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MESSAGE

SECRETARY’S MESSAGE
Achieving a better future by individual students, their families, communities or the nation as
a whole, depends on the kind of curriculum and the way it is delivered.
This course is part of the new Flexible, Open and Distance Education curriculum. The
learning outcomes are student-centred and allows for them to be demonstrated and
assessed.
It maintains the rationale, goals, aims and principles of the National Curriculum and
identifies the knowledge, skills, attitudes and values that students should achieve.
This is a provision by Flexible, Open and Distance Education as an alternative pathway of
formal education.
The Course promotes Papua New Guinea values and beliefs which are found in our
constitution, Government policies and reports. It is developed in line with the National
Education Plan (2005 – 2014) and addresses an increase in the number of school leavers
affected by lack of access into secondary and higher educational institutions.
Flexible, Open and Distance Education is guided by the Department of Education’s Mission
which is fivefold;





To develop and encourage an education system which satisfies the requirements of
Papua New Guinea and its people
To establish, preserve, and improve standards of education throughout Papua New
Guinea
To make the benefits of such education available as widely as possible to all of the
people
To make education accessible to the physically, mentally and socially handicapped as
well as to those who are educationally disadvantaged

The College is enhanced to provide alternative and comparable path ways for students and
adults to complete their education, through one system, two path ways and same learning
outcomes.
It is our vision that Papua New Guineans harness all appropriate and affordable technologies
to pursue this program.
I commend all those teachers, curriculum writers, university lecturers and many others who
have contributed so much in developing this course.

UKE KOMBRA, PhD
Secretary for Education
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MODULE 11. 5:

INTRODUCTION

ELECTRICITY PRINCIPLES

Introduction
Electricity plays a very important role in sustaining our lives in the modern age. Although
electricity has been around for millions of years, it has only been recognised, harnessed and
used on a large scale for the best part of the last 200 years. We must appreciate that the
human race has advanced very quickly over this time and electricity has been one of the
main factors behind this rapid advance.
This module covers the basic aspects of electricity. It includes the causes of electricity and
the applications of electricity in supplying energy to meet our needs. It builds on what was
learnt in the Grade 9 Electricity unit.
The module begins with electrostatics. In this part of the module, we will investigate electric
charges which cause electricity and what happens when electric charges are stationary.
In the second part of this module we will look at the movement of electric charges through
conductors and the effects that occur when electric charges are moving. We will also look at
electric circuits, their design and applications.
The third part of this module focuses on resistance and its applications.
The fourth and final part of this module introduces us to alternating current (AC) and its
uses.

Figure 1 Lightning is a natural phenomenon that proves the
existence of electric charges.
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OUTCOMES

Learning Outcomes

After going through this module, you are expected to:




















6

explain the nature and types of charges including the law of magnetism for the two
main types of charge
explain and describe the three main methods of charging objects
explain and apply Coulomb’s Law to calculate force between charges and solve simple
problems
explain electric field concept of charges and apply formulae to calculate electric field
strength
explain electric potential concept and apply formula to calculate electric potential
demonstrate an understanding of concepts in current, voltage and resistance for
simple circuits
interpret circuit symbols and apply them to practical and theoretical construction of
circuits
explain the differences between series and parallel circuits
use voltmeters and ammeters to measure voltage and current in simple circuits
explain the relative merits of combining cells to produce electricity
calculate total resistance in series and parallel circuits using the total resistance
formulae
apply resistance formulae to solve simple problems
explain Ohm’s law and use it to solve simple problems
explain the factors affecting resistance and use the formula to solve simple problems
explain the concepts of energy and power in an electrical circuit and apply the
concepts to solve simple problems
explain and apply Kirchhoff’s rules in solving simple current and voltage problems
differentiate between AC and DC and discuss their advantages and disadvantages
explain the concepts and calculate instantaneous, RMS and peak values of voltage and
current in AC circuits using correct formulae
explain the effects of capacitance and inductance on voltage and current in AC circuits

GR 11 PHYS M5

TIME FRAME

Time Frame

Suggested allotment time: 10 weeks

This module should be completed within 10 weeks.
If you set an average of 3 hours per day, you should be able to complete the module
comfortably by the end of the assigned week.
Try to do all the learning activities and compare your answers with the ones provided at the
end of the unit. If you do not get a particular exercise right in the first attempt, you should
not get discouraged but instead, go back and attempt it again. If you still do not get it right
after several attempts then you should seek help from your friend or even your tutor.

DO NOT LEAVE ANY QUESTION UNANSWERED.

7
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11.5.1

ELECTRICITY PRINCIPLES

Electrostatics

The study of electrostatics is the beginning of the detailed study into electricity and all the
phenomenon that is related to electricity. This deals with the idea of electric charges when
they are stationary (i.e. not moving). The aim of this study is to allow us to simplify and
observe the behaviour of charges in its most simple terms. The study of charges that are
moving is a lot more complex.
Electric charges are mostly responsible for the forces that hold the atom together and that
cause chemical reactions to occur. Some of the ideas presented in this unit will assist you in
your understanding of chemistry especially with ions and the formation of ionic compounds.
In the first sub-topic of electrostatics we will look at the nature and types of electric charges.
We also look at the simple rules of the interactions of charges as well as terms associated
with electric charges.
In the second sub-topic, we will look at the force between charges as it is explained by the
mathematical relationship of Coulomb’s law. This mathematical relationship helps us to
predict the size and type of force that charges can exert and also allows us to manipulate
charges so that we can get the strength and direction of the forces that we desire.
The third sub-topic looks at the concept of an electric field. It is also related to the idea of
the force between charges.
Finally we will look at the electric potential which is basically all about energy. It would have
seemed to you that wherever there is a force, there has to be energy involved. If this is the
idea that you already have from the previous units that you have studied, then you are
definitely on the right track in your study of physics.
Electric Charges
There are two types of electric charges; positive (denoted with + sign) and negative (denoted
with – sign).
The relationship between these two types of electric charges is responsible for many
phenomenon including elasticity and chemical bonding. The main interaction between
charges is the forces that occur when charged objects are together. This interaction is as
follows;

LIKE CHARGES REPEL, WHILE UNLIKE CHARGES ATTRACT

8
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Nature and type of charge
The atom contains these two charges in the form of protons (carry positive charge) and
electrons (which carry negative charge).
In general, any object that contains an equal amount of positive and negative charge is said
to be electrically NEUTRAL. An atom is electrically neutral. This means that every atom
contain equal amounts of both types of charge.
An object becomes CHARGED when there is an imbalance in the amount of one type of
charge.
In general, a charged body has an excess of one type of charge.
 Positively charged bodies have more positive charge than negative charge.
 Negatively charged bodies have more negative charge than positive charge.

An atom becomes a positively charged ion when it loses electrons.
It becomes a negatively charged ion when it gains extra electrons.

Methods of Charging
A body can become charged in three ways.
1.

Charging by rubbing or by friction
When two objects rub against each other there is a possibility that some electrons on
one of the objects get transferred to the other. As a result, the object that loses
electrons becomes positively charged while the object that gains electrons becomes
negatively charged. A simple demonstration of this method of charging can be done by
using a plastic comb and some small pieces of paper. Rub a dry plastic comb to your
hair very quickly for 30 seconds. As quickly as you can bring the comb to the pieces of
paper and observe what happens. If all of this is done in dry conditions, you will be
able to see that the paper will be attracted to the dry plastic comb.
When the plastic comb is rubbed through hair, it loses electrons to the hair. The plastic
comb becomes positively charged while the hair becomes negatively charged. Charging
by friction can also be observed when a dry silk shirt rubs against your skin. Sometimes
you might even hear cracks of static electricity such as when you wear sports jerseys
that are made of silky materials and the jersey rubs against your skin (which must be
dry of course!).

9
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+3
-3

0 net change
+3
-3
0 net change

(A)
+3
-1

-2 net change
+3
-5

-2 net change

(B)
Figure 2 While combing your hair, your plastic comb may
become charged (A) before combing and (B) after combing.

2.

Charging by conduction
Charge can also be transferred by providing a pathway to another object. The word
conduction simply describes the process where a path is provided that allows charges
to transfer from one object to another. Objects that provide a pathway for charges are
called conductors while those that do not are called insulators.
The diagrams below illustrate charging by conduction.
Before
A

Before
A

B
CONDUCTOR

INSULATOR

Charges flow

No flow of charges
After

After
A

B
CONDUCTOR

Both spheres
are neutral
Figure 3 Charged spheres joined by a conductor
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B

A

B
INSULATOR

Both spheres remain
charged
Figure 4 Charged spheres joined by an insulator.
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Suppose we start with two spheres A and B which contain the same amount of positive
and negative charge respectively.
When a conductor is brought between A and B such as in Figure 3, it acts like a bridge
that allows the charges from both sides to be evenly distributed until both the spheres
become neutral.
When an insulator is used, no charges distribute between the spheres because unlike a
conductor, the charges are not allowed to move through the insulator. Both spheres
will remain charged as shown in Figure 4.
Conductors are substances which allow charges to pass through them.
Insulators are substances that do not allow charges to pass through them.
All conductors have atomic structures that allow for the conduction of charges. Metals
can conduct charges in solid and molten phases. Liquid solutions made from ionic salts
and molten ionic compounds can also conduct charges. Some covalent substances such
as graphite (carbon) are also capable of conducting charges.
Insulators do not contain atomic structures that allow for the conduction of charges.
When an insulator is in physical contact with a charged object, only the part that is in
contact with the charge object becomes charged. The charge is not distributed in the
insulator due to the absence of atomic structures that allow for this. This is why the
two charged spheres in Figure 3 remain charged when they are kept in contact by an
insulator. Gases and most covalent liquid substances fall in this category. Most solid
covalent substances such as wood, rubber and plastics are also classified as insulators.
3.

Charging by induction
The first two methods of charging involve the physical contact of materials in order to
transfer charges. The method of induction involves no physical contact. To illustrate
this method let us look at an example.

11
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ELECTRICITY PRINCIPLES

Rod R
Sphere P

(b)

Rod R

Rod Q
Sphere P

Negative charges conducted
away from sphere P

(c)

Sphere P is charged

Figure 5 Charging by induction: at (a) a negatively charged rod R is brought close to sphere P.
It separates the charges in sphere P. Once separated, a conducting rod Q is used to conduct
excess negative charges from one side of sphere P as shown in (b). Finally, both rods R and Q
are removed and the excess charge at on sphere P is now positive as shown in (c).

Suppose a negatively charged rod R is brought close to (but not touching) the left side
of an isolated neutral metallic sphere P (Figure 5.(a)). The charges on the metallic
sphere would separate with negative charges moving away from the region closest to
rod R (to the right) and positive charges moving to the region closest to rod R (to the
left). This separation occurs because of the attraction of unlike charges and repulsion
of like charges. Note that although the charges have separated, the sphere P is still
neutral since the amount of positive charge is equal to the amount of negative charge.
If the rod R is moved away from the sphere P, the charges would evenly distribute
themselves over the sphere and the sphere would again be neutral.
But what would happen if we keep the negatively charged rod R close to sphere P, and
use another rod Q as a conductor to remove the negative charges on the left side of
sphere P as in Figure 5. (b). This would result in excess positive charge on the sphere
making it positively charged! If we also remove the rod R away from sphere P, the
positive charges will distribute evenly over the sphere, and the sphere would have a
net positive charge as in Figure 5. (c) on the previous page.

12
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The separation of charges explained is important in explaining some occurrences that
happen due to charges. For instance, you can make your hair on your arm stand by
charging a comb as was discussed earlier. The fact that your hair stands is due to the
fact that charge is induced on the hair strands by the charged comb. The charges in
your hair simply separate and depending on the type of charge on the comb distribute
themselves by attraction and repulsion. Charges do not leave your hair strand. When
you remove the charged comb, the charges in your hair redistribute again so that your
hair falls back to where it was initially.
In the same way a charged plastic object can also pick up bits of paper. The paper itself
remains neutral but again there is a separation of charges on the bits of paper which
are induced by the plastic. Printers and photocopiers use the induction to pick up
paper for printing and copying.
Insulator

Charged
object
Figure 6 Picking up bits of paper with a charged plastic
object

Induced
charges

Figure 7 Induced charges on a neutral object
caused by the nearby presence of another
charged object.

Electric charge as a quantity
Electric charge is a physical quantity measuring the amount of excess charge that an object
possesses. The SI unit for electric charge is the Coulomb (C). Throughout this unit charge
may be represented using the following prefixes:
mC = milli-coulomb = 10-3C
µC = micro-coulomb = 10-6C
nC = nano-coulomb = 10-9C
pC = pica-coulomb = 10-12C
For instance, 5.23µC = 5.23 × 10-6C = 0.000 00523C
One coulomb is the amount of charge carried by 6.25 x 1018 electrons. This means that each
electron has a charge of -1.6 x 10-19C while each proton has an equal but opposite charge
of +1.6 x 10-19C
13
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Electrostatic Force
Force between charges
Electrostatic force is the attraction (pull) and repulsion (push) forces that exist between
charged bodies. The electrostatic force is a field force. (Other examples of field forces are
gravitational force and magnetic force). Field forces are those forces that exert a push or a
pull on an object without actually touching it. This is unlike contact forces which exert a push
or a pull on an object only when they touch the object.
One significant characteristic of the electrostatic force is that it only exists between charged
objects.
Factors that determine the force between charges
Forces between charged objects depend on the following factors;
1.

The amount and type of charge on the objects.

2.

The distance between the charged objects.

3.

The type of medium that the charged objects are in. For simplicity we consider only air
or a vacuum as the medium throughout this unit.

Coulomb’s Law states that “the force on two charges is proportional to the amount of
charge on the two bodies and inversely proportional to the square of the distance between
them.”
The direction of the force is along the line through the centers of the charges.
Mathematically this is written as;
F



kQ 1 Q 2
d2

Where F = force in Newton (N) between the charges. Can be an attractive force (for
unlike charges) or a repulsive force (for like charges)
 Q1 and Q2 are the size of the charges in Coulomb (C). Negative charges have – sign;
Positive charges have + sign
 d is the distance in metres (m) between the charges
 k is a constant of proportionality depending on the medium. For air and a vacuum which
are approximately equal k = 9 x 109Nm2C2
Remember the following relationships;
 Increase in distance means decrease in force and vice versa (Inverse Square Law)
 Increase in charge means increase in force and vice versa (Proportionality)
 The type of force that occurs depends on what types of charges are interacting
o A force of attraction occurs when unlike charges interact
o A force of repulsion occurs when like charges interact
 Each charge exerts an equal and opposite force on the other (from NEWTON’S THIRD
LAW)
14
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Example 1
Determine the force between:
(a)

two charges of +20μC and +30μC separated by 10cm in air.

(b)

+20μC and -10μC separated by 20cm in air. Indicate whether the force is one of
attraction or repulsion in each case.
(Remember to convert from micro-coulomb to coulomb when working out the
answers.)

Solution
(a )

F

F

kQ 1 Q 2
d2

Q1 = 20µC = 20 x 10-6C = 2 x 10-5C

9  10 9  20  10 6  30  10 6

0.12

Q2 = 30µC = 30 x 10-6C = 3 x 10-5C
10cm is converted to 0.1m.

5400  10 3
F
1  10 2
F  540N

This force is a repulsive force since the charges are like charges.
(b)

F

F
F

kQ 1 Q 2
d2

Q1 = 20µC = 20 x 10-6C = 2 x 10-5C

9  10 9  20  10 6  10  10 6

0.22

1800  10
4  10 2

3

Q2 = 10µC = 10 x 10-6C = 1 x 10-5C
20cm is converted to 0.2m.

 45N

This force is an attractive force since the charges are unlike.

15
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Example 2
Calculate the net force on a charge r of +30μC midway between charge p of +20μC and
charge q of -20μC separated by a distance of 40cm.
p
+20µC

r
+30µC

+

+

q
-20µC

_

40cm

Solution
First we calculate the force on r due to p (Frp)

Frp 

kQ r Q p

d 

2

rp

Frp 
Frp 

9  10 9  30  10 6  20  10 -6

20  10 

2 2

5400  10 3
 125N
400  10 4

Next we calculate the force on r due to q. (Frq)

Frq 

kQ r Q q

d 

2

rq

Frq 

9  10 9  30  10 6  20  10 -6

20  10 

2 2

5400  10 3
Frq 
 125N
400  10 4
Because r is a positive charge, we can conclude that the direction of the net force is towards
q. Thus we simply add the magnitudes of Frp and Frq to get our net force.
Fnet = Frp + Frq
Fnet = 125N + 125N
Fnet = 250N
NOTE: according to the diagram, Frp is a repulsive force because r and p are like charges
while Frq is an attractive force because r and q are unlike charges. Therefore we add both
forces since they are linear and in the same direction. If they were in opposite directions we
would have to subtract one from the other.

16
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Example 3
What is the force exerted on an electron by a point charge of +0.2μC when they are 3 mm
apart?
Solution

F
F

kQ 1 Q 2
d2
9  10 9  0.2  10 6  1.6  10 -19

3  10 

3 2

2.88  10 16
F
9  10 6
F  3.2  10 -11 N
Thus the force exerted on the electron is an attractive force of magnitude 3.2 x 10-11N.
Now check what you have just learnt by trying out the learning activity below!

Learning Activity 1

30 minutes

Answer the following questions on the spaces provided.
1.

The diagram below shows three charges P, Q and R all lying on a straight line. P and R
have the same amount of charge, which is the same as half that of Q. The distance
between P and Q is labeled X. Y is the distance between Q and R.
Q

P

R

_

+
X

Y

a)

Charge P is attracted to R but repelled by Q. What type of charge is P?
__________________________________________________________________

b)

According to the diagram which of the following forces is stronger;
i)

Force between P and Q

ii)

Force between Q and R
17

GR 11 PHYS M5

iii)

ELECTRICITY PRINCIPLES

Force between P and R
(choose one option)
_____________________________________________________________

c)

Briefly explain your answer to b.
__________________________________________________________________
__________________________________________________________________
__________________________________________________________________

d)

If the force between Q and R is to be increase by a factor of 4. What changes to
the charges and distances could occur for this to happen?
__________________________________________________________________

e)

Suppose the distance X is doubled. What then happens to the magnitude of force
between P and Q?
__________________________________________________________________

2. Use Coulomb’s law to find the magnitude of force exerted by the following pairs of
charges. Also state whether the force is attractive or repulsive.

3.

18

(a)

+5µC and +6µC separated by a distance of 30cm.

(b)

-80nC and +70nC separated by a distance of 6cm.

(c)

-0.4µC and -200nC separated by a distance of 0.12m.

An attractive force of 14kN is experienced by two charges of magnitude 0.004C and
0.007C. At what distance must these two charges be to experience this force?

GR 11 PHYS M5

4.

ELECTRICITY PRINCIPLES

A repulsive force of 40N is experienced by two charges of the same magnitude. This
occurs when the charges are 75cm apart. What is the magnitude of the charges?

Thank you for completing learning activity 1. Now check your work. Answers are at the
end of the module.

Electric Fields
All charged bodies exert force that has an influence on the surrounding region called an
electric field. An electric field always exists around a charged object. This field is the reason
why all charged objects can exert a push or pull on other charged objects.
It is also important to note that only charged objects are influenced by an electric field. Any
neutral object that enters an electric field is does not experience force. Only charged objects
can exert and experience equal forces due to other charged objects (Newton’s Third Law).
The electric field exerted by a charged object is invisible. However, we know it exists because
we can see its effects when other charged objects are introduced to the field.
The direction of an electric field is taken by convention to be outward (forward) from the
center of a positive charge and inward (toward) from the center of a negative charge.

+

(a)

_

(b)

Figure 8 (a) The conventional direction of the electric field lines (dashed) around a positive
charge is taken to be outward. (b) The conventional direction of the electric field lines
(dashed) around a negative charge is taken to be inward.

19
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When two unlike charges of equal magnitude come together, the electric field lines appear
as shown below.

_

+

Figure 9 Electric field lines of two equal but opposite spherical charges.

The electric field lines between two positive charges of equal magnitude are shown below.

+

+

Figure 10 Electric field lines between two like (positive) spherical charges.

The electric field between a pair of oppositely charged parallel plates is uniform at all points
between the plates.

Figure 11 Uniform Electric Field between two parallel and oppositely charged plates.

20
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Electric field strength
Electric field strength (E) is a quantity defined as the force per unit positive charge placed in
the electric field.
Mathematically;
E

F
Q

Electric field strength (E) and force (F) are vector quantities while charge (Q) is a scalar
quantity. The SI unit for electric field is newton per coulomb (N/C).
The above definition of electric field strength implies that we can only measure the strength
of an electric field by observing the amount of force any 1 C charge experiences when it is
within an electric field.
We can calculate the electric field strength surrounding a charged object. This is explained
below.
Suppose a charge Q1 exists in a space, to determine the field strength due to Q1 we
introduce a test charge in the electric field caused by Q1. Let us call this test charge Q2.
The force on Q2 is the force caused by the electric field exerted by Q1. The electric field
strength around Q1 can be measured by the force it exerts on Q2. Let us call this force F21.
The electric field caused by Q1 is;

E

F21
Q2

E

1 kQ 1 Q 2

Q2
d2

E

kQ 1
d2

Similarly the electric field caused by Q2 exerts a force on Q1. Let us call this force F12. The
electric field cause by Q2 is;

E

F21
Q2

E

1 kQ 1 Q 2

Q2
d2

E

kQ 1
d2
21
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The electric field strength (E) due to a point charge some distance d metres from the charge
of Q Coulombs is;
kQ
E 2
d
where k is a constant of proportionality depending on the medium. For air and a vacuum
which are approximately equal k = 9 x 109Nm2C2
Example 4
A charge of +3mC is situated at a point in an electric field where it experiences a 0.03N force
vertically upward. What is the electric field strength and direction at that point? (Take UP as
positive direction)
Solution
E

F
Q

E

0.03N
3  10 3 C

E  10N/C upwa rd

Example 5
A point charge of -6C placed at a point in an electric field experiences a force of 480N
vertically downward. What is the electric field strength and direction at that point? (Take
DOWN as negative direction)
Solution
E

F
Q

E

- 480N
6C

E  - 80N/C

Example 6
At what distance in air from a charge of +10μC would the magnitude of electric field strength
be 10000N/C?
Solution
E
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Rearranging this equation in terms of d we get;

d

kQ
E

9  10 9  10  10 6 C
d
 3m
10 4
At a distance of 3m from a charge of +10µC, the magnitude of the electric field is 10,000N/C.
Now check what you have just learnt by trying out the learning activity on the next page!

Learning Activity 2

20 minutes

Answer the following questions on the spaces provided.
1.

In your own words explain what an electric field is.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

2.

Draw the electric field lines around the following electric charges.

a)

b)

_

_

_

+

_
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3.

A force of 0.12N is experienced by a charge of 0.005C at a point in an electric field.
What is the strength of the electric field at that point?

4.

What force does a charge of 6µC experience when it enters an electric field of strength
200kN/C?

5.

Calculate the strength of the electric field at the following distances from the given
source charges.
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a)

5cm from a charge of 5µC.

b)

3cm from a charge of 20mC

c)

25mm from a charge 60nC
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How far must a charge of 9µC be to experience an electric field strength of
900000N/C?

Thank you for completing learning activity 2. Now check your work. Answers are at the
end of the module.

Electric Potential
The electric potential (V) is the energy that a charge possesses because of the work done to
bring a charge to a certain position in an electric field and to maintain it there.

+ +QC

High potential

d

∆V
Low potential

Figure 12 Change in potential as a charge +QC is moved from high potential to low potential.

In figure 12 we have a pair of parallel oppositely charged plates held a distance d apart. A
small charge of +QC held on the positive plate and then released; will move toward the
negative plate. Before it is released, it has high electrical potential energy (ability to move
from the positive plate to the negative plate). As it starts moving its potential energy
changes to kinetic energy (loses potential energy and gains kinetic energy). The change in
electrical potential energy (ΔV), is equal to the work done on the charge during the
transformation of potential to kinetic energy.
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Electric potential (V) is defined generally as the work done (W) per unit charge (Q) to move
or maintain the charge’s position in an electric field.
Mathematically:
V

W
Q

The SI unit for electric potential is the volt (V).
A charge in an electric field experiences a force according to Coulomb’s law.
If the charge moves in response to this force, work is done by the electric field which
results in a decrease in electric potential. If the charge is moved by some other force
against the direction of the electric field, work is done against the electric field which
results in an increase in electric potential.
When two like charges come closer together, they gain potential. This gain in energy comes
about because for each of these charges is moving against an electric field.
When two unlike charges come together they lose potential. This loss in potential occurs
because each of these charges is moving in the direction of an electric field.
The potential of a point charge
Any point in space around a fixed charge has an electric potential regardless of whether
there is a second charge at that point or not since work had to have been done to put it
there.
The potential of point (d) metres from a given charge is;
V

kQ
d

Potential difference (p.d.)
If work has to be done to move a charge from one point to another, the two points are at
different potentials. The change in potential is called the potential difference abbreviated
as p.d. Potential difference is also known as voltage.

V

Work done to changethe potential ΔW

charge
Q

A positive p.d. occurs when a charge is moved from a point of lower potential to one of
higher potential.
A negative p.d. occurs when a charge is moved from a point of higher potential to one of
lower potential.
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The magnitude of potential near a positive point charge is high and decreases as we move
away from the positive charge.
The magnitude of potential near a negative point charge is low and increases as we move
away from the negative charge.
Earth potential is the reference point and is taken as zero. For a point at a potential of 1
Volt, 1 Joule of work per Coulomb is done to move the charge from earth potential to that
point.
Electric potential and electric field
Therefore;
W
Q

V

From previous study you know that work done (W) is the product of force (F) and distance
(d)
Fd
V
Q
If we divide distance d on both sides of this equation, we get the result below.
V F

d Q
F
gives us the electric field strength(E). This result directly relates electric
Q
field strength to electric potential.

Remember that

E

V
d

Using the above equation, an alternative unit for electric field is volt per metre (V/m).
The equation above tells us that the magnitude of the potential of a point in an electric
field depends very much on the magnitude of the electric field strength at that point.
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Example 7
To move a charge of 3.2 x 10-19C between two points A and B, 1.6 x 10-17J of work is done.
What is the potential between A and B?
Solution

W
Q
1.6  10 17 J
V
3.2  10 19 C
V

V  50JC 1
 50V
Example 8
Two charged parallel plates with a potential difference of 100V are located 5.0cm apart.
(a)

What is the magnitude of the electric field between the plates?

Solution

E

V
d

E

100V
5.0  10 2 m

E  2000NC 1
(b)

How much energy is gained by a 2mC charge moving between the plates?

Solution
W = QV
W = 2 x 10-3C x 100V
W = 0.2J
Example 9
a)

What is the potential at a point 20cm from a charge of +1.8 x 10-10C?

b)

What is the potential 10cm away?

c)

What is the potential difference between these two points?
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Solution
(a)

V0 

kQ
r

V0 

9.0  10 9  1.8  10 10
20  10 2

 8.1V

(b)

V1 

kQ
r

V1 

9.0  10 9  1.8  10 10
10  10 2

 16.2V

c)

p.d. = V1 – V0
= 16.2V – 8.1V
= 8.1V

Now check what you have just learnt by trying out the learning activity below!

Learning Activity 3

20 minutes

Answer the following questions on the spaces provided.
1.

Explain in your own words what electric potential is.
_______________________________________________________________________
_______________________________________________________________________

2.

A positive charge is brought closer to another positive charge. Explain what happens to
the electric potential as both charges are brought closer together.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
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3.

What is the difference between electric potential and potential difference?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

4.

The potential difference between two parallel plates is 40V. How much work is done to
move a charge of 120µC in the direction of the electric field?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

Thank you for completing learning activity 3. Now check your work. Answers are at the
end of the module.

11.5.2

Current Electricity

This part of electricity seems very familiar to us all when we first begin to look at electricity.
In the previous topic, we looked at electrostatics which was mainly about electric charges,
their nature, type and interactions that result in forces, electric fields and electric potential.
The ideas of electric field and potential are further elaborated in this section, with the slight
difference that instead of studying single point charges, we will now deal with many charges
and all moving together as a quantity we know as electric current. This is the first basic idea
covered in this sub-unit along with definitions of other quantities involved in electric circuits
as well as electric devices.
We will also take a look at the behaviour of electric current and voltage in the two (2) main
types of electrical circuits.
Basic Electrical Quantities
Electric current
Electric current is defined as the rate of movement of positive charge.
Mathematically:

I
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Where Q is the amount of electric charge in coulombs (C), t is the amount of time in seconds
(s) and I is the amount of electric current in coulombs per second (C/s) in amperes (A) or
amps.
One coulomb of positive charge passes any point in a circuit when a steady current of 1
ampere flows for one second.
Example 10
If 500mC pass a given point in 5 seconds, what is the electric current?
Solution

I

Q
t



500mC
5s



0.500C
5s

 0.1C/s  0.1A
Conventional current
Electric charges in current can be either negative or positive so it is often important to
distinguish between them when discussing current.
Conventional current flows from high potential to low potential. In a circuit it is from the
positive terminal, around the circuit to the negative terminal of the power source. Electron
flow is the opposite.
Conventional current can be thought of as the movement of positive charges, while electron
flow can be thought of as the movement of negative charges (see figure 13. below).
Electron flow

Conventional current

Figure 13. Arrows in the anticlockwise direction indicate the direction of conventional
current. Electron flow is in the opposite direction shown by the dashed line.
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From this point forward, whenever the word current is mentioned it means we are talking
about conventional current.
Direct current and alternating current
In producing electricity, there are two main categories of electric current.
i.
Direct Current (DC) where charges are moving in one direction only.
ii.
Alternating Current (AC) where charges are changing direction over time. The graphs
of both types are shown in figure 14.
GRAPH OF AC

+

Current, I

Current, I

+

_

GRAPH OF DC

Time, t

Time, t

Figure 14 Graphs of AC and DC. The wave shape of AC will be explained later in this module.

In this section we will discuss direct current (DC), alternating current (AC) will be covered later
in this unit.
Voltage and resistance
Other quantities that we will meet while studying electric circuits are voltage and resistance.
Voltage is also known as potential difference and is the amount of work done to move a
charge from one point to another. It is measured in Volts (V).
Resistance is defined as any opposition to current. Almost all materials regardless of
whether they are conductors or insulators offer some resistance to current. Resistance is
measured in ohms (Ω).
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Series & Parallel Circuits
The two main types of electrical circuits are series and parallel circuits. Circuits can be
constructed in a variety of ways but almost all are represented using circuit diagrams. These
diagrams use certain symbols to represent the different devices that are commonly used in
circuits. Figure 15 below shows a list of symbols and their names.
BASIC CIRCUIT SYMBOLS
Cell (source of DC)
Battery (Group of Cells)

Switch (open)
Diode

AC source

Fuse

Ammeter

Light bulb

Voltmeter
NPN Transistor
Galvanometer

Resistor

PNP Transistor

Capacitor
Variable Resistor
Inductor

Wires crossing but not touching

Figure 15 Some basic circuit symbols used in electrical circuit diagrams

Measuring current and voltage in a circuit
In simple electric circuits, electric current is measured using an ammeter.
Ammeters are always connected in series to the circuit components to measure the
amount of current through the component. When inserting an ammeter into a circuit,
we “break” the circuit.
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In simple electric circuits, voltage (or p.d.) is measured using a voltmeter.
Voltmeters are always connected parallel to a circuit component to measure the voltage
across the component. Voltmeters are connected across the component.
Figure 16 below shows how we insert ammeter to measure the current through a resistor
and how we insert a voltmeter to measure the voltage across a resistor.

A

V
Figure 16 The correct way of connecting an ammeter
and a voltmeter in a circuit.

The main difference between series and parallel circuits is that a series circuits provides only
one pathway for electric current to flow, whereas a parallel circuit can offer one or more
paths for current.
Compare the two circuits in figure 17 below. Suppose the same source of voltage V is used to
supply a current I in both circuits, what would we observe?
(a)

I

I

(b)

V
I

IB

(a) Series Circuit: current maintains the
same value of I since it follows only one
path.

I
V

I

I

I

I

IA

IB

IB
(b) Parallel Circuit: current is divided by two
paths. The total current I is split into two
components IA + IB. It can be reasoned then
that; I = IA + IB

Figure 17 The behaviour of electric current in series and parallel circuits
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In the series circuit, the current I will be constant at all points of the circuit. The parallel
circuit however offers two pathways for I. Thus we will see that current I will divide into two
components IA and IB.
Calculating total resistance in a series circuit
In a series circuit, the total current is the same through all components (resistors) which are
in series. This is due to the fact that there is only one path for the current. The potential
difference is shared across each resistor. For potential difference, the higher the resistance
the higher the potential drop. We can determine the total resistance in a simple series
circuit such as in figure 18 below.
VT IT

V1
I1

R3

R1

V3
I3

R2
V2

I2

Figure 18 A simple series circuit with three (3) resistors
and a source of voltage and current

If we ignore internal resistance and the resistance of the connecting wires, the following will
be observed when the circuit in figure 18 is closed.
1.

Total current is equal to the current passing through all resistors. That is;
IT = I1 = I 2 = I3

2.

Total potential difference is divided among all the resistors. That is;
VT = V1 + V2 + V3

Using this, the total resistance in the circuit is determined as follows using Ohm’s Law;
VT = I1R1 + I2R2 + I3R3
Since the amount of current flowing in each resistor is the same as the total current in the
circuit, we can replaceI1, I2 and I3 in the equation above with IT and divide both left and right
hand side of the equation by IT leaving only the resistance values on the right hand side.
VT = ITR1 + ITR2 + ITR3

VT = IT (R1 + R2 + R3)
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VT
 R1  R2  R3
IT
Using Ohm’s Law we know that R 

V
thus the total resistance in a series circuit is calculated
I

as follows;
RT = R1 + R2 + R3
This equation gives us the total resistance in a circuit that consists of three resistors in series.
In general the total resistance in a circuit with n resistors in series is
RT = R1 + R2 + R3 ….. + Rn
Example 11
Study the circuit on the below and answer the following questions.
3V

12Ω

36Ω
24Ω

(a)

What is the total resistance in this circuit?
Solution
RT = R1 + R2 + R3
RT = 12Ω + 24Ω + 36Ω
RT = 72Ω

(b)

What is the total current in this circuit?
Solution

IT 

VT
RT

3V
72Ω
IT  0.042A
IT 

(c)
36

What is the p.d. across the 12Ω resistor?
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Solution
V3 = I3R3
V3 = 0.042A x 12Ω = 0.5V
Calculating total resistance in a parallel circuit
In a parallel circuit, the total potential difference is the same through all components in
parallel, while the current is shared according to resistance. In a parallel branch a lower
current will be expected where there is a higher resistance.
The total resistance in a parallel circuit can be determined in a simple parallel circuit such as
that shown in figure 19 below.

I1
V1
R1

IT
VT

I2

I3

V2
R2

V3
R3

Figure 19 A simple parallel circuit with three (3) resistors and a supply of current and voltage.

If we ignore internal resistance and the resistance of the connecting wires, the following will
be observed when the circuit in figure 16 is closed;
1.

Total current is divided among the resistors in parallel. That is;
IT = I1 + I 2 + I 3

2.

Total potential difference is equal to the potential difference across each parallel
resistor. That is;
VT = V1 = V2 = V3

Using the fact that current is divided, the total resistance for resistors in parallel is;

IT 

VT
RT

IT 

V1 V2 V3


R1 R2 R3

Since voltage is the same in all resistors VT = V1 = V2 = V3 , this gives us
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VT VT VT


R1 R2 R3

 1
1
1 

I T  VT 


 R1 R2 R3 
Getting VT as a common factor, we then divide both sides of the equation by VT to get
IT
1
1
1



VT R 1 R 2 R 3

Note that

IT
is the same as the reciprocal of RT, therefore;
VT

I
1
1
1



R T R1 R2 R3

In a circuit where three (3) resistors R1, R2 and R3 are parallel, the total resistance can be
determined from the reciprocal of the sum below.

1
1
1
1



R T R1 R2 R3
In general, for an electric circuit where there are n resistors parallel to each other
1
1
1
1
1



 ... 
R T R1 R2 R3
Rn

Example 12
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Study the following circuit and answer the questions that follow.

3V

(a)

12Ω

24Ω

36Ω

What is the total resistance in this circuit?
Solution
1
1
1
1



R T R1 R2 R 3
1
1
1
1



R T 12 24 36
1 632

RT
72
1 11

R T 72
RT 

72
Ω  6.55Ω
11

NOTE: When calculating total resistance in a parallel circuit using the formula, never forget
to take the reciprocal of your answer as the total resistance!

(b)

What is the total current in this circuit?
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Solution

IT 

VT
RT

IT  3V 

IT 
(c)

72
Ω
11

11
A  0.46A
24

How much current passes through the 12Ω resistor?
Solution
I1 

V1
R1

I1 

3V
12Ω

I1  0.25A

Potential drop and potential dividers
Potential drop across a resistor is simply a phrase that describes the use of p.d. in a series
circuit by a resistor. P.d. can be thought of as energy that a charge possesses. This energy is
used as the charge passes through the resistor. Kirchhoff’s junction rule which will be
explained in the next section will add further clarity.
Since resistors use up p.d., we can also use resistors in series to manage the amount of p.d.
in the circuit. Resistors used in this way are called potential dividers.
As we learned earlier, the p.d. in a series circuit is shared among the resistors in a circuit.
Suppose we have a circuit which has a voltage source of 6V and we wish to use a device in
the circuit that will require 3V. Of course we could replace the 6V voltage source with one
that is 3V, but in the case that we don’t have one of those, then what?
We could insert a resistor in series such that it uses 3V and leaves the other 3V for our
device. Have a look at the example on the next page.
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Example 13
An electric circuit contains a supply voltage of 16V. A device is to be inserted into the circuit
which uses 4V of p.d. and 0.5A of current. What is the value of the resistor that should be
inserted in series so as to ensure that the right voltage is supplied across the device?
Solution
Since the circuit is series, the total current and voltage are as follows;
VT = 16V, IT = 0.5A
We can find the total resistance using Ohm’s Law and the information above.
RT 

VT
IT

RT 

16V
 32Ω
0.5A

The resistance of the device RD can also be found using Ohm’s Law.
RD 

VD
ID

RD 

4V
 8Ω
0.5A

It follows here that the total resistance can be determined using the following equation;

R T  RD  R X
Where Rx is the unknown resistance. Thus;
Rx = RT - RD
Rx = 32Ω - 8Ω = 24Ω
Therefore, to ensure that a p.d. of 4V is supplied to the device, a resistor of 24Ω should be
inserted in series.
Now check what you have just learnt by trying out the learning activity on the next page!
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Learning Activity 4

40 minutes

Answer the following questions on the spaces provided.
1.

How much current flows through a conductor if the amount of charge that passes
every 0.25 seconds is
a)
b)
c)
d)

2.

3C?
1.5C?
250mC?
20mC?

________________________________________________________
________________________________________________________
________________________________________________________
________________________________________________________

For a current of 500mA that flows through a conductor, how much charge passes each
point after
a)
b)
c)
d)

1s?
16s?
0.25s?
1.8s?

_____________________________________________________________
_____________________________________________________________
_____________________________________________________________
_____________________________________________________________

3.

16J of work is required to move a charge of 0.4C through a circuit device. Calculate the
p.d. across the device.

4.

The p.d. across a circuit is 12V.
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a)

How much work would need to be done to move 0.05C of charge around the
circuit?

b)

What is the electric current if this is done in 0.25 seconds?
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5.

What is an ammeter used for? How can it be connected to make a measurement for a
circuit component?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

6.

What is a voltmeter used for? How can it be connected to make a measurement for a
circuit component?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

Study the circuit below to answer Question 7.
d
a
c

7.

R

b

The circuit above contains a voltage source, a variable resistor and a resistor. Four (4)
points a, b, c and d are marked in the circuit.
a)

Which points a, b, c or d could an ammeter be placed to measure the current
through R?
__________________________________________________________________

b)

At which two pairs of points could the terminals of a voltmeter be placed to
measure voltage across R?
__________________________________________________________________

c)

The variable resistor that is used in this circuit is called a potential divider. Based
on this name, explain its purpose in this circuit.
__________________________________________________________________
__________________________________________________________________
__________________________________________________________________
__________________________________________________________________
__________________________________________________________________
_______________________________________________________________
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Calculate the total resistance for the following combinations of resistors.

21Ω

15Ω

4Ω

a)

a)

___________________________________

b)

___________________________________

c)

____________________________________

d)

____________________________________

e)

____________________________________

f)

____________________________________

5Ω
4Ω

b)

6Ω
4Ω
6Ω
c)

5Ω
5Ω
d)

6Ω

3Ω

2Ω
3Ω
e)

f)

44

2Ω

20Ω

3Ω

2Ω

30Ω
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GR 11 PHYS M5

9.

ELECTRICITY PRINCIPLES

Study the following series circuit below and answer the questions that follow.
13.5V

0.3kΩ

0.5kΩ
0.1kΩ

a)

Find the total resistance.

b)

Find the total current.

c)

Find the current and the p.d. across each of the resistors.
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Study the parallel circuit below and answer the questions that follow.
15V

0.3kΩ
A

0.2kΩ

a)

Find the total resistance.

b)

What would be the current reading on the ammeter?

c)

Find the p.d. and current across each of the resistors.

Thank you for completing learning activity 4. Now check your work. Answers are at the
end of the module.
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Electromotive Force and Internal Resistance
Voltage (V) is the potential difference between two ends of a conductor. It is defined as
work done (W) per unit charge (Q).
W
V
Q
Electromotive force (emf) denoted by ε is the potential difference across the terminals of a
cell when it is not supplying a current.
A cell provides an emf by chemical reaction. The term battery, refers to the set of two or
more cells connected together in a circuit.
Internal resistance of emf sources
When a cell is connected across a voltmeter, the reading that appears is the emf (ε) of the
cell. If we add a resistance into the circuit, we find that the voltmeter reading decreases
from ε to V. When the circuit is closed the total p.d. across the circuit is almost always less
than the emf due to internal resistance r. This is due to the fact that the internal resistance
is a property of the cells providing voltage in the circuit. The internal resistance always
causes a potential drop as charges move through a cell. This decrease in potential is due to
the fact that a potential difference is needed to drive the current through the cell itself.
V = ɛ - Ir
In the equation above V is known as the terminal voltage and is defined as the highest p.d.
that can be reached in a circuit with internal resistance r. When the circuit is open, V is equal
to the emf (ε) of the cell.
Note: In most cases that we will deal with, the internal resistance will be neglected unless
stated otherwise.
Example 14
Before being connected in a circuit, the emf of a certain dry cell is measured and found to be
4.5V. When it is connected to the circuit, it supplies a current of 0.75A, but the voltage
reading across the dry cells terminals read 4.25V.
Using this information determine; (a) the terminal voltage and (b) the internal resistance of
the dry cell when it is supplying current in this circuit.
Solution
(a) the terminal voltage is 4.25V when the circuit is switched on.
(b)

the internal resistance of the dry cell can be determined by rearranging the equation
above.
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r

ε V
I

r

4.5V  4.25V
 0.33Ω
0.75A

Combinations of cells
When cells are connected together so that the positive terminals are directly connected to
negative terminals, it is called a series connection. The total emf in a series connection is the
sum of the emfs of each cell. Such a connection leads to a higher internal resistance because
resistance in series accumulates. Figure 20 below shows such an arrangement.
Series cells
_

+

4 X 1.5V = 6.0V total
Figure 20 Three (3) cells with 1.5V each when combined in
series supply a total of 6V but with a low current due to the
increase of internal resistance.

Individual cells may also be connected together so that all positive electrodes are connected
together and all negative electrodes are also connected together. This is called a parallel
connection. In such a connection, the total emf is the same as each individual cell. In this
connection the battery cannot supply more energy to each electron, but reduces the overall
internal resistance which results in a greater current flow in any external circuit.
Parallel cells
+ _

+

+

_
_

3 x 1.5V = 1.5V total
Figure 21 Three (3) cells each with an emf of 1.5V when combined in parallel
supply 1.5V with a higher current due to the reduction of internal resistance.

Now check what you have just learnt by trying out the learning activity on the next page!
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20 minutes

Answer the following questions on the spaces provided.
1.

Explain the difference between emf and terminal voltage.
_______________________________________________________________________
_______________________________________________________________________
_____________________________________________________________________

2.

What is the difference between a cell and a battery?
_______________________________________________________________________
_______________________________________________________________________
_____________________________________________________________________

3.

A 12V battery (i.e. collection of cells) has a terminal voltage of 11.64V when supplying
a current of 1.2A. Find the internal resistance of the battery.

4.

A 6.0V dry cell with an internal resistance of 0.16Ω is used in a circuit. When the circuit
is closed the terminal voltage supplied is 5.8V. How much current does the circuit
require?

Thank you for completing learning activity 5. Now check your work. Answers are at the
end of the module.
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Resistance

We had a brief look at the resistance as a physical quantity in the previous topic along with
its unit the ohm (Ω). In this section we look at resistance in a bit more detail.
We begin by revisiting Ohm’s law which is familiar to most of you since it was introduced in
unit 9.6 in Grade 9 Science. The main emphasis of Ohm’s law in grade 9 was for calculating
resistance, voltage and current. Here we have a more specific look at the relationship
between these three quantities and most especially with the view of manipulating the
quantities. For instance, you will find that we can control the amount of current and voltage
by using different resistances especially in cases where an exact amount of current or
voltage is required for the operation of a device. Ohm’s law is one of the basic laws of
electricity that must be mastered.
We will also look at the Resistance itself as a quantity. Although voltage and current can be
used to determine resistance, it can also be determined by other factors as we will see in
this sub-topic.
Electrical energy and power are also discussed in this unit. These quantities are closely
related to resistance. We shall see how these quantities also relate to current and voltage
and especially their applications in the use of electrical devices.
The final part of this topic is reserved for Kirchhoff’s rules which is the best way to account
for the voltage and current rules in series and parallel circuits. This topic will also help
explain the ideas of electric current and potential difference in series and parallel circuits.
Ohm’s Law
Ohm’s law gives us a relationship between voltage (potential difference, V), current (I) and
resistance (R). It states that the current passing through a metallic conductor is directly
proportional to the potential difference across its ends, provided the physical conditions
(such as temperature) are constant. Mathematically it is written as follows;
R

V
I

Suppose we get two different types of resistors and measure the amount of current through
them at different potential differences, we obtain a table as shown below.
Potential Difference (V)

0

2

4

6

8

Current (A) in P

0

0.3

0.6

0.9

1.2

Current (A) in Q

0

0.1

0.5

1.6

2.5

Table 1 Current measurements for two different resistors at various voltages.
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When a graph of voltage against current is plotted (such as in figure 22), we can see the
relationship between voltage and current.

3.8
3.6
3.4
3.2
3
2.8
2.6
2.4
2.2
2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

0

1

2

3

4

5

6

7

8

9

5

Figure 22 Graph of voltage versus current. The curved line represents the resistance of a resistor that does not
follow Ohm's law. The straight line indicates a typical result from a resistor that follows Ohm's law.

All materials whether they are conductors or insulators have some resistance. We classify
materials into two groups according to how they follow Ohm’s law.
Any material that follows ohm’s law is called an ohmic resistor. The graph of an ohmic
resistor will look similar to the graph shown as a straight line. The resistance in an ohmic
resistor can be calculated by plotting points on a voltage-current graph and calculating the
gradient of the straight line that is obtained.
Any material that does not follow ohm’s law is called a non-ohmic resistor. The voltagecurrent graph of a non-ohmic conductor will look like that of the curved line.
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We can use Ohm’s law to determine current, voltage or resistance as shown in the examples
below.
Example 15
The graph below shows the V-I relationship of an ohmic conductor at a constant
temperature. Calculate the resistance of the conductor.
GRAPH SHOWING V-I RELATIONSHIP OF AN OMIC CONDUCTOR
12
11
10
9
8

V (volts)

7
6
5
9V - 0V
4
3
2
1
5A - 0A
0
0

1

2

3

4

5

6

I (amps)
Solution
Choose any two points on the graph. It is always best to choose points which can allow us to
read values directly from the axes. In this case we should choose (0,0) and (5,9).
To find the resistance, let’s calculate the gradient using these two points.

Gradient

rise V2  V1 9  0 9
  1.8Ω


run I2  I1
50 5

Therefore the resistance of the ohmic conductor is 1.8Ω.
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Example 16
A resistor has p.d. of 5V across it and a current of 8mA passing through it. What is its
resistance?
Solution
R

V
I

R

5V
 625Ω
0.008A

Example 17
Calculate the p.d. across a resistor of 1.2kΩ when current of 30mA passes through it.
Solution
V = IR
V = 0.030A x 1200Ω = 36V
Resistivity and Factors That Affect Resistance
Although all conductors offer some resistance to a flow of current, there are several factors
that cause the resistance of a conductor to vary in value. These factors are;
Length of the conductor
In general, the longer a wire is, the more resistance it offers to electric current.
This can be explained as follows; a longer wire means that charges have to travel a long
distance. In doing so, they require and use more energy to do this.
The thickness or cross-sectional area of the conductor
Generally, thin wires provide more resistance than thick wires. In thin wires, the flow of
charges is restricted due to limited space causing frequent collisions between charges and
other atoms.
The type of substance the conductor is made of
Some substances naturally offer less resistance than others. Silver is most possibly the best
conductor of electricity but is too expensive and rare to be used extensively in electric
circuits. On the other hand, aluminium and copper are relatively more abundant but are not
as efficient as silver at conducting electricity.
The temperature of the conductor
For metallic substances, resistance increases as temperature increases. At higher
temperatures, atoms and charges tend to move more randomly and more quickly. As this
happens more collisions occur within the metal at the atomic level. This causes little chance
for charges to be conducted.
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The resistance, R (in ohms), of a conductor varies proportionally with the length, L, and is
inversely proportional to the cross-sectional area, A (in square metres), of the conductorFor
a conductor of length L (in metres) with a cross-sectional area A (in square metres) at a
constant temperature, the resistance R (in ohms) is given by the mathematical relationship
below.
Rρ

L
A

The Greek letter ρ (pronounced “rho”) stands for a constant called resistivity. The resistivity
of a substance is unique for each substance. The SI unit for resistivity is Ohm-metre (Ω.m).
The Table below shows the resistivities of some common metals at 20°C.
Metal

Resistivity (Ω.m)

Metal

Resistivity (Ω.m)

Silver

1.59 × 10-8

Aluminium 2.8 × 10-8

Copper

1.7 × 10-8

Tungsten

5.6 × 10-8

Iron

10 × 10-8

Nichrome

1.5 × 10-6

Table 1 Resistivity of some common metals at 20 degrees celsius

We can use this relationship to determine the resistance of a conductor when the
temperature is constant such as in the example below.
Example 18
What is the resistance of a 20m length of nichrome wire with a cross-sectional area of
0.01cm2? ρ  1.5  10 6 Ω.m





Solution

Rρ

L
A

R  1.5 x 10 6 Ω.m 
R  30Ω
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Example 19
A length of copper wire has a resistance of 0.8Ω at 20°C. If the length is determined to be
1.64m and the wire is cylindrical, what is its approximate diameter of the wire in millimeters
(mm)? ( ρ  1.7  10 8 Ω.m )
Solution
Note: A cylinder has a circle as its cross-sectional area, we can use the formula for area of a
circle to determine the diameter of the wire.
Aρ

L
R

A  1.7  10 8 Ω.m 

1.64m
0.8Ω

Now we use the area A to find the diameter d of the wire.

A

d

πd2
4
4A

π

4  0.0349mm2
 0.21mm
3.14

Now check what you have just learnt by trying out the learning activity on the next page!

Learning Activity 6

20 minutes

Answer the following questions on the spaces provided.
1.

What is the main difference between ohmic and non-ohmic resistors?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
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Jacob experimented with three different resistors RA, RB and RC. For each resistor, he
used an ammeter to measure the voltage at various values of current and plotted the
results on the graph that is shown below.
GRAPH SHOWING V-I RELATIONSHIP OF AN OMIC CONDUCTOR
12
11

RA

RB

10
9

RC

8

V (volts)

7
6
5
4
3
2
1
0
0

1

2

3

4

5

6

I (amps)
(a)
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(b)

Rank the three resistors in terms of resistance from the smallest to the largest.
__________________________________________________________________
Without doing any calculations explain your answer to (a).
__________________________________________________________________
__________________________________________________________________

(c)

Calculate the resistance of each of the three resistors.
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At a constant temperature, the current measured through a resistor is 0.085A. If the
p.d. across the resistor is 17V, what is the resistance in kΩ?

4. For a resistor of 150kΩ, how much current would pass through it when a p.d. of 12V is
applied across its ends?

Thank you for completing learning activity 6. Now check your work. Answers are at the
end of the module.

Electrical Energy and Power
Electrical Energy
When a source of emf such as a dry cell is placed in a closed circuit, it sets up an electric field
in the connecting wires, where one end (positive terminal) has a high electrical potential and
the other end (negative terminal) has a low electrical potential. It is the existence of the
different potentials that cause electric charges to move in the form of current.

57

GR 11 PHYS M5

ELECTRICITY PRINCIPLES

As we saw earlier in electric potential, any movement of a charge in an electric field requires
work to be done. So in order for charges to form an electric current, they must possess some
energy. This energy is given by the equation;
W = QV
Where W is the energy in joules (J), Q is the amount of charge in coulombs (C) and V is the
electric potential volts (V).
This equation can also give us the amount of energy used in a circuit if we also include the
fact that electric charge is related to current and time in the equation;
Q = It
Where Q is the electric charge in coulombs (C), I is the current in amperes (A) and t is the
time in seconds (s). Substituting this into the first equation gives the following;
W = VIt
This equation gives us the amount of energy used by the operation of a circuit with a voltage
V, current I after some time t. See the example below.
Example 20
A certain electric circuit uses 0.75A and has a total voltage supply of 12V. Calculate the
amount of energy used in the operation of this circuit for 300s.
Solution
W = VIt
W = 12V x 0.75A x 300s
W = 2700J
Note: The symbol for energy used here is W. We can also use E as the symbol for energy.
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Power
Rearranging the equation for energy we can also come up with another useful quantity in
electricity called power. You may recall power from unit 11.4 as the rate at which work is
done or the rate at which energy is used. This concept is useful in electricity because it gives
us a way of measuring how energy is used in a circuit. The SI unit used for power is the Watt
(W).
The electrical power (P) of a circuit device is related to current (I) and voltage (V) by the
equation below.
Power P  

W
 VI
t

Most electrical devices and components use electrical energy or change electrical energy
into other forms of energy. They are always given a power rating in watts (and often in
kilowatts) to indicate the amount of energy used for each second of operation.
We can also use power ratings to calculate voltage, current and resistance in a circuit. This
can be achieved by combining the equation for power with Ohm’s Law.
The equations that result are as follows;
If we substitute V = IR into P = VI, we eliminate V and get an equation of power in terms of
current and resistance. That is;
P = I 2R
V
into P = VI, we eliminate I and get an equation of power in terms of
R
voltage and resistance. That is;

If we substitute I 

P

V2
R

Below are some examples of calculations involving power.
Example 21
A light bulb has a power rating of 60W. If it is connected to a 240V source of electricity, how
much current does it draw?
Solution
I

P
V

I

60W
 0.25A
240V
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Example 22
A 150Ω resistor draws a current of 0.4A. How much energy does it consume every second?
Solution
Power is the amount of energy consumed per second.
P = I2R
P = (0.4A)2 x 150Ω
P = 24W
Example 23
A small radio has a power rating of 50W. If it operates from a 12V, find the:
(a)

amount of current that its draws at full power.

(b)

total resistance of the radio.

(c)

amount of energy it uses after 4 hours of continuous use at full power.

Solution
P 50W

 4.17A
V 12V

(a)

I

(b)

R

(c)

3600s
 14400s
hr
Energy us edi s W  Pt

P
50

 2.88Ω
2
I
(4.17A)2

4 hours  4hr 

 50W  14400s
 720000J
 720kJ
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Example 24
In the circuit below, determine (a) the current through each resistor, (b) the power
dissipated by each resistor and (c) the total power dissipated by the circuit.
450V

250Ω

2kΩ

Solution
(a) Since this is a series circuit, we must find the total current since each resistor will
receive the same amount of current.
Total resistance in this circuit:
RT = 2kΩ + 250Ω
RT = 2000Ω + 250Ω = 2250Ω
Total current in this circuit is

(b)

IT 

VT
RT

IT 

450V
 0.2A
2250Ω

We can now work out the power dissipated by each resistor.
In the 2kΩ resistor, the power dissipated is
P = I2R
P = 0.22 x 2000Ω = 80W
In the 250W resistor, the power dissipated is
P = I2R
P = 0.22 x 250Ω = 10W

(c)

The total power dissipated is 80W + 10W = 90W

Now check what you have just learnt by trying out the learning activity on the next page!
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Learning Activity 7

20 minutes

Answer the following questions on the spaces provided.
1.

2.

An electric kettle is rated at 1.44kW. It uses a voltage of 240V to boil water.
(a)

How much energy does the kettle use in one minute of operation?

(b)

How much current does the kettle draw when at full power?

(c)

What is the resistance of the kettle?

Study the following electric circuit and answer the questions that follow.
13.5V

0.3kΩ

0.5kΩ

0.1kΩ

(a)
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(b)

Calculate the power dissipated by each of the resistors.

(c)

Calculate the total power dissipated by the circuit.

Thank you for completing learning activity 7. Now check your work. Answers are at the
end of the module.

Kirchhoff’s Rules
Kirchhoff’s rules are simple but powerful statements that can help us to mathematically
analyse all types of electrical circuits from simple to complex. Let us look at each rule in turn
and what they mean.
Kirchhoff’s Junction Rule
The sum of the currents entering any junction in a circuit must equal the sum of the
currents leaving that junction.
Kirchhoff’s first rule is a statement of conservation of electric charge. It tells us that all
current that enters a given point in a circuit must leave that point because charge cannot
build up at a point.

I2

Flow in

I1
Flow out
I3
(a)

(b)

Figure 23 (a) the splitting of electric current as it enters a junction. (b) A similar idea applies
when water flows into a junction. For both cases (a) and (b) the amount of current and water
entering the junction is equal that the amount that is leaving the junction.
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In figure 23(a), I1 is flowing into the junction, while I2 and I3 are leaving the junction.
Therefore according to Kirchhoff’s junction rule I1 = I2 + I3
The following example further illustrates Kirchhoff’s junction rule. It is important to know
that we will be using a few mathematical techniques especially algebra to help us describe
the physics of Kirchhoff’s junction rule.
Example 25
Find the current I1 in the diagram below.

1.4mA

3.6mA
9mA
1.5mA
I1
0.5mA

Solution
We use the junction rule to determine I1. As the diagram shows, there are two currents
entering and 4 currents leaving. Thus the junction equation is;
Current entering the junction = Current leaving the junction
9mA + I1 = 1.4mA + 3.6mA + 1.5mA + 0.5mA
 I1 = 6.9mA – 9mA

= -2.1mA
The negative sign tells us that the current shown is moving in the opposite direction to that
shown. Thus I1 is actually leaving, not entering!
Kirchhoff’s Loop Rule
Kirchhoff’s second rule follows from the law of conservation of energy. It is called the loop
rule and is stated as follows;
The sum of the potential differences across all elements around any closed circuit loop
must be zero.
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This rule can be best explained using the circuit shown in figure 24. The circuit consist of a
single loop abcde.
a

c

b

R2=290Ω

R1=400Ω

e
I

+ _

d

12V

Figure 24 A simple series circuit with a supply emf of 12V and
two resistors. Kirchhoff's loop rule is used to describe how
energy is consumed in such a circuit.

6.8V

5.2V

5.2
0

voltage

12

If we plot a graph to illustrate the electric potential energy changes around the circuit at the
different points it would look something like this;

e

a

c

b

R1

d

e

R2

Figure 25. A graph showing the changes in potential difference at different points in
the circuit

A graph showing the changes in potential difference at different points in the circuit such as
the one shown on the previous page are sometimes called "hill diagrams".
If we follow the direction of conventional current (clockwise) as shown, the graph in figure
25 could be explained as follows;
From e to a, each coulomb of charge in this circuit has 12J of energy. Between points a
and b, 6.8J of energy is used by each coulomb of charge as it passes through the 400Ω
resistor. Between b and c, 5.2J of energy is used by each coulomb of charge as it moves
through the 290Ω resistor. Between c and d, each coulomb of charge has 0J of energy. As
the charges pass through the cell from d to e, each coulomb of charge gains 12J of
energy. This cycle repeats as charges move through the circuit.
65

GR 11 PHYS M5

ELECTRICITY PRINCIPLES

This is in line with what Kirchhoff’s loop rule says. If 12J of energy is gained by each coulomb
of charge as it passes through the cell, then 12 J of energy per coulomb must be used by the
charges by the time they return to the cell. That is the sum of all energy (p.d.) given is equal
to zero.
If follow the charges in the clockwise direction, the equation using Kirchhoff’s loop rule to
describe what happens is as follows;
12 – IR1 – IR2 = 0 or IR1 + IR2 = 12
Suppose we go in the anticlockwise direction, then the loop rule equation will look like this;
-12 + IR1 + IR2 = 0 or IR1 + IR2 = 12
As you can see, it does not depend on our choice of direction in the circuit. The loop rule still
gives us the same equation.
Sign conventions to observe when applying Kirchhoff’s rules
As we get to more complex equations we may need to adhere to some rules that can help us
to derive equations using the loop rule. The most important skill is to recognize when and
where to assign positive (+) signs and negative (-) signs.
Below are the rules for sign conventions that we must observe in order to obtain the correct
equations using Kirchhoff’s loop rule.
When using the loop rule in a circuit, the direction of the current can be chosen randomly.
Note the following sign conventions when using the loop rule:
1.

Because charges move from the high-potential end of a resistor to the low potential
end, if a resistor is traversed in the direction of the current, the change in potential ΔV
across the resistor is –IR. (high potential at a, low potential at b)
I

b

a
∆V = -IR

2.

If a resistor is traversed in the direction opposite the current, the change in potential
ΔV across the resistor is +IR.
I

b

a
∆V = +IR
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If a source of emf (assumed to have zero internal resistance) is traversed in the
direction of the emf (from - to +), the change in potential ΔV is +Ԑ. The emf of the
battery increases the electric potential as we move through it in this direction.
-

Ԑ
+
b

a

∆V = +Ԑ

4.

If a source of emf (assumed to have zero internal resistance) is traversed in the
direction opposite the emf (from + to -), the change in potential ΔV is -Ԑ. In this case
the emf of the battery reduces the electric potential as we move through it.
+

Ԑ

b

a

∆V = -Ԑ

Using these rules will help you to solve any circuit problem by applying Kirchhoff’s rules.
Let’s look at a few examples of using both of Kirchhoff’s rules and how the sign conventions
help us to solve problems.
These problems can be solved using either the substitution or elimination methods. In the
following example, we will use the elimination method.
Example 26
A single-loop circuit contains two resistors and two batteries, as shown in Figure below
(Neglect the internal resistances of the batteries.).
Ԑ1 = 6.0V

-

a

I

+

R2 = 10Ω

d

b

R1 = 8.0Ω

-

c

+

Ԑ2 = 12V

(a)

Find the current in the circuit.

(b)

What power is delivered to each resistor?

(c)

What power is delivered by the 12V battery?
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Solution
(a) There is only one loop. So we follow the direction of I in a clockwise direction from
point a.
6 – 8I – 12 – 10I = 0
-18I = 6
I = -0.33A
The negative sign tells us that the direction of the current is opposite that which is
shown.
(b)

The power delivered to each resistor is
8
W  0.89W
9
10
10Ω  P  I2R  W  1.11W
9
8Ω  P  I2R 

(c)

PTotal = IV = 4W half of this is going to the resistors while the other half is charging the
6V battery.

Example 27
Find the currents I1, I2, and I3 in the circuit shown in figure below.
14V
e

ƒ

_

+

I2

4Ω
b

_

+

I1

c

6Ω

10V

I3

a

d
2Ω

Junction Equation:

I1 + I2 = I3

Following the top loop in an anticlockwise direction (febcf), the loop equation is;
14 + 4I2 + 10 – 6I1 = 0
4I2 + 6I1 + 24 = 0

…… 1

Following the bottom loop in an anticlockwise direction, (cbadc), the loop equation is;
6I1 – 10 + 213 = 0
6I1 + 2I3 - 10 = 0
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Eliminate I3 by substituting the junction equation into equation (2)
6I1 + 2(I1 + I2) – 10 = 0
….. 3

8I1 + 2I2 – 10 = 0

Eliminate I1 by multiplying equation (1) by 4 and equation (3) by 3 and adding both
equations.
….. 1 x 4

16I2 – 24I1 + 96 = 0
6I2 + 24I1 – 30 = 0

….. 3 x 3

22I2 + 66 = 0

.….. 1 x 4 + 3 x 3

I2 = -3A
Substitute I2 into the equation 1 to find I1.
4(-3) – 6I1 + 24 = 0
I1 = 2A
Find I3 using the junction equation;

I3 = 2 + (-3) = -1A

Note that the negative signs tell us that the current is moving in the opposite direction to
that which is shown.
The currents are;
I1 = 2A, I2 = 3A and I3 = 1A
Now check what you have just learnt by trying out the learning activity below!

Learning Activity 8

20 minutes

Answer the following questions on the spaces provided.
1.

Find the values of the currents labelled I in the following diagrams using Kirchhoff’s
junction rule.
6A

(a)
I

12A
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(b)
0.35A
0.15A
0.12A
I

14μA

(c)

0.2μA

12μA
0.5μA

I

2.

Find the current and the potential drop across each resistor and the light bulb in the
circuit shown below using Kirchhoff’s rules.

I
6Ω

2.5Ω
3Ω
5V
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Find the current through and voltage drop across each of the resistors using Kirchhoff’s
rules.

4Ω

12V

10Ω
9V
2Ω

Thank you for completing learning activity 8. Now check your work. Answers are at the
end of the module.

Wheatstone Bridge & Potentiometer
Wheatstone bridge circuit
The Wheatstone bridge circuit is used to measure unknown resistances. The circuit in figure
26 below shows the layout of the circuit.

A
R1

Rx
V

D

G

B
R3

R2
C

Figure 26 A Wheatstone bridge circuit.
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The galvanometer serves as a way of measuring the p.d. between the branches. When the
galvanometer reads zero, the bridge is said to be balanced. The balanced state occurs when
the ratio of the resistors is equal.
In the diagram above, R1, R3 and RX are fixed value resistors while R2 is a variable resistor. To
determine the value of RX, R2 is adjusted until, the galvanometer reads zero. At this instant,
there is no p.d. across the galvanometer, which implies that the potential at B is equal to the
potential at D.
We can use Kirchhoff’s rules to determine that;
R x R1

R3 R2

Solving this equation we can find Rx
R
Rx  1  R3
R2
Example 28
Calculate the value of the unknown resistor, RX in the balanced Wheatstone bridge circuit
shown below.

3.6Ω

12Ω
G

5Ω

Rx

Solution
In a balanced Wheatstone bridge circuit, the ratio of resistance in one branch is equal to that
in the other.

3.6Ω 12Ω

5Ω
Rx
R x  12Ω 
R x  16.7Ω
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Potentiometer circuit
The potentiometer circuit is used to measure an unknown emf by comparing to a known
emf. The potentiometer is the most accurate method of measuring an unknown emf. A
common type of potentiometer circuit is called the sliding wire potentiometer. A circuit
diagram of this is shown in figure 27 below.
a

I

Ԑ0

Ix

b

Ԑx

I - Ix
Rx
G
d

c

Figure 27 A sliding wire potentiometer.

In figure 27 a sliding contact is used to vary the resistance Rx (and hence the potential
difference) between points a and d. The other required components are a galvanometer, a
battery of known emf Ԑ0, and a battery of unknown emf Ԑx.
We see that I is the total current entering the junction at a. It splits into two components Ix
and I - Ix and Ԑ0 is a cell that supplies I. If we follow the current Ix shown and use Kirchhoff’s
loop rule in the loop abcda, the following equation will be obtained to represent the
potential of the circuit when the galvanometer reading is non-zero.
-Ԑx + Rx (I – Ix) = 0
If we adjust the sliding contact d until the galvanometer reads zero (i.e. it is balanced) the
loop equation at this point will be;
Ԑx = IRx
We can note the length of the slide wire and label it as LX. The next thing to do is to replace
the unknown emf Ԑx with a known emf Ԑs and to repeat the procedure until the
galvanometer is balanced. This time the equation will be;
Ԑs = IRs
We also note the length of the slide wire and label it as LS.
If we assume that the current I is the same, then we can combine these two equations and
get;
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εx Rx

εs Rs
We can then solve for Ԑs since it is the only unknown.
If the slide wire has a resistivity of ρ then we can also note that Rx α Lx and Rs α Ls. In this
way, the unknown emf Ԑx can also be determined using the two lengths Lx and Ls instead of
the two resistances using the equation below.
εx  εs

Lx
Ls

NOTE: Rx α Lx means that the resistance of x is proportional to the length of x.
Let’s look at an example of using a potentiometer to calculate an unknown emf.
Example 29
A slide wire potentiometer circuit is set up to find an unknown emf V x. The slide wire is made
of 15cm of copper wire. When Vx is placed in the circuit, it is adjusted to a length of 10cm,
the galvanometer reads zero. A known emf of 2.5V is then introduced into the circuit and
the slide wire is adjusted to a length of 8cm when the galvanometer reads zero.
Find the unknown emf Vx.
Solution
L
10cm
Vx  Vs x  2.5V 
 3.125V
8cm
Ls
Now check what you have just learnt by trying out the learning activity below!

Learning Activity 9

20 minutes

Answer the following questions on the spaces provided.
1.
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2.

What does having a balanced Wheatstone bridge circuit mean? Explain how this
happens.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

3.

Below are some statements concerning balanced Wheatstone bridge circuits. Identify
which statements are TRUE and which are FALSE and explain the reason for your
answer.
(i)

(ii)

4.

The current through each of the four resistors is always the same.
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________
The current through resistors in each branch is always the same.
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________

(iii)

The total resistance of each branch is the same.
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________

(iv)

The p.d. across each of the four resistors is the same.
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________

(v)

The p.d across each branch is the same.
_________________________________________________________________
_________________________________________________________________
_________________________________________________________________

For each of the Wheatstone bridge circuits below, find the value of the resistance
labelled RX that would make each circuit balanced.
c)
b)
a)
Rx

12Ω

1.5kΩ
G

G
5Ω

Rx

2Ω

0.3kΩ

G
Rx

0.2kΩ

41Ω

35Ω

7.5Ω
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What is a potentiometer used for?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
Referring to the potentiometer circuit diagram in figure 24, explain the purpose of the
sliding contact.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

7.

A potentiometer circuit is set up to measure the emf of a cell which is unknown. When
a standard cell of 6V is used, the sliding contact is varied until at a length of 48cm, the
galvanometer reads zero. When an unknown cell is used, the galvanometer reads zero
when the sliding contact reaches a length of 65cm.
What is the unknown emf?

8.

If a standard cell with an emf of 1.0186 V is used in a potentiometer circuit and the
resistance between the ends of the sliding contact is 36.0Ω, the galvanometer reads
zero.
If the standard cell is replaced by another cell X with an unknown emf, the
galvanometer reads zero when the resistance is adjusted to 48.0Ω.
What is the emf of the cell X?

Thank you for completing learning activity 9. Now check your work. Answers are at the
end of the module.
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Alternating Current (AC) Circuits

This topic extends the idea of moving electric charges. In the previous topic we were mostly
concerned with resistance and the type of electric current known as the Direct current or
DC.
Direct current refers to the motion of electric charges in one direction. That is from the
positive terminal of a source (high potential region) to the negative terminal of a source (low
potential). In this sense the direction of electric current is only in one direction.
In the case of alternating current or AC, we have a situation where the potential of the
source is changing or alternating between positive and negative terminals at regular
intervals. This results in an electric current that changes direction at regular intervals.
Although this type of electric current is different from DC, a lot of the concepts do remain
the same. The quantities of current, voltage and resistance are the same, but we also
introduce some new ones such as frequency, capacitance, inductance and impedence. We
also see power and electrical energy in a different way due to the changing current and
voltage that is characteristic of AC.
A little is introduced on the production of AC, however it is covered in more detail in Unit
12.4 Electromagnetism.
Alternating Current (AC)
Alternating current is a form of electricity where charges move back and forth (vibrate) along
a conductor. This means that electric current in this form is one that changes its value over
time. An alternating current voltage also changes value over time.

AC is where charges oscillate

DC is where charges move in one direction only

Figure 28. Charges in AC oscillate (or have a to-and-fro motion). This happens because, electric potential in AC
sources reverses positions (alternates) over time. In DC charges tend to generally move in one direction from
high potential to low potential.

Direct Current is the form of electricity we have been learning about. Unlike AC, charges in
DC move in one direction only. The graphs of AC and DC are shown in figure 29.
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(a)

(b)
+

_

Current, I

Current, I

+

Time, t

Time, t

Figure 29. (a) Graph of alternating current over time. (b) Graph of direct current over time.

AC is studied here because of its usefulness in transmitting power from power stations to
homes and industries. AC is used instead of DC for two main reasons;
1.

AC generators are cheaper and more reliable than DC generators or sources of DC such
as cells.

2.

AC voltage can be increased or decreased using transformers whereas DC cannot.
Transmitting power over long distances using high voltages is necessary to minimize
power loss due to the resistance of transmission lines.
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Instantaneous values of AC
The graph of AC voltage and current is called a sinusoidal graph. This graph is in the form of a
wave and is sometimes referred to as an AC waveform.
At any instant of time, the instantaneous voltage and current are given by the following
equations;
Instantaneous current

Ii = Ip sin(ωt) = Ip sin(2πft)

Instantaneous voltage

Vi = VP sin (ωt) = VP sin (2πft)

Where:
IP and VP stand for peak current and peak voltage respectively


ω stands for angular velocity of generator coil in radians per second (rad/s)

f stands for frequency of the generator coil in Hertz (Hz). The typical AC frequency is
between 50Hz and 60Hz.

π = 3.14

t stands for an instant of time in seconds (s)
NOTE: When calculating instantaneous voltage and current, you must set your calculator
to RADIAN MODE since all the angular velocities are given in radian per second (rad/s).
At any instant in time AC voltage and current will either have a positive value or a negative
value. This difference in sign indicates changes in general current direction and electric
potential. It is important to remember that Imax (maximum current) and Vmax (maximum
voltage) represent the highest positive values of AC. While Imin (minimum current) and Vmin
(minimum voltage) represent the lowest negative values of AC.
The peak value of AC voltage and current is equal to the magnitude of these maximum and
minimum values.

IP  | I m a x |  | I m i n
VP  | Vm a x |  | Vm i n
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Below are two diagrams (Figures 30 and 31) that show how the sinusoidal appearance of the
alternating current and voltage is related to the rotations of a coil of wire in a magnetic field.
(This is covered in more detail in 12.4 Electromagnetism).

1 Cycle

N

e max.

θ

θ

e inst.

+Vm
3π/2
0

θ

ω

π/2

2π

π

time
θ(ωt)

-Vm

S
Instantaneous Value
Figure 30. Rotation of a coil of wire in a magnetic field causing AC. The value of voltage and current varies at
different values of θ.

e

N
o
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o

D

o
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o
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A 0/360

H
G
o

270

C
B

B 45

E

180

100V

C

o

135

A
o
0

D
o

45

o

o

90

E 225
135 180o
o

o

270

o

315

o

360
A

0

315

o

H

F
-100V

G

S

Figure 31. The relationship between different values of AC voltage and current at different values of θ. Ω is
the angular velocity of the coil of wire and is related to θ by the equation; θ = ωt.

NOTE: When calculating instantaneous voltage and current, you must set your calculator
to RADIAN MODE since all the angular velocities are given in radian per second (rad/s).
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Example 30
An electric generator produces an AC peak voltage of 120V. If the generator has a frequency
of 50Hz;
(a)

What is the angular speed of the coil in radians per second?
Remember from circular motion (11.2) that the angular velocity is related to frequency
and period by the equation;
ω  2ππ

2π
T

ω  2ππ
ω  100π ra d/s
ω  314.16 ra d/s

(b)

What is the period of revolution of the generator coil?
Period is related to frequency by the following equation;
1
f
1
T
 0.02s ec
50
T

(c)

What are the instantaneous voltage values at; (i) 0.005s, (ii) 0.01s, (iii) 0.015s?
Simply substitute the peak values of voltage along with either frequency or angular
velocity and time in seconds.
(i)

V0.005s = 120 x sin (100π x 0.005s)
V0.005s = 120 sin (0.5π)
V0.005s = 120V

(ii)

V0.01s = 120 x sin (100π x 0.01s)
V0.005s = 120 sin (π)
V0.005s = 0V

(iii)

V0.015s = 120 x sin (100π x 0.015s)
V0.015s = 120 sin (1.5π)
V0.015s = 120V

NOTE: When calculating instantaneous voltage and current, you must set your calculator
to RADIAN MODE since all the angular velocities are given in radian per second (rad/s).
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Phases
For voltage and current produced in an AC generator, both current and voltage reach their
maximum and minimum values simultaneously. We therefore say that AC voltage and
current are in phase. Figure 32 below shows a graph of AC voltage and current over time in
phase.

IR , ΔυR
Imax

a

iR

ΔυR

∆Vmax
b
T

t

c
Figure 32. Graph showing voltage and current that are in phase. Being in phase
means that voltage and current reach peak values simultaneously.

Domestic electricity supply is called a 3 phase AC since there are three phases of Alternating
voltage and current together. This fact relates to the rotating of three sets of coils in a
magnetic field. A graph showing three phase AC voltage (current has the same type of
appearance) is shown in figure 33.
Current (A)

time

Figure 33. Plot of three-phase AC current. Peak current is reached by each of the three waveforms after
equal intervals of time.
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RMS Values
Potential Difference and Current from AC sources are mostly stated in RMS (Root Mean
Square) values.
In a practical sense, the RMS values are AC voltage and current values that supply the same
average power to an electrical device as corresponding DC values.
For instance a device that runs on 240V RMS and 150mA RMS dissipates the same amount of
energy as 240V DC and 150mA DC.
Mathematically the RMS value is the square root of the mean of the squares of all
instantaneous voltage (or current) over one cycle. For electric currents that follow sinusoidal
waveform we use the values given below.
RMS values are related to peak values by the following formulae (for sinusoidal values
only);
I
V
IRMS  P
VRMS  P
2
2
There are other types of AC waveforms and they have their own formulae for calculating
RMS values. At this stage we will focus our attention of sinusoidal waveforms only.
Now check what you have just learnt by trying out the learning activity below!

Learning Activity 10

20 minutes

Answer the following questions in the spaces provided.
1.

In terms of the motion of charges, describe how AC is different from DC.
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________

2.

What are the two main reasons for using AC instead of DC for transmission of power
over long distances?
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
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For a generator which produces a 60V peak voltage and 5A peak current at a frequency
of 40Hz, find the;
a.

angular speed of the coil in the generator.

b. period of the generator coil.

c.

4.

times in the first period where the instantaneous voltage and current are in phase
and;
(i)

maximum?

(ii)

minimum?

A generator produces Alternating current with a peak value of 10A and peak voltage of
240V. Find the instantaneous value of current and voltage to 2 decimal places given that
the AC frequency is 25Hz at the following times;
(a) 0.009s
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(b) 0.017s

(c)

0.025s

(d) 0.038s

5.

6.

Explain the practical definition of RMS current and RMS voltage.
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________

Copy and complete the following tables for missing RMS values and Peak values (to 2
decimal places) from sinusoidal AC voltages & currents.

(a)
(b)
(c)
(d)
(e)

VRMS
520V

VPeak

IRMS
0.6A

3V
36mV

7.4A
500mA

68µV
2.40V

IPeak

50mA
65µA

Thank you for completing learning activity 10. Now check your work. Answers are at the
end of the module.
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AC Circuits
AC Resistance & Power
All resistance calculations can be done for AC circuits with resistors using RMS values (VRMS,
IRMS). RMS values can be used to determine peak voltage (VP) and peak current (IP) values as
well as average power dissipated in an AC circuit.
RESISTANCE (R)

R

AVERAGE POWER (P)
P  IRMS VRMS

VRMS
IRMS

P  (IRMS )2 R

VP
R

R

2  VP  IP
IP
2
2
2

P

(VRMS )2
R

VP
IP

Apart from these we can also continue to apply the circuit rules applied with DC. That is
Kirchhoff’s rules, resistors in series and in parallel.
Example 31
A 2kW electric jug operates directly from a power main with an operating voltage of 240V
RMS.
(a)

What is the peak current that passes through the jug’s element?
This question has to be done in two parts. First calculate IRMS then use it to find IPEAK .

IRMS 
IRMS 

P
VRMS
.
2000W
 8. 3 A
240V

Now that we know the RMS current, we can find the peak value using the RMS-Peak
relationship.
IPEAK  IRMS  2
.

IPEAK  8. 3  2  11.785A
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What is the resistance of the jug’s element?
We could determine the resistance by using either ohm’s Law or the power equations.
All should yield the same answer.

R

VRMS
IRMS

R

240V
.

 28.8Ω

8. 3A
Pure AC resistive circuits
Consider the AC resistive circuit shown in figure 34 below. At any instant, the instantaneous
voltage across the resistor is;
Vi = V0sin2πft

The instantaneous current can be determined as follows;
Ii 

Vi V0 s i n2πft

R
R

Ii = I0sin2πft
Both V0 and I0 are multiplied by sin2πft; this tells us that both the current and voltage
alternate simultaneously. We say that both the current and voltage are in phase in a pure AC
resistive circuit.

ΔυR
R

Figure 34. A purely resistive AC circuit is a circuit where there is only
one resistor in series with an AC source.
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In figure 35 below, the graphs of instantaneous current and voltage against time are shown
(left). As you can see, the graphs of current (iR) and p.d. (ΔvR) are in phase.
A phasor diagram can be used instead of a graph to summarise the properties of AC voltage
and current. The phasor diagram (in figure 35 on the right) illustrates the current and voltage
in a sinusoidal graph as a rotating phasor. The length of a phasor represents the peak
current and voltage, while the instantaneous current and voltage values are shown on the
vertical axis.

iR , ΔυR
Imax

iR , ΔυR
a

IR

ΔυR

∆Vmax
b

t

T

IR

ΔυR

Imax
∆Vmax

ωt

c

Figure 35. (Left) Graphs of AC voltage (ΔvR) and current (iR) in a purely resistive AC circuit showing that
current and voltage are always in phase. (Right) The phasor diagram on the right illustrates this information
as well.

Pure AC capacitive circuits
A pure capacitive circuit contains a capacitor which is a device for storing electric charge.
Consider the AC capacitive circuit shown below.

 C

C

Figure 36. A purely capacitive AC circuit.
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At any instant the instantaneous voltage is given as;
Vi = V0 sin ωt
Vi = V0 sin 2πft
The capacitance (C) is the ability to store charge. The unit for capacitance is Farads (F). it is
related to charge and voltage by the following equation.
C

Q
V

Thus the instantaneous (Qi) charge on the capacitor (C) is;
Qi = CVi
Qi = CV0sin ωt
Qi = CV0 sin 2πft
Using calculus (bit beyond our scope here!) we determine the instantaneous current. The
result is the following equation.
π

Ii = ω CV0 sin  ωt  
2


Ii = 2πf CV0 sin 2πft +

π

2

What this equation tells us is that in an AC capacitive circuit, the voltage lags (delays) behind
π
the current by 90° ( radians). The graph and phasor diagram for purely capacitive AC
2
circuits is shown in figure 37 on the next page.
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V, I
V, I

Imax
V

Vmax

I

Vmax

V
t

ωt

I

t

Imax

Figure 37. (Left) Graphs of current and voltage in a purely capacitive AC circuit. It shows how voltage lags
behind current. (Right) The phasor diagram for a purely capacitive AC circuit is shown on the right.

The capacitive reactance (XC) is a quantity that measures of the effect of a capacitor on an
AC circuit. It has the unit Ohms (just like resistance) but is dependent on changes in
frequency.
Xc 

1
1

ωc 2πfc

The relationship between peak current (IP), peak voltage (VP)and capacitive reactance (XC) is
IP 

VP
XC

IP = VP .ωC
IP = VP .2πfC

The same relationship also can be applied to RMS values.

IRMS 

VRMS
Xc

IRMS = VRMS .2πfC
The equations above tell us that any change in frequency (f) affects capacitive reactance
which in turn affects current.
1.
An increase in frequency (f) leads to a decrease in capacitive reactance (X C) which
leads to an increase in current (IP and IRMS).
2.
A decrease in frequency (f) leads to an increase in capacitive reactance (XC) which
leads to a decrease in current (IP and IRMS).
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Example 32
A pure AC capacitive circuit containing a capacitance of 16µF has a peak voltage of 150V at
10Hz. Calculate;
(a)

The capacitive reactance of the circuit.
Solution

(b)

XC 

2
2π fC

XC 

1
 995Ω
2  π  10  16  10 6

The peak current and RMS current in the circuit.
Solution

I0 

V0 150V

 0.15A
X c 995Ω

IRMS 

VRMS
Xc

IRMS 

VRMS
Xc
150V

IRMS 

995Ω

2  0.107A
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Pure AC inductive circuits
A pure inductive circuit contains an inductor which is a device that opposes changes to
current. Inductance is a quantity that describes the degree of a device to oppose changes in
current. It is measured in Henrys (H).
Consider the AC inductive circuit shown in figure 38.

ΔυL
L

Figure 38. A purely inductive AC circuit.

An inductor is simply a coil of wire which behaves in a unique way when subject to
alternating currents and voltages.
At any instant the instantaneous voltage is given as;
Vi = V0 sin ωt
Vi = V0 sin 2πft
Using calculus we can determine that the instantaneous current through the inductor (L) is;

Ii 

V0
π

s i n ωt  
ωL
2


Ii 

V0
π

s i n 2πft  
2π fL 
2

What this tells us is that in an AC inductive circuit, the voltage leads (advances) the current
π
by 90° ( radians). Figure 39 shows the graphs of current and voltage in a purely inductive
2
circuit and the phasor diagram representing an inductive circuit.
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V, I
V, I
Imax
Vmax

V

I

Imax
t

I
Vmax

V
ωt

t

Figure 39. The graphs of current and voltage in a purely inductive circuit. It shows how voltage leads
current. The phasor diagram also shows this.

The inductive reactance, XL is a quantity that describes the effect of an inductor on an AC
circuit. It also has the unit Ohms (Ω) (just like resistance) but is also dependent on changes in
frequency (f).
XL = ωL
XL = 2πfL
The relationship between the peak current (IP), peak voltage (VP) and capacitive reactance
(XL) is;
V
IP  P
XL

IP 

VP
ωL

IP 

VP
2π fL

The same relationship also can be applied to RMS values.

IRMS 

VRMS
XL

IRMS 

VRMS
2π fL
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The equations on the previous page tell us that any change in frequency (f) affects the
inductive reactance XL which in turn affects the current.
1.
2.

Increase in frequency leads to an increase in inductive reactance which leads to a
decrease in current.
Decrease in frequency leads to a decrease in inductive reactance which leads to an
increase in current.

Example 33
An AC Inductive circuit with frequency 25Hz containing an inductor with an inductive
reactance of 250Ω has a peak current of 1.2A. Find the;
(a)

RMS current and voltage.
IRMS 

1.2A
2

 0.85A

VRMS  IRMS X L

(b)

1.2
2

 250Ω  212V

inductance in henrys if the AC frequency is 40Hz.
L

XL
250Ω

 0.995H
2π f 2π  40Hz

Now check what you have just learnt by trying out the learning activity below!

Learning Activity 11

20 minutes

Answer the following questions in the spaces provided.
1.
In PNG the normal household power mains supply has a p.d. of 240V RMS. What is the
peak voltage of this AC voltage supply?
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2.

A machine that works on AC electricity had a label that read 120VAC and 150mA.
Given that these values are RMS values, find the corresponding peak values for current
and voltage.

3.

Calculate the average power dissipated across a resistor in series with an AC supply
that gives a peak voltage and current of 120V and 60mA.

4.

A resistor is connected in series with an AC source of electricity. If the RMS voltage and
current are 240V and 100mA respectively, find the;
(a)

peak current and voltage.

(b)

resistance value of the resistor.

(c)

average power dissipated.
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A peak voltage of 250V AC is applied across a 30Ω resistor. Find the;
(a)

RMS current through the resistor.

(b)

average power dissipated in the resistor.

(c)

amount of electrical energy (in joules) used after 2 minutes.

The circuit below shows a resistor in series with an AC source of electricity which
supplies a peak voltage of 12V.
12V

150 ohm

Calculate;
(a)

96
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The average power dissipated across the resistor.

7.

Describe the effect of a capacitor on AC voltage and current.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

8.

What is capacitive reactance?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

9.

Describe the changes to capacitive reactance when the frequency of AC voltage is;

10.

(a)

increased.
__________________________________________________________________
__________________________________________________________________

(b)

decreased.
__________________________________________________________________
__________________________________________________________________

Calculate the capacitive reactance of an AC circuit with a 50µF capacitor connected in
series to a 50V RMS supply with a frequency of 60Hz.
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A pure capacitive AC circuit has a capacitive reactance of 425Ω. If the circuit contains a
peak current of 25mA at 30Hz, find the;
(a)

RMS and peak voltage values.

(b)

effective capacitance in the circuit.

12.

Describe the effect of an inductor on AC voltage and current.
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

13.

What is inductive reactance?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

14.

Describe the changes to inductive reactance when the frequency in an AC circuit is;

15.

98

(a)

increased.
__________________________________________________________________
__________________________________________________________________

(b)

decreased.
__________________________________________________________________
__________________________________________________________________

Calculate the inductive reactance when a 150mH inductor is connected to a 240V RMS
AC voltage at 50Hz.
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A pure inductive AC Circuit is connected to an inductor of 0.5H. If there is a current of
20mA with frequency 50Hz, calculate the;
(a)

inductive reactance of the circuit.

(b)

RMS and peak voltage across the inductor.

Thank you for completing learning activity 11. Now check your work. Answers are at the
end of the module.

Power transmission
Electrical energy for consumption is produced on a large scale using Alternating Current and
Voltage. Most power production facilities are located away from populated areas.

High-voltage
transmission line

Power
plant

Step-up
transformer

12 000V

240 000V

Step-down
transformer
(substation)

8000V

Step-down
transformer

240V

Figure 40. Power transmission from a power station to homes is transmitted at high AC voltages

Power transmission from over long distances must be transmitted in long conducting cables
at high voltages to reduce or minimize power loss and voltage drop. This is because the
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longer conducting cables have higher resistance. (Remember that resistance is proportional
to length).
The objective of power transmission is to get as much power (electrical energy) from
production facilities to areas where it can be used. We have to accept that some power will
be lost during transmission. Electrical engineers who deal with power transmission deal with
power loss by making adjustments so as to minimize the amount of power loss and voltage
drop.
To calculate the power loss and voltage drop in power lines we use the following equations.
Ploss = I2R
Vdrop = IR
I is the RMS current in the power lines and R is the resistance of the transmission lines due
to length and other factors.
From these equations we can observe that
(a)

if we double the current, the power loss increases by a factor of 4 and the voltage
drop doubles.

(b)

if we half the current, we reduce the power loss by a factor of 4 and half the voltage
drop.
Thus power is transmitted at high AC voltages so that the amount of power loss and voltage
drop is minimized. To prove these facts, let us look at two (2) examples.
Example 34
A consumer receives a power of 30kW at 250V. If the resistance of the transmission lines is
0.75Ω, calculate the;

(i)

current flowing in the lines,

(ii)

voltage drop in the lines,

(iii)

power loss due to the heating effects of electricity.

Solution
(i)
The current flowing is calculated as follows;
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The voltage drop (voltage lost) is calculated as follows;
V = IR
V = 120A x 0.75Ω = 90V

(iii)

The power loss due to the heating effect of electricity is calculated as follows;
Ploss = I2R
Ploss = (120A)2 x 0.75Ω
Ploss = 10800W = 10.8kW

Example 35
Suppose the consumer in Example 28 receives 30kW at 750V. Calculate the;
(a)

current in the transmission lines,

(b)

voltage drop and

(c)

power loss in this case.

Solution
(a) Current in the transmission lines;
P
V
30000W

750V
 40A

I

(b)

Voltage drop in the transmission lines;
V = IR
V = 40A x 0.75Ω = 30V

(c)

The power loss in the transmission lines;
Ploss = I2R
Ploss = 402 x 0.75Ω
Ploss = 1200W = 1.2kW

These two examples illustrate the effectiveness of reducing power loss and voltage drop
by transmitting power at high voltages.
Now check what you have just learnt by trying out the learning activity on the next page!
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20 minutes

Answer the following questions in the spaces provided.
1. Why must we transmit power over long distances at high voltages and low currents?
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________

2. Calculate the power loss when a current of 6A is transmitted over a long wire with a total
resistance of 5Ω.

3. A power generation facility situated 20km from a city produces 3MW of electricity for
consumption. If the transmission lines from the power facility have a resistance of
0.0025Ωm-1,
(a)

calculate the total resistance of the transmission lines.

(b)

calculate the current and power loss when this power is transmitted at;
(i)
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50kV

Thank you for completing learning activity 12. Now check your work. Answers are at the
end of the module.
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Summary
You will now revise this module before doing ASSESSMENT 5.
Here are the main points. Refer to the module topics if you need more information.







There are two main types of electric charges; positive charge and negative charge.
The amount of electric charge (Q) is measured in Coulombs (C).
The electrostatic force between charges is governed by a law of magnetism which
states that like charges repel while unlike charges attract.
The three (3) main methods of charging objects are;
o By friction
o By conduction
o By induction
Coulomb's law states that the electrical force between two charged objects (Q 1and Q2)
is directly proportional to the product of the quantity of charge on the objects and
inversely proportional to the square of the separation distance between the two
objects. Mathematically, Coulomb’s Law is stated as follows;
F




Where Q1 and Q2 are the magnitudes of the charges in Coulombs (C), d is the distance
between the charges in metres (m) and k is a constant of proportionality with a value
of 9.0 x 103Nm2C-2.
An electric field (E) is an invisible region surrounding a charged object such that any
other charged object that enters into this region experiences a force.
Quantitatively an electric field is defined as the force exerted per unit charge on any
charge that enters the electric field. It is a vector quantity and is calculated as;
E





kQ
d2

The electric potential of a charge V is defined as the amount of energy the charge has
depending on its position in an electric field.
The potential difference of a charge refers to the amount of work that must be done
per unit charge to move a charge from one potential to another. It is given by the
equation;
V
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For any particular object with a charge of Q Coulombs, the Electric field E Newton per
Coulomb at a distance of d metres is given by the equation;

E


kQ 1 Q 2
d2

W
Q
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The electric potential at a distance d from a charge of Q Coulombs is given by the
equation;
kQ
V
d
Electric Potential (V) is also related to Electric field (E) by the equation;
V = Ed



Electric Current (I) is measured in Amperes (A) and is defined as the rate of flow of
charge. Mathematically;


I












Q
t

The two main types of electric current are Direct Current (DC) and Alternating Current
(AC).
Conventional current is defined as the flow of electric charges over time from a region
of high potential to a region of low potential.
Potential difference (V) is the amount of work done per unit charge as a charge moves
around a closed circuit. It is measured in Volt (V)
Resistance (R) is any opposition to the flow of current. It is measured in Ohm (Ω).
A series circuit consists of a complete path in which there is only one pathway for
charges to move around the circuit.
A parallel circuit is a complete path in which there is more than one pathway for
charges to move around the circuit.
An ammeter is used to measure current in a circuit. It is connected adjacent or beside a
circuit component to measure the current passing through the component.
A voltmeter is used to measure potential difference in a circuit. It is connected parallel
to or across the component to measure the voltage across the component.
In Series circuit, the current value is constant whereas the potential difference is
divided among the resistors.
For n resistors connected in series, the total resistance is;
RT = R1 + R2 + …. + Rn




In a Parallel circuit, the potential difference in two parallel branches is the same but
the current in those branches may not necessarily be the same.
For n resistors connected parallel to each other, the total resistance is;

1
1
1
1
1



 .... 
R T R1 R2 R 3
Rn
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Emf (ε) is the amount of energy per unit charge stored in a cell when it is in an open
circuit. Terminal voltage is the amount of energy per unit charge stored in a cell when
the cell is in a closed circuit.
All sources of emf have some internal resistance which reduces emf to terminal
voltage. The relationship between current (I) supplied by a cell, its terminal voltage (V),
emf (ε)and internal resistance (r) is given by the equation;
V = ɛ - Ir



Cells that are connected in series, give more energy per unit charge, but lower current.
Cells connected in parallel, have lower energy per unit charge, but give higher current.



Ohm’s Law gives us a relationship between Current (I), voltage (V) and resistance (R) for a
circuit component.

R






V
I

On V-I graph, an ohmic conductor is represented by a straight line graph. The gradient
of this straight line is the resistance. A non-ohmic conductor is represented by a curve.
Resistance in a conductor is affected by the following factors;
o Length of the conductor.
o Cross sectional Area of the conductor (thickness).
o Type of material from which the conductor is made (resistivity).
o Temperature of the material.
At a constant temperature, the resistivity of a conductor is given by;
Rρ



L
A

The amount of energy (W) in Joules used by a circuit component with a p.d. of V volts
across it, I Amps of current in t seconds is given by;
W = VIt



The electrical power of a circuit component is the rate at which it converts electrical
energy into other forms of energy. It is measured in Watts (W) and can be calculated
using the following formulae;

P
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Kirchhoff’s junction rule is a statement of conservation of charge. It stated that the
amount of charge moving into a junction is equal to the amount of charge leaving the
junction.
Kirchhoff’s loop rule is a statement of conservation of energy. It states that the sum of
all potentials in a closed loop must be equal to zero.
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Direct Current consists of charges moving in one direction only. Alternating current
consists of charges which oscillate (or vibrate). Alternating current is produced by
rotating a coil of wire in a magnetic field.
Peak values of current and voltage are the maximum values that Alternating current
and voltage can obtain at a certain time.
Instantaneous values of current and voltage are the values of current and voltage at
any given time. Instantaneous current and voltage are sinusoidal and are given by the
following equations;

I  IP s inωt   IP s in2πft 
V  VP s inωt   VP s in2πft















Where  is the angular velocity of a coil of wire in a magnetic field, f is the frequency of
the rotating wire, t is the instantaneous time in seconds and V p and Ip are peak voltage
and current.
RMS values (or effective values) are the values of the current and voltage in an AC
circuit that provide the same amount of power as their DC equivalents.
RMS values for sinusoidal current and voltage is calculated as follows;
IRMS 

IP

VRMS 

VP

2

2

Current and voltage are said to be “in phase” when both quantities reach their peak
values at the same time. They are said to be “out of phase when both quantities do not
reach their peak values at the same time.
A pure AC resistive circuit is one where an AC source provides energy for a resistor
only. In such circuits, current and voltage are in phase.
Capacitance (C) is the amount of charge (Q) stored in a capacitor for each unit of
potential difference (V). It is measured in Farads (F).
In pure AC capacitive circuits, current and voltage are out of phase by 90°. Current
leads (reaches its peak first) while voltage lags (reaches its peak after).
Capacitive reactance (Xc) is a measure of the effect of a capacitor on an AC circuit. It is
measured in Ohms and is dependent on frequency.
Inductance is a measure of resistance to a change in direction of current. It is measured
in Henry (H).
In a pure AC inductive circuit the current and voltage are out of phase by 90°. Voltage
leads (reaches its peak first) while current lags (reaches its peak after).
Inductive reactance (XL) is the measure of the effect of an inductor on an AC circuit. It is
measured in Ohms and is dependent on frequency.
Electricity is produced and distributed by Alternating Current.
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AC has the advantage of being easy to produce on a large scale cheaply and being able
to increase or decrease voltage to reduce power loss during transmission.

We hope you have enjoyed studying this module. We encourage you to revise well and
complete Assessment 5.

NOW YOU MUST COMPLETE ASSESSMENT 5 AND RETURN
IT TO THE PROVINCIAL CENTRE CO-ORDINATOR)
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ANSWERS TO LEARNING ACTIVITIES

Answers to Learning Activities 1 - 12

Learning Activity 1
1.

2.

a.

P is a positive charge.

b.

(ii) Force between Q and R.

c.

Because charge Q and R are closer together.

d.

To double the force between Q and R, the following can be done;
 multiply the charge on Q only by 4. (i.e. quadruple its value)
 multiply the charge on R only by 4 (i.e. quadruple its value)
 half the distance Y.

e.

If we double the distance X, we will reduce the force between P and Q to a
quarter of its current value.

a.

3N repulsive force

b.

0.00389N attractive force

c.

0.05N repulsive force

3.

4.24m

4.

0.00005C

Learning Activity 2
1.

2.

(Explain in your own words) As a guide, the key ideas are;
 An electric field is invisible influence surrounding any charged object
 A force will be experienced by other non-zero charges that enter this field.
(a)
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(b)

3.

24NC-1

4.

1.2N

5.

a.

18 000 000NC-1

b.

20 000 000 000NC-1

c.

864 000 000NC-1

6.

0.3m

Learning Activity 3
1.

(Explain in your own words) as a guide, the key ideas are;
 Electric potential is energy possessed by a charge.
 It depends on the position of the charge within an electric field.

2.

When two positive charges are brought close together, their potential increases
because each is moving in a direction that is opposite to the electric field exerted by
both charges.

3.

The difference between them is that electric potential depends on the position of a
charge in an electric field and is always present for charges. Potential difference only
occurs when charges change position, i.e. there is a change in potential.

4.

0.0048J

Learning Activity 4
1.

a.

12A

b.

6A

c.

1A

d.

0.8A

2.

a.

0.5C

b.

8C

d.

0.125C

d.

0.9C

3.

40V

4.

a.

0.6J

b.

0.2A
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5.

An ammeter is used to measure current. To measure the current through any
component, we must always connect the ammeter in series to the component.

6.

A voltmeter is used to measure voltage. To measure the voltage across any
component, we must always connect the voltmeter across (or parallel) to the
component.

7.

a.

8.

9.

10.

To measure the current through R, an ammeter can be connected at all points a,
b, c or d since this circuit is a series circuit.

b.

Voltmeter terminals can be connected at either at a and b or at a and c only to
measure the p.d. across R.

a.

40Ω

b.

1.621Ω

c.

8.22Ω

f.

4.55Ω

a.

0.9kΩ = 900Ω

b.

c.

0.5kΩ → 7.5V,

0.1kΩ → 1.5V,

a.

0.12kΩ = 120Ω

b.

c.

0.3kΩ → 15V, 0.05A, 0.2kΩ → 15V, 0.075A

d.

10.43Ω

e.

4Ω

0.015A = 15mA
0.3kΩ → 4.5V

0.125A

Learning Activity 5
1.

Emf is the amount of voltage (energy per unit charge) when a cell is not supplying
current to a circuit. The terminal voltage is the voltage supplied by a cell when it is
supplying current to a circuit. It is lower than emf because of internal resistance in a
cell.

2.

A cell produces potential difference and current by chemical reaction. A battery is
simply a collection of one or more cells connected together.

3.

0.3Ω

4.

1.25A

Learning Activity 6
1.

Ohmic resistors follow Ohm’s Law, where at a constant resistance, the relationship
between voltage and current is proportional. Non-Ohmic resistors do not show such a
proportional relationship between voltage and current.

2.

a.

RC, RB, RA
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b.

On V-I graphs lines which are straight and steepest belong to ohmic resistors
with high values of resistance.

c.

(i)

RA = 4.5Ω,

3.

0.2kΩ

4.

0.00008A = 80mA

(ii)

RB = 2.5Ω

(iii)

RC = 1.5Ω

Learning Activity 7
1.

a.

86400J

b.

6A

c.

40Ω

2.

a.

0.015A

b.

0.5kΩ → 0.1125W, 0.1kΩ → 0.0225W, 0.3kΩ → 0.0675W

c.

0.2025W

Learning Activity 8
1.

(a)

18A,

(b)

-0.08A,

(c)

2.

I = 0.44A, Potential drops: (a) 2.5Ω; 1.09V,

3.

For 4Ω: I = 0.79A, 3.16V,

-1.7µA
(b) 3Ω; 1.30V,

For 10Ω: I = 0.88A, 8.8V,

(c) 6Ω; 2.61V

For 2Ω: I = 0.09A, 0.18V

Learning Activity 9
1.

A Galvanometer is an instrument that detects very tiny amounts of current that an
ammeter would not detect. It is used in a Wheatstone bridge circuit two measure the
current between to branches on a bridge circuit.

2.

A Balanced Bridge means that the potential difference between two opposite branches
is zero (or the potentials are equal). When this occurs, current does not flow from one
branch to the other.

3.

I.

FALSE, this only happens if all 4 resistors have the same value.

II.

TRUE, current splits into two at the junction entering the bridge.

III.

FALSE, this only happens if all 4 resistors have the same value.

IV.

FALSE, only true if all the resistors have the same value.

V.

TRUE, if potential difference is the same, no current is detected by the
galvanometer.
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4.

(a)

5.

A potentiometer is a circuit that is used to measure an unknown emf source by
comparison with a known emf source.

6.

Sliding contact varies resistance and potential.
1.

Vx = 8.125V

2.

Vx = 1.36V

(b)

Rx = 1000Ω

(c)

Rx = 65.63Ω

Learning Activity 10
1.

In DC, charges move in one direction only because polarity (position of high and low
potential) is constant. In AC, the polarity changes (reverses) every few seconds, so the
charges tend to have an oscillatory (vibration-type) of motion.

2.

The two main reasons for using AC over DC are;

3.

4.

5.

a.

AC generators produce electricity more cheaply and reliably.

b.

AC voltage can be stepped-up or down using transformers. Stepping up voltage is
necessary to minimize power loss over transmission lines.

(a)

251.32 rad/s

(c)

i.

maximum at 0.00625s

ii.

minimum at 0.01875s

(b)

0.025s

a.

237.05V, 9.88A

b.

108.96V, 4.54A

c.

-169.71V, -7.07A

d.

-74.16V, -3.09A

Practically, RMS voltage and current are those values of AC that supply the same
amount of power as their DC equivalents.

Learning Activity 11
1.

339.41V

2.

169.71V, 212.13mA

3.
4.

a.
339.41V, 141.42mA
3.6W

b.

2400Ω

5.

a.

b.

1041.67W

5.89A

c.

24W

c.

125 000J
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6.

a.

0.08A

b.

7.

A capacitor causes AC voltage to lag behind AC current.

8.

Capacitive reactance is a measure of the effect of a capacitor on an AC circuit.

9.

a.

When AC frequency is increased, XC decreases.

b.

When AC frequency is decreased, XC increases.

10.

53.05Ω

11.

a.

VPEAK = 10.625V, VRMS = 7.51V

b.

12.5µF

1.92W

12.

An inductor causes voltage to lead current.

13.

Inductive Reactance is a measure of the effect of an inductor on an AC circuit.

14.

a.

When AC frequency increases, XL increases.

b.

When AC frequency decreases, XL decreases.

15.

47.12Ω

16.

a.

157.08Ω

b.

VPEAK = 4.44V, VRMS = 3.14V

Learning Activity 12
1.

Power must be transmitted at high voltages and low currents over long distances in
order to minimize power loss.

2.

180W

3.

a.

50Ω

b.

i.

PLOSS = 2 MW, VDROP = 10kV

ii.

PLOSS = 180kW, VDROP = 3kV

If you have queries regarding the answers, then please visit your nearest FODE provincial
centre and ask a distance tutor to assist you.
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