals to the

short-circuit location. &,

A

ety 4,437
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- ¢ 'Fig. 2.1 depicts the four basic sources of short-
% circuit current.
:
i
1 -FROM ELECTRIC
o UTILITY SYSTEM .
A m @ SHORT - CIRCUIT
- =N \_/ CURRENT FROM
. TURBINE GENERATOR METALCLAD B ey T
u SWITCHGEAR
< el
. siomromur | -[700j000[000[00C]o00] |
CURRENT oo oo | se | oo fee
FROM — L BN I A
GENERATOR ' \
SYNCHRONOUS ; '
: / MOTOR
/ A TOTAL SHORT '
CIRCUIT
o CURRENT
FROM ALL .
SHORT-CIRCUIT ® FOuR
!
l ” CURRENT FROM — |
SYN. MOTOR ® .
INDUCTION
SHORT-CIRCUIT MOTOR
CURRENT FROM
INDUCTION
MOTOR 1
Fig. 2.1 Sources of short-circuit current
2.3 VARIATION -OF SHORT-C]ERCUYT CURRENT WITH TIME

»

The impedance of a rotating machine consists primarily

. of reactance which is not one simple value as for a trans-

. former or a piece of cable, but is complex and variable with

time. For ekample,

if a short~circuit is applied to the

terminals of a generator, the short-circuit current starts’

P
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"qut at a high value and decreases efponentially to a lower
steady-state valué sometime after the initiatioh of éhe

fault. Since the field excitation voltage and speed have"
remained relatively constant within the short interval of

time considered, the reactance of the machine may be assumed

v
B

PN ORISR SIS, JESRREE S PSR s
s . »

to have changed with time, to explain the change in the

:
current value.
Expression of suqh\a variable reactance at any instant
requires a complicat?d formula involving time as ogé of the.
variables. For simplification, three values of readtance are
assigned to generators and motors fér the purpose of calcula-
ting short-circuit currents at specified times. These
values are called the subtransient, transient %nd S}nc?r?nous - .

(1)
reactances and are described as follows:

\ "
1. Subtransient reactance X d) is the apparent reactance

et N ¢
v

‘ . “
of the stator winding at the‘'instant the short-circuit

occurs, ana it determines the cugrent flow during the
fifst few cycles after .the short—ci}cuit. : :
: o S
2. Transient reactance (X'd) determineg the current, i
- following the period *when the subtransient reaq&ance ﬁ
; i; the éontgolling value; it is effective up to one-
~ half second‘or longer, depeﬁding upon the des%gn of

the machine. . ’

-

.
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Synchronous reactanqg f{Xg) determines the current flow

— — o — — e m— — -

after a,steady state conditioﬂ is reachedfzfiz 1s not

effective until several seconds after the short-circuit

occurs,‘éhd thus it is seldom used in calculét ng fault

cufrents.‘However it is useful for relay-setting studies.

t

¥
-

° The same designation as described for a generator is

[P

used to exéress the variable reactance of a synchronouér
motor. However, numerical values of the three reactances
X"d, X'd and Xg will often be diffeant for motors than
for generators. For the induction motors there is no
sustained fiéld current in the, rotor to provide flux.

L]

Thus‘the short-circuit current decays in a few cycles
and therefore the ;nly reactance assigned to the |
induction mot;}s is the subtransieht ‘

reactance X'g. This. value will be ‘apout equaf to the

locked=-rotor reactance and thus the initial value of -

short-circuit current is approximately equal to the

N
o

locked-rotor starting current. . 4

L C

. 2.3.1 AYMMETRICAL. AND ASYMMETRICAL CURRENTS -

ALY

.

The words "symmetrical" and "asymmetrical" describe

the .shape of the a.c. waves,aﬁout the zero axis. If the .

\’ n

envelopes of the peaks of the current waves’are symmetrical

abdut the zero axis, they are called symmetrical current

enve

es. If they are hot symmetricgl about the zero axis,

il

. \
they are called'asymmetrical current envelopes. K& o

o
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Most short-circuit currents are asymmetrical during the
first few cycles after the short-circuit occurs, but in a few

cycles gradualiy become symmetrical. An oscillogram of "a typical

. . . Ll .
short-circuit current is shown#in fig. 2.2
t

"

Curve of Major Peoks

Anstantaneous Current

RMS Total Current

RMS of A.c Component

D-c Component o

Curve of Minor Peaks

A-c Component

Envelope of A.c Component

Fig. 2.2 Oscillogram of a typical short-circuit
The power factor of a short-circuit is determined by the’
series resistance and reactance of the circuit, (from the fault

" back to and including *he source or sources of the short-circuit).
P ~

In ordinary power circuits, the resistance of the circuit is
~low compared with the reactance of the circuit. Therefore, the

short-circuit current lags, the source voltage by approximately

90 degrees.
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If a short-circuit occurs at the peak of the voltage wave
in a c¢ircuit containing onl§ reactance, the short-circuit current
will start at zero and its sine wave,which must-be 90°degrees out
of phase with the voltage, would be totally symmetrical about thg

zero axis. _

If a short-circuit occurs at the zero point of the voltage
wave, the current will start at zero but cannot follow a sine

wave symmetrically about the zero axis because the current must

lag behind the voltage by 90 degrees. This can happen only if

the current is displaced from the zero axis as shown in Fig. 2.3,

CIRCUIT
CURRENT

SOURCE
VOLTAGE

SHORT
CIRCUIT
OCCURRED
AT THIS
POINT

)
s

Fig. 2.3 Asymmetrlcal current and voltaqe in a zero
power-factor c1rcu1t

Specifically a maximum asymmetry (offset  from zero axis)
will occur at a time angle of 909 +8 where tan f equals the
react%nce—to-resistance ratio of the circuit. The short-circuit
current will be symmetrical when the fault'occurs 90° from

that point on the voltage wave. J

e it o o 2
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Asymmetrical currents are analyzed in terms of.two components,
a symmetrical a.c. current and a d.c. component. The sum of the
symmetrical alternating current and the direct—curreng at any
instant is equal to the asvmmetfical wave at the same instant.
_ This can be observed in Fig. 2.2. It should be understood that
the d.c. component referred to here is generated within the a.c.

Lt

;
gystem with no external source of direct current being considered.
v .

N,

Calculation of the precise rms value of an asymmetrical
current at any time after the inception of a short-circuit could
be very inyolved. However simplified methods heve been involved
whéreby the d.}c. component is accounted for by simple multiplying
fa%tors. The multiplying factor converts the rms value of the
symmetrical a.c. wave into rms amperes of the asymnietrica}. wave
including a d.c. component. Fig. 2.4 shows the multiplying

factors for various X/R ratio.

1.8
DG DEGREMENT MULTIPLYING FAGTOR(60CY BASIS)
& NOTE:
s X FOR FREQUENGY “F* OTHER THAN
- *log 60CY MULTIPLY ACTUAL X/pBY-
e - 60/F BEFORE USING CURVE
™ ) . B
o 1 \
E i \\ A
:l L4 S
- 9
2
X [~
12
[
4]
. []
—~]
\ \.J
/ 10 w
/ 0.06 008 0.10 0.2
. TIME -SECONDS
t 1 ] 1 1 1 1 ! | 1 1 1 | 1 J
0 1 2 3 4 s 6 7

TIME CYCLES(ON 60CY BASIS)

Fig. 2.4 Charts showing multiplving factors to account for
decay of d.c. component for various X/R ratio of
circuits.
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Summarizimj we can repeat that the total symmetrical
short-circuit current ‘usually ‘has several sources. This
.is illustrated in fig. 2.5 where it can be seen that the

total short=-circuit current decays with time (bottom of

fig. 2.5). | e e e e e
/[\\\J//ry\b///w&dj/ - UTILITY
\&// \\JZ/[\\&//F\\ll/ GENERATION
| //\ /f& /A\""‘ SYNCHRONOUS
. \/ \/ v \/ MOTOR
AV (9
) /L - .
) . INDUCTION
— MOTOR

\ Lo romar

Lo ———

Fig. 2.5 Symmetrical Short-Circuit Currents
. from Four Sources Combined into
Total

g st s
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It can also be observed that the magnitude of short-
circuit current is highest at the first half cycle after

short-circuit and is of lower V{l/ue' a few cycles later.

Also the magnitude of the first few cycles of the total
symmetrical short=-circuit current is further increased by the
presence of the d.c. component. This d.c. component offsets
the a.c. wave and, therefore, makes it asymmetrical. In all
circuits containing resistance, the d.c. component will also
decay (to zero) as the energy reéresented by the dc component
is dissipated as I°R loss in the resistance of the circuit.

The r;slte of decay of the d.c. component is-a function of the
resistance and reactance of the circu:'%t. In practical circuits,
the d.c. component decays to zero in one to si;: cycles.

It is this total asymmetrical short-circuit,current,
that must be determined for short-circuit protective—deviée
application. The problem of doing this has been simplified
by standardized procedures to a point where to determine the
rms asymmetrical current one need only divide the line-to-
neutral voltage by the proper imxT:edance and then multiply by
a proper multiplying factor. A table indicating those

multiplying factors is included as table 5.

’
r'y *

AT e S e

MR 2



)

e S o i o Ao b 99 ot 2w W gt t B ey et

B i T

THE DETAILS OF

N\

SHORT-CIRCUIT

’

*a

CALCULATIONS

.




AR e

\

* RS TIEEA AT PGP T Bep ™ - .
P el ol :

e g T b sy b 1 r - PO - - B - e S D S T

15.

3.1 INTRODUCTION OF FAULT CURRENT CALCULATION PROCEDURE,

In most cases where the fault currents are to be
determined, the process can be briefly described in five
basic steps. Later sections of this chapter will expand
on each of the‘steps, as :equi:eq, but it is felt that at
this point an overview of the complete process would be

advantageous. l

Step_ 1l: System one-line diagram

The system one-line diagram is fundamental to shért—
circuit analysis. It should include all siénificant
equipment and components and show their interconnections.
A one-line diagram is defined as "a diagram thét shows, by
means of single lines and graphic symbols, the course of
an electric circuit or system of circuits and the compo-

i (2)

nent devices or parts used therein”, '

Step_ 2: Location of faults )

A decision on fault locations and type of short-
circuit current calculations should be taken, based on
type of equipment being applied. The variation of system
operating conditions required to display the most severe
duties should ‘be considered. Bus numbers or suitable

’

identification should be assigned to the fault locations.
‘ »

i
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Step_ 3: Development of the equivalent circuit

(Impedance diagram)

»

The one-line diagram should be re-drawn but the
ix;formation for the cirecuit elements should be converted
into equivalent impedances. This circuit should include
all sources of short;circuit current. To simplify calcu-
lations, many small motors can be-grouped and treated ag_

a single impedance.

Step_ 4: Solving for symmetrical currents

Step 3 should have reduced the complete circuit to
a single equivalent impedance (Z) connected to the point
of the short-circuit. Thus the current (I) for tha£ .point
is calculated from Ohm's l‘aw: I= % . This short-circuit
current is the symmetrical a.c. component of the actual

short-circuit current that may flow in the circuit.

Step 5: Applying multiplying factors

In step 4 the calculation yields a symmetrical, rms
value of fault current. Therg is, in addition to the
symmetrical a.c. component of the[current, a d.c. component
in the total'.current wave which produces an offset or
asymmetry and dedays to ze‘ro in a few cycles. This asym=-
metry is taken into account in the short-circuj.t current

Calculation by multiplying calculated symmetrical current

by an offset multiplier. Finally, when these currents

-
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\ .
are calculated, they can be used on time-current co- \
. ordination plots. ’
3.2 . USING THE ONE-LINE DIAGRAM IN FAULT CURRENT CALCULATIONS 7

Preparation of a one=line diagram is the first step
_in 'making a short-circuit and relay‘to-ordination study.
This diagram should show al_l sources of short-circuit
current and other signifigant circuit elements.
For demonstrating the principles involved a typical system
(shown in fig. 3.1) is considered. The following comments

can be made to clarify the necessary data elements.

uTIuTyY o
o SHoRT-c R cuiT
CURRENT S
DESIRED AT
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3.2.1 INCOMING SUPPLY LINES

" The most common power supply encountered in co-
ordination studies is the electric utility source.
Utility system engineers keep accurate records of tl.le

: .
sho’rt-—cﬂircuit capability throughqut their system. In
the. absence of specific available short-circuit kVA, the
kVA or MVA interrupting rating of the incoming line cir-
cL:it breaker can be used to establish a conservative

value of impedance to represent the utility system in the

short—circuit calculation.

3.2.2 YGENERATORS

i

Inspection of generdtor nameplates should yield the
kVA rating of the generator or the kilowattﬂrating and
power factor of the machine. The per unit impedance (X'é)
is not oftén a part of nameplate data. Know:'ing the type
of machine (wound rotor or salient pole) and rotational
speed, typical values of the X'c'l reactance can be obtained

from available tables (Table l).(l7)

e e———
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Turbine Generators
2 pole (3600 rpm)
4 pole (1800 rpm)

Salient Pole Generators
12 poles or less (600
14 poles or more (514

Synchronous Motors
6 pole (1200 rpm)
8-14 pole (514 - 900

Synchronous Condensers

" Synchronous Converters
600 V direct current
250 Vv direct current

with damper windings
rpm or more)
rpm or less)

b\"

rpm)

Individual Induction motors, usually

above 600 V

Groups of motors, each less'than 50 hp,
usually 600 V and below '

x"d
«.09
.15

.16
.21

0.17

0.25

19.

x'd
.15
.23

.33
.33

.23
.30

.37

’ NOTE Synchronous motor kVA bases can be found from motor
horsepower ratings as follows:

for 0.8 pf motor - kVA base

hp rating

for 1.0 pf motor - kVA bhase ; 0.8 x hp rating.

Table 1. Typical reactance values for Induction and
Synchronous machines

3.2.3 INDUCTION AND SYNCHRONOUS MOTORS

-

As in the case of generators, the X':i reactance. is
seldom given on the nameplate. The best way to deter-
mine X'é is to inspéct the nameplate
horsepower rating, speed and power
nous machines). The code letter is

National Electrical Code

(Section 430) and a list of

code letters is reproduced here as table 2.

for a code ietter,

defined in the

factor (for synchro-

GBS 53y o 2 i
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Kilovolt-Amperes - .
Code per Horsepower
Letter . with Locked Rotor } .
!
1
B.vieecniiinnacnianeans 0 - 3,14, |
B ticeacirtneancsessaas. 3.15 - 3.54 :
C veeeviviveacnessaaas 3.55 = 3.99, ’ |
D Se ¢ a sersts @ mavsrres & 4.0 - 4.49 §
E S8 e & a¢srs e e e ssrI s @ 4.5 - 4.99 §
- Y ¢ - 5.59 * :
G Se e ® 0eses s e eI n B @ 5.6 - 6.29 .2
H ciieeiirrienncrsssnas. 6.3 - 7.09 5
O Y I - 7.99 ‘
B . G veesnaes 8.0 - 8.99
L tieeccersceacnessssases 9.0 - 9.99
M ciieciiresecarssenes 10.0 - 11,19
N tiecaciarsacnassrsaas 11.2 - 12.49
P tieatevesnanae cea. 12.5 - 13.99 »
D veawe 14,0 - 15.99
S tieencitesemcsereaas 16,0 - 17.99
T Pe e ® serser e B escst e B e 18.0 - 19-99
U tieencerssasssssrass 20,0 - 22,39
V i eetetsnnocssscans 22.4 - and up

Table 2 Locked Rotor indicating Code Letters

For each code letter there is a corresponding kVA

per hp at locked rotor. The reeiprocal of this value

|
is X dto be used in the short-circuit calculation.

-

Another way of calculating x':i is by dividing full

load current by locked rotor current.

L4

. ' ®

Finally if none of the above methods can be used, : K—*
by-simply knowing hp, r/min and power factor (if synchronous)' -
X'::'i can be determined from table 1.

Pe
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For tihe low’ voltage motors and for short-circuit
calculation purposes only, the total connected horsepower
.on the bus should be considered and the equivalent
reactance should be’ assumed. But for relay co-ordination
of all the various motors in the low voltage bus, each
motor feeder neéds to be identified with its full léad

and starting current.

3.2.4  REACTORS ¥

Some systems have current limiting reactors for the
purpose of reducing short-—ci_gﬁcuit current levels between
.two interconnected buses. The impedance information for

a current limiting reactor is often a percent voltage

dx'op and a continuous current rating. This information

can be used to obtain a system éer unit reactance for the

one-line impedance diagram. The most useful number on

. the nameplate is the Ohms per phase of the reactor.

3.2.5 ' TRANSFORMERS . U
\/’ ! ' -

’

For transgarmers, the significant informatiorn should

‘include: g(1) the high and low voltage ratings of the

f

windings. ' (2) the percent impedance and (3) the winding

’
[

. - . . .
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connection, all of which can be foun§"on the nameplate.
Winding connection means that the high and low voltage

.windings are connected in wye or delta. If they are in .

t wye, it should bf@noted'if they are solidly grounded, . _‘
b - ' grounded through a resistor, or isolated from ground. §
: . , ]
; . (For typical reactances see table 3). > . J
. - ‘ .
o _ : ‘ ;
~ « s L
Per Unit Reactance on Transformer kVA Rating * :
; N ' 9.
i
Primary Bank kVA .

Voltage ( s (Three-Phase or 3 Single-Phase) ‘ .

‘ Rating 25-100 100~-500 Above-500 ;
© 2400/4160 V (.015-.018)  .050 . .055 q |
, . 7 13.8 kv (.015-.025) .050 .055 !
+
46 kv - 060 .065 ,
69 kv - .065 .07b

* Use manufacturer's specified values if available.

T A AT g it s g -

RPN

' Table 3 Typical Reactances of transformers

i : 3.2.6 CABLES .
.

All points in the.system are interconnected by

various types of electrical conductors. +These may be

P o
. single-phase or three-phase cables, buses or open wire
T , .
T . construction. Often these circuit elements add a /
- L .
.

<&
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significant amount’ of impedance 'into the circuit and

i

have a bearing on the short-circuit current delivered to

a certain point. The required data are: N )

(1)

(2)

(3)

(4)

(5)

. e
the length of the cable circuit;

[ 4 13

the type of cablé (single or three ;o\nductbr);

\

voltage ratiyng; 4 ;
d‘ . k ’.’l‘;‘ . !
.fq

conductor type and size in MCM or AWG number;

-inteflockéd armor cable, lead sheathed or shielded .

cable;

“

For open wire construction the significant parameters are:

(1)

v

(2)

(3)

'

(4)

(5)

*

the voltage rating of the circuit;
the length of the circuit;
the conductor spacing;

conductor type (copper or aluminum) ;

size (AWG or MCM).

From this information the resistance and reactance of

-

these interconnecting links can be determined from various

4 :
tabdes and charts, \See\table 4 for typical cable reactances.

o
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‘In %%cuc Duct or Armor “R—TTHI';W'VT‘%%_ Roamagnetic Duct or Armor
AWG nshie v Shialded 5 Rv L TS Ry onshie Shislded 5 Rv & I35 Ry l
or

MCM R X A R X Z R X 4 R X k4

8 811 . 0577 .813. 811 .0853 {.814 .811 .0503 | .812 .811 .0574 |.813

8 (solid) . 188 L0577 | .788 786 .0658 |.789 . 788 ,0503 | .787 .788 L0574 | .788

6 . 510 .0535 | .513 .510 .0610 | .514 . 510 0457 | 512 .510 .0531 .'513

6 (solid) 496 .0325 | . 499 . 498 . 0610 {. 500 . 488 . 0457 '.493 . 498 ,0531 }.499

4 Y3 .0483 | .325 321 .0568 |, 328 .31 .0422 | .324 .32 L0493 1,325

4 (solid) 312 .0483 | .318 . 312 . 0508 | .317 .312 .0422 | .315 .312 .0485 | .316

2 .202 .0448 | 207 .202 . 0524 |.209 . 202 .0390 | .208 .202 .0457 1.207

1 . .180 - 0438 | . 166 180 .0516 |.168 . 160 .0380 | .164 .160 .0450 | .166
1/0 .128 .0414 | 135 .128 . 0486 ).137 127 .0380 | 132 | .28 .0423 ].138
2/0 .102 .0407 | .110 .103 L0482 1,114 .101 L0353 | 107 .102 L0420 |.110
3/0 .0805 | .0397 | .0898 .0814 | .0483 |.0836 L0766 | .0348 | .0841 L0805 | ,0403 (.,090
4/0 .0640 | .0381 |.0745 .0850 | .0448 {.0788 L0633 | .0332 | .07138 L0640 | .038D |.0749
25 . ,0852 | .0379 | .0870 L0557 | .0438 |.0707 .0541 | .0330 | .0634 .0547 | .0380 |.o0468
300 . .0464 | .0377 | .0598 L0473 | .0431 | .06840 .0451 | .0329 | .0559 ,0460 | 0376 |.0598
350 .0378 | .0373 | .0S39 .0386 | .0427].0578 .0388 | .0328 | ,0492 L0375 | 0375 |.0330
400 .0356 | .0371 | .0514 .0362 | .0415.0551 L0342 | .0327 | 0475 .0348 | .0368 | .0505
450 L0322 | .0361 | .0484 .0328 | .0404 |.0520 . 0304 I .0320 | .0441 ,0312 ] 0359 |.0478
500 .0294 | L0349 | .D458 .0300 | ,0394}.0495 . 0278 l‘ L0311 | . 0418 .0284 | 0351 |.0453
800 L0257 | 0343 |.0429 .0284 | .0382 |.0464 .0237 ! 0309 | .0389 L0246 | 0344 | .0422
750 .0218 | .0326 | .0391 .0223 | .0364 |.0427 . 0197l .0297 | .0355 L0208 | .0332 |.0389

f('ﬁe‘resistance values are based on tinned Class B stranded- copper conductors (unless otherwiss specified) at 60 cps and at 75 C.

The inductive xsgachnco values are at 60 cps and are either positive- or negative- asquencs values.
Multiply resistance values by 1.64 to obtain resistances for equirvalent aliminum conductors: we ' ‘

Table 4 Three~conductor cables-fgpedance L-N
‘ . in Ohms$/1000 ft

3.2.7 MISCELLANEOUS DEVICES

o

' In short-circuit study work the imped;hce added to
the system by the circuit breakers, contactors, fuses,
current transformers, and other circuit elements are
taken as zero in short-circuit calculations. These devices

I3
usually add such a small amount of/&mpedance that their
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effect can be neglected. Nevertheless ih certain c;lcuir
lations at low' voltages where very large current capacities
are available, the impédapce added by these’elements may
be'signifisant\enodgh to marrant inclusion' in the calcu-
tions. 1In most industrial systems howeve;;'this will not

/ [
be required.

3.2.8 LOADS WHICH DO NOT.CONTRIBUTE TO. SHORT-CIRCUIT

4

There are a few types of loads which do not contribﬁte
to .short=-circuit current fault 1évels. Among these are'
lighting loads, furnace ioads, and rectifiers. Included
in the rectifiers are all types of the static power con-
version packages. HBanks of capacitors do not contribute
significantly to short-circuit current magnitudes and are

3

normally neglected in the calculations.

A\

"3.3 - TYPES OF POWER SYSTEM FAULTS

Faults. or short-circuits can occur on a three-phase
"
power system in several ways. The protective device or

-

equipment must have the ability to inférrupt or withstand
any type of fault which can occur. The basic types of

I3
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faults will be described, but it should be noted that

the basic fault calculatign for the selection of equip-

-

ment and for the application of short-circuit protective

devices is the bolted three-phase fault calcufétion.
The current magnitude of all the other types of faults is

normally a fraction of the three-phase short-circuit

current.

The most straight-forward Pnd most common mode of
analysis is by the utilization of symmetrical components.

(4), (5),
The parameters used in the equations to follow .

(6), (7),
are defined as follows: .

I is the rms value of the symmetrical

a.c. phase current flowing into the fault;

Vg is the rms value of the a.c. voltage

to ground at the fgult prior to the occurrence. of

the fault;

iil, 27, zo are the positive, negative, and zero

sequence impedances of the system viewed from

the fault; , ; 1‘

z

f is the fault impedance associated with a. given

type of fault (See fig. 3.2) |
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X THREE'PHASE FAULT . LINE - LINE FAULT

~ s

Zt :1: ) }‘ Zt 1

LINE-TO- GROUND FAULT '

. DOUBLE LINE-TO-GROUND FAULT
/

Fig. 3.2 Fault impedance Convention for equatlons
(3.1) through (3.5).

3.3.1 THREE-PHASE BOLTED FAULTS

A three-phase bolted fault describes the condition
where the three conductors are physically held.together
with zero impedance between them just as if they were
bolted together. While this type of fault condition is
not the most frequent in occurrence, it-generally results
in maximum short-circuit values and for this reason is

the basic fault calculation.in commercial and industrial

power systems,

F 3
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The three-phase short-circuit condition represents
a balanced three-phase short-circuit on the system. Thus
" the positive sequence impedance is only needed. The

equation expressing this fault current is:

= \'
J\Il‘ o |

\

(3.1)

=

03.3.2 LINE-TO-LINE' BOLTED FAULTS

In most three-phase power systems, the levels of
line-to=-1line bolted fault currents are approximately 87%
of three-phase bolted fault currents, but this calculation

is seldom required because it is not the maximum value.

This type of fault involv?s only the positive and
negative impedance. The equation expressing the fault
. N <

current is:

o] = |y e

i%_+"22 + 2
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‘3.3.3 ‘LINE-TO~-GROUND BOLTED FAULTS

¢

in soiidly-gréunded $ystems, line-to-ground boléed
fault current is usually equal to, or leés than a three-
phase bolted fault current. Sometimes it is significantly
lower than the three-phase bolteéd fault current due to the
high impedance of thé ground-return circuit (that is,
conduit, busway enclosure, grounding conductor, and building

steel).

' Line-to-ground fault ca;gulations are seldom necessary
| in solidly—grouﬁded, low-voltage industrial and commercial
- power systems. In resistance-grounded, quium voltage
systems (2.4—13.8 kv) ‘the resistor is generally selected to
limit ground fault current to a value ranging between 400
to 2000 amperes: Line-to-ground fault magnitudes onlthese
éystems are determined primarily by the resistor itself
®and a line-to-ground éhort—circuit calculation is generally
‘ not required. Positive, negative and zero sequence impe-

dances are involvedin this type of fault. The equation

expressing the line-to-ground fault current is:

|z |

) ' ‘ Zl +Zz +ZOA+3Zf

3Vf

(3.3)

‘ . . ¢ L o e o b e v
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3.3.4. DOUBLE LINE-TO-GROUND FAULTS

The occurence of this type of fault is rather limited,
9 . . .
ranging between 4% - 9%f )The magnitude of the short-circuit.
current is a fraction of the bolted three-phase short+

circuit current and thus this type of calculation is again
-

not needed.
The double line-to-ground fault current is expressed I\
as: \\\\

l 11 = I 3 TS.—Vf EEO + 3E£f - @ z'2 f
2122 + (Zl + 22)(2.0 + 32f)

(3.4)

and in the other phase associated with this fault

‘ | 2
I i Y3V Z,+3E; -8 &,
| Z2,2,+ (2, + Z)(&_+3Z)

(3.5)
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3.3.5 ARCING FAULTS

In calculating the maximum curfent it is assumed that
the faultJis a zero-impedance (bolted) fault with no
curfent-limiting effect due to the éault'itself. However,
it should be recognized that actual faults particularly in
low voltages systems often involve arcing, which reduces
the fault current magnitude by inserting the impedance of
the arc into the circuit. Although the current magnitudes
may be very low in relation té three-phase fault currents,
they do cause major probleﬁs. To protect the electrical
systems against those problems specialized protection %s
required known as ground fault protection. Methods of
providing ground fault protection are extensively treated
in chapte; 5.0.

3.4 SELECTION OF LOCATION OF SHORT-CIRCUIT AND SYSTEM
CONDITIONS FOR MOST SEVERE DUTY

o

Thé selectidn of the location where short-circuit
current magnitudes éhould be calculated is very important.’
In many studies all buses are considered faulted. |
The maximum short-circuit current will ﬁ}ow through azﬁ
circuit breaker, fuse, or motor starter Qhen the
short-circuit occurs at the terminals of the breaker, ‘
etc. (Fig. 3.3),. These devices, if properly applied,

should be capable of opening the maximum short-circuit

current that can flow through them. Thus, only A
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on a given circuit

- | ////////"is sometimes quite

tended or possible

AT o G h ko s s e

to reveal the most

Futuré‘in—plant or

initially.

e {

..

@ MAX SHORT CIRCUIT DUTY ON

@ BREAKERS ON THIS BUS
—~—— OCCURS FOR SHORT CIRCUIT
HERE .

480V
L ¥ ¥
| BRI

”
Max QUTY FOR
THESE BREAKERS*

OCCURS FOR
SHORT CIRCUIT
HERE

Location of faults for maximum short-circuit
duty on circuit breaker.

one short-circuit location (at the terminal of the device)

need to be considered for deciding or checking the duty

breaker, fuse, or motor starter. It
difficult to predict which of the in-
system conditions should be investigated

severe duties for various components.

in-building expansions will probably

raise short-circuit duties in various parts of the power

system so that future expansions must also be considered-

5% et ey 4 o e =8
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The most severe duty usually will occur when the
maximum concentration of machinery is in operation and all

-
interconnections are closed.” The conditions most likely

to influence the critical duty include:

/“’ (1) Which machines and circuits are to be considered in

actual operation?

(2) Which switching units are to be open or closed?

- . h

(3) what future fxpansions or system changes will affect

in-plant or in-building short-circuit currents?

1

3.5 DEVELOPMENT OF EQUIVALENT CIRCUIT

)

- Y

The one-line diagram shown in fig. 3.1 can be re-
drawn as a preliminary equivalent circuit as shown in
fig. 3.4 using the collected information converted into
equivalent impedances’ for the circufﬁ elements. These
impedances are to be expressed on a common base to
simplify calculations which will follow. Where ?xact

-

'impedances cannot be determined from equipment nameplate

w

information, it is sufficiently accurate to use known

X impedances of similar equipment.
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Fig. 3.4 Preliminary equivalent circuit

This circuit should include all sources of short-'
circuit current. The utilit& supply anq in-ﬁlant gene-
rators (if any)-will be the major sources of short-circuit

Y
current to any fault. But electric motors which -are ‘

T Tt et M gt s L W i & 4 amhaet T a0

normally a load in the system are also sources of short-
circuit current. It is not necessary to detail the equiva-

lent circuit down to every load cbnnection. Many small

motors are frequently grouped and treated as a single
impédance to simplify calculations. (This is illustrated
in fig. 3.4 by the motor groupings identified as K,°1l and m).

N
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The ﬂé#t step is to add té this "preliminary" circuit
én_imaginary "source" or "reference" bus
‘ishown in fig. 3.5) from which all sources of short- f
circuit current will emanate. ° This bus is also known as
"Zero Voltage" bus or "Zero" bus. Now the connections

* from-each current source to - -the reference bus can be drawn

(shown as dotted limes in fig. 3.5).

[y

REFERENCE BUS | .

~ 4160V - BUS

. Pig. 3.5 Preliminary equivalent circuit

\]

This preliminary equivalent circuit can now be re-

3

drawn into the format of figure 3;6; the vltimate equiva-

lent circuit which can be used for the shorf—circuit

calculations.

35,
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REFERENCE BUS 1

A ,

& PigTAIL .
c 4CONNECT10N - S
To AJ B ek ¢ ) i

. e e g

f“ : ° Fig. 3.6 Equivalent circuit for calculations

? ' To determine the short-circuit current at point A, B,.

‘ ? ‘ or éi%g;iiiE::nnect the «pig-tail»‘tq‘point A, Bor C,

; | respectively. If some other point in the system is to ’
be faulted also, it may be required to again ré-draw.the

i : fl equivalent éircuit for clarity. For example, if it is\ ’ ‘ ) .

neceséary to calculate the short-circuit current level at

P

the secondary of transformer «h»lthe pig-tail should be
: AR

>

connected to point D and figure 3.7 results as the ulti- v

mate equivalent diagram.

D R e et e sy e
-
'
-

REFEREN®% BUS

o
} 1
?

‘\\hx\\ﬁ - . Fig. 3.7 'Equivalent circuit iforx qfauit aé.point D',t

. ‘ "
)" . #




N e

RV

S

37.

3.6 DETERMINATION OF SHORT-CIRCUIT CURRENTS

»

* *

. After the impedance diagram is finalized, .the short-

ey

circuit currents cén be determiQed.A This can be accEmplished

» -
by longhand calculagion$ network analyzer or compute

techniques.

’
‘

In genef%%, the presence of closed_loops in the

. impedance network, such as might be found ‘in a large indusr

trial plant high-voltage system, and the need foﬁ;jﬁort:
( 13
circuit duties at many system locations will favor using

o
1

a network analyzer or digital computer from an economic

A4 »

and time saving standpoint. Simple radial sjstems, such

. as those’used ln most low-voltage systems, can be easily

.

resolval y longhand calculations although digital computers’

can yield significant time saving, particularly when °
»
short~circuit ‘duties at many system locations are required

and when resistance is being included in the calculation.
+ \

. & v
A longhand solution requires thé combining of impe-
dances in.series apd parallel from the source driving
voltage to the loc¢ation- of the fault being calculated to
determiné the singlé équivalent network impedance. The‘

calculation .to derive the symmetrical short-circuit

’

S

e




current is I = % where E is the system driving voltage
and Z is the single equivalent .impedance. Now if'this |
symmetrical short-circuit current is multiplied by the
.applicable multiply_ing factor from table 5 the asyntr/t}étrical
; ' . short-circuit current can be found. Depending upon, the
choi'ce off the final multipliers, they can be compared
‘with the short-circuit ratings of the protective devices
in the system. For example a low voltage breaker has
A just one short-circuit rating - the interrupting current
ratilig on its nameplate. But a medium or ‘hig.h-volfiage
breaker has two - the al’lowable momentary qurrer;t and
— the allowable interrupting c’urrent or kVA. The short-
circuit current calculated at the point of application p

should never exceed the short-circuit rating or ratings
L4

"
of the Kdev:.ce to be applied.
R s
N Maching Reactances to Use M:I'ﬁ;l.m hchf::
. Type of Short-cireult 7. to Celeviat
' yee °luﬂnv" e Synchronavs | Synchronous |  Induction Symmetrical
Generotons Motors Motors VYalve®
7 * \
. 1-v P\avur Cirtwit Brackers
3
H LV Moided-care  Ciresil
N Sreakers )
4 .
N LV Moter Confrollers [In-i  Symmeirical Amperes | Subtronsient | Sublransient | Subtronsient ) None
e corparating Fuae or Mold ed- Avoilable (x) {x") X"
i N ense Cirevit Brookers) )
’t‘ LY Fuien .
{
N + 1-V Busway . /
? Bus Brocing im '
4 ‘ N
l £ L.V Switchgeer -
N L.V Switchboards
4 L-Y Mosor-control Centers|
3 L-V Panelboerds o,
i » e s
] & int ting—Symmetrical ose 113
4 '07:{:3:“6‘;0.::")." " "A':'P.:gl omVA Sebtronsient Tronsient Neglect
3 with Roled Interrupting Available (X" . {x) 10 .
\ Times of 8 ¢cycles o
. v (Retar v: the Taral
Currant Rating Basis— =
’ 4—1964 Momentary~Asymmelrical |Subiransient [Subtransient (Subtransieat | 188 | 1.5%
Asa €37 ! Ampetes Aveieble (X" x1 1x%)
’ ' - 2
ad Fysed r Interrupting<Asymm stvicet tro Subtransient | Subtrensient | 14897 1.2
’“.‘C:Oun“ Amp or 03 Avaiioble {x9 (x*} [¢ 5]
, \ labove 1500 velt) ; L .
{ s
- ’ (N \

i ) Table 5 Multiplying ‘factogxs used in calculation of short-
g “ Rl\rcult duty ‘ ) (ANST-C37.5 ~ 1953)
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4.1 GENERAL DISCUSSION

4

Y

e

.

/ '
Proper selection and adjustment of short-circuit

proﬁective devices will enable the power system designer
tg ;chieve maximum circuit and equipment protection

consistent with the.requirementsﬂof service continuity. .
It is the intent of this section to provide basic infor-

mation for ‘the protection and coordination devices

normally found in -industrial power systems. The general

39.

nature of their time-current characteristics is-illustrated

. /. .
and the information required to carry out a coordination

study is identified. ™~ - S

-
. B

-

In general, all of the devices discussed here are

responsive to current. The response time, that is, ?Es”

time to operate, varies with the magnitude of current flow.

This is generally true whether the device is a relay, low

voltage breaker, molded-case circuit breaker, or a fuse.

The response time is long in gpe low current region and

becomes progressively more rapid at higher current levels,

with. the upper limit for some devices being a response

Y
.
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which is almost instantaneous (two to three cycies or less)

- from the inception of the fault current.

The spectrum of currents to be dealt with can be
divided in three levels:
< .
1) Load current; extending up to 1&0% of the full load
current and including mild (115-125%1 overload

-
condit;ons.

2) Overcurrent level, extending up to the locked-rotor
current for a motor or to. the short-time overload
peaks sustained by some types of equipment, __They

!

are produced by a demand for current ‘greater than
AN
normal full load but not involving 3)

short-circuit-

’ condition. .
\/ . .

3) Short-circuit level, extending to ten times .

14

full-load current of the device and higher.-

~—

4.2  TYPES OF PROTECTIVE DEVICES
' A

-

4.2.1 THERMAL OVERLOAD RELAYS IN MOTOR STARTING CONTACTORS

These relays are used in both low-voltage and med;ium-

o

voltage equipment. Their function is to sense ﬁhe .

curyent to the load, and, in case of an overcqrréht \ .

|
condition, open a contact and permit the contactof‘to\

\

\ e
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op out., thud de-energizing the motor. As it can be
seen from figure 4.1, these relays provide coverage up
to 10 or 20 times full-load current. Above these levels,
a short-circuit device, such as a fuse or circuit-breaker
is expectéd to provide the required protection. (A com-
plete discussion of this will fol‘low up in the section .
of combination devices).

. e

The information required for coordination should

include: . ’ oL

1) The current rating of .the contactor.

2) The current -rating of the thermal-overload sensing
device (oftenb less than the rating of the cgntactor,
but chosen to matqh‘ the motor's full-load current).

3) The interrupting capability of the circuit breaker.
4) The characteristic curve for the thermal overload
dévice.
Usually the overload relays carry a non-adjustable .
current rating, thus they must be selected to match

load characteristic,

41.
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/

4.2.2 MOLDED CASE CIRCUIT BREAKERS AND LOW VOLTAGE
POWER CIRCUIT BRERKERS

i

-~ L

The molded-case circuit breakelr tends to be applied
in the smallerw current ranges and is generally found in
panelboards, distributiox} switchboardé, and as a part of
combination motor starters in motor control centers and
other similar packaged equipment. Their currJ;nt' capa- /

bility can reach up to 2,500 amperes, and they are some-

times used as the transformer secondary breaker.

The low-voltage -power circuit breaker is generally
use‘d in heavy-duty _industri;l applications, as a trans-
former secondary breaker and feeder breakers for trans-
_formers from 500 to 3000 kVA, in load-~center transformer
applications and final]'.y as starters for low-voltage
motors (150~-350 hp range).. The ‘information requi’red
for coordi‘natio 0of both of these types of breakers

should include
/

;
$oad

1) The full-load ampere rating of the breaker frame size.

2) The'ampere rating of the trip coil in the breaker

(which could be less than the ampere rating of

et
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3) The range of adjustment on the long-time portion

of the characteristic curve.

4) . The range of adjustment on the short-time portion
of the characteristic curve (if any)..-

- “
~

5) The range of adjustment on the instantaneous unit

pickup.
6) The maximum interrupting; rating of the breaker,

7) A time~current characteristic curve.
hat
Typical characteristic curves for these types of

breakers are shown in Figs. 4.2 and 4.3.

4.2.3 FUSES

A3

There is a wide variety of fuses available f?f
application to power circuits, both in the low-voltage
and medium-voltage range. A fuse is a non-adjustable
device and thus the characteristic is fixed by the
rating of the device itself. In addition to the conti-

nuous current rating, fuses also have an interrupting

ld
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rating., In addition some fuses,: are claf}sified as current-
limiting. This indicates that they can be applied in
combination with contactors ahd molded-case circuit J

N .
. breakers to provide high~level short-circuit protection

to a branch circuit. The information réquired for a

coordination study of the fuse device should includeé: =

H

1) The continuous current rating.

e o e O A e By PSSR el

2) Its characteristic curve. | |
"3 ' * ]
3) ¥ Its assigned interrupting-current capacity. i

. . .
Typical characteristic curves for types of fuses

.are shown in Figs. 4.4. and 4.5.

4.2.4 COMBINATION DEVICES .

-

E'S

. " L]
Sometimes a- fairly large transformer® can be the i

) .
source of power to a'low-voltage bus, resulting in large

available short-circuit current. - The various contactors
' A

and circuit breakers may have small load current require-
ments, and being smdll devices, they have lesser‘shor‘t—

circuit interrupting ratings. " The protection against a

2 short-circuit in the event of a fault on an upstream

-
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‘~‘lo'cation, is provided by a fuse (ofteh ascurrent-limiting

, ) one. - The current-limiting fuse  will operate before
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Yeak value of its first major
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: . the current reaches the
} loop - ). -
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’ Thq'informatior‘; required for these combination devices,
“r BN N .
to be represented on the coordination plot should be:
N . .
;l) The rating of the overload relay and its characte-
) ristic curve or (if used) the rating of the long-
' . 4
. time device in the circuit breaker and its charac-
_— texistic curve.
o “ ‘ J -
0 - / )
' : e 2) The rating of the fuse and its characteristic
. o curve. ¢
T \ @ S
‘ . \ c . 1
3 The assigned interrupting rating of the combination
T | oL ) :
device. ’ - %
. - , r ¢
et . vTime-current characteristics for typical 'combinfition
., ~. devices aré shown in figs. 4.6 and 4.7.
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™ 4.2.5 PROTECTIVE RELAYS " )

Another protective device encountered iR coordination

I

studies of medium and high-voltage systems is the pre— TN
tective relay. The protective relay gains the information

v o it needs to locate a fault in the form-of currents and

voltages from instrument transformers (CT'S and PT'S) élocated
on the specific portion of the power systgem being protected.

This information is then relayed in the form of a tripping

/ 4

4 1mpulse to the c1rcu1t breakers, which lsqlate the defec-

<

#11 sources. ‘ - " v - ’

‘ < .

N . i
"\\\I - ré .

‘There is a wide, variety of' protective relays

. '

available! Since it is virtually impossible to cover ’
3 'them all in the context of this report, an attempt will
« ' /
be hade to introduce the ones that are most commonly

¢ used for the protection of systems we are mostly con-

cerned, namely low and m@dium voltage. ¢
. ‘ ."‘ .. o
/ ' K”\ ’ » ‘ ‘ ta 9‘ Al
\ ' S, L
4.2.5.1 TYPES OF RELAYS ‘ ’
. A protective relay could be of the electrdmagnetic

‘ ' type or of the solid-state type. The operating elemepts
& .
' ,. .+ ' for the electromagnetlc relays could be of the magnetic

attractlon type (plunger, hinged armature), or the .

tive apparatus by interrupting.the flow"of current from o

v iy
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.alternating current quantities since torque is
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induction type (disk or cup). Sketches of the basic
constructions are shown in figures 4.8 to 4.12. It~
should be noted that the magnetic attraction types
can be used with either alffrnating or direct current
quantities. The induction type can only be used with
developed in a movable rotor in -the samé way that it K

is produced in an induction type motor.
o M ‘
13

A}

-

-, . The term static relay normally means that the

measuring part, e.g. time delfay circuit of a time-lag ’

relay, 'is built up‘of static fomponents such as resis-
. . .

L]

. . ) . o o
tors, capacitors, etc.! When certain requirements are

fulfilled the measuring circuit gives an output signal

. to the output stage. . This output stage can be a semi-

-
'

conductor such %ﬁ/é xhyristor, bué usually it is an
electromechafical apxilia}y reiay, Qﬁosé'contacts actu-
ate those circuits where the operation of the- static
relay is required. The definition is, thereforé; in the

latter case, somewhat inadequate, as the static relay

contains moving parts in the form of armature and contacts,

etc. in an auxiliary relay.
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Fig.

4.12 Induction cup construction
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'which have come to be used aé building blocks in the

v v o
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‘Static relays have been of interest during the past
twenty years. However, it is only during the past five
or ten years that the manufacture of such relays has

increased substantially. The reason for this increase

i e b

is that the reliability of the static components, espe-

RPNV

cially all the semi-conductors used in the static

relays, has increased to such an extent that it is

¢

advantageous to design the measuring elements in éhe
protective relays with the static components. Even the
pricing of the static components has been favqrabie

and one can assume that a'furthef reduction in price

can be expected, especially for the integrated circuits,

i o it

relays. .

~

-

4.2.5.2 STATIC VERSUS ELECTROMECHANICAL RELAYS
. o
The static relays compared to the borresponding .
eiectromechanical relays have many advantages and 5 few

disadvantages. Among the advantages, the following.can

be med%ioned: .

e g o e w b -
.
- 0

a) Reliability: The reliability of a relay and
especially. of a protective relay is of fundamental

importance. If a relay does not operate or operates

. . . . .
. ' N .
e . o R ; e . s
s .
’ ' . O N U . ;-
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. when uncalled for thefe may be disastrous conse-

¢

quences, Due to the precision manufacture, and the
careful and regular maintenance of the electromech;-
nical relays these relays have high reliability as
compared to many other electromechanicalvapparatus.
Static relays spould, however, have sti;l better
'reliability especially since the moving parts have

been almost completely eliminated.

The reliability of the stati¢ relays is totally
dependent on the feliabiliiy of the individual static
components. It is therefore important to choose
these with great care and to design the relay in
such a way that the number of compongnts is reduced
to a minimum. Some components suéh as switches and
potentiometers which have shown to have the lowest

reliability should be' chosen with great care.

— — —— ——— — o — o — — — v v m— oy = w—m -

X
\gbnsumption in the measuring circuits of the static"

relays is generally much lower than for the electro-
mechanical equivalents. Current relays with 1 mW

power consumption‘are gquite common. Low power consump-
- .

‘ tion makes it possible to use smaller and thus cheaper
) :

current transformers.

z.
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c)

d)

59.

~

‘Shock and vibration sensitivity: Most of the compo-

— et e e TS GEA S Gum R wme Mt WA e e e

nents, including the auxiliary relays used in the
output stage, are relatively insensitive to vibra-
tions and shocks. The risk for unwanted trippings

is therefore less when static relays are used than

“~

when electromechanical equivalents are used.

Operating times etc: As the fault MVA level increases,

LY

the operating times become of prime importance for
relays which are included in short~circuit protections.
Static relays lack;ng moving parts in the measuring
circuits permit drastic decreases in operating times
to low valueswhich are impossible to obtain with the
con&entional’electromechanical relays.

0

Static relays also have certain disadvantages as

compared to their electromechanical equivéients. Among

these the following can be named: g

©a)

Auxiliary voltage requirements: This disadvantage

is in most cases of little importance as the auxi-
liary voltage normally can be obtained from the
station battery which is ordinarily required for

other purposes;

e b, ot b s 0
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b)

c)

e —— —————— - - am e e e va vy

60,

3
Voltage transients: Short duration voltage

—— | —? o —— — — — —

"transients" caused for example, by breaker and

L4

isolator operations in.switchyards, by breaking of
relay contacts in the control éirquits etc. can

.cause malfunction or damage to the static relays

if né special measures are taken. Such special
measures can consist of including filter circuits
in the relay or screening the cables connected to

the relayé.

gggpgpgtgrg;gggegdgpgéz The semi-conductors are
affected by the ambien£ temperature. The ampli-
fication factor of a t;ansistor, thevforward vol=-
tage drop in a diode etc., changes when the tem-
perature is changed. 1In oréer for the measuring
accuracy of the relay not to be affected appreciably,
the indi?idual components in the circuits ége used

in such a way that a change in the characteristic

o e i

o b

data of the components does not affect the charac- ////////”

teristic data of the ;glay. These requirements‘can

be easily met in relay designs.by means of tempera-
ture compensation, use of digital measuring teéhnique {
etc. Nearly as good tefperature properties can thus

be obtained for ;he static relays as for the elec-
tromechanical relays within the temperature limits

the relays are required to work (—de.to +40°) .

-




d)  Pricg:  The price of the static relays today is

s

geherally somewhat higher than the equivalent

electromechanical types. The difference ié, however,

’decreasing gradually and it can bg expected that the

static types will be cheaper in a few years.' The
v prices for the semi-conductor components have been

)
reduced during the past years and a further reduc-

tion is expected. As the sales of the static relays

are increasing, and herice the series production, .
there is every reason to be -optimistic and expect

that the price for the static relays will be more

L]
v

and more favorable.

The .above mentioned advantages and disadvantages
are some of the most important for the static relays.
Naturally many other factors such as dimensions, weight

etc. can be evaluated and compared. ¢

4.2.5.3 OVERCURRENT RELAYS

3

It is necessary to trip a circuit breaker when more

than a certain amount of current flows into a particular

portion of a power system. - Thus an instantaneous over-
current characteristic, either the plunger type, or the
hinged-armature type, or the induction-cup type or the 

golid-state type should be used. When it is desired to

-1

it
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a

have‘more time-de%gy for purposes of coordination with .
other protective }elays, the induction disk type, or
static type-employing RC time-lag networks ~ can be used.

In the induction disk type time-delay is achieved by a ~

' permanent magnet arranged to produce an induction drag

on the disk. . A ’

There are three most commonly used shapes for the’
time overcurrent characteristics which differ by.the rate
at which the time of operation of the relay decreases as

the current increases. These, curve shapes, shown in

o

fig. 4.13 are called "inverse", '"very inverse", and

"extremely inverse". v

-

o

Information required for these devices, to be repre-
- N K

sented on the coordinatidn plot include:

ok & °

I

1) The type of relay. ;

s
"

2) . The ampére tap range of .the relay (typically 4~16

or 1,.5-6 amperes).

3) . The instantaneous overcurrent attachment if the <
relay is so equipped (typically 10-40 or 20-80. .,

~

amperes) . . ‘ .

4) The time current characteripﬁic.cprves.

' . A
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o

It should be mentioned that a time overcurrent

relay with a long-time range and an instantaneous:range .
& N

o

is really two relays incorporated into one enclosure.

o

A long-time overcurrent and instantaneousi?haracteriStic

.

is displayed in fig. 4.14 for a representdtive type relay.
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Fig. 4.13 Time current characteristics. ’ .
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o . 4.2.5.4 DIRECTIONAL RELRYS
kY u(‘ A
- Directional relays are required for applications
' —J where {t is Yesirable to allow tripping for qyrrent

. . L . \
one dlrectolon. The directional relay can *

"
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fbg the circuit voltage to "polarize" the unit - that i

’

. to predeterm;pe the direction of current flow for whic

induction disk construction. 'One winding may be energizéd .

current. Current flow in the operating direction

‘produce a torque to cloge the contacts, but current flow

<

in. the reversé direction wik; produce a torqde to restrain
the unit or, to hold the contacts open. A .sensitive
directional unit will operategfor a very small value of

’

the actuating quantity when the polarlzlng quantlty is

the normal rated,value; its functlon is only'to redognlze,

the proper direction. With>the addltloz‘of restraint, 7

.
-

the dlrectrpnal unlt can perform a measurlng functijion.

An example of this type of unit is'the directional over-

-+ 4

current relay. Both the .sensitive type and e measuring )

type can be made 'to operate instantaneously'or with

some pﬁrposelydintroduced time delay. ¢

1 v L
{ - . .
. ™ -~ .

- Sometimes, a directional unfﬁ may be polarized by’ ‘

" some referencge current instead 'of a voltage. An example’

4

~of this type is a-directional overcurrept unit for

1
"z
-

pratection agaxnst«short-c1rcu1ts involving ground.

. .
a ¢

- In téls case, the reference current can be obtalned

r -

from a current transformer -connected in the neutral of .-

4 ¢ % b . (_ ) .
the grotmﬁeld ztran"sformer bank. - a

‘ T . .
Oy . Co L
S v S
* ' .~ * 3
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' voltage, frequency, power,- or a comblnation of current

L]

4.2.5.5 CURRENT BALANCE RELAYS

In situations where it is desirable to trip a
preaker whemever there is an abnormal change in the
division of current between two Clrcults, a current
balance relayagéy be applied A current balance relay
may use the hinged armature, induction dlsk, or the
induction cup construction. PSuch a relay has two,td%que-
produciné elements-actuated by currents obtained from
the two circuits. One element prdeuces operating torque

- tending to open the contacts. The ratio in peroent of the

operating current to the restraining current to cause

.

‘the relay to operate is calledmthe percent "slope" of

the Operatlng characterlstlc. The relay also requires

‘a mlnimum current to operate when the current in the ;

restrarnlng element is zero.

.
' . N

4.2,5.6  DIFFERENTIAL RELAYS. .,

o a0
' 4

All the previously descrlbed relays-lave the common

Q K3 1]
characteristic “of adjustable settings to operate at a

_given value of some electrical quantity such'as curreinit,

3
~

t
.and voltage or current and phase angle There are other

fault-proteetlon relays which fmﬂction,by virtue of

*

e
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° L

continually comparing two or more currents; One of them y
is /the differential relay which actually is the most ;ﬁ \
selective relaying principle. It is achieved by a cer-

tain connection of current transformers, and almost any

* type of relay may be used. Current transformers are put
X

in all of the connections to the system element to be
protected, and their secondaries are connected in parallel
to a relay operating coil. So long as current flows
normally through thte protecteo system element, the current
transformer secondary currents merely circulate between
the current transformers}‘and ao current flows through
the relay‘coil. But should a short-circuit occur in the
protected system element, a difference current will flow

in the relay coil and cause the relay to trip'all of the

breakers in the circhits connected to the faulty element.,
Differential protectl may be applied to any section of a .
circuit and ls used extensively to protect motors, generators,
buses and transformers'against internal fauhts.ﬁ ‘

It detects iaternal faults immediately and is not affected
by overloads or faults outside ‘the differentially protected
section. ' ) P ‘

Fig. 4.15, shows the differential principle applied to one
phase winding of a generator. Here, a current balance relay

' is used to provide what is called «percentage differential»

relaying. T ' .
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'-trensformers and proper C.w.‘connexionu.as ﬁescyibed 1n',§

chapter 6, = R CLame
, - . , ' o . R

: 68.
- CURRENT - B

¢/ TRANSFORMER , o

{ I | | __—
. 112 i
~ OPERATING G Y -
" PROTECTED coil. RESTRAINNING
© ZOWR b—S*M coilg .
——
| I)-1,

I, ' o "

Fig. 4.15 DiFferential Circuit Connections

The two sets of current transformers are connected
in parallel to the o§erating eeil, asﬂprevieusly des-
cribed. In addition, the currett from eacﬁ current
transforher is made to flow‘through a restraining coil.
The purpose of thé'restraining coils is te prevent un-
éesired relay operation, should current flow in the

j

. . A
operating,coil as'a result of current transformer errors.

(Error in ratio, or slightavariation';n'manufacture‘etc).
Use of_differential relayé for transformer protectioﬁ

presents certain problems (Magnetiqing igrush differing v

voltage ratios,phase shift between H & X terminals) that .

-can be solved by using harmonic restraint coilsr auxiliarg .

e b v e Ty
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5.1 GENERAL CONSIDERATIONS

The probiem of whethér or hot a system neutral should
be grounded, and how it should be grounded, has sonfetimes
not had the complete hnderstandlng and engineering analysis
which it deserves. As a consequence the grounding of many
systems has been based on past experience or opinion; and
therefore system grounding practice is found to vary

widel& on existing industrial power systems.

Historically, power system designers had preference

for the ungrounded systems due to an apparent higher degree

of service continuity. - But accumulated operating experience

indicates that the overvoltage incidents associated with
ungrounded operation diminish the useful life of insulation
in such a way that electric circuit and machine failures
occur more frequently than they do on gxounded systems.

On the other hand, solldly grounded systems exercise the
greatest control of#overvoltages but reeult in higher
magnltudes ofground—fault current. This necessitates the:

use of a fast and reliable gréund=fault protectxon scheme.‘

'Indeed, today modern technblogy offers many elaborate

ground-fault protective schemes. For the sake of complete-

oy

ness ‘all present grouhdihg practices ‘would be at least .°
. 3 AR w . ,‘ [ . o

(] L
¢ .
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mentioned, but more weight will be given to the grounding

methods relaﬁ to ground-fault protection.

Py P

5.2 CHARACTERISTICS OF UNGROUNDED SYSTEMS

[P e e e e

The term "ungrounded system" is used tb'identify a
system in which there is no intentionai connection between
the system conductors and ground. However, any practical
system is "capacitively grounded” since there exists a
cépacitive coupling between the system conductors and

ground. ’

" When the neutral of a system is not grounded, it is
possible for destructive transient overvoltages, of several
times normal, to appear from line - to - ground during

normal s&itching of a circuit having a line = to = ground

bbbttt i ki o < b et pem fns

fault. Tests have shown that overvoltages may be developed
by repeated restriking of the arc during interruption of

a line - to - ground fault, particularly in low voltage
systems. ﬁxperi‘én’ce ix,as also shown that these over- ~
voltagé‘s may cause insulation failures at locations other -
than at the point of fault. Thus ,Q* a line - to - ground
fault on one circﬁit may result in démégé to equipmént

and interruption of service on other circuits.

@

[

i



'system grounded compared with operating it ungrounded

In an ungrounded system, a ground faulé on one line ¥

o

ot .
causes full 1line - to - line voltage to appear th?ough-.

out the system between ground and the two unfaulte]d lines.
This voltage could be as high as 73% above normalf -

The insulation will usuelly be adequate to withstand this
overvoltage as long as it is not maint_ained for a long
tin'le/, Under this 1ine - to - ground fault a very small
ground fault current will flow through' the s ‘steqm. It
has a magnitude of a few amperes to 25 amperes which in
general is not enough to actuate protective de\{icesfl) This
barticolar inability of the one 1line - to - ground fault
to acéuate the protective devices is considered as the
soie adyantage of the ungrounded system. The system oan
be permitted to continde in operation until it is con-
venient to locate the faul‘t wig:hout interfering with
Qroduct:ion. ;f the fault is not c}ea.red in time and a
second fault occurs in the same circuit as before or on
another circuit, the resulting line - to -'line fault will

actuatle relays or circuit breakers and can trip either one

or both circuits.-

5.3 ADVANTAGES OF SYSTFM NEUTRAL: GROUND!(NG

B .
i * - !
» - ‘

The advantages of operatxng an industrial power

.
[ . . [}

,”~ma? be one o: more of the-following: ' ’ S,

"
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‘ J
1. Reduced operating and maintenance expense.
2. Reduction in magnitude of trahsient overvoltages.

P4

v 3. Improved lightning protection.

|
|
4. Simplification of ground fault location. '
. 5. Improved system and equipment fault protection.
6. Improved service reliability. g
7. _ Reduction in frequency of faults.

8. Greater safety for personnel.

The relative weight of these advantages varies with
system voltage classes and to a lesser degree with instal-
lation conditions. -Some additional advantages of grounded

systems are: -

1) Low impedance system neutral grounding allows the

use of grounded neutral lightning arresters. This

gives better lightning protection.”

2) Better protection can be ol;tained in a grounded neutral
" circuit because differential relay protection of motors,
generators and transformers is improved in grounded

neutral systems.

"
°

3) Slightly lower system costs can sometimes be obtained ,
hY * .
because cables designed for grounded-neutral service T

. are appreciably less expensive than those designed

-

o . N
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for ungrounded neutral service for: 1) systems at
13.8 kV and above and 2) systems where automatic

. 1 i
ground fault relaying is used. (1) . f

4) It has been the -experience of operators who have

St Bt

used both grounded and ungrounded neutral systems

that the failure rate is substantially lower and

the tix;ze the system is out of service less on the
‘grounded neutral system. This results from the fact
-that transient ovefvoltages are reduced to safe values on

a grounded neutral system. This reduction of over-

voltages will increase the life of electric ixsulation

and thus service interruptions will be minimized.

There are several methods by which a power system can

be grounded, Figure 5.1 illustrates the commonly used

g s o 2ot e k{6

grounding methods. Each method is named in accordance with
the nature of the external circuit from gystem neutral to

ground.

¢ -

¢

5.4 CLASSIFICATION OF SYSTEM GROUNDING

.

The types of system grounding used .in industrial and

£

commercial power systems are: ) C)

. . ’a | : \L '
1) Solid grounding. . Vo T o
2) Reactance grounding. . . o ; o T
3) Ground.fault_neutralize_rs. oy o . ’
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CIRCUIT . EQUIVALANT -

DIAGRAM
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: 1. UNGROUNDED -r:y(?'o'\-o o—’L . o
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g
E
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& o ‘ 2. SOLIOLY GROUNDED
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. 3. RESISTANGE GROUNDED

XG -
R~ : 4

, :
) . .
C Xy , . ‘
S
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 NEUTRALIZER T L ' , .
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Fig. 5.1 ’'System-neutral circuits and methods .of grounding
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4) Line grounding.

~5) - Mid-phase grounding.

6) Low-resistance grounding.

7) High resistance grounding.

Each type of grounding has advantages and dlsadvantages,

and there is no general acceptance of any one metho

.Factors which influence the choice include:

1) Voltage level of power system.
2) TranSLer/t overvoltage pOSSlbllltleB.
3) Type of equipment on the system.

4) Required continuity of service. ,
+5) | Caliber and training of operating and maintenance

personnel.

oﬁ)l Methods used on existing' systems,

7) Availability of convenient grounding point,

: 8’) Code requiremente'. /
9) Cost of equipment, including protective devices and.

| maintenance. -

10) Safety, including fire and shock h,azard."w

11)  Tolerable fault damage. levels. -

12) ‘Effect of voltage qlps during faults.

*

4

< 1 It should be mentioned that in most industrial systemS"

l

usolid, low and high resistance grounding methods are almost

{

exclusively used. 'rhese three methods offer themaelves to.

| the use " of_'q;ound-fault protection devicn. o

v

- . . .
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Line and mid-phase grounding have been used in the

o

p§qt but they are rarely encountered in new industrial

-

installations. o v ‘ s

~»

' £
. s .
vl ] 4

Grounding through reaétance or through ground-fault

neutralizers is used in special applications. _For example,

/reactance grounding is used with low-voltage generators

and ground-fault neutralizers are used primarily on systems

* above 15 kV consisting essentially of overhead transmission - . .
(1) : ' ‘ '

- g ‘a

lines.

5.4.1 SOLIDLY GROUNDED SYSTEMS

A power system is solidly grounded when a generator,
power transformer or ’grouhdirig transformer neutral is "

connected directly to the station ground or to —f:’hg earth. i

}. - -
. , - ¥

|
. " 1

Solid grounding.cannot be considereﬁ a aero L“J'.mpedain"ce
circuit since' the~reactance of the grounded generato::' or '
transformer is in series with the neutral circuit. If the

. reactance qf thehgener'ator or transformer is too gre,a‘tc,, -
 the objectives sought in grounding, na.niely fr."e.\iderm.fr:omn
transient overvoltages, will not be achieved.” Thus it i.s,,‘ o

n',ecesbsary to determine how solidly the system is grouhded: ‘ .
1 - &; cr ~,
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A ground’fault current of 25&,to 1008 of the three-.

M

&Epase current would assure us of good solid grounding and
’
would prevent the development of transient overvoltaggs.{

e
’

-

., This may mean that the rms ground-fault current could be

. \ ‘
in the\og‘g;./o; 10,000 to 40,000 A.: . '~

.
*
-~

’ Q
On low voltage systems® (600 V, and less).solid
grounding is commonly.uéed. The neutral is usually

obtained at the wye point of the transformer. Upon

occurence of a fault, ailarge ground fault current is

available to operate the series trip devices, which one

normally furnishes on most 1 W’voitage interrupters, or to

blow the fusei so that prompt fault clearing is achieved.

S0l1id grounding is also the most common method at voltages
above l3ﬁé kV./ At éhose voltages the advantages associated
with solid gréunding *betﬁer lightming brotection, more
sensizz;s\relaying,'reduced line hardwaée and equipment )
costé) become more and more signif%paptoand for those \\

reasons virtually all utility systems .are solidly grounded.
v

-

The disaévantage of using soli% grounding includes
the fact that grqund—faulf.%urrents are often of bigh.
magnitude, and thus are very destructive, uniess interrupted
within a few cycles. This almost immediate interruétion,
ééiifrgi;es the affected circuit. The forcéd outage is

unacceptable in some applications where continuity of v

service-is ver%/;;portant.
~—

)
» .
-
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5.4.2 LOW-RESISTANCE GROUQ:jNQ .

-

]

- In’resistance’groﬁnding,the neutﬁgluis»connected to

) ( &
grolind through one or more resistors.

-

« when a ingle line - to =~ grouhd fault occurs on é 4
rébistance-grounded system, a voltage appears across, the
resistor (or resistors), nearly equal to the normal line -
to - neﬁtral voitage of the system. The resistor*purrent
:}s equal to the current in the fault. Thus the current

is practically equal to lipe - to - neutral voltage
divided by the number of ohms of rdsistance used. Thus
resistors hlave a voltége rating equal to line - to - neutral
voltage and a current rating equal to the current which
flows when this voltage is appliéﬁ to the resistor. 1In.
this mithod, when the above-mentioned resistor rating is
used, the line - to - ground;§61tages which exist during

a line - to - ground fault are nearly the same as for an

unground?d system (except transient overvoltages).
4

A system properly gréunded by resistance is not

subject to destructive transient‘ovgrvoltéges. For resis-
tance-gé%hnded systems at 1j kV and beloﬁléﬁch overvoltages
will not ordinarily be of serious nature unless the resis-
tance is so higgxas to limit the glound-féult current to a (
/ /small;fraction of 1% of the system three-phase faul;wj\>

currept (i.e. to‘less than the'system charging .current).
) 4

Y
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Usually the magnitude of. the grounding resistance is’

,éelegted tof allow sufficient current for ground-fault

~ {

relays to detect and clear the faulted circuit. The value !

of resistance depends on the type of‘relayihg and_the é
~A . {

_amount of motor windings which c¢an be protected.

-

Q

, Systems grounded through resistors as described in
this section should use lightning arresters for ungrounded-

neutral circuits, where lightning arresters are required.

{

The reasons for limiting the current}by resistance .
\
. N ] ,
héutral grounding are as folldws: re !
l
1) To reduce burning and melting effects in faulted "

electric equipment such as switchgear,‘cables and

rotating machines.

4
«

2). To reduce mechanical stresses in circuits and

apparatus carrying fault cbrfent.

! .
3) To reduce electric shock hazards to personnel, caused

by stray ground-fsault currents in the ground return path.

- . -

4) To reduce the momentary line-voltage dip occasioned by B
\ ' i
occurence and clearing of a ground-fault. : «



grounded system, this ground-fault current is not enough

5.4.3 HIGH-RESISTANCE GROUNDING

4
A

This method of grounding-employéia neutg&ﬂ resistor
of highef ohmic value than that whiéh.would,be selected
for a low-resistance~-grounding application. This means
that the s;eady—state dine - to -1ground voltage of the
unfaulted phases during a ground %;:Iziwourﬂ pe closer
to full line - tob- line.value than in the case of low-
resistance grounding.

\

Proéerly applied, high-resisténce grounding limits

P

transient overvoltages resultifig from repetitive occurence
- s
Qf a line - to L~ground fault to values which are comparable

to those found in a lower-impedance type of grounding.

s
The ground-fault current usually associated with high-

resiétance grounding is but a few tenths of 1% of system
(1),

three-phase fault current. - However, proper applica-

tion of this grounding method results in a value of ground-

fault current, which is equal to or greater than the system

three-phase charging current. As in the case of the un-

to actuate overcurrent protective devices, and thus imme-
diate tripping does no; occur. This allows the operation
to continue with the ground-fault until a more favorable

ﬁoment for circuit outage arrives. Sensitive relaying is'

required with high-resiséance grounding because of the

P
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" low grou;g:fault currents involveq:':It'ib,impoftant'to
allow sufficient ground-fault curfent to flow to compensate
for thekcabacitive charging current of the system which
otﬁerwise.could trigger trans{gnt overvoltages during’

« ' switching or other changing circuit cpnd}tiogs. This
current should not~5e less than the measured or calculated

.'capacitive charging current of tl?e existing and projected

A

system.

, . l)' |
5.5 ' ARCING FAULTS - NATURE AND PROBLEMS

‘ ' s It has been mentioned ‘earlier that there are basically

-two types ?f ﬁaults: s(l) bolted and (2) arcing. So

Sy

far concern has been shown to the first. In this section,

“time 9111 be spent on the sécond type of fault, namely

arcing faﬁlt.

- - »

' Arcing ground fault currents are commonly caused by

’ insulation failure, loose connections, construction

v

accidents, debri‘.’s Y etc. ,Although the current magnitudes
may be very low in relation to the three-phase fauI{
currents, they do cause majof problems such as the inter-
* ruption of electriéal power, destructioﬂ of elé&trical.
equipmenﬁ and associated hazards to personnel. Arcing
5 faults have been responsible for damage to virtually all
types of electrical equipment, fegardlesé of manufactufer

A ’

or mode of bperétipn.

A



The energy released during an arcing fault is
locaiized and can be so intense that it can vaporize éoppér

or aluminum conductor? and surrounding steel enclosures.

‘In order to ujlderstand\ how much damage resultg from these

{

currents we will try to determine a lével of "acceptable"

)

damag‘e‘ to the .equipment. Controlled experiments ﬁaveebgen
carriéd> _out by va‘rious manufacturers to 'establisil tiqe: \
amount of damage caused by various values['of current flowing
for definiteperiods of time. 1In a paper presented to the
i:EEE in 1967 '(16')' a theory was suggested as to nhdw to
measure the damage done by arcing faults. This méthod was
quickly picfted up by other manufa;:turers and seems to be
becoming a popular rule of thumb for a damage scale. lee‘
theor:y\,\suggests that arcing damag\e varies,'direcltly as the
current magnitude, the  voltage of the arc and time.' e

From this fact, a strictly empirical equétion-was developed,

as shown below: ,

, ' I*av *t .
Arc Energy (kW-cycles) = —m8— %

o -

N - 1000

*

where I

Ground fa;.xlt current in Amperes

AV = Approximate Arcing voltage‘;:-, 100 Volts for a
‘ 600 Volts system .
t = time in cyéles the fault persists before extin- '

) guishing ‘itself or being cleared by a protective

\ -~
device. -

v
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i Arc Energy

" Amount of Damage

A ° - -l
N "‘;‘ T T o Tmm omEes - 2 T - oo - o
g I{;‘;‘w ‘ _
. . .
AR , .
AT - . .
From the controlled experiments carried out this kW-cycle
) parameter has been related to the amount of damage. The
. N (15) )
following table shows the effect of various values
of arc energy and the amount of damage they car. produce.
r
&

[4
100

The location of the fault can be identified by close
inspection:~ there will be spit marks on the metal

and some smoke marks.
1
3

2000

~

If there is no damage then the e&uipment can usuaily
be" restored .by paint ing smoke marks and repairing

punctures in the insulation.

6000

L&Y

Minimal amount of damage“vesul ts but fault may modre

easily be located.

10,000

The fault will probably be contained by the metal

enclosure — # 10 gauge steel.

\

20,000

The fault will probably burn chrough a single thickness

enclosure and spread to other sections of thef equipmént.
-~

Over 20,000

sConsiderable destruction in proportion to the let-

through energy.




In order to get an appreciation of the tremendous
amounts of energy released and thé considerable resulting
damages the following eleméntaf:’y case will be considered.
Consider a protectivekde\‘ric‘e operating on an 3.nverse time
charac;teristic. A normal setting ‘could be~100% long time
with instantaneous setting at ¢ timé\s. With these sgttiné\s/
an 9verloaé current of three (3) tim\é\s normal could take
up to 60 seconds to trip the protectis device. In other
words if the. protective devicg were é 3?00 Ampere breaker.,
it would be possible to have a g'roundv faﬁlt current of

4800 Amperes flowing for a full minute., Thus:

4800 * 100 * 60 * 60 _ ; 428,000 ki-cycles

Arc Energy =

[}

1000

It should be noted that the time of current flow is
controlled by two factors, i.e. the time delay setting of
the ground protection 'relay and the openix_'xg time of the
breaker thaé is clearing the fault. Thus it can‘be seen
that if .the relay is delayed too long or the opening time
of the breaker is excessivé then the KW cycle value could

reach a high level which would be unacceptable from a

damage, point of view.
{ ,

c
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- fault conditions are always considered. Also, when

«
“ 85.
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5.5.1- MAGNITUDE OF ARCING FAULT CURRENTS

When designing an electrical power sys'tem maximum

e
determining the equipment interrupting capacity require-
ments, maximum fault currents are taken into consideration.
Phase protectivé devices which are normally set.for the
load conditions are expected to acfn‘.éve ‘selective tripping
but avoid nuisance tripping. However, under arcing condi-
tions, short-circuit leveis may be at their minimum levels
and the phase protective tripping devices may be insensitive
to these low-level fgult currents since they are set to
meet load requirements. It has been said ea;:lier that the
determination of those low-level fault currents is necessary .
in aetérfnining protection s(chemes. Exact minimum values

of arcing ground current are difficult to compute precisely

°

for several reasons:

1) Results are influenced b)} the geometry, spacing,

environmental and: supply circuit characteristics.

2) Current wave shape is generally irregular with a

harmonic content.

‘

3) Current is ffequentlly discontinuous.

g
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We have seen earlier that, mathematically, the general -«
expression. for a line - to - ground fault currént in a

three-phase system in symmetrical component parameters is:

3VL-N

I —
f—
2+ 21+22+3Zg

(5.1)

L]

g = line - to -. ground fault current
Vi-.y = line — to - neutral voltage
z - - \
L = positive sequence impedance
22 = negative sequence impedance
Z = zero sequence impedance:
Z = ground return impedance

This mathematical expression does not consider the effects '
\

of the voltage drop due to the ‘arc in an arcing fault con-
digion, but expresées a bolted-to-—gr.ound condition. Due
to the voltage drop across the arc, the resultant ground-
fault current may be considerably lower than the bolted-
ground fault current. This reduction can be accounted

for by a muitiplier K which reléﬁes the arcing to bolted-.

ground-fault current as follows:

: VN

11 t 22 +zo *3%6

(5.2)

If arcing =

ey

g o— e B e
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. g (17) , (18)
Values of K are given in table reproduced below . .

/ .
NOMINAL SYSTEM VOLTAGE

TYPE OF FAULT
| 575V 480 V208 V

Single Phase (L-G) . 0.40 0.38. 0

1’ single Phase (L-L)* 0.85 0.74 0.02 ‘
1 B .
Three Phase 0.94 0.89 0.12

1

L4

(3

Table 6: Factor relating Arcing to bolted-ground fault
currents '

* These type faults do not involve gx:ound.
They are included as matter of interest.

/ \

/ o o

V! . . ~ . )

'i‘hose /values are used only in low-voltage systems since.

the effect/or arc voltage is significant in comparison-
with the drivi;xg voltage. It is ilso i'mport;ht to remember
that this calculation. procedure for determining the ground-
faﬁ\kt current is only an .approiimatiOn. The minimum fault
) current value is dependent on actual system conditions at \
the time of fault. Typical conditions that would inc@ease \

the system impedance and thereby cause a lower ground-faul £

current than that calculated would be:

a) Installation changes that depart from design, such as

N

greater conductor spacings (phase=-to-phase and/or

o ”~
phase-to-ground) or ground-return path alterations

~4 -

(ground conductors, bonding jumpers, etc.). v

N 4]
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b) - Operating conditions such as 6pening of one. phase
to the transformer .ptrimary, changes in the.ground-

return path due to loose connections, open-ground

conductors, etc.

5.5.2 SOLUTIONS TO THE‘}BCING FAULT PROBLEMS

Solutions to the arcing-fault problem involve a

two-pronged approéch. _/

l) - Minimize the probability of arciné fault initiation by:
a) - Careful attention to system design and to the,sektings

of protective devices. ’

b) Selecting equipment that is isolated by compartments
1 * i -
,within grounded metal enclosures.

c) Selecting equ}pment with draw-out, rack-out, or stab-in
features,'thereby'reducing the necessity of working

-
on energized components.

d) = Providing proper installation practices and supervision.

e) Protecting equipment from unusual operating or environ-

mental conditions.

»

£) Insisting on a thorough clean up immedigtely'béfore
initial energization of equipment to remove construc-
tion debris, such as wire clippings, misplaced tools,.

etc. ‘ -
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g) . Executing rsgular and thqfough maintenance procedures.
h) ° Maintaining éaily good house-keeping practices.:
2, Sense and remove the arcing fauit-quickly (within cycles .

op a pewer ffequency~base)‘so that damage is minimal,
thus' allowing relatively rapid restoration of power
- \ ~ .

after the damage is repaired. To remove the arcing

k

fault current promptly from the éystem, protective

devices with the following characteristics are required:
4 : XY L '
a). Sensitivity to detect low-level ground-fault current

magnitudes.

-
N

b) Speed to operate within cyclés,tb remove the fault \

from the system.

B
N +v
‘a

c) Selectivity to proyide coordination with other protec-

tive. devices so that a minimum portion of the system

s
is shut down under ground-fault conditiops.

d) An édiystment and setting of each piotective device

. which can be tailored to the specific system.
. .

2

5.6 METHODS OF GROUND ‘FAULT DETECTION

The ground-fault current caé be monitored either ‘gs
\ .

[ [T

t

it flows out to the fault .or on its return to the neutral ”
point of the source E?ansférmer or generator. When moni-

. toring the outgoing fault current, the currents in all

a

1
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| J
. , : L
power conductors are monitored eithét~individuaily, or

collecti?ely. When monitoring the return fault current

A o 4 \ o~

only the ground-fault return conducteor is monitored.
Caption is required to help assure that the returning

ground fault current bypasses the out901ng monltorlng
ty
current transformer, but does not bypass the curreng trans-

former monitoring the retukning ground-fault current. .

Y

-

Ground-fault responsive dévices can consist of a \
\ #

. N .
static~voltage\relay and matchad current sensors or an over-
current relay (electro-magnetic or statfc) using any properly
rated standard window=-or a?r t¥pe current transformer. The

relay pick-up level is adjustable and the relay may be
equlp;ed with an adjustable time-delay %eature. "Operation
of the relay activates a trip mechanisﬁ on the interrupting‘
device. Selectivity is achieved t;rouqh a time delay and/er

current setting. Zone selectivity can be achieved by using

'a differential scheme. : /K/\

A ’ N -/r\

= . N

-

Z
5.6.1 RESIDUAL GROUND FAULT PROTECTION

[N

>

L - w/ﬂ
The ground current ie measured by current transformers t
whith are interconnected in such a way that a ground relay
responds to a current proportionar’to the ground-fault
current.t The basic residual scheme is shown in fig. 5.2.
Although this scheme is frequently'applied in medium voltage

[N
- I

. X
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applications, is hérdly ‘'ever used at low-voltage levels
because of the need for current transfomers; (3 for the
3-wire systems and’4 for 3-phase 4-wire systems). Due

to unequal, saturation of the current transformers residually

connected relays cannot have sensitive settings. .-

—

SHORT TIME
OVERCURRENT
RELAY

i
|
L+ o

<« A .
N : )
Fig. 5.2 Resi?\y Connected Ground Relay

- ¢
.
/

~

-

5.6.2 ~CORE BALANCE OR GROUND SENSOR PROTECTION

Ground-sensor protection is provided by a combination
/, of é'window- or donut-type current transformer, .which

sufrounds all 3 or 4 outgoing conductors and a specifically

~matched relay, with either instantaneous and/or time délay

characteristics.
¥

‘ ' »
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Under Hg}mal’coﬁditions, all current fiows‘out'azz
,feturng through the current transformer. Whén a ground
fault occurs, the ground fault current returns through the
'equipment'groundiqg conductor (apd possibly other paths)
Bypassing the current transformer. The flux produced ;n'
thé'curre%t transformer core is proportional to the ground
fauit current,agd a Proportional current flows in the ground
reléy circuit. The principle of the core balance current
transformer circuit is shown in fig. 5.3. By péoperl&
matching the current transformer and relay, grouhd—fault

detection can be fade as sensitive as the application

requires.

a8

GROUND
' RELA , -

Y
G N A B C

Fig. 5.3 Ground-sensor protection. Relay is in-
sensitive to balanced 3-phase load currents.

!



5.6.3 GROUND RETURN PROTECTION

Ground-fault currents must return to the transformer
neutral to complete EQe circuit. The most reliaple
apﬁlication of this principle ié in the transformer neutral
connection to ground. A current transformer installed
in this location will sense all ground currénts returning
to the source transformer. (Fig. 5.4). Operation of this
ground-return relay indicates that the ground-fault may’
be on the bus, in the transformer winding, or-'on its exten-
sion to the lipe terminals of the main secondary breaker.
To provide the proper protection, the relay‘sHould be wired
to trip the main secondary breakef and to é?%rt a timer
so that in approximately five to ten cycles after breaker
operation, if the fault is still sensed by the ground-
return relay, the timer will signéﬁ#ﬁﬁe transformer primary
protector to trip. Application of this form of protection
in locations other than the transformer neutral-to-ground
connection must be carefﬁlly coordinated to assure that the
ground sensor reldy will sense all or most of the ground

return:current. -

v
~
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R)—=(T) TRIP PRIMARY
, PROTECTOR

et
Fig. 5.4 Transformer neutral ground fault

iGOOV
Protection.

5.6.4 GROUND DIFFERENTIAL PROTECTION

Ground differential felaying is effective for main
bus protection since it has inherent selectivity. With
the differential scheme (Fig. 5.5), core-bélance current
transformers are installed on each of the outgoing feeders
and another smaller current transformer is placed in the
transformer neutral connection to ground. This arrangemeﬁt
can be made sensitive to low ground-fault currents withoﬁt
inqurring tripping for ground-faults beyond the feeder
current transformers. Ali current transformqrs'ﬁﬁst be very

carefully matched to prevent improper tripping for high-

magnitude faults occurin&youtside the differential zone.

Bus differential protection prétects only the zone

between current transformers and does not provide backup

1

protection égainsE feeder faults.
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5.5 Ground Differential Scheme
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' \6 17 TRANSFORMER PROTECTION .
. \ ‘
‘ ) -
6.,‘.1.1 GENERAL DISCUSSION
1 .
\

\ Proper protection is important on transformers of
all\ sizes, even through they may be some of the simplest
and post reliable components in any power distribution
system. The following table 7, depicting results

1}
of a certain study, indicated that although transformers
- \ :
had the:lowest failure rate per year, the average out-of
service time péf transformer failure was very high.
\ ‘A rage/
Average Average For¢ed Hours
\g Failures Hours per Downtime
System Component per Year Failure per Year
Electric utility powe N.963 2 1.93
supply ’ : '
Power cables (per 1000 ’
circuit. ft) :
underground, nonleade 0.0397 36 1.43
conduit 6 . i
above ground, nonleade@’ .0252 44 .o 1.11
conduit o
Drawout metal-clad circui
breakers . . .
600 V and below \ 0.0163 25 ~ 0.41
above 600 Vv ; 0.0104 79 0.82
Transformers (primary below, - 0.0076 253 1.92
15 kvV) : .

.
i Y
= 1

Ta#ﬁe 7 - Reliability of Major System Components
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Protection is achieved by the proper combination

of system design and protective devices. Protection

.should be designed to include:

(1) Protection of the transformer from harmful conditions
occurring on the system to which the transformer is
connectéd.

(2) Protection of the electric éystem from the effects
of transformer failure.

(3) Detection and indication of conditions occurring
within the transformer which might cause damage or
failure. Those are the so-called "incipient" faults.
The system and devices should be selected to provide

protection in each of the above adreds. Some devices will

include more than one of these areas ‘'in their protective

. " operation.

Failure of a transformer can be caused by any npumber
of internal or external fault conditions. The following
) : |
table 8, indicates the percentage failure rates

corresponding to each type of fault.
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TYPES OF FAULTS / . TYPICAL %
Windings . 50;
Tap changer (. . 20%
Bushing failure ' 15%
Terminal board failures - 7%
Core failures 3%
Miscellaneous - . 5%

Table 8 - Typical faillre rates

Transformer failures, other tham from physical or

environmental reasons, are caused by three distinct un-

'des%éable conditions, namely overloads, short circuits, -

’

and overvoltages.

6.1.2 OVERLOAD THERMAL PROTECTION

An overload will cause a rise in the temperature

og the variocus transformer components. If the final,K tem-

..

perature is +above the design temperature limit, deteriora-
tion of the insulation system will occur,causing a reduc-

tion in the usefui life of the transformer.

¢

98.
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Protection against overloads consists of both load

s

limitation and overload detection.

The major load limitation that can be properly
applied to a transformer is one that corresponds to trans-
former temperature. By monitoring the temperature of the
transformer, overload conditions can be detected. A
number of moni£oring devices which mount on the trans-

', former are normally used for alarm or to initiate secondary

protective device operation. They include the following:

a) E@gpidPﬁngeEaEpEe_igdipg;g;: The liquid temperature
indicator is the most common transformer temperature
sensing device. It measures the temperature of the
insulating liquid at“the top of the transformer.
Since the hottest liquid rises to the top of the
tank, its temperature reflects the temperature of the

transformer winding and is related to the loading

of the transformer.

This device is normally equipped with one to three
contacts which operate at preset temperatures, initiating
first or second stage cooling and alarm or Lodd‘reduction

/

on the transformer. :

e,
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b) Thermal Relays: Thermal relays are used to give
a more direct indication of winding tempera_tures
than the liguid temperature indicator. As shown in
fig. 6.1 a current transfor;nér, mounted on a trans-
former bushing, supplies current to the thermometer
bulb heater'co;i:l which contJ;iPutes the proper heat

to closely simulate the transformer hot spot | -

“temperature.

Thermal relays are used more often on transformers
. f

, (10)

10 MVA and above than on smaller transformers.

v HEATING

coi. -
”!C;URRENT BuLB
E TRANSFORMER SHUNT
//_/
INDICATOR . :
/
Fig. 6.1 Thermal or winding temperature Relay
c) Hot-Spot Temperature Equipment: It is similar to

thermal relays but in order to sense the hot spot
temperature it utilizes the Wheatstone bridge method.’
This principle is demonstrated in fig. 6.2. It should
be mentioned that the hot spot,' temperature of the trans-

for:-mer is not actually measured, but rather simulated.

.

B T o RN
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MRS wen O AT 3 SEERERAT '
. M ‘ .
'  SUPPLY T
» SUPPLY
TEMPERATURE
INDICATO
1
LR ]
Fig; 6.2 HOt-spot temperature -indicator
| . -
T
a) gpgggd:ﬁi;_CQOLig : By utilizing auxiljary forced- :
air cooling equipment, one can increase the capacity
of a transformer by 15 to 33 percent of base rating,
") l ' e (10)

_depending upon transformer size and design. 5

' \
6.1.3 SHORT-CIRCUIT CURRENT PROTECTION

Il i o<

In addition to thermal damage from prolonged over-
loads, transformers are affected by internal or external

short-circuit conditions.

Protection\of the Eransformer again%f both inte;nii’
and external faults and overloads should be as rapid’as
possible to reduce démage to a minimum. However, this’
may be restricted by selective co-ordination system ’ ?

design and operating procedure limitations.

°
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There are several sensing devices available which

N . -2 y N . .
provide varying degrees of ‘sheort-circuit protection.

The devices sense two different aspects of a short-circuit.

The first group of devices sense the formation of gases
N ‘
consequent to a fault and are used to detect internal

<

g N . 3 K3
faults. The gas sensing devices include:
pressure relief devices, pressure relays, gas-detedtor

relays and combustible-gas relays.

The second group senses the magnitaade of short-circuit

current directly. The short-circuit current sensing

- »

devices include:

fuses, ovefcurrent relays dnd differential relays.

I . - ]

|\

6.1.3.1 GA\i—SENSING DEVICES ' .

\
!
.
-

a) Pressure Relief Devices: = The major function of the .

‘o
»

! pressure relief device is to’'prevent rupture or

damage to the transformer tank due to iﬁternal‘faulf

conditions. when the ifternal pressure exceeds the

<

tripping pressure ;he device releases the excess gas

(~dr fluid and at the same time actuates the alarm.

//“
/ . *
- ' ) X

\
v
{
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c)

»

[

Pressure Relays: This type of reliy is very sensi-
tive to the r;te of rise in internal pressure.
Normally they are providéd with a pragsure—equalizing
opéning to prevent operaéiOn of the relay on gradual
rises in interngl‘ggessure due to changes in loading

or ambient conditions. v

-

14

The major fgnctién of this telay is to initiate

*

isolation of the transformer from the electric sys-

tem. They are normally used with transformers of

; (10)
5000 kvA and above. -

Gas Detecﬁ}on Relays: Those are special devices

.that detect and indicate 4n accumulation of gas

generated inside the transformer £y winding faults

or hot-spo£s in the core. When an accumulation of
gas reaches a predetermined levgl an alarm will be
acﬁuated. The gas can then be withdrawn for analysis
and recording. This type of relay can orly be uséd

with ¢conservator-tank design.

- o

- .
L S
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Combustible Gas Relay: This is a special device

— e et i e e - o —
~—

used to periodically detect and indicate the preéence
of combustible gas formed by decomposition-of insula-
ting materials within the transformer. This device
can be used on transformers with positive-pressure
inert gas-oil presefvation systems. (10) However, )

they axe not used on substation transformers due to

the expénse involved.

.2 CURRENT—SENSING DEVICES

Primary fuses: Fuses are relatively simple and
inexpensive one~time devices that can provide short-
circuit protection for a trangﬁfrmer primary. How-
eyér, they have to meet several criteria, and their
features are lacking when compared to relay protected
systems. The most important criteria and limitationg

are:

-

4

- x .
/ -
They must be able to withstand the transformer

magnetizing inrush current of ten to twelve times

full load for 0.1l second (6 cycles) without melting
. (10) '

or damaging the fusible element. But by doing

Q-
#
6.1.3
q
a)
1)
! .

so they are less sensitive to low=-magnitude fault
a

conditions.

1]
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4)

. 5)

b)
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Fuses must be capable of interrupting the maximum ;

available fault current at the application location.
- ’
Fuses do not provide protection against single

phase operation. . '
e ’
' /

Selective co-ordination is difficuZt due to limited

7

characteristics of available fuses.

v

4

Normally they are‘applied in conjunction with a
magnetizing current break switch which is inter-
locked with the secondary circuit breaker to prevent

-

the switch from operating under load conditions.

Primary Overcurrent Relays: Primary overcurrent
relays afford about the same degree of protection as
do ‘fuseg, but the relays allow higher loading capa-

bilities than fuses because ofr the fixed inhereqt

-time-current characteristics of fuses vs. the

variable time-current relationship of an/overcurrent

relay. There are at least two disadvantéges to

primary overcurrent.relays.

-

LI -4
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1)

2.

c)

P ———

< ‘ 106.

The deviée must cause some other equipment to function
to clear tﬂe fault. This device might be ; local
primary breaker or another switching device. If‘
there is no local device, some remote equipment must
operaté to clear the fault. Some form of transfer
tripping may be required such as a pair of wires

from the relay contacts to ::breaker if the disténce
is not too great, a tone frequency-shift scheme; a
high-speed grounding switch to fault one of the
primary phase leéds to ground intentionally, or'

some other scheme that might be devised.

The use of primary overcurrent relays as well as
'primary fuses inserts another step of protection
into the co-ordination scheme that forces the up-
stream devices to be set with longer operating time;

-

so that time selectivity can be maintained.

Differential Relays: Transformer differential is.
a4 protective scheme, that provides fast, sensitive
protection for faults within its zgne of protection.
Its zone of protection extends to the area or the
equipment between the upstream and downst;eam
current transformers. The secondary cable anq

circuit breaker could be included. Figure 4.15

indicates the principle involved.

‘
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1)

2)

3)

of differential relays.

-9

Several problems are involved in the app.lication
!

The differential protection scheme requires some

short of -primary switching device or transfer-

tripping scheme to effect the circuit opening to

remove the short-circuit.

Current transformers associafed with each winding
hgve different ratios, ra%ings, and characteristics
when subjected to heavy loads and sﬁort—circuits.
Auxiliary current transformers or relays with

tappéd operating and restraint éoils should be used.

’

Magnetizing current inrush appears as an internal - -

.fault to the differential relays. The relays must

be desensitized to the current inrush, but they
should be sensitive to short-circuits within the
zone during the same period. This can be accom-
plished by the use of harmonic restraint coils.

The theory behind it is that the magnetizing
current inrush has a.large harmonic component which
is not present in short-circuit currents. Thus
the harmonic restraint relays can distingﬁish

between faults and inrush.

H
]
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4) 'Tran‘sformer connections often introduce a phase '
shift between high-and-low woltage cur:g'ents.
This should be compensatéd by proper current trans-
former connections. Table 9 () shows the

recomniended current-transformer cqnne?tions for the

various power-~transformer winding connections.

»

s~ ———— e

Transformer connect;ion Current-transformer connection
Primary Secondary ) Primary Secondary
Delta Delta Wye : V/{ye
Wye Delta Delta ‘ Wye
Wye . Delta ‘Wye - wye-delta aux. Wye
Delta Wye ' Wye ' Delta
Delta Wye Wye Wye - wye-delta aux.
Wye* Wye Delta Delta

&

* Assume delta tertiary winding.
The main current transformers assumed to be in the line

conductors and not inside any delta-connected windings..

-

Table 9 - Current-transformer. Connections

?
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5) “Heévy currents for faults outside the zone of
p?otection can cause unbalance between the current
transformers. Percentage differential relays
operating only when the difference is greater than
a- definite percentage of thé phase current, are

designed to overcome this problem.

pDifferential relays are often recommended on :
all\transformers 1000 kVA and above. Harmonic
restraint percentage differential relafs are 10
recommended for transformers 2000 kVA and above. |

6.1.4 o PROTECTION AGAINST OVERVOLfAGES
Overvoltages caused by lightning, switching surges,"-
aﬁd faults musé’be considered in désigning transformer
protection. Libhtning arrestefs are used to control
those overvoltages. The degree of protection is determined
by the amount of exposure, the size and importance of
the transformer to the system, and the type and cost of
the arresters. In descending order of cqst'and degree of
protection, tﬁe'arresters available are: statiﬁn type,
intermediateﬁtype, and distribution typea‘

'
!

8
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teristics in existence, because of the numerous duties

MOTOR -PROTECTION : IS

GENERAL DISCUSSION

There is a wide range of motors-and motor charac-

for which they are used, and all of them need protection.

Fortunately, the more fundamental problems affecting the

/choice of protection are independent of the type of motor

and the type of load to which it is connected.

There are many variables involved in choosing motor

bfotecti@g; motor characteristics, motor Starting condi-

tions, ambient conditions, driven equipment, power system

i

and last but not least, motor importance.

is re

a)

In general the conditions for which motor protection

quired, can be divided into two broad categories:

supply voltages, undervoltage,.single-phasing and
reverse phase seqi.lence starting, and, in the case

of synchronous machines only, loss of synchoronism.

<
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motors..

~

internal shunt faults, which are most cfanun.only

ground faults, and overloads.

Protective devices may be installed on the motor

controllers or directly on the motors. The protection

I
{

is usually included as part of the controller except

for very small motors, which have wvarious types of
build=-in thermal protection. )

1 L -

Moto_i:s rated 600 V or below are generally switched
by contactors and p':otected by fuses or low voltage
circuit breakers equipped with magnetic trips. Motors
rated from 600 to 4800 V are usually switched by a
power circuit breaker or by a contactor (often su;ple-
mented by current-limiting fuses to accomodate higher
interrupting. requirements). Motors rated from 2400 to

v (12
13800 V are switched by power circuit breakers. 2

While protective relays maﬂ( be applied to a motor
of any size or voltage rating, in practice they are

usually.applied only to the larger or higher voltage

’

t

1% *
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Since it is virtually impossible to cover each and

every available proteétion relay we will only try to ",

mention the most important, without going into much

detail.

%

6.2.2 PROTECTIVE RELAYS USED IN MOTOR PROTECTION

6.2.2.1 UNDERVOLTAGE - DEVICE 27 .

J

The usual reasons for using undervoltage protection -
are:
a) To prevent .possib‘le safety hazard of motor auto-
matic restarting witen voltage returns,following an

interruption.

b) To «avpid excessive inrush to the total motor load
- on thé power system, and the corresponding voltage
drop, following a wvoltage dib‘, or when wvoltage |
returns following an interruption.
It should be noted that for motors extremely
important to continuity .of service, the undervoltage

relays are used for alarm purposes only. J >

<
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6.2.2.2 PHASE UNBALANCE - DEVICE 46

L

+ The purpose is to prevent motor overheating damé.ge.
Motor overheating occurs when the phase voltages are

unkalanced, for two reasons:

a) Increased phase currents flow in order that the
»
motor can continue to deliver the same horsepower

as it did with balanced voltages.

F

.b) Negatiye-seguence voltage appears and causes ¢

abnormal currents to flow in the rotor.

Phase unbalance protection should be provided in

—

all applications where single phasing is a strong possi-
bility due to the presence of fuses, or disconnect

switches which may not close properly on all three

phases etc.

A general recommendation is to apply phase -unbalance
. (10)
protection to all motors 1000 HP and above. .
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6.2.2.3 INSTANTANEOUS PHASE OVERCURRENT -:‘aBEVICE 50

The purpose is to detect phase short-circuit condi-
$
tions with no intentional delay. Fast clearing of these

faults will: . ) f

a) Limit damage at the fault.

[

b) =~ Limit the duration of the-voltage dip accompanying
the fault. .
c) Limit the fpossibility of fault spreading, fite, or

explosion damage.

—

(10)

In general one relay per phase should be provided

and should be used with the following equipment:

[y

a) Medium voltage (2.4 - 15 kV) circuit breaker type

motor starters.

b) Medium wvoltage contactor-type starters which do

not have power fuses.

[8

. .
c) Low-voltage circuit breaker type motor starters

used with motors whose importance justifies the

costs.

' .
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6.2.2.4 TIME DELAY PHASE OVERCURRENT - DEVICE 51
The purpose is to detect: . Y

a) Failure to accelerate to rated speéd in the normal

starting interval.

\,

4

b) Motor stalled condition.% //

(7 . v
»

‘e) Low magniéude phase fault fGEAEtions.

~

6.2.2.5 OQOVERLOAD (PHASE OVERCURRENT) - DEVICE 49 OR 51
i

The purpose'is to detect sustained stator current
in excess of motor continuous;rating and trip prior to .
motor damage. .

Sometimes if motors have winding temperature devices
and fairly close operator’ supervision, this protectiorn '
is used for alarm purposes.

Although in the past it has been common to provide

relays in only two phases, today the code stipulates the

1 . .
use of one relay per phase, or a single,.relay responsive
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b

to individudal current in each of the “three phasés.‘ They
. 9. -
are normally used with contactor-type and circuit breaker

motor starters. . )

.

6.2.2.6 INSTANTANEOUS GROUND OYERCURRENT - DEVICE 50 G & 50N '

A% .
~ “ \ '.
The purpose is to detect ground-fault conditions
with no intentional delay. This can be done by usinw
either: . ( -
‘a) Zero-sequence Current transformer and ‘Ground Relay ‘
Device 50G or
il

°

b) Residually Connected Current transformer and -Ground '

Relay - Device 50N.

6.2.2.7 TIME DELAY GROUND OVFRCURRENT - DEVICE 51G & 51N

¢

"

’ The purpose is to detect ground-fault conditions.

. hy
Two schemes are available: ;
a) Zero-sequence Current trhﬁéfofmg; and Time-~delay ’
? ’ )
Ground Relay - Device 51G or ‘ ’
o7
b) Residually Connectéd Current - transformers and Time-

4 -

delay Ground Relay = Device 51N. .
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It shoulé be mentioned that élthough éarly abplica-
tion of ground é;otection used current transformers and
relays, to-day hoth instantaneous aqg‘timeJleay ground-
fault brotection is available with sqlid-séate $ripping

e
'system§‘bn low-voltage (up to 600 V) circuit breakergs.
- ? ‘ s
!
6.2.2.8 P%&URRENT DIFFERENTIAL - DEVICE 87

-

o

The purpose 'is to quickly detect fault conditions:
0 ' ' ~

{

For the application of differential protection the

1
following recommendations -~ can be made:

a) In ungrounded systemsi Use differential protection

with all- motors above 1000 hp.

a) JIn grounded systems: Use differential protection
. with motors above 1000 hp if ground protection is
not copsideried adequate to protect against phase

L)

to phase faults.

6.2.2.9 STATOR WINDING OVERTEMPERATURE - DEVICE 49 OR 49S

' S

The purpose is to detect excessive stator winding

.temperature prior to the occurrence of motor damage.
N - i ) o

Sometimes two temperature settinés are used, the lower

for alarm and tpé higher to agtuate tripping devices.

s

117.
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Winding temperathre is detected by using:
. .

" RTD'S, Thermocouples, Thermostats & temperature bulbs,

and finally Thermistors with either a Positive or Negative
temperature coefficient. o

-

This type of protection is commonly applied to all
o (10)
motors rated 1500 hp and -above.

-
>

6.2.2.10 ROTOR OVERTEMPERATURE - DEVICE 49 OR 49R

It again detects excessive rotor winding temperature
and is available for brush-type synchronous motors and for
temperature protection (by proximity) of Wound Rotor

Induction-Motor Starting Resistors.

: | -

6.2.2.11 OTHER SPECIALIZED PROTECTION s

M

)
Under this heading we can include the following:

’

1)' synchronous motor protection which includes:
a) Damper winding protection-Device 26; protection against
high durrents induced to rotor damper windings if the

motor takes longer to accelerate than it has'qégn

-

designed for. ' . ‘ ,//

PO




b) -

c)

e)

2)

3)

4)

of step and stall.

“g

@ 119.-

Field current failure protection; during operation
field current may drop.to a low value. This should

be monitored because motor will probably pull out

\

[4

Excitation Voltage availability;‘permissive voléage‘

relay that will allow starting only if excitation

_voltage is present.

Pull-out Protec¢tion-Device 78 (also 55 and 95).

Incomplete starting sequence-Device 48; timer blocking
tripping of field current failure protection and, -

pull-out protection during the normal starting interval.

Induction Motor Incomplete Starting Sequence Protection-
Device 48; timer applied to protect against failure

to reach normal running conditions within the normal

starting time.

Protection against too Frequent Starting.

-

Lightning and Surge Protection; surge arrecters and
surge capacitors one per phase,.connected between

phase-to-ground are used to limit voltage to ground

/

impressed upon the motor stator winding due to iignt-

ning and/or switching surges.

®
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5)

6)

7)

8)

120.

Protection against Overexcitation from Shunt ‘

Capacitance. When the supply voltage is switched

off, an induction motor initially continues to rotate
and retain its internal voltage. If a capacitor

bank is left connected to the motor, or if a long

distribution line having significant shunt

capacitan¢e is left connected to the motor, the

possibility of overexcitation exists. Overexcitation

. results when the voltage versus current curves of

the shunt capacitance and the motor no-load excitation
characteristic intersect at a voltage above the

rated motor voltage. Damaging inrush can occur if

- automatic reclosing or- transfer takes place on a

7
motor which has a significant internal voltage due

to overexcitation.

Protection against Automatic reclosing or Automatic

transfer. When supply voltage is switcﬁgd off, motor

‘continues to rotate and retain internal voltage. 1If

4

supply returns but is out of phase with internal
voltage, high inrush will occur which can damage motor

windings.
Protection against failure. to rotate or Reverse Rotatﬂon.

Mechanical and other protection which jincludes: bearin§
. .

and 1lubricating, Ventilgtion and Cooling, Vibration,

Liguid detectors and finally fire Detection and

s

Protection.

T ITTIY 7P SPu e o L S
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6.3 MISCELLANEOUS PROTECTION

6.3.1 CABLE PROTECTION

6.3.1.1 GENERAL DISCUSSION

The electrical code requires that conductors must be

~

protected in accordance with their current carrying capacities.

They must be protectes also for short-circuit turrents
which can flow either for faults within the cable or
«through» faults on other equipnent. For this purpose

total clearing times are of course the imnportant times.

Protection can be achieved by overcurrent relays; -
<]
thermal overload, fuses, differential, direct tripping
overloads and other forms usually used for other equipment .

protection. o : . .

Generally the subtransient current of a system is

used to designate the maximum available short-circuit

'
current in the cables protected by the instantaneous

J
relays and medium voltage switchgear circuit breakers.

'For cables protected by fuses, cable limiterg and pro-

tectors, or low-voltage and instantaneous trip circuit
breakers, the asymmetfical current value is used.

However for liberal design margiﬁs where economic consi-.
derations are not crftical, the momentary and interrupting
current ratings of the switchgear, circuit breakers, or

fuses may be used as the basis for cable selection and
(10) '

protection. ' . K .

T e e
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6.3.2 BUS AND SWITCHGEAR PROTECTION

Th—— /
: A

6.3.2.1 GENERAL DISCUSSION

The substation bus and switchgear[is thaf part of
the power system that is used to direct the flow of
power and to isolate aéparatus and circuits from the
power system. It includes the bus, circuit breakers,
fusés, disconnect devices, current and potential trans-

formers, and/;he\stgpéﬁure on or in which they are mounted.

Bus protection should be fast in order to limit

damage. It should be very stable, i.e. it should not

have any tendency to operate for faults outside the

’

bus zone. Reliability of operation is equally necessary
because failure to clear a bus fault can result in
extensive damage to equipment, danger to personnel and

.}

disruption of service.

Statistics collected in the'U.K. indicate Fhat over
half the bus faults that have occurred during £3certain
study, were due to equipment insulation failures and
flashovers due ﬁo lightning. About'a third of the faults
were caused by human errors and the remaining 10% by
miscellanegu causes, such as falling objects, and circuit
breaker uresfl3&Qre than half the faults were to

(13)
ground. s
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Tﬁe fact that the isolaﬁion of a bus causes the .
disruption of all the cirguits connected to it means that
thé bus protection must be very carefully monitored to
prevent inadverteﬁd operation of the relays protecting it.

The methods of protecting substation buséé and
switchgear will vary dependiné on wvoltage and the°
arranéement of the buses. The protectibn schemes utilized

include: Bus overcurrent protection, differential

o

- protection, frame leékage prb;ection, Backup protection

and finafly voltage surge protection.

6.3.2.2 BUS OVERCURRENT PROTECTION

If the system design and operatioﬂ and the function
" of the process served do riot require fast ﬁus-fault V
< clearanee, overcurrent protectioﬁ is usqg on each iﬁcoming-
‘power source circuit. On low=-voltage systems circuit

breaker trip devices or fuses are used but in medium

and high voltage systems overcurrent relays are used.
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6.3.2.3 DIFFERENTIAL PROTECTION'
/

Differential relaying provides the best possible
protection for buses and switchgear. It is high speed,
sensitive, and permits complete overlappiné with- the
othér power system relaying. fferential relays make
use of Kirchhoff's Law;* all the currents entering and
leaving the protected electrical circuit (busbar zone) -

must sum vectorially to zero unless there is a fault

therein.

The differential protection methods generally used
are, in order of the quality of protection they provide:
1) Voltage fesponsive (which overcomes the problem of
- current transformer saturation by using a voltajye- .

L3
responsive-high impedance - operating coil in the

.

! relay).
. i
2) Linear Coupler (free of any direct-current or
’ alternating-current saturation by replacing iron 'in
conventional CT's by air core mutual inductance).

Secondary may be open-circuited to facilitate switching.

¥ : .
3) Percentage differential (to be used only when rela-

'

tively few circuits are connected to the bus). CT'S

should have same ratio and identical characteristics.

i
!
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4) Current Responsive (utilizing simple induction-type
overcurrent relays). To be used when voltage differen-
h )

tial or linear coupler,canhot,be economically justified.

5) Paftial Differential Protection (a modification where
‘oné or more of the load circuits are left uncompensated
in the differential system). Used as primary protection
for buses with loads protected by fuses, as a back-up
or local back-up to complete differential protection
schemes.

6.3.2.4 ‘ FRAME LEAKAGE PROTECTION

: ' :

In this form of protection the switchgear framework

is insulated from ground,'(building steelwork) except

through the primary of a currént transformer, whose secon-

dary supplies an insﬁantaneous overcurrent relay, with

current, whenever a ground fault occurs. anywhere in the

bus or its associated equipment.

- .
,/ L

—

= '

It is essenEial to have some check system with qﬁ
frame leakage scheme in order to prevent a spﬁrioqs
current, causing unwanted operation. This_usualhy takes (
the form of ngutral check félays operated from current
transformers connected in the neutrals of the system.

As an alternative, a cgre-balancé transformer can bé
éitted in the cable box or three residually connected

current transformers on the incoming eqdipment, to supply’

an instantaneous overcurrent relay.

[N
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6.3.2.5 BACK-UP PROTECTION

" If one or more bus breakers fails to trip in the
event of a-bus fault, back-up protection is provided
by the relaying equipment at the far ends of‘the ci;—
cuits that continue to feed current directly to the
fault. However, this back-up protgction may not be
adequate because of system instability and effects on
other'power systems, ;nd local ,back=-up relaying may

be necessary.

-

6.3.2.6 VOLTAGE SURGE PROTECTION

Protection agaiﬂst voltage surges due to lightning,
arcieg, or switching is required on all switchgear
connected -to exposed circuits,entering or leaving the
eQuipmeﬁt. A circuit is considered exposed to voltage
surges if it is connected to any kind of open-line
wires, either directly or through any kind of cable,
reactor, or regu;ator.‘ '

The protection is provided by lightning arresters
connected, without fuses or digconnecting devices, at the
terminals of ‘each exposedqcircuit.

The arresters shoud be of the valve type, of ‘adequate
discharge capacity, and their voltage ratinés should be"

selected to keep the voltage surges below the iﬁsulation

level of the protected equipment.

'
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7.1 . GENERAL DIfCUSSION
On all but the simplest systems, there may be two
or more circuit.breakers, or other circuit protective

- devices, between a fault and\the source of power. 1In

order to lécalize the disturbance, as much. és possible,

these devices should be selective in oﬁe:ation so that

the one nearest the fault on .its power-source side will
Lt - have the first chance to operate. If, for any reéson,

/ ‘this protective device fails to function on schedule, the

| nexf device in the chain, that is, the next one on the up-

stream side, must be r.eady to take over the job of opening
the circuit. To accSmplish this objective, the fault-

s : current protective devices must hive been selected, as in
the case of fuses and non-adjustable direét—_écting trips,
etc., or be capable of adjustment, to operate on the mini-
mum current that will permit them to dié?.tinguish between
fault current and permissible load-current peaks. ° They
must function in the minimum time possiblé and still be
selective with others in series’ with them. When these two

-.urequirements are met, the damage to equipment, or the
interference with préduction due to loss of power dur.;:g

. a short-circuit, or both, will also be at a minimum,

t
o .
’o +
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In summary then wé can say that the objective of a

kS

coordination study is to determine the characteristics,
ratings, and settings of over-current protective de&ices
which wi;l ensure that the minimum unfaﬁlted load is
interrupted when the protective devices isolate’a fault

or overload anywhere in the system. At the same time, the
devices and settings selected must provide satisfactory

protéstion against overloads on the equipment, and inter-

rupt short-circuits as rapidly as possible.

/

g

7.2 THE MECHANICS OF ACHIEVING COORDINATION

The achievement of coordination is a "trial and error"

.

or "cut and try" routine in which the various time-current

characteristic curves of the series array of devices are

matched one against another on the graph plot. This

matching recognizes, not only the limitations imposed by
the protective devices on one another in the series array,
but also those arising from the podndaries defined by tPe
load current, short-circuit current, motor-starting
current: thermal limits of equipmént, Canadian Electrical ¢
Code requirements and so forth, The pfotective devices ~'
must operate within these boundaries, yet, as much as

possible, should provide selective coordination with other

protective devices upstream and downstream.

»

128.
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'Excep; for relay and certain fuse‘apglications, se-
lective coordination usually will be obtained in 1ow—
véltagiysystems‘when the log-log plot of time-currenf
characteristics displays a cléar space between the charac:

teristics of the protective devices operating in series.

That is, no overlap should exis; between two time-current

. characteristics, if selective coordination is to be secured.

Nevertheless, the coordination study will often stop at a |

\V N

point short of complete selective coordination, when a
satisfactory compromise has been effected between the

opposite goals of maximum protection and maximum servide

continuity. '3 . 4 -

7.3 CRITERIA FOR SELECTION AND COORDINATION Of ‘ -
' PROTECTION DEVICES . ' ‘ .

)

In order to obtain complete coordination of the

4
protective equipment applied, it may be necessary to obtain
some or all of the following information on short-circuit

.currents for each local bus. . -

- a) Maximum and minimum 0 to 3 cycle (mbmenﬁfrx) total
rms - short-circuit current. Those currents are u;ed
:to deﬁermine the makimqm ana minimum currents to which
instantaneous and direct-acting trip devices respond,“
and to verify the capability of the apparatus applied ’

such as circuit breakers, fuses, switches,,aqd reactor

S\\T\\apd bus bracings. . . : ' ‘ VR

. ) :
-~ = 4 ) s ’ '.,*
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Bj Maxi@um and minimum 3 tb 60 cycle (interrupting

duty) total rms short-circuit current. 5he maximum
13 to 60‘cyclé (interrupting) current at maximum —
generation will verify the ratings of circ&ithbreakers,

\

fuses, and q@bles. This is also the value of current
o N ~at which the circuit protecgion coordination interval
Cj, . . is established. ‘The maximum 3.£o 60 Eycle (interrupting)
T . current at minimum gqnergtion is needéd,tp determine --
O ' . whether the circuit-protection sensitivity of the
h | qircdits“is adeguate.

.o {

-
¢ -

c) Maximum and minimum groynd-fault currents.

»

P4

. Furthermore'complete coogdihation wil]l be achieved

» ' by following a certain number of restrictions stipulated

- (10) ’
u . ' by standards and governmeht authorizing and licencing
t et . « (20) - . ™ . .
' agencies. . The applicable rules are summarized below:
- ) <
R s
-
re , 1) The protective scheme should operate in a fasty
" v »
' ) selective’ manner to minimizé damage to faulty eduip-

.

d - ment while maintaininé service to as much of the

L

LN M ' plant d4s possible. ol
2) No overcurrent device should operate beforeta device

? ‘ S ‘hearer the fault hasghad a chance to clear the fault.

r L
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3) A margin of 0.4 seconds should be allowed between the
operation of a relay and the operation of tpe'next up-
| stream protective device. This margin accommodates
] . ' breaker opérating time, relay overtravel,’ manufac-
( turing and setting tolerance; it shoﬁld ensure that

false tripping of a backup breaker does not occur.

4) A margin of 0.2 seconds should be allowed between the

cledring time of a fuse and the operation of the next

upstream protective device. This margin is selected

e——

on the same basis as the previous margin.

. ——____/
' . 5) A current margin of 10% should be allowed between

operation of protective devices, and*an extra 16%

gl L]

' between the secondary and primary protection on a
: i : ’ delta~-wye transfaﬁm ¥*. The 10% is for manufacturing
;olerancés, and” the \16% accommodates high phase cur--
‘ ' . rents in the transformer primary for line-to-liné
N
.. faults on the secondary. *
| : . ~ , | . %)
; 6) Thé'protective scheme should not-operate because of
the inrush curregfs which may occur when a transformer
' is energized. An inrush current of 12 times full
/// ' '1o;h for 0.1 seconds may be assumed for ‘each trans-
' ' ’ )

former. : o

L]

, | r A
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7)

*

8)

9)

10)

132.

» Ve

( o -

. Relays for transformers should not have a setting

* exceeding 20 times full load for 2 seconds to provide

physical withstand protection for the unit.

L

N -»

Tréﬁsformer'overcurrept relays should be set according
to Canadian Electrical Code, Rule 26-046. This rule
‘%tates that transformer protection shbuld be set no
<hig§er than 250% unless there is a main secondapy
breaker set below 250%. Then the primary protection
can be up to 600% for a 6% or less transformer, or

c
up to 400% for a 6 to 10% transformer.\

—

The protective scheme should not operate on motor

inrush currents. These currents ;nd starting times g
will vary with motor design, 1055 and startipg

method. Conservative assuﬁptions'arq‘ﬁﬁd% inrush
current and }0 seconds starting time.

The maximum effective ground-fault protection -

(on the secondary) must not exceed 1200 A.

4

L3
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8.0 INTRODUCTION

133.

<

This section of the report deals with the protection

of the auxiliary power scheme of a large hydroelectric

development. Specifiqglly it presents the preliminary

studies'for the protection of the auxiliary services of

the LG-3 powerhouse.

'complex in James Bay, Quebec).

S

K

'9.0 BRIEF DESCRIPTION OF THE POWERHOUSE

The LG-3 complex is a part of a large hydroelectrié

(LG-3 is part of the La Grande

development, located some 1000 kilometers north-east of

Montreal.

A reservoir
‘some 60 dykes is
level and covers
Lolds 25,500,000

2060 m3/sec.

[}

created .by a large 110 m high dam and

'locateﬁQBO m hﬁgher-than the powerhouse -

an area of 2435 km

m

3

The reservo;r

and can have a regulated flow of

e
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There are 12 water, intaie gates: wi'lich through 12 pen~- :
stocks conduct the water from the reservoir to the -corres;
ponding waterwheels. Each waterwheel generator is dapable
of producing 192 MW. 'This corresponds to a total power

of 2304 MW.

In order to prevent dangerous rising of the water

level in the reservoir, a 4~-gate spillway is also provided.

The auxiliary station-service power is obtained from .
the generator terminals and stepped down thrm;gh station-
s.er\}ice transformers. For LG-3 the au;ciliary power
. requires .062 percent of the capacity of the powerhouse.

Drawing 1 (appendix) presents the principal single-line

»

diagran of the LG-3 complex.

il
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10.0 NATURE OF STATION AUXILIARY SERVICES
' ) Y
The loads normally supplied By the station service
power system can be divided into two categories‘, "egsential”

»

and "non-essential". ' \

’

4

The first group includes:

1), Unit auxiliaries, essential to the starting, r%nning
and stopping of the turbine generator units. Some
of those units are: ‘
exciter

voltage regulator

governor ,

-

governor oil pressure system
cooling pumps
penstock valve
intake ga{:e

» a'
brakes :

a

miscellaneous small auxiliaries such as turbine

pit pumps, bearing oil pumps, etc.

1

2) Station auxiliaries, not directly associated with
“the units but that are nonetheless essential for: -
the operatiox{ of the plant. The essential station

auxiliaries include:

oy
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spillway gétes
compressor for circuit breakers apnd station air
station battery chargers -
" control and metering devices
communications eq;:lipment.

The "non-essential" group includes the power and

site serv:.ces that are primarily for the convenience of

W o T

the constructlon, operation, and maintenance staffs.. Such

loads are:

heating, air conditioning and ventilating
elevators _ /

*lighting : '

cranes -

shops . \ ) ,
cpllaneous pumps, compressors etc.

site.
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LG-3 AUXILIARY SERVICES 2 DESIGN CRITERIA

!
!

The criteria governing the conception of the protection

scheme of the auxiliary services of LG-3 are the following:

-

a)

b)

c)

d)

To.insure -high reliability of the auxiliary :aerv:ices,
since the continuity of ~service and the good operation
of the powerhouse depends on those auxiliaries.

)
To reduce to the minimum the effects which the faults
could have on the operation of the powerhouse.

]

To minimize the damagé of materials.

To provide assurance, to the extent possible, that
any fault in the auxiliary services scheme will not

trip the circuit breakers of the generators.

/
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12.0 LOCATION OF STATION SERVICE TAPS

-
Y .

3

'Considering the powerhousé, portions of large hydfo—
electric developments, there are really two wid'ely used
varieties of the main single-line diagram .(14) ) One is
where two or more generators are effectively bussed . toge-

ther on the low-voltage side of each main transformer,

and the other is the unit generator-transformer scheme.

\

3

For the LG—=3 development, the generators are bused
inpairs at generator voltage and station service trans-
formers are connected directly to the generator main leads,

as shown in Drawing 2 (appendix).

This type of connection provides reliable Qperation,
because  generators are normally the most reliable sources
of power in thef»er{tire system. It also keeps equipment
costs to a miriri.:mum since only relatively inexpensive low-

voltage equipment is needed. .

o S e DR BT B o
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/13.0 LG-3 BASIC DESIGN DATA

;
I4
2

‘The maximum short-circuit current levels of the

. 735 kV power system, supplied by Hydro-Quebec are the

féllowiﬁg:

\. V ‘
a) Line to ground fault; 33,000 MvA f
b) t‘:hree-phase fault., ~ , ‘ 27,000 MVA

— v e— — e e — o - —

Delta—-Wye connection (grounded neutral)

Single phase raﬁing ‘ - 260 MVA

Impedance ~ : ) 15%

o

Fault levels in the 13.8 kV bus.

________________ 250 MVA

Alternating current generators 202 MVA -
Transient Reactance X'd based on 202 MVA and
13,800 wolts, at rated voltaée ' T 24%

Step-down transformers 13.8 Kv=600_V -
Delta—Wye connection (grounded neutral)

a) Powerhouse

) Three—phase rating . ) K S 2000 kVA

Impedance, i 12%

On load tap changers S ¥ 1o0%



b) . Water Intake | . . /
Three-phase rat.ing L 750 kva
Impedance . 7%

Vacuum tap changers ’ ‘ : 5%

c) SEillwax
-Three-phase rating . 1000 kva
?:mpedance : 7%

Vacuum tap é¢hangers t o5 .

Supply Cables 13.8_kV ) -

a) Water Intake
- Length | . 1000 £t
- - Type ' | '1'x 3C #.1/0 AWG )
- Impedance -R RS  0.105 ohms |

-Xp, o _ 0.075 ohms
\—- . . " ” »

b) Spi‘llway . ' . +
- Length i 3000 ft

) - Type . 1 x 3C # 1/0 awG
- Impedance -R . - ‘0.315 ohms

-x, | . 0.225 ohms ;

c) Auxil]’.’iary transformer-pow‘erhouse ° . .
- Length | . - 500 ft ///
- Type - - "1 x 3C # 1/0 AWG
. Impedance -R ' , '_ . foe | 0.053 ohms

: ‘ -Xy . ... .+ 0.038.0ms

v L] . ‘s v
. * N vt
o . I i g .
- . N , .
.. - N Y L N ~ - . e s W
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— d) 13.8 kV Bus bars - Powerhouse
S - Length '
' T¥pe
- Impedance -R
b ]
'XL
e) 600 V Bus bars - Intake
g - Length
' . \\ - Type
e b - - . Impedance -R .
T o -~
\ -—
‘ \\‘< ' XE“
P ~ \
»‘ﬁw ]
A
- . )
- L )
L 3 N ¢ e
# .
. ‘ 1 7
N
J
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300 ft

° 3 x 1C # 1/0 AWG

0.032 ohms

0.023 ohms

"1000 £t
3 x 1C # 500 MCM

0.022 ohms
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v "‘ ~ - 14,0 SH(‘)RT;-CIRCUIT CURRENT CALCULATIONS
‘ ' S
14.1 PHASE~-TO-PHASE FAULTS -
The results of the short-circuit calculations are
summarized below, along with a step-by-step procedure. It
/o should be noted that in calculating the short-circuit
levels, the contribution of the motors on the load side
was not consid'ered.' This doe's not introduce any error since
they are of small capacity. ' ’ (
o . © BT MVA AMP @ VOLTAGE
- ) 0 27,000 21,20 35 kv
o E‘j A 4150 173,600 13.8 kv -
3 é é ‘
e /
3
N Z|Np " ® 40% ‘ B 250 .- 10,460 @ 13.8 kv
. : L Q THE VALUES FOR POINT "B" APPLY
. ALSO FOR POINTS C,D,E,F
'z,

casLe = 3 2%

o ey

H - 15.54 14,960 @ 600 V

L o a
.
vt w0
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"follows. The impedance diagram is:

L)
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Analyticdl short-circuit calculations for point A are s .

202 202 27000 202 202
MVA -< MVA MVA MVA MVA’
24% 24% 100% N 24% 24%
- H.V »
v ! s 2:=0
A " Lv‘ -~
‘ AAN *- *
) 404 MVA
, ) 15% a
§ L.V 2404 Mva
, 15% ,
A ' - T
4 | g '

. . = ’
“Chqosa.ng 100 MVA as base and since X . .. ..o MVA, _se -
the impedance,diagram becomes Amach
— - ;

' ’ s
11:88% 11.88% .37 -11.88% 1.88%
N ¢
3.71%
& ~ AAN- :
. ‘ ) \
. 3.719% .
- ®- ' -
A *’
/ ’ b
& .g\ ¢
.Combining impedances we have:
U L ) ‘
. ' —Ci-
. \ 5.94% .37% 9.659,
- . < - N 4 ‘-'%
N 3AN% A
! . ‘e
- - &
b ‘ \

mach
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Thus Fault at A = ‘100* 100 4= 4150 . MVA
’ . . ‘\ _§.4l N .
T A\ ' A
‘ | 1.41% S
” ’ i) z;(»\ ' '
A
}‘ But Base Amps = Base kVA = 4150 = 173,600 A
v oo Y3 * Base kV BF 13,8 o )
0 ' ) \ ——
14.2 ) PHASE~-TO-GROUND FAULTS ° °
" For the 13.§\kv bus the phase-to—=ground voltage is
v = 13.8 kV = 7967.43 V
L-N =AY
Vi ,
Q D £
. ~— s
i} : | IprimZU.Zl A -
. XL= .72 &2 '
' e e
. f .
| S ’
u‘ b
4 o
| @0
AN .
£
13,800 V. Ul
o -~ T 7240 V - YY ™M
v . - 2=7% 13.8 - .6 kV
R 18 ) , -
- " Isec =‘IQQQ = 4950 A
. & - 3‘ x Z Co
: . T L.OAD
. Ryl=.00 :
. 4.1 Generator Ground Protection < /o —
\ T ' ‘ ‘ - " .‘ *
[l B 9
.' ’ —\... 1 - :
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on the 13.8 kV bus.

4

By Gﬁng the figure of the generator ground protection

(14.1) we can calculate the maximum xground fault current

I

From fig. 14.1 we have that:’

°
2
" v o )

Ipr:i.mary = LN R
R . 4
primary
5 - 2 . \
- B o

secondary

. - 1
where n = turns ratio

4

Thus substituting we have: ™ . ‘ .

N g

145,

Maximum primary ground fault current. I = 7967,43 = 17.21 A
‘ .14 (57.5)2

s ¢

o

E"or the 600 Vv bus t'henphase-to-grOund' voltage _is

] ' ~ . .
- - \
Viy = 600 = 347V )

L)

Thé maximum ground fault current is given

« V.

Y

r
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14.3 ANALYSIS ‘AND RECOMMENDATIONS FOR THE DIFFERENT |
CTASES OF SHORT-CIRCUITS . '

A

Refer tq Drawing 2, included in the appendix

» <>

At point A (ahead of the reactances)

r

'
‘For a phase-to-phase or a phase-to-ground ‘fault, the |

circuit breakers of the generators ‘and those. of the auxilia
,ﬁé}vices should open. This implies the cdmplete stop of the

1
Qg:gge'nerators and also the minimizdtion of the fault. This
N -

., 2one should be covered by the generator protection which is

ﬁhe responsibility of Hydro~-Quebec.

L

A S
At point B (after;the reactances) o

-

w

The same analysis-and recommendation that applies
"for point A applies- here as well. The undervoltage relays-
27 - are used-to initiate the gHiange-qver process.’ The

electrical interlocking of the two main circuit breakers

is achieved by using the tripping relay.

~ a

At point C (Supply to the 13.8 kV bus-bars) '

For a phase-to-phase or phase-to-ground fault both ™ »

main circuit breakers 12-14 and 12-15 or 12-18 and 12-19
should open. This is necessary in order to avoid the supply
of power to the defective zone through an alternative path,

a fact that could resuit,in tripping of the four genérators.

146,
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e Lo For phase-to-phase fault protection a simple over-
current scheme with inverse time and short~time deiay

features is recommended. This will permit reasonable

* []

clearing times. - ya

»>

For phHase-to-ground fault protection a simple over-

“

current scheme is recommended having a short-time delay.
This will permit coordination without the risk of false

tripping from capacitive discharge of cables.

- 4

v

At point D (13.8 kV switchgear)

The protection described for peint "C" covers equally

well this zone.

.

" At point E (13.8 kV sedondary circuit breakers)

]
9

R . The protectlon provided for point "C" covers the
s T breakers ‘themselves for any type of internal fault.

~

— n wr 4

At point F (13.8\kV feeder .supply)
- ‘ © - ..

e
.
-t M . 2

4

In .the case of a ph&se-to-phase‘or a phase—to-gréund

fault, the feeder c1rcu1t breaker should open in order to

v o

1solate the faulted part. i YL

For a phase—to-phase fault a simple 6vercurrent scheme

protectlon is recommended Co .

b ‘ N
b . . [
i . > Ve /, .
3 - . . +
. . .
W . D -4
.

Wt

For a pﬁhse~to-ground fault an overcurrent pre%ection ¢

scheme is recommended having a short time delay.

-, . *
’
~
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At point G (13.8 kV equipment)

, a). Auxiliary Transformers-  (Powerhouse)

Those transformers, being oil cooled present the risk

., of tank explosion for fault -in the windings.. For preventing -

.

- this from happening the following protections are recommended:-

- A thermal relay-49-protecting against over-temperature..
- A pressure relay-63A- utilized for alarm purposes only.
- A pressure relief relay-63D- utilized to initiate

the pressure relief device mounted on the tfansformer
tank ~ d

- A pressure relief relay-63DC- performing the same
function as-63D-above, but mounted on the.on—load

tab changer (LTC) compartment.

The protection of the feeder (point F) protects equally

well the primary windings of the transformer.

r
¢ ——

Ve ‘ .
The protection of the low voltage winding, and
" the 600 V bus duct, against phase-to-ground faults is
effected by the use of a ground relay, installed in the

neutral of the transformer sePondary. This relay tribs

~

- the feeder breaker.

'y




b) Auxilié:y transformefs’(Water intéke and Spillwayf
\?g )

Those transformers, being of the dry type ANN, do not
present any risk of explosion. Tbus thenonly relay required
for their protection is the thermal relay-49-wﬁiéh has
two contacts} one for alarm purposes agd the other for
tripping of the 13.5 kv cirguit breakgrg at the powerhouse.
In order to protect the windings égainst‘phase-té—phase
faults, a load-break fusible switch to be installed just

ahead of the transformer is recommended.

The ground protection of the 13.8 kV cables protects
equally well the primary—windings against pQFse-to-ground

»

faults. .

A ground relay installed in-the neutral of the trans-

former secondary trips the feeder breaker in case of a phase -

to ground fault of the transformer low voltage win@iﬁgs.
7

At poinf H (600 V circuit hréakerSQ‘

For this part of the circuit it is recommended to use

’

metal-enclosed air circuit breakers with solid-state

protective relays. Those solid-state (static) relays should

*

contain a long-time delay protection, a short-time trip,

an instanteneous trip- and a ground-fault protection.




14.4 \COORDINATION OF PROTECTIVE DEVICES

\ .
In' order to demonstrate the protection and cdordination
principles ihvolved a particular, but nevertheless typical

circuit (spillway circuit) will be coordinated.

-

A typical single line diagram is shown in fig. 14.2
where also the many diffe;ent\protective devices are
aésigned numbers from 1 (starting at the load side) to
14 (reactor). This is done in order to facilitate the
presentation: At thé same time those partiqular numbers

will be used on the time-current coordination curves.
]

4 .
14.4.1 COORDINATION TECHNIQUE

fy —_—
- p—

-

The steps for obtaining complete cooyxdination have
been ouFlined in section 7.0. Here an attempt will be )
made to relate the theory to the actual, example and

elaborate whenever a clarification is deemed necessary.

o The first element to be plotted in the log-log time-
current coordination graph (fig. 14.3 and 14.4) is the end
device represented as element 1. The load of the spillway
consists of pumps, motors, and lighting. The largest

| . - , 4
- 'single load is a 20 hp squirrel cage induction motor which

Al




". at 600 V draws a full load current (FLC) of 23 A.

Since actual data £;} this motor are not available,&a
typical starting time can be assumed to be 3 sec. It is
also ‘a common practice for design coordination purposes,

to aésume a motor locked rotor current (LRC) of 6 times

the motor (FLC). Therefore LRC = 138 A,

Next4 a thermal overload is chosen and flotted as
element 2. For this the CGE, CR 224 overload element was
chosén. v "
v

As a branch circuit breaker, element 3, a Westinghouse
DS air circuit breaker is chosen. This breaker has static
trip sensors which offe; versatility,'good response, a.
relatively, narrow coordination band and facilit; for appli-
cation ¢f ground trips as compared with older oil déshpot
or similar sensors. Tﬁe instantaneous element is set at

the usual 7 to ld times motor’FLC in order to avoid un-

necessary tripping. (

ﬁ\) l n‘f-
Now before proceeding with the coordination of element
4 which is the transformer secondary breaker, the transfor-
mer damage curve is plotted in order to‘establisp the .upper
limits of settings. A typical transformer damage curve was

used from reference (9) which 'is plotted as element 5. ;>
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~

The transformer full load current referred to the

- low side is 962 A i.e.: 1000 kVA\-.'

Y'3-"*\\.6>
Thus secondary breaker will be applied at 125% wbich
corresponds, to 1200 Amps. This picgfup value of 1255”\
is the lowest commonly applied so as to provide reasonable
protection but avoid nuisance tripping. A Westinghousq
air circuit breaker - DS tyée - is again chosen. The
instantaneous element is set at a nominal 7-10 times
connected load to avoid false tripping on inruéh following
a severe voltage depression. Sufficient time delay is also
provided to coordinate with downstream breakers.
The next elément to be coordinated is the transformer

primary fuse (elqment'6). It should continuously carry at

least 41.8 A ;ﬂ962 secondary A referred to the high side

13.8

To avoid bloﬁing on inrush transient a minimum fuse value
of 150% is commonly fecommended. A CGE, EJO-1, LOOE power
fuse was selected and applied at 200% of transformer full
load current; ‘Since the %ransformer is equipped with a

LV protection which protects it against most faults on

the 600 V system and bus this figure.can be a high as-
600%‘(Canadian Electrical Code, Rule 26-046), depending

-

- on the impedance of the transformer.
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It is usual practice ‘to show "coordination pairs" of

device curves with not mor; than three or four curves per
sheet for clarity purposes. Therefore the coordination
'will be carried oJer to a secoﬁa graph. All the elements
.to be coordinated from now on are located iﬁ the 15.8 kv
bus thus it would be advisable to use 13.8 kV as a base.
This essentially means that the last three elements i.e.
4,5 and 6 would have to be reffered to 13.8 kVL, This can

be done quite easily by using the tranformer voltage ratio.

The next up-stream protection will be offered by
element 9. This is an overcurrent relay having instan-
ffffaﬁéous (50) and time delay (51) elements. An ASEA,
RXIDF-2 static relay has been chosen mainly'because of its
low burden. (Section 16.1 elaborates on this fur;her).f
Since the tranformer is fused this relay is principally

used to protect the 3000 ft of # 1/0 AWG cable and to give

a'tripping signal to the corresponding breaker, element 10

The cable is rdted to carry a continuous current of 155 Ambs.

Thus since the transformer FLC is only 41.8 Amps, the
relay pick-up can be set at 140 Amps and the instantaneous
will be applied at about 1000 Amps so as to avoid non-seled-

tive tripping on haximum transformer low voltage fault.

AN

(MVA_ . ~ L1MVA - 15 MVA and -
. . ~d T . - »
I, o = _15MVA _*1.6 = 1004.0 A where 1.6
ot Y3 x 13,800 \ ' )

is .a commonly used offset factor).
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The last element to be coordinated is element 13.
This is again an ASEA, RXIDF-2 overcurrent relay that -
simply operates on its corresponding breaker, element 12.
The reactor is rated for 350 A thus at 125%.the relay
pick-up kminimum) should be 350 ¥ 1.25 = 438 A. We
érbitrarily set the pick-up at 480 A which correspOnd§

to the next highest available relay tap of 4 A secon-

dary. (CT ratio = 600/5 = 120, thus 480/120 = 4 A).

It should be noted howgver that there must be a time delay
of at least .25 s between the definite time eleménts of 9
and l3l This will assure us that element 9 will operate.
before element 13, and will allow for breaker clearing time
and reset.of the 13 current sénsor element.

o

Note: Elements;B and 11 being simple overcurrents relays

/ ¢ R .
(ASEA type RXIG-2) provide the phase-to-ground protection.
It will be shown in section 16.2 that the current settings'
for the 560N relays. should be approximately 1.0 A. However

sufficient time’ delay should be provided so that proper'

.coordination will be achieved. For example; a time delay

'of .1l sec for relay 8 and a time delay of .2 sec. for relay 11

will assure us of good coordination.

LV ad
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LIST OF ELEMENTS SHOWN IN FIG. 14.2 '
- ; -
~1. 20 HP induction ﬁgtor ‘ . i (
2. Thermal overload, CR224C, CGE
3. Air Circuit Breaker, DS, Wesﬁinghousg V
4. Transformer Seéondary greﬁker, Dé, Westinghouse -
)n 5.~§Tfansformer @amage curve . e 0
6. Transformer primary fuse EJQ?li CG;‘
. 7. 1Insulated cable #’1/0 A%G, Short—gircuit heating limits
8. Neutral overcurrent relay RXIsz,fASEA i{}me_gial éf .1 s)
) 9. l3;84kV(bus AVe;current relayoRXIDsz, ASE% (Time dial of .7 s)
10. “Circuit breaker, operated b& eiemént (9) ;f
11l. Neutral overcurrent ay RXIG-2, ASEA, (Time dial og ”2;s)
12. .Circ;it breaker, opefpted b;ﬂelément.(l3)3 .
13. -13.8 kV bus overqurr;nﬁ relay, RXIDP-2, ASEA (Time dial of .2 s)
14. Reactor, X '= 0272 Q ra'ted at’ 359§A.
’ o
. " ¥ ; s
3 . s s .
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. 15.0 #RANSFER AND INTERLOCKING PHILOSOPHY
Y ’ e :
. ) Refer, to Drawing 2 (appendix) .

) o~

The transfer of the power supply for the two buses

|

' . . .. :
A - R '

P two principles:: \

- eupplying the auxiliary loads i;\hgse@ on the‘foliowing

DY ' s ) . .
& -. | the two incoming breakers should never be operated

‘in parallel;

- - . - a loss of power on one of the suéply paths should
L w initiate the transfer operation between the two sources,
« ) except if th;s t;ansfer is blocked due to trlpplng of T
% . ‘ c 'relay 86, that is, due to a detected fault If the : :

- .
« . “1 N

ebove two condxtlons are to hold true, the c1rcuit:~

R breakers 12-14°and 12~ 15 should be 1nterlocked in such.

P - I "a way that one should open in order to permit theg et

ex

8

c1081ng of the other. The same principle applies‘for .

“\ the breakeks 12- 18 and 12- 19. ‘The opening of the above

¢ + l“v N

e S c1rcu1t breakers is effected by their respectlve lockmng- 5
N ) outgrelay (86), which can be trlggered either by the \7 ‘
: ,’ . overcurfent‘protections, the Hydro-Quebec protectlon. ‘ -
A s;gnals%or by .the. loss of voltage sensed by undervoltage |
"'Tl, . .7 'telay 21. c Ih "the first cese, a transfer to the other‘

N supply 1ine wil] not be made. In the caseof pndervoltage ¢

o Mf“ 8 h§ ﬁ detection,the transfer will be initiated hywrélay;dgl "




'provided,that relay 86 permits such a transfer to
take place.

ping signal, the undervoltage relay should be trig-

to take place.

Even in the case of having a H.Q. trip-

gered first and then the. transfer will be permitted

B R

160,

&

i
o

As a consequence of this arrangement, following a

fault at a location downstream of the incoming breakers,

that is, in the connecting cable, in the bus, or in the

feeder, a transfer will not be effected. But following *

a fault at a location upstream of the incoming breaker,

protection, resulting in a transfer to the unaffected

power supply.

given that this fault is not detected by the overcurrent

protection, a tripping signal will be initiated by the H.Q. .

o

»
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l6.1

loads

rgaturation problems.

‘a)

b)

must

161 L
L

Y

SPECIAL PROBLEMS AND SOLUTIONS

- !

'RELAYING CURRENT TRANSFORMERS |

!

Relatively high fault levels, (250 MVA), and low feeder

(low current transformer ratios), can cause CT

-

L
Two basic proaches were considered: ' «XD’
use of low burden static ré}ays to avoid saturation,

if possible.

use of electromagnetic elements, solving the fesulting
saturation problems by separation of instantaneous

(50) and time (51) features, if necessary.

A

, (12)
To avoid saturation the following equation

i
be ‘satisfied:

e 3

“Vk \>/4 6'28, % InRaT

L}
- ! 'y

where: Vk = voltage at ‘the knee of ‘the saturatigh-éurvé.
I ‘= symmetrical secondary current (Aﬁps)
. L . '
R = "total:secondary resistance

T = d¢ time constant of the ‘primary circuit

—- --in cyCles,"

o

ll,“{ b/

£ 1




:-5‘.1“ "‘. .:i :f'.-—u;‘« -
- "

LR 3
A e
\

and ;s a feasible solution. .

162,

If it is assumed that~600/5 CT's of maximum C600

‘characteristic i® available and that time constant of 6

cycles (.1 éec) is practical the resistance R' will be

v .
R <: k §
6.28*I*T ’

-

substituting values for Vk = 600V, T = 6 cycles,"

I = 10460 = 87 A * we have

Y
/ R 600 - 0.183 2
6.28*87%6

\

This Qalue of R is actually vefy low but nevertheless

1

i

Static Relays h , kK

the new generation of static relays can satisfy it.

-

L)

A static relay manufactured by ASEA (RXIDF-2H) can

'be used. The .5 A tap cgh be used whiéh corresponds

to a power consymption of .02 VA

0.08 §2

Thus; Relay burden = .02
(.5)2

" Lead burden of -50' of #9 Cu - 0.04 52
0.12 Q

Thig is less’than the above mentioned maximum permis- R

Circuit burden on CT

sible burden (. 183 Q) required in order to avoid saturatiun o

4
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Electromagnetic Relays: ' -

Use of a typical elect.romagnetic relay (Canadian
General Electric IAC 53) set at .6 A wou‘ld' impose a burden
of approxixgately 3.5 Ohms, causing considerablelsaturation.
Theréfore one must check whether the time of saturation
is enough to trip the instantaneous element (50) eg. 30
milliseconds minimum,’ at ax; assumed system time constan{:'

of 6 cycles. The applicable formula (3) is:

Ks = K 2 yhere )

Il * R ‘
Vg = Voltage at the knee of saturation curve (600 V)
N, = Turns ratio (120)
I, = Primary current (10,460 A) C
Ry = CT saturation factor (10, from fig. 16.1) |
R, = Secondary resistance.

Solving for R, we have:

R, < 600 x 120 = .69 Q2 o
10,460 x 10 '

Thus, it' is seen that separate CT's must bg used for the

LY

< 50 and 51 elements if this approachvis used.
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& 10— = & sa
" ’a
3 .
" .
o o _
°|_—13451| 2 3457 1 2 3487 |°
l 0 0o 1000
TIME TO SATURATION~-ms
A . ) . . (3)
Fig, 16.1 Time to saturation curves for T = .1 sec
Conclusion
Summarizing what has been said so far, it is rgcom-
~mended that the simple solution of using low burden static
! _elements -be used for the relaying. . ' : s
B ) a ] : .
) 16.2 CABLE GROUND FAULT PROTECTION . ' .
‘\, . %
. The cable ground fault ISrotect:Lon must coordinate
. . with the generator ground protection, which is z%presented
T ‘in fig. 14.1, The common North-American relays used for “a ‘
§ © '+ . generator ground protection are rated for 67 or 199 v o T
. o };;;‘-:" ) (C\_l 8 of fra ‘pghousa or IAV 51 of CGE). A minimum pick-up
! '},,-"' !

; _.....»« B o _rela ,set‘tin'g'of correhﬁonding to 5.4 V) is a. comon




- A S e e . -

ASEA is'one of the few companies to have a

165.

Thus we assume a minimum setting of 5.4V on 64 relay.
This means that 10.8 V is applied to R, - Reflected to the

high side of the grounding transformer this 10.8 V is

.10.8%57.5 = 621 v, But' 621 V corresponds to 7.8%

of the winding 13,800 * 7.8%) which essentially means

\EB

that only 92.2% of the generator winding is protected.

Since protettive settings covering 90-95% of winding are

.common this was considered a reasonable choice.

From the above it follows that at minimum pick-up

-~

} kY

.14 Ry
= 77.14 = 1.34 A X/

Iprimary —— ¢ ‘ N -
' 57.5 ' h

There fore the setting on the 50N relay should be
about 1.0 A primary with sufficient time delay to coordinate

with the 13.8 kv feeder*lprdtecfion ground features.

-

. }
But to get a 1.0 A setting one can not use conventional
residual CT connection,. but muét use a cdr \b'alanced cT.
e:htch:i.ng er-
relay com\b:l.nation capable of, sat:.sfymg this requlrement.
The relay is RXIG of 2.4 to 7.5 mA ( 6 to l 7 A primary)
and the Current Transformer is ILKB of 200/1 ratio or ”, N

L9
IHKA of 100/1 ratlo. The choice of the current tranafomer

depends on the size of, the cables. = . Lo ,‘.",
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. ' It should also be mentioned that care should be taken .
‘ to ensuxe that the sheaths of the cables are properly .
,, . ‘ grounded, if the ground protection is to function correctly.
) ‘ The best way would be to ground the sheath only at the’,
< one end (switchgear) and insulate them at the generator .
' end' ‘
. y ! -
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protective device sef:tihgs readjusted qgcordinély.

v - CONCLUSION

!
4
1

~

The technique for providing a safe, selectively
coordinated, power system was studied .and an overview of

'

the basic principles involved was attempt’éd.

~

The first and basic step is the determination of .

whshort=circuit currents. Once the short-cixjcuit levels are

determined, the designer can specify proper interrupting
requirements, provide component protection and proceed to

coordinate the system. Proper coordination will be accom=

plished when the following steps are completed: decision

as to the degree of coordination necessary, cut and try
process of plotting protective-device characteristic curves,
and specification of the particular devices and settings

required.
. ’ - : |
: , \
' . ‘

It should be mentioned that many variations ‘and refine-

ments may be instituted in a given protectivé scheme. How-

ever the recommended practice is to adjust protectJ.Ve

. dev1ce settings by actual fleld tests during J.nstallatlon.A

4
- =] e

Finally care should 'élways be taken to ensure that the

- protectivescheme is kept up to date.. This essentially means

[}

that each and .every change in the system - addltion of\capa-

city or 1oad or rparrangemenj: - must be recognized and the

/
/

¢

}
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The devices 1n swilchung squepments are re-

- forred to by numbers, with appropriate suffix

letters when necessary, wcordinq to the
funchons they perform.

Thiss numbers sre besed on a system

sdopted as standard for autoratc switchgear
by IEEE, and incorporated in American Stand-
ard C37 2-1970. This system «3 used in con-
nection disgrams, in instruction books, and in
spacificatrons.

Device  Definition
Number and Function

1 Master Element is the initisting
device, such as 8 control switch,
volitags relsy, flost switch, stc.,
which serves either d-nctly. or
through such permissive devices as
protsctive and time-delay relays to
place an equipment in or out of
operstion.

2 Time-delsy starting, orclosing
relay is s-device which functions to
give s desired amount of imae
delay betore or after any point of
operstion in 8 switching seguence
or protective relay system, sxcept
as specifically provided by device

° tunctions 48, 62. and 79 described
later.

3, Chaecking or interlocking relay
® 3 device which operates in re-
. Sponse to the position of 3 number
‘ of other devices, (or td s number of
predetermined conditions), in an
squipment, to allow sn operating
sequence to proceed, to stop, or
‘to provide a check of the position
of these devices or of these con-
ditions for any purposs. !

4 Master contactor is s device,

generally controlled by device

No. | or squivalent, and the required
permissive ang protective devices,
that serve to me ke and bresk the *
necessary control circuits to plece
an equipment into operstion under
-the desired conditions and 1o take

it out of operstion under other or
abnormal conditions.

o)

@ - R
' ) T e . RN ™o fppeaNa B s FT AT N RIS bk ke R rv«r: Hgata 7 v M
r * '
. ) ®
. r at
. @
o p j73{
L)
Selections from ANSIC37.2-1970 '
- IEEE Device Numbers
‘and Functions
- For Switchgear :
: ' Apparatus
Device Definition . . Device Definition
Number _and Function Number andF }
B Stopping device is a control de- 13 Synchronous-speed device, such
vice used mnd m; lhuto‘down an as a conirifugai-speed switch, a
° esquipmaent & out of opers- ship-! relay. a voltage
tioc:l..lc‘mr::‘dwm'v m:d be bxmully nhy;;n umndurcumm relay or any
sctusted, ax- type of davice, operates at approx-
the function of electncal imately synchranaus speed of a
lockout (ses devics fu)nction 88) on machine.
sbnormal conditions,
. 14 Under-speed device functions
© Starting circuit breskeris s when the speed of & machine falls
device whose principsi function 1s below 2 pradetermined valus.
to connect 3 maching to its source
of starting voitsge. Speed or frequency, matching
15 devics functions to match and
7 Ancde eol?.uh brnk:r is one used . hold the speed or the freq y of
in the snods circurts of a power 3 machine or of s system squal to.
rectifier for the primary purpose ot or approximately equasl to, that of
interrupting the rectifier circuit if an snother machine, source of system.
arec back should occur.
g Control d‘6 actl 16 Reserved for futurs spplication.
power disconnecting
device is s disconnactive device - 17 Shunting or dischergeswitch
;uchku a W:;o M':h ma:‘ sed serves to open or to close a shunt-
reakar of pullout fuss brock. u S ing circuit around any piece of
tor the purpose of connecting and ‘\ apparstus (except a resistor), such
disconnecting the source of control N as a machine field, 8 machine srm-
powser 10 snd from the control bus ature, § CAPACItOr Of 8 resctor.
or equipment. .
Note' Ths anclutdes daveces wiuch perform
Note Control power s conmdered 1o n- SUCH BhuNTng ODSTBLIONS 88 MAY be NECES-
clude sunhery power which supphes such S8ry w Ihe procses of starvng 1 Maching by
spoaratue 8e tmall Mmotors and hesters. mlmmmmo
9 Reversing device is used for the sarve for “M‘ 0 ¢f rsntony
purpose of reversing a machine 18 Accsienating or decelerating de-
fieid or '°'f°"'°"“”'° sny other vice is used to close or o cause the
reversing functions.
closing of circusts which are used
10 Unitsequence swhah s used to toincrease or 10 decrssss the speed
change the e:'quonco in which units .
may be placed in and out of service .
in muitiple-unit equipments. 19 mm:t’r"l"h‘m'h"m .
. stes to initiste or cause the suto-
11 Ressrved for futurs appiication. matic transfer of a machine from
Over-spesd devicsis ususlly s the starting 10 the running power
12 dirsct-connected speed switch connection.
\‘Nh«:h functions on machine over- 20 Elsctrically operatedvalve s an
pesc. ¢ electneaily operated, controked or
\ monitored vatve in g fluid line.
Note: The function ot the vaive May be
mdicated by the use of the sullixes, soe
Page5
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Device  Definition - Device Definition Device - Definition
Number and Function Number and Function Number and Function
21 Distance relay is 2 device which 30 Annunciator relayis a nonauto- 39 Maechanical condition monitor )
functions when the circuit admit- maucally reset device that grves » 158 device that functions upon the
tance, impedance of resctance 8 number of separate visual indi- occurrence of an abnormal me-
, InCreasas or decresses beyond pre- cations upon the functioning of chanical condition {axcept that
determined lirmuts. protective dévices, and winch may associsted with bearings as covered
- alsobearranged to perform a under device function 38), such as
22 Equalizer circuit bresker is a + lockout function. . axcessive vibration, sccentncity,
bresker which serves to control or . expansion, shock, titing, or sesl
10 make and break the squalizer or 37 Sepsrate excitation device con- tailure.
" the current-balancing connections . nects 8 circust such as the shunt
for 3 machine fieid, or for regu- field of a synchronous converter, « 40 Fleldrelay functionsonagivenor
lating equipment, in a multiple~ to a source of separate excitation abnormally low vaiue or failure of
unit instaliation. during the starting e: O machine field current. or on an
one which energizes the excitation excessive value of the reactive
23 Temperature control device and ignitior cirguits of » power component of armature current in
functions to raise or to lower the rectifier, an ac machine indicating abnor-
temperaturs of 3 machine or other mally low field excitation.
spparatus, or of any medium, when 32 Directional powar relay s one
its temperature falls below, or nses which functions on s desired valus 41 Field circuit breakeris a device
asbove, 8 predetermined valus. of power flow in s given direction, which functions to apply, or to
Of UDON reverse power resulting remove, the held excitation of 8
! Nots: An sxampie @ 8 thermostat winch from arc back in the anode or machine., o
¢ By e “";".'.:':g'." cathods circusts of 8 power rectifier.
desred value 26 chebinguished from a de- 42 Runningcircuit breakeris s
-+ wieewhch 8 USed 10 provde sutomstie 33 Peosition switch makes or breaks device whose principst function-is
wersture reg ' contact when the main device or to connect 8 machine (o its source
s 8nd would be desgnatéd os ST piece of apparatus, which has no of running or operating voltage.
A od for fu icats device function number, reaches » This function may also be used for a
24 Reserved for future appiication. given pomition. device, such as a contsctor, that is
' . used in series with 8 circuit bresker
25 Syr_\c:ml'xhg or synchronism- 34 Mastersequencedevice is a or other fault protecting means,
chog ce °,°'f“” '”h'f' twd daevice such as a motor-operated primatily tor frequent opening and
ac cm:\:m ars within the desired multkcantact switch, or the equrv- closing of the Gircuit.
limats of frequency. phase angle or alent, or a programming dewvice, o ,
- voltage. to permit or to caute the suchass computer, that establishes 43  Manual transfer or selector
paraiisling of these two circujts. or determines the operating se- . deviow transfers the controt cir-
’ ° quence of the major devices in an cuits so as to modify the plan of P)
26 'A""."m' thermal device equipment during starting and operation of the switthing equip-
+ functions when the temperature of Stopping or during other sequential mant or of some of the devices
the shunt field or the armortisseur switching operations.
winding of 8 machune. or that of a 44 Unitsequence starting relay is »
load limiting or load shifting resistor- 3 Brush-operating, or slip-ring- device which functions 10 start the
or of 4 hquid or. other medium ex: short-cirouiting, device s used next available unt in s multiple-
ceeds s predetermined value; or it - fof raising, lowering, or shitting unit eqliipment on the failure or on
the temperature of the protected the brushes of s machine, or for the non-availabuiity of the normally
2pparstus. such as & power recti- shortcircuiting its siip rings, or for preceding unit.
fier, or of any medium decresses . .
below 8 predetermined val angaging or disengaging the con-
ap ned vaive. tacts of s mechanical rectifier. 45 Atmospheric condition monitor
' . , is & device that functions ipon the
27 Undervoitage relay "‘v‘ device 36 Poisrity or polarizing voltage rrence of an abnormal atmos-
which functions on a given valu device operstes or permits the ric condition. such 83 damaging
of undervoitage. : operation of another device on » fumes. explosive muxtures, smoke,
. redetermined polarity only or : or fire.
28 Flame detector is s device that s‘ﬂﬁ“ the prmﬁ?' 2 polanzing
monitors the presence of the priot . voitagein an squipment. 46 Reverse-phase, or phass-bal-
- or main flame in such spparatus as . - anes, current relay is a relay
2 gas turbine or a steam boller. 37 Undercurrent or undsrpower which functions when the poly-
- . relay functiogs when the current phase currents ars of reverse-phase
29 Isolating contactor is used ex- ot pgw« fiow tetreises below » saquence. or when the polyphase
pressly for disconnecting one cir- pradstermined vilue. . currents ars unbalanced or contain
* cuit from anothaer for the purposss negitive phase-sequence compo-
_of emergency operation, mainte- 38 Bearing protective device func- nents above a given amount.
nance. of test. tions on excessive basring tempers- .
. ture, or on other abnormal mechan- 47 Phasessquence voitage relay
s ical conditions, such a3 undue wear, functions upon a predetermined
, which may eventuasily result in value of polyphase voltage in the
desired phase sequence.

excessive bearing tamperature.
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that sutomatically controls the
application of the field excitation
to a0 8¢ MOTOr at some predeter:
mined point in the siip cycle.

such purposss’as starting, holding
spesd or load, or stopping.
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' Dévice  Definition Device Definition Device  Dafinition
Number and Function Number and Function Number and Function

48 Incomplete sequencerelay is s B7 Shoricirouiting or grounding 66 Notching or jogging device
relay that generally returns the devigie is a primery circuit switch- ~ functions to allow only s specified
equipment to the normal, or off, ing device that functions to short- number of operatons of a given de-
posivon and locks it out if the nor- cirgunt or to ground a circuit m vice, Of squipmaent, or 8 specified .
mal starting. operating of stopping re3ponse 1o automitic or manual - number of successive opsrations
sequencs 13 POt properly compileted - mesns. within 8 grven time of ssch other.
within a predetermined tme. i the It also functions to.snergize 8
device is usad for alarm purposas B8 RAuctification failurerelay is a circuit periodicaily or for fractions
only, it should preferably be desig- device that functions if one or more of specified tina intervals, or that is
nated a3 48A (atlarm). anodes of 2 powaer ractifier fad to used 10 permit intermittent accel-

fire, or 10 datect an arc-back or on eration or jogging of a machine at
" 49 Machina, or transfarmer’, ther fsilure of a diode to conduct or low speeds for machanical posi-
mal relay 12 3 relay that functions ' block property. tioning.
when the tempaerature of » machune f .
armature, or other losd carrying 59 Overvoltage relayisa relay that 67 Acdirectional avercurrent relay
wanding or slement of a machine. functions on » gven value of is a relay that functions on 8 de-
or the tempersture of 8 pr recti- overvoitage. o sired value of ac overcurrent flow-
fier or powgar transformer (inclug- . . ingin a predetermined direction.
ing 8 power rectifier transformer) 60 Voi!lgo or Currsnt balance refay
ds & prec ined value is 8 relay that operstes on a given - B8 Blocking relsy is a relay that
ditference in voltage, or current wnitistes 8 pidot signal for blocking

50 lnn.lnun.oul overcurrent, or input or output of two circuits. of tnpping on externsl faults in s
rate-of-rise relayisTrilay that transmisseon line or in other appa-

“functions instantaneously on an §1 Reserved for future appiicstion. ratus under predetermined condi-
excessive valud of Eurrent. or on tions, or cooperates with other
an excessive rate of current rise. - 62 Timedslay stopping or op-nirw devices to block tripping or to
thus indicating a faultin the ap- relay is's time-delay relay that block reclosing on an out-of-step
parstus of circuit being protected. serves in conmjunction with the condition or on powsr swings.

device that initistes the shutdown,

51 Ac time overcurrent reiay is 8 stopping. or opening operation in 69 Permissive control device is
relsy with esther a definite or in- an automatic sequence. generaily 8 two-position, manually
varse time charsctenstic that func- opsrated switch that in one pogition
tions when the current in an sc 63 Pressure switch is a switch which parmits the closing of a circust
circuit exceeds 8 predetermined operates on given values or on » bresker. or the placing of an equip- '
vaiue. given rate of change of pressure. mentinto operstion. and in the
. . . other position prevents the circun

52 Ac circuit breaker is a device that * 64 Ground protectiverslay s a breaker or the equipment from

) is used to close and interrupt an a¢ ralay that functions on failure of being operated.
powsr circuit under normsi conde - theinsujation of a machine, trans- ’
tions or 10 interrupt this Circuit former or of other apparatus to 70 Rheostat 1s a varable resistance
under fault or emergency con- ground, or on fisshover of a de dsvice used in an slectric gircuit,
ditions. machine to ground. which is electrically operated or

Y has other electrics! accessories.

53 Exciter or de gohontor relay Note Thes tunction i assigned onty 10 4 such as auxiliary, position, or limit
is o relay that forces the de mis- m :;’u"‘fr"_::': :‘:m:" current switches.
chine fisid excitation to build up 394 0f siructure of 8 piece of appekatus to
during starting or which functions « ground, or detects s gravnd on 8 aoremslly 71 Levelswitch is a switch which
when the machine voitage has built ung ded wanging of circurt. It i3 not Operstes on given values, or on a
up to a gived value. bl ;:m,;’::‘ut'&‘:": given rate of change, of levael.

eurrent e .ot ihe dary

54 Reserved for future application. neytral of gurrent traneformers, connect 72 Do clrgult breskeris used to

o "l‘:m”“'" ewgud of s normaity grounded close and interrupt & dc power

58 Power factor relsy is a relay that yeiem. circuit under normal conditions
operstes when the power factor 65 Governor is the assembly of fluid, or 10 interrugt this circuit uhder
in an ac circuit rises above or " electricsl, or mechanical control fault or emergency conditions.
beiow s predetermined value. vipment used lor regulating ¢

'ﬂgwpof w.,.,',’f,.ﬁm,'f,“m:‘,’ he 73 Lload-resistor contactor is used
56 Fisidapplication relay is a reisy medium 1o the prime mover for . o shunt or ifisert a step of load

limiting, shifting, or indicating
rasistance in 8 powasr circuit, or 10

switch a space heater in circuit, or |

to switch a light, or regenerstive
load resistor of a power rectifiar or
other machine in and out of circuit.

40

O N



e, TG TR

.

st T E e

TR BE e

s

wegmee,

.z e

S N x d

o s

A R A T st .,7;

B R L I

T R

et AL i PR | TR TR ISR

’ 176,
Davice ‘ Definition | Devics Dsfinition ) Device Definition
Number and Function Number snd Punction Number and Bunction
74 Asrm relay is s device other than 83 Automatic sdective control or 91 Voitsge directional relayiss
an snnuncistor, as coverad under transter relay is a ratsy that oper relay that cperates when the voltage
device No. X, which is used to stes to ssiect sutomatically be- SCTrOSS an open circuit breaker or

., Operate. or to operate s cConnection

75

76

78

79

80

81

with, 8 visual or sudible sltarm,

Position changing mechanismis
2 mechanesm that is used for mov-
ing a main device from one position
10 anottver In an squipment; as for
sxample, shifting ¢ removabie oir-
£uit breaker unit 10 snd from the
connected, disconnected, and test
positions. < '

)
Do overcurrent relay is a relay
that functions when the currenting
de arcust exceeds 8 grven value.

Pulse tranamitter is used to
generate and transmit putsesover
12 telemetering or pilot-wire circuit
to the remote indicating or receiv-
ing device.

Phase angle measuring. or out-
of-step protective relay is s relay
that functions st s predetermined
phase angle between two voitages
or between two currents or between
voltage and current.

Ac reciosing relay is 8 reisy that
controts the sutomatic reclosing
and locking out of an ac circuit
interrupter.

Flow Swritch s a switch which
Operates on given values, orons
given rate of change, of ﬂo\w

Frequency relayis s relay that
functions on s predetermined
valuetof frequsncy - sither undsr
of over or on normail system fre-
quency - or rata of change of
frequency.

De reclosing relay is a relay that
controts the automatic closing
and reclosing of s dc circuit inter-
tupter, generally in responsa to
load circuit conditions.

¢

tween Certain sources or conditions
in an equipment, or performs s
iransfer operition automatically,

1

84 Operating mechaniam is the

85

(V4

86

87

compiete ¢lectricsl mechanism or
servo-mechanism, including the

> operating motor, solenoids, posi-

lion switchas, stc., for 8 tep
changer, induction ragulator or shy
smilar peace of apparatus which
has no device function number.

Carrier or pilot-wire redeiver
relay is a relay that 18 Operated of
restrained by 2 signsl used in con-
nection with carrier-current or dc
pilot-wire faul directronal relaying,

Locking-out relay is an electrically
operated hand, or slectrically, resat
ralay that functions 10 shut down
and hoid an equipment out of serv-
ice on the occurrence of abnormal
conditions.

Ditferentiai protective relayisa
protective relsy that functions on
s percentage or phase angle or
other quantitative difference of two
currents or of some oth.r slectricsl .
quantities.

\.
Auxiliary motor or motor gan-
erator is one used for operating

° auxihary squipment such as pumps,

' 89

20

blowers. exciters, rotating mag-
netic ampilifiers, stc

Line switch is used as & discon-
necting iold-mtcrruptor. oriso-
tating switch in an sc OF " de power
circuit. when thig device is elec:
trically operaidd or has electrical
sccessories. such as an auxiliary
switch, magnaetic lock. stc.

Regulating device functions to
regulate & quantity, or quantities,
sych as voitage, current, power,
speed. frequency, tempersturs, and
losd, at a certain value Or between

- cortain { gcmrnny closa) imits for

machines, tie lines or other ap-
parstus.

.

92

93

94

CONtactor exceeds 3 given value in
8 grven direction

Volitage and power directionsl
relay is a relay thst permuts or
causes the connection of two cir-
cuits when the voltage difference
between them sxceeds a given

" value in 8 predetermined direction

and causes thase two cweuits to

be disconnected from each other
when the power betwesn
therm exceeds & grven valuenthe .
opposite direction.

Field changing contactor func-
tons to increase or decrease in
one step the value of fieid excite-
tion on s machine.

Tripping or trip-free relay func.
tons to trip a circuit breaker, con.
tactor. or squipment. or to permit
immediate tripping Dy other de-
vices: or 10 prevent immediste
reciosure of s circuit interrupter,

in case it should open automatically

. even though its closing circuit is

96
‘9
97
o8
29

maintained closed.

Used onfy for sgecific applications
on individual instaliations whare
none of the sssigned numbersd
tunctions from 1t0 945 sutabie.

.

Supervisory Control and indics-
tion. A simiisr series of numbers,
prefixed by the letters RE {for “re-
mote™) shall be used for the inter-
pesing relays performing functions

‘that are controlied directly from

the supervisory system. Typical ex-
amples of such device functions
ars: REY, RES, and REDMA.

Nota The use of the “RE~ prefia for the
purpose i plece of the tormer 200 senes
dhummmmt-nmwoum

e pump Stakons, the numbers 1'through
90 are sppked 10 dewice fungtions that sre
0TCISLEG WAHR 1he OVEr-all S1aNoh 0pers-
non A simiar senes of numbers, Slarting
weth 101 matend of 1. anuuﬂlonnou
devnce that sre

unet 1; ammmmmw

N
mz..ndnm.luoacwmm
instadig tions.



