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b.  The current in the electromagnet is switched off and an average voltage of 450 V is momentarily induced 
in the coil. Calculate the time it takes for the current in the electromagnet to drop to zero.

c.  While a voltage is induced in the coil a current will fl ow, creating fl ux in the core of the coil. Explain 
whether this fl ux will be in the same direction or the opposite direction to the electromagnet’s fl ux.

4.  A cylindrical magnet is dropped down through the core of a very long solenoid. The magnet falls 
more slowly than if it had just been dropped through air.

 The diagram shows a short section of the solenoid at the instant the magnet is falling through.
 The changing magnetic fl ux (due to the falling magnet) will induce a voltage in the turns of the 

solenoid just below the magnet. This will cause a current to fl ow in the turns just below the 
magnet.
a. Explain why the section of solenoid just below the falling magnet will act like a second 

magnet.

b.  Knowing that the ‘change’ that is inducing the voltage is a falling magnet, explain which way up the 
poles on this ‘second magnet’ will be.

c. On the diagram, mark the direction of the current in the section of solenoid below the falling magnet.
d.  The changing magnetic fl ux (due to the falling magnet) will also induce a voltage in the turns of the 

solenoid just above the magnet. On the diagram, mark the direction of the current in the section of 
solenoid above the falling magnet. Explain why you have chosen this direction.

e.  The kinetic energy gained by the magnet as it falls is much less than the gravitational energy it loses. 
Explain where the ‘missing’ energy has gone.

N
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 The transformer
One of the issues relating to power generation is the voltage supplied from the 
National Grid through mains supply power points. In New Zealand, this voltage 
is 240 V. However, in power stations, the voltage generated is very much higher 
than this, usually around a few thousand volts. Also, when power is transmitted 
around the country, one of the major considerations is power loss through heat in 
the transmission lines (Pheat loss = I2R). If the current is made as small as possible 
to reduce heat loss, then, in order to deliver as much power (P = IV) as is needed 
by a city, the voltage across the city must be extremely high, much higher than 
the voltage generated by the power stations. Another problem is that, for many 
appliances that can be plugged into the mains supply, a voltage of 240 V is far 
too high.

The transformer is a device that allows a voltage to be ‘stepped up’ or ‘stepped down’. 

A transformer, often built into the appliance plug, steps the mains voltage down to the required voltage of the 
appliance. In power stations, transformers are used to step the power station voltage up 
to, typically, hundreds of thousands of volts for transmission around the country. You will 
also have come across transformers in city streets or seen them mounted on poles in the 
countryside. They are used to step transmitted voltages down to the required 240 V.

An isolating transformer does not change the input voltage – it acts as a safety device when 
electrical appliances are used outside.

How a transformer works
A voltage is induced in a coil if there is changing magnetic fl ux in the coil. A transformer consists of two coils. 
A changing voltage is applied across one of the coils, producing a changing magnetic fl ux along its core. 
This changing magnetic fl ux is guided into the second coil, and so a voltage is induced in the second coil. The 
voltage applied across the fi rst coil, called the primary, is ‘transformed’ into a voltage across the second coil, 
called the secondary.

The construction of a transformer is such that an iron core links the two 
coils. The diagram shows how this is done. Iron has the property of 
‘guiding’ magnetic fl ux, and so the continuous loop of iron makes the 
fl ux produced by the primary coil link the secondary coil.

It can be shown that, providing all the fl ux from the primary coil links the 
secondary coil, the ratio of the applied voltage in the primary coil to the 
induced voltage in the secondary coil is the ratio of the number of turns 
in the primary coil to the number of turns in the secondary coil.

Vprimary

Vsecondary

 = 
Nprimary

Nsecondary

Therefore, simply by correctly arranging the relative number of turns in a secondary coil, the secondary coil 
voltage can be either stepped up or stepped down to the required value.

Although the iron core is very effective in guiding the fl ux from the primary coil into the secondary coil, it does 
introduce a different problem. Iron itself is a conductor, and so the changing fl ux in it induces voltages. The 
movement of the electrons within the iron core, caused by these voltages, are known as eddy currents. The 
iron has resistance, and so these eddy currents cause heating in the iron core and a consequent loss of power. To 
minimise eddy currents, the continuous core is laminated and each thin layer is insulated from the ones above 

S V

primary secondary

laminated
iron core
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and below. In this way, eddy current direction is limited to along the laminated sheets – not between them – and 
so the eddy currents are dramatically reduced.

An ideal transformer is 100% effi cient, and therefore would have no energy losses.

power output = effi ciency × power input

Psecondary

Pprimary
 = effi ciency

 The transformer
1. Preliminary question
 The transformer for a child monitor has 680 turns in the primary coil and operates from the mains supply 

(240 V). It steps the voltage down to 9.5 V. The resistance of the secondary coil is 48 , and the transformer 
is 95% effi cient.

a. Calculate the number of turns in the secondary coil.   

b. Calculate the current in the secondary coil.   

c. Calculate the power output of the secondary coil.   

d. Calculate the power input to the primary coil.   

e. Calculate the resistance of the primary coil.   

Check that you understand the answers to this preliminary question before carrying on.

2. Coils A and B are the primary and secondary coils of an ideal transformer. Coil A has 200 turns and coil B has 
800 turns. A current fl ows in coil A, producing a fl ux of 2.5 × 10–4 Wb.

a. Is the transformer a step-up or step-down transformer?   

b.  What is the fl ux in coil B?    
c. If the primary current drops to zero in 0.30 s, calculate:

i.  the average voltage induced per turn in coil B    

Answers
p.  92
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ii. the average total voltage induced in coil B.   

3. A transformer is used in a battery charger. The primary coil draws a current of 1.0 A from the mains supply 
(240 V), and the operating voltage of the charger is 20 V. 
a. Calculate the resistance of the primary coil of the transformer.   

b. What is the ratio of the number of turns in the primary coil to the number of turns in the secondary coil? 

c. If the transformer is 100% effi cient, calculate the maximum current available from the battery charger.

4.  Power stations produce an alternating current at a voltage of about 25 kV. This is stepped up at substations 
to 220 kV for transmission over long distances via the National Grid. The voltage available to most 
consumers is 240 V.
a.  If the transformer at the power station has 80 000 turns in the secondary coil, how many turns are there 

in the primary coil?

b.  A transmission line, 200 km long, is needed to carry 40 kW to an industrial 
user. The resistance of the transmission line averages 5.0  per kilometre. 
The circuit diagram represents the circuit involved. R is the resistance of the 
industrial user, and r is the resistance of the transmission lines. The size of r is 
negligible compared with the size of R.
i.  Show that the current in the transmission line is 0.18 A.    

ii.  Calculate the voltage drop over the transmission line and comment on whether this is signifi cant 

  from the user’s point of view.    

iii.  Calculate the rate at which energy is lost as heat in the transmission line while the power is being 
transmitted, if the power has to be taken 200 km.   

iv. Calculate the power loss that would have occurred if the voltage had not been stepped up for 
transmission.  

S

R

220 kV r
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 Self-inductance and the inductor
You have seen that a changing fl ux in one coil can link a second, different, coil and a voltage in the second coil 
can be induced. It is also possible for a voltage induction to happen in a single coil only, and this type of voltage 
induction has also been used in a way that has had a major impact on our lives.

Self-induced voltage
By now you should be familiar with the fact that whenever a conductor is linked by changing fl ux, a voltage is 
induced. Consider the circuit shown. 

If the resistance of the rheostat is changed, the current in the coil changes. Changing current in the coil means 
the fl ux in the core of the coil is changing. This changing fl ux in the coil is linking the turns of the coil itself, 
and a voltage is induced whenever a conductor is linked by changing fl ux. This means that, while the rheostat 
resistance is being changed, there will be two voltages across the coil – the applied voltage from the power pack, 
and the induced voltage caused by the changing fl ux.

These two voltages will combine to give a resultant voltage that a voltmeter connected across the coil would 
measure.

The size of the induced voltage is governed by Faraday’s law,  = – t  . The direction of the induced voltage
is governed by Lenz’s law. This means that if the current (and hence fl ux) is increasing, the voltage induced in 
the coil will act to try to stop the current (fl ux) increasing, and so will act in the opposite direction to the applied 
voltage. If the current is decreasing, the induced voltage will act to try to stop the current decreasing, and so will 
act in the same direction as the applied voltage. The induced voltage is often referred to as a ‘back’ voltage.

Self-inductance
Because the fl ux in a coil is dependent on the current in the coil, the induced voltage is proportional to the rate at 
which the current is changing; its value can be found from:

V = –L I
t

where L is a constant called the self-inductance of the coil; self-inductance has the henry, H, 
as its unit of measurement.

Self-inductance is a constant for a particular coil and depends only on the coil’s construction. A coil can be made 
to have a high self-inductance by constructing it with a large number of turns and by putting an iron core along 
its centre.

When a coil is constructed to have a high self-inductance, it is called an inductor. The 
symbol for an inductor in a circuit is shown alongside. The line above the coil symbol 
indicates the inductor has an iron core. The dotted box indicates that the resistor is the 
resistance of the wiring of the coil itself.

An ideal inductor has zero resistance. However, because an inductor is a coil of wire, and all conducting wire 
has resistance, all inductors have some resistance. If this resistance is small compared with the resistance of the 
rest of the circuit, the inductor can be considered to be ideal.
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 Self-inductance and the inductor
1. Preliminary question
 The internal resistance, r, of an inductor is 95  and the voltage of the source, 

VS , is 9.0  V. The switch is closed and the current reaches a steady value after 
0.36 s. The voltage induced in the coil has an average value of 1.8 V.
a. Calculate the current when it has reached its steady value.

b. Calculate the self-inductance of the coil.

c. Explain whether the induced voltage will act to increase or to decrease the current.

d.  Although the induced voltage has an average value of 1.8 V, the instantaneous voltage is changing. At 
one instant the induced voltage is 3.7 V. Use Kirchhoff’s law to calculate the voltage across the internal 
resistance.

e. What is the induced voltage 0.36 s after the switch is closed? Explain your answer.

Check that you understand the answers to this preliminary question before carrying on.

2. An inductor has self-inductance 5.0 H. When the current is switched on it rises from zero to 8.0 A in 0.25 s.
a. Calculate the voltage induced in the inductor.   

b. Explain whether the induced voltage acts in the same direction or in the opposite direction to the applied 
voltage.

3. An average voltage of 8.5 V is induced in an inductor of self-inductance 34 mH when the current drops from 
1.3 A to zero. Calculate how long it takes for the current to drop to zero.

4. Two coils with the same cross-sectional area are alongside each other, as shown in 
the diagram. Magnetic fl ux is guided through both coils by the iron core. Coil 1 has 
7 000 turns and coil 2 has 3 000 turns.

 The fl ux is cut off. Calculate the ratio of the voltages induced in the two coils. Explain 
the assumption you had to make in order to calculate this ratio.

Answers
p.  92

r

VL
VS

V1 V2

1 2
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 Time constant and transient currents and voltages
Consider the circuit shown.

When the switch is closed, the current starts to rise from zero, and this 
changing current in the inductor induces a voltage, VL. When the current 
reaches its steady value, it stops changing, and so there is no longer an 
induced voltage. If the switch is now opened, the current drops from its 
steady value to zero, and again this changing current induces a voltage, VL . During the time that the current is 
changing, both the current and the induced voltage have an exponential relationship with time.

Remember that the rate at which an exponential relationship rises or falls is governed by the time constant for 
the relationship. (See Capacitors in DC circuits (pages 18–19).)

For an exponential rise (of current, say), the time constant, , is the time it takes the current to rise to 63% of the 
amount it has still got to go. For an exponential fall (of voltage, say), the time constant, , is the time it takes the 
voltage to fall to 37% of its value at the start of the period. 

The greater the value of the time constant, the longer it will take the rise or fall of voltage or current to occur.

The following graphs show the rise in the current when it is switched on and the fall in the current when it is 
switched off. By considering the way the current is changing, it is possible to predict the way the voltage will be 
changing.

The graph shows the current rising exponentially to its steady value 
when the circuit is switched on.

At the start, the current is changing at its greatest rate, and so the 
induced voltage will have its maximum value at t = 0. When the steady 
current is reached, the current stops changing, and so the induced 
voltage will be zero. This means the induced voltage goes from a 
maximum value down to zero and so will have an exponential fall.

The graph shows the current falling exponentially to zero when the circuit is switched off.

At the start, the current is changing at its greatest rate, and so the induced 
voltage will have its maximum value at t = 0. When the steady current of zero is 
reached, the current stops changing, and so the induced voltage will be zero. This 
means the induced voltage, again, will have an exponential fall.

Notice that the time constant for the circuit is much less when the current is 

switched off than when it is switched on. The time constant for an inductor-

resistor combination is given by  = L
R

 . When the current is switched on, the 

resistance, R, is the internal resistance of the inductor. When the current is 

switched off, there is a break in the circuit that, effectively, is an extremely high 

resistance. If R is very large,  must be very small.

The following graphs show what effect this has on the induced 
voltage, which, as was shown above, is always an exponential fall.

When the switch is closed the circuit is a closed loop, and so 
Kirchhoff’s law applies. At t = 0 the current is zero, so VR is zero, so 
Vmax is the battery voltage.

r

VL VSA

time

Switch on
I

Imax = 

Imax – 0.37 × Imax

Vs

r

time

Switch off
I

Imax

0.37 × Imax

time

Switch on

0.37% of Vmax

Vmax

VL

L3 Electrical Systems LWB.indd   47L3 Electrical Systems LWB.indd   47 3/4/16   11:52 AM3/4/16   11:52 AM



48  Achievement Standard 91526 (Physics 3.6)

© ESA Publications (NZ) Ltd  –  ISBN 978-0-908340-36-1  –  Copying or scanning from ESA workbooks is limited to 3% under the NZ Copyright Act.©© ESESA PA P blubliica itions (NZ(NZ) L) L dtd ISISBNBN 978978 0-0-908908340340 36-36 1-1 CCo ipying or sca inning ffro Em ESASA workbkbo koks iis lili imit ded to 3%3% dunder hthe NZNZ CCopyri high At Act

When the switch is opened, the circuit is no longer a closed loop, and so 
Kirchhoff’s law no longer applies.

Because the time constant is so short, at t = 0 the rate of change of current is 
huge, and so the induced voltage can reach many thousands of volts.

This brief surge of massive voltage has one particular use that affects us all – it 
produces the spark that ignites the petrol vapour in the combustion engine of a car.

Energy in an inductor
An important consideration when using an inductor is safety. When the current 
is switched on, while it is building up to its maximum value, work is being done 
against the increase in current and this work changes electrical potential energy, supplied by the battery, into 
magnetic potential energy, which is stored in the magnetic fi eld. The amount of energy stored is given by:

EP = 1
2

LI 2
max

This stored energy is released when the inductor is switched off, and, as has been explained, it can be released in 
a very short time period and very high voltages can be involved. Care must be taken not to touch or get too close 
to any uninsulated parts of an inductor; otherwise, a nasty electrical shock could be experienced.

 Time constant and transient currents and voltages
1. Preliminary question
 A coil has inductance 0.45 H and resistance 22 . It is connected into a circuit that has a 9.0 V DC supply. The 

circuit switch is closed.
a. Calculate the time constant of the circuit.

b. Calculate the value of the current when it has reached its steady value.

c. Calculate the current one time constant after the switch was closed.

d.  Because the current build-up is exponential, theoretically, the current never reaches a constant value. 
However, the current can be considered to be constant when it is within 1% of its nominal steady value.
i. Calculate how many time constants must pass before the current becomes constant.

ii. Explain how this number of time constants would be affected if the steady current had been much 
greater.

time

Switch off

37% of Vmax

Vmax

VL

Answers
p.  92
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Check that you understand the answers to this preliminary question before carrying on.

2. For each of the following graphs, calculate the time constant of the circuit.

a. b. 

3.  On the axes below, the maximum value of the current has been marked.

a. Sketch a current growth curve if the time 
constant is 0.050 s

  

100

0
0

200

300

400

Imax

I (mA)

0.1
t (s)

b. Sketch a current decay curve if the time 
constant is 1.8 s

0.5

I (A)

1.00
0 t (ms)

0.2

0.4

0.6

0.8

1.0

I (A)

0.1 0.2 0.3
t (s)

0.1

0

0.2

Imax

I (A)

10 2 3 4 5 6 7 8 t (s)
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4.  For each of the following graphs, use the time constant given to calculate the maximum current.
a.  = 85 ms

 

b.  = 0.095 s

 
5. A coil of inductance 0.20 H and resistance 15  is connected to a 90 V DC supply.

a.  Calculate the circuit current (the steady current value reached after the circuit has been switched on). 

b. Calculate the energy stored in the magnetic fi eld of the coil.   

c.  At ‘switch on’, the changing current induces a voltage across the coil. The change in current is assumed 
to be completed in a time interval equal to 5 time constants.

i. Calculate this time interval.   

ii.  On the axes, sketch a graph of inductor voltage against time for the ‘switch on’ period of time.

V

0.02

100

0.04 0.06
t

d.  In what way will a graph of inductor voltage against time for the ‘switch off’ period of time differ from 
the graph drawn in c. ii.? Explain your answer.

0.1

0
0

I (A)

100 200 t (ms)

0.2

0

0.4

0.6

I (A)

0.10 0.2 t (ms)
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 Voltage, current and resistance – NCEA Level 2 Physics 
revision (page 1)
1. a. i.  The voltage of a battery is the energy gained by one 

coulomb of charge passing through it. Each coulomb of 
charge therefore gains 12 J of energy.

ii.  The chemical reaction that takes place in a battery causes 
charge to fl ow against the electric fi eld. This means 
charge will gain electric potential energy.

b.  Because the battery terminals have opposite charge, an electric 
fi eld is established in the conducting wire of the circuit. Charged 
particles feel a force in an electric fi eld, and so the free electrons 
in the circuit respond by drifting along the conducting wires.

2. a. 2.0 C

Current is the number of coulombs fl owing per second, so, as 
the current is 2.0 A, 2.0 C of charge fl ows per second. 

b.  6.0 J

The voltage of a resistor is the amount of energy transferred by 
one coulomb of charge passing through it. As each coulomb 
of charge has gained 6.0 J of energy from the battery, and as 
the lamp is the only resistor in the circuit, 6.0 J of energy will 
be transferred to the lamp by each coulomb of charge fl owing 
through it.

c. P = IV = 12 J s–1  Energy per second is power. 

d. i. P = 
E
t
  t = 

E
P
 = 

480
12

 = 40 s

ii. I = Q
t

, Q = It = 2.0 × 40 = 80 C

  Current is the rate at which charge fl ows. 

3. a.  The heat produced by a resistor depends on its power. In a series 
circuit, the current is the same in each resistor and so power 
is proportional to voltage (P = IV). Voltage is proportional to 
resistance (V = IR). The 6.0  resistor has twice the resistance 
of the 3.0  resistor, and so has twice the voltage and therefore 
twice the power.

b. i.  In a parallel circuit, the voltages of each of the branches 

are the same, and so power is proportional to current 

(P = IV). Current is inversely proportional to resistance 

(I = V
R ). The 6.0  resistor has twice the resistance of the 

3.0  resistor, and so has half the current and therefore 

half the power.

ii.  The power output of the battery will be the heat output of 
the circuit. Resistors connected in parallel have less total 
resistance than when they are connected in series. The 
current through the battery will therefore be greater in the 
parallel circuit than in the series circuit, and, as power is 
proportional to current (for constant voltage), the parallel 
circuit will produce more heat.

 ANSWERS

4. a. 1
R

 = 
1

6.0
 + 

1

6.0
 = 2

6.0
  R = 3.0  

b. R = 3.0 + 1.0 = 4.0  

c. i. R = 3.0 + 1.0 + 4.0 = 8.0  

ii.  
1

Rp
 = 

1

6.0
 + 

1

6.0
 + 1

6.0
 = 

3

6.0
 

  RP = 2.0   R = 2.0 + 1.0 = 3.0 
5. a.  The current through the battery is always the greatest current in 

the circuit. Any resistors in series with the battery will therefore 
also have this greatest current. Resistors A and B are in series 
with the battery.

b.  When current divides, the more branches there are, the more 
divisions of current there are, and the greatest branch resistance 
will impede the current the most. The current will have to split 
between three branches to go through E, F and G, and, as E and 
F have the greatest resistance, they will have the least current.

c.  The voltage of the battery will be divided between resistor A, 
the combination of C and D, the combination of E, F and G, and 
resistor B. When each of the two parallel sets are combined, 
they each, effectively, become a single resistor, and so the circuit 
effectively becomes a series circuit. As voltage is proportional 
to resistance when current is constant (V = IR) and current is 
constant in a series circuit, the greatest voltage will be across the 
greatest resistance. 

 RCD = 
1

1

4
 + 

1

4

 = 
2
4  = 2.0 

 REFG = 
1

1
4

 + 
1
4

 + 
2
4

 = 
4
4

 = 1.0 

  Resistor B has the greatest resistance and so the greatest voltage.

d.  The least voltage will be across the smallest resistance. REFG has 
the smallest resistance. As all the resistors in this combination 
have the same voltage, E, F and G will all have the least voltage.

6. a. 1
R

 = 
1

4.00  6.00
 + 

1

8.0  2.0
  R = 

10

2.0
 = 5.0 

b. I = V
R
 = 

3.0

5.0
 = 0.60 A

c. I = 0.30 A

Both branches have the same total resistance and so the 
current will split in half.

d. i. VAB = IR = 0.30 × 4.0 = 1.2 V    
ii. VAC = IR = 0.30 × 8.0 = 2.4 V
iii.  VBC = 2.4 – 1.2 = 1.2 V 

Potential at B is 1.2 V lower than potential at A. Potential 
at C is 2.4 V lower than potential at A.

e.  V = IR = 0.30 × 6.0 = 1.8 V  P = 0.30 × 1.8 = 5.4 W
E = 5.4 × 300 = 162 = 160 J

E = Pt; t is known, but not P. P = IV; I is known, but not V.
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7. a.   
1

Rparallel

 = 
1

10
 + 

1

5.0 + 5.0
 Rparallel = 5.0 

 Rtotal = 5.0 + 10 = 15 

b. I = V
R  = 

12

15
 = 0.80 A

c. V = IR = 0.80 × 10 = 8.0 V

d. i. VUY = 4.0 V

VB = VDC = 12 – VA  VB = 4.0 V; but, VB = VUY

ii. VVY = 4.0 V

Potential at U = potential at V (nothing between them to 
use energy)  VUY = VVY

iii. VVW = VD = VC = VDC = 2.0 V

VDC = 8.0 V

e.   VA = VB = Vbattery = 6.0 V

No current in resistor D, so potential at W = potential at U. 
No current in resistor C, so potential at X = potential at 
Y VWX = VUY . Because no current in D and C, circuit is a 
simple series circuit.

f.  0.0 V 

There is now no complete circuit, so no current in any of the 
resistors, so no potential difference across any of the resistors. 
If there is no potential difference across B, there is no potential 
difference between U and T.

 Internal resistance (page 4)
1. a.  As the internal resistance uses some of the energy that was 

gained by the cells of the battery, the terminal voltage will be 
the e.m.f. less the internal resistance voltage. Therefore, 
12.0 – VIR = 10.9  VIR = 1.1 V

b. Vbattery = I × Rexternal circuit  10.9 = I × 22 
 I = 0.4955 = 0.50 A

c. VIR = Ir  1.1 = 0.4955 × r  r = 2.2202 = 2.2 
d.  As the battery runs down, the internal resistance increases. This 

will increase the total resistance in the circuit, and so the current 
will fall.

e.  When current is driven backwards through a battery, each 
coulomb of charge supplies an amount of energy to the battery 
cells that is equal to their e.m.f. value. Each coulomb also goes 
through the internal resistance, supplying it with an amount 
of energy that is equal to its voltage value. Energy is supplied 
to both the battery cells and the internal resistance. Hence, 
the voltage across the battery (total energy supplied by per 
coulomb) is greater than the e.m.f. of the battery (energy per 
coulomb supplied to the battery cells only).

2. a.   = I(R + r)  9.00 = I(150 + 1.2) 
 I = 0.059524 = 0.060 A

b. VIR = Ir  VIR = 0.059524 × 1.2 = 0.071429 = 0.071 V

c. VB =  – VIR  VB = 9.00 – 0.071429 = 8.9286 = 8.93 V
d. i.  VB =  – VIR  VB =  – Ir  8.24 = 9.00 – I × 1.2 

 I = 0.63333 = 0.63 A

ii.  VB = IRexternal circuit  8.24 = 0.63333 × Rexternal circuit 
 Rexternal circuit = 13.0105 = 13 

e.  When the current increases, the voltage across the internal 
resistance increases (VIR = Ir). The battery voltage is the battery 
e.m.f. less the internal resistance voltage. As the e.m.f. stays 
constant, an increase in internal resistance voltage will result in a 
decrease in the battery voltage.

3. a.   = I(R + r)  6.0 = (1.2 × R) + (1.2 × 1.5)  1.2 × R = 4.2 
 R = 3.5 

b. V = IR = 1.2 × 3.5 = 4.2 V

c.  Increasing the resistance decreases the current. If the current 
decreases, the internal resistance has less voltage (V = Ir), and 
so takes less energy per coulomb from the current, leaving more 
energy per coulomb for the external circuit (battery voltage).

4. a. V = IR  R = 
10.7

5.6
 = 1.9107 = 1.9 

b.  = V + Ir = 10.7 + (5.6 × 0.24) = 12.044 = 12 V
c.  Decreasing the resistance increases the current, and so the 

ammeter reading will go up. If the current increases, the internal 
resistance has greater voltage (V = Ir), and so takes more energy 
per coulomb from the current, leaving less energy per coulomb 
for the external circuit, and so the reading on the battery 
voltmeter decreases.

5. a. V = IR = 2.0 × 4.0 = 8.0 V 

b.  = VB + VIR  VIR = 9.0 – 8.0 = 1.0 V

c. VIR = Ir  r = 
1.0

2.0
 = 0.50 

d.  Increasing the internal resistance increases the total resistance, 
which decreases the circuit current. Ohm’s law on the external 
circuit is: VB = IR, so if I decreases and R stays the same, the 
battery voltage decreases.

6. a. VIR = Ir = 2.4 × 1.8 = 4.32

b. VB =  + VIR = 9.0 + 4.32 = 13.3 V
c.  The voltage of the battery is the combination of the e.m.f. of the 

battery and the voltage across the internal resistance. As these 
two voltages are in the same direction, they combine by addition.

7. a.   = I(R + r)   = 1.5(1.0 + r) = 0.50(4.0 + r) 
 1.5 × r – 0.50 × r = 0.50 × 4.0 – 1.5 × 1.0 
 r = 0.50 

Rtotal(parallel) = 1.0 ,  Rtotal(series) = 4.0 

b.  = I(R + r)   = 1.5(1.0 + 0.5) or = 0.50(4.0 + 0.5) 
  = 2.25 = 2.3 V

 Kirchhoff’s laws (page 8)
1. a.  All three currents are entering the top junction (or leaving the 

bottom junction). Kirchhoff’s current law (conservation of charge) 
says that this is impossible.

b.  There is a junction between any two currents. As current splits at 
a junction, no two currents can be assumed to be the same.

c. 

 All three battery arrows point upwards. 

Current enters the high potential end of a resistor, and so:

 Both resistor arrows point downwards. 

d. Left-hand loop: +24 – 6.0I2 – 6.0 = 0  I2 = 
18

6.0
 = 3.0 A

e.  Outside loop: +3.0 – 2.0I3 – 6.0 = 0  I3 = 
3.0

–2.0
 = –1.5 A

The negative value for I3 means that the direction chosen for 
this current was wrong.

f.  Top junction:  I1 + I2 + I3 = 0  I1 + 3.0 + –1.5 = 0 
 I1 = –3.0 + 1.5 = –1.5 A

Again, the negative value for I1 means that the direction 
chosen for this current was wrong. Both I1 and I3 should have 
been shown going in the opposite direction to that marked. 
However, the size calculated for both currents is correct. 
Choosing the wrong direction for a current does not affect 
the correct calculation of its size.

2. a. LH loop: +20 – 6.0 – (2.0 × I1) = 0  I1 = 7.0 A 

 RH loop: +20 – 6.0 – (4.0 × I3) = 0  I3 = 3.5 A 

 Top junction: I2 = I1 + I3  I2 = 7.0 + 3.5 = 10.5 A

The positive terminal of a battery is always the high potential 
end, and so:
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