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Electrical Systewrs - Course 135

FURTHER EXAMPLES OF ELEZCTRICAL PROTECTIVE RELAYS

“NTRODUCTION

Lesson 235,02-1 examined electrical protective
relays used for motor protection and lesson 235.02-2
covered the basics of protective relays and schemes
uzed toe protect busbars, transformers, generators and
power lines. This lesson examines, in greater detail,
the principles of relays used to protect generators,
transformers etc. The next two lessons will examine
now these relays are connected to form composite ac
and dc protective schemes for transformers, generators
and other items of electrical equipment in a generat-
ing station or heavy water plant.

DIFFERENTIAL RELAYS

2.1 Principle of Operation

Figure 1l{a) shows the principle of differ-
ential protection applied to a healthy busbhar
circuit. Current transformers (CT's) of equal
ratio are installed on the external side of the
breakers which protect a section of busbar Bj. A
current operated relay 1is connected between two
wires interconnecting the CT's. During healthy
conditions, equal currents will flow in and out
of the circuit and because the CT's have equal

ratios, each CT will give an equal output. The
CT outputs Igy and Igp will circulate around
the interconnecting circuit. Note, that the

currents 1in the relay, flow in opposite direc-
tions and therefore cancel.

Figure 1l(a) shows the instantaneous direc-~
tions of current flow and Figure 1(b) the dc
equivalent of the ac secondary circuit. This
circuit illustrates the current behaviour in the
secondary circuit.
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Figure l(a): Healthy busbar - currents in relay balance;
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Figure 1(b): DC equivalent of the ac sccondary circuit.
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In Figure 2(a} the primary currents I; and
I, are not egual and consequently the secondary
currents are not egual, There will be a result-
ant current in the relay causing it to operate
and trip the two breakers 52-L1 and 52-L2, de-
energizing the busbar. Figure 2(b) shows the dc
equivalent of the =z secondary clrcuit.

Because the differential relay (87-Bl) will
not operate with load current or "through faults"
ie, faults outside the protected zone, it can be
set to operate at a low value of current thereby
giving rapid operation when a fault occurs. A
typical setting for relay 87-Bl is 20% of full
load currznt. There is no need to time delay the
operation of relay B87-Bl and therefore a fast
acting attracted armature type of relay is used.
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Figure 2(b): DC equivalent of the ac secondary circuit.
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Protection of "T" circuits. Figure 3 shows
a "T" circuit protected by differential protec-
tion. For simplicity, the current is shown to
enter via line 1 and leave in equal amounts via
lines 2 and 3. Note:

{(a) the protected zone.

(b) the flow of currents in the CT's and second-
ary circuits.

(c} there is no current flowing in the relay.

If a fault now occurs inside the zone, the
currents entering and leaving the zone will not
balance. Current will flow in the relay which
will be connected to trip all the three breakers.
This type of protection is normally used where
"T" connections are employed on busbars and
generator circuits.
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Figure 3: Diferential protection applded to a "T" feeder.
Note primary and secondary cutrrent flow.
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2.2 Types of Differential Relay

2,2,1 Simple difterential relays. The differen-
tial relays shown 1in Figures 1l{(a), 2(a)
and 3 are simple current operated
attracted~z.mature relays. Although this
basic typce wf relay can be used for pro-
tecting gensrators and transformers, they
are rarely used because:

(a) The CT's feeding the relays, when an
out-of-zone fault occurs, may not
give exactly balanced outputs. Any
unbalance in the output from the CT's
may cause the relay to malfunction.
The example given in Figure 4 shows
the situation which can occur when
two CT's each of 500/5 ratio, and
each having a 1% error, are subjected
to a through or out of zone fault
current of 10 ka, The relay, set at
20% of 5A or 1A, will have a current
of 2A flowing in it and it will mal-
operate causing the breakers to trip
incorrectly for the out of zone

fault.
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Figure 4: Current transformer errors causing differential

relay to mal-operate on an out of zone fault.
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(b) 1In the primary circuit, there may be
transformers with tap changers. Tap
changers cause the transformer to
produce a different voltage and cur-
rent ratio. Unless the CT's also
have taps, (which is very rarely the
case), when the transformer is on a
tap other than the one giving the
nominal ratio there will be “an un-
balance in the CT output currents.

Percentage Differential Relays. To over-
come these problems detailed in 2.2.1 (a)
and (b), relays are made with restraint
coils as well as operating coils. These
restraint coils prevent tripping during
through a "out-of-zone" fault conditions,
but should an "in-zone" fault occur,
tripping will take place,.

500/5

BUSBAR OR
GENERATOR
WINDING

FAULT

- ) -t ! CURRENT

OPERATE =10 kA
ColL,
100 TURNS $2A

Figure 5(a}:

e

RESTRAINT COILS
10 TURNS EACH

Differential relay with restraint coils.
Relay does not mal-function when an out
of zone fault occurs.
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Figure 5(a) shows how the restraint and
operating colls are connected. A typical
relay is considered, which has 100 turns
on its operate coil and 10 turns on each
of its restraint coils. Under the same
fault cond.+<ions as shown in Figure 4, the
restraint 0ils produce (99 x 10) + (101 x
10) = 2000 ampere-turns. The operate coil
produces 2 x 100 = 200 ampere turns.
Clearly, the restraint colls produce a
greater magnetic force and the relay does
not operate. For the relay to operate,
the ampere-turns of the operating coil
mist exceed the ampere~turns of the
restraining coil,

Figure 5(b) shows how a balanced beam type
cf differential relay 1is used. Under
healthy or out of =zone fault conditions,
the restraint coils have a greater pull
and prevent tripping. When an inzone
fault occurs, the operate coil has a
greater pull and the relay operates
tripping the appropriate breakers. The
breakers are not shown in Figure 5(b).

+

Figure 5(b):
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Balanced beam type differential relay.
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Most manufacturers provide tappings on the
restraint coils. This enables the amount
or percentage of the restraint to be
altered to allow for:

(a) CT ratio errors.

(b} the unbalance in CT outputs produced
by tap changers on transformersy See
section 2.2.1(b).

To overcome these problems, sufficient
(but not too much) restraint has to be
provided and this is done by selecting the
correct tap. Figure 6 shows, for various
percentage tap settings of the restraint
coils, curves of through or out of zone
fault current versus levels of current to
operate the relay.
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REGION SETTING
20% RESTRAINT
yr———-————— — SETTING
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254
=
g1 ————— - RELAY
] f DOES NOT
z | OPERATE
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§15 ——————— I
Z |
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z
& I
T
3 |
|
|
|
1
MwaM N 'y i ! ] L n 1 L
OPERATING T 1 1 T T T T T T T
CURRENT 20 40 80 80 100 120 140 O 180 200
CURRENT IN RESTRAINT COILS AMPS

Figure 6: Typical operating charatteristics of a
percentage differential relay.



Taking the example shown in Figure 4, if
the relay is set at 20%, see Figure 6, and
100 A flows in each of the restraint coils
each having 10 turns, 100 x 10 x 2 = 2000
ampere turns of restraint force are pro-
duced.

Before tne relay can operate, a current
greater than 20 A must flow through the
100 turn operating coil producing more
than 20 x 100 = 2000 ampere turns of-
operating force. See point A in Figure 6
on 29% restraint setting, (also called 20%
sleoe),

Harmonic Restraint Differential Relays.
When transformers are switched onto their
supply, there is a surge or inrush of
current taken from the supply. Con-
sequently, only the CT's on the supply
side give an output which will cause a
simple or a percentage differential relay
to operate. It is worth noting that the
surge only lasts for 10 - 20 cycles.

To overcome this problem, relays are pro-
duced which have a time delay which pre-
vents tripping for approximately 0.5 sec.
Unfortunately, the longer the tripping is
delayed, the greater the damage that can
be produced in the transformer. Analysis
of the surge or inrush current shows that
the current consists of appreciable
quantities of second and third harmonics
of 60 Hz, ie, 120 and 180 Hz. Filters are
therefore provided which ensure that:

(a} only 60 Hz currents flow through the
operate coil,

(b) the 120 and 180 Hz currents are used
to produce additional restraint for
the relay.

Figure 7 shows how a balanced beam relay
can be used to provide the operate,
restraint and harmonic restraint features
that are required. During normal opera-
tion, the restraint. coils prevent relay
operation. During a healthy "switch in",
when the supply side CT's are only giving
an output, restraint is provided by the
harmonic restraint coil. At any time,
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Figure 7: Percentage differential relay with harmonic
restraint, Current flow are shown for a
healthy condition,

should an in zone fault occur, the operate
coil will provide sufficient operating
force to tip the beam and send the
necessary trip signals, Note, no time
delay is required in this relay scheme.

The type of relay shown in Figure 7 shows
the essential features for percentage
differential protection with harmonic
restraint. Some manufacturers, in place
of the beam, use a disc, and others an
attracted armature relay.
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In Figure 7 note that both current trans-
formers have the same secondary current of

5.0 A.
conditiong no current
differential

Th

is ensures that under healthy
will flow in the
relay. This subject is

covered in more detail in the next lesson.

3.0

OTHER TYPES OF TRANSFORMER PROTECTIVE DEVICE

i.l

Gas and 0il Relays

While
means of

large sizes and at higher voltages,

the
rrotection for most transformers in the

di

fferential relay is the main

other mea-

sures may be used either alone or in addition to

the differential relay.

One such scheme which is

particularly applicable to the oil filled trans-
former is the gas relay illustrated in Figure 8,
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BLEEDER VALVE ACCUMULATION §
ta releasy N CHAMBER \\ MAGNETIC
accumulated COUPLING
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== S i CONNECTOR
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== AIR VENT
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TIOLL I Actustes switch PRESSURE EQUALIZING
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PRE SSURE -~ CHAMBER;

TEST CONNECTION
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Figure 8:

/ TRANSFORMER
TANK

Sectional view of gas and oil relay.
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This relay consists of 2 separate elements,

(a) An upper element which detects the slow
accummulation of gas produced by a fault
developing in the transformer. For example,
a loose connection will produce arcing in

the oil. The o0il will break down producing
quantities of methane, hydrogen, acetylene
and other gases. The relay will collect

these gases and when the predetermined level
has been reached, the float will fall and

initiate an alarm. The big advantage of
this type of relay is that it detects a
fault inside the transformer before large

fault currents flow causing severe damage,

(b} A lower element operates when a more violent
type of fault occurs 1in the transformer
tank. This type of fault produces a pres-
sure surge 1n the o0il which compresses the
bellows in the relay. The pressure in the
space between the bellows and the diaphragm
also rises, This makes the diaphragm flex
and push the microswitch which initiates a
trip of the transformer,

A gas and o0il relay must be mounted at the
top of a transformer tank. This will ensure that
it will collect all the gases that are produced.

4.0 THERMAL SENSING AND MEASURING DEVICES

4.1

Direct Measurement

In many instances, it is possible to measure
the temperature of electrical equipment directly.
An example of this, is the method used for mea-
suring the temperature of the core laminations in
a generator or motor. A direct measurement is
possible because the core is grounded. Ancther
example 1s where the temperature of water cooled
windings in a large turbo-gensrator are measured
by measuring the temperature of the cooling water
leaving the windings.

Indirect Measurement

Measuring the temperature of live conductors
1s much more difficult and involves the use of
insulated sensors or thermal image devices.
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Insulated sensors are occasionally used to
measure the winding temperature of small domestic
motors. Because of possible safety implications,
they are not used for winding temperature mea-—
surement of 3 phase motors in generating
stations.

An indication - but not an accurate measure-
ment of the winding temperature in a motor can be
achieved by measuring the cooling air tempera-
ture. A factor is then added on to allow for the
temperature difference between the conductor and
the cooling air.

Temperature measurement on motors using
thermal relays producing thermal images is
explained in lesson see 235.02-1. This method is
satisfactory for use in motors but with oil fill-
ed transformers, a more accurate method is used.

CURRENT

SENSING TRANSFORMER
BLEB\ o Ve
WINDING _-1_—-
TEMP
INDICATOR ;

- OIL FILLED
TRANSFORMER

SHIELD /JT

WINDINGS

Figure 9: Principle of transformer winding temperature
measuring device.



Figure 9 shows the principle of transformer
winding temperature measuring device. Under load,
the windings and core in a transformer will produce
heat which is transferred to the oil. Due to con-
vection, the hottest part of the o0il is at the top
of the tank. A temperature sensing device situated
at the top of the transformer would record the top
0il temperature but not the winding temperature.
Obviously, the windings will operate at a tempera-
ture greater than the top ©il temperature. To make
the temperature indicator sense a temperature which
is the same as the winding temperature, a small
heater surrounds the sensing bulb which is placed
in the hot oil at the top of the tank. This heater
is connected to a current transformer which
supplies the heater with a fraction of the main
winding current. It whould now be appreciated
that:

(a) The winding I2R and iron losses will heat the
0il and due to convection, the hottest oil
will be at the top of the tank. Because the
winding is a source of heat, the hottest part
of the winding - usually called the winding
hot spot will be hotter than the top oil. The
winding hot spot temperature will therefore be
the top o0il temperature plus an increase due
to the IZg produced in the winding.

(b) The winding temperature indicator will indi-
cate the hot spot temperature, ie, the top
0il temperature plus an increase due to IZR
produced by the heater.

{(c) The winding temperature indicator, after
being correctly set up by the manufacturer,
will give a true thermal image of winding hot
spot temperature under all operating condi-
tions.

Temperature Measurement Using Change :in Resistance

Because of reactance being present, resis-
tance in ac circuits cannot be measured by apply—
ing ac voltage and current. However, on dc cir-
cuits, temperature is frequently measured by
observing the change in resistance of a coil or a
winding and converting this change in resistance
into a temperature reading. ¢ This type of measure-
ment 1is used to measure the temperature of the dc
rotor windings in an ac generator.
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I'igure 10 shcws how the resistance of copper
varies linearly with temperature. If the tempera-
ture of a winding is reduced, then at some tempera-
ture =T, the value nof resistance will become zero,
2, matevial becoves superconducting. Figure 10
iliustrates this

The c¢old corditions are represented. by the
solid triangle and the hot conditions are repre-
sented by the dotted triange. As the triangles are
z=imilar, then the magnitudes of their sides are in

veCt ratio,

A

Resistance

Hot or Working Resistantej— — — —

Cold Resistance

-
temp °C

Figure 10: Resistance as a function of temperature.

Therefore, by comparing lengths of the sides
of the triangles,

| >
I
glo

Note:

length A is -T plus the cold temperature

Length B is -T plus the hot or working temperature
Length C is the cold resistance

Length D is the hot resistance

The best way of illustrating the above 1is to
consider an example.



135.03-1

Example:

A generator rotor takes 4000 A at 400 V at
20°C and 4000 A at 480 Volts when operating at its
operating temperature. The rotor is wound using a

copper conductor. What is the operating
temperature of the conductor?

Cold resistance = — = 2000 = 0.1

Hot resistance = 2000 = .12

Substituting the above in the equation:

A_C
B~ D
. 20 + 234.5 .1 The value of -T
gives B = 1z of -234.5°C is
obtained from
Table 1.
.12
Length B = 1 ¥ 254.5 = 305°C above =-T°C
Hot Temp = 305° ~ 234.5° = 70.5°C above 0°C
Resistance A
Hot Resistance 120, |— — — — — 7l— e
”~
/,a’ |
Cold Resistance .1.n +— —_—— ~|—
-In : D=.12_n_
C=1ln I
temp °C
-« A=20°+ 234.5°——»
| 20°C
-+————— B =305% »-
- 23459 — »l« 7059 — »

[ (Copper) o0°C

Figure 11: Diagram Illustrating Example.

- 16 -
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Table 1: Values of -T for Some Common Electrical
Conducter Materials

| CONDUCTOR MELTERIAL -T (in °C)

k_Silver ~-243
Copper -234.5
Aluminum -236
Tungsten =202
Nickel =147

Wherc a spot or a single reading is required,
the voltage and current are measured with the wind-
ing cold and then a further reading is taken of
voltage and current when the winding is hot. A
calculation will then give the winding temperature.

BRUSHES

FIELD FIELD
CIRCUT DISCHARGE | iPRI
,( BREAKER /nes:smﬁ SUIPR N:OSTOR
Q) | Qe WINDINGS
EXCiTATION ! /
SYSTEM !
DC !
OUTPUT j\_ o
O O O
CURRENT /
TRANSDUCER
CURRENT_¥ ] | v INPUT
INPYT
¢ ®
COMPONENT BOX
GIVES V/I
RATIO

ROTOR TEMPERATURE

f— INDICATOR, CALIBRATED
3openaton _ g L
TC OPERATOR |— -1 — IN DEGREES

Figure 12: Circuit for rotor temperature indicator.

Where continuous monitoring of temperature is
required, for example on the dc rotor of a turbine-
generator, an instrument called a rotor temperature
indicator has been devised. This indicator mea-
sures the resistance by ceomparing the ratio of
voltage to current, Figure 12 shows the basic cir-
cuitry of a rotor temperature indicator for a
turbo~generator. The indicator 1is supplied with
alarm contacts which warn the operator when the
rotor termperature limit has been exceeded,



ASSIGNMENT

By considering "in zone" and "through" faults, explain,
using labelled diagrams, how differential protection is
used to protect a busbar.

(a) By considering "in zone" and "through" faults,
explain, using labelled diagrams, how differential
protection is used to protect a busbar with a Teed
connection.

(b) Will all the current transformers have the same
ratio? Why/why not?

Explain, using labelled diagrams, why:

(a) percentage differential relays are required for
protecting generators.

(b} percentage differential relays with harmonic
restraint are required for protecting transformers,

(a) Explain how a transformer can be protected using a
gas and oil relay.

(b) State why the gas and o0il relay can protect the
internal components in a transformer but cannot
protect the rest of the circuit.

{c) Given an outline diagram of a gas and o0il relay,
label the principal components and explain their
function.

Using a labelled diagram, explain how to accurately
measure the temperature of the windings of a loaded
transformer.

Using a labelled diagram, explain how to accurately
measure the temperature of the rotor windings in a turbo
generator. The turbo-generator is assumed to be on full
load.

J.R.C. Cowling
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