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UNIT-1
CURRENT ELECTRICITY

1.1 Electricity as a source of energy

INTRODUCTION

Sources of electricity are everywhere in the world. Worldwide, there is a range of
energy resources available to generate electricity. These energy resources fall into
two main categories, often called renewable and non-renewable energy resources.
Each of these resources can be used as a source to generate electricity, which is a
very useful way of transferring energy from one place to another such as to the

home or to industry.

Non-renewable sources of energy can be divided into two types: fossil fuels and

nuclear fuel.
Fossil fuels

Sources of electricity include fossil fuels are found within the rocks of the Earth's
surface. They are called fossil fuels because they are thought to have been formed
many millions of years ago by geological processes acting on dead animals and
plants, just like fossils.

Coal, oil and natural gas are fossil fuels. Because they took millions of years to
form, once they are used up they cannot be replaced.

Oil and natural gas

Sources of electricity include oil and gas are chemicals made from molecules
containing just carbon and hydrogen. All living things are made of complex
molecules of long strings of carbon atoms. Connected to these carbon atoms are
others such as hydrogen and oxygen. A simple molecule, called methane (CH4), is
the main component of natural gas.

Crude oil (oil obtained from the ground) is a sticky, gooey black stuff. It contains

many different molecules, but all are made of carbon and hydrogen atoms.

How were they formed?



Gas and oil were formed from the remains of small sea creatures and plants that
died and fell to the bottom of seas. Over many millions of years, layers of mud or
other sediments built up on top of these dead animals and plants. The pressure
from these layers and heat from below the Earth's crust gradually changed the

once-living material into oil and natural gas.

Over time, the layers of rocks in the Earth's crust move and may become squashed
and folded. Gas and oil may move through porous rocks and may even come to the
surface. In some places, pockets of oil and gas can be found, because non-porous

rocks have trapped them.

Natural gas and crude oil can be found in many places around the world, such as
the Middle East (about 70 per cent of the world's known resources of oil), the USA
and under the North Sea off the coast of the UK.

When gas and oil burn they produce mainly carbon dioxide and water, releasing
the energy they contain. Crude oil is a mixture of different chemicals and is usually
separated out into fuels such as petrol, paraffin, kerosene and heavy fuel oils.

The oil-based fuels provide less energy per kilogram than natural gas. Both oil and
natural gas produce carbon dioxide, which is a greenhouse gas.

How long will they last?

Oil and gas are non-renewable: they will not last forever. New sources of oil and
gas are constantly being sought. It is thought that the current resources under the
North Sea will last about another 20 years and the world resources will last for
about 70 years.

Estimates vary, however, because we do not know where all the resources are and
we do know how quickly we will use them. It is thought that with new discoveries

these fossil fuels will last well into the next century.

Advantages

These sources of energy are relatively cheap and most are easy to get and can be

used to generate electricity.



Disadvantages
When these fuels are burned they produce the gas carbon dioxide, which is a
greenhouse gas and is a major contributor to global warming. Transporting oil

around the world can produce oil slicks, pollute beaches and harm wildlife.

Coal

Sources of electricity can include coal, which mainly consists of carbon atoms that
come from plant material from ancient swamp forests. It is a black solid that is
reasonably soft. You can scratch it with a fingernail. It is not as soft as charcoal,
however, and is quite strong. It can be carved into shapes. There are different
types of coal. Some contain impurities such as sulphur that pollute the atmosphere

further when they burn, contributing to acid rain.

How was it formed?

Millions of years ago, trees and other plants grew rapidly in a tropical climate, and
when they died they fell into swamps. The water in the swamps prevented the
plant material from decaying completely and peat was formed.

As time passed, layer upon layer of peat built up. The pressure from these layers
and heat from below the Earth's crust gradually changed the material into coal.
Coal can be found in parts of the world that were once covered with swampy
forests, such as the UK about 250 million years ago. There are large deposits in

China, USA, Europe and Russia. South Africa also has relatively large deposits.



When coal burns it produces mainly carbon dioxide, some carbon monoxide and

soot (which is unburned carbon). Many coals when burned produce smoKky flames.

Their energy content weight for weight is not as great as oil. When coal burns it

produces more carbon dioxide than oil.
How long will the supply of coal last?

The world has relatively large reserves of coal, more so than oil and gas. Estimates

vary, but suggestions are that supplies will last well into the next century.

Advantages

Coal is relatively cheap, with large deposits left that are reasonably easy to obtain,
some coal being close to the surface. It is relatively easy to transport because it is a

solid.
Disadvantages

Some sources of coal are deep below the ground, as in the UK. They can be difficult,

costly and dangerous to mine.

Burning coal without first purifying it contributes to global warming, as well as to
the production of smog (smoke and fog), which is harmful to health. It is a finite

resource and will eventually run out.

1.2 Definition of Resistance, Voltage, Current, Power, Energy and their units

Resistance- Resistance is the opposition that a substance offers to the flow of
electric current. Itis represented by the uppercase letter R. The standard unit of
resistance is the ohm, sometimes written out as a word, and sometimes
symbolized by the uppercase Greek letter omega. When an electric current of
one ampere passes through a component across which a potential difference

(voltage) of one volt exists, then the resistance of that component is one ohm.

In general, when the applied voltage is held constant, the current in a direct-
current (DC) electrical circuit is inversely proportional to the resistance. If the

resistance is doubled, the current is cut in half; if the resistance is halved, the
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current is doubled. This rule also holds true for most low-frequency alternating-
current (AC) systems, such as household utility circuits. In some AC circuits,
especially at high frequencies, the situation is more complex, because some
components in these systems can store and release energy, as well as dissipating

or converting it.

The electrical resistance per unit length, area, or volume of a substance is known
as resistivity. Resistivity figures are often specified for copper and aluminum

wire, in ohms per kilometer.
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Opposition to AC, but not to DC, is a property known as reactance. In an AC

circuit, the resistance and reactance combine vectorially to yield impedance.

VOLTAGE- Voltage, also called electromotive force, is a quantitative expression of
the potential difference in charge between two points in an electrical field. The
greater the voltage, the greater the flow of electrical current (that is, the quantity
of charge carriers that pass a fixed point per unit of time) through a conducting
or semiconducting medium for a given resistance to the flow. Voltage is
symbolized by an uppercase italic letter Vor E. The standard unit is the volt,
symbolized by a non-italic uppercase letter V. One volt will drive
one coulomb (6.24 x 1018) charge carriers, such aselectrons, through

a resistance of oneohm in one second.

Voltage can be direct or alternating. A direct voltage maintains the
same polarity at all times. In an alternating voltage, the polarity reverses
direction periodically. The number of complete cycles per second is

the frequency, which is measured in hertz (one cycle per second), kilohertz,


http://searchcio-midmarket.techtarget.com/definition/current
http://searchcio-midmarket.techtarget.com/definition/coulomb
http://searchcio-midmarket.techtarget.com/definition/electron
http://searchcio-midmarket.techtarget.com/definition/resistance
http://whatis.techtarget.com/definition/ohm
http://whatis.techtarget.com/definition/second-s-or-sec
http://whatis.techtarget.com/definition/polarity
http://searchcio-midmarket.techtarget.com/definition/frequency
http://searchmobilecomputing.techtarget.com/definition/hertz

megahertz, gigahertz, or terahertz. An example of direct voltage is the potential
difference between the terminals of an electrochemical cell. Alternating voltage

exists between the terminals of a common utility outlet.

A voltage produces an electrostatic field, even if no charge carriers move (that is,

no current flows). As the voltage increases between two points separated by a
specific distance, the electrostatic field becomes more intense. As the separation
increases between two points having a given voltage with respect to each other,

the electrostatic flux density diminishes in the region between them.

CURRENT- Current is a flow of electrical charge carriers, usually electrons or
electron-deficient atoms. The common symbol for current is the uppercase letter
[. The standard unit is the ampere, symbolized by A. One ampere of current
represents one coulomb of electrical charge (6.24 x 1018 charge carriers) moving
past a specific point in one second. Physicists consider current to flow from
relatively positive points to relatively negative points; this is called conventional
current or Franklin current. Electrons, the most common charge carriers, are
negatively charged. They flow from relatively negative points to relatively

positive points.

Electric current can be either direct or alternating. Direct current (DC) flows in
the same direction at all points in time, although the instantaneous magnitude of
the current might vary. In an alternating current (AC), the flow of charge carriers
reverses direction periodically. The number of complete AC cycles per second is
the frequency, which is measured in hertz. An example of pure DC is the current

produced by an electrochemical cell. The output of a power-supply rectifier,
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prior to filtering, is an example of pulsating DC. The output of common utility

outlets is AC.

Current per unit cross-sectional area is known as current density. It is expressed
in amperes per square meter, amperes per square centimeter, or amperes per
square millimeter. Current density can also be expressed in amperes per circular
mil. In general, the greater the current in a conductor, the higher the current
density. However, in some situations, current density varies in different parts of
an electrical conductor. A classic example is the so-called skin effect, in which
current density is high near the outer surface of a conductor, and low near the
center. This effect occurs with alternating currents at high frequencies. Another
example is the current inside an active electronic component such as a field-

effect transistor (FET).
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An electric current always produces a magnetic field. The stronger the current,

the more intense the magnetic field. A pulsating DC, or an AC, characteristically
produces an electromagnetic field. This is the principle by which wireless signal

propagation occurs.

POWER- Electrical power is the rate at which electrical energy is converted to

another form, such as motion, heat, or an electromagnetic field. The common

symbol for power is the uppercase letter P. The standard unit is
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the watt,symbolized by W. In utility circuits, the kilowatt (kW) is often specified
instead;1 kW =1000 W.

One watt is the power resulting from an energy dissipation, conversion, or
storage process equivalent to one joule per second. When expressed in watts,
power is sometimes calledwattage. The wattage in a direct current (DC) circuit is
equal to the product of the voltage in volts and the current in amperes. This rule
also holds for low-frequency alternating current (AC) circuits in which energy is
neither stored nor released. At high AC frequencies, in which energy is stored
and released (as well as dissipated or converted), the expression for power is

more complex.

In a DC circuit, a source of Evolts, deliveringlamperes, produces P watts

according to the formula:

P=EI

When a current of  amperes passes through a resistance of Rohms, then the

power in watts dissipated or converted by that component is given by:

P=IR

When a potential difference of E volts appears across a component having a
resistance of Rohms, then the power in watts dissipated or converted by that

component is given by:

P=E2/R

In a DC circuit, power is a scalar (one-dimensional) quantity. In the general AC

case, the determination of power requires two dimensions, because AC power is
a vector quantity. Assuming there is no reactance (opposition to AC but not to
DC) in an AC circuit, the power can be calculated according to the above formulas
for DC, using root-mean-square values for the alternating current and voltage. If
reactance exists, some power is alternately stored and released by the system.

This is called apparent power or reactive power. The resistance dissipates power
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as heat or converts it to some other tangible form; this is called true power. The

vector combination of reactance and resistance is known as impedance.

ENERGY- Energy is the capacity of a physical system to do work. The common
symbol for energy is the uppercase letter E. The standard unit is the joule,
symbolized by J. One joule (1 ]) is the energy resulting from the equivalent of

one newton (1 N) of force acting over one meter (1 m) of displacement. There

are two main forms of energy, called potential energy and kinetic energy.

Potential energy, sometimes symbolized U, is energy stored in a system. A
stationary object in a gravitational field, or a stationary charged particle in an

electric field, has potential energy.

Kinetic energy is observable as motion of an object, particle, or set of particles.
Examples include the falling of an object in a gravitational field, the motion of a

charged particle in an electric field, and the rapid motion of atoms or molecules

when an object is at a temperature above zero Kelvin.

Matter is equivalent to energy in the sense that the two are related by the

Einstein equation:

E =mc?

where E'is the energy in joules, m is the mass in kilograms, and c is the speed of

light, equal to approximately 2.99792 x 108 meters per second.
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In electrical circuits, energy is a measure of power expended over time. In this
sense, one joule (1 ]) is equivalent to one watt (1 W) dissipated or radiated for
one second (1 s). A common unit of energy in electric utilities is the kilowatt-
hour (kWh), which is the equivalent of one kilowatt (kW) dissipated or expended
for one hour (1 h). Because 1 kW =1000 W and 1 h=3600s, 1 kWh =3.6 x 10°].

Heat energy is occasionally specified in British thermal units (Btu) by
nonscientists, where 1 Btu is approximately equal to 1055 ]. The heating or
cooling capability of a climate-control system may be quoted in Btu, but this is
technically a misuse of the term. In this sense, the system manufacturer or
vendor is actually referring to Btu per hour (Btu/h), a measure of heating or

cooling power.
1.3 Units of Resistance, Voltage, Current, Power, Energy

An electric circuit is formed when a conductive path is created to allow free
electrons to continuously move. This continuous movement of free electrons
through the conductors of a circuit is called a current, and it is often referred to

in terms of "flow," just like the flow of a liquid through a hollow pipe.

The force motivating electrons to "flow" in a circuit is called voltage. Voltage is a
specific measure of potential energy that is always relative between two points.
When we speak of a certain amount of voltage being present in a circuit, we are
referring to the measurement of how much potential energy exists to move
electrons from one particular point in that circuit to another particular point.

Without reference to two particular points, the term "voltage" has no meaning.

: Unit of Unit
Quantity Symbol Measurement | Abbreviation
Current 1 Ampere ("Amp") A
Voltage E or V Volt v

Resistance R Ohm Q
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RELATION BETWEEN ELECTRICAL, MECHANICAL AND THERMAL UNITS

ELECTRIC UNIT :- An electrical unit is any unit of measurement that is used to
describe a property found in electric circuits. Examples of some of the most
common types of electrical unit include acoulomb, which is used for measuring
charge; an ampere, which is used for measuring electrical current; and a volt,
which is used to measure voltage. Electric units provide an absolute
measurement of the state of a particular circuit at any one time, which is

essential for building and maintaining electrical circuits.
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The unit of voltage — the volt — is probably one of the most important electrical
units. It is also sometimes known as the unit of electromotive force. This second
name provides a clue as to what voltage actually is — a force that acts on
electrons in a circuit and pushes them in a certain direction. The volt is also the

electrical unit for potential difference which is a similar quantity.

Current is the flow of electrons around an electrical circuit. The electrical unit of
current is the ampere, which describes the amount of charge flowing per second.
For this reason the ampere can also be described as coulombs per second. At a
basic level the current is a measurement of how many electrons are passing a
certain point every second. This is due to the fact that each electron has a specific

charge.
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Aside from voltage and current the third basic electrical property is resistance
and this has the unit of ohms. Electrical resistance describes the strength of
opposition to the flow of electrons round a particular circuit. Although specially
made resistors are used to increase the resistance in a circuit and hence reduce
current any component has an inherent resistance. Even wires have a small but

real resistance which increases with temperature.

Other electrical units include the watt, which is a measure of electrical power,
and farad, which is a measure of capacitance. The joule is a standard unit in

physics for energy although it can also be applied to electrical energy flowing

round a circuit. A joule, however, is a relatively small unit, which is why kilowatt-
hours — a more practical measurement of energy — is commonly used in many

situations.

The coulomb is considered to be the standard electrical unit as it's a
measurement of charge. It can also be considered as the amount of electricity
transferred through a circuit in one second by a certain current. Equations
linking these standard properties of an electrical circuit allow for detailed

predictions of how electricity will behave in a certain situation.

MECHANICAL UNIT :-

In the typical fashion of working almost exclusively in SI units as part of an effort to
remove the engineering profession from outdated unitary systems, this text will present

all problems in SI. The table below should cover all the units use throughout the text.

Parameter SI
Mass kg
Angle rad

11

Acceleration —

52
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Length m
Force N
_ N
Spring constant —
m
_ _ Nm
Torsional Spring constant  —
rad
_ Nsec
Damping constant
m
. . 2
Mass moment of inertia kgm‘

THERMAL UNIT:- (often denoted k, A, or k) is the property of a material to conduct heat.

It is evaluated primarily in terms of Fourier's Law for heat conduction.

Heat transfer occurs at a higher rate across materials of high thermal
conductivity than across materials of low thermal conductivity. Correspondingly
materials of high thermal conductivity are widely used in heat sink applications
and materials of low thermal conductivity are used asthermal insulation.
Thermal conductivity of materials is temperature dependent. The reciprocal of

thermal conductivity is called thermal resistivity.

In SI units, thermal conductivity is measured in watts per meter kelvin

(W/(m-K)). The dimension of thermal conductivity is MILIT-30-1. These

variables are (M)mass, (L)length, (T)time, and temperature. In Imperial units,

thermal conductivity is measured in BTU/(hr-ft-°F).[note 1][1]

RELATION BETWEEN ELECTRICAL, MECHANICAL AND THERMAL UNITS

It is important to establish the relationship between the practical units for the
measurement of mechanical power, energy and heat and unit used for the

measurement of electric power, energy and heat .
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FACTORS AFFECTING RESISTANCE OF A CONDUCTOR

Materials conduct electricity because their atoms and molecules have loosely-
bound electrons. If you apply a voltage to the material, it pushes the loose
electrons and electrical current flows. An electrical conductor has resistance
because this flow is not perfect; some materials, such as silver and copper,
conduct better than others, including rubber and glass. Shape, temperature and

other factors affect electrical resistance.

Temperature

Electricity flows best when the atoms in a conductor remain still. Because heat makes
atoms vibrate, it increases resistance. Generally, the hotter an object becomes, the more
resistance it has. For some materials, such as silicon, this rule works backwards to an

extent; for a certain range of temperatures, heat reduces resistance.

Materials

Materials with tightly-bound electrons, such as plastic and wood, make poor electrical
conductors and have high resistance. Scientists do not consider these materials
conductors at all; instead they call them "insulators." Among conductors, carbon and
silicon have high resistance. The resistance of metals such as copper and nickel is much

lower.

Size and Shape



Thin and small conductors have higher resistance than large, thick ones --- much as a
narrow pipe resists the flow of a liquid more than a large-diameter pipe. Conductors for
powerful, high-current industrial machines are much larger than those for low-power
consumer electronics. The filament in an incandescent light bulb is a very fine wire

designed to produce heat through high electrical resistance.
Current

Ideally, the amount of current does not affect the resistance in a material. In reality,
however, materials become warm with increasing electrical currents, driving up
resistance. Scientists call this resistance "non-ohmic." Electronic components called
"resistors" have a constant resistance for a range of currents, though these, too become

hot when forced to carry excessive current.

TEMPERATURE COEFFICIENT OF RESISTANCE

Resistance: Temperature Coefficient

Since the electrical resistance of a conductor such as a copper wire is dependent
upon collisional proccesses within the wire, the resistance could be expected to
increase with temperature since there will be more collisions. An intuitive
approach to temperature dependence leads one to expect a fractional change in

resistance which is proportional to the temperature change:

& ] (IAT (X, = temperature coefficient

of resistance.
R,

Or, expressed in terms of the resistance at some standard temperature from a
reference table:

Tﬂ = o(T-T,) = R =Ry[1+a(T-T,)]
0

DIFFERENCE BETWEEN AC AND DC VOLTAGE AND CURRENT
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Alternating current (AC) and direct current (DC) are notable for inspiring the
name of an iconic metal band, but they also happen to sit right at the center of
the modern world as we know it. AC and DC are different types of voltage or

current used for the conduction and transmission of electrical energy.

Electrical current is the flow of charged particles, or specifically in the case of AC

and DC, the flow of electrons. According to Karl K. Berggren, professor of

electrical engineering at MIT, the fundamental difference between AC and DC is
the direction of flow. DC is constant and moves in one direction. “A simple way to
visualize the difference is that, when graphed, a DC current looks like a flat line,
whereas the flow of AC on a graph makes a sinusoid or wave-like pattern,” says
Berggren. “This is because AC changes over time in an oscillating repetition—the
up curve indicates the current flowing in a positive direction and the down curve
signifies the alternate cycle where the current moves in a negative direction. This

back and forth is what gives AC its name.”

Leaving aside lines and graphs for a moment, Berggren offers another way to
distinguish between AC and DC by looking at how they work in the devices we
use. The lamp next to your bed, for example, uses AC. This is because the source
of the current came from far away, and the wave-like motion of the current
makes it an efficient traveler. If you happen to be a read-by-flashlight kind of
person, you are a consumer of DC power. A typical battery has negative and
positive terminals, and the electrical charge (it’s those electrons) moves in one

direction from one to the other at a steady rate (the straight line on the graph).
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Interestingly, if you're reading this on a laptop, you are actually using both kinds
of current. The nozzle-shaped plug that goes into your computer delivers a direct
current to the computer’s battery, but it receives that charge from an AC plug
that goes into the wall. The awkward little block that’s in between the wall plug

and your computer is a power adapter that transforms AC to DC.

Berggren explains that AC became popular in the late 19th century because of its
ability to efficiently distribute power at low voltages. Initially, power is
conducted at very high voltages. In order to get these high voltages down to the
low voltages necessary to power, say, a household light bulb, it’s necessary to
transform the current. A transformer, which is basically two loops of wire, gets
AC down from hundreds of thousands of volts to distributions of reasonable
voltages (in the hundreds) to power most day to day electronics. The ability to
transform voltages from AC meant that it was possible to transmit power much

more efficiently across the country.

According to Berggren, there’s a funny history of rivalry between AC and DC. In
the later 19th century, there was a giant war between Edison and Westinghouse
over AC and DC. Edison had patents in place that made him invested in the
widespread use of DC. He set out to convince the world that DC was superior for
the transmission and distribution of power. He resorted to crazy demonstrations
like killing large animals with AC in an attempt to prove its terrible dangers. For
a time, he was successful and most municipalities utilized local power plants
with DC supply. However, getting power to less populated, rural communities all
over the country with DC proved very inefficient, so Westinghouse ultimately

won out and AC became the dominant power source.



UNIT- 2
D.C. CIRCUITS

2.1 OHM'S LAW

Ohm's Law deals with the relationship between voltage and current in an ideal conductor.
This relationship states that:

The potential difference (voltage) across an ideal conductor is proportional to the

current through it.

The constant of proportionality is called the "resistance”, R.

Ohm's Law is given by:

V=IR

where V is the potential difference between two points which include a resistance R. | is the
current flowing through the resistance. For biological work, it is often preferable to use

the conductance, g = 1/R; In this form Ohm's Law is:
=gV

Material that obeys Ohm's Law is called "ohmic™ or "linear" because the potential

difference across it varies linearly with the current.

Ohm's Law can be used to solve simple circuits. A complete circuit is one which is a closed
loop. It contains at least one source of voltage (thus providing an increase of potential
energy), and at least one potential drop i.e., a place where potential energy decreases. The

sum of the voltages around a complete circuit is zero.

An increase of potential energy in a circuit causes a charge to move from a lower to a higher

potential (ie. voltage). Note the difference between potential energy and potential.

Because of the electrostatic force, which tries to move a positive charge from a higher to a
lower potential, there must be another ‘force' to move charge from a lower potential to a
higher inside the battery. This so-called force is called the electromotive force, or emf. The
Sl unit for the emf is a volt (and thus this is not really a force, despite its name). We will use a

g

script E, the symbol ™, to represent the emf.
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A decrease of potential energy can occur by various means. For example, heat lost in a circuit

due to some electrical resistance could be one source of energy drop.

Because energy is conserved, the potential difference across an emf must be equal to the
potential difference across the rest of the circuit. That is, Ohm's Law will be satisfied .

2.2 SERIES — PARALLEL RESISTANCE CIRCUITS

Series circuits

A series circuit is a circuit in which resistors are arranged in a chain, so the
current has only one path to take. The current is the same through each resistor.
The total resistance of the circuit is found by simply adding up the resistance

values of the individual resistors:

equivalent resistance of resistors in series: R=R1+ R2+ R3 + ...

Ry Fa




A series circuit is shown in the diagram above. The current flows through each resistor

in turn. If the values of the three resistors are:

F1=8<, Rp=08a, andRz=40, thebalresistance is 8+ 83 +4 =200

With a 10 V battery, by V = I R the total current in the circuit is:
[=V/R=10/20=0.5A. The current through each resistor would be 0.5 A.
Parallel circuits

A parallel circuit is a circuit in which the resistors are arranged with their heads
connected together, and their tails connected together. The current in a parallel circuit
breaks up, with some flowing along each parallel branch and re-combining when the

branches meet again. The voltage across each resistor in parallel is the same.

The total resistance of a set of resistors in parallel is found by adding up the reciprocals

of the resistance values, and then taking the reciprocal of the total:

equivalent resistance of resistorsin parallel: 1 /R=1/R1+1/R2+1/R3 +...

Iy =
I I2 Ra EI
K
Is Rz

A parallel circuit is shown in the diagram above. In this case the current supplied by the
battery splits up, and the amount going through each resistor depends on the resistance.

If the values of the three resistors are:

Fi=80, Rz=8s0, and Bz=4, thebotalresistance iz found by

TR =118+118+114=112 ThisgivesR=20

With a 10 V battery, by V = I R the total current in the circuitis: 1=V /R=10/2=5A.



The individual currents can also be found using [ = V / R. The voltage across each

resistoris 10V, so:

1=10/8=1.25A
;=10/8=1.25A
13=10 /4=25A

Note that the currents add together to 54, the total current.

A parallel resistor short-cut

If the resistors in parallel are identical, it can be very easy to work out the equivalent
resistance. In this case the equivalent resistance of N identical resistors is the resistance
of one resistor divided by N, the number of resistors. So, two 40-ohm resistors in
parallel are equivalent to one 20-ohm resistor; five 50-ohm resistors in parallel are

equivalent to one 10-ohm resistor, etc.

When calculating the equivalent resistance of a set of parallel resistors, people often
forget to flip the 1/R upside down, putting 1/5 of an ohm instead of 5 ohms, for
instance. Here's a way to check your answer. If you have two or more resistors in
parallel, look for the one with the smallest resistance. The equivalent resistance will
always be between the smallest resistance divided by the number of resistors, and the

smallest resistance. Here's an example.

You have three resistors in parallel, with values 6 ohms, 9 ohms, and 18 ohms. The
smallest resistance is 6 ohms, so the equivalent resistance must be between 2 ohms and

6 ohms (2 = 6 /3, where 3 is the number of resistors).

Doing the calculation gives 1/6 + 1/12 + 1/18 = 6/18. Flipping this upside down gives
18/6 = 3 ohms, which is certainly between 2 and 6.

Circuits with series and parallel components

Many circuits have a combination of series and parallel resistors. Generally, the total
resistance in a circuit like this is found by reducing the different series and parallel

combinations step-by-step to end up with a single equivalent resistance for the circuit.



This allows the current to be determined easily. The current flowing through each

resistor can then be found by undoing the reduction process.
General rules for doing the reduction process include:

1. Two (or more) resistors with their heads directly connected together and their tails
directly connected together are in parallel, and they can be reduced to one resistor using
the equivalent resistance equation for resistors in parallel.

2. Two resistors connected together so that the tail of one is connected to the head of the
next, with no other path for the current to take along the line connecting them, are in

series and can be reduced to one equivalent resistor.

Finally, remember that for resistors in series, the current is the same for each resistor,

and for resistors in parallel, the voltage is the same for each one.

2.3 CALCULATION OF EQUIVALENT RESISTANCE

Analysis of Combination Circuits

The basic strategy for the analysis of combination circuits involves using the meaning of
equivalent resistance for parallel branches to transform the combination circuit into a
series circuit. Once transformed into a series circuit, the analysis can be conducted in

the usual manner. Previously in Lesson 4, the method for determining the equivalent

resistance of parallel are equal, then the total or equivalent resistance of those branches

is equal to the resistance of one branch divided by the number of branches.

Equivalent Resistance

in
| 2n
isthesameas .. e A 5 —
60
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—_ 2a L  1sthesameas... — A A —
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This method is consistent with the formula
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1/Req=1/R1+1/R2+1/R3+...

where Ri, Rz, and Rsare the resistance values of the individual resistors that are
connected in parallel. If the two or more resistors found in the parallel branches do not
have equal resistance, then the above formula must be used. An example of this method

was presented in a previous section of Lesson 4.

By applying one's understanding of the equivalent resistance of parallel branches to a
combination circuit, the combination circuit can be transformed into a series circuit.
Then an understanding of the equivalent resistance of a series circuit can be used to
determine the total resistance of the circuit. Consider the following diagrams below.
Diagram A represents a combination circuit with resistors Rz and R3 placed in parallel
branches. Two 4-() resistors in parallel is equivalent to a resistance of 2 (). Thus, the two
branches can be replaced by a single resistor with a resistance of 2 (1. This is shown in
Diagram B. Now that all resistors are in series, the formula for the total resistance of
series resistors can be used to determine the total resistance of this circuit: The formula

for series resistance is

Riwwt=R1+R2+R3 +...

So in Diagram B, the total resistance of the circuit is 10 Q.

Diagram A Diagyam B
AT N

=  Res Rg= = Req
Ly = 4n in mmp V= 20

Once the total resistance of the circuit is determined, the analysis continues using Ohm's
law and voltage and resistance values to determine current values at various locations.

The entire method is illustrated below with two examples.
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Example 1:

The first example is the easiest case - the resistors placed in parallel have the same
resistance. The goal of the analysis is to determine the current in and the voltage drop

across each resistor.

Ei=5n
Egt = Lot =
I4= AVy =
Iy= AVy =
Ig= AVg=
I4= AV 4=

e
Ry-60

As discussed above, the first step is to simplify the circuit by replacing the two parallel
resistors with a single resistor that has an equivalent resistance. Two 8 (1 resistors in
series is equivalent to a single 4 () resistor. Thus, the two branch resistors (Rz and R3)
can be replaced by a single resistor with a resistance of 4 Q. This 4 () resistor is in series

with R1 and Rs. Thus, the total resistance is
Rwt=R1+4Q+R4=50+4Q+60
Rtot = 15 Q

Now the Ohm's law equation (AV =1  R) can be used to determine the total current in
the circuit. In doing so, the total resistance and the total voltage (or battery voltage) will

have to be used.
Itot = AVtot/ Rtot = (60 V) / (15 .Q)
Itot =4 Amp

The 4 Amp current calculation represents the current at the battery location. Yet,
resistors Riand Rsare in series and the current in series-connected resistors is

everywhere the same. Thus,
Itot = 11 = 14. = 4Amp

For parallel branches, the sum of the current in each individual branch is equal to the

current outside the branches. Thus, 12 + I3 must equal 4 Amp. There are an infinite



number of possible values of Iz and I3 that satisfy this equation. Since the resistance
values are equal, the current values in these two resistors are also equal. Therefore, the

current in resistors 2 and 3 are both equal to 2 Amp.
Iz = 13 =2 Amp

Now that the current at each individual resistor location is known, the Ohm's law
equation (AV =1 ¢ R) can be used to determine the voltage drop across each resistor.

These calculations are shown below.
AVy =1 ¢ Ry = (4 Amp) » (5 Q)
AV1=20V

AVz=12eR2=(2Amp) (8 Q)

AV, =16V

AV3=1I3eR3=(2 Amp) « (8 ()

AV; =16V

AVs=14 ¢ Ra=(4 Amp) (6 1)

AV, =24V

The analysis is now complete and the results are summarized in the diagram below.

Ry=50
Rigp=_ 128 it = JAmp
I1= 4 fomp AV = mvw
I,-_ 2Amp AVg=_ 16V
Ig=__ 2Amp AVg=_ 16V
I4=_ 4Amp AV, - 2V

Ny
Ry-6R

Example 2:



The second example is the more difficult case - the resistors placed in parallel have a
different resistance value. The goal of the analysis is the same - to determine the current

in and the voltage drop across each resistor.

Ry=5A
Riot = Lit =
1= AV =
Iy= AVg=
Ig= AVg=
I4= AV 4=

YA
R4=ﬂ.ﬂ

As discussed above, the first step is to simplify the circuit by replacing the two parallel
resistors with a single resistor with an equivalent resistance. The equivalent resistance
of a 4-Q and 12-(Q resistor placed in parallel can be determined using the usual formula

for equivalent resistance of parallel branches:
1/Req=1/Ri+1/R2+1/Rs..
1/Req=1/(4Q)+1/(12Q)

1/ Req=0.333 Q1

Req=1/(0.333 Q1)

Req=3.00 Q

Based on this calculation, it can be said that the two branch resistors (Rz2 and R3) can be
replaced by a single resistor with a resistance of 3 Q. This 3 (1 resistor is in series with

R1 and Rs. Thus, the total resistance is
Riot=R1+30Q+R4=50+3Q0+8Q
Riot =16 Q

Now the Ohm's law equation (AV =1  R) can be used to determine the total current in
the circuit. In doing so, the total resistance and the total voltage (or battery voltage) will

have to be used.
Itot = AVtot/ Rtot = (24 V) / (16 Q.)

Itot = 1.5 Amp



The 1.5 Amp current calculation represents the current at the battery location. Yet,
resistors Riand Rsare in series and the current in series-connected resistors is

everywhere the same. Thus,
liot =11 =14 = 1.5 Amp

For parallel branches, the sum of the current in each individual branch is equal to the
current outside the branches. Thus, Iz + I3 must equal 1.5 Amp. There are an infinite
possibilities of Izand I3 values that satisfy this equation. In the previous example, the
two resistors in parallel had the identical resistance; thus the current was distributed
equally among the two branches. In this example, the unequal current in the two
resistors complicates the analysis. The branch with the least resistance will have the
greatest current. Determining the amount of current will demand that we use the Ohm's
law equation. But to use it, the voltage drop across the branches must first be known. So
the direction that the solution takes in this example will be slightly different than that of

the simpler case illustrated in the previous example.

To determine the voltage drop across the parallel branches, the voltage drop across the
two series-connected resistors (Riand R4) must first be determined. The Ohm's law
equation (AV =1 e R) can be used to determine the voltage drop across each resistor.

These calculations are shown below.
AVi=1; Ry = (1.5 Amp) » (5 Q)
AV,=7.5V

AVs=14 ¢ Rsa=(1.5Amp) « (8 Q)
AVy=12V

This circuit is powered by a 24-volt source. Thus, the cumulative voltage drop of a
charge traversing a loop about the circuit is 24 volts. There will be a 19.5 V drop (7.5V +
12 V) resulting from passage through the two series-connected resistors (R1and Ra).
The voltage drop across the branches must be 4.5 volts to make up the difference

between the 24 volt total and the 19.5-volt drop across R1 and Ra. Thus,
AV, = aV;3 = 45V

Knowing the voltage drop across the parallel-connected resistors (R1 and R4) allows one

to use the Ohm's law equation (AV =1 ¢ R) to determine the current in the two branches.



I,=AV, /Ry = (45V) / (4 Q)
L=1125A
I3=AVs/Rs=(45V) /(12 Q)
I;=0.375A

The analysis is now complete and the results are summarized in the diagram below.

Ry=54
Ryt = 160 Tiot = 15A
I1=__ 154 AV =_ oW
I,=_115A AVy—_ 45V
Ig=_03%A AVg=_ 45V
I4= 154 AV 4= v

YA
R4=ﬂ.ﬂ

Developing a Strategy

The two examples above illustrate an effective concept-centered strategy for analyzing
combination circuits. Such analyses are often conducted in order to solve a physics
problem for a specified unknown. In such situations, the unknown typically varies from
problem to problem. In one problem, the resistor values may be given and the current in
all the branches are the unknown. In another problem, the current in the battery and a
few resistor values may be stated and the unknown quantity becomes the resistance of
one of the resistors. Different problem situations will obviously require slight
alterations in the approaches. Nonetheless, every problem-solving approach will utilize

the same principles utilized in approaching the two example problems above.

The following suggestions for approaching combination circuit problems are offered to

the beginning student:

e If a schematic diagram is not provided, take the time to construct one. Use schematic
symbols such as those shown in the example above.

e  When approaching a problem involving a combination circuit, take the time to organize
yourself, writing down known values and equating them with a symbol such as I, 1, R3,
AV, etc. The organization scheme used in the two examples above is an effective starting

point.
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e Know and use the appropriate formulae for the equivalent resistance of series-connected
and parallel-connected resistors. Use of the wrong formulae will guarantee failure.

e Transform a combination circuit into a strictly series circuit by replacing (in your mind) the
parallel section with a single resistor having a resistance value equal to the equivalent
resistance of the parallel section.

e Use the Ohm's law equation (AV =1 ¢ R) often and appropriately. Most answers will be
determined using this equation. When using it, it is important to substitute the appropriate
values into the equation. For instance, if calculating I, it is important to substitute the

AVzand the R; values into the equation.

2.4 KIRCHHOFF S LAWS AND THEIR APPLICATIONS

Although useful to be able to reduce series and parallel resistors in a circuit when they occur,
circuits in general are not composed exclusively of such combinations. For such cases there are
a powerful set of relations called Kirchhoff's laws which enable one to analyze arbitrary circuits.

There are two such laws:

e The 1stlaw or the junction rule: for a given junction or node in a circuit, the sum of the
currents entering equals the sum of the currents leaving. This law is a statement of

charge conservation. For example,

Figure 17.6: Illustration of Kirchhoff's junction rule



The junctionrule tellsus I1 =, + I5.

The 2nd ]Jaw or the loop rule: around any closed loop in a circuit, the sum of the potential
differences across all elements is zero. This law is a statement of energy conservation, in
that any charge that starts and ends up at the same point with the same velocity must

have gained as much energy as it lost. For example, in Fig. 17.7,

Figure 17.7: lllustration of Kirchhoff's loop rule

b c
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Where the boxes denote a circuit element, the loop rule tells us 0 = (Vy - Vi) + (Ve - Wp) +

(Va-V)+ (Va-Va).

The second law entails certain sign conventions for potential differences across circuit
elements. For batteries and resistors, these conventions are summarized in Fig. 17.8.

Note that in these conventions the current always flows from a high to a low potential.

Transmitied

Figure 17.8: Sign conventions for Kirchhoff's loop rule

|
| Vp-Va=+V
v

| V-V, =-V

%W Vb—VaZ—H.R
b

Wb V, - V,=-1R
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In analyzing circuits using Kirchhoff's laws, it is helpful to keep in mind the following guidelines.

1.Draw the circuit and assign labels to the known and unknown quantities, including currents in
each branch. You must assign directions to currents; don't worry if you guess incorrectly the
direction of a particular unknown current, as the answer resulting from the analysis in this case

will simply come out negative, but with the right magnitude.

2. Apply the junction rule to as many junctions in the circuit as possible to obtain the maximum

number of independent relations.

3. Apply the loop rule to as many loops in the circuit as necessary in order to solve for the
unknowns. Note that if one has n unknowns in a circuit one will need n independent equations.
In general there will be more loops present in a circuit than one needs to solve for all the
unknowns; the relations resulting from these “extra" loops can be used as a consistency check

on your final answers.

4. Solve the resulting set of simultaneous equations for the unknown quantities. Proficiency in
analyzing circuits with Kirchhoff's laws, particularly with regard to the sign conventions and

with solving simultaneous equations, comes with practice.

APPLICATION OF KIRCHHOFF'S LAWS

[.  Kirchhoff's Laws are applications of two fundamental conservation laws: the

Law of Conservation of Energy, and the Law of Conservation of Charge.



II.

I11.

IV.

Applying Kirchoff’s Laws

]
9 valrs = fvolls

4Q
IstLaw: Ig=1I;-I, =current through 58 resistor.
2nd Law: -4I,+ 6 - 8L, + 5I5=0
2nd Law; -SI5- 10L, -9=0

Solve these three simultaneous equations to find the
currents Iy - Iyand Ig

At any junction in an electric circuit, the total current flowing into the junction is
the same as the total current leaving the junction. (Kirchhoff's Current Law, or

Kirchhoff's First Law).

The algebraic sum of the potential differences in a complete circuit must be zero.

(Kirchhoff's Voltage Law, or Kirchhoff's Second Law) .

Kirchhoff's Laws are useful in understanding the transfer of energy through an

electric circuit. They are also valuable in analyzing electric circuits.



UNIT-3

ELECTRIC CELLS

3.1 Primary cell

A primary cell is a battery that is designed to be used once and discarded, and not recharged

with electricity and reused like asecondary cell (rechargeable battery). In general,

the electrochemical reaction occurring in the cell is not reversible, rendering the cell

unrechargeable. As a primary cell is used, chemical reactions in the battery use up the chemicals

that generate the power; when they are gone, the battery stops producing electricity and is
useless. In contrast, in a secondary cell, the reaction can be reversed by running a current into

the cell with a battery charger to recharge it, regenerating the chemical reactants. Primary cells

are made in a range of standard sizes to power small household appliances.

A secondary cell or battery is one that can be electrically recharged after use to their original
pre-discharge condition, by passing current through the circuit in the opposite direction to the

current during discharge. The following graphic evidences the recharging process.
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Figure 3: Recharginga Cell

Secondary batteries fall into two sub-categories depending on their intended applications.
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Cells that are utilized as energy storage devices, delivering energy on demand. Such cells

are typically connected to primary power sources so as to be fully charged on demand.

Examples of these type of secondary cells include emergency no-fail and standby power

sources, aircraft systems and stationary

energy storage systems for load-leveling.

Cells that are essentially utilized as primary cells, but are recharged after use rather

than being discarded. Examples of these types of secondary cells primarily include

portable consumer electronics and electric vehicles.

Primary vs. Secondary - A Comparison

The following table summarizes the pros and co

ns of primary and secondary batteries.

Primary

Secondary

\Lower initial cost.

Higher life-cycle cost ($/kWh).

Disposable.
Disposable.

Replacement readily available.

Typically lighter and smaller; thus
traditionally more suited for portable
applications.

Longer service per charge and good charge

Higher initial cost.

Lower life-cycle cost ($/kWh) if charging in
convenient and inexpensive.

Regular maintenance required.
Periodic recharging required.

Replacements while available, are not produced
in the same sheer numbers as primary
batteries. May need to be pre-ordered.

Traditionally less suited for portable
applications, although recent advances in|
Lithium battery technology have lead to the
development of smaller/lighter secondary|
batteries.

Relative to primary battery systems, traditional
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retention.

Not ideally suited for heavy load/high discharge|
rateperformance.

Not ideally suited for load-leveling, emergency
backup,hybrid battery, and high cost military
applications.

Traditionally limited to specific applications.

secondary batteries (particularly aqueous
secondary batteries) exhibit inferior charge
retention.

Superior high discharge rate performance at
heavy loads

Ideally suited for load-leveling, emergency
backup, hybrid battery and high cost military|
applications

The overall inherent versatility of secondary
battery systems allows its use and continuing

research for a large spectrum of applications.

A third battery category is commonly referred to as the reserve cell. What differentiates the

reserve cell from primary and secondary cells

in the fact that a key component of the cell is

separated from the remaining components, until just prior to activation. The component most

often isolated is the electrolyte. This battery structure is commonly observed in thermal

batteries, whereby the electrolyte remains inactive in a solid state until the melting point of the

electrolyte is reached, allowing for ionic conduction, thus activating the battery. Reserve

batteries effectively eliminate the possibility of self-discharge and minimize chemical

deterioration. Most reserve batteries are used only once and then discarded. Reserve batteries

are used in timing, temperature and pressure sensitive detonation devices in missiles,

torpedoes, and other weapon systems.

Reserve cells are typically classified into the following 4 categories.

Water activated batteries.
Electrolyte activated batteries.
Gas activated batteries.

Heat activated batteries.
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The fuel cell represents the fourth category of batteries. Fuel cells are similar to batteries
except for the fact that that all active materials are not an integral part of the device (as in a
battery). In fuel cells, active materials are fed into batteries from an outside source. The fuel cell
differs from a battery in that it possesses the capability to produce electrical energy as long as
active materials are fed to the electrodes, but stop operating in the absence of such materials. A
well-known application of fuel cells has been in cryogenic fuels used in space vehicles. Use of
fuel cell technology for terrestrial applications has been slow to develop, although recent
advances have generated a revitalized interest in a variety of systems with applications such as

utility power, load-leveling, on-site generators and electric vehicles.
WET CELL

Wet cell, sometimes called flooded, are made from a glass or plastic container filled with sulfuric
acid in which lead plates are submerged. They were the first rechargeable batteries, invented in
1859, but are still in common use today in automobiles, trucks, RVs, motorized wheelchairs, golf
carts and emergency power backup systems in household and industrial applications. The main
concern for wet cell batteries in all applications is leaking sulfuric acid, as it is a dangerous

corrosive that can damage what it contacts and can burn human tissue.

DRY CELL

Although there are many types of dry cell that do not contain liquid that can be spilled, the main
competitors with wet cell batteries are gel cells and absorbent glass mat (AGM) batteries. The
main difference is that the sulfuric acid is not in liquid from, and therefore leaking is much less
of a hazard. The smaller types of dry cell batteries, such as alkaline or nickel-cadmium, usually
cannot be manufactured in sizes or prices that could compete with the wet cells. So the decision

is really between a wet cell, a gel cell or absorbent glass mat.

3.2 SERIES AND PARALLEL CONNECTIONS OF CELLS

Components of an electrical circuit or electronic circuit can be connected in many

different ways. The two simplest of these are called series and parallel and occur very

frequently. Components connected in series are connected along a single path, so the
same current flows through all of the components. Components connected in parallel

are connected so the same voltage is applied to each component.
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A circuit composed solely of components connected in series is known as a series

circuit; likewise, one connected completely in parallel is known as a parallel circuit.

In a series circuit, the current through each of the components is the same, and
the voltage across the circuit is the sum of the voltages across each component.ltlIn a
parallel circuit, the voltage across each of the components is the same, and the total

current is the sum of the currents through each component.

As an example, consider a very simple circuit consisting of four light bulbs and one
6 V battery. If a wire joins the battery to one bulb, to the next bulb, to the next bulb, to
the next bulb, then back to the battery, in one continuous loop, the bulbs are said to be
in series. If each bulb is wired to the battery in a separate loop, the bulbs are said to be
in parallel. If the four light bulbs are connected in series, there is same current through
all of them, and the voltage drop is 1.5 V across each bulb, which may not be sufficient to
make them glow. If the light bulbs are connected in parallel, the currents through the
light bulbs combine to form the current in the battery, while the voltage drop is 6.0 V

across each bulb and they all glow.

In a series circuit, every device must function for the circuit to be complete. One bulb
burning out in a series circuit breaks the circuit. In parallel circuits, each light has its

own circuit, so all but one light could be burned out, and the last one will still function.

Series circuits are sometimes called current-coupled or daisy chain-coupled.
The current in a series circuit goes through every component in the circuit. Therefore,
all of the components in a series connection carry the same current. There is only one

path in a series circuit in which the current can flow.

A series circuit's main disadvantage or advantage, depending on its intended role in a
product's overall design, is that because there is only one path in which its current can

flow, opening or breaking a series circuit at any point causes the entire circuit to "open”

or stop operating. For example, if even one of the light bulbs in an older-style string of

Christmas tree lights burns out or is removed, the entire string becomes inoperable

until the bulb is replaced.

Current

I:flzfg:...zfﬂ
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In a series circuit the current is the same for all elements.

Resistors

The total resistance of resistors in series is equal to the sum of their individual
resistances:

R, R Ry,

Rigta =Ry + Ro+---+ R,

Electrical conductance presents a reciprocal quantity to resistance. Total
conductance of a series circuits of pure resistors, therefore, can be calculated
from the following expression:

1 1 1
Gow G G TG,
For a special case of two resistors in series, the total conductance is equal to:
Giotar = ﬂ
Gy + G
Inductors

Inductors follow the same law, in that the total inductance of non-coupled inductors in
series is equal to the sum of their individual inductances:

Ly L, L,

Lt = L1+ Lo +---+ L,
However, in some situations it is difficult to prevent adjacent inductors from influencing
each other, as the magnetic field of one device couples with the windings of its
neighbours. This influence is defined by the mutual inductance M. For example, if two
inductors are in series, there are two possible equivalent inductances depending on

how the magnetic fields of both inductors influence each other.

When there are more than two inductors, the mutual inductance between each of them

and the way the coils influence each other complicates the calculation. For a larger
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number of coils the total combined inductance is given by the sum of all mutual
inductances between the various coils including the mutual inductance of each given
coil with itself, which we term self-inductance or simply inductance. For three coils,

there are six mutual inductances Mrl?, Mrl&, JHES and Mr?l, Mf&l and ﬂi{az. There are

also the three self-inductances of the three coils: f'ffll, JHEZ and ﬂfiraa.

Therefore

Liotal = (Mru + Mo + ﬁriraa) + (Mrlz + Mz + Mrza) + (ﬁrirm + M3y + fl«faz)

By reciprocity Mrt'i = Mrﬁ so that the last two groups can be combined. The first three
terms represent the sum of the self-inductances of the various coils. The formula is
easily extended to any number of series coils with mutual coupling. The method can be
used to find the self-inductance of large coils of wire of any cross-sectional shape by
computing the sum of the mutual inductance of each turn of wire in the coil with every
other turn since in such a coil all turns are in series.

Capacitors

See also Capacitor networks

Capacitors follow the same law using the reciprocals. The total capacitance of capacitors
in series is equal to the reciprocal of the sum of the reciprocals of their individual

capacitances:
| Il
°_|| | _"_°
C; G, C,
(S S S
Clotal ;G ',
Switches

Two or more switches in series form a logical AND; the circuit only carries current if all
switches are 'on'. See AND gate.

Cells and batteries

A battery is a collection of electrochemical cells. If the cells are connected in series,

the voltage of the battery will be the sum of the cell voltages. For example, a 12 volt car
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batterycontains six 2-volt cells connected in series. Some vehicles, such as trucks, have

two 12 volt batteries in series to feed the 24 volt system.

Parallel circuits

If two or more components are connected in parallel they have the same potential
difference (voltage) across their ends. The potential differences across the components
are the same in magnitude, and they also have identical polarities. The same voltage is
applicable to all circuit components connected in parallel. The total current is the sum of

the currents through the individual components, in accordance with Kirchhoff’s current

law.
Voltage

In a parallel circuit the voltage is the same for all elements.

V=W=W=..=V,
Resistors

The current in each individual resistor is found by Ohm's law. Factoring out the voltage

gives

1 1 1
oo =V 4 ...y =
total (R1+Rg+ +Rn)

To find the total resistance of all components, add the reciprocals of the resistances Ra
of each component and take the reciprocal of the sum. Total resistance will always be

less than the value of the smallest resistance:

O .......g
R$R, SR

1
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For only two resistors, the unreciprocated expression is reasonably simple:

RR,

Riotal = —Rl +R2-

This sometimes goes by the mnemonic "product over sum".

For N equal resistors in parallel, the reciprocal sum expression simplifies to:

1 1
= —x N

Rigta R
and therefore to:

R

Rtotal — ﬁ_r

To find the current in a component with resistance Ré, use Ohm's law again:

The components divide the current according to their reciprocal resistances, so, in the

case of two resistors,

I, R,
I, Ry

An old term for devices connected in parallel is multiple, such as a multiple connection

for arc lamps.

Since electrical conductance (7 is reciprocal to resistance, the expression for total

conductance of a parallel circuit of resistors reads:
Giotal = G1 + G2 + - -+ Gy,

The relations for total conductance and resistance stand in a complementary
relationship: the expression for a series connection of resistances is the same as for

parallel connection of conductances, and vice versa.

Inductors
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Inductors follow the same law, in that the total inductance of non-coupled inductors in

parallel is equal to the reciprocal of the sum of the reciprocals of their individual

inductances:
L, L,
L _ 1,1 1
Liota1 L1 Ly L.

If the inductors are situated in each other's magnetic fields, this approach is invalid due
to mutual inductance. If the mutual inductance between two coils in parallel is M, the

equivalent inductor is:

1 Li+L,—2M

Liotal LiLy — M?

if L1 = Ly

L+ M
2

The sign of M depends on how the magnetic fields influence each other. For two equal

Ltom{ —

tightly coupled coils the total inductance is close to that of each single coil. If the polarity
of one coil is reversed so that M is negative, then the parallel inductance is nearly zero
or the combination is almost non-inductive. It is assumed in the "tightly coupled” case M
is very nearly equal to L. However, if the inductances are not equal and the coils are
tightly coupled there can be near short circuit conditions and high circulating currents

for both positive and negative values of M, which can cause problems.

More than three inductors becomes more complex and the mutual inductance of each
inductor on each other inductor and their influence on each other must be considered.
For three coils, there are three mutual inductances 1?"3{12, JMIS and Jnfirza. This is best
handled by matrix methods and summing the terms of the inverse of the L matrix (3 by

3 in this case).
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The pertinent equations are of the form: ]
Capacitors

The total capacitance of capacitors in parallel is equal to the sum of their individual

capacitances:

n

Ciotal =C1 +Co + - +C,,

The working voltage of a parallel combination of capacitors is always limited by the

smallest working voltage of an individual capacitor.
Switches

Two or more switches in parallel form a logical OR; the circuit carries current if at least

one switch is 'on'. See OR gate.
Cells and batteries

If the cells of a battery are connected in parallel, the battery voltage will be the same as
the cell voltage but the current supplied by each cell will be a fraction of the total
current. For example, if a battery contains four cells connected in parallel and delivers a
current of 1 ampere, the current supplied by each cell will be 0.25 ampere. Parallel-
connected batteries were widely used to power the valve filaments in portable
radios but they are now rare. Some solar electric systems have batteries in parallel to
increase the storage capacity; a close approximation of total amp-hours is the sum of all

batteries in parallel.
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Combining conductances

From Kirchhoff's circuit laws we can deduce the rules for combining conductances. For

two conductances G1and G2 in parallel the voltage across them is the same and from

Kirchhoff's Current Law the total current is
Ig, =11 + I

Substituting Ohm's law for conductances gives
GesV = GV + GV

and the equivalent conductance will be,

GE‘q = (G + Gs.

For two conductances G1and G2 in series the current through them will be the same
and Kirchhoff's Voltage Law tells us that the voltage across them is the sum of the

voltages across each conductance, that is,

Ve = V1 + Va.
Substituting Ohm's law for conductance then gives,
I 1 1
Gg, Gy @
which in turn gives the formula for the equivalent conductance,
1 1 1
Gzg  Gi @ Gy

This equation can be rearranged slightly, though this is a special case that will only
rearrange like this for two components.
GGy
Eq= & -
G+ Gy

Notation

The value of two components in parallel is often represented in equations by two

vertical lines "||", borrowing the parallel lines notation from geometry./4l5!

R Hs
= R{||Ry = ——
Heq 1|z Ri + R,
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This simplifies expressions that would otherwise become complicated by expansion of

Ry||Ry||Ra

R{R;R;
Ri1Ry+ R1R; + RyoRy

the terms. For instance, the expression refers to 3 resistors in parallel,

while the expanded expression is

LEAD ACID CELL

The lead-acid battery was invented in 1859 by French physicist Gaston Planté and is the

oldest type of rechargeable battery. Despite having a very low energy-to-weight ratio

and a low energy-to-volume ratio, its ability to supply high surge currents means that

the cells have a relatively large power-to-weight ratio. These features, along with their

low cost, makes it attractive for use in motor vehicles to provide the high current

required by automobile starter motors.

As they are inexpensive compared to newer technologies, lead-acid batteries are widely
used even when surge current is not important and other designs could provide

higher energy densities. Large-format lead-acid designs are widely used for storage in

backup power supplies in cell phone towers, high-availability settings like hospitals,

and stand-alone power systems. For these roles, modified versions of the standard cell

may be used to improve storage times and reduce maintenance requirements. Gel-
cells and absorbed glass-mat batteries are common in these roles, collectively known

as VRLA (valve-regulated lead-acid) batteries.

3.3 Discharging and recharging of cells

Arechargeable battery, storage battery, or accumulatoris a type of electrical

battery. It comprises one or more electrochemical cells, and is a type ofenergy

accumulator used for electrochemical energy storage. It is technically known as

asecondary cell because its electrochemical reactions are electrically reversible.

Rechargeable batteries come in many different shapes and sizes, ranging from button
cells to megawatt systems connected to stabilize an electrical distribution network.

Several different combinations of chemicals are commonly used, including: lead-

acid, nickel _cadmium (NiCd), nickel metal hydride (NiMH), lithium _ion (Li-ion),

and lithium ion polymer (Li-ion polymer).
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Rechargeable batteries have a lower total cost of use and environmental impact than
disposable batteries. Some rechargeable battery types are available in the same sizes as
common consumer disposable types. Rechargeable batteries have a higher initial cost

but can be recharged inexpensively and reused many times

Usage and applications

Rechargeable batteries are used for automobile starters, portable consumer devices,

light vehicles (such as motorized wheelchairs, golf carts, electric bicycles, and

electric forklifts), tools, and uninterruptible power supplies. Emerging applications

in hybrid electric vehicles andelectric vehicles are driving the technology to reduce cost

and weight and increase lifetime.[1

Traditional rechargeable batteries have to be charged before their first use; newer low

self-discharge NiMH batteries hold their charge for many months, and are typically

charged at the factory to about 70% of their rated capacity before shipping.

Grid energy storage applications use rechargeable batteries for load leveling, where

they store electric energy for use during peak load periods, and for renewable

energy uses, such as storing power generated from photovoltaic arrays during the day

to be used at night. By charging batteries during periods of low demand and returning
energy to the grid during periods of high electrical demand, load-leveling helps

eliminate the need for expensive peaking power plants and helps amortize the cost of

generators over more hours of operation.

The US National Electrical Manufacturers Association has estimated that US demand for

rechargeable batteries is growing twice as fast as demand for nonrechargeables.[2]

Rechargeable batteries are used for mobile phones, laptops, mobile power tools like

cordless screwdrivers. They are used as electric vehicle battery for example in electric

cars, electric _motorcycles and  scooters, electric __buses, electric ___trucks. In

most submarines they are used to drive under water. In diesel-electric

transmission they are used in ships, in locomotives and huge trucks. They are also used

in distributed electricity generation and stand-alone power systems
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Charging and discharging

During charging, the positive active material is oxidized, producing electrons, and the
negative material isreduced, consuming electrons. These electrons constitute
the current flow in the external circuit. The electrolyte may serve as a simple buffer for
internal ion flow between the electrodes, as in lithium-ion and nickel-cadmium cells, or
it may be an active participant in the electrochemical reaction, as in lead-acid cells.

The energy used to charge rechargeable batteries usually comes from a battery

charger using AC mains electricity, although some are equipped to use a vehicle's 12-

volt DC power outlet. Regardless, to store energy in a secondary cell, it has to be
connected to a DC voltage source. The negative terminal of the cell has to be connected
to the negative terminal of the voltage source and the positive terminal of the voltage
source with the positive terminal of the battery. Further, the voltage output of the
source must be higher than that of the battery, but not much higher: the greater the
difference between the power source and the battery's voltage capacity, the faster the
charging process, but also the greater the risk of overcharging and damaging the

battery.

Chargers take from a few minutes to several hours to charge a battery. Slow "dumb"
chargers without voltage or temperature-sensing capabilities will charge at a low rate,
typically taking 14 hours or more to reach a full charge. Rapid chargers can typically
charge cells in two to five hours, depending on the model, with the fastest taking as little
as fifteen minutes. Fast chargers must have multiple ways of detecting when a cell
reaches full charge (change in terminal voltage, temperature, etc.) to stop charging
before harmful overcharging or overheating occurs. The fastest chargers often

incorporate cooling fans to keep the cells from overheating.
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Diagram of the charging of a secondary cell battery.

Battery charging and discharging rates are often discussed by referencing a "C" rate of
current. The C rate is that which would theoretically fully charge or discharge the
battery in one hour. For example, trickle charging might be performed at C/20 (or a "20
hour" rate), while typical charging and discharging may occur at C/2 (two hours for full
capacity). The available capacity of electrochemical cells varies depending on the
discharge rate. Some energy is lost in the internal resistance of cell components (plates,
electrolyte, interconnections), and the rate of discharge is limited by the speed at which
chemicals in the cell can move about. For lead-acid cells, the relationship between time

and discharge rate is described by Peukert's law; a lead-acid cell that can no longer

sustain a usable terminal voltage at a high current may still have usable capacity, if
discharged at a much lower rate. Data sheets for rechargeable cells often list the

discharge capacity on 8-hour or 20-hour or other stated time; cells for uninterruptible

power supply systems may be rated at 15 minute discharge.

Battery manufacturers' technical notes often refer to VPC; this is volts per cell, and

refers to the individual secondary cells that make up the battery. (This is typically in
reference to 12-volt lead-acid batteries.) For example, to charge a 12 V battery
(containing 6 cells of 2 V each) at 2.3 VPC requires a voltage of 13.8 V across the

battery's terminals.

Non-rechargeable alkaline and zinc-carbon cells output 1.5V when new, but this voltage
drops with use. Most NiMH AA and AAA cells are rated at 1.2 V, but have a flatter
discharge curve than alkalines and can usually be used in equipment designed to use

alkaline batteries.

Damage from cell reversal
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Subjecting a discharged cell to a current in the direction which tends to discharge it
further, rather than charge it, is called reverse charging. Generally, pushing current
through a discharged cell in this way causes undesirable and irreversible chemical
reactions to occur, resulting in permanent damage to the cell. Reverse charging can

occur under a number of circumstances, the two most common being:

e When a battery or cell is connected to a charging circuit the wrong way around.

e When a battery made of several cells connected in series is deeply discharged.

In the latter case, the problem occurs due to the different cells in a battery having
slightly different capacities. When one cell reaches discharge level ahead of the rest, the
remaining cells will force the current through the discharged cell. This is known as "cell
reversal”. Many battery-operated devices have a low-voltage cutoff that prevents deep

discharges from occurring that might cause cell reversal.

Cell reversal can occur to a weakly charged cell even before it is fully discharged. If the
battery drain current is high enough, the cell's internal resistance can create a resistive
voltage drop that is greater than the cell's forward emf. This results in the reversal of
the cell's polarity while the current is flowing. The higher the required discharge rate of
a battery, the better matched the cells should be, both in the type of cell and state of

charge, in order to reduce the chances of cell reversal.

In some situations, such as when correcting Ni-Cad batteries that have been previously
overcharged, it may be desirable to fully discharge a battery. To avoid damage from the
cell reversal effect, it is necessary to access each cell separately: each cell is individually
discharged by connecting a load clip across the terminals of each cell, thereby avoiding

cell reversal.

Damage during storage in fully discharged state

If a multi-cell battery is fully discharged, it will often be damaged due to the cell reversal
effect mentioned above. It is possible however to fully discharge a battery without
causing cell reversal—either by discharging each cell separately, or by allowing each

cell's internal leakage to dissipate its charge over time.

Even if a cell is brought to a fully discharged state without reversal, however, damage

may occur over time simply due to remaining in the discharged state. An example of this
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is the sulfation that occurs in lead-acid batteries that are left sitting on a shelf for long
periods. For this reason it is often recommended to charge a battery that is intended to
remain in storage, and to maintain its charge level by periodically recharging it. Since
damage may also occur if the battery is overcharged, the optimal level of charge during

storage is typically around 30% to 70%.

Depth of discharge

Depth of discharge (DOD) is normally stated as a percentage of the nominal ampere-
hour capacity; 0% DOD means no discharge. Seeing as the usable capacity of a battery
system depends on the rate of discharge and the allowable voltage at the end of
discharge, the depth of discharge must be qualified to show the way it is to be
measured. Due to variations during manufacture and aging, the DOD for complete
discharge can change over time or number of charge cycles. Generally a rechargeable
battery system will tolerate more charge/discharge cycles if the DOD is lower on each

cycle.

Active components

The active components in a secondary cell are the chemicals that make up the positive
and negative active materials, and the electrolyte. The positive and negative are made
up of different materials, with the positive exhibiting a reduction potential and the
negative having an oxidation potential. The sum of these potentials is the standard cell

potential or voltage.

In primary _ cellsthe positive and negative electrodes are known as
the cathode and anode, respectively. Although this convention is sometimes carried
through to rechargeable systems — especially with lithium-ion cells, because of their
origins in primary lithium cells — this practice can lead to confusion. In rechargeable
cells the positive electrode is the cathode on discharge and the anode on charge, and

vice versa for the negative electrode.

3.3 COMMON CHARGING METHODS

Charging Schemes

The charger has three key functions
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e Getting the charge into the battery (Charging)
e Optimising the charging rate (Stabilising)

e Knowing when to stop (Terminating)

The charging scheme is a combination of the charging and termination methods.

Charge Termination

Once a battery is fully charged, the charging current has to be dissipated somehow. The
result is the generation of heat and gasses both of which are bad for batteries. The
essence of good charging is to be able to detect when the reconstitution of the active
chemicals is complete and to stop the charging process before any damage is done while
at all times maintaining the cell temperature within its safe limits. Detecting this cut off
point and terminating the charge is critical in preserving battery life. In the simplest of
chargers this is when a predetermined upper voltage limit, often called the termination
voltage has been reached. This is particularly important with fast chargers where the

danger of overcharging is greater.

Safe Charging

If for any reason there is a risk of over charging the battery, either from errors in
determining the cut off point or from abuse this will normally be accompanied by a rise
in temperature. Internal fault conditions within the battery or high ambient
temperatures can also take a battery beyond its safe operating temperature limits.
Elevated temperatures hasten the death of batteries and monitoring the cell
temperature is a good way of detecting signs of trouble from a variety of causes. The
temperature signal, or a resettable fuse, can be used to turn off or disconnect the
charger when danger signs appear to avoid damaging the battery. This simple
additional safety precaution is particularly important for high power batteries where

the consequences of failure can be both serious and expensive.



Charging Times

During fast charging it is possible to pump electrical energy into the battery faster than
the chemical process can react to it, with damaging results.

The chemical action can not take place instantaneously and there will be a reaction
gradient in the bulk of the electrolyte between the electrodes with the electrolyte
nearest to the electrodes being converted or "charged" before the electrolyte further

away. This is particularly noticeable in high capacity cells which contain a large volume

of electrolyte.
Cell Chemical Reaction Times
Electrolyte Electrode
Mass transport / Diffusion region Intercalation region
T>several hours T>several hours
Charge transfer region| | T<iminute
Charge transfer / chemical conversion at the electrode surface (Short time constant)

Mass transfer / diffusion of ions in the electrolyte bulk
{Long time constant. Continues until all materials have been transformed or transferred)

Intercalation of ions in the electrode bulk (Long time constant)

There are in fact at least three key processes involved in the cell chemical conversions.

e One is the "charge transfer”, which is the actual chemical reaction taking place at the
interface of the electrode with the electrolyte and this proceeds relatively quickly.

e The second is the "mass transport" or "diffusion" process in which the materials
transformed in the charge transfer process are moved on from the electrode surface, making
way for further materials to reach the electrode to take part in the transformation process.
This is a relatively slow process which continues until all the materials have been
transformed.

e The charging process may also be subject to other significant effects whose reaction time
should also be taken into account such as the "intercalation process" by which Lithium cells
are charged in which Lithium ions are inserted into the crystal lattice of the host electrode.

See also Lithium Plating due to excessive charging rates or charging at low temperatures.

All of these processes are also temperature dependent.
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In addition there may be other parasitic or side effects such as passivation of the
electrodes, crystal formation and gas build up, which all affect charging times and
efficiencies, but these may be relatively minor or infrequent, or may occur only during

conditions of abuse. They are therefore not considered here.

The battery charging process thus has at least three characteristic time constants
associated with achieving complete conversion of the active chemicals which depend on
both the chemicals employed and on the cell construction. The time constant associated
with the charge transfer could be one minute or less, whereas the mass transport time
constant can be as high as several hours or more in a large high capacity cell. This is one
of the the reasons why cells can deliver or accept very high pulse currents, but much
lower continuous currents.(Another major factor is the heat dissipation involved).
These phenomena are non linear and apply to the discharging process as well as to
charging. There is thus a limit to the charge acceptance rate of the cell. Continuing to
pump energy into the cell faster than the chemicals can react to the charge can cause
local overcharge conditions including polarisation, overheating as well as unwanted
chemical reactions, near to the electrodes thus damaging the cell. Fast charging forces
up the rate of chemical reaction in the cell (as does fast discharging) and it may be
necessary to allow "rest periods" during the charging process for the chemical actions to
propagate throughout the bulk of the chemical mass in the cell and to stabilise at

progressive levels of charge.

See also the affects of Chemical Changes and Charging Rate in the section on Battery
Life.

A memorable though not quite equivalent phenomenon is the pouring of beer into a
glass. Pouring very quickly results in a lot of froth and a small amount of beer at the
bottom of the glass. Pouring slowly down the side of the glass or alternatively letting the
beer settle till the froth disperses and then topping up allows the glass to be filled
completely.

Hysteresis
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The time constants and the phenomena mentioned above thus give rise to hysteresis in
the battery. During charging the chemical reaction lags behind the application of the
charging voltage and similarly, when a load is applied to the battery to discharge it,
there is a delay before the full current can be delivered through the load. As

with magnetic hysteresis, energy is lost during the charge discharge cycle due to the

chemical hysteresis effect.

The diagram below shows the hystersis effect in a Lithium battery.
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For a given state of charge, the open circuit
cell voltage depends on whether the state was
reached during the charging or discharging cycle

State of Charge % 100%

Allowing short settling or rest periods during the charge discharge processes to
accommodate the chemical reaction times will tend to reduce but not eliminte the
voltage difference due to hysteresis.

The true battery voltage at any state of charge (SOC) when the battery is in its "at rest"
or quiecent condition will be somewhere between the charge and discharge curves.
During charging the measured cell voltage during a rest period will migrate slowly
downwards towards the quiescent condition as the chemical transformation in the cell
stabilises. Similarlly during discharging, the measured cell voltage during a rest period

will migrate upwards towards the quescent condition.

Fast charging also causes increased Joule heating of the cell because of the higher
currents involved and the higher temperature in turn causes an increase in the rate of

the chemical conversion processes.
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The section on Discharge Rates shows how the effective cell capacity is affected by the

discharge rates.

The section on Cell Construction describes how the cell designs can be optimised for

fast charging.

Charge Efficiency

This refers to the properties of the battery itself and does not depend on the charger. It
is the ratio (expressed as a percentage) between the energy removed from a battery
during discharge compared with the energy used during charging to restore the original

capacity. Also called the Coulombic Efficiency or Charge Acceptance.

Charge acceptance and charge time are considerably influenced by temperature as

noted above. Lower temperature increases charge time and reduces charge acceptance.

Note that at low temperatures the battery will not necessarily receive a full charge even

though the terminal voltage may indicate full charge. See Factors Influencing State of

Charge.

Basic Charging Methods

e Constant Voltage A constant voltage charger is basically a DC power supply which in its
simplest form may consist of a step down transformer from the mains with a rectifier to
provide the DC voltage to charge the battery. Such simple designs are often found in cheap
car battery chargers. The lead-acid cells used for cars and backup power systems typically
use constant voltage chargers. In addition, lithium-ion cells often use constant voltage
systems, although these usually are more complex with added circuitry to protect both the
batteries and the user safety.

e Constant Current Constant current chargers vary the voltage they apply to the battery to
maintain a constant current flow, switching off when the voltage reaches the level of a full
charge. This design is usually used for nickel-cadmium and nickel-metal hydride cells or

batteries.
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e Taper Current This is charging from a crude unregulated constant voltage source. It is not a
controlled charge as in V Taper above. The current diminishes as the cell voltage (back emf)
builds up. There is a serious danger of damaging the cells through overcharging. To avoid
this the charging rate and duration should be limited. Suitable for SLA batteries only.

e Pulsed charge Pulsed chargers feed the charge current to the battery in pulses. The
charging rate (based on the average current) can be precisely controlled by varying the
width of the pulses, typically about one second. During the charging process, short rest
periods of 20 to 30 milliseconds, between pulses allow the chemical actions in the battery to
stabilise by equalising the reaction throughout the bulk of the electrode before
recommencing the charge. This enables the chemical reaction to keep pace with the rate of
inputting the electrical energy. It is also claimed that this method can reduce unwanted
chemical reactions at the electrode surface such as gas formation, crystal growth and

passivation. (See also Pulsed Charger below). If required, it is also possible to sample the

open circuit voltage of the battery during the rest period.

Pulse and Burp Charging
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The optimum current profile depends on the cell chemistry and construction.

e Burp charging Also called Reflex or Negative Pulse Charging Used in conjunction with
pulse charging, it applies a very short discharge pulse, typically 2 to 3 times the charging
current for 5 milliseconds, during the charging rest period to depolarise the cell. These
pulses dislodge any gas bubbles which have built up on the electrodes during fast charging,
speeding up the stabilisation process and hence the overall charging process. The release
and diffusion of the gas bubbles is known as "burping". Controversial claims have been
made for the improvements in both the charge rate and the battery lifetime as well as for the
removal of dendrites made possible by this technique. The least that can be said is that "it

does not damage the battery".
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e IUI Charging This is a recently developed charging profile used for fast charging standard
flooded lead acid batteries from particular manufacturers. It is not suitable for all lead acid
batteries. Initially the battery is charged at a constant (I) rate until the cell voltage reaches a
preset value - normally a voltage near to that at which gassing occurs. This first part of the
charging cycle is known as the bulk charge phase. When the preset voltage has been
reached, the charger switches into the constant voltage (U) phase and the current drawn by
the battery will gradually drop until it reaches another preset level. This second part of the
cycle completes the normal charging of the battery at a slowly diminishing rate. Finally the
charger switches again into the constant current mode (I) and the voltage continues to rise
up to a new higher preset limit when the charger is switched off. This last phase is used to
equalise the charge on the individual cells in the battery to maximise battery life. See Cell
Balancing.

e Trickle charge Trickle charging is designed to compensate for the self discharge of the
battery. Continuous charge. Long term constant current charging for standby use. The
charge rate varies according to the frequency of discharge. Not suitable for some battery
chemistries, e.g. NiMH and Lithium, which are susceptible to damage from overcharging. In
some applications the charger is designed to switch to trickle charging when the battery is
fully charged.

o Float charge. The battery and the load are permanently connected in parallel across the DC
charging source and held at a constant voltage below the battery's upper voltage limit. Used
for emergency power back up systems. Mainly used with lead acid batteries.

¢ Random charging All of the above applications involve controlled charge of the battery,
however there are many applications where the energy to charge the battery is only
available, or is delivered, in some random, uncontrolled way. This applies to automotive
applications where the energy depends on the engine speed which is continuously changing.
The problem is more acute in EV and HEV applications which use regenerative braking since
this generates large power spikes during braking which the battery must absorb. More
benign applications are in solar panel installations which can only be charged when the sun
is shining. These all require special techniques to limit the charging current or voltage to

levels which the battery can tolerate.

Charging Rates

Batteries can be charged at different rates depending on the requirement. Typical rates

are shown below:
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e Slow Charge = Overnight or 14-16 hours charging at 0.1C rate
e Quick Charge = 3 to 6 Hours charging at 0.3C rate
e Fast Charge = Less than 1 hour charging at 1.0C rate

Slow charging
Slow charging can be carried out in relatively simple chargers and should not result in
the battery overheating. When charging is complete batteries should be removed from

the charger.

Nicads are generally the most robust type with respect to overcharging and can be left on
trickle charge for very long periods since their recombination process tends to keep the
voltage down to a safe level. The constant recombination keeps internal cell pressure high,
so the seals gradually leak. It also keeps the cell temperature above ambient, and higher
temperatures shorten life. So life is still better if you take it off the charger.

e Lead acid batteries are slightly less robust but can tolerate a short duration trickle charge.
Flooded batteries tend to use up their water, and SLAs tend to die early from grid corrosion.
Lead-acids should either be left sitting, or float-charged (held at a constant voltage well
below the gassing point).

e NiMH cells on the other hand will be damaged by prolonged trickle charge.

e Lithium ion cells however can not tolerate overcharging or overvoltage and the charge

should be terminated immediately when the upper voltage limit is reached.

Fast / Quick Charging

As the charging rate increases, so do the dangers of overcharging or overheating the
battery. Preventing the battery from overheating and terminating the charge when the
battery reaches full charge become much more critical. Each cell chemistry has its own
characteristic charging curve and battery chargers must be designed to detect the end of
charge conditions for the specific chemistry involved. In addition, some form of

Temperature Cut Off (TCO) or Thermal Fuse must be incorporated to prevent the

battery from overheating during the charging process.

Fast charging and quick charging require more complex chargers. Since these chargers
must be designed for specific cell chemistries, it is not normally possible to charge one

cell type in a charger that was designed for another cell chemistry and damage is likely
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to occur. Universal chargers, able to charge all cell types, must have sensing devices to

identify the cell type and apply the appropriate charging profile.

Note that for automotive batteries the charging time may be limited by the available
power rather than the battery characteristics. Domestic 13 Amp ring main circuits can
only deliver 3KW. Thus, assuming no efficiency loss in the charger, a ten hour charge
will at maximum put 30 KWh of energy into the battery. Enough for about 100 miles.
Compare this with filling a car with petrol.

It takes about 3 minutes to put enough chemical energy into the tank to provide 90 KWh
of mechanical energy, sufficient to take the car 300 miles. To put 90 KWh of electrical
energy into a battery in 3 minutes would be equivalent to a charging rate of 1.8

MegaWatts!!

Charge Termination Methods

The following chart summarises the charge termination methods for popular batteries.

These are explained in the section below.

Charge Termination Methods

SLA Nicad NiMH  Li-lon
Slow Charge Trickle OK Tolerates Trickle Timer Voltage Limit
Fast Charge 1 Imin NDV dT/dt Imin at Voltage Limit
Fast Charge 2 Delta TCO dT/dt dv/dt=0
Back up Termination 1 Timer TCO TCO TCO
Back up Termination 2 DeltaTCO Timer Timer Timer

TCO = Temperature Cut Off
Delta TCO = Temperature rise above ambient

[ min = Minimum current

Charge Control Methods



Many different charging and termination schemes have been developed for different

chemistries and different applications. The most common ones are summarised below.

Controlled charging

Regular (slow) charge

e Semi constant current Simple and economical. Most popular. Low current therefore does
not generate heat but is slow, 5 to 15 hours typical. Charge rate 0.1C. Suitable for Nicads

e Timer controlled charge system Simple and economical. More reliable than semi-constant
current. Uses IC timer. Charges at 0.2C rate for a predetermined period followed by trickle
charge of 0.05C. Avoid constantly restarting timer by taking the battery in and out of the
charger since this will compromise its effectiveness. The incorporation of an absolute

temperature cut-off is recommended. Suitable for Nicad and NiMH batteries.

Fast charge (1 to 2 hours)
¢ Negative delta V (NDV) Cut-off charge system
This is the most popular method for rapid charging for Nicads.

NiCad & NiMH Charging Characteristics
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Batteries are charged at constant current of between 0.5 and 1.0 C rate. The battery
voltage rises as charging progresses to a peak when fully charged then subsequently
falls. This voltage drop, -delta V, is due to polarisation or oxygen build up inside the

cell which starts to occur once the cell is fully charged. At this point the cell enters



the overcharge danger zone and the temperature begins to rise rapidly since the
chemical changes are complete and the excess electrical energy is converted into
heat. The voltage drop occurs regardless of the discharge level or ambient
temperature and it can therefore be detected and used to identify the peak and
hence to cut off the charger when the battery has reached its full charge or switch to
trickle charge.

This method is not suitable for charging currents less than 0.5 C since delta V
becomes difficult to detect. False delta V can occur at the start of the charge with
excessively discharged cells. This is overcome by using a timer to delay the detection
of delta V sufficiently to avoid the problem. Lead acid batteries do not demonstrate a
voltage drop on charge completion hence this charging method is not suitable for

SLA batteries.

dT/dt Charge system NiMH batteries do not demonstrate such a pronounced NDV voltage
drop when they reach the end of the charging cycle as can be seen in the graph above and so
the NDV cut off method is not reliable for ending the NiMH charge. Instead the charger
senses the rate of increase of the cell temperature per unit time. When a predetermined rate
is reached the rapid charge is stopped and the charge method is switched to trickle charge.
This method is more expensive but avoids overcharge and gives longer life. Because
extended trickle charging can damage a NiMH battery, the use of a timer to regulate the total

charging time is recommended.

Constant-current Constant-voltage (CC/CV) controlled charge system. Used for charging
Lithium and some other batteries which may be vulnerable to damage if the upper voltage
limit is exceeded. The manufacturers' specified constant current charging rate is the
maximum charging rate which the battery can tolerate without damaging the battery.
Special precautions are needed to maximise the charging rate and to ensure that the battery
is fully charged while at the same time avoiding overcharging. For this reason it is
recommended that the charging method switches to constant voltage before the cell voltage
reaches its upper limit. Note that this implies that chargers for Lithium Ion cells must be

capable of controlling both the charging current and the battery voltage.



Lithium lon Charging Characteristics
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In order to mainain the specified constant current charging rate, the charging
voltage must increase in unison with the cell voltage to overcome the back EMF of
the cell as it charges up. This occurs quite rapidly during the constant current mode
until the cell upper voltage limit of the cell is reached, after which point the charging
voltage is maintained at that level, known as the float level, during the constant
voltage mode. During this constant voltage period, the current decreases to a trickle
charge as the charge approaches completion. Cut off occurs when a predetermined
minimum current point, which indicates a full charge, has been reached. See

also Lithium Batteries - Charging and Battery Manufacturing - Formation.

Note 1: When Fast Charging rates are specified, they usually refer to the constant
current mode. Depending on the cell chemistry this period could be between 60%
and 80% of the time to full charge. These rates should not be extrapolated to
estimate the time to fully charge the battery because the charging rate tails off
quickly during the constant voltage period.

Note 2: Because it is not possible to charge Lithium batteries at the charging C rate
specified by the manufacturers for the full duration of the charge, it is also not
possible to estimate the time to charge a battery from empty simply by dividing the
AmpHour capacity of the battery by the specified charging C rate, since the rate
changes during the charging process. The following equation however gives a
reasonable approximation of the time to fully charge an empty battery when the
standard CC/CV charging method is used:

Charging time (hrs) = 1.3 * (Battery capacity in Ah) / (CC mode charging

current)
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e Voltage controlled charge system. Fast charging at rates between 0.5 and 1.0 C rate. The
charger switched off or switched to trickle charge when predetermined voltage has been
reached. Should be combined with temperature sensors in the battery to avoid overcharge
or thermal runaway.

e V- Taper controlled charge system Similar to Voltage controlled system. Once a
predetermined voltage has been reached the rapid charge current is progressively reduced
by reducing the supply voltage then switched to trickle charge. Suitable for SLA batteries it
allows higher charge level to be reached safely. (See also taper current below)

o Failsafe timer
Limits the amount of charge current that can flow to double the cell capacity. For
example for a 600mAh cell, limit the charge to a maximum of 1,200mAH. Last resort
if cut off not achieved by other means.

e Pre-charging
As a safety precaution with high capacity batteries a pre-charging stage is often used.
The charging cycle is initiated with a low current. If there is no corresponding rise in
the battery voltage it indicates that there is possibly a short circuit in the battery.

e Intelligent Charging System
Intelligent charging systems integrate the control systems within the charger with the
electronics within the battery to allow much finer control over the charging process. The
benefits are faster and safer charging and battery longer cycle life. Such a system is

described in the section on Battery Management Systems.

Note

Most chargers provided with consumer electronics devices such as mobile phones and
laptop computers simply provide a fixed voltage source. The required voltage and
current profile for charging the battery is provided (or should be provided) from
electronic circuits, either within the device itself or within the battery pack, rather than
by the charger. This allows flexibility in the choice of chargers and also serves to protect

the device from potential damage from the use of inappropriate chargers.

Voltage Sensing
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During charging, for simplicity, the battery voltage is usually measured across the
charger leads. However for high current chargers, there can be a significant voltage
drop along the charger leads, resulting in an underestimate of the true battery voltage
and consequent undercharging of the battery if the battery voltage is used as the cut-off
trigger. The solution is to measure the voltage using a separate pair of wires connected
directly across the battery terminals. Since the voltmeter has a high internal impedance
there will be minimal voltage drop in the voltmeter leads and the reading will be more

accurate. This method is called a Kelvin Connection. See also DC Testing.

Charger Types

Chargers normally incorporate some form of voltage regulation to control the charging
voltage applied to the battery. The choice of charger circuit technology is usually a price

- performance trade off. Some examples follow:

¢ Switch Mode Regulator (Switcher) - Uses pulse width modulation to control the voltage.
Low power dissipation over wide variations in input and battery voltage. More efficient than
linear regulators but more complex.
Needs a large passive LC (inductor and capacitor) output filter to smooth the pulsed
waveform. Component size depends on curent handling capacity but can be reduced by
using a higher switching frequency, typically 50 kHz to 500kHz., since the size of the
required transformers, inductors and capacitors is inversely proportional to the operating
frequency.

Switching heavy currents gives rise to EMI and electrical noise.

e Series Regulator (Linear) - Less complex but more lossy - requiring a heat sink to dissipate
the heat in the series, voltage dropping transistor which takes up the difference between the
supply and the output voltage. All the load current passes through the regulating transistor
which consequently must be a high power device. Because there is no switching, it delivers
pure DC and doesn't need an output filter. For the same reason, the design doesn't suffer
from the problem of radiated and conducted emissions and electrical noise. This makes it
suitable for low noise wireless and radio applications.
With fewer components they are also smaller.

e Shunt Regulator - Shunt regulators are common in photovoltaic (PV) systems since they
are relatively cheap to build and simple to design. The charging current is controlled by a

switch or transistor connected in parallel with the photovoltaic panel and the storage
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battery. Overcharging of the battery is prevented by shorting (shunting) the PV output
through the transistor when the voltage reaches a predetermined limit. If the battery voltage
exceeds the PV supply voltage the shunt will also protect the PV panel from damage due to
reverse voltage by discharging the battery through the shunt. Series regulators usually have
better control and charge characteristics.

Buck Regulator A switching regulator which incorporates a step down DC-DC converter.
They have high efficiency and low heat losses. They can handle high output currents and
generate less RF interference than a conventional switch mode regulator. A simple
transformerless design with low switch stress and a small output filter.

Pulsed Charger. Uses a series transistor which can also be switched. With low battery
voltages the transistor remains on and conducts the source current directly to the battery.
As the battery voltage approaches the desired regulation voltage the series transistor pulses
the input current to maintain the desired voltage. Because it acts as a switch mode supply
for part of the cycle it dissipates less heat and because it acts as a linear supply part of the
time the output filters can be smaller. Pulsing allows the battery time to stabilise (recover)
with low increments of charge at progressively high charge levels during charging. During
rest periods the polarisation of the cell is lowered. This process permits faster charging than
possible with one prolonged high level charge which could damage the battery since it does
not permit gradual stabilisation of the active chemicals during charging. Pulse chargers
usually need current limiting on the input source for safety reasons, adding to the cost.
Universal Serial Bus (USB) Charger

The USB specification was developed by a group of computer and peripheral device
manufacturers to replace a plethora of proprietary mechanical and electrical
interconnection standards for transferring data between computers and external
devices. It included a two wire data connection, a ground (earth) line and a 5 Volt
power line provided by the host device (the computer) which was available to
power the external devices. An unintended use of the USB port has been to provide
the 5 Volt source not only to power peripheral devices directly, but also to charge
any batteries installed in these external devices. In this case the peripheral device

itself must incorporate the necessary charge control circuitry to protect the battery.

The original USB standard specified a a data rata of 1.5 Mbits/sec and a maximum
charging current of 500mA.

Power always flows from the host to the device, but data can flow in both
directions. For this reason the USB host connector is mechanically different from the

USB device connector and thus USB cables have different connectors at each end.
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This prevents any 5 Volt connection from an external USB source from being applied
to the host computer and thus from possibly damaging the host machine.
Subsequent upgrades increased the standard data rates to 5 Gigabits/sec and the
available current to 900 mA. However the popularity of the USB connection has led
to a lot of non standard variants paricularly the use of the USB connector to provide
a pure power source without the associated data connection. In such cases the USB
port may simply incorporate a voltage regulator to provide the 5 Volts from a 12
Volt automotive power rail or a rectifier and regulator to provide the 5 Volts DC
from the 110 Volts or 240 Volts AC mains supply with output currents up to 2100
mA. In both cases the device accepting the power has to provide the necessary
charge control. Mains powered USB power supplies, often known as "dumb" USB
chargers, may be incorporated into the body of the mains plugs or into separate USB
receptacles in wall mounted AC power socket outlets.

See more about USB connections in the section on battery Data Buses.

Inductive Charging

Inductive charging does not refer to the charging process of the battery itself. It
refers to the design of the charger. Essentially the input side of charger, the part
connected to the AC mains power, is constructed from a transformer which is split
into two parts. The primary winding of the transformer is housed in a unit connected
to the AC mains supply, while the secondary winding of the transformer is housed in
the same sealed unit which contains the battery, along with the rest of the
conventional charger electronics. This allows the battery to be charged without a
physical connection to the mains and without exposing any contacts which could

cause an electric shock to the user.

A low power example is the electric toothbrush. The toothbrush and the charging
base form the two-part transformer, with the primary induction coil contained in the
base and the secondary induction coil and the electronics contained in the
toothbrush. When the toothbrush is placed into the base, the complete transformer
is created and the induced current in the secondary coil charges the battery. In use,
the appliance is completely separated from the mains power and since the battery
unit is contained in a sealed compartment the toothbrush can be safely immersed in

water.
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The technique is also used to charge medical battery implants.

A high power example is a charging system used for EVs. Similar to the toothbrush in
concept but on a larger scale, it is also a non-contact system. An induction coil in the
electric vehicle picks up current from an induction coil in the floor of the garage and
charges the vehicle overnight. To optimise system efficiency, the air gap between the
static coil and the pickup coil can be reduced by lowering the pickup coil during
charging and the vehicle must be precisely placed over the charging unit.

A similar system has been used for electric buses which pick up current from
induction coils embedded beneath each bus stop thus enabling the range of the bus
to be extended or conversely, smaller batteries can be specified for the same
itinerary. One other advantage of this system is that if the battery charge is
constantly topped up, the depth of discharge can be minimised and this leads to a
longer cycle life. As shown in the section on Battery Life, the cycle life increases
exponentially as the depth of discharge is reduced.

A simpler and less expensive alternative to this opportunity charging is for the
vehicle to make a conductive coupling with electric contacts on an overhead gantry
at each bus stop.

Proposals have also been made to install a grid of inductive charging coils under the
surface along the length of public roadways to allow vehicles to pick up charge as

they drive along however no practical examples have yet been installed.

¢ Electric Vehicle Charging Stations
For details about the specialised, high power chargers used for EVs, see the section

about Electric Vehicle Charging Infrastructure.

Charger Power Sources

When specifying a charger it is also necessary to specify the source from which the
charger derives its power, its availability and its voltage and power range. Efficiency

losses in the charger should also be taken into account, particularly for high power
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chargers where the magnitude of the losses can be significant. Some examples are given

below.

Controlled Charging

Easy to accommodate and manage.

AC Mains

Many portable low power chargers for small electrical appliances such as computers
and mobile phones are required to operate in international markets. They therefore
have auto sensing of the mains voltage and in special cases the mains frequency with
automatic switching to the appropriate input circuit.

Higher power applications may need special arrangements. Single phase mains
power is typically limited to about 3 KW. Three phase power may be required for
charging high capacity batteries (over 20 KWh capacity) such as those used in
electric vehicles which may require charging rates of greater than 3 KW to achieve
reasonable charging times.

Regulated DC Battery Supply

May be provided by special purpose installations such as mobile generating
equipment for custom applications.

Special Chargers

Portable sources such as solar panels.

Opportunity Charging

Opportunity charging is charging the battery whenever power is available or between

partial discharges rather than waiting for the battery to be completely discharged. It is

used with batteries in cycle service, and in applications when energy is available only

intermittently.

It can be subject to wide variations in energy availability and wide variations in power

levels. Special control electronics are needed to protect the battery from overvoltage. By

avoiding complete discharge of the battery, cycle life can be increased.

Availability affects the battery specification as well as the charger.

Typical applications are:-

Onboard vehicle chargers (Alternators, Regenerative braking)

Inductive chargers (on vehicle route stopping points)



e Solar power

e Wind power

Mechanical charging

This is only applicable to specific cell chemistries. It is nor a charger technology in the
normal sense of the word. Mechanical charging is used in some high power batteries

such as Flow Batteries and Zinc Air batteries. Zinc air batteries are recharged by

replacing the zinc electrodes. Flow batteries can be recharged by replacing the

electrolyte.

Mechanical charging can be carried out in minutes. This is much quicker than the the
long charging time associated with the conventional reversible cell electrochemistry
which could take several hours. Zinc air batteries have therefore been used to power

electric buses to overcome the problem of excessive charging times.

Charger Performance

The battery type and the application in which it is used set performance requirements
which the charger must meet.
e Output Voltage Purity
The charger should deliver a clean regulated voltage output with tight limits on
spikes, ripple, noise and radio frequency interference (RFI) all of which could cause

problems for the battery or the circuits in which it is used.

For high power applications, the charging performance may be limited by the design of

the charger.

o Efficiency
When charging high power batteries, the energy loss in the charger can add
significantly to the charging times and to the operating costs of the application.
Typical charger efficiencies are around 90%, hence the need for efficient designs.

e Inrush Current


http://www.mpoweruk.com/flow.htm
http://www.mpoweruk.com/zinc_air.htm

When a charger is initially switched on to an empty battery the inrush current could
be considerably higher than the maximum specified charging current. The charger
must therefore be dimensioned either to deliver or limit this current pulse.

e Power Factor

This could also be an important consideration for high power chargers.
3.4 PREPARATION OF ELECTROLYTE

B.1 Composition of electrolyte

B.1.1 Depending on operating or testing conditions use electrolyte according to
Table B.1.

Table B.1
Electrolyte |Operating conditions or Composition
e
P testing conditions
Putting into operation Water solution of caustic soda with
¢ addition of (10+1) g/1 lithium hydrate
Replacement of electrolyte (LiOH). Density of electrolyte from
I Determination of 80% rated capacity | 1,19 to 1,21 g/cm?

Operating of batteries at ambient
temperature from plus 5 to plus 40 °C;

test operation

Operating at ambient temperature Water solution of caustic potash with
from minus 15 to plus 35 °C; addition of (10+1) g/1 lithium hydrate
. L (LiOH). Density of electrolyte from
- Carrying out of testing instead of 1,19 to 1,21 g/cm3
electrolyte type I
Operation at ambient temperature Water solution of caustic potash with
below minus 15 °C; density from 1,26 to
1,28 g/cm3

test operation of accumulators at

Il temperature minus 45 °C

Note: shown densities correspond to temperature of plus (25+10) °C.

B.2 Materials for preparation of electrolyte
B.2.1 For preparation of electrolyte use materials with quality not lower than:

a. technical caustic soda grade PX the first quality sort or grade TP as per GOST
2263-79;



b. potassium hydroxide technical grade (caustic potash), extra or first quality sort
according to GOST 9285-78;

c. lithium hydroxide technical grade according to GOST 8595-83;

d. distilled water according to GOST 6709-72 or condensate.

B.2.2 Store solid alkalis in hermetically closed alkali proof ware.

B.3 Approximate amount of the components for preparation of electrolyte:

- For preparation of electrolyte type I:

a) technical caustic soda grades PX and TP -215g;
b) lithium hydroxide (LiOH x H;0) -20g;
c) distilled water or condensate -1000g(11).

- For preparation of electrolyte type II:

a) caustic potash (solid) -270 g;
b) lithium hydroxide (LiOH x H,0) -20g;
c) distilled water or condensate -1000g (1 D).

- For preparation of electrolyte type III:

a) caustic potash (solid) -480 g;

b) distilled water or condensate -1000g (1 D).

B.4 ORDER OF ELECTROLYTE PREPARATION

B.4.1 Prepare electrolyte only in clean steel or cast-iron ware.

It is recommended to have steel tanks with two cocks: one cock located at the height not less

than 100 mm from the bottom - for draining of clarified alkali, the other one located at the

bottom - for removal of accumulated residue (mud).

B.4.2 Fill the tank with required amount of water, then load solid caustic soda PX or TP in small
bits or caustic potash of the first quality sort (solid), mix to accelerate dissolution. Then, while

intensively stirring, add lithium hydroxide to obtained solution (if necessary).

If caustic soda grade PX first quality sort or caustic potash (liquid) is used, dilute with water up

to required density and add lithium hydroxide.



Carefully mix the solution until complete dissolution of lithium.

B.4.3 Cool down the prepared electrolyte to temperature plus (25+10) °C, to measure the

density with the help of areometer.

If the density appears to lower than requested, add caustic soda or caustic potash; the density is

higher than requested, add distilled water or condensate.

Let electrolyte to precipitate up to complete clarification (from 6 to 12 hours), then pour the

clarified part to hermetically closable glass or steel reservoir.

3.5 CARE AND MAINTENANCE OF SECONDARY CELLS

The condition of charge of batteries (secondary cells) should be tested on a regular

basis. GMDSS regulations stipulate that the voltage of any secondary batteries should be
read and recorded each day and in the case of lead/acid batteries, the specific gravity of

the electrolyte should be measured and recorded each month.

The crew should be aware of which equipment contains batteries (primary cells) and
they should be checked regularly for leakage and must be replaced in accordance with

the expiration dates given by the manufacturers. Spares should be carried on board.

REPLACING BATTERIES

Batteries have to be correctly connected into the circuit due to the terminals having
either positive or negative polarity. Positive terminals should be connected to positive
equipment connections and negative terminals should be connected to negative

equipment connections.

Connecting the wrong way round is likely to damage both the battery and the

equipment.

CHARGING BATTERIES (SECONDARY CELLS)

Batteries should be recharged according to the manufacturer's recommendations.


http://www.egmdss.com/gmdss-courses/mod/glossary/showentry.php?courseid=6&concept=GMDSS

When charging batteries the correct polarity must be observed as well. When
connecting a portable charger, the red or positive lead from the charger must go to the
positive terminal and the black or negative lead from the charger must go to the
negative terminal. Connecting the charger the wrong way round will damage the

battery, it could even cause an explosion.

Recommendations on battery care and maintenance

e Batteries should be kept clean and dry.
e Batteries should be kept in a purpose designed battery box that will not allow battery

content to pour out in any circumstances.

ONLY FOR SECONDARY CELLS:

e Battery bank should be adequately secured because batteries are heavy and may be
dangerous to the crew and the vessel if they get loose in the event of a knockdown.

e Signs of corrosion on batteries and near them should be regulary checked.

e The top of the battery and the terminals should be kept clean. This will prevent stray
currents flowing between the terminals and flattening the battery.

e The battery terminals could be protected from corrosion with a thin coat of petroleum
jelly.

e The vessel’s batteries are usually kept in the bilge where the weight is low down, but
this makes them very vulnerable in case of flood or fire. This is an argument for having a

dedicated radio battery higher up in the vessel where it is more protected.

ONLY FOR LEAD/ACID BATTERIES (SECONDARY CELLS):

Lead/acid batteries should be kept in a purpose designed battery box that will allow the

flammable hydrogen gas to escape but not allow sea water to get in.

e The electrolyte level should be regularly checked in lead/acid batteries. Only distilled
water should be used when topping up the electrolyte otherwise impurities will be
added which will drastically shorten the life of the battery.

e During the charging cycle of lead/acid batteries, when hydrogen gas is given off, the area
should be ventilated well and crew must not smoke in the vicinity.

e (Great care must be taken when handling the sulphuric acid electrolyte on lead/acid

batteries. A sensible precaution would be to wear rubber gloves, old clothing and safety

googles.



UNIT-4

HEATING AND LIGHTING EFFECTS OF CURRENT

4.1- Joule's Law of electric heating and its domestic applications

Electric current has three effects:

A. Heating
B. Chemical
C. Magnetic

A. Heating: W = IRt

Heat is produced in current-carrying conductors, resulting in an increase in
temperature of the conducting material. The heating is a result of the collisions between
the moving free electrons and the relatively stationary atoms of the conductor material.
As a result, heating increases rapidly with increase of current flow, since a greater rate

of flow results in more collisions.

Use the following apparatus to demonstrate the heating effect of an electric
current:
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Everyday examples of heating effect of electricity



The heating effect of an electric current has many practical applications, e.g. in radiant
electric fires, cookers, hairdryers, kettles, toasters, domestic irons, immersion heaters,
etc.

Joule’s Law

The rate at which heat is produced in a resistor is proportional to the square of the

current flowing through it, if the resistance is constant.

P ul?
Verification of Joule’s Law (As ABu 12)

Apparatus

Lagged beaker or calorimeter with a lid, heating coil, battery or low-voltage power

supply, rheostat, ammeter or multimeter, thermometer, stopwatch, balance.
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Procedure

1. Put sufficient water in a calorimeter to cover the heating coil. Set up the circuit as
shown.
2. Note the temperature.

3. Switch on the power and simultaneously start the stopwatch. Allow a current of 0.5 A



to flow for five minutes. Make sure the current stays constant throughout; adjust the
rheostat if necessary.

4. Note the current, using the ammeter.

5. Note the time for which the current flowed.

6. Stir and note the highest temperature. Calculate the change in temperature A®.

7. Repeat the above procedure for increasing values of current I, taking care not to
exceed the current rating marked on the rheostat or the power supply. Take at least six
readings.

8. Plot a graph of A8 (Y-axis) against I? (X-axis).

Results

& /" C B/ C | ABSC I/A I%/A2

A straight-line graph through the origin verifies that ABu I i.e. Joule’s Law.
Note

The heat energy produced is the mass multiplied by specific heat capacity multiplied by

rise in temperature:Q = mcA0O

The energy liberated per second in the device is defined as the electrical power. This
energy is P = RI2.

Therefore RI2 = mcAB /t

[2 = (mc/Rt) AB.

As the mass, specific heat capacity, resistance and time are constant, AGulZ2.

Hence P p I2 i.e. Joule’s law.



You could do this experiment using a joulemeter to measure the power supplied, and an

ammeter to measure the electric current. Then you could graph P vs 12 directly.

Sample question

An electric kettle draws a current of 10 A when connected to the 230 V mains supply.
Calculate

(a) the power of the kettle

(b) the energy produced in 5 minutes

(c) the rise in temperature

if all the energy produced in 5 minutes is used to heat 2 kg of water.

(Specific heat capacity of water = 4200 J kg1 K-1.)

Solution
(@) P=1V
=10 x 230
=2300W
= 2.3 kW.

(b) Energy produced in 5 minutes = Pt
=2300 x5 x 60

=690 000]

=690 kJ.

(c) Energy produced = energy gained by water
690 000 =mcAB

=(2)(4200)(A6)

AB =690000 / (2 x4200)

= 82.1 K = Rise in temperature of the water



Practical Applications of Joule's Heating

This heating is inevitable in any electrical circuit. Since the energy lost by the flowing
charges ends up as disorderly thermal motion, the phrase 'ohmic dissipation’ is also
used to describe it. Often, this is an undesirable effect. For example, in electric circuits,
the heat produced in a small region, can increase the temperature of the components so
much that their properties change. Also to decrease ohmic losses, power transmission

over long distances is effected at high voltage so that the current is reduced.

In many cases however, Joule heating is very useful. One common application is the fuse
used in electric circuits. It is a short piece of metal, inserted in a circuit, which melts
when excessive current flows through it and thus breaks the circuit. It thus protects
appliances. The material of a fuse generally has a low melting point and high

conductivity.

Familiar domestic applications are the electric iron, bread toaster, even electric kettle,

heater, etc.

Electric heating is also used in producing light, as in an incandescent bulb. Here, the
filament is made of a resistor that retains as much of the heat generated as possible.
Then it can get very hot and emit light. It must not melt at the high temperature. Usually,
tungsten is used for the bulb filament, as it has a high melting point (6116°F) and is a
strong metal. A small amount of the power used by the filament appears as radiated

light, but most of it appears as heat.



4.2 ELECTRIC HEATING
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Most electric heaters are relatively cheap to buy, but relatively expensive to run.

When are electric heaters a good option?

Electric heaters can be suitable for:

o smaller rooms that only get used occasionally, for short periods of time
e using instead of portable LPG heaters or open fires - electric heaters are much safer and

cheaper to run if you have no other options e.g. in many rental houses.

The heating capacity of electric plug-in heaters is typically no more than 2.4 kW. This
means in larger and/or poorly insulated rooms you may need to run more than one
heater to reach comfortable and healthy temperatures. Only use one heater per power

outlet to avoid overloading problems.

Are some electric heaters more efficient than others?

With the exception of heat pumps, all electric heaters are equally efficient. They convert
all the electricity they consume into useful heat - so don't believe claims that any one

type is more efficient than the other.



Different types of heaters for different heating needs

Different kinds of electric heaters, such as radiant, fan, convection and night store
heaters, distribute heat differently. Choosing the right type of heater is important to get
the full benefit of all of the heat you're paying for.

See the heater sizing calculator to work out how much heat you need.

Radiant heaters

The bar heater with glowing elements and a reflector is a radiant heater. These mainly
heat objects and people rather than the air in a room. They are commonly available as

either free-standing, wall or high-wall mounted models.
They can be useful:

e inrooms with high ceilings.

e inlarge rooms where you only need the heat in one area, or

e where you want to feel instant heat without waiting until the air in the room has warmed
up, e.g. in large bathrooms (only use high wall mounted models here), while standing at the

kitchen sink or for that quick early morning breakfast in a cold house.

Radiant heaters can be a fire risk if in close proximity to flammable materials and are
dangerous to children. High-wall mounted models (available from electrical supply

stores) can be installed out of reach from children and away from flammable materials.

There are more modern versions of the radiant heater, often called a panel, marble or
stonestore heater, where the elements are behind, or inside a panel or other mass made
of metal, brick, stone or something more expensive like marble. These heaters give a
more even, lower temperature heat, but still cost the same to run for a set amount of

heat. They are not any more efficient than any other type of electric heater.

Fan heaters


http://www.energywise.govt.nz/how-to-be-energy-efficient/your-house/heater-sizing-calculator

Fan heaters, sometimes also called ceramic heaters, can be noisy but distribute heated

air around the room rather than letting it form a layer of hot air below the ceiling.
They are good for:

e Dboosting a convection heater while heating up a room by providing additional heating
capacity and helping with better distributing heated air, so the room feels warm quicker.

e quick warmth in smaller rooms which require heating for very short periods of time, for
instance in the kitchen or bathroom in the morning

o keeping children safe - high-wall mounted models can be installed out of reach from

children for their and your home's safety.

Convection heaters

A convection heater mainly heats the air rather than surfaces. These include column
heaters (oil and 'oil-free') and convection heaters with a heating element inside a casing

which has grilles at the top and bottom to allow air to flow through.

These are a good choice for medium-sized rooms that require heating for longer periods
of time, such as living rooms and bedrooms. They steadily warm the air by convection -
the hot air rising and then slowly circulating around the room - and provide background

warmth.

Some have a built-in fan to better mix the air while warming up a room to achieve a

more even room temperature quicker.

Their surface temperatures are lower than radiant heaters, so they are somewhat safer,

but they still get hot enough to burn skin.

Note that they can easily be tipped over unless fixed in place - the weight and sharp fins

of oil column heaters can be particularly dangerous to children.

Panel heaters

Flat-panel heaters are often promoted as "eco" or cheap to run. They have very low heat
output, which is usually insufficient to heat up a room to comfortable and healthy

temperatures. So while they may cost less to run, they also produce very little heat. One



advantage of low-wattage panel heaters is that they typically don't get hot enough for

children or pets to burn themselves.

A higher wattage, thermostatically controlled heater is usually a better alternative to
panel heaters as the higher heat capacity allows heating up a room quickly, then the
thermostat can cycle the heater on and off to maintain a comfortable temperature

without wasting energy unnecessarily.

Night store heaters

Night store heaters use mass like bricks to store heat from cheaper off-peak electricity
at night and slowly release it during the day. They can be more economical than
common electric heaters for houses that are occupied during the day, and where a

cheaper night rate tariff for electricity is available.

However, if your house is empty during the day, these are not a good heating option for

you as a lot of the heat will be released when it is not needed.

Electric under floor heating

Electric underfloor heating goes between the floorboard and any floor covering like
carpet or thin timber flooring. Any covering that goes on top of the electric underfloor
heating makes it harder for the heat to get into the room. It is very important that the
floor is well insulated underneath, otherwise a lot of the heat you pay for will be lost
downwards. Although electric under floor heating can heat large areas well, it can be

expensive to run.

Features to look for

Thermostats: help maintain an even temperature for your comfort and conserve
electricity. Some electric heaters have a temperature dial, but most don't and require a

lot more trial and error until the desired thermostat setting is found.



Unfortunately the thermostats in most electric heaters aren't very accurate, resulting in
large temperature fluctuations. The heater itself often interferes with the temperature

sensor of it's own thermostat.

To work well the temperature sensor should be located as far away as possible from the
heated parts of the heater, e.g. at the bottom of the heater where the unheated room air
is drawn in. Also check whether the heater specifications provide any claimed

thermostat accuracy.

If the thermostat of your heater doesn't work well, a separate plug-in thermostat that
goes between the wall socket and your heater plug can be useful. You can buy them
online, just search the internet for "plug-in thermostat". Alternatively you can get an
electrician to install a separate, hard-wired room thermostat to control the heater.
These are usually wall-mounted and, if installed correctly, will better sense the actual

room temperature.

Timers: allow you to turn a heater on to warm up the kitchen half an hour before you
get up, or to turn a heater off after you have gone to bed.

Fans: help a room warm up faster by distributing the air more evenly rather than
letting heat build-up near the ceiling.

Thermal cutout: Some heaters have a built-in thermal cutout which turn the heater off
if it overheats - this is an important safety feature to look for.

Tilt switch: Some portable heaters have a built-in tilt switch which turns the heater off
if the heater overturns - another important safety feature to look for.

How much do they cost to run?

The page on calculating appliance running costs shows you how to calculate the running
costs for your specific heaters. If your heater has a few different heat settings, then it
will often say somewhere on the heater the Wattage of each setting. You need to know
this to calculate the running costs.

Use your electric heaters wisely

Safety first. Risks associated with using electric heaters include electrocution, burns and fire.

Always follow the manufacturer's instructions.

e Only heat the areas you're using, and only while you're using them.

e Keep the heat in by shutting doors and curtains.


http://www.energywise.govt.nz/how-to-be-energy-efficient/appliances/appliance-running-costs-and-smart-use

e Set the thermostat for healthy indoor temperatures. World Health Organisation
guidelines recommend at least 18°C in any rooms you're using (or at least 20°C if you have
vulnerable people in the home, like children, the elderly or the ill), and at least 16°C in

bedrooms overnight.

4.3 LIGHTING EFFECT OF ELECTRIC CURRENT
Heating Effect of Electric Current

In the 19th century, James Joule studied a property, which says that "when an electric
current flows through the filament of a bulb, it generates heat, and so the bulb becomes

hot". This property is named the heating effect of electric current.

Compact Fluorescent Lamps (CFL's)

We use electric bulbs to obtain light. Due to the heating effect, some part of the energy
received by the bulb is used up, and hence, some electricity is wasted. CFL’s do not
depend on the heating effect of electricity to produce light, since they do not use
filaments. Using CFL’s instead of ordinary bulbs minimises wastage of electricity. In
CFL'’s, light is generated using two electrodes. The fluorescent coating inside each tube

makes the light brighter.

We use every day many appliances that work on the property of the heating effect of
electric current. For example, the electric room heater, electric roti maker, electric iron,
toaster, hair dryer, electric stove, immersion water heater, food warmer, electric coffee
maker, electric rice cooker and geyser work on the property of the heating effect of

electric current.

Heating Elements

These appliances have coils of wire that produce heat, which are known as heating
elements. As current flows through these electrical appliances, the coils of wire inside
turn bright orange red in colour. This is because a huge amount of heat is produced.
Different appliances have different types of heating elements. The type of heating
element depends on the function of the appliance. Some appliances are required to

produce more heat than others.



ISI Mark

You should purchase only appliances that bear an ISI mark. ISI stands for Indian
Standards Institute. If an appliance bears the ISI mark, it means that it is safe and will

not waste electrical energy. Moreover, it is a mark of quality.

Factors affecting production of heat
The factors that affect the production of heat in a wire through which an electric current
is passing are the length and thickness of the wire, the duration of flow of current, and

the material of the wire.

Electric Fuse

The electric fuse works on the principle of the heating effect of electric current. An
electric fuse is a safety device to prevent damage to an electrical circuit when excessive
current flows through it. It is made of a special material. As the current increases
beyond a limit, the wire in the electric fuse melts and breaks off. The fuse is then said to
have blown off. The circuit is broken and current stops flowing through it. Thus, a fuse
prevents fires.
There are various types of fuses. Some fuses are used only in buildings, while others are

used in appliances.

Reasons for Excessive Currenct

When all the appliances are connected to the same socket, these appliances draw more

current, and so the load increases.

When the insulation on the wires is torn, two wires carrying current touch each other
directly. This causes a spark, which leads to fire. This is termed as a SHORT CIRCUIT.

If a fuse is not used, then overloading and short circuits result in fire.

Miniature Circuit Breakers (MCB)



Instead of fuses, MCBs are used nowadays because these are switches that turn off
automatically when there is an overload or a short circuit. After solving the problem in

the circuit, the switch can be turned back on, and then the current flows as usual.

4.4 FILAMENTS USED IN LAMPS, AND GASEOUS DISCHARGE LAMPS, THEIR WORKING AND
APPLICATIONS.

Alamp is an energy converter. Although it may carry out secondary functions, its prime purpose
is the transformation of electrical energy into visible electromagnetic radiation. There are many
ways to create light. The standard method for creating general lighting is the conversion of

electrical energy into light.

Types of Light
Incandescence

When solids and liquids are heated, they emit visible radiation at temperatures above 1,000 K;

this is known as incandescence.

Such heating is the basis of light generation in filament lamps: an electrical current passes
through a thin tungsten wire, whose temperature rises to around 2,500 to 3,200 K, depending

upon the type of lamp and its application.

There is a limit to this method, which is described by Planck’s Law for the performance of a
black body radiator, according to which the spectral distribution of energy radiated increases
with temperature. At about 3,600 K and above, there is a marked gain in emission of visible
radiation, and the wavelength of maximum power shifts into the visible band. This temperature
is close to the melting point of tungsten, which is used for the filament, so the practical
temperature limit is around 2,700 K, above which filament evaporation becomes excessive. One
result of these spectral shifts is that a large part of the radiation emitted is not given off as light
but as heat in the infrared region. Filament lamps can thus be effective heating devices and are

used in lamps designed for print drying, food preparation and animal rearing.

Electric discharge

Electrical discharge is a technique used in modern light sources for commerce and industry
because of the more efficient production of light. Some lamp types combine the electrical

discharge with photoluminescence.



An electric current passed through a gas will excite the atoms and molecules to emit radiation of
a spectrum which is characteristic of the elements present. Two metals are commonly used,
sodium and mercury, because their characteristics give useful radiations within the visible
spectrum. Neither metal emits a continuous spectrum, and discharge lamps have selective
spectra. Their colour rendering will never be identical to continuous spectra. Discharge lamps
are often classed as high pressure or low pressure, although these terms are only relative, and a

high-pressure sodium lamp operates at below one atmosphere.

Types of Luminescence

Photoluminescence occurs when radiation is absorbed by a solid and is then re-emitted at a
different wavelength. When the re-emitted radiation is within the visible spectrum the process

is called fluorescence or phosphorescence.

Electroluminescence occurs when light is generated by an electric current passed through
certain solids, such as phosphor materials. It is used for self-illuminated signs and instrument

panels but has not proved to be a practical light source for the lighting of buildings or exteriors.
Evolution of Electric Lamps

Although technological progress has enabled different lamps to be produced, the main factors
influencing their development have been external market forces. For example, the production of
filament lamps in use at the start of this century was possible only after the availability of good
vacuum pumps and the drawing of tungsten wire. However, it was the large-scale generation
and distribution of electricity to meet the demand for electric lighting that determined market
growth. Electric lighting offered many advantages over gas- or oil-generated light, such as
steady light that requires infrequent maintenance as well as the increased safety of having no

exposed flame, and no local by-products of combustion.

During the period of recovery after the Second World War, the emphasis was on productivity.
The fluorescent tubular lamp became the dominant light source because it made possible the
shadow-free and comparatively heat-free lighting of factories and offices, allowing maximum
use of the space. The light output and wattage requirements for a typical 1,500 mm fluorescent

tubular lamp is given in table 1.

Table 1. Improved light output and wattage requirements of some typical 1,500 mm fluorescent

tube lamps

Rating (W) | Diameter Gas fill Light output (lumens)




(mm)
80 38 argon 4.800
65 38 argon 4,900
58 25 krypton | 5,100
50 25 argon 5,100
(high frequency gear)

By the 1970s oil prices rose and energy costs became a significant part of operating costs.
Fluorescent lamps that produce the same amount of light with less electrical consumption were
demanded by the market. Lamp design was refined in several ways. As the century closes there
is a growing awareness of global environment issues. Better use of declining raw materials,
recycling or safe disposal of products and the continuing concern over energy consumption

(particularly energy generated from fossil fuels) are impacting on current lamp designs.

Performance Criteria

Performance criteria vary by application. In general, there is no particular hierarchy of

importance of these criteria.

Light output: The lumen output of a lamp will determine its suitability in relation to the scale of

the installation and the quantity of illumination required.

Colour appearance and colour rendering: Separate scales and numerical values apply to
colour appearance and colour rendering. It is important to remember that the figures provide
guidance only, and some are only approximations. Whenever possible, assessments of
suitability should be made with actual lamps and with the colours or materials that apply to the

situation.

Lamp life: Most lamps will require replacement several times during the life of the lighting
installation, and designers should minimize the inconvenience to the occupants of odd failures
and maintenance. Lamps are used in a wide variety of applications. The anticipated average life
is often a compromise between cost and performance. For example, the lamp for a slide
projector will have a life of a few hundred hours because the maximum light output is important
to the quality of the image. By contrast, some roadway lighting lamps may be changed every two

years, and this represents some 8,000 burning hours.



Further, lamp life is affected by operating conditions, and thus there is no simple figure that will
apply in all conditions. Also, the effective lamp life may be determined by different failure
modes. Physical failure such as filament or lamp rupture may be preceded by reduction in light
output or changes in colour appearance. Lamp life is affected by external environmental
conditions such as temperature, vibration, frequency of starting, supply voltage fluctuations,

orientation and so on.

It should be noted that the average life quoted for a lamp type is the time for 50% failures from
a batch of test lamps. This definition of life is not likely to be applicable to many commercial or
industrial installations; thus practical lamp life is usually less than published values, which

should be used for comparison only.

Efficiency: As a general rule the efficiency of a given type of lamp improves as the power rating
increases, because most lamps have some fixed loss. However, different types of lamps have
marked variation in efficiency. Lamps of the highest efficiency should be used, provided that the
criteria of size, colour and lifetime are also met. Energy savings should not be at the expense of
the visual comfort or the performance ability of the occupants. Some typical efficacies are given

in table 2.

Table 2. Typical lamp efficacies

Lamp efficacies

100 W filament lamp 14 lumens/watt
58 W fluorescent tube 89 lumens/watt
400 W high-pressure sodium 125 lumens/watt
131 W low-pressure sodium 198 lumens/watt
Main lamp types

Over the years, several nomenclature systems have been developed by national and

international standards and registers.

In 1993, the International Electrotechnical Commission (IEC) published a new International
Lamp Coding System (ILCOS) intended to replace existing national and regional coding systems.

A list of some ILCOS short form codes for various lamps is given in table 3.



Table 3. International Lamp Coding System (ILCOS) short form coding system for some lamp

types
Type (code) Common Colour rendering | Colour Life
ratings temperature (hours)
(watts) (K)
Compact fluorescent | 5-55 good 2,700-5,000 5,000-
lamps (FS) 10,000
High-pressure 80-750 fair 3,300-3,800 20,000
mercury lamps (QE)
High-pressure 50-1,000 poor to good 2,000-2,500 6,000-
sodium lamps (S-) 24,000
Incandescent lamps | 5-500 good 2,700 1,000-
M 3,000
Induction lamps | 23-85 good 3,000-4,000 10,000-
(XF) 60,000
Low-pressure 26-180 monochromatic 1,800 16,000
sodium lamps (LS) yellow colour
Low-voltage 12-100 good 3,000 2,000-
tungsten  halogen 5,000
lamps (HS)
Metal halide lamps | 35-2,000 good to excellent 3,000-5,000 6,000-
M9 20,000
Tubular fluorescent | 4-100 fair to good 2,700-6,500 10,000-
lamps (FD) 15,000
Tungsten  halogen | 100-2,000 good 3,000 2,000-
lamps (HS) 4,000

Incandescent lamps




These lamps use a tungsten filament in an inert gas or vacuum with a glass envelope. The inert
gas suppresses tungsten evaporation and lessens the envelope blackening. There is a large
variety of lamp shapes, which are largely decorative in appearance. The construction of a typical

General Lighting Service (GLS) lamp is given in figure 1.

Figure 1. Construction of a GLS lamp
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Incandescent lamps are also available with a wide range of colours and finishes. The ILCOS

codes and some typical shapes include those shown in table 4.

Table 4. Common colours and shapes of incandescent lamps, with their ILCOS codes

Colour/Shape Code
Clear /C
Frosted /F
White /W
Red /R
Blue /B
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Green /G
Yellow /Y
Pear shaped (GLS) IA
Candle IB

Conical IC

Globular IG
Mushroom IM

Incandescent lamps are still popular for domestic lighting because of their low cost and compact
size. However, for commercial and industrial lighting the low efficacy generates very high
operating costs, so discharge lamps are the normal choice. A 100 W lamp has a typical efficacy of

14 lumens/watt compared with 96 lumens/watt for a 36 W fluorescent lamp.

Incandescent lamps are simple to dim by reducing the supply voltage, and are still used where

dimming is a desired control feature.

The tungsten filament is a compact light source, easily focused by reflectors or lenses.

Incandescent lamps are useful for display lighting where directional control is needed.

Tungsten halogen lamps

These are similar to incandescent lamps and produce light in the same manner from a tungsten
filament. However the bulb contains halogen gas (bromine or iodine) which is active in

controlling tungsten evaporation. See figure 2.

Figure 2. The halogen cycle
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Fundamental to the halogen cycle is a minimum bulb wall temperature of 250 °C to ensure that
the tungsten halide remains in a gaseous state and does not condense on the bulb wall. This
temperature means bulbs made from quartz in place of glass. With quartz it is possible to

reduce the bulb size.

Most tungsten halogen lamps have an improved life over incandescent equivalents and the

filament is at a higher temperature, creating more light and whiter colour.

Tungsten halogen lamps have become popular where small size and high performance are the
main requirement. Typical examples are stage lighting, including film and TV, where directional

control and dimming are common equirements.

Low-voltage tungsten halogen lamps

These were originally designed for slide and film projectors. At 12 V the filament for the same
wattage as 230 V becomes smaller and thicker. This can be more efficiently focused, and the
larger filament mass allows a higher operating temperature, increasing light output. The thick
filament is more robust. These benefits were realized as being useful for the commercial display
market, and even though it is necessary to have a step-down transformer, these lamps now

dominate shop-window lighting. See figure 3.

Figure 3. Low-voltage dichroic reflector lamp
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Although users of film projectors want as much light as possible, too much heat damages the
transparency medium. A special type of reflector has been developed, which reflects only the
visible radiation, allowing infrared radiation (heat) to pass through the back of lamp. This
feature is now part of many low-voltage reflector lamps for display lighting as well as projector

equipment.

Voltage sensitivity: All filament lamps are sensitive to voltage variation, and light output and
life are affected. The move to “harmonize” the supply voltage throughout Europe at 230V is
being achieved by widening the tolerances to which the generating authorities can operate. The
move is towards #10%, which is a voltage range of 207 to 253 V. Incandescent and tungsten
halogen lamps cannot be operated sensibly over this range, so it will be necessary to match

actual supply voltage to lamp ratings. See figure 4.

Figure 4. GLS filament lamps and supply voltage
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Discharge lamps will also be affected by this wide voltage variation, so the correct specification

of control gear becomes important.

Tubular fluorescent lamps
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