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Short Description
This manual will give you a thorough understanding of the capabilities of power
system protection relays and how they fit into the overall distribution network. The
strengths and weaknesses of the latest microprocessor (or numerical) relays as
compared to the older electromechanical relays will be outlined.

Description
This manual will give you a thorough understanding of the capabilities of power
system protection relays and how they fit into the overall distribution network. The
strengths and weaknesses of the latest microprocessor (or numerical) relays as
compared to the older electromechanical relays will be outlined.
You will also gain a solid appreciation of how the modern relay communicates not
only to the central SCADA system but also between themselves resulting in a
truly multifunctional system which includes protection, control and monitoring.
Finally, you will gain a solid understanding of issues of reliability and security for
the modern relay.
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Need for Protection

Important notes
1. This book was originally written for UK and other European users and
contains many references to the products and standards in those
countries. We have made an effort to include IEEE/ANSI/NEMA
references wherever possible. The general protection approach and
theoretical principles are however universally applicable.
2. The terms ‘earth’as well as ‘ground’ have both been in general use to
describe the common power/signal reference point interchangeably
around the world in the Electro-technical terminology. While the USA and
other North American countries favor the use of the term ‘ground’,
European countries including UK and many other Eastern countries
prefer the term ‘earth’. In this book, we will adopt the term ‘ground’ to
denote the common electrical reference point. Our sincere apologies to
those readers who would have preferred the use of ‘earth’ to the term
‘ground’.
1.1

Need for protective apparatus

A power system must be not only capable of meeting the present load but also
requires the flexibility to meet the future demand. A power system is designed to
generate electric power in sufficient quantity, to meet the present and estimated
future demands of the users in a particular area, to transmit it to the areas where
it will be used and then distribute it within that area, on a continuous basis.
To ensure the maximum return on the significant investment in the equipment,
which goes to make up the power system, and to keep the users satisfied with
reliable service, the whole system must be kept in operation continuously without
major breakdowns.
This can be achieved in two ways:

The first option is to implement a system using components, which should
not fail and which require minimal maintenance to maintain the continuity
of service. However, implementing such a system is neither economical
nor feasible, except for small systems.
The second option is to anticipate any possible effects or failures that
may cause a long-term shutdown of a system, which in turn may take a
longer time to bring the system back to its normal operation. The main
idea is to restrict the disturbances during such failures to a limited area
and maintain power distribution to the remaining areas. Special
equipment is normally installed to detect such kind of failures (also called
‘faults’) that can possibly happen in various sections of a system, and to
isolate faulty sections so that the interruption is limited to a localized area.
The special equipment adopted to detect such possible faults is referred
to as ‘Protective equipment or a protective relay’ and the system that
uses such equipment is termed a ‘Protection system’.
A protective relay is the device, which gives instruction to disconnect a faulty part
of the system. This action ensures that the remaining system is still fed with
power, and protects the system from further damage due to the fault.
Hence, use of protective apparatus is very necessary in the electrical systems,
which are expected to generate, transmit and distribute power with least
interruptions and restoration time.
1.2

Basic requirements of protection

A protection system has three main functions/duties:
Safeguard the entire system to maintain continuity of supply.
Minimize damage and repair costs where it senses a fault.
Ensure safety of personnel.
These requirements are necessary, firstly for early detection and localization of
faults and secondly, prompt removal of faulty equipment from service.
In order to carry out the above duties, protection must have the following
qualities:
1. a) Selectivity: To detect and isolate the faulty item only.
2. b) Stability: To leave all healthy circuits intact to ensure continuity of
supply.
3. c) Sensitivity: To detect even the smallest fault, current or system

abnormalities and operate correctly at its setting before the fault causes
irreparable damage.
4. d) Speed: To operate speedily when it is called upon to do so, thereby
minimizing damage to the surroundings and ensuring safety to personnel.
To meet all of the above requirements, protection must be reliable which means it
must be:
Dependable - it musttrip when called upon to do so.
Secure - it must nottrip when it is not supposed to.
1.3

Basic components of protection

The protection of any distribution system is a function of many elements and this
section gives a brief outline of the various components that go into protecting a
system. The following are the main components of a protection system.
A fuse self destructs and carries the currents in a power circuit
continuously and sacrifices itself by blowing under abnormal conditions.
These are normally independent OR stand-alone protective components
in an electrical system unlike a circuit breaker, which necessarily requires
the support of external components.
Accurate protection cannot be achieved without properly measuring the
normal and abnormal conditions of a system. In electrical systems,
voltage and current measurements give feedback on whether a system is
healthy or not. Voltage transformers and current transformers measure
these basic parameters and are capable of providing accurate
measurement during fault conditions without failure.
The measured values are converted into analog and/or digital signals and
are made to operate the relays, which in turn isolate the circuits by
opening the faulty circuits. In most of the cases, the relays provide two
functions: alarm and trip; once the abnormality is noticed. The relays in
earlier times had very limited functions and were quite bulky. However,
with the advancement in digital technology and use of microprocessors,
relays monitor various parameters, which give a complete history of a
system during both pre-fault and post-fault conditions.
The opening of faulty circuits requires some time, typically milliseconds.
However, the circuit breakers, which are used to isolate the faulty circuits,
are capable of carrying these fault currents until the fault currents are
totally cleared. The circuit breakers are the main isolating devices in a
distribution system, which can be said to directly protect the system.
The operation of relays and breakers require power sources, which shall

not be affected by faults in the main distribution. Hence, the other
component, which is vital in protective system, are batteries that are used
to ensure uninterrupted power to relays and breaker coils.
The above items are extensively used in any protective system and their design
requires careful study and selection for proper operation.
1.4

The development of simple distribution systems

When a consumer requests electrical power from a supply authority, ideally all
that is required is a cable and a transformer, shown physically as in Figure 1.1:
Figure 1.1
A simple distribution system
This is called a Radial system and can be shown schematically in the following
manner (Figure 1.2.)

Figure 1.2
A radial distribution system
Advantages
If a fault occurs at T2 then only the protection on one leg connecting T2 is called
into operation to isolate this leg. The other consumers are not affected.
Disadvantages
If the conductor to T2 fails, then supply to this particular consumer is lost
completely and cannot be restored until the conductor is replaced/repaired.
This disadvantage can be overcome by introducing additional/parallel feeders
(Figure 1.3) connecting each of the consumers radially. However, this requires
more cabling and is not always economical. The fault current also tends to
increase due to use of two cables.

Figure 1.3
Radial distribution system with parallel feeders
The Ring main system, which is the most favored, then came into being (Figure
1.4). Here each consumer has two feeders but connected in different paths to
ensure continuity of power, in case of conductor failure in any section.

Figure 1.4
A ring main distribution system
Advantages
Essentially, meets the requirements of two alternative feeds to give 100%
continuity of supply, whilst saving in cabling/copper compared to parallel feeders.
Disadvantages
For faults at T1 fault current is fed into fault via two parallel paths effectively
reducing the impedance from the source to the fault location, and hence the fault
current is much higher compared to a radial path. The fault currents in particular
could vary depending on the exact location of the fault.
Protection must therefore be fast and discriminate correctly, so that other
consumers are not interrupted.
The above case basically covers feeder failure, since cables tend to be the most
vulnerable component in the network. Not only are they likely to be hit by a pick
or alternatively dug-up, or crushed by heavy machinery, but their joints are
notoriously weak, being susceptible to moisture, ingress, etc. amongst other
things.
Transformer faults are not so frequent, however they do occur as windings are
often strained when carrying fault currents. Also, their insulation lifespan is very
often reduced due to temporary or extended overloading leading to eventual
failure. Hence interruption or restriction in the power being distributed cannot be
avoided in case of transformer failures. As it takes a few months to manufacture
a power transformer, it is a normal practice to install two units at a substation with
sufficient spare capacity to provide continuity of supply in case of transformer

failure.
Busbars on the other hand, are considered to be the most vital component on a
distribution system. They form an electrical ‘node’ where many circuits come
together, feeding in and sending out power.
On E.H.V. systems where mainly outdoor switchgear is used, it is relatively easy
and economical to install duplicate busbar system to provide alternate power
paths. But on medium voltage (11 kV, 6.6 kV and 3.3kV) and low voltage (1000 V
and 500 V) systems, where indoor metal clad switchgear is extensively used, it is
not practical or economical to provide standby or parallel switchboards. Further,
duplicate busbar switchgear is not immune to the ravages of a busbar fault.
The loss of a busbar in a network can in fact be a catastrophic situation, and it is
recommended that this component be given careful consideration from a
protection viewpoint when designing the network, particularly for continuous
process plants such as mineral processing.
1.5

Faults: types and their effects

It is not practical to design and build electrical equipment or networks to eliminate
the possibility of failure in service.
Faults can be broadly classified into two main areas, which have been
designated ‘Active’ and ‘Passive’.
1.5.1

Active faults

The ‘Active’ fault is when actual current flows from one phase conductor to
another (phase-to-phase), or alternatively from one phase conductor to ground
(phase-to-ground). This type of fault can also be further classified into two areas,
namely the ‘solid’ fault and the ‘incipient’ fault.
The solid fault occurs as a result of an immediate complete breakdown of
insulation as would happen if, say, a pick struck an underground cable, bridging
conductors etc. or the cable was dug up by a bulldozer. In mining, a rockfall could
crush a cable, as would a shuttle car. In these circumstances the fault current
would be very high, resulting in an electrical explosion.
This type of fault must be cleared as quickly as possible, otherwise there will be:
Increased damage at fault location. Fault energy = I2´ Rf ´ t where t is time

in seconds.
Danger to operating personnel (flashes due to high fault energy
sustaining for a long time).
Danger of igniting combustible gas in hazardous areas, such as methane
in coal mines which could cause horrendous disaster.
Increased probability of ground faults spreading to healthy phases.
Higher mechanical and thermal stressing of all items of plant carrying the
fault current, particularly transformers whose windings suffer progressive
and cumulative deterioration because of the enormous electromechanical forces caused by multiphase faults proportional to the square
of the fault current.
Sustained voltage dips resulting in motor (and generator) instability
leading to extensive shutdown at the plant concerned and possibly other
nearby plants connected to the system.
The ‘incipient’ fault, on the other hand, is a fault that starts in a small way and
develops into catastrophic failure. For example, partial discharge (excessive
discharge activity is often referred to as a Corona) occurring in a void in the
insulation over an extended period can burn away adjacent insulation, eventually
spreading further and developing into a ‘solid’ fault.
Other causes can typically be a high-resistance joint or contact, alternatively
pollution of insulators causing tracking across their surface. Once tracking
occurs, any surrounding air will ionise and then behaves like a solid conductor
consequently creating a ‘solid’ fault.
1.5.2

Passive faults

Passive faults are not real faults in the true sense of the word, but are rather
conditions that are stressing the system beyond its design capacity, so that
ultimately active faults will occur. Typical examples are:
Over loading leading to over heating of insulation (deteriorating quality,
reduced life and ultimate failure)
Over voltage—Stressing the insulation beyond its withstand capacities
Under frequency—Causing plant to behave incorrectly
Power swings—Generators going out-of-step or out-of-synchronism with
each other
It is therefore necessary to monitor these conditions to protect the system against
these conditions.

1.5.3

Types of faults on a three-phase system

Largely, the power distribution is globally a three-phase distribution especially
from power sources. The types of faults that can occur on a three-phase A.C.
system are shown in Figure 1.5.

(A) Phase-to-ground fault
(B)

Phase-to-phase fault

(C)

Phase-to-phase-to-ground fault

(D)

Three-phase fault

(E)

Three-phase-to-ground fault

(F)

Phase-to-pilot fault*

(G)

Pilot-to-ground fault*

* In underground mining applications only
Figure 1.5
Types of faults on a three-phase system
It will be noted that for a phase-to-phase fault, the currents will be high, because
the fault current is only limited by the inherent (natural) series impedance of the
power system up to the point of fault (Ohm’s law).
By design, this inherent series impedance in a power system is purposely chosen
to be as low as possible in order to get maximum power transfer to the consumer
so that unnecessary losses in the network are limited thereby increasing the
distribution efficiency. Hence, the fault current cannot be decreased without a
compromise on the distribution efficiency and further reduction cannot be
substantial.
On the other hand, the magnitude of ground fault currents will be determined by
the manner in which the system neutral is grounded. It is worth noting at this
juncture that it is possible to control the level of ground fault current that can flow
by the judicious choice of grounding arrangements for the neutral. Solid neutral

grounding means high ground fault currents, being limited by the inherent ground
fault (zero sequence) impedance of the system, whereas additional impedance
introduced between neutral and ground can result in comparatively lower ground
fault currents.
In other words, by the use of resistance or impedance in the neutral of the
system, ground fault currents can be engineered to be at whatever level desired,
and are therefore controllable. This cannot be achieved for phase faults.
1.5.4

Transient and permanent faults

Transient faults are faults, which do not damage the insulation permanently and
allow the circuit to be safely re-energized after a short period.
A typical example would be an insulator flashover following a lightning strike,
which would be successfully cleared on opening of the circuit breaker, which
could then be automatically closed.
Transient faults occur mainly on outdoor equipment where air is the main
insulating medium.
Permanent faults, as the name implies, are the result of permanent damage to
the insulation. In this case, the equipment has to be repaired and recharging
must not be entertained before repair/restoration.
1.5.5

Symmetrical and asymmetrical faults

A symmetrical fault is a balanced fault with the sinusoidal waves being equal
about their axes, and represents a steady state condition.
An asymmetrical fault displays a D.C. offset, transient in nature and decaying to
the steady state of the symmetrical fault after a period of time, as shown in Figure
1.6.

Figure 1.6
An asymmetrical fault
The amount of offset depends on the X/R (power factor) of the power system and
the first peak can be as high as 2.55 times the steady state level (see Figure 1.7).

Figure 1.7
Total asymmetry factor chart
1.6

System grounding

Sometimes the phase to ground faults in a system can limit the ground fault
current depending on adding external impedance between neutral and the
ground. This chapter briefly covers the various methods of grounding that are
adopted in the electrical systems. In the following sections, the star connected
transformer is shown. This is widely used in power distribution. The grounding
methods are also applicable to the case of generators, whose windings are also
invariably star connected.
Table 1.1 highlights the possible problems that can occur in a system due to the
common faults and the solutions that can be achieved by adopting system
grounding.
Table 1.1
Possible problems that can occur in a system due to the common faults, and
solutions
Problems
Phase faults:
High fault currents.
Only limited by inherent impedance of power supply.
Ground faults:
Solid grounding means high ground fault currents.
Only limited by inherent zero sequence impedance of power system.
Consequence
1) Heavy currents damage equipment extensively–danger of fire hazard.

2) This leads to long outage times–lost production, lost revenue.
3) Heavy currents in ground bonding gives rise to high touch potentials–dangerous to
human life.
4) Large fault currents are more hazardous in igniting gases–explosion hazard.

Solutions
Phase segregation:
Eliminates phase-to-phase faults.
Resistance grounding:
Means low ground fault currents–can be engineered to limit to any chosen value.
Benefits
1) Fault damage now minimal–reduces fire hazard.
2) Lower outage times–less lost production, less lost revenue.
3) Touch potentials kept within safe limits–protects human life.
4) Low fault currents reduce possibility of igniting gases–minimizes explosion
hazard.
5) No magnetic or thermal stresses imposed on plant during fault.
6) Transient overvoltages limited–prevents stressing of insulation, breaker re-strikes.
1.7
Grounding devices
1.7.1

Solid grounding

In this case, the neutral of a power transformer is grounded solidly with a copper
conductor as shown in Figure 1.8.

Figure 1.8

Solid grounding of power transformer
Advantages:
Neutral held effectively at ground potential
Phase-to-ground faults of same magnitude as phase-to-phase faults so
no need for special sensitive relays
Cost of current limiting device is eliminated
Grading insulation towards neutral point N reduces size and cost of
transformers
Disadvantages:
As most system faults are phase-to-ground, severe shocks are more
considerable than with resistance grounding
Third harmonics tend to circulate between neutrals
1.7.2

Resistance grounding

A resistor is connected between the transformer neutral and ground (see Figure
1.9):
Mainly used below 33 kV
Value is such as to limit a ground fault current to between 1 and 2 times
full load rating of the transformer. Alternatively, to twice the normal rating
of the largest feeder, whichever is greater.

Figure 1.9
Resistance grounding
Advantages:
Limits electrical and mechanical stress on system when a ground fault
occurs, but at the same time, current is sufficient to operate normal
protection equipment
Disadvantages:
Full line-to-line insulation required between phase and ground

1.7.3

Reactance grounding

A reactor is connected between the transformer neutral and ground (see Figure
1.10):
Values of reactance are approximately the same as used for resistance
grounding
To achieve the same value as the resistor, the design of the reactor is
smaller and thus cheaper

Figure 1.10
Reactance grounding
1.7.4

Arc suppression coil (Petersen coil)

A tunable reactor is connected in the transformer neutral to ground (see Figure
4.4):
Value of reactance is chosen such that reactance current neutralizes
capacitance current. The current at the fault point is therefore theoretically
nil and unable to maintain the arc, hence its name.
Virtually fully insulated system, hence current available to operate
protective equipment is so small as to be negligible. To offset this, the
faulty section can be left in service indefinitely without damage to the
system as most faults are ground faults of a transient nature, the initial
arc at the fault point is extinguished and does not re-strike.

Figure 1.11
Arc suppression coil (Petersen coil)
Sensitive watt-metrical relays are used to detect permanent ground faults.
1.7.5

Grounding via neutral grounding compensator

This provides a ground point for a delta system and combines the virtues of
resistance and reactance grounding in limiting ground fault current to safe

reliable values (see Figure 1.12).

Figure 1.12
Grounding via neutral grounding compensator
1.8

Fuses

The fuse is the most common and widely used protective device in electrical
circuits. Although the ‘fuse-less’ concept has been growing in importance for
quite some time, a lot of low voltage distribution circuits are still protected with
fuses. Fuses also form a major backup for protection in medium voltage and high
voltage distribution to 11 kV, where switches and contactors with limited short
circuit capacities are used.
In 1881, Edison patented his ‘Lead safety wire’, which was officially recognized
as the first fuse. However, it was also said that Swan actually used this device in
late 1880 in the lighting circuits of Lord Armstrong’s house. He used strips of tinfoil jammed between brass blocks by plugs of woods. The application of the fuse
in those days was not to protect the wires and system against short-circuit, but to
protect the lights which cost 25 shillings a time (a fortune in those days).
Later, as electrical distribution systems grew, it was found that after short circuits,
certain conductors failed. This was due to the copper conductors, not being
accurately drawn out (extruded) to a constant diameter throughout the cable
length; faults always occurring at the smallest cross-sectional area.
Fuses were often considered casual devices until quite recently. The open tin-foil
(re-wireable) fuse sometimes came in for a lot of abuse. If it blew constantly, then
the new fuse was just increased in size until it stayed in permanently. Sometimes
hairpins were used. Greater precision only became possible with the introduction
of the Cartridge fuse.
1.9

Re-wireable type

As the name indicates the fuse can be replaced or ‘rewired’ once it fails. Fusible
wire used to be contained in an asbestos tube to prevent splashing of volatile
metal.
Disadvantages include:

1) Open to abuse due to incorrect rating of replacement elements hence
affording incorrect protection
2) Deterioration of element as it is open to the atmosphere
1.10

Cartridge type

This comprises a silver element, specially shaped, enclosed in a barrel of
insulating material, filled with quartz. Silver and quartz combine to give a very
good insulator and prevent the arc from re-striking (see Figure 1.13).

Figure 1.13
Sectional view of a typical class–GP type 5. Cartridge fuse–link
Advantages include:
1) Correct rating and characteristic fuse always fitted to a circuit - not open to
abuse as re-wireable type.
2) Arc and fault energy contained within insulating tube-prevents damage.
3) Normally sealed therefore not affected by atmosphere hence gives more
stable characteristic-reliable grading.
4) Can operate considerably faster, suitable for higher short circuit duty:
- Cartridge type can handle 100,000 amps
- Semi-open type can handle 4,000 amps
Normal currents carried continuously are much closer to fusing current due to
special design of element.
These fuses are most widely used in electrical systems and are referred to as
HRC (High rupturing capacity) fuses, with the name synonymous with their short
circuit current breaking capacity. In North American terminology, these fuses go
by the name of cartridge fuses.
1.11

Operating characteristics

All fuses irrespective of the type have inverse characteristic as shown in the
graph that follows. Inverse means that they can withstand their nominal current
rating almost indefinitely but as the currents increases their withstanding time
starts decreasing making them ‘blow’. The blowing time decreases as the
flowing currents increase. The thermal characteristic or withstand capacity of a
fuse is indicated in terms of ‘I2 t’ where I is the current and t is the withstand time
(see Figure 1.14).
The prospective current is the Irms that would flow on the making of a circuit
when the circuit is equipped for insertion of a fuse but that the fuse is replaced
with a solid link.
The curves are very important when determining the application of fuses as they
allow the correct ratings to be chosen to give grading.

Figure 1.14
Inverse characteristic of fuse
1.12

Governing standards

Low Voltage cartridge type fuses are governed by various national and
international standards; examples being IEC 60269, BS 88, BS EN 60269, NEMA
standard FU 1:2002, etc. The standards aim at bringing uniformity in respect of
various ratings and operating parameters and other aspects such as overall
dimensions, interchangeability etc. For example, British standard BS 88 lays
down definite limits of:
1. a) Temperature rise
2. b) Fusing factor =
3. c) Breaking capacity
These are all dependent on one another and by careful balancing of factors a
really good fuse can be produced. For example, a cool working fuse may be
obtained at the expense of breaking capacity. Alternatively, too low a fusing
factor may result in too high a temperature, therefore too close protection and
possibilities of blowing are more.
Another popular standard adopted in North America is NEMA standard document
FU 1:2002. This standard categorizes the fuses based on their performance

requirements and specifies the voltage/current ratings for different categories. It
also specifies the dimensions (derived from FPS system) for each category of
fuse and indicates the ferrule/blade details for the fuse where it connects with the
fuse holder or other external means of connection so as to ensure
interchangeability between fuses manufactured by different vendors.
NEMA LV fuses have voltage ratings of 60V, 125V, 160V, 250V, 300V, 400V,
500V and 600V (AC RMS). Fuses are categorized under classes G, H, J, K, L, R,
T and CC based on their current/voltage/interrupting ratings. The standard also
stipulates the maximum temperature rise permissible over the ambient
temperature and indicates exact details of measuring the temperature. Details of
overload and short circuit tests are also specified.
1.13

Energy ‘let through’

Fuses operate very quickly and can cut-off fault current long before it reaches its
first peak (see Figure 1.15):

Figure 1.15
Energy ‘let through’
If a fuse cuts off in the first quarter cycle, then the power let-through is I²t. By
comparison, circuit breakers can clear faults in any time up to 10 cycles and in
this case the power let-through is the summation of I2 for 10 cycles. The energy
released at the fault is therefore colossal compared with that let through by a
fuse. Damage is therefore extensive.
In addition, all apparatus carrying this fault current (transformers etc) is subjected
to high magnetic forces proportional to the fault current squared (If 2)!!
1.14

Application of selection of fuses

The fuses blow in cases where the currents flowing through them last for more
than its withstand time. This property limits the use of fuses in circuits where the
inrush currents are quite high and flow for considerable time such as motors, etc.,
which draw more than 6 times their full load current for a short time ranging from
milli seconds to few seconds depending on the capacity. Hence, it is not possible
to use fuses as over load protection in such circuits, since it may be necessary to
select a higher rated fuse to withstand inrush currents. Accordingly, the fuses are

mostly used as short circuit protection rather than as over load protection in such
circuits.
The fuses can be used as either for overload and short circuit protection or for
short circuit protection as noted below:
Circuits where the load does not vary much above normal value during
switching on and operating conditions. Resistive circuits such as lamps
show such characteristics. Hence, it is possible to use fuses as overload
protection in such circuits. They also protect against short circuits.
Circuits where loads vary considerably compared to the normal rating
e.g.
-

Direct-on-line motors

-

Cranes

-

Rolling mills

- Welding sets, etc. In these cases, fuses are used to provide short-circuit
protection only as it is not possible to select a size meeting both overload and
inrush conditions.
Fuse selection depends on a number of factors:
Maximum fault kVA of circuit to be protected
Voltage of circuit
The above factors help to calculate the prospective current of circuit to be
protected. The full prospective current is usually never reached due to rapid
operation of the fuse and hence the following factors need to be considered.
(1) Full load current of circuit
Short circuit tests show that the cut-off current increases as the rating increases.
Hence if a higher rated fuse is used it may take longer to blow under short
circuits which may affect the system depending upon the value and duration.
Hence, a greater benefit is derived from the use of correct or the nearest rating of
cartridge fuses compared to the circuit rating.
(2) Degree of overcurrent protection required

It is necessary to consider slightly higher ratings for the fuses compared to the
maximum normal current expected in a system. This factor is called the fusing
factor (Refer to section 5.5) and can be anywhere between 1.25 to 1.6 times the
normal rating.
(3) The level of overcurrent required to be carried for a short time without blowing
or deteriorating e.g. motor starting currents
This point is important for motor circuits. Fuses must be able to carry starting
surge without blowing or deteriorating.
(4) Whether fuses are required to operate or grade in conjunction with other
protective apparatus. This factor is necessary to ensure that only faulty circuits
are isolated during fault conditions without disturbing the healthy circuits.
Depending on the configuration used, discrimination must be achieved between:
-

Fuses and fuses

-

Fuses and relays, etc.

There is no general rule laid down for the application of fuses and each problem
must be considered on its own merits.
1.15
1.15.1

General ‘rules of thumb’
Short circuit protection

Transformers, fluorescent lighting circuits
Transient switching surges - take next highest rating above full load current.
Capacitor circuits
Select fuse rating of 25% or greater than the full load rating of the circuit to allow
for the extra heating by capacitance effect.
Motor circuits
Starting current surge normally lasts for 20 seconds. Squirrel cage induction
motors:

- Direct-on-line takes about 7 times full load current
- 75% tap autotransformer takes about 4 times full load current
- 60% tap autotransformer takes about 2.5 times full load current
- Star/delta starting takes about 2.5 times full load current
1.15.2

Overload protection

Recommend 2:1 ratio to give satisfactory discrimination.
1.16
1.16.1

Special types
Striker pin

This type is most commonly used on medium and low voltage circuits. When the
fuse blows, a striker pin protrudes out of one end of the cartridge. This is used to
hit a tripping mechanism on a three-phase switch-fuse unit, so tripping all threephases. This prevents single phasing on three-phase motors.
Note: On switch fuse L.V. distribution gear, it is a good policy to have an isolator
on the incoming side of the fuse to facilitate changing.
1.16.2

Drop-out type

Used mainly on rural distribution systems. Drops out when fuse blows, isolating
the circuit and giving line patrolman easy indication of fault location.
1.17

General

The fuse acts as both a fault detector and interrupter. It is satisfactory and
adequate for both of these functions in many applications. Its main virtue is
speed.
However, as a protective device it does have a number of limitations, the more
important of which are as follows:
It can only detect faults that are associated with excess current.
Its operating characteristic (i.e. current/time relationship) cannot be
adjusted or set.
It requires replacement after each operation.

It can be used only at low and medium voltages.
Because of these limitations, fuses are normally used only on relatively
unimportant, small power, low and/or medium voltage circuits (see Figure 1.16).

Figure 1.16
Characteristic of transformer HV/LV
1.17.1

Series overcurrent AC trip coils

These are based on the principle of working of fuses where the coils are
connected to carry the normal current and operated as noted below:
A coil (instead of a fuse) is connected into the primary circuit and
magnetism is used to lift a plunger to trip a circuit breaker.
Refinement on this arrangement is the dashpot, which gives a
time/current characteristic like a fuse.
Amps-turns are a measurement of magnetism, therefore for the same flux
(i.e. lines of magnetism necessary to lift the tripping plunger) say 50 Ampturns, a 50 amp coil would have 1 turn, whereas a 10 amp coil would
have 5 turns (see Figure 1.17).

Figure 1.17
Series over-current A.C. trip coil characteristic
Limitation of this type of arrangement is:
Thermal rating
This coil must carry the full fault current and if this is high then the heating effect
(I²) may be so great as to burn out the insulation. The design must therefore be
very conservative.
Magnetic stresses
High fault currents induce tremendous magnetic forces inside the trip coil tending
to force the windings apart. Here again the design must display a large margin of

support and clamping to contain such stresses.
1.18

IS-limiter

A very ‘special’ type of fuse is the IS-limiter, originally developed by the company
ABB. The device consists of two main current conducting parts, namely the Main
conductor and the Fuse, as illustrated in Figure 1.18.

Figure 1.18
Construction of IS-limiter
The device functions as an ‘intelligent fuse’, as illustrated in Figure 1.19. The
functional parts are the following:
1. Current transformer (detects the short-circuit current)
2. Measuring and tripping device (measures the current and provides the
triggering energy)
3. Pulse transformer (converts the tripping pulse to busbar potential)
4. Insert holder with insert (conducts the operating current and limits the
short-circuit current)
The IS-limiter is intended to interrupt very high short-circuit currents very quickly,
in order to protect the system against these high currents. Currents of values up
to 210 kA (11 kV) can be interrupted in 1 ms. This means that the fault current is
interrupted very early in the first cycle, as illustrated in Figure 1.19.

Figure 1.19
Functional diagram of IS-limiter

Figure 1.20
Fault current cycle
When a fault current is detected, the main conductor is opened very swiftly. The

current then flows through the fuse, which interrupts the fault current. The over
voltage occurring due to the interruption of current is relatively low due to the fact
that the magnitude of current on the instant of interruption is still relatively low.
The main conductor and parallel fuse have to be replaced after each operation.
The IS-limiter is only intended to interrupt high fault currents, leaving the lower
fault currents to be interrupted by the circuit breakers in the system. This is
achieved by the measuring device detecting the instantaneous current level and
the rate of current rise. The rate of current rise (di/dt), is high with high fault
currents, and lower with lower fault currents, as illustrated in Figure 1.21. The
IS-limiter only trips when both set response values are reached.
A practical use of the IS-limiter is illustrated in Figure 1.22, where the combined
fault current supplied by two transformers in parallel would be too high for the
switchgear panel to withstand.

Figure 1.21
Rate of current rise

Figure 1.22
Practical use of IS-limiter
Here I2 is interrupted first thereby decreasing the fault current to the value of
I1 and I1 is interrupted subsequently. The net resultant fault current follows the
path of I1 once the limiter functions thereby limiting the overall fault current.
1.19

Instrument transformers

The voltage transformers and current transformers continuously measure the
voltage and current of an electrical system and are responsible to give feedback
signals to the relays to enable them to detect abnormal conditions. The value of
actual currents in modern distribution systems vary from a few amperes in
households, small industrial/commercial houses, etc., to thousands of amperes in
power intensive plants, national grids, etc., which also depend on the operating
voltages. Similarly, the voltages in electrical systems vary from few hundred volts
to many kV. However, it is impossible to have monitoring relays designed and

manufactured for each and every distribution system and to match the
innumerable voltages and currents present. Hence the voltage transformers and
current transformers are used which enable same types of relays to be used in all
types of distribution systems ensuring the selection and cost of relays to be within
manageable ranges.
The main tasks of instrument transformers are:
To transform currents or voltages from usually a high value to a value
easy to handle for relays and instruments.
To insulate the relays, metering and instruments from the primary high
voltage system.
To provide possibilities of standardizing the relays and instruments, etc.
to a few rated currents and voltages.
Instrument transformers are special versions of transformers in respect of
measurement of current and voltages. The theories for instrument transformers
are the same as those for transformers in general.
1.20

Basic theory of operation

The transformer is one of the high efficient devices in electrical distribution
systems, which are used to convert the generated voltages to convenient
voltages for the purpose of transmission and consumption. A transformer
comprises of two windings: primary and secondary coupled through a common
magnetic core.
When the primary winding is connected to a source and the secondary circuit is
left open, the transformer acts as an inductor with minimum current being drawn
from the source. At the same time, a voltage will be produced in the secondary
open circuit winding due to the magnetic coupling. When a load is connected
across the secondary terminals, the current will start flowing in the secondary,
which will be decided by the load impedance and the open circuit secondary
voltage. A proportionate current is drawn in the primary winding depending upon
the turns ratio between primary and secondary. This principle of transformer
operation is used in transfer of voltage and current in a circuit to the required
values for the purpose of standardization.
A voltage transformer is an open circuited transformer whose primary winding is
connected across the main electrical system voltage being monitored. A
convenient proportionate voltage is generated in the secondary for monitoring.
The most common voltage produced by voltage transformers is 100 volts to 120

volts (as per local country standards) for primary voltages from 380 volts to 800
kilo volts or more.
However, the current transformer has its primary winding directly connected in
series with the main circuit carrying the full operating current of the system. An
equivalent current is produced in its secondary, which is made to flow through the
relay coil to get the equivalent measure of the main system current. The standard
currents are generally 1 ampere and 5 amperes universally.
1.21

Application of current transformers

AC trip coils are designed to carry the normal and fault currents. However, it is
difficult to use the same items for higher current circuits. In order to overcome the
limitations experienced by series trip coils, current transformers are used so that
the high primary currents are transformed down to manageable levels that can be
handled comfortably by protection equipment
A typical example would be fused AC trip coils. These use current transformers,
which must be employed above certain limits i.e., when current rating and
breaking capacity becomes excessively high. Some basic schemes are:
1.21.1

Overcurrent

In this application, the fuses bypass the AC trip coils as shown in Figure 6.27.
Under normal conditions, the fuses carry the maximum secondary current of the
CT due to the low impedance path.

Figure 1.23
CTs for overcurrent use in series trip coils
Under fault conditions, Isec having reached the value at which the fuse blows and
operates, trip coil TC to trip the circuit breaker. Characteristic of the fuse is
inverse to the current, so a limited degree of grading is achieved.
1.21.2

Overcurrent and ground fault

There are two methods of connection and the second one shown in Figures 1.24
and 1.25 are the most economical arrangement for this protection.

Figure 1.24
CTs for overcurrent and ground fault protection using series trip coils

Figure 1.25
Economical use of overcurrent and ground fault configuration
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