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9.1 INTRODUCTION 

Electrical installations, irrespective of whether they are big or small, and whetherlhey are 
meant for residential, commercial or industrial establishments, must meet certain basic 
requirements. l l e s e  concern 

1. Safety of equipment and individual users, - 
2. Functional efficiency, relating to optimum performance of equipment, 

operating convenience and ease of maintenance, 

3. Life expectancy, ensuring that the installation lasts at least a certain minimum 
number of years, and 

4. Economy, such that the cost of the installation is minimal, while being in 
conformity with the above requirements and National rules and regulations. 

In this unit we will begin by considering the principal functional blocks which make up a 
distribution system meant for a residential unit, a cominercial establishment or an individual 
plant. This will be followed by a description of the principal components that are used in 
such installations. Next we consider the protective measures employed to prevent damage to 
equipment and danger to individuals. Finally we consider, at an elementary level, features of 
electrical installations for residences and for control of electrical machines. 

Objectives 
After studying this unit, you should be able to 

define functional blocks of electrical installations, 

describe components used in such installations, 

explain methods for protecting equipment from damage, 

describe means of protection from electric shock, 

describe features of residential wiring, 

describe starter panels for dc motors, 

describe star-delta and auto-transformer starters for induction motors, and 

identity braking and reversal schemes for motors. 
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ELECTRICAL INSTALLATIONS 

9.2.1 Principal Blocks 
The block diagrams of Figure 9.1 are greatly simplified functional diagrams of the type of :' 
distribution systems used for 

(a) a small unit such as a residence and 

(b) larger units such as commercial establishments or industries. 

BRANCH 
OUTLETS EQUIPMENT 

CIRCUITS 

EQUIPMENTI BOARD 

(a) SMALL UNIT SUCH AS A RESIDENCE 

BRANCH 
CIRCUITS EQUIPMENT 

(b) LARGER UNIT FOR AN INDUSTRY OR 
COMMERCIAL ESTABLISHMENT 

Figure 9.1 : Principal blocks of distribution systems 

Supply Lines are the conductors which extend from the street mains or from transformers 
to the building containing the electrical installation. 

Supply Equipment are located at the point of entrance of the supply lines to a building or. 
other structure, or an area defined in some specific manner to cover the extent of an 
electrical installation. Supply equipment include a main switch and fuses, or a circuit 
breaker, together with associated accessories. 

Metering Equipment include energymeters and recorders for measuring the electrical 
energy consumed, together with wattmeters and ammeters as required. 

The Switch Board is a large single panel or assemblage of panels on which are mounted 
switches, overcurrent and other protective devices, busbars and also instruments as needed. 
Switchboards are normally accessible from both the front and the rear and are generally not 
intended to be installed in cabinets. 

The Panel Board consists of a single panel or a group of panels designed for assembly into 
a single unit. These include protective equipment such as automatic overcurrent relays 
together with switches for the control of electrical energy to different branch circuits. The 
equipment used in the panel is usually designed to be placed in a cabinet against a wall or 
partition and is normally accessible only from the front. 

Feeders designate all circuit conductors between different blocks of an electrical installation. 

Branch Circuits are the circuit conductors between the outlets and the final overcurrent 
relay protecting the circuit. 

An outlet is a location on the wiring circuit from which supply is tapped to supply 
utilisation equipment. 

Utilisation Equipment (UE) utilise the electrical supply for mechanical, chemical, lighting, 
heating or other services. 



9.2.2 Principal Components 
The basic components used in electrical installations are : 

j Isolating Switches : 

These are used to isolate or disconnect an item of equipment from the power source. 
In a three phase system. these consist of three knife-switches and lhrec fuses enclosed 
in a metallic box (iron clad). The knife-swilchcs open and close simultaneously by 
means of an external handle. An interlocking nlechanism prevents the cover ftom 
opening when the switch is in Lhe closed position. Such iron clad switches are 
designed to carry the rated full-load current indet31lilely and to withstand a much 
higher short-circuit current for brief intervals. 

I Manual Circuit-Breakers : 

These can be closed and opened manually, but trip (open automatically) when the 
current exceeds a pre-delermined limit. Aftel tripping, circuit-breakers can be reset 
inanually. As such circuit breakers require no fuses, they are often used in the place 
of isolating switches. 

I 

i Sequential Switches/Cam Switches : 

These have a group of fixed contacts and an equal number of moveable contacts. On 
rotating a handle or knob, the contacts are made to open or close in a predetermined 
sequence. 

Push Buttons : 

These are switches activated by finger pressure. Two or more contacts open or close 
r when the button is depressed. These are usually spring loaded so as to return to their 

normal positions (either normally closed or normally open) when the pressure is 
removed. 

Control Relays : 

These are electromagnetic switches which open or close a set of contacts when a 
relay coil is made to carry current (energised). The coil produces a magnetic field 
which attracts a moveable part (armature) carrying the contacts. Such relays are 
generally used in low power circuits. 

Time delay relays belong to this category, but are designed to operate only after a 
definite time interval. 

Magnetic Contactors : 

These are similar to control relays but are designed to ope11 and close high power 
circuits of upto several hundred kilowatts. These possess relay coils which on being 
energised activate sets of contacts designed to handle the requisite high current 
andlor voltage. 

Electrical Installations 
and Control Panels 

r Thermal Overload Relays : 

These are temperature sensitive devices whose contacts open or close when the 
current exceeds a preset limit. The current flows through a small heating element 
which raises the temperature and causes unequal expansion of a bimetallic strip 
resulting in the opening or closing of conlacls. Thermal relays introduce a time delay 
as the temperature cannot follow sudden changes in current. 

Limit SwitchesISpecial Switches : 

Thcse switches are specifically designed to operate when the pressure, temperature, 
liquid level, or position of a mechanical part etc. reaches a limiting value. 

Pilot Lamps : 

These indicate the ON or O F F  state of a component in an electrical installation. 

Other Components : 

These include passive devices like resistors, inductors, capacitors and transformers 
and dynamic devices like various motors and generators. 
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9.2.3 Graphic Symbols used in Electrical Diagrams 
The symbols used in electrical diagrams to represent various electrical and elecQonic 
components have been standardised over the years. For a complete listing of such symbols, 
reference may be made to IS 2032. 

In Table 9.1 the graphic symbols used to represent some frequently occurring components 
are givcn. Somc of lhese symbols ;Ire the ones found in lhc IS and some are those used by 
various authors in booh. 

Table 9.1 : Some Common Graphic Synibols 

Explanation : 1. Terminal 2. Crossing conductors, electrically isolated 3. Conductors electrically connected 
together 4. Group of 3 conductors 5. Earth (ground) connection 6. Lightning arrester 7. Disconnect switch 
8. Separable connector 9. Normally open (NO) contact 10. Normally closed (NC) contact 11. Push button, NO 
12. push button, NC 13. Circuit breaker 14. Relay coil 15. Fuse 16. Thermal overload element 17. 3-Pole switcl~ 
with fuses 18.3-Pole circuit breaker with overload relays and separable connectors 19. General symbol for 
motor 20. General symbd for generator 

9.3 SAFETY PRECAUTIONS 

In order to ensure functional efficiency, satisfactory performance and adequate life 
expectancy of electrical cquipment, it is necessary to protect equipment froin damage due to 
overcurrent, overvoltage and environmental hazards. Also, adequate precautions should be 
taken to ensure that individual users having access to equipment are not subjected to 
unnecessary risk of injury in general and electric shock in particular. 

9.3.1 Protection of Equipment 
Excluding accidental damage, the life expectancy of electrical apparatus is limited by the 
temperature of the insulation as high temperatures result in short life spans. This is because 
higher temperatures lead to more rapid deterioration of the electrical and mechanical 



properties of the insulating materials used with consequent reduction in the useful life of the ElectricalIns~lation~ 

equipment. Tests made on insulating materials have shown that the life span diminishes and Control Panels 

approximately by half every time the temperature increases by 10°C. This means that a 
device having a normal life expectancy of ten years at a temperature of 105OC will have a 
life expectancy of only 5 years at a temperature of 11 5OC and only 2+ years at a temperature 
of 125°C. International and National organisations have grouped insulating materials into 
various classes, with specitied maximum temperature levels, depending on their ability to 
wiulstand heat. Since ohrnic, magnetic and mechanical power losses in equipment are all 
sources of heat, the design of the insulating and ventilating systems of the equipment are 
crucial in deciding the normal operating conditions (full-load Current and power) for a 
particular operating voltage and speed of the equipment. 

The main purpose of an insulator is to prevent significantcurrent flow when subjected to a 
difference of voltage. An ideal insulator would leak zero current through itself whatever the 
voltage difference. However, no insulator is perfect, and when we apply a moderate voltage 
LO an insulator a very small current leaks through it. This leakage current is negligible as 
long as the voltage is not too high. However, if the voltage is increased above a certain 
critical value, an insulator suddenly loses its insulating properties and breaks down. The 
breakdown voltage required to produce this catastrophic failure depends upon the material 
of the insulator and its thickness. The ratio of breakdown voltage to insulator thickness is 
called dielectric strength. In high voltage equipment it is the dielectric strength that 
determines the thickness of the insulation used. In low voltage apparatus, however, 
mechanical and thermal considerations decide the thickness. The safe operating voltages are 
so selected that the dielectric strength of insulation is much larger than the maximum 
voltage gradient under rated voltage conditions. 

Overvoltage Protection 
F Dangerous overvoltages can occur in electrical installations because of lightning discharges 

,and electrical transients (switching surges) caused by faults and switching operations. 
Lightning currents of several tens of thousands of amperes are quite common, and they last 
only a few microseconds. However, in flowing from parts of the electric installation to 
earth, because of the impedance of the path, dangerously high voltages can be generated. 
"Lightriing arresters" or "Surge diverters" are used to protect equipment from such 
transient overvoltages. A lightning arresler is connected in parallel across the equipment it is 
to protect, and is designed to breakdown and provide an alternative path lo earth for surge 
currents at voltages higher than the normal working voltage, thereby protecting lhe 
equipment. 

Earthing or grounding of electrical installations is an important means of providing 
protection. The term earth or ground in an electrical installation loosely refers to the mass 
of the earth beginning with the moist regions below its surface. For all practical purposes 
t h ~ s  general mass of the earth may be regarded as being at a uniform potential - the earth or 
ground potential - which is often taken to be the zero reference potential. For safety reasons, 

r electrical installations are connected to earth at specific points such as the neutral of a star 
connected 3-phase system and the frames of electrical equipment. Special care is taken to 
ensure that the impedance to earth offered by such connections is as small as possible. In the 
case of lightning strokes, low resistance will ensure that the voltage of the equipment with 
respect to earth does not become too high. Also, in the event of a fault (i.e. failure of 
insulation) to the ground, low earth resistance ensures a high fault current and thus 
protective devices which respond to such fault currents will quickly isolate the equipment 
from the supply reducing damage to the equipment. 

The resistivity of the earth is quite high and ranges between 5 to 5000 ohm-meters 
depending on the composition (clay, sand etc) and the moisture content. (By comparison, at 
20°C copper has a resistivity of only 17.2 X ohm-meters and iron about 
ohm-meters). In spite of its high resistivity, the earth is an excellent conductor. This is due 
to the enormous cross-section it offers to current flow and is illustrated in Figure 9.2. The 
figure depicts two iron rods driven into the earth some distance apart with a voltage V 
applied across them. The resulting current I which enters rod A,  spreads out and flows 
through the volume of the earth before converginx on to rod B and returning to the voltage 
source. The resistance offered by the earth, even if the rods are spaced apart by several 
metres, is small. Most of the resistance restricting the current I is concentrated in the soil in 
a small region around each rod and therefore a change in the distance between the rods does 
not change the resistance between them unless the rods are brought very close together. The 
resistance offered by the small region at each rod constitutes the earthing resistance of the 
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EARTH CURRENTS 

Figure 9.2 : Illustrating earth resistance between two rods driven into the earth 

When a point in an installation is to be earthed, the point in question may be connected to an 
earth electrode. Such an electrode is often produced by driving a galvanized iron pipe into 
a pit dug into the earth containing alternate layers of charcoal and salthand which is kept 
moist. Water mains, coilsisting as they do of long lengths of metallic piping buried 
underground are essentially at earth potential. The same is true of the massive steel 
reinforcements used in many buildings. Earthing can be achieved by connection to earth 
electrodes fixed to such structures. However, since earth leakage currents can lead to 
electrochemical action and corrosion, such practices are not encouraged. 

SAQ 1 
A steel structure in an electrical installation is earthed and the resistance to earth 
offered by Lhe earthing scheme is estimated to be In. (a) Calculate the rise in 
potential of the steel structure if it is hit by a 50 kA lightning stroke. (b) If the 
potential rise is to be restricted to 20 kV for lightning strokes of less than 50 kA, 
what is the maximum permissible value of h e  earth resistance ? 

Over-Current Protection 
When items of equipment such as transformers, motors and generators are overloaded, these 
draw currents which exceed the rated (i.e. designed full-load) values of current. Since ohmic 
losses ( z ~ R )  increase as the square of the current the increased heat produced because of 
increased current, causes overheating of the electrical windings leading to reduced life 
expectancy. All equipment, therefore, requires to be protected against overcurrent. Fuses 
and overload trips in starters and circuit breakers are the means used to ensure such 
protection. Overload relays and fuses disconnect electrical circuits and equipment from the 
main supply whenever the current exceeds a preset safe value. Maintenance procedures can 
then come into operation to rectify the situation and ensure that such overload conditions do 
not persist when the equipment is next energised. 

Fault conditions can lead to severe overcurrents. A fault condition exists whenever there is 
insulation failure and the normally high resistance between supply lines, between lines and 
ground and between conductors and the frame of electrical equipment offered by insulation 



falls to a small value. Such fault currents generally add on to the load carrent, and if preset 
values of tripping mechanisms or fuses are exceeded, overcurrent protection will isolate the 
equipment from the supply so that Ule equipment can be replaced or rectified. As already 
mentioned, low earthing resistance, by ensuring higher values of fault current, helps in the 
rapid isolation of faulty equipment. 

9.3.2 Safety of Individual Users 
From an electrical point of view, protection of an individual user is equivalent to protecting 
him from electric shock. Electric shock is actually caused by the current that flows through 
the human body. The current depends on the resistance offered by the skin contact 
resistance, thc resistance of the bulk of the body <and the resistance between the body and 
earth. The skin contact resistance, compared to which the bulk body resistance is negligible, 
varies wid] the thickness, wetness and resistivity of the skin. Roughly speaking, currents 
below 5 nlA are not dangerous; between 10 nlA and 20 mA, the individual loses muscular 
control and may not be able to detach himself from the equipment; above 50 mA, the 
consequences could be fatal. 

Whether a particular voltage to ground is dangerous or not depends on circumstances. The 
resistance between two hands or between a hand and a leg ranges from 500 Q to 50,000 Q. 
If the resistance to earth between a live terminal at 250 V when in contact wilh a dry hand is 
50,000 Q, the current through the human body is 5 nlA.and is not dangerous. However, if 
the contact is with a wet hand, and the resistance comes down to 500 Q, the current would 
be 500 mA, which is certainly fatal. 

In Section 9.3.1 we saw how the earthing of equipment is useful in providing protection to 
equipment from surge voltages and fault currents to earth. On low voltage systems, the 
purpose of earthing is mainly to reduce the danger of electric shock. In low voltage 
distribiltion systems used in buildings, earthing should be achieved by connection to ground 
or earth electrodes, prepared as discussed earlier. 

Users of electrical energy are constantly touching electrical equipment of all kinds ranging 
from domestic appliances and hand-held tools to industrial motors, switchgear, heating 
equipment etc. Special precautions are necessary to ensure safety to the users. In particular, 
metallic enclosures must be grounded if they are to be quite safe. Figure 9.3 shows an 
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Figure 9.3 : Illustrating need to earth metallic enclosures 

insulated heating element in a metallic enclosure energised by a 230 V supply having an 
earthed neutral. 

If the equipment is in good condition the insulation (leakage) resistance Rl between the live 
line and the enclosure is high and may be several megohms. Assuming that the resistance 
offered through an individual user touching the enclosure is Rh between the enclosure and 
the earth, the current through him is 230/(R1 + Rb) and will be too small to pose any danger. 
However, if there is an insulation failure the leakage resistance Rl can decrease to a small 
value and give rise to a dangerous shock. One method of ensuring safety is to earth the 
metallic enclosure by connecting it to a separate wire, known as the earth wire or ground 
wire, which is connected to an earth electrode. In the figure, this is equivalent to throwing 
the switch Son to contact a. If the earthing resistance R, is negligibly small, the enclosure 
is essentially at ground potential at all times and the leakage current through the body is 
zero. 

Electrical Installatiom 
and Control Panels 
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In actual practice, the leakage current will divide in the inverse ratio of the body resistance 
Rb to the earth resistance Re. Dangerous electric shocks are possible with this scheme only if 
Rl and Rb are both small. 

Example 9.1 

Assume that the enclosure is not grounded. Given that the body resistance Rb is 
10,000 Q, find the current through the body when (i) the insulation is in good 
condition and the insulation resistance Rl is 1M Q, (ii) when there is an insulation 
failure and the leakage resistance Rl = 100 Q. (iii) Rl = 100 SZ and the hand in contact 
with enclosure is wet and Rb falls to 500 Q. (Assume that R1 is effectively between 
the live terminal of the heater element and the enclosure). 

Solution 

(i) The current through Rb = 
230 

A = 0.23 mA. This current is much less 
lo6+ lo4 

than 5 mA and will cause no discomfort. 

(ii) Leakage current = 
230 

A = 23 mA. This current may not be fatal, but is 
lo4 + lo2 

distinctly uncomfortable and could result in muscular failure and inability to 
detach oneself from the shocking equipment. 

(iii) Leakage current = 230 A = 383 mA. This current is much greater than 
100 + 500 

50 mA and could be fatal. 

SAQ 2 
Assume that the enclosure is earthed by connection to a ground electrode. This 
corresponds to switch S being on contact a. Further assume that the resistance to 
earth from the enclosure is R, = 5 Q. Find the currents through the body 
corresponding to Example 9.1 (i), (ii) and (iii). 

From Figure 9.3, it might be concluded that equally effective protection would be obtained 
whether the enclosure is earthed by connecting to a ground electrode (S o ~ a )  or by 
connecting the enclosure to the neutral wire (S on b). This conclusion would be valid only if 
the neutral is properly grounded. If there is failure of neutral earthing (switch S2 open), or 
there is a high resistance in the path through the neutral to earth, touching the enclosure 
c?z!d still result in dangerous consequences. 

As seen in SAQ 2 : (iii), despite the use of an earth connection, uncomfortable electrical 
shocks are still possible whenever there is an insulation failure between the live conductor 
and a metallic enclosure. Even if there is no failure of equipment insulation as such, due to 
accident or carelessness, it is always possible for an individual user to divert uncomfortable, 
even dangerous, currents through oneself to earth. To take care of such situations, devices 
have been developed that will disconnect the power supply as soon as the leakage current 
from the live wire to the earth exceeds a prescribed safe value (e.g. 5 mA). The operation of 
an earth-fault circuit-breaker which achieves this objective is shown in Figure 9.4. 
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Figure 9.4 : Earth-leakage Circuit-breaker 



The operalion of the circuit is based upon the fact that the current IL through the live wire Electrical Installations 

will exceed the current IN in the neutral by the sum of all the leakage currents to earth on and Control Panels 

the right of the iron core. The nett current passing through the iron core from left to right is 
thus ( I L  - IN ) which is equal to the total earth leakage current. The coil wound on the iron 
core is similar to that of a current transformer and the current in it will therefore be 
proportional to the earth leakage current. This current will actuate a relay in the circuit 
breaker and trip the circuit breaker if the leakage current exceeds a preset value. 

Example 9.2 

In Figure 9.3, switch S is on a, Rl = 50 Q, Rb = 1000 Q. Calculate the leakage 
current through the body if (i) R, = 5 Q; (ii) R, = 0.5 Q. Comment on the safety of 
the individual user. 

Solution 

(i) Here Rl comes in series with the parallel combination of RI, and R,. This total 
Rb Re lo0Ox5 - 55 Q -5O+--  resistance is Rl + - - 
Rb Re 1005 

230 
Therefore leakage current through Rl = - = 4.18 A 

5 5 

Current through the body (Rb) = 1005 x 4.18 A = 20.8 mnA. which is 

somewhat high. 

(ii) Here total resistance 

230 - 4.55 A Leakage current through Rl = - - 
50.5 

0'5 
x 4.55 A = 2.28 mA Current through the body (Rb) = - 

1000.5 

This current is quite safe. 

SAQ 3 
In Figure 9.3, switch S is on b, Rl = 50 Q. Rb = 1000 Q. Calculate the leakage current 
through the body if switch S2 is open and the resistance to earth from the neutral line 
is 200 Q. Comment on the safety aspect. 

9.3.3 Measurement of Earth Resistance 
In the foregoing paragraphs, we have come across two resistance values with respect to 
electrical installations : one is the resistance to earth or earth resistance which is quite low 
and the other is the insulation resistance which is quite high. When a building is being 
constructed, a number of specially prepared earth pits are provided arourld the building, 
wherein, a number of thick metallic plates or pipes are driven into the ground, and these 
electrodes are interconnected. This keeps the overall earth resistance low, as the earth 
resistances of a number of pits appear in parallel. The resistance between an electrode and 
the surrounding earth is required to be measured periodically, to ascertain the effectiveness 
of the protection. , 

The measuring scheme involves sending a current I through an arrangement similar to the 
one shown in Figure 9.5. Here E is the pit whose resistance is to be checked. The rod 1 is 
driven at a distance of about 10 m away from E. The current is sent through the earth mass 
from E to 1. As indicated in Figure 9.2, the current takes a number of parallel paths inside 
the ground. A third rod 2 is driven at varying distances from E and the voltage drop V 
between E and 2 \s measured for different locations of rod 2. 

The quantity (V/I ) is substantially constant when the rod 2 is positioned in the intermediate 
region no1 too close either to E or 1. This value is taken as the resistance of the pit E. 
Measurements are to be made around each pit, when a number of them are interconnected. 



Figure 9.5 : Principle of measurement of earth resistance 

Hand-driven generalors are available which provide the supply, when field-testing is carried 
out on a large scale. lnstead of measuring V every time, (V/I ) is compared against a 
variable resistance in the instrument and the instrument would read 'ohms' directly. Such 
instruments are called Earth testers. 

The insulation resistance of an electrical equipment or installation on the other hand is 
measured using an instrument callcd Megger. Its principle is briefly discussed in 
Section 10.4.6. , 

SAQ 4 
Why are several earthing pits provided around a building instead of just one ? 

RESIDENTIAL WIRING 

In Figure 9.1 (a) we have presented a block diagram of an electrical installation suitable for 
a residence. In India, the electric supply to residences, commercial establishments and small 
industries is from a 400 V, 50 Hz, three-phase, four wire distribution system. The neutral of 
the supply is earthed, the line to neutral voltage being approximately 230 V. For a 
household where the connected load is small (of the order of a few kilowatts), a 
single-phase 230 V line-to-neutral supply is given. When the connected load is larger, a 
three-phase supply is given, the load being sectionalised, each section having only a single 
phase supply. In multi-storeyed residential bdildings and for small industries, the 
three-phase supply permits the use of three-phase pump-sets and motors. The supply lines 
or service cables in Figure 9.l(a) then consist of either two conductors, one each from a line 
and the neutral or four conductors from all three lines and the neutral. The wires from the 
three-phase lines are connected through rewirable service fuses (in the case of a 
single-phase supply, there is only one line and one service fuse) to the building, whereas the 
neutral is taken directly. In the building, these pass through an appropriate energy meter 
before getting connected to an iron-clad switch mounted next to the meter. The service 
conductors from the lines and neutral, the service fuse and the energy meter are the property 
of the Electric Supply Authority. The main switch and the wiring system and components 
beyond belong to the consumer and are his responsibility. 

The output terminals of the main switch are connected to busbars in a distribution board, the 
line terminal being connected to the live busbar and the neutral to the neutral busbar. 
Tappings from these busbars could be used to energise various single-phase loads either 
directly or via subsidiary distribution boards. 

Figure 9.6 represents a distribution system having two subsidiary distribution boards. In the 
figure, L and N refer to the line and neutral respectively. A point to note is that fuses are 
provided only on the line side, the corresponding sections on the neutral side being 



connected by thick links. This is a safety precaution to ensure that, in the event of the , Electrical Lnstallatiom 
current through a load falling to zero because of a fuse being blown, the load is always at and cwtd Panels 

neutral potential and therefore safe to handle. If a neutral fuse were used, on this fuse 
blowing while the corresponding fuse on the line side remains intact, though the load 
current falls to zero, the load itself will be at the potential of the live conductor (230 V) and 
therefore dangerous to handle. 
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Figure 9.6 : Kes~dential Wiring System 

The loads in il residence consist of lamps, fans and various household appliances such as 
refrigerators, heaters, mixers, electric kettles, electric irons, radio, television set etc. 
Whereas lanips and fans are permanently connected and are not directly handled, many 
electrical appliances are frequently handled by users and are liable to give electric shocks 
unless they are properly carthed. To ensure this a ground or earth electrode as described in 
Sections 9.3.1 and 9.3.3 should be provided, with an earthing wire connected to it. Such an 
"earth wire" is often made of copper or galvanized iron or steel wire. Electrical appliances, 
in addition to carrying a line lead and a neutral lead, also carry an earth lead. For portable 
appliances, 3-pin plugs and sockets must be provided, one pin being c o ~ ~ c t e d  to the live 
line, one pill to the neutral, and the third to the earth wire. In such plugs, the line and neutral 
pins are identical, while the earth pin is longer and stouter. 

In any residential wiring scheme, the entire system is divided into a number of separate 
circuits. Each circuit, when used for supplying lamps and fans, may be assigned 800 to 
1000 W of connectcd load. Thc so-called loop-in system of wiring is normally employed. 
Figure 9.7 illustrates the wiring scheme when the load consists of two lamps and a three-pin 
domestic appliance. Note that the switches are provided on the line side and not on the 
neutral side. Explain why'! 

Figure 9.7 : Loop-in System of Wiring 
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In this section a more detailed discussion of starting and braking methods for dc shun1 
motors, already introduced in Section 7.5.3, will be presented together with elements ot 
panel wiring for shunt motor starters. 

9.5.1 Starters for DC Shunt Motors 
As seen in Section 7.5.3, it is dangerous to apply rated voltage to a dc arinaturc at standstill. 
This is because there is no counter elnf at zero speed, and the armature current can be as 
high as a hundred or more times the full load value for large machines. In addition to being 
dangerous for the motor, such heavy currents impose a severe strain on the supply system 
and may not be permitted. The main function of the starter is to keep the armaturc currcnt 
within safe limits, (usually about twice the full-load value) during the starting period. If a 
variable voltage dc supply is available, as in a Ward-Leonard control schemc, tllc current 
can be safely controlled by gradually increasing the armature voltage from Lero. Starters 
become necessary when the inotor has to be started from a constant voltage supply. In such 
cases, the current is kept within safe limits by introducing sufficient resistance in series with 
the armature, the resistance being designed to safely dissipate the heat generated by the 
starting current. 

The starting armature current, reacting with the magnetic field set up by the shunt field. 
produces a11 accelerating torque which speeds up the machine. As the nlachine speeds up, a 
counter emf opposing the supply voltage and proportional to the speed comes into being 
leading to a reduction in lhe nett accelerating torque. So, if the starting resistance is kept 
constant, the starting current and accelerating torque will progressively decrcase, the motor 
accelerating more slowly at higher speeds. Finally when near normal speed is reached, the 
series resistance can be removed from the circuit. Exactly this proccdure is adopted in the 
two-step starters used for small dc motors. In a two-step starter, the first step consists in 
switching the supply to the armature aid series starting resistor. When about 75% of the 
rated speed is reached or when thc armature currcnt falls to a low enough value, the second 
step is taken wherein the starting resistance is removed Crorn the circuit. 

Two-step starters are not suitable for medium and large sized machines as it is not possible 
to restrict the starting current without greatly increasing the starting time as also UIC energy 
wasted in the starting resistor. Such machines, thcrefore. employ starters in which, as the 
machine speeds up, the starting resistance is cut out in steps. l l le  principle underlying the 
scheme is illustrated in Figure 9.8 which shows a four-step starter in which the starting 
resistor consists of three parts rl, r2 and rj. On step 1, Sl is closed introducing the l'ull 
starting resistance (rl + r2 + r3) in series with the armature. On step 2, switch S2 closes, 
reducing the starting resistance to (r2 + r3). On step 3, S., closes reducing the series 
resistance to r.+ and. finally when S4 closes, the armature is directly connected across the l'ull 
voltage. 

SHUNT FIELD 

Figure 9.8 : Four-step Starter for Shunt Motor 

Starting schemes like the above can be implemented using manual (halid operated) starters 
such as the 3 point and 4 point face plate starters used in Inany laboratories. However, the 
modem practice is to use automatic starters, where elcctrornagnetic relays ensure the 
proper sequence of operations once a starting push-button is pressed. Automatic starters 
may either use (i) the counter-emf (or armature voltage method) or (ii) current-limit 
method of starting. In the counter-emf method, the armature voltage (which is a rough 
measure of armature speed) is monitored, arid when it reaches predetermined levels 
corresponding to specific speeds, switches S2, S3 etc. are operated. In the current limit 



method, a high starting torque is ensured by limiting the current to an upper value of about Electrical InstdIations 

twice the full-load current and a lower value of about full-load current thus ensuring that the and Control Panels 

average starting torque is higher than full load torque. In this scheme switches S2, S j  etc. are 
closed whenever the starting current falls in value to the lower limit. 

To illustrate the use of electromagnetic relays in automatic starters. we confine ourselves in 
what follows to the simplest, viz., the two-step starters. 

SHUNT FIELD 

I I 

R~ Controls Claand Clm 
RESISTOR 

R Z  Controls CZ 1 @ R2 1 ROL Controls COL 

r Figure 9.9 : Two-step Automatic Counter EMF Stiirter 

Figure 9.9 shows a two step starter based on the counter-emf method. Rl, R2 and ROL are 
relay coils which control the contactors C I m  and C1 a , C2 and COL respectively. In this 
scheme, the main supply switch S is to be closed manually. Then, on the start press-button 
being operated, relay coil R1 gets energised closing the main contactor Clm and the auxiliary 
contactor Cl,. Closure of C1, ensures that R1 remains energised even if the start 
press-button is released. Closure of C I m  energises the armature in series with the starting 
resistor. The relay coil R2 thus gets connected to the armature terminals and, as the motor 
speeds up, the voltage across the coil rises. When this voltage reaches the preset value 
(perhaps 80% of rated voltage) contactor C2 closes short-circuiting the starting resistor and 
connecting the armature terminals to the full supply voltage. Pressing the stop button 
de-energises R1 opening the main contactor C , ,  and thus isolating the motor from the 
supply. In the event of the motor getting overloaded. the overload current relay coil ROL will 
ensure that the normally closed contactor COL opens, again de-energising R1 and 

r 
I disconnecting the motor. 
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R 1  Controls Cl,and C l b  

R Z  Controls C z m ,  (+sand 

R 3  Controls Cg 

ROL Controls C O~ 

Figure 9.10 : Two-step Automatic Current Limit Starter 



Electrical Machines & In a two-step currellt limit Starter, the starting resistor is again activated in the first step. the 
Memuring Instruments second step being initiated when the starting current falls to a preset lower lim~t. Thc 

scheme is illustrated in Figure 9.10. When the start push-button is closed, tlic relay coil RI 
gets energised, opening contactor C,, and closing contactor CII, S~nce  Clh is closed, relay 
coil R2 gets energised closing the main supply contactor C2," and closing contactor C2, such 
that R2 remains energised cven if the start button is released. In the meantime, closure of 
C2,,, energises K3 with the armature starting current, thus clos~ng which provides at1 
alternative path to kcep Rl energised. As the motor speeds up, ultinlately the starting current 
will fall below the prc-set limit, reopciliilg contactor Cz and de-energising RI such that Cl ,  
returns to its norillally closed posilion, Ulus comiecting the armature across the full voltage. 
Operation of the stop button, or excess current Umrouglm overload relay coll Ror. opening 
contactor COL, will discomicct the motor from the supply. 

Example 9.3 

A 230 V, dc shunt motor has an armature resistance of 3.0 !2 and draws a full load 
armature current of 5 A. 

(i) What starting resistor is required in a two-step starter with the maximum 
current limited to 10 A on each step? What is the mininlum current at the end 
of step 1 'I 

(ii) If with the above starting resistance, the initial current on step 2 is allowed to 
reach 4 times full-load current what is the armature current at the end of 
step I ?  (Because of the small size and low inertia of the motor, this currelit is 
regarded as safe for the motor). 

(iii) Obtain the corresponding armature voltages for transition to step 2 for the 
above two cases for usc in a counter cnlf starter. 

Solution 

(i) Starting resistance = l2l0 - - 3.01 = 20!2 
i ; 

Since the current is to be restricted to 10 A on step 2 with all resistance cut 
out, EMF at the start of step 2 = 230 - 3 x 10 = 200 V. For this starter, the 
mininlum current at end of stcp 1 is therefore 

(ii) Since the current on step 2 can equal 4 x 5 = 20 A, 
the emf at start of step 2 = 230 - 3 x 20 = 170 V. 

For this starter. minimum current at end of step 1 is 

(iii) For a counter erilf starter, the corresponding armature voltages are 

(1) (200 + 3 x 1.3) = 203.9 V and (2) (170 + 3 x 2.6) = 177.8 V. 

SAQ 5 
A 220 V shunt motor has an armature resistance of 0.5 and a full-load armature 
current of 20 A. 

(a) Calculate the resistance steps for a current-limit starter with the upper limit at 
40 A and the lower linlit at 20 A. 

(b) What is the armature voltage just before each step '? 



9.5.2 Dynamic Braking and Plugging Electrical ~nstal~atiow 

Large dc motors, particularly when driving high inertia loads, can take an unacceptably long and Control Panels 
c 

time to come to a halt when merely switched off from the mains. This is because the normal 
windage and friction torques are quite small and cause only a small retardation of speed. 
Mechanically applied brakes are one solution for machines in the smaller sizes. For larger 
machines, a more elegant method consists in making the current in the armature during the 
braking period produce a decelerating torque by interaction with the field. The two 
important methods used are (i) dynamic braktng and (ii) plugging. A third electrical method, 
known as regenerative braking requires the induced emf to be larger than the supply 
voltage so that the machine can function as a generator and pump back power into the 
mains. This is an important method used extensively in electric tractioil systems employing 
series dc motors, but will not be discussed here. 

Dynamic Braking 

The essential elements of a system employed for the dynamic braking of a dc shunt motor 
are illustrated in Figure 9.1 1. 

Figure 9.11 : Dynamic Braking of dc Shunt Motor 

In the Figure 9.1 1, V, is the supply voltage, S is a two-pole double-throw switch and RE is 
the braking resistor. When switch S is on aa, the nlotor is functioning normally on the 
mains. When the switch is thrown on to hh, the armature is disconnected from the supply 
and the resistance RE is connected across the armature. Because of the induced emf in the 
armature it acts as a generator supplying a power k2 R~ to the resistor. (The directions of 

the initial motoring current IM and the braking current IB are shown in the figure.) This 
power is derived from the kinetic energy stored in the inertia of Ule dc nlotor and connected 
inertia aid results in braking action. The value of the resistor RE is so chosen that the initial 
braking current Is is about twice the full-load current. Consequently, the initial braking 
torque is equal to twice the full-load torque. As the motor slows down, the induced emf, and 
therefore the current Is, will keep reducing and the braking action will be quite small at low 
speeds. For bringing the motor to rest quickly, it may be necessary to augment the normal 
braking torque of friction and windage by using an additional mechanical brake. 

Plugging 

A dc nlotor can be braked more rapidly by using a method known as plugging. The 
essentials of the system are shown in Figure 9.12 for a dc shunt nlotor. In the figure, Vs is 
the supply voltage, S a two-pole double-throw switch and RB is the braking resistance. 
When motoring, the switch S is on aa. and the armature draws the current IM shown in the 
figure. When the switch S is thrown over to hh, the armature is connected on to the supply 
Vs in such a manner that the positive terminal of the supply is connected to the negative 
ternlinal of the armature and vice versa. 

Figure 9.12 : Plugging of dc Shunt Motor 



Electrical Machines & As a consequence, the armature induced emf, (which was a counter-emf during motoring 
Meirrdg  hitruments operation) acts hi the same direction as Vs. If Ra is the resistance of the armature, the 

braking current IB is given by 

In the case of dynamic braking, the braking current would only be 

In the case of plugging, as for dynamic braking, the resistance RB is selected such that the 
initial braking current is about twice full load current resulting in a braking torque equal to 
twice full-load. However, as the speed drops, it is only Ea that keeps reducing, and even 
when Ea = 0, the braking current will only fall to about full-load value. (In the case of 
dynamic braking, the braking torque would become zero). Because of this behaviour, 
plugging produces very rapid deceleration. However, even at zero speed, when the motor 
stops there will be a torque acting in the opposite direction to that as a motor, and this will 
make the motor reverse. To prevent this it is usual to mount an automatic null speed device 
on the shaft which will interrupt the supply to the motor as zero speed is approached. 

SAQ 6 
The dc motor of SAQ 5 is to be provided with a dynamic braking arrangement. 

(a) Determine the value of RB if the initial current is to be equal to twice full-load 
current. The induced emf may be taken to be approximately equal to the 
supply voltage. 

(b) For the same restriction on the braking current as in (a), what should be the 
value of RB if plugging is to be employed ? 

9.6 STARTERS FOR CAGE INDUCTION MOTORS 

If rated voltage is applied to a three-phase cage induction motor it will run up from standstill 
to its full - speed. The magnitudes of both armature current and torque during the starting 
process are functions of the speed and depend on the specific design considerations used. 
However, the current at start, which is the same as the blocked-rotor current is usually 5 to 6 
times the full-load current. Full voltage starting of induction motors can be safely used only 
for small motors of upto about 10 kW. For larger motors, the nonnal procedure is to start 
the motor in two steps. Initially reduced voltage is applied so that the starting current is 
much less than the blocked rotor current. As the motor speeds up, the armature current falls, 
and when the armature current has reached a safe value, the full voltage is applied in the 
second step. In this section we will consider the essentials of panels used for 

(i) full-voltage starting, 

(ii) star-delta starting, and 

(iii) auto-transformer starting. 

9.6.1 Full-voltage Starting (Direct-on-line Starting) 
Figura9.13 gives the connection diagram for the full voltage starting of a small induction 
motor. On pressing the start push-button, after energising the main switch S, the relay coil A 
gets energised closing the normally open auxiliary contactors A 1, and A2, Since A,  is 
closed, the relay coil A will continue to be activated even when the start button is released. 
The thermal overload relays Tare so designed that the high starting current, (which rapidly 
decreases during the starting period) does not heat up the relays sufficiently to make them 
trip the contactor Tl. However, in the case of sustained overloads, lasting for some time, 



they will disconnect TI, causing the currenl in coil A to fall to zero, and open contactors A2 Electrical  installation^ 

disconnecting the motor from the supply. In order to re-start the motor it is necessary to and Control Panels 

once again ensure that TI  is closed. This is achieved by the manual reset shown 
symbolically in the figure. 

IJ FOR 'Ii 
Figure 9.13 : Full Voltage Starter 

9.6.2 Auto-transformer Starting 
A common method of starting larger squirrel-cage motors is to use an auto-transformer 
starter. In this, if the rated phase voltage is V,, only x times the voltage V ,  (where x is around 
0.6 to 0.7) is applied in the first slep, and afler the motor has come up to speed the full 
voltage is applied. Figure 9.14 shows an auto-transformer starter connected to a cage 
~nduction motor. 

MOTOR 

3 PHASE 

SUPPLY M 

A1 

Figure 9.14 Auto Transformer Starter 

After the main switch S is closed, on pressing the start button, relay coil R gets energised 
closing auxiliary contactor RA which ensures that R remains energised even if the start 
button is released. The relay coil R also operates contactors RID and R2D after a time delay 
of a few seconds. During this delay period, since RID is closed, relay coil A is energised, 
opening A, and closing the six contactors labelled Al  in the figure. The supply is thereby 
connected to the primaries of the three star-co~mected auto-trlmsformers. The tapped voltage 
from the three points marked P is then given to the induction motor and it starts on a 
reduced voltage. After the delay period for the contactor RID is over, it gets opened and 
soon after, contactor R 2 ~  closes. On RID opening, relay coil A gets de-energised, A, closes 
and the six contactors marked AI open, de-energising the auto-transformer windings. 
I~nnlediately afterwards, on R 2 ~  closing, coil B gets energised connecling the induction 
motor through the three contactors marked Bl to the full supply. The thermal relay coils T 
and contactor TI function as described for the full-voltage starter. In the figure the 
auto-transformers are shown as having more taps, allowing a choice of the amount of 
starting voltage used. 
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9.6.3 Star-Delta Starter 
A much cheaper method of providing reduced voltage starting is to use a star-delta starter. 
This scheme requires the use of 'an ~nduction motor designed to operate as a delta conneclcd 
machine in normal usage. Consequently, the voltage across each phase is the line voltage of 
the supply. At starting, the stator phases are r e - co~ec t ed  in star across the supply reducing (A) = 0.58 times h e  norn~al value. After the motor has speeded the voltage per phase to - 

up, it is reconnected in d ~ l t a  or normal operation. A specially designed manual, two-throw 
switch is used to effect the changed connection. A wiring diagram showing the switching 
operation of a star-delta switch is given in Figure 9.15. 

Figure 9.15 : Star-delta Starter 

In Figure 9.15, the star-delta switch is shown as a three-pole, two-throw switch. On closing 
the main switch S ,  ternunals Al, B1 and C1 get connected lo the thrce lines of the supply. If 
now the starter is switched downwards, the terminals A2, B2 and C2 get short-circuited 
togcther and the stator is star c o ~ e c t e d  across thc supply. After it has speeded up, on the 
switch being thrown upwards, A2 gets connected to B1 , B2 lo C1 and C2 to A,. The stator is 
now delta connected across the mains for normal operation. 

Simple calculations pertaining lo the use of an auto transformer arc required of you in 
SAQ 7. Similarly, SAQ 8 is illustrative of the star-delta starter. For answering these 
questions, pleasc recall from your study of induction motors that, at any particular speed of 
the motor, neglecting saturation effects, 

(i) currents are proportional to the applied voltage and 

(ii) torque varies as the square of the applied voltage. 

SAQ 7 
At start, an auto-transformer starter supplies 60 % of the full voltage. If the rotor 
blocked current on full voltage is 5 times the full load current and the starting torque 
on full voltage is twice the full load torque what is 

(a) the starting current in the motor, 

(b) the starting current in the supply mains, 

(c) the starting torque ? 

SAQ 8 
Show that both the starting torque and the starting line current are equal to (113) thc 
respective values on full voltage when a star-delta starter is used. 
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9.7 SUMMARY 
Electrical installations 

and Control Panels 

Energy is transferred from the main supply lines to various items of equipment utilising 
electrical energy by the distribution system of an electrical installation. In Section 9.2, you 
were introduced to the principal functional blocks constituting such systems, and the 
principal components used therein together with the graphical symbols employed for their 
representation in electrical diagrams. 

Protection of equipment from damage and the safety precautions required to prevent injury 
to individuals were the themes of Section 9.3. In Section 9.4, you were given a brief 
description of the considerations underlying wiring schemes for a residence. 

Scction 9.5 discussed the considerations underlying panels used for automatic starting of dc 
shunt motors utilising the counter-emf and current-limit methods. You were then introduced 
to two important methods of braking dc motors, namely dynanlic braking and plugging. 
Fuially in Section 9.6. you were introduced to the essenlials of panels employed for 
ful I-voltage, auto-transformer and star-delta starting of squirrel-cage induction motors. 

9.8 ANSWERS TO SAQs 
SAQ 1 

(a! Potential rise = 50,000 x 1 = 50?000 V 

(b) If the earth resistance = R Q, potential rise = 50 R kV, 

SAQ 2 

The resistance Re coines in parallel with the body resistance. The value of this 

parallel combination Rll = 
Rb Re 

= 5 Q , irrespective of whether 
Rb + Re 

(i) Current through this parallel combination = 230 A = 230 p A, 
lo6 + 5 

Hence, the current through Rb = x 2 3 O p A  

= 0.1 15 p A. This current is negligibly small. 

(ii) The current through the parallel combination = 230 = 2.2 A. The current through 
105 

the body = - x 2.2 A - 1.1 rnA. This is also a safe value. 
10005 

(iii) Current through the body = - x 2.2 A = 22 rnA. The current though 
505 

uncomfortable may not be fatal and is seen to be distinctly lower than what it would 
have been if the enclosure is not grounded. If lhe earthing were more perfect, the 
earth resistance value being only 0.5 ohm, the leakage current through the body 
would bc only about 2.3 xnA, a safe value. 

SAQ 3 

Here R, comes in series with the parallel combination of Rb and RN, the resistance to 
earth of the neutral wire. The total resistance is 

230 - 1.06 A Leakage current through Rl = - - 
21 6.7 

Leakage current through the body (Rb) = - 
-- 

200 x 1.06A = 177mA. 
1200 



Electrical Machines & This current is dangerously high and so coilnecting thc enclosure to an ungrounded 
Memuring htnunents neutral wire affords no protection. 

SAQ 4 

So as to reduce the overall earth reistance, the earth resistances o T  several pits coming 
in parallel. 

(a) 

On Step 1 : Maximum current = 40 A. So total resistance in armature circuit should 
be 220140 = 5.5 SZ. 

On Step 2 : EMF at end of step 1 for 1, = 20 A is (220 - 5.5 x 20) = 110 V 

:. Resistance required in armature circuit for 40 A = 220 - = 2.75 Q 

40 

So, resistance r l  between steps 1 'and 2 = (5.5 - 2.75) = 2.75 R 

On Step 3 : EMF at end of step 2 for I, = 20 A is (220 - 20 x 2.75) = (220 - 55) = 
165 V. 

:. Resistance required in armature circuit for 40 A = (220 - 165) = 1.375 (1 
40 

:. Resistance r2 between steps 2 and 3 = (2.75 - 1.375) = 1.375 R. 

On Step 4 : EMF at end of step 3 for 1, = 20 A is 
(220 - 20 x 1.375) = (220 - 27.5) = 192.5. 

. Resistance required in armature circuit for 40 A = 27.5140 = 0.6875 R. 

:. Resistance r3 between steps 3 and 4 = (1.375 - 0.6875) = 0.6875 R. 

On Step 5 : EMF at eild of step 4 for I, = 20 A is 

Resistance required in armature circuit for 40 A = 13.75140 = 0.344 Q. But this value 
is less Ihan the armature resistance of 0.5 a, implying a negative resistance, which is 
unnecessary. So step 5 is the last step and requires no additional resistance. The 
initial current on this step will be 

As this is less &an 40 A, it is quite safe. 

The resistance r4 between sleps 4 and 5 = 0.6875 - 0.5 = 0.1875 SL. 

So the starter resistors will be as shown below. 

'i 52 5 r4 
2.75 Ohm 1.375 Ohm 0.6875 Ohm 0.1875 Ohm 

Figure for Answer to SAQ 5 

(b) 
Prior to each step except the first,.the armature voltage will be equal to the EMF jusl 
before that step plus Ihe armature voltage drop of (0.5 x 20) = 10 V .  

Thus, voltage just before step 1 = 0 V, as both EMF and current before this step are 
zero. 



Voltagebeforestep2=110 +10  =120V 

Voltage before step 3 = 165 + 10 = 175 V 

Voltage before step 4 = 192.5 + 10 = 202.5 V 

Voltage before step 5 = 206.25 + 10 = 216.25 V 

SAQ 6 

Electrical Installations 
and Control Panels 

(a) lB = 40 = 
220 

RB + 0.5 

(b) IB = 40 = 
220 + 220 
RB + 0.5 

440 - 20 
Hence RB = 

40 
= 10.5 R 

SAQ 7 

(a) The starting current is directly proportional to voltage. So nlotor 

current = ----- - - 3 times h l l  load current. 
100 

Primary current at start in auto transformer = fa) secondary current 
(100 

= 1.8 timcs motor full load current 

(c) The starting torque is proportional to the squarc of the voltage. 

Torque = 1 (5) x 2 1 = 0.72 times full load torque . 

SAQ 8 

Let line current on full voltage start for the lnotor operated with delta connected 
winding be I,, and let the starting torque be T,, . Since the per phase voltage is (1 /6) 
full voltage when star connected, the phase current is (1 /fi) times the phase 
current on full voltage when delta connected. But phase current in a delta = (1 / f i )  
times line currellt. In a star connection, phase and line current are Ule same. Hence 
line current at start = (1 / 3 )  line current on full voltage delta starting. 

Torque is proportional to (phase voltagej2. Hence, torque = (1 = 113 starting 
torque on full voltage, delta connectic>n. 


