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principles of differential protection

general information

Differential relaying systems are universally used for the pro-
tection of generators, transformers, station buses, and transmission
lines. These differential systems are all based on the principle of
balancing or comparing the secondary currents in the current
transformers at the terminals of equipment. Due to the distance
between terminals of a transmission line, the comparison cannot be
made directly, and transmission line relaying therefore is a
separate and distinct type of differential relaying. This subject is
treated elsewhere.

The basicdifferentialschemeis shown diagrammatically in figure 1.
Under normal load conditions, current flows through the pro-
tected equipment (generator, bus, or transformer) and the current
transformer secondary currents I1 and I2 will circulate through
path Ia.

With a protective relay connected between points 1 and 2, no
current will flow through the relay under normal conditions.
Should a fault occur external to the equipment, current flow will
be increased but will be in the same relative direction as under
normal conditions, and the relay will not operate for this external
fault condition.

When a fault occurs in the protected equipmentgthe current flow
on one side is reversed, upsetting the notmal balance and causing
current Ip to flow through the relay from peint 1*to point 2.

As long as the current transformer seéondary currents are nearly
equal, no appreciable current will flowthrough the relay operat-
ing circuit. Any leakage current, howeverto other phases or to
ground, will upset the balance and send current through the relay
operating coil. If this current exceeds the pickup setting of the
relay, it will operate to tfipythe ‘breaker and disconnect the
faulty apparatus.

Generator differentialgrelayshare usually arranged to trip the
generator, field circiit, andyneutral breakers simultaneously . . .
using a manudlly reset lockout auxiliary relay. In some applica-
tions the differentialjrelayfalso trips the throttle and admits CO2 to
the generator for fire protection.

In transformer differential protection, the high voltage circuit
breakerlis’oftemplocated at the remote end of the line serving the
transformerlIn this application the differential relay initiates a
remote trip signal over a pilot wire, tone or carrier channel to the
breakerlocation. See application data 41-940 (carrier) or appli-
cationdata” 41-960 (audio tone) for further discussion of this
application.

fig. 1: Basic differential relay connections.
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differential protection
using overcurrent relays

external fault internal fault
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differential protection
using percentage differential relays

external fault internal fault
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fig. 2 fig. 3

While standard overcurrent relays have been used in differential
schemes (figures 2 and 3), the rapid increase in the complegity
and loading of integrated power systems has createdgay, moré
selective line of differential relays . . . each with its ow#i operating
characteristic.

Sensitive relay settings are required to detect groundifaults
which may develop into phase-to-phase or three-phase faults.
The neutral impedance of a generator limits the /nagnitude of the
ground fault current.

However, relay selectivity requirements may preyent the use of
low-current or fast-time settings.

Phase-to-phase overcurrent protection’ has) definite limitations
from the consideration of sensitivity, iselectivity, and speed of
operation, since overcurrent relaysymust'be set above maximum
load current and must also havestimelséttings which select with
other relays on the system.

The use of restraining windings‘insdifferential relay design per-
mits more sensitive reldy seftings, affording greater protection
than is possible withyplainfovercurrent relays whose trip settings
must be high enéugh toyprevent undesired operation due to cur-
rent transformér performanee under heavy through-fault current.

Since current ttansformérs of the same type and rating perform
differently due to“yvariations in magnetic construction, loading,
degree of saturation, etc., differential relays are designed which
operate on either a fixed or variable percent of differential
current betweén the incoming and outgoing currents. The
variable percentage relay is particularly adaptable to applica-
tions involving transformers where the low and high side current
transformers have different current and voltage ratings.

fig. 4 fig. 5

Percentage differential relays have two (or more) additional
windings called restraining windings. The restraining torque is
in the contact opening direction and is proportional to the vector
sum of the incoming and outgoing currents. On an external fault,
this contact-opening torque is strong and tends to prevent false
tripping due to the differential current (Ip) caused by saturation
effects of the current transformers.

On internal faults, most of the current in the restraining windings
is in opposite directions so that the total restraint torque is much
less than in the case of the external fault.

The relay will trip when the operating torque (created by Ip) is
greater than the restraining torque, that is, when the operating
current is higher than a certain percentage of the smaller of the
two restraining currents.

Some relays are designed to trip when a constant percentage of
unbalance exists between the two restraining currents. Other
relays operate over a variable range of differential current. These
have a ‘‘variable percentage’’ characteristic and, as the magni-
tude of the restraining current increases, a greater amount of
operating, or diﬁerential:current is:required to trip thejrelay.

The variable percentage relay is more sensitive than a constant
percentage relay on light internal faults, but less sensitive on
heavy external faults; due to the variable percentage character-
istic. It is particularly suitable where heavy saturation currents
are encountered.
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differential protection
using linear coupler relays
external fault internal fault
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fig. 6 fig. 7

Linear coupler transformers produce secondary voltages pro-
portional to the applied primary currents.

The linear coupler method of differential protection)is essentially
a voltage differential scheme and, consequently, a series circuit
is used in contrast to the parallel circuit employéd with current
transformer schemes. In the case of an external fault as shown in
figure 6, the sum of the voltage induced in thglinear coupler is

zero. E1 +E2—En=0.

This occurs because the sum of the currents flowing to the bus is
equal to the sum of the currents flowing qutto the system . . . and
the relay does not trip. In thé)ycase of an intemal fault, see figure
7, the above voltage cancellationidoes ot exist, and the difference
voltage appears at the terminals ofya high speed, low energy,
linear coupler relay which“irips instantaneously. The linear
couplers are in effect air €ore mutial reactors. They are similar to
current transformers infgénerali@dppearance and structural detail,
except that the secondary @oil winding has an air core with a
permeability of 1.0; thus,will not saturate or cause error currents
even when heavy primary currents exist.

This type ofiprotectiondis particularly applicable to the protection
of statioh busesiwhere the d-c component of short circuit current
has aflongdime constant and causes saturation in current trans-
formets of conventional design.

line
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generator differential relays

The relays described in this section are percentage differential
types. The magnitude of the differential current required to oper-
ate them increases as the external fault (or through) current in-
creases.

In the type CA inverse timing relay the percentage is constant,
and in the type HA instantaneous 3-phase relay the percentage
is variable.

These relays are extremely sensitive, yet they will not trip on a
through fault unless the difference current expressed as a percent
of the smaller restraint current exceeds the percent sensitivity of
the relay.

The burden of the current transformers used in a generator differ-
ential relaying scheme is of importance in maintaining the proper
relationship between the two sets of current transformers.

Burden on the current transformers externdl’to the differential
relay burden should not exceed (NBVcL)/133 ohms. Where:

Np =proportion of totallnumber of/current transformer turns
in use

VcL =current transformer 10L accuracy class voltage

For example, if the 400/Sjampere tap of a 600/5 multi-ratio current
transformer is used ¢4Np =400//600 =0.67. If this current transformer
has a 101200 rating, V&L =200. The external burden should there-
fore not exceed:

(NpVei)/138,0hms = (0.67 x 200)/133 =1.0 ohm

In galculating the’burden use the one way load burden.

m single phase, inverse timing, constant percentage

The basic connections for this relay are shown in figure 9.

Connected as shown, under normal conditions current paSses
through the current transformers, relay restraining coilspR1 ‘and
R2 and back to the current transformers. The currentin the relay
restraining coils produces a restraining, or contact openingdorque.

An internal fault in the protected machine will unbalance the
secondary currents, forcing a differential current Ip through the
relay operating coil O. The amount of differefitial 6x_operating
current required to overcome the restraining\torque and close
the relay contacts is a fixed (constant) percéfitage’ofthe smaller
restraining current.

N

fig. 9

characteristics

single phase, 60 cycles, spst-cc contacts, FT-21 Flexitest case
inverse time characteristic
operating time: see figures 12 and 13
two restraining and one operating circuit
no ratio taps
constant percentage differential
sensitivity: 109, or 259, unbalance
minimum trip .
0.18 amperes for 109, relay
0.45 amperes for 259, relay
burden: see figures 15 and 16
thermal capacity
restraint circuits: 10 amperes continuous
operating circuits: 109, relay, 2.5 amperes continuous, 70
amperes for 1 second; 259, relay, 5.0 amperes continuous,
140 amperes for 1 second

relay settings

No setting is required for the percentage differential unit except
the setting of the time dial, which should be on the number 1
position.

Each relay is designed for a specific sensitivity and once the correct
relay is chosen for a given application, no adjustment is necessary.
If, for some reason, adjustment becomes necessary, the spring
tension controlling minimum operating current may be altered
slightly.

In general, for generator protection, a study of the current trans-
former characteristic curves under short circuit conditions should
indicate whether the high sensitivity (109,) or the low sensitivity
(25%,) relay should be used. The 259, relay should be used if a-c
saturation causes more than 19, ratio error in either set of current
transformers.
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further information

product bulletin 41-330A1
instruction Jeaflet 41-331.2
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continued

m three phase, instantaneous, variable percentage

This relay provides complete three-phase high speed differential
protection for a-c rotating machines. Each phase element has two
restraint and one operating coil with a saturating transformer to
limit the energy supplied to the relay elements.

The HA relay will operate in one cycle (60 cycle basis) and has a
variable percentage differential characteristic designed so as to
be unaffected by d-c transients associated with asymmetrical
external fault currents.

The variable percentage characteristic provides sensitive oper-
ation on light internal faults and, in addition, provides a large
factor of safety against false tripping on heavy external faults.
This characteristic is shown in figure 17.

External connections for the HA relay are shown in figure 19.

%

: //
v

// 264085

0 10 20 30 40 50 60
smaller restraint current in amperes

difference current in amperes to close contacts

o]

fig. 17: Variable percentade slope curve, HA relay.

characteristics
3-phase, 60 cycles, 5 amperes
variable ratio characteristic: see figure 1Z
operating time: see figure 18.
minimum pickup: 0.14 amperes
burden:
restraint operating
circuit circuit
volt-amperes at .5 ampezen,. . . W . . . . 13.0
volt-amperes at 5.0 amperes'h,. .. ... .20 L.
volt-amperes at 60.0 amperes) .. . . .. S 4200
continuous rating. . . .4 ... 5.0 amps 5.0 amps
l-second rating. . . .. ... ... 200 amps 200 amps
relay settings
There aremnoytaps on the relay, and no settings are required.
45,
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fig. 18: Typical time curve, HA relay.
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external wiring diagram

d-Citcip bus
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neg by

—:1
Ld

-+

7
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52-1}(52-
TC
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T N

pHi2 .
device number chart

87 - generator percentage
differential relay,type HA
R - restraining coil
OP - operating coil of
FD- fault detector unit type
CS -contactor switch HA
ph.3 T-operation indicator relay
52 ~power circuit breaker
a-breaker auxiliary contact

TC-breaker frip coil 183A506

H__/;__Y_J

fig. 19: External wiring, HA relay for high speed generator protection.

furthér information

product bulletin 41-330A2
instruction leaflet 41-341.1
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bus differential relays

In generating stations and sub-stations there are usually several
incoming and outgoing lines connected to the bus; all of which
must be included in the bus differential protection zone. The differ-
ential scheme must provide a restraining circuit for each source
of power connected to the bus so that there will be no external
fault location under any system condition where the output of the
current transformers would not produce sufficient restraint in the
differential relay. In addition, the relay should be sensitive at low
current values to operate on a light internal fault, yet relatively

insensitive at high values of current to prevent tripping on heavy
external faults when the current transformer characteristics might
vary.

Bus differential relays characteristically 4ise seweral zestraining
circuits with a single operating circuit. The linear céupler system,
however, uses a series connection betweghall thellinear couplers
in the protected zone with a simple low/energy high speed relay.

This system is described more fully dnypagesgd4 through 21.

type CA-16 single phase, inverse timing, variable percentage

The CA-16 is designed for the differential protection of multi-
circuit buses up to a total of six circuits. The variable percentage
characteristic provides the desirable high sensitivity at small cur-
rent magnitudes and relative insensitivity at high currents. It will
therefore detect light internal faults in the protected bus section
and, conversely, will not trip incorrectly on heavy external faults.

characteristics
single phase, 60 cycle, spst-cc contacts, FT-32 Flexitest case

operating time: see figure 22
six restraint circuits, one operating circuit
no ratio taps

variable percentage characteristics: see figures 20 and 21
minimum trip: 0.15 amperes

burden:

each restraint circuit: 0.75 volt-amperes at 5 amperes
14 amperes continuous rating
460 amperes 1 second rating

operating circuit: burden, see figure 23
8 amperes continuous rating
280 amperes 1 second rating

relay settings: none required

performance curves: see figures 20 to 23

further information

product bulletin 41-330B1
instruction leaflet 41-337.2
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fig. 20: Variable percentage slope curve, CA-16 relay with one
restraint winding.

32
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fig. 21: Variable percentage slope curve, CA-16 relay with six
restraint windings in series.
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fig. 24: External wiring—one set of CA-16 relays for the protection

device number chart

87 — percentage differential relay,type CA-16

ICS— indicating Contactor Switch
OP — operating coil
(bottom L.H. element)
R — paired restraint coil
(bottom R.H.element)
S— paired restraint coil
(top L.H. element)
T — paired restraint coil
(top R.H. element)

, intype CA-16 relay

P

86 — auxiliary tripping relay, type WL

187A425

of a six circuit bus with three feeder groups.
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continued

m single phase, instantaneous, variable percentage

This relay is a high speed unit with four restraint circuits and one
operating circuit. In addition, it has a second harmonic restraint
unit for use where a transformer is associated with the bus differ-
ential scheme. The harmonic restraint provides security against
false tripping on magnetizing inrush associated with the trans-
former energization.

The variable percentage characteristic provides high sensitivity
at high currents. It will therefore detect light internal faults and
will not trip incorrectly on heavy external faults.

The type HU-4 may be applied to any bus circuit where the ex-
ternal fault current through the bus in twenty times tap value
secondary current or less, i.e.—100 amperes on 5 ampere tap.

External connections are similar to those of the CA-16, with the
relay input limited to four restraint circuits including transformer
circuit. Occasionally an auxiliary current balance transformer is
used on the line side of the power transformer to adjust the current
transformer secondary currents to the bus sections included in
the protected zone.

characteristics

single phase, 60 cycle, spst-cc contacts, FT-42 Flexitest case

operating time: see figure 26

four restraint circuits, one second harmonic restraining circdif)
and one operating circuit

ratio taps: 2:9, 3.2, 3.5, 38, 4.2, 46, 5.0, 87 amperes

variable percentage characteristics: see figure 25

minimum trip: 30% or 35% of tap value

N

/
30r 4 restraints —\vf/
/!

A

v

S

operating current in multiples of tap value
@

6
- \
/ 2 restraints
4 7/
2 ///
o ,A curve 538033

(o]

4 6 8 10 12 14 16 18 20
largemrestraint current in multiples of tap value

fig. 25: Variable percentage slope curve, HU-4 relay.

A,
relay settings: Same as those for types@HU ‘and HU-1 relays,
pages 31 to 34. (HU-4 is similar to HU and, HU=l§ except that
it has four restraint circuits.)
performance curves: see figures 25 to 27
burden data:
tap 'continuous power |atitap volt-amperes @
rating _factor* I at 8 times | at 20 times
angle curzent
tap value |tap value
current current
burden of each restraint circuit
29 10 71 .88 50 191
3.2 12 70 .89 51 211
3.5 13 66 .90 51 203
3.8 14 65 91 53 220
4.2 15 58 91 53 235
4.6 16 57.5 91 55 248
5.0 18 52.5 92 59 280
8.7 22 30 1.28 84 340
burden of operating current
29 10 35 226 76 487
3.2 12 34 2.30 78 499
I (2|2 & | & -~
3. 4 33 5 54’
4.2 15 31 2.30 84 554 ‘
4.6 16 30 2.40 88 598
5.0 18 29 2.50 92 640 g
8. 22 23 3.18 132 850
* Degrees current lags voltage at tap value current.
@ Voltages taken with Rector type voltmeter.
thermal rating: one second—300 amperes
(Thermal capacities for short times other than one second may be
calculated on the basis of time being inversely proportional to the
square of the current.)
8
6
i ; -instantaneaus
. main unit r{ trip unit |
|
S 4
o
¢\ \
L
: 1S \
; 2
£ ~r—
e
@
2 o curve 536?029 -,
0 4 8 12 16 20 .
operating current in multiples of tap value current i

fig.'26: Typical time curve, HU-4 relay.
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continued

m single phase, instantaneous, linear coupler

The linear coupler method of bus protection utilizes air core
mutual reactors known as linear couplers, instead of the usual
current transformers. It employs the voltage output of the couplers
in a series voltage differential circuit. The energy output of the
couplers makes possible the use of low-energy, high speed relays,
types LC-1 and LC-2. Each is provided with impedance taps so
that the impedance of the relay can be more closely matched to
the impedance of the linear couplers when such is required for
maximum sensitivity.

When the relay and coupler impedances are matched, there is a
maximum amount of operating energy transferred from the coupler
to the relay. Since the standard linear coupler induces 5 volts
secondary per 1000 amperes primary, the couplers (unlike cur-
rent transformers) can be safely open-circuited. Danger to per-
sonnel from high voltages is eliminated.

relays used

type LC-1: Consists primarily of an impedance matching trans-
former and solenoid unit which has trip contacts. It covers an
ohmic range of 30 to 80 ohms in four steps and is adjustable to
operate at energy levels rated from 0.5 to 8.0 volt-amperes.

type LC-2: The use of a permanent magnet polarized d-c oper-
ating unit energized by a rectifier from the saturating impedance-
matching transformer makes the LC-2 more sensitive than the LC-1.
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fig. 28: Current transformer saturation curve.

current transformers and linearfcouplers
current transformers

In differential protective schemes, the relays and current trans-
formers function as a team. The,currenfjtransformers must inter-
pret, in their secondary windings, the a-¢ current conditions exist-
ing in the power circuit . . /andytransmit this information to the
relays. The typical saturation curve shown below (figure 28)
indicates that secondary, currents are proportional to primary
currents along the cur¥e pottion OA of the curve corresponding
to the nominal rating of the transformer. When large short circuit
currents occur, thelsecondary current of the heavily saturated
current transformer)is indicated on the upper portion of the curve,
portion AB, andsthe ratio of transformation is rarely equal for two
different,typesiof current transformers. It is necessary to know
the magnitude of the error-current, so that relays and their settings
can be €hosenltehcompensate for the current transformer errors.

fig. 29: Typical bushing type linear coupler.

fig. 30: Typical bar type linear coupler.
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saturation from a-c component of
fault current

A-c saturation is not particularly troublesome since it can be
calculated, and compensation made for the resulting errors in
secondary current. For a given current, saturation results from:
(a) insufficient cross section of iron in the transformer core, (b) too
few secondary turns, (c) too high a secondary burden; or a com-
bination of all three. The degree of saturation due to the maximum
a-c current can be calculated from the formula:

1Z, 10°

B=i4inta

when:

B =Flux density in the core in lines per square inch.
I =Maximum secondary short-circuit current in RMS amps.

Zs =Total secondary circuit impedance including current trans-
former secondary in ohms.

n =Number of secondary turns.
=Frequency.
a =Iron cross section in square inches.

Thus, for a given short-circuit current and a given transformer,
both decreasing the secondary impedance and, increasing the
secondary turns will improve the performance of the transformer
by requiring a lower flux density to supply the burden.lt is there-
fore recommended that the highest rated available,Gurrent trans-
former ratios be used, consistent with the requirement that the
minimum internal fault can be safely trippedr If 'sonie saturation
results, it may be possible to raise the relay setting to provide a
sufficient margin of safety. The minimum tip requirement must
not be extended, however.

saturation from d-c componentiof
fault current

If the fault current is asymmetrical, a d-c component is present.
When it decays slowly bécause of long d-c time constant (large
L/R ratio), transient saturation|of the current transformer results.
This condition occuts, more fréquently in the protection of gener-
ating station buses whenythe d-c time constant of the circuit is apt
to be long. For most substation buses, the time constant is short and
no appreciable effect frétm d-c saturation results.

The presence of a'prolonged d-c component will produce a severe
transient saturation. Even though it would be technically possible
to design a current transformer that would not saturate, calcula-
tiong show that' such current transformers would require a cross
section of iron as much as one hundred times larger than current
tfansformers of standard construction.

linear couplers

The problems associated with the saturation of the core of current
transformers are eliminated when linear couplers are used.
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The linear coupler consistshof a‘tefeidal or ring type secondary
winding on a non-magnetic core, It isgSually mounted in a circuit
breaker or transformer bushing and can be designed to fit into

the space available for d conventional current transformer. See
figures 29 and 30.

The single conductor in“the bushing forms the primary of the
linear coupler reactorjand, because of the absence of iron, avoids
problems due td'saturation and provides a definite linear relation-
ship betweengrimary‘@urrents and secondary voltage. The system
employs a series‘@ircuit in contrast to the parallel circuit used with
current tfansformers. All of the linear coupler secondaries of a
particulap phase are connected in series with one type LC relay
to formya clased loop. Under normal conditions, or when external
faultsVoccur, the induced voltages in all the linear couplers are
cancelled out. On internal faults, a net voltage is available for
relay operation. The scheme is fastin operation, simple, and easily
checked while in service.

The'ratio between maximum external fault current and minimum
internal fault current is limited to 25/1 (except when a separate
ground LC relay is used), not because of the relay, but because
of the economic manufacturing tolerances of the couplers. Cou-
plers are made to plus or minus l-percent accuracy. The possibility
exists that one coupler may be +19, and another in the same
circuit —19, with maximum current flow. This gives a 2-percent
accuracy spread which, combined with a 2/1 safety factor, limits
the relay pickup to not less than 4-percent of the maximum through
fault current of a ratio of 1/25 between minimum internal and
maximum external fault currents.

example: Assuming a 5000-ampere maximum external fault cur-
rent, the LC relay should not be set to pick up on less than 4-
percent of 5000 or 200 amperes primary current. Therefore, 200
amperes primary current is the minimum internal fault the relay
can be set to detect.

When systems are grounded through a current limiting imped-
ance, the ground fault current on the single phase to ground fault
is so much less than interphase fault current that a fourth or ground
type LC relay may be required. This relay is set much more sen-
sitively than the phase relays, and to prevent it from picking up
on error current during a heavy external phase fault, a type HVS
supervisory relay is required. The HVS relay operates on zero
sequence voltage and has its contacts connected in series with
the ground type LC relay contacts.

When even more sensitive ground fault detection is required,
LC-2 ground relays are connected in series with the LC phase
relays and one HVS relay is used to supervise the contact circuits
of the three LC-2 ground relays.

The calculations for settings and performance involve a simple
application of Ohm's Law.
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continued

single phase, instantaneous, linear coupler

one line diagram illustrating application of linear coupler and type LC relays

I-phrase fault detection
nZc Zp

II-phase and ground fault detection

nZc Zp
___.Oe

~——C eb
$—o0 e,

nZc Zp Zg
f_—o gq O— YN : O Y
¢—oe Wu YN 12 0 g W §
b Tl
$—oe, W—I{LW\-_NML
fig. 31

selection of LC-1 or LC-2

The anticipated relay current is calculated) by the following
formula:

Text x EM

I relay=-2?x 2x2cx N

This gives the approximate value

Iext =Maximum external primary fault current in amps.

EM =5 volts/1000 amps =Mutual impedance of one coupler.

25 =25/1, whichis ratio of maximum external to minimum internal
fault current.{Includes coupler tolerance and safety factor
details.

2 =Reduction factér: If coupler series impedance (Zc) is 60 ohms,
then dotible (2) this value because the relay would be set on
the 60 ehm tap and adds 60 ohms additional impedance to
reldyieircuit.

Zc =Impedance of one coupler—average of 10 ohms each.

N =Number of series couplers in one phase.

IIT-phase and more sensitive ground fault detection

Zp
o————{}—o0

3 phase relays only

legend

n = number of couplers
in series per phase

Zp _ :

Zc = self impedance
© it © of one coupler
o—4F———o Zp = impedanceof LC

Zg WHVS phase relay

3 phase and 1 ground
rélays,plus HVS

Zg = impedance of LC
ground relay

HVS = ground fault

Zp detector relay

3 phase and 3 ground
relay,plus HVS

for relay currents: | use relay type
5- 80 ma LC-2
80-200 ma

LC-2 plus external series resistor*
200-400 ma LC-1

* The external series adjustable resistor assembly 0-300 ohms, used with the
LC-2 relay reduces the relay current (Ir) to a value within the recommended
operating range of the relay. In setting the LC-2, the resistor is used for coarse
ad'li:tment, and the flux shunts on the polar unit are used for more exact
calibration.

required information

maximum external fault current: phase and ground
minimum internal fault current: phase and ground
number of couplers per phase

coupler impedance (estimate at 10 if unknown)
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application guide curve B
1. Are separate ground relays required? LC-1 117_]T + I
3000 |- Zone -
Yes, if minimum internal line-to-ground fault current is less than /~-voltamperes=05 e -
8% of the maximum external fault current. 2000 / R e
-7
-t
2. How many ground relays are required? /-»" shunt resistor required
! >
If answer to (1) is yes, refer to curve A fig. 32, use solid curves, % 1000 ,/r with each LSZ ‘e"f )
VA =0.0085 if possible. (Special care required in setting relays 2 800 %4 e \-
to get more sensitive settings.) £ _ '/&~vol1 amperes =0.0085 \\
) é. 600 /,/ J=—r v
3. Selection of LC-1 or LC-2 z 7 T e
5 (Y _ ~ -
If three ground relays are used, refer to curve B, fig. 33. Other- g ® /7 -~ tgplizc;erliqoyn zone A
i fig. 34. 0300 4 .
wise use curve C, fig. 3 & / volt amperes = 0.0025
4 V4
4. 1s 300 ohm adjustable resistor required? S 200 /./ ! ! i ! !
(8]
If LC-2 phase relays are to be used, refer to curve C or B té z A (3 ground relays-pbase
. . . . relays on # 30 tap)
determine if resistor is required. £
& 0o N T
0 40 80 120 160 200

When applications involving the LC-2 relay require a sensitivity,
between 0.0085 and .0025 volt-amperes, it may be necessary to
adjust the flux shunts on the polar unit of the relay to obtain'the fig. 33: Approximate phase relay sensitivity, 3 ground relays
desired sensitivity. If the adjustable resistor is required, @ resistor (phase relays on # 30 tap).

should be connected in parallel with each of the, LC-2)phase relay

coils, so as not to decrease the sensitivity of the séries connected

LC-2 ground relays.

total coupler impedance -ohms

curve A curve C
T | T 1 T
» 3000 3000}— LC-1relay P . I' .|' T
o | application A shunf resistor
@ zone required with
g 2000 2000 I each LC-2relay __|
4 -
iy Y volt amperes=0.5 . N
= 1 ground relay w / e g
zZ | | & 2 4 — -
% 1000 yolamperes - 0.0085 p—— 2 1000 -
e B s 1 £ T
2 800 N 3 ground relays £ 800 =1 }
5 edo T p— > = \ y
o - L i < 600 . —
< 500~ = Z s00 / |
S 400 A = T 1 ground relay | = I'd A/ \
o = il —1 T S 400 A" ~—— volt amperes=0.0085|
> P f === "N_1 2 =
o 300 e T <t 2 200 |t \
- - —- 1 3 ground relays e prd o+ |~ \
£ 200 - r” K‘l = // - — LC-2 relay
) PR -] volt amperes=0.0025 5 200 4 ggr?:coﬂon —
5 == i — > y ~“~—volt amperes =00025
g (phase relay on #30 lap) E 7 {Oor1 'grour'\d relay)
S 10 S EES NS E— = ! ! | l
0 40 80 120 160 200 & 100} = L s - L
fotal coupter impedance - ohms total coupler impedance -ohms
tig. 32: Approximate LC-2 ground relay sensitivity (phase relay fig. 34: Approximate phase relay sensitivity, 0 or 1 ground

on #30 tap). relay.
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1

T

5
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et O O-—q
1O

)
O O

I—4-

fig. 35: External wiring, LC-1 and LC-2 relays.

teip circuit for LC-1

ICS
pos —

LH1>H @ D

¢ ————pphase 24— ¢

86 52al
- 52-1 —i}
. (o2} &2
T \_/ LA 520N
b= 52-N i

-»_————1*/_/0 topalarm,

fig. 36a: Trip circuit for LC-1.

device number chart
87 —linlear

coupler bus differential
relay, type LC-1 or LC-2.
86 —auxiliary tripping relay, type WL
52 {—power circuit breaker
52a —breaker auxiliary contact

52TC—breaker trip coil

LC-1 or LC-2
phase
phase 2
phase 3
182A822
.
trip circuit for LC-2
ICS
pos ~}-
10 LC-2 VS 1
1‘—!]:1} ICS )] ——%—O
: 2
VS
¢——— pph2
Ll s ph3 ————
86 52al
] 521 4 —
— (22—
— =7 6N
X
>t » to alarm

fig. 36b: Trip circuit for LC-2.

763A582

-~
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a @
a @
w [
& |2
g ‘420 phase angle
é curves
600 'ggs 160
S ~ 40
60
§ |sor S I/ s 1eol Ly 150
3 rd /
500 2 = 140
‘o
E |20° e — | 130
< ohms impe or%? ;
400 80 — 7 (g 120 “
7 X 1o
70
2N i\
300 60 / 100
™,
0 ////1 milliamps ___ 90 \\
[ / V Xr, pickup \\
200 40 j‘ 4\‘ A |
L\ AN
30 70 <
- o N TS
1 - 0 tap
=1 ] \ ~ |
10 £ 9 i 50 AN 4 —
| ?0 \\ R /,-eonmp
°s 050 100 150 .200 250 - 40 \\ 4OIT1t t
—— q
contact travel in inches 264689 E 30 \\‘ ps ' Jf
o I ——— —30 QL tq
tig. 37: LC-1 characteristic curve. o 200 Vs P
[8)
[
0.4 § 10
(=8
03 E o
0O 10 20 30 40 50 60 90 100
0.2 relay current (milliamperes) 763A489
r/ A fig. 39: LC-2 impedance curve (impedance at 22° angle).
0.l0 v, '/
.08 /77
.06 e SN — LL7L
.05 -i_g , / ,
.04 4 // //
.03 ca 174
ES
E@ ]l
.02 o'Gu—180N tap
fég Gonmpwb\///[
e 400 tap-l 4 /
300 tap- /
010
V4
.008 [I[
006
008 Ve s
X 14
@ 004 /
‘é’ 003
9 7,
£.002
3 /1/
3 )
c /
= oo 2 3 4 56 8 10 20 30 40 50 70 100

current in relay (milliamperes)

tig.”38:"LC-2,volt-ampere curve.

763A488
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continued

characteristics

LC-1 relay

single phase, 60 cycle, spst-cc contacts, FT-11 Flexitest case
operating time: 1 cycle or less above 1509, of pickup
ratio taps: 30, 40, 60, 80 ohms

sensitivity: 0.5 volt-amperes

LC-2 relay

single phase, 60 cycle, spst-cc contacts, FT-11 Flexitest case
operating time: 114 to 134 cycles including time for VS contactor
ratio taps: 30, 40, 60, 80 ohms

sensitivity: .0085 to .062 volt-amperes

LC-1 and LC-2 settings

The following fundamental equations apply:

E =Ipm (1)
g =§_s @
R A A <)
L =Iﬁz§= I,(NC;{ + 7)) A
where:

E =voltage induced in linear coupler secondary

Ip =primary current in linear coupler

M =mutual impedance of linear coupler =.005 ohmfor 60 cycles

I =relay current

Zs =impedance of secondary circuit

N =number of secondary circuit=number of linear coupler
secondaries in series per phase

Z. =self-impedance of linear coupler seéondary

r =relay impedance

Equation (3) is used to determine the current at which the relay
trips for an internal fault ofym@gnitude I on the bus. Equation (4)
is used to determine the primary current necessary to trip the
relay when it has been adjustedto trip at a known value of relay
current.

It should be noted, however, that the relay impedance is not con-
stant, but varies with relay current as indicated in figures 37 and
39. Therefore| imyusing equation (3) it is desirable to assume a
value of relay impedance equal to the impedance tap and make
a first calculation of the relay current. When this is obtained, a
new value ofrelay impedance should be selected from figure 37
or 39 and a‘second value of relay current calculated. Usually, it
will netybeynecessary to continue the calculation any further, as

single phase, instantaneous, linear coupler

the values resulting from the secomnd caléulation will be suffi-
ciently accurate.

LC-1 setting examplé

Assume a six circuit busfor which the linear couplers have a self-
impedance of Z.=@8.7 #%8.9 = 9.64/67.4°. Three type LC-l
relays are usedflone per phase, to obtain phase and ground fault
protection. The maximumiekternal fault current is 60,000 amperes
rms symmetrical. Itis desired to set the relays to trip on a minimum
internal fault 665000)amperes. However, since the linear couplers
and relays willleperate over a 25/1 range to 2 to 1 factor of safety,
the relays may asiwell be set for 2400 amperes, which is 1/25 of
60,000,

Theself impedance of the linear coupler secondaries is determined
first, as'follows:

NZ-=6(3.7 + j89)=22.2 + j53.4=57.8/67.4°.

For any given primary current, the relayreceives maximum energy
when the impedance Zr is made equal to NZ.. This feature is
utilized by matching Z, and NZ; as closely as possible in those
cases where it is desirable to obtain the lowest possible minimum
tripping current. In other cases, the relay impedance and Zp and
the total linear coupler self impedance NZ. may be deliberately
mismatched in order to extend the range of adjustment to a higher
current value. In this example, a first trial calculation will be made
on an approximate basis by assuming that the relay impedance is
60 ohms (60 ohm tap) and that this adds arithmetically to the 57.8
ohms of the couplers (leads being neglected).

Z;=57.8 + 60=117.8 ohm approximately
E =I,M =2400 x .005=12.0 volts
E 120

Ir= Z-1188~" 102 ampere, approximately

Reference to figure 37 indicates that the relay can be set to operate
at .102 (or 0.100 ampere) on either the 60 ohm or 80 ohm tap.
Since the desired value is near the minimum obtainable, choose
the 60 ohm tap as being the closest match to the value of 57.8 for
NZ. and make a second more accurate calibration. Using the 60
ohm tap and a contact travel of .075 inches. Values read from the
curve give a pickup current I; =0.100; Z;=58.3 ohms, and an
impedance angle of 33° for Z..

Z,=58.3 @i°=48.9 + j31.75

NZ.=57.8 /67.4° =222 + j53.4
Zr + NZc 71.1 + j85.15=111/50.1°

From equation (2), Ir= E = @ =.1081 ampere
'8

P
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This current is higher than the original assumed current because
the calculations were more accurately made, taking into consider-
ation the vector addition of Z; and NZ. Changing the contact
travel to .080 inch to obtain the pickup current, Ip =.107, makes
an inconsequential change in the relay ohms, Z; =59, and a change
of approximately 0.5 in the phase angle of the relay impedance.
Another trial calculation is therefore unnecessary from a practical
standpoint.

LC-2 setting example

Assume a six circuit bus has linear couplers with a self-impedance
of Zo=3.7 + j8.9 =9.64/67.4°. Three type LC-2 relays are used,
one per phase, to obtain phase and ground fault protection. The
maximum externalfault current is 12,000 amperes rms symmetrical.
Since the linear couplers and relays will operate over a 25/1
range with 2 to 1 factor of safety the relays may be set for 480
amperes, which is 1/25 of 12,000.

The LC-2 relay operates with maximum energy whenits impedance
equals the impedance of the linear coupler circuit NZc56(3.7 +
j8.9) =22.2 4 j53.4=57.8 / 67.4°. Therefore, choosela,tap setting
Z; =60 for the relay, which is an approximate gifatch. Since the
phase angle of Z; is substantially constant (within 3%) at 22°,
Z: =60/22° =556 + j22.5.

‘NZ.=22.2 + j53.4

Z, =55.6 + j22.5

23 =71.8 + j75.9=108.8 ohms

IpM =480 x .005 =2.4 volts

} From equation (3) page 20,
. =lM_ 24
H *™ "7, 108.8
This is within the recommendédsSetting range of the relay as
indicated in figure 38.

On the 60 ohm tap,‘at,Ir =0221 Z, =54.5/22° =50.6 + j20.4.

=.0221 ampefes

This new valfie of Zy should be used in equation (3).

NZ.=22.2 +%53.4
Z; =50.6 + j20:4
Zs =72.8 + j73.8=103.6 ohms
_M_ 24,
I,= Z. ~1036 .0232 amperes
At I; =,0232 on the 60 ohm tap, figure 39indicates that Z; = 54 ochms.
Since¥a value of Z; =54.5 was used in the above calculation, it is
Niot necessary to carry the calculation any further.

The relay should be adjusted to trip at I =.0232 amperes on the 60

ohm tap using the magnetic shunts at the rear of the polar element

assembly.

page 21

in service test facilities
for LC relay schemes

The linear coupler, difféfential circuit can be provided with a
test scheme to/checkthe differential circuit while the bus is carry-
ing load. Defeets such as short circuited linear coupler trans-
formers, ground failts and open circuits in the secondary loop,
wrong polarity or’phasing connections in the linear couplers, and
severe,steady state stray voltage effects from foreign sources can
be detected. For further details, refer to instruction leaflet 41-342.1.

further information

product bulletin 41-330B2
instruction leaflet 41-342.1
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transformer differential relays

Power transformers have a high and a low voltage winding (2-
winding), with some having an intermediate voltage winding (3-
winding), and the current transformers associated with each wind-
ing will have different ratings and operating characteristics,
particularly on heavy overloads and short circuit conditions. For
this reason, transformer differential relays are usually provided
with “'ratio’’ taps to balance the difference in current transformer
characteristics. In some applications, auxiliary auto-balancing
transformers are used.

In addition to the problem of matching the high and low side cur-
rent transformer characteristics, the problem of magnetizing in-
rush to the power transformer must also be considered.

2 and 3-winding transformers require different differential protec-
tive relay schemes, and a reqgulating_transformer still another.
Each of the relays covered in this seétion has its specific field of
application, and proper selection and dpplication may be easily
made from the following information.

m single phase, 2-winding, inverse timing, constant percentage

Basic external connections for the CA relay are shown in figure 40.

3 ¢

—3

GA
=7
' |
l I
' [
| Ip |
| 0 i
! |
: R2 R1||
vV |
! 1
—— e ——

tig. 40

Connected as shown, under norm@l cenditions current passes
through the current transformers, (reldy restraining coils R1 and
R2, and back to the current transformersyThis current in the relay
restraining coils producesd@ restraining, or contact opening torque.

An internal fault in the protegted power transformer will unbalance
the secondary currents, forcing 4 differential current Ip through
the relay operating coil 0. The'amount of differential or operating
current required to overcome the restraining torque and close the
relay contacts is a fixed, percentage of the smaller restraining
current.

External wiring diagrams are shown in figures 41 and 42.

characteristics

single phase, 60\cyele, spst-cc contacts, FT-21 Flexitest case
2-winding,transformer protection
inverse time characteristics

operating time:isee fig. 45

2 restrainingland 1 operating circuit

ratio, tapsy5-5, 5-5.5, 5-6, 5-6.6, 5-7.3, 5-8, 5-9, 5-10
constantypercentage differential

sensitivity: 50% unbalance

minimum trip: on 5-5 tap, terminals 9 and 5-2.7 to 2.8 amperes
on 5-5 tap, terminals 7 and 5-2.9 to 3.2 amperes

burden: see figures 47 and 48

thermal rating:

restraining circuits—10 amperes continuous (the untapped
winding should be limited to 5 amperes to prevent overload-
ing of the operating winding)

operating circuit—5 amperes continuous.

relay settings

To determine the correct tap setting, calculate the current de-
livered to the relay at full load on the transformer bank, taking
into consideration not only the current transformer ratios, but
also any delta connections which may be used. These currents
will be in a certain ratio and the relay taps should be chosen to
match this as closely as possible.

For example, assume that the currents are 7.8 and 4.6 amperes,
and the relay is properly connected so that the higher current
(7.8 amperes) flows in the tapped restraining winding. The ratio
4.6/7.8 is equal to 5/8.47. The nearest tap ratio on the relay is 5-8,
and this pair of taps would be used.

The time dial should be set on the number 1 position.
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fig. 41: CA relay external wiring for wye-delta bank. fig. 42: CA relay external wiring for delta-delta bank.

[ FFya [ 36, ) A [ —Fye
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— “_ti EY —a L 5 1._1 f-_? —— 8
2 ] 52-1 - Caet 52-2 YAy B 2 ¥ 52-1 a9 /522 Praa 2
,»——i E—Y —al 9 Ta— E’ —a 14
3 =y - i c 3 Y - 3
o ES - .l - L
i s_€7
870P-1 87
phase 1 5 phase 1
87
‘u—oﬂ
%
o7 1
phase 2 5 b Jphase 2
}phose 3 3 Jlphuse 3
notesalways connect terminal 7 to high current and
pos d-c trip bus terminal,9 to low current
or
neg

86 186 87 — transformer percentage differential
relay, type CA
87R — restraining coil of type CA

87-2 87-3
870P — operating coil of type CArelay

86 — auxiliary tripping relay,type WL
52 — power circuit breaker
a — breaker auxiliary contact
TC — breaker trip coil
ICS — Indicating Contactor Switch
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Operating characteristics of the CA relay for normal through load
current and through fault current are shown in figures 43 and 44.
When the currents flowing in and out of the relay are plotted on
these curves and the point falls outside of the inoperative area the
relay will trip.

In figures 43 and 44, the two curves going with the 5-5 tap are
tied together with a bracket to indicate that these two curves go
together. Similarly, the two curves for the 5-10 tap are also tied
together. The center lines between pairs of curves are shown for
all taps. The paired curves bounding the inoperative areas are
not shown for the 5-5.5 through 5-9 taps. These curves may be
approximately determined by using the following formula:

for the upper curve: Ig=7'%-1 (1)

for the lower curve: I7=.3Tlg (2

In these formulas, T is the larger number of the tap pair. For
example, if the relay is set on the 5-7.3 tap, then T=7.3.

As an example of the accuracy of the formula, consider the point
I7=43.5 and Ig=30, and read from the lower curves for the 5-5
tap in figure 43. Applying the formula, equation (2), the calcu-
lated value of I7 is found to be 45, which is fairly close to the curve
value I7 of 43.5.

further information

product(bulletin 41-330Cl
instruction‘léaflet 41-332.2

X e M e T —T T
5=8ha, ") 5-55 top settings
0
J// //',/ o6 l
4
o L | e e 566
_ 5-5 ratio tap //1;’// 513
] inoperative area / e 4 id -
wsA e 5-8
o g A s 5-9
£ B ; ) N L
£ VAR PV A (]
o LN P
-~
= o, et L -
L T
YD % 7%
Ve 7 A
g / 20N i ]
z 4 - Y S
; Jii2s
i P <
Z 4
g, ;g//a,;{//y - 5-I0 rotio top
@ = 3 inoperative orea
2 2
£ % / V | |
& / curve 183418
2 5 4 | i}
) 2 4 6 8 10 12 14 16

I, omperes in“topped restraining coil

fig. 43: CA relay typical operating curves, low current values.
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fig. 44: CA relay typical operating curves, high current values.
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continued

137 X . %1 M single phase, 2 or 3 winding, inverse timing, variable percentage

The CA-26 may be used for differential protection of either a 2
or a 3-winding power transformer. It has three restraining:circuits
for use in either of these applications.

The variable percentage ratio characteristic-provides:high sen-
sitivity at low current magnitudes, with an increase in percentage
ratio at the higher currents. It will therefore detect light internal
faults'.within the transformer and at the same time allows for varia-
tion in current transformer performance at high external fault
currents thereby preventing false tripping on heavy external
faults. This characteristic is particularly desirable when severe
saturation of the current transformers occurs due to the d-c com-
ponent of asymmetrical short circuits.

The CA-26 may be used on circuits where the external fault cur-
rent through the transformer is 100 amperes rms secondary or less.

A typical external connection diagram is shown in figure 53, page

28.

characteristics

single phase, 60 cycle, spst-cc contacts, FT-32 Flexitest case

operating time: see figure 52
three restraint circuits, one operating circuit
no ratio taps

variable percentage characteristics: see figures'49 and 50
minimum trip: 1.25 amperes

burden:
each restraint circuit-—-0.75 volt-amperes,_at/5 amperes, 14
amperes continuous rating; 460 @mperes 1 second rating
operating circuit—see figure,51, 8 aniperes continuous rating;
280 amperes 1 second rating

relay settings: none requited, except t@ select the proper tap on
the Indicating Contacter,Switch (I€S)

performance curves: see figures49 to 52

further information

product bulletin 41-330C2
instruction leaflet 41-337.2

36 Y.
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fig. 49: CA-26 relay variable percentage slope curve with one
restraint winding.
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fig. 52: CA-26 relay typical time curve.
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continued

single phase, 2 or 3 winding, inverse timing, variable percentage

L0
Lo
P
L

o 'o -
)
. Ji
2
3
Ww*t.uuj
T T
—1] -
o O 0O
Q Q
I i i
N e
auxiliary current
A B (o} balance
transformer
pos device number chart

86 =86
i &~
;_\r_/

to .
breaker trip coil

fig. 53: CA=26 relay external wiring.

87 - percentage differential relay,type CA-26
1CS-Indicating Contactor Switch
OP -operating coil
R —restraint coil
(bottom right hand element) intype
S — restraint coil CA-26
(top left hand element) relay
T — restraint coil
(top right hand element) |
86 - auxiliary tripping relay, type WL
¥ —use where internal fault current can
exceed twice the external fault
current set pick-up equaltomaximum
external fault current

6068269
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41-330

for internal fault protection of a-c

generators, transformers, and station bus

types HU, HU-1, HU-4

page 29

single phase, 2 or 3 winding, instantaneous, variable percentage

These relays are high speed differential units with two, three or
four restraint circuits respectively; all incorporating a harmonic
restraint circuit to prevent false tripping on magnetizing inrush
current.

They are all designed with a variable percentage ratio charac-
teristic which provides high sensitivity at low current magnitudes,
with an increase in percentage ratio at the higher currents. Each
relay will, therefore, detect light internal faults within the trans-
former and at the same time prevent false tripping on heavy ex-
ternal fault currents which may cause variation in the current
transformer performance at high currents. This is particularly
desirable when severe saturation of the curremt transformers
occurs due to the d-c component of asymmetrical short circuits.

The harmonic restraint feature prevents false tripping on magnet-
izing inrush currents which appear at the relay as an internal
fault. These inrush currents are rich in harmonics, with the second
harmonic predominant. Since the second harmonic is always
present in magnetizing inrush currents, and not in internal fault
current waves, the second harmonic is used in thesé relays to
restrain the relay on inrush.

Normal application of these relays is as follows:
2-winding transformer: type HU
3-winding transformer: type HU-1
4-winding transformer: type HU-4
4-circuit bus: type HU-4

All HU type relays are available with’ a semsitivity of either 0.30
or 0.35 times tap rating. The 309, sensitivity relay satisfactorily
handles up to 159, mismatch (e.g. 44109, transformer tap chang-
ing, plus 5%, current transfor mer tismateh). The 35%, unit handles
up to 209, mismatch. See figures 5% and 58 for comparison of
these two sensitivity characteristics.

Either characteristic may be obtained on any one of these relays
by recalibration in the fi€ld.

Taps are provided inleach restraint and operating circuit to com-
pensate for current transformer mismatch. These tap settings are
marked in tefms ofecondary amperes and these values are listed
in “characteristics” below.

A typical external connection is shown in figure 62 on page 35.

characteristics

(Type HU-4 characteristics are the same as those for types HU and
HU-1 except where notedlotherwise).

single phase, 60 cycle, spst-cc contacts, HU, HU-1—FT-31
Flexitest case, HU-4=FT-42 Flexitest case
operating timé: see figure 59
restraint cireuits:2,in HU, 3 in HU-1, 4 in HU-4, plus one har-
monic réstraintand one operating circuit in each

ratiditaps:29, 3.2, 3.5, 3.8, 4.2, 4.6, 5.0, 8.7 amperes
variableppercentage characteristics:

types HU and HU-1—see figures 54 and 55

types, HU-4—see figure 56
mifimum trip: 309, or 359, of tap value
perforinance curves: see figures 54 to 60

burden
tap continuous| power |at tap volt-amperes@
ti 1 X .
rating factor* value at 8 times | at 20 times
angle current
tap value | tap value
current current
burden of each restraint circuit
2.9 10 71 .88 50 191
3.2 12 70 .89 51 211
3.5 13 66 90 51 203
3.8 14 65 91 53 220
4.2 15 58 91 53 235
4.6 16 57.5 91 55 248
5.0 18 52.5 .92 59 280
8.7 22 30 1.28 94 340
burden of operating circuit
29 10 35 2.26 76 487
3.2 12 34 2.30 78 490
3.5 13 33 2.30 81 504
3.8 14 33 2.30 83 547
4.2 15 31 2.30 84 554
4.6 16 30 2.40 88 598
5.0 18 29 2.50 92 640
8.7 22 23 3.18 132 850

* Degrees current lags voltage at tap value current.
@ Voltages taken with Rector type voltmeter.

thermal rating: 300 amperes 1 second (thermal capacities for
short times other than one second may be calculated on the
basis of time being inversely proportional to the square of the
current).
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differential relays data
percentage differential ¢ linear coupler

41-330

for internal fault protection of a-c
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operating current in multiples of top value current

fig. 59: Types HU, HU-1 relay typical time curve.

relay settings

Select the ratio in matching taps. No other settings,are necessary.
In order to calculate the required tap settings and check clizrent
transformer performance, the following is required:

required information

1. maximum transformer power rating (KVA)M

. maximum external fault currents

. voltage ratings of power transfétmer (VH, Vi, V1)
. current transformer ratios, fulltap (N1)

[ I AR )

current transformer 10L ac€uracyiclass voltage (or excitation

or ratio-overcurrent curve)

6. one way current transformergead resistance at 25°C (RL)
(when using excitation/curve, include current transformer
winding resistance)

7. current trafsformer connections (wye or delta)

definition offterms

Ip =primary current at (KVA)Mm

Ir =relay input current at (KVA)Mm

IgH, IRL, IR are;same as Ig except for high, low, and intermediate
voltage sides, respectively.

Is = current transformer secondary current at (KVA)m

TH, TonT1=relay tap settings for high, low, and intermediate volt-
age windings, respectively

N =number of current transformer turns that are in use
Np =N/Nt (proportion of total turns in use)
Nt =current transformer ratio, full tap

VcL =10L accuracy class voltage

page 31
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fig. 60: Types HU, HU-1relay typical frequency response curve

Z5 =burden impedance of any devices other than HU or
HU-1 relays with maximum phase-to-phase or 3 phase
current flowing

Zy =total secondary burden in ohms (excluding current
transformer winding resistance, except when using
excitation curve)

calculation procedure

1. select current transformer taps where multi-ratio types are used

IR should be more than 2.9 amperes for high sensitivity and should
not exceed the relay continuous rating (see burden information,
page 29).

For determining the required continuous rating of the relay, use
the expected two-hour maximum load, since the relay reaches
final temperature in this time.

2. select relay taps in proportion to the relay currents, Ir

Ir should not exceed relay continuous rating. Also, the maximum

external fault current should not exceed 20 times relay tap.
3. determine mismatch (not to exceed 15%)
for 2-winding banks:

9, mismatch =100 (IrL/IrH) ; (TL/Tr) W

for 3-winding banks:
100 {Ir8/IrT) S— (Tu/T1) @

¢{, mismatch =

where S is the smaller of the two terms
(Iru/IrT) or (TH/T1).
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percentage

Equations similar to equation (2) apply for mismatch from the
high to low and from the intermediate to low voltage windings.

Where tap changing under load is performed, the relays should
be set on the basis of the middle or neutral tap position. The total
mismatch, including the automatic tap changes should not exceed
15% with a 30% sensitivity relay, and 20% with a 35% sensitivity
relay. Note from figure 54 that an ample safety margin exists at
these levels of mismatch.

4. check current transformer performance

Ratio error should not exceed 10% with maximum symmetrical
external fault flowing or with 8 times relay tap current flowing.
An accurate method of determining ratio error is to use ratio-
correction-factor curves (RCF).

A less accurate, but satisfactory method is to utilize the ASA re-
laying accuracy classification. If the 10L accuracy is used, per-
formance will be adequate if . . .

NpVeL

100

for wye-connected current transformers

is greater than Z (3)

21 =lead resistance + relay burden + Za

=1.13RL + 9——,11.5 + Z4 ohms (4)
Rr. multiplier, 1.13, is used to account for temperature rise during
faults. 0-,1,1—5 is an approximation, where T =relay tap.

ZA is an additional burden, when maximum external 3-phase fault
current is flowing.

for delta connected current transformers

Zr=3(1.13RL + g.Il—.—s + Z&) ohms

®)
=3.4RL + %’ + 3Za

two wind mank

single phase, 2 or 3 winding, instantaneous, variable

(The factor of 3 accounts for conditions existifig'during a phase-
to-phase fault. Z5 is any additional burden, (whén maximum ex-
ternal phase-to-phase fault current is flowing.)

5. examples

Refer to pages 33 and 34 and figure 6] fgr setting examples. Note
in both examples that the 8.7 tap Was selected as the first step in
selecting relay taps. If a lower tap, sueh as 5 had been the first
selection, a proper balance wouldyhave been impossible.

On page 33, for the 2-winding bank . . .
I _8.05_
=418 1.92.
With tap 5 for the low side,/the maximum current ratio that can
be matched by thetaps is
5
29= 1.73,
With tap8.7 selected for the low side, a 3 to 1 current ratio can
be matched.

On page 84, for 3-winding bank . . ...

RE"_ 32
Irg

This current can be accommodated by the 8.7 and 2.9 taps with-
out excessive mismatch.

three winding Bank

Yo
12,4 kv T & 69 kv Bl ES T gou
= - = X
1200/5§ ' ' E E ™ e00s5 120075 | 7 E T e00/5
1oL 200 16/20 MVA 10 260 ioLBoo | 30740 30740 | |00
0 MVA MVA
75/10
@ MVA
, 1200/5 -
= mr
10L.200 :@
12.4kv
low high high intermediate low
(KVA)y = 20,000 (KVA)y =20,000 (KVA)y = 40,000 (KVA)y =40,000  (KVA)y = 10,000
(KVA)g = 16,000 (KVA)g = 16,000 (KVA)g = 30,000 (KVA)g =30,000  (KVA)y= 7,500
v, = 12,40Qv0lts vy = 69,000 Vi = 161,000 V; =69;000 v, =12,000
Nt = 4240 Wrns Nt = 120 NT = 240 NT = 120 Nt = 240
Ve = 200 Velts Ve = 200 VeL= 800 VeL= 200 Vee= 200
RL@.0.4%hms R, = 0.4 R, = 0.4 R. =04 R, = 0.4
delta CT wye CT delta CT delta CT wye CT
2898412

fig.)61: Types HU, HU-1, HU-4 example for setting calculations.
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2 winding transformer calculation (see figure 61)

1. Select CT Ratio:

I — (KVA)M _
RV
1000

Select Ratio

2. Select Relay Taps:

I
Is—ﬁ_

In=
Select Tap

Desired Tap
3. Determine Mismatch:
% Mismatch =

(Ise /Tre) — (Te /Tw) _
100 TL /TH -

4

heck CT Performanc%
=

4 C
Z

NP=—N;

Np Voo
100 &

p Ve /100) > Zr

N
\@‘D

low high,
20,000 20,000 %
'——’—:_ =930 A N ! = Am .
12.4 v 3 P 69 \ P
1000/5 (N =200) /5 (N =40)
930 167 _
30 = 465 Amp. @ o =418 Amp.
Ir =4.65 \/3=8.05 Amp. Irn=4.18 Amp.
TL =87 418 B
\ Tu= 8.05 X 87=4.64
\ Tu = 4.6
(8.05/4.18) — (8.7/4.6) _
100 8.7/46 =
1.92-1.89
100 1.89 =
1.6%
34 R, +235_ 113 R, + 215-
T T
34 X 04 + 951;:1.36 +005=| 113x04 + 94'—?:0.45 + 003 =
1.41 ohms 0.48 ohms
200 40
5460833 155=0-333
0.833 X 200 0.333 X 200
— 100 =¥ ~ 100 2%
Yes Yes
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. percentage

3 winding transformer calculation (see figure 61)

1. Select CT Ratio:

_(RVA)y _

V43
1000

Select Ratio

Ip

2. Select Relay Taps:
Ip

Is= N
Iz (At 40 MVA) =

Select Tap

Desired Tap

Select Tap

3. Determine Mismatch

% Mismatch

4, Check CT Performance

r=

N

P=m=

(Ne Vier)
100

(Ne Vcr/100)> Zr

N

high

40,000
40,000 _ ;43 Amp.
161y3 P

400/5 (N=80)

143

Tnir = 1783

=3.08 Amp.

3.08
TH = 87 m—

=2.88
Tu=2.9.

(Irn /In1)— (TaefT1)
100 _ﬂTH—/_T_I__ Y

(3.08/4.82)--(2'9/4.6)
100 29/46 -

0.640—0%6830 _
06300

1.6%

100

Jutt, + 20—

0.45_
29
1.70 + 0.16 =
_1.86 ohms.

80
240 0.333

800X 0.333
100

3.4 X 05 +

=2.67

—

Yes

continued

intermediate

2000 _ 334 Aump.

69v3

600/5 (N =d20)

3%
120

In=2.78/3]

=2.78 Amp.

=482 Amp.

4.82
TI = 87 g‘g‘o

=4.52
Ti=4.6

(Tnt/Tre) -

(4.82/9.30)-(4.6/8.7) _
10— /30

0.518—0.528 _
0518

-1.9%

100

100

34 R + 9%5-=

0.45
3.4X 05 + %6 =

1.70 + 0.10=
_1.80 ohms

120
120

200 X 1.0
“100 22

1.0

Yes

single phase, 2 or 3 winding, instantaneous, variable

Iow

10,000

— 2% — 465 Amp.
12.41/3 P

1000/5 (N =200)

465

200 =2.32 Amp. (At 10

MVA)

40
Ip= 10 X 2.32

=9.3 Amp.
TL=8.7

(Ise /Trua)—(To/Tw) _
To/TH N

(9.3/3.08)-(8.7/2.9) _
100 8.7/2.9 =

3.02-3.00
100==350 =

0.67%

100

1.13R. + Q—'Tl§=

113 %05 + 215

8.7
0.565 + 0.02 =
‘0.58 ohms_

200
240 = 0.833
200 X 0.833

100 =1.67

Yes
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connections
with HU-1L only

ki

4 high 4y
side '.'\AMJ -O-\,uu-] > 2
inter - - l
® mediate "
£ 1
S O e
b L,IL'—‘—
§ < el
) s
2 I g————— 1
o
a
low A
side

8717 7
Q5 °7$%

used with
HU-1only

phase 2

phase 3
(some as ph.1)

(saome as ph.1)

BBy B R BL R Ay

Fa'a

A B c
phase 1 coil circuits phdse2 phase 3
R Ra Rs coil_cireuits coil_circuits
ST/ | |
R)
HU-1"only
| o 0)bu 60.cy/block phase 2 phase 3
é)G" 120 cy pass {some as ph.1) (same as ph.1)
filter
o l 120 ¢y
FR'G” block T
filter
O )HRU
[}
'vuristorA
device number chart
43—— —trip cutoff switch
86— — —type WL auxiliary tripping relay
87— — — type HU or HU-1 differential relay

fig.62: Types HU, HU-1 relay external connections.

DU— — differential unit
0-operating coil
R-restraint coil
Ry
22 through restraint transformers

3

HRU- - harmonic restraint unit
O-operating coil
R-restraint coil

ICS— - Indicating Contoctor Switch

IIT — - indicating Instantaneous Trip

phases 2and 3

connected same

as phase {—-
d-c trip bus

pos

neg

407C536

further information

HU,HU-1: product bulletin 41-330C3

instruction leaflet 41-347.1

HU-4: product bulletin 41-330C5

instruction leallet L-639965
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continued

m single phase, regulating transformer, current balance, inverse timing

Regulating power transformers change either the circuit voltage
or the phase angle of the voltage in accord with load conditions.

In applying a differential protection scheme to such a transformer,
it is the usual practice to apply a type CA transformer differential
relay to the series winding and a type CAM current balance relay
to the exciting winding. The CAM is more sensitive than the CA
and, in addition, the adjustable time delay permits adjustment to
override magnetizing inrush current without tripping.

A simplified diagram of external connections of the CAM relay
is shown in figure 63. A more complete diagram is shown in
figure 64.

———e e

fig. 63: Type CAM relay basic external connections.

As shown in figures 63 and 64, the restraint circuit of'the CAM
relay is energized by the series winding, andythe operating circuit
by the exciting winding of the regulating transformer. The kva
rating of the regulating transformer is usually’appreximately 109
of the primary circuit rating. Consequently, the magnitude of
fault current in the exciting winding is limited as compared to
faults in power transformers.

The CAM relay will operate withya minimum of 1.0 ampere in the
operating coil circuit withfzero current in the restraining coil
circuit. At 5.0 amperes réstraining current, the operating current
required to close the relay,contactsfis 5.75 amperes, or 15% un-
balance. See figures 66 and 6Z.

Figure 68 illustrates the operating time characteristic using a #5
time lever setting, and with zero restraint current. Time of opera-
tion is approximately proportional to the time lever setting.

Connections for the relay auxiliary current transformers on the
regulating transformer are determined by the'method of grounding
the exciting (shunt) winding, selected dromy(a) ot (b) below.

(a) ungrounded neutral: Both sets,of ‘cufrent transformers should
be connected in wye, so that theyCAM relay will operate on
zero sequence current supplied frém external ground for
external ground faults.

(b) grounded neutral: Both sets“6f current transformers should
be connected in delta to ‘prevent zero sequence currents from
operating the CAM relay for external ground faults. However,
should external relays fail to operate, a prolonged flow of zero
sequence current in thé exciting windings can be prevented
by the addition offa, type CO-5 long time overcurrent relay.
Such 4 seheme ‘is shown in figure 65.

characteristics

sin@lelphase) 60 cycle, spst-cc contacts, FT-31 Flexitest case
operdtingitime: see figure 68

one restraint circuit, one operating circuit

no ratio taps

unbalance, 159, —sensitivity, 1159,

minimum trip: 1.0 ampere with restraining circuit de-energized
Burden: see figure 69

relay settings: none required

performance curves: see figures 66 to 69

further information

product bulletin 41-330C4
instruction leaflet 41-207

Y™
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fig. 64: External wiring using CAM relay to protect exciting winding ofizegulating transformers.
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m harmonic restraint unit

This relay is an instantaneous overcurrent type with a second
harmonic restraint unit to supervise the overcurrent unit contacts.
It is used in various transformer differential schemes to provide
high speed tripping on internal faults, and security against false
tripping on transformer magnetizing inrush. It can be applied
where magnetizing inrush is severe.

Where saturation of the current:transformers occurs on asym-
metrical and symmetrical faults external to the protected trans-
former, either the Westinghouse type HU or HU-1 relay should
be applied, as they have separate restraining circuits and ratio
tap adjustments for current transformer mismatch.

Magnetizing inrush current waves have various wave shapes. A
typical wave appears as a rectified half wave with decaying peaks.
In any case, the various wave shapes are high in harmonics, with
the second harmonic predominant. Since the second harmonic is
always present in magnetizing inrush waves and not in internal
fault current waves, this second harmonic is used in the relay to
restrain the unit on magnetizing inrush.

The relay uses two L-C filter circuits with a full wave rectifier at
the output of each. The d-c output of the fundamental pass circuit
is fed to the operating coil, and the d-c output of the second har=
monic pass filter is fed to the restraining coil. The constants of
these filter circuits are such that the harmonic unit will'fiet close
its contacts unless the second harmonic content is léss than 15%
of the fundamental component. Both the harmonictanit/contacts
and the instantaneous overcurrent contact must‘@lose toptrip the
breaker.

Basic HRU relay connections are shown in figare Z0.

characteristics

single phase, 60 cycle, spst-cc contact$)FT-2lyFlexitest case
one harmonic restraint unit, one instantaneous overcurrent unit
no ratio taps (2 relay ratings, 2.0 and4.0 amperes)
minimum trip: 2.0 or 40 amperes
burden:
2.0 ampere relay—0.88 volt-ampéres at 2.0 amperes
50.0 volt:amperes at 16.0 amperes
4.0 ampere relay—0.91 volt-amperes at 4.0 amperes
53,0 svolt-amperes at 32.0 amperes
thermal rating; 300%amperesffor 1 second
frequency response: seefigure 71

further information

product bulletin 41-330C6
instruction leaflet L-639902
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fig"70: HRU relay basic external connections.
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fig. 71: HRU relay frequency response curves.
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