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Electric Current

Electric Current

Electric currentis defined as:
Therate of flow of charge

Itis measuredin units of amperes (A) oramps
The charge, currentandtime are related by the equation:

Q=

There are several examples of electric currents, including in household wiring and electrical
appliances

Electric Charge

Electric chargeis a property of some particles
o Forexample, protons have a positive charge and electrons have a negative charge
Charge has the unit Coulombs, C
In electric circuits, electrons are usually the charge carriers
o Theyhaveachargeofl.6x10717C
Charge, Q, can becalculatedusing the equation

Q=ne

Where:
o Q=charge(C)
o n=numberof electrons
o e=electroncharge(C)

If 1electron has acharge of 1.6 x10717C
o Then,1C of charge contains 6.25 x 108 electrons

Chargeis sometimes written as AQ which means 'changein charge'
o Similarly, timeis written as At means 'changein time'

When two oppositely charged conductors are connected together (by a length of wire),
charge willflow between the two conductors, causing a current
Therefore, rearranging for current, | gives the equation:
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Charge can flow between two conductors. The direction of conventional current in a metal
is frompositive to negative

Direction of Flow of Charge

e Inelectricalwires, the currentis a flow of electrons
e Electrons are negatively charged; they flow away from the negative terminal of a cell

towards the positive terminal
e Conventional currentis defined as the flow of positive charge from the positive terminal

of a cell to the negative terminal
o Thisis the opposite to the direction of electron flow, as the conventional current was

described before electric current was really understood

By definition, conventional current always goes from positive to negative (even through
electrons go the other way)

Measuring Current
e Currentis measuredusingan ammeter
¢ Ammeters should always be connected in series with the part of the circuit the currentis to

be measuredthrough
o Thisis because the currentis the samein allcomponents connectedin series



Potential Difference

Potential Difference

¢ Acellmakes one end of the circuit positive and the other negative
¢ This sets up a potential difference across the circuit
o Thisis sometimes known as the voltage

¢ Thepotential differenceis defined as the work done per unit charge andis measuredin

units of volts (V)

I/’:z or ’/’:£
Q 0

I = Potential Difference (Voltage)
W = Work done

E = Energy

Q = Charge

Measuring Voltage

e Potential difference (orvoltage) is measuredusing a voltmeter
e Avoltmeteris always setupinparallel to (also called'across') the component being

measured
o Potential difference across components in parallelis always the same due to

4| O F—

conservation of energy
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Potential difference can be measured by connecting a voltmeterin parallel between two

pointsina circuit



*9 Worked Example
[

Aresistoris connectedto a battery which provides a potential difference of 10 V.

Calculate thework done when a charge of 2 C passes through theresistor.

Step 1: Write down the known quantities

o Potential difference, V=10V
o Charge,@=2C

Step 2: Write down the equationrelating potential difference, work done and charge

Step 3: Rearrange the equation to make work done the subject
W= VQ
Step 4: Substituteinthe values and calculate W

W=10x2=20J

(’) Exam Tip

Think of potential difference as being the energy per coulomb of charge transferred
between two points in a circuit



Defining Resistance
Resistance

¢ Resistanceis defined as the oppositionto current
o |tis furtherdefinedby Ohm's Law, which says that theresistance of a conductoris given by
theratio of potential difference across it to the current flowingin it

e Foragiven potential difference, then, the higher the resistance the lower the current

Ohm’s Law V= v=I*R

V = Volts IR
1 = Current (in Amps)
R = Resistance (in Ghms)

J1[R\ -

Resistance of acomponent is the ratio of the potential difference and current

{volts = amps times ohms)

{amps = volts divided by ohms)

{ohms = volts divided by amps)

e Resistanceis measuredin Ohms (Q)

¢ An Ohmis defined as one volt perampere

e Theresistance controls the size of the currentin a circuit
o Ahigherresistance means a smaller current
o Alowerresistance means alarger current

e Allelectrical components, including wires, have some value of resistance
Measuring Resistance

e Tofindtheresistance of acomponent, a simple circuit can be used, containing:
o Apowersupply

Acomponent (such as alamp orresistor)

An ammeterin series with the component

Avoltmeterin parallel with the compenent

o

[e]

o
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Acircuit to determine theresistance of acomponent

e Thepowersupply should be set to alow voltage to avoid heating the component, typically
1-2V

¢ Measurements of the potential difference and current should then be taken from the
voltmeterand ammeterrespectively

¢ Finally, thesereadings should be substitutedinto theresistance equation



Charge Conservationin Circuits
The Electric Current Rule (Kirchhoff's First Law)

e Theelectric currentruleis defined as:
The algebraic sum of the currents entering and leaving ajunctionis equal to zero

¢ Thisis aconsequence of conservation of charge - current shouldn’t decrease orincrease
in a circuitwhen it splits

Series and Parallel

e Inacircuit:
o Ajunctionis a pointwhere atleast three circuit paths meet
o Abranchis a path connectingtwo junctions

1 - 1
current (I) Series circuit Ji
1
bulb bulb

¢ [facircuit splitsinto two branches, then the current before the circuit splits should be equal
tothe current afterit has split
¢ Atypicalcircuitmighthave a setup where | =1y + >+ I3 where:
o |representthe currentin the circuit beforeit branches
o Iy, Ipandlzrepresent the currentin therespective three branches

(=N (e

The currentlinto the junctionis equal to the sum of the currents out of the junction

¢ Thechargeis conservedon both sides of the junction
¢ |Inaseries circuit, the currentis the same at any point



The currentis the same at all points in a series circuit

¢ Inaparallel circuit, the current divides at the junctions and each branch has a different

value.
e Theelectric current rule applies at each junction
o The sum of the currents before the junction willequal the sum of the currents afterthe

junction

(’) Exam Tip

¥ Junctions only appearin parallel circuits as circuits become more complex. It can be
confusing to work out which currents are goinginto the junction and which are
coming out. Drawing arrows on the diagram for the current flow (making sureit’s
from positive to negative) at each junction, such as in the worked example, will help

with this.

The electric currentruleis also known as Kirchhoff's First Law, and you may come
across this phrase.



Energy Conservationin Circuits
The Electrical Voltages Rule (Kirchhoff's Second Law)

e Energyis neverusedup orlostina circuit, since everything follows the Law of Conservation
of Energy
e Theelectrical voltagesruleis defined as:

The sumofthee.m.f.sinaclosed circuitloop is equal to the sum of the potential
differences around thatloop

e Eachclosedcircuitloop canbe treatedlike a series circuit
e Atypicalcircuit mighthave a setup where E; + E; =V, +V,where:
o EyandE;representthee.m.f.sintheclosedloop
o vy andVjrepresent the potential differences in the closedloop

ELECTRICAL VOLTAGES RULE E,+E, =V, + \,

The sum of the voltages is equal to the total e.m.f from the batteries

e Inaseries circuit, thevoltageis split across allcomponents depending on theirresistance
o Thesum of thevoltagesis equal to the total e.m.f of the power supply

¢ Inaparallel circuit, the voltage is the same across each closedloop
o The sum of thevoltages in each closed circuit loop is equal to the totale.m.f of the
power supply:

| ELECTRICAL VOLTAGES RULE: E, +E, =V, +V, =V, +V,

The sum of the p.ds in each closedloop is equal to the total e.m.f of the power supply

¢ Aclosed-circuitloop acts as its own independent series circuit



e Eachloopseparates atajunction
e Aparallel circuitis made up of two ormore of these loops

Eq E,

| LOOP 1

’_®—‘ Vv, LOOP 2
&r—=X

Eachcircuitloops acts as a separate, independent series circuit

¢ This makes parallel circuits incredibly useful forhome wiring systems
o Asingle powersource supplies alllights and appliances with the samevoltage
o Ifonelightbreaks, voltage and current can still flow through for the rest of the lights
andappliances

(") Exam Tip

¥ TheElectrical Voltages Rules is sometimes known as Kirchhoff's Second Law.

Drawing theloops in different colours, as in the example above, can be a helpful way
of identifying the differentloops.



Deriving Equations for Resistance in Series & Parallel
ResistorsIn Series

¢ When two ormore components are connectedin series:

o The combined resistance of the components is equal to the sum of individual
resistances

R Rz R,
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Resistors connectedin series

e Theequation forcombinedresistorsin series is derived using the electric currentrule and
the electrical voltagesrule

e Theserules describe that for a series circuit:
o Thecurrentis the samethrough allresistors
o Thepotential differenceis split between all the resistors



¢ Theequation forthe combinedresistance of resistors in series is therefore:

COMBINED RESISTANCE R=R;+R;+Rj; ...
IN SERIES

Resistors In Parallel

¢ Inaparallel circuit, the combinedresistance of the components requires the use of
reciprocals
o thereciprocal of the combined resistance of two or moreresistors is the sum of the
reciprocals of the individual resistances

]
il

RZ

=i

Resistors connectedinparallel

e Theequation forcombinedresistorsin series is derived using the electric currentrule and
the electrical voltages rule
e Theserules describe that fora parallel circuit:
o Thecurrentis the splitatthe junction (and therefore between resistors)
o Thepotential differenceis the same across all resistors



Electrical Power

Workis also defined as a transfer of energy

When components transfer electrical energy to other stores, work must be done because
energy is transferred

Therefore, potential differenceis the work done per unit charge

V= w
Q
e Currentis therate of flow of charge
=2
t

These equations can be combined to give the work done by a componentin an electric
circuit

W= VIt

PowerPis defined as:

Therate of doing work

In equation form this is

This gives us

Therefore, the power dissipated (produced) by an electrical deviceis given by:

1V
f‘ *

Current Voltage
Amps (4) Volts (V)

e UsingV =IRtorearrange foreither Vorland substitutinginto the power equation means we
alsowrite powerin terms of resistance R



RESISTANCE (ij
2
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P=IR

=R

Power equationin terms of resistance

e Thesquaredvalue forboth currentandvoltagein these equations means that, forany given
resistance, if the current orvoltage doubles, the power will be four times as great

e Conversely, fora given power, if the resistance doubles then current willbe 4 times less but
voltage willbe 4 times greater

*> Worked Example
[

Twolamps are connectedin seriestoa 150 V power supply.

| |
135V 15V
41W 45W

Which statementis correct?
A. Bothlampslight normally
The15Vlamp blows

Only the 41Wlamplights

o 60w

Bothlamps light atless than theirnormal brightness

ANSWER: A



Current-Potential Difference Graphs

» Asthepotential difference (voltage) across a componentisincreased, the current also
increases (by Ohm’s law)
¢ The preciserelationship between voltage and currentis different for different components
andcan be shown on a current-potential difference or -V graph
o Foranohmic conductor, the -V graphis a straightline through the origin
o Forasemiconductordiode, thel-V graphis a horizontal line that goes sharply upwards
o Forafilamentlamp, thel-V graph has an'S' shapedcurve
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I-V characteristics for an ohmic conductor (e.g. resistor), semiconductor diode and
filament lamp

Ohmic Conductor

e Thel-V graph foran ohmic conductorat constant temperature e.g. aresistoris very simple:



o Thecurrentis directly proportional to the potential difference
o Thisis demonstrated by the straight-line graph through the origin

Diode

e Thel-Vgraph foradiodeis slightly different.
e Adiodeisusedina circuitto allow current to flow only in a specific direction:

o Whenthe currentis in the direction of the arrowhead symbol, this is forward bias. This
is shown by the sharpincreasein potential difference and current on theright side of
the graph

o Whenthe diodeis switched around, itdoes not conduct andis calledreverse bias.
This is shown by a zero reading of current or potential difference on the left side of the
graph

o Thethresholdvoltage at which a diode starts to conductis typically around 0.6V

Filament Lamp

e Thel-Vgraph fora filamentlamp shows the currentincreasing at a proportionally slower
rate than the potential difference
¢ Thisis because:
o Asthecurrentincreases, the temperature of the filamentin thelampincreases
o Sincethefilamentis a metal, the highertemperature causes anincrease in resistance
o Resistance opposes the current, causing the current to increase at a slower rate

e Wherethe graphis a straightline, theresistanceis constant
¢ Theresistanceincreases as the graph curves
e Thefilamentlamp obeys Ohm's Law forsmall voltages

Thermistor
e Thel-V graph forathermistoris a shallow curve upwards
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¢ Theincreasein the potential differenceresults in anincreasein current which causes
the temperature of the thermistortorise
e Asits temperaturerises,its resistance decreases
o This means even more currentis able to flow through



¢ Sincethe currentis not directly proportional to the potential difference (the graphiis still
curved), the thermistor does not obey Ohm's Law

e Thel-V graph forathermistorshows the currentincreasing at a proportionally slowerrate
than the potential difference
e Thisis because:
o Asthecurrentincreases, the temperature of the thermistorincreases
o Which causes anincreaseinresistance
o Resistance opposes the current, causing the current to increase at a slower rate



Electrical Resistivity

¢ Allmaterials have someresistance to the flow of charge

¢ As free electrons move through a metal wire, they collide with ions which get in theirway

¢ Asaresult, they transfer some, orall, of theirkinetic energy on collision, which causes
electrical heating

What are Resistivity pL

e
Laws?
AXR=plL
A = area A %R
L = length p=—
:—W— _]’H.Z.Q_ 5
R p= m it
L
R=p £
g

Free electrons collide withions whichresist their flow

¢ Sincecurrentis the flow of charge, theions resisting theirflow causeresistance
¢ Resistance depends on thelength of the wire, the cross-sectional area through which the
currentis passing andtheresistivity of the material

Electrical resistance equation

e Theresistivity equation shows that:
o Thelongerthe wire, the greater its resistance
o Thethickerthe wire, the smallerits resistance



ﬁ DOUBLING THE LENGTH OF A WIRE
WILL DOUBLE THE RESISTANCE
< >
2L

DOUBLING THE CROSS—-SECTIONAL AREA
OF A WIRE WILL HALF THE RESISTANCE

The length and width of the wire affect its resistance

e Resistivity is a property that describes the extent to which a material opposes the flow of

electric current throughiit
e |tis a property of the material, and is dependent on temperature
e Resistivityis measuredinQm

Material Resistivity

Cupper 1.7 = '10_3
Metals Gold 2.4 <408
Aluminum 2.6 107"

S g Germanium 0.6

emiconductors

Silicon 2.3 x 10°

Glass 10"

Insulators s

Sulfur 10

Resistivity of some materials at room temperature

¢ Thehighertheresistivity of a material, the higherits resistance



o Copperhas arelatively low resistivity at room temperature, and sois used for electrical
wires
o Thisis because current flows through it very easily
¢ Insulators have such a highresistivity that virtually no current will flow through them



Core Practical 2: Investigating Resistivity

Aims of the Experiment

¢ Theaim of the experiment is to determine the resistivity of a length of wire

Variables

¢ Independentvariable =Length, L, of the wire (m)
e Dependentvariable =The current, I, through the wire (A)
e Controlvariables:

o Voltage across thewire

o Thematerial the wireis made from

Equipment List

Equipment Purpose

Ammeter To determine the current through the wire

Voltmeter To determine the voltage across the wire

2.0 m of wire To calculate its resistivity

Flying Lead A wire 1l.r'.rith a crocodile cli[f] at one end to allow connection at
any point along the test wire

Metre Ruler To measure the Length of the wire

Micrometer To measure the diameter of the wire

Power Supply To provide the voltage across the wire

¢ Resolution of measuring equipment:

o Metreruler=1mm
Micrometerscrew gauge=0.01mm
o Voltmeter=0.1V
o Ammeter=0.01A

Method

o]
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1. Measure the diameter of the wire using a micrometer.
o Themeasurement should be taken between 5-10 times randomly along the wire.
o Calculate the mean diameter from thesevalues
2.Setupthe equipment so the wireis taped or clampedto the ruler with one end of the circuit
attachedto the wire where therulerreads O.
o Theammeteris connectedin series and the voltmeterin parallel with the wire
3. Attach the flyingleadto the test wire at 0.25 m and set the power supply at a voltage of 6.0
V.
o Checkthatthisis thevoltage across the wire on the voltmeter
4.Read andrecordthe current from the ammeter, then switch off the currentimmediately
afterthereading
o Thisis to prevent the wire fromheating up and changing theresistivity
5.Vary the distance between the fixed end of the wire and the flyinglead in 0.25 mintervals
(0.25m,0.50m, 0.75 etc.) until the fulllength
o Inthis example,a 2.0 mwireis used.
o Theoriginallength andtheintervals can be changed(e.g.startatO.1mandincreasein
O.1mintervals), aslongas there are 8-10 readings
6.Recordthe currentforeachlength atleast 3times and calculate an average current, |
7.Foreachlength, calculate the averageresistance of the length of the wire using the
equation

TEST WIRE

¢ Where:
o R=averageresistance of thelength of the wire (QQ)
o V=potential difference across the circuit (V)
o |=theaverage current through the wire forthe chosen length (A)

e Anexample of a table of results might look like this:



LENGTH OF
WIRE L/m | CURRENT I,/A [ CURRENT |,/A | CURRENT I;/A

AVERAGE
CURRENT I/A

RESISTANCE R/Q

0.25

0.50

0.75
1.00
1.25
1.50
1.75

2.00

Analysis of Results

¢ Theresistivity, p, of the wireis equalto

_ RA
P=TL
¢ Where:
o p=resistivity (Qm)
o R=resistance(Q)
o A=cross-sectional area of the wire (m?2)
o L =length of wire (m)
e Rearrangingfortheresistance, R, gives:
L
r=PL
A
e Comparingthis to the equation of a straight line: y = mx
o y:R
o X:L

o Gradient,m=p/A

e Therefore, to findresistivity:

o Plotagraph of thelength of the wire, L, against the average resistance of the wire

o Draw aline of best fit
o Calculate the gradient
o Multiply the gradient by cross-sectional area, A

p = gradient X A



RESISTANCE R/ /\
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LENGTH L/m

e Tocalculatethecross-sectionalarea, A, of the wire

nd?

cross sectional area, A = e

Evaluating the Experiment
Systematic Errors:

e Theendofthewire thatis attachedto the circuit (not the flyinglead) must startat O onthe
ruler
o Otherwise, this could cause a zero errorin your measurements of thelength

Random Errors:

¢ Only allow small currents to flow through the wire
o Theresistivity of a material depends on its temperature
o Thecurrent flowing through the wire will cause its temperature toincrease
o Therefore the temperature is kept constant by small currents
e Thecurrent should be switched off between readings
o Sothatthereisn'tatemperaturerise
e Calculatean average diameter
o This willreduce random errors in the reading
o Make atleast5-10 measurements of the diameter of the wire with the micrometer

Safety Considerations

¢ When thereis a high current, and a thin wire, the wire willbecome very hot

o Donottouch thewiredirectly when the circuitis switched on
¢ Switch off the power supply between readings, andimmediately if you smell burning
e Keepliquids away from electrical equipment



Calculating Current & Drift Velocity
Drift Velocity

¢ Inaconductor, the currentis due to the movement of charge carriers
o Thecharge carriers can be negative or positive
o Howevercurrentis always taken to be in the same direction

» Drift velocity is the average velocity of the charge carriers travelling through the
conductor
¢ Inconductors, the charge carrieris usually free electrons
o Freeelectrons only travel small distances before colliding with a metalion
o Therefore they have arelatively slow drift velocity of ~10¥m s~

¢ Inthediagram below, the currentin each conductoris fromright toleft
o Indiagram A (positive charge carriers), the drift velocity is in the same direction as the
current
o Indiagram B (negative charge carriers), the drift velocity is in the opposite direction to

thecurrent
x-area A Material of resistivity p
! and conductivity o
\ where g = =
St -_— y e
P
et
Length L R= A
So:R = i
Potential difference V'
V= IRL But% = E where E is the electric field and J = %where] is the current density
V=I—
0A ' so: E= £
| 4 1
L oJA So: J=o0E

Conductionina current-carrying conductor

e Thedensity nrepresents the number of free charge carriers (electrons) per unit volume
o Conductors, such as metals, have a highvalue ofn
o Insulators, such as plastics, have alowvalue of n
¢ Sincethe density of charge carriersis solarge in conductors, the flow of current flow
appears to happen instantaneously

The Transport Equation
¢ Thecurrentcan be expressedin the transport equation:

I = ngvA

¢ Where:

[ =current (A)

o n=numberdensity (m™3)

q =the charge of the charge carrier (C)

v = drift velocity (ms™)

A =cross sectional area of the wire (m?), calculated using A = ir?

o

o

[e]

o



The same equationis used whetherthe charge carriers are positive ornegative
o Anegativevalueforvwillindicate currentin the opposite direction to the charge
carriers
The transport equation shows that visinversely proportionalton
o Since the more charge carriers available perunit volume the more the density will slow
down their speed through the conductor
The transport equation also shows that [ is directly proportional ton
o Greaternmeans a greaterchargeis flowing and therefore a larger current |
When the value of nis lower, the charge carriers must travel faster to carry the same current



The Large Range of Material Resistivities
Resistivity

e Thetransportequation tells us that current, | « number of charge carriers, n
o Therefore, thelarger the number of charge carriers, the greater the current will be for
the same appliedvoltage
o Thisis becauseresistivity has decreasedwith more charge carriers available
¢ Different materials have different numbers of charge carriers

Insulators have few charge carriers:
o They have such a highresistivity that virtually no current will flow through them
o Aperfectinsulatorwouldhave no charge carriers,n=0
o Aperfectinsulatorwouldhave a current of zero regardless of the voltage applied

¢ Conductors have alarge number of charge carriers

o Metals are good conductors because they have free electrons
Free electrons are the atoms from the outer shell of each atom
Therefore there are lots of charge carriers per unit volume
o This means resistivity is low

o

(e}

¢ Semiconductors have a small number of free electrons

There are fewer delocalised electrons in a semiconductor than in a metal

There are a greater number of free electrons at a higher temperature

Resistivity changesin a semiconductor, due to the variation with temperature in free
electrons which are available as charge carriers

o Siliconis an example of a semiconductor

Material Resistivity

o

o

(e}

anpe[ 1.7 = '10_3
Metals Gold 2.4 x 1078
Aluminum 2.6 x 107"

s . Germanium 0.6

emiconductors

silicon 2.3 x 10°

Glass 10"2

Insulators 5

Sulfur 10

Theresistivity of some materials atroomtemperature



Potential Difference & Conductor Length
Potential Difference

* Acellmakes one end of the circuit positive and the other negative. This sets up a potential
difference across the circuit
¢ Thepotential difference across acomponentin a circuitis defined as;

energy transferred per unit charge

e Theenergy s transferredis from electrical energy into other forms, depending on the
component ordevice beingused

¢ Potential differenceis measuredin volts (V) which are equivalent to Joule per coulomb (J
c

e Thepotential difference of a power supply connectedin series is always shared between all
the components in the circuit

EMF OF
POWER SUPPLY 12V
l [ E N N ]
PD. ACROSS | rD. AcRosS
BULB \ / RESISTOR

5V 7V

—&X—

The potential differenceis the voltage across each componentin a circuit

¢ Anotherdescription of energy transferis work done
» Therefore, potential difference can also be defined as the work done per unit charge

WORK DONE (J)
POTENTIAL DIFFERENCE (V)B\/ fE
A

CHARGE (C)

Potential difference is the work done per unit charge



Measuring Potential Difference

¢ Potential difference orvoltageis measured using a voltmeter
o Avoltmeteris always setupin parallel to the component being measured

4{,.... T

Q1|
_Q/)_

Potential difference can be measured by connecting a voltmeterin parallel between two

pointsina circuit
ConductorLength
¢ Theequation forresistivity is
pl
R=—
A

e Where:

o R=resistance(Q)
p=resistivity (Qm™)
[=length (m)

o A=area(m?)

o

o

e Therefore, as thelength of a uniform conductor at constanttemperatureincreases,
resistance alsoincreases
e Voltageandcurrentarelinked by Ohm's Law

V =1IR

e Where
o V=potential difference (V)
o |=current(A)
o R=resistance(Q)
¢ Therefore, as Rincreases, so must potential difference across the wire
o Potential differenceincreases uniformly with length



Potential Dividers

The electrical voltages ruleis defined as:

The sumof the e.m.f.sinaclosed circuit loop is equal to the sum of the potential
differences around thatloop

¢ Therefore, when tworesistors are connectedin series, the potential difference across the
power source will be divided across the two resistors

Potential dividers are circuits that produce an output voltage as a fraction of the input
voltage
¢ Thisis done by using two resistorsin series to split or divide the voltage of the supplyina
chosenratio
Potential dividers have three main purposes:

o Toprovide a variable potential difference

o Toenable a specific potential difference to be chosen

o Tosplitthe potential difference of a power source between two ormore components

Potential dividers are used widely in volume controls and sensory circuits using LDRs and
thermistors

Thelink between the input voltage and the output voltage across eachresistoris linkedin
an equation

R
POTENTIAL DIVIDER EQUATION: Vou = ﬁ V.,
1 2 |
R,
+
Vin ——l— A
R
2 Vuul
O

Potential divider diagram and equation

¢ TheinputvoltageV,,is applied across bothresistors, which arein series



The outputvoltage Vi is measured across one of theresistors, in this caseresistorR,
The potential difference Vacross each resistordepends uponits resistance R:

o Theresistorwith thelargest resistance willhave the greater potential difference

acrossit

o Thisis shown as a greaterVq

o ThisisfromV=IR
If theresistance of one of theresistors is increased, it will get a greater share of the
potential difference, whilst the otherresistorwillget a smaller share

Since potential divider circuits are based on theratio of voltage between components, and
since V=IR, this is equal to theratio of the resistances of theresistors

Therefore, theratios of the potential differences andresistances across each resistorcan
belinked

Where:
o Vj=potential difference of R; (V)
o V,=potential difference orR, (V)
Using Ohm's Law, with a constant current, |, these can also be written as:
o Vi=IR,
o Vy=IR,
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Potential Dividers & Variable Resistance

The Potentiometer

e Apotentiometeris a single component which can act as a potential divider.
o |t consists of a coil of wire with a sliding contact
o Avariable output voltage can be varied by moving a slideralong the component

Apotentiometeris a type of variable resistor

¢ Thecircuit symbolis drawn as an arrow next to the resistor, torepresent the sliding contact

e Thesliding contacthas the effect of separating the potentiometerinto two parts
o Each partwillhave differentresistances
o Therefore output voltage willchange
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Moving the slider (the arrow in the diagram) changes theresistance (and hence potential
difference) of the two parts of the potentiometer

¢ |fthesliderinthe above diagramis movedupwards, the resistance of the lower part will
increase and so the potential difference across it willalsoincrease
e Therefore, the variable resistor obtains a maximum or minimum value for the output voltage
o Iftheresistanceis 3Q:
o Maximumvoltageis when theresistanceis 3Q
o Minimumvoltageis when theresistanceis 0 Q

Thermistors & Light Dependent Resistors (LDRs)

e Sensoryresistors are usedin potential dividers to vary the output voltage
o This could cause an external component to switch on or off
o Forexample, a heaterswitches off automatically whenits surroundings are atroom
temperature

e Examples of the variable sensory resistors used are thermistors and light-dependent
resistors (LDRs)

PHOTOCELL RHEOSTAT FORCE-SENSITIVE RESISTOR THERMISTOR RESISTOR ROTARY POTENTIOMETER SLIDE POTENTIOMETER

(light-dependent resistor) (two-leg variable resistor) (aka FSR; two-leg var resistar) (two-leg variable resistor) (three-leg variable resistor) (three-leg variable resistor)




LDR and thermistor in a potential divider circuit with a fixedresistor R

¢ Thevoltmeterin both circuits is measuring V¢
e FromOhm’slaw V = IR, the potential difference V,; from a sensory resistorin a potential
divider circuitis proportional toits resistance
o IfanLDRorthermistor's resistance decreases, the potential difference throughit also
decreases
o IfanLDRorthermistor's resistanceincreases, the potential difference throughit also
increases

¢ Sincethetotal potential difference of the components mustbe equal to Vi,
o Ifthe potential difference of the sensory resistordecreases then the potential
difference across the otherresistorin the circuit mustincrease
o Ifthe potential difference of the sensory resistorincreases then the potential
difference across the otherresistorin the circuit must decrease

Theresistance of anLDR...

 Varies with light intensity
o Thehigherthelightintensity, the lowertheresistance
o Thelowerthelightintensity, the highertheresistance

e Therefore:
o Iflightintensityincreases, Vot across the LDR willdecrease becauseresistance has
decreased
o Iflightintensity decreases, Vtacross the LDRwillincrease becauseresistance has
increased

e AnLDRcircuitis often used for street and security lights
o When lightintensity falls, Vtincreases and so this can provide the voltage required to
turnonalamp

Theresistance of a thermistor...

¢ Varies with temperature
o Thehotterthe thermistor, the lowertheresistance
o Thecoolerthe thermistor, the highertheresistance

¢ Therefore:
o Iftemperatureincreases, Vot across the thermistor willdecrease becauseresistance
has decreased
o Iftemperature decreases, Vtacross the thermistorwillincrease becauseresistance
hasincreased

e Athermistorcircuitis usedin fire alarms, ovens and digital thermometers
o When temperaturefalls, Vo tincreases and so this can provide the voltage required to
turn on a heater



Electromotive Force

¢ When charge passes through a power supply such as a battery, it gains electrical energy
¢ Theelectromotive force (e.m.f.)is defined as:

The amount of chemical energy converted to electrical energy per unit charge when
charge passes through a power supply

¢ e.m.f.ismeasuredin Volts (V)

ENERGY TRANSFORMED FROM OTHER FORMS TO ELECTRICAL
CHARGE

EiM =

Definition of e.m.f. with regards to energy transfer

This can also be written as:

Olm

e Emf.is:
o represented by the symbol ¢(greek letter epsilon)
o notactually a force, buta measure of energy transferred per coulomb of charge
o ismeasuredinvolts (V), whichis JC'in S.I. units

+ e.m.f.is alsothe potential difference across the cellwhen no currentis flowing
* e.m.f.canbemeasured by connecting a high-resistance voltmeteraround the terminals of
the cellin an open circuit

e.m.f. is measuredusing a voltmeter connectedin parallel with the cell



Internal Resistance

¢ Allpowersupplies have someresistance between theirterminals
o Thisis calledinternalresistance(r)

e Internalresistance causes some electrical energy to be transformed to heat energy in the
power supply itself
o Thisis why the cellbecomes warm after a period of time

e Therefore, theinternalresistance causes energy loss in a power supply
¢ Acellcanbethought of as a source of e.m.f. with aninternalresistance connectedin series
e Theamount of voltage lostis known as the 'lost volts'

o Ahigherinternalresistance willresult in a highervalue forlost volts

E.m.f. o » LOST VOLTS

- 5 E e T B [,
[ | [
: I | (INTERNAL
: T | RESISTANCE

I Ir/
| i r |

JAN

« POWER SUPPLY
LOAD

R
T T
I |
I [
L — - V- — — 4

Circuit showing the e.m.f andinternal resistance of a power supply

e Where:
o R=resistance of the circuit (the ‘load resistor’)
o r=internalresistance
o g=e.m.f
o V.='lostvolts'
o Vp=voltage across theload (sometimes also called V1, the terminal voltage)



¢) ExamTip
¥ Theinternalresistance concept catches many students out. Make sure you fully
understand the circuit diagram;

Internalresistance of the cell can be treated as though it were a separate
resistor - althoughitisn't!

Theload resistanceis treated as anotherresistorin series

Potential difference is measured across the loadresistor

Thelostvolts are calculated as though they were the potential difference
across the'internalresistor



E.M.F. vs. Terminal Potential Difference
Terminal Potential Difference

+ Theterminal potential difference (p.d.) is the potential difference across the terminals of
acell
o Iftherewas nointernalresistance, the terminal p.d. would be equalto thee.m f.
o Ifacellhasinternalresistance, the terminal p.d. is always lower than the e.m.f.
o IfyouhavealoadresistorR across the cell's terminals, then the terminal p.d. is also the
potential difference across theloadresistor

E.m.f.2 [ELOST VOLTS

A
FARY
POWER SUPPLY |
Y |LoAD 5L\
\I
: R :
1 ]
i TERMINAL P.D
L VR_____J

Circuit showing the e.m.f. andinternal resistance of a power supply

e Where;
o ResistorRis the ‘loadresistor’
ris theinternalresistance
o gisthee.m.f.
V,is thelostvolts
VRis the p.dacross theloadresistor, which is the same as the terminal p.d.

o

o

(e}

* Terminal potential differenceis the voltage available to the rest of the circuit
VR=IxR (from Ohm’s law)

e Where;
o R=loadresistance(Q)
o |=currentinthecircuit (A)
o Vg=Terminalp.d. (V)



When aloadresistoris connected, current flows through the celland a potential difference
develops across theinternalresistance.
o Thisvoltageis notavailable to therest of the circuit sois called the ‘lost volts’

V.isthelost volts
o Thisisthevoltagelostin the cellduetointernalresistance

V,=Ixr(fromOhm’slaw)

e Where;
o r=internalresistance(Q)
o | =currentinthe circuit (A)
o V,=Lostvolts (V)

¢ Thee.m.f.isthesum of theterminal p.d. andthelostvolts:

/E’ RESISTANCE OF LOAD (1)

[EvF V3 —E =.|7RL+J|L= IR +r
TERMINAL | LOST VOLTS
IFL Gl ACROSS CELL

| CURRENT (A) §

NE INTERNAL RESISTANCE (Q1)

The Difference Between Potential Difference and E.M.F

¢ Thedifference between potential difference and e.m.f is the type of energy transfer per
unitcharge

ENERGY TRANSFORMED FROM ELECTRICAL TO OTHER FORMS
FD. =
CHARGE

¢ When charge passes through a resistor, forexample, its electrical energy is converted to
heatin theresistor
o Theresistor, therefore, has a potential difference across it

¢ Potential difference describes the loss of energy from charges
o |le.when electrical energy is transferred to other forms of energy in a component

e E.m.f. describes the transfer of energy from the power supply to electrical charges within
the circuit



Core Practical 3: Investigating E.M.F. & Internal Resistance

Aims of the Experiment

The overallaim of the experimentis to investigate the relationship between e.m.f. andinternal
resistance by measuring the variation of current and voltage using a variable resistor

¢ Independentvariable =voltage, V (V) & current, [ (A)
¢ Dependentvariable =resistance, R(Q))
e Controlvariables:

o E.m.f.of thecell

o Internalresistance of the cell

Equipment List

Apparatus Purpose

1.5 V Cell To provide an e.m.f. to the circuit

Resistor Uknown resistance - to act as internal resistance
:":‘:::t::”"m' To change the values of current and voltage in the circuit
Voltmeter 0-2B range - to measure voltage

Ammeter 0-200 mA range - to measure current

Wires At least 6 leads - to make electrical connections

Switch To open between readings to not run down the battery

¢ Resolution of measuring equipment:
o Voltmeter=1mV
o Ammeter=0.1TmA

Method
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1.Thecellandtheresistor, labelledr, should be connectedin series and consideredto be a
single cell
2. With the switch open, record thereading Von the voltmeter
3.Setthevariableresistortoits maximumvalue, close the switch andrecord Vandthe
reading/onthe ammeter
o Make sureto open the switch between readings
4. Vary theresistance of the variable resistor up to a minimum of 8-10 readings and
o Recordvalues forVandIforeachresistance.
o Ensuretotakereadings forthe wholerange of the variable resistor

e Anexample of a suitable table might look like this:



RESISTANCE VOLTMETER READING AMMETER READING

OF VARIABLE
RESISTOR 1st READING [ 2nd READING | 3rd READING MEAN

R/ZQ | V/V | I/mA | V/V [ I/mA | V/V | I/mA | V/V | I/mA
0
10
20
30
40
50
60
70
80
90
100

Analysing the Results
e Therelationship between e.m.f.andinternalresistanceis given by

E=I(R+r)

¢ Where:
o E=electromotive force (V)
[=current (A)
R =resistance of theloadin the circuit (Q)
r=internalresistance of the cell (QQ)

(e}

o

]

e This can be simplifiedinto the form:
EzIR+Ir=V+Ir
e Rearranging this equation forV:
V=-rl+E

e Comparingthis to the equation of a straightline:y =mx+c
o y=V(V)
o x=1(A)
o Gradient=-r(Q)
o Y-intercept=E(V)



1.Plotagraph of Vagainstland draw aline of best fit

2.Measure the gradient of the graph and compare it with the manufacturer’s value of the
resistor

3.They-intercept will be the e.m.f. and the gradient will be the negative internal resistance:
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Evaluating the Experiment

Systematic Errors:

¢ Onlyclosethe switchforaslongasittakes to take each pairof readings
o This will prevent the internal resistance of the battery or cell from changing during the
experiment

Random Errors:

¢ Onlyusefairly new cells otherwise the e.m.f. andinternal resistance of run-down batteries
canvary during the experiment

¢ Wait forthereading on the voltmeterand ammeterto stabilise (stop fluctuating) before
recording thevalues

o Take multiplerepeatreadings (atleast 3) foreach voltage and currentand calculate amean
toreducerandom errors

Safety Considerations
¢ Electrical components can gethot when used foralong period
¢ Switch off the power supply right away if thereis a burning smell
e Makesuretherearenoliquids close to the equipment



Modelling the Variation of Resistance with Temperature

¢ Allmaterials have someresistance to the flow of charge
¢ As free electrons move through a metal wire, they collide with ions which getin theirway
¢ Asaresult, they transfer some, orall, of theirkinetic energy on collision, which causes

electrical heating

Free electrons collide withions whichresist their flow

As temperatureincreases, the vibrations of theionsin the lattice alsoincrease
o Thisincreases the chance of collisions between the conduction electrons and theions
Since current is the flow of charge, theions resisting the flow of electrons cause
resistance
Therefore as temperatureincreases so does resistance
o Atsmallincreases of temperature this increaseis linear
¢ Ahighercurrent willcause temperature torise
o Thisis dueto more collisions between free electrons andions
o Thecollisions cause theions tovibrate more



Resistance & Temperature for Metallic Conductors

¢ Allsolids are made up of vibratingatoms
o Thisincludes metal solids
¢ Asthetemperaturein a metalrises, theions vibrate with a greater frequency and amplitude
o Theelectrons collide with the vibrating atoms which impede their flow, hence the
current decreases
o electric currentis the flow of free electrons in a material

HEAT
SOURCE

—>

Free flowing conduction electron

Metal atoms and free electrons at low and high temperatures

e Currentdecreases because theresistance hasincreased (fromV=IR)
o Thisis becauseresistivity has increased
o Thisis fromp «R(iftheareaAandlength Lis constant)

e Forametallic conductorwhich obeys Ohm's law:
o Anincreasein temperature causes anincrease in resistance andresistivity
o Adecreaseintemperature causes a decreaseinresistance andresistivity

¢ Thel-Vgraph fora filamentlamp shows this effect



FILAMENT LAMP

CURRENT

/

POTENTIAL

/ DIFFERENCE

I-V characteristics for a filament lamp

¢ Asthecurrentincreases, the number of collisions between free electrons and the lattice of
ionsincreases
o Thisincreases the temperature of the filamentin thelamp
e Anincreaseintemperature:
o Causes greatervibrations in the lattice ofions
o Thereforeincreased collisions between free electrons and theions
o Andsoanincreasedresistance
¢ Resistance opposes the current, causingthe currenttoincrease at a slowerrate
o Thisis seenasacurveinthe graph

*> Worked Example
[

The temperature of a non-ohmic resistorincreases as the current through it
increases.

Explain this is terms of the structure of a metal.

Step 1: Consider the effect onrate of electron flow:
o Rateof flow of electronsincreases

Step 2: Consider the effect on number of collisions of conduction electrons with the
lattice

o Thisincreases the number of collisions of conduction electrons with theionsin the
lattice

Step 3: Describe what happens to the vibrations of the lattice

o Thereforevibrations of thelatticeionsincrease



Resistance & Temperature for Thermistors

* Theresistivity of a thermistorbehaves in the opposite way to metals
o Thisis becauseitis atype of semiconductor
o Semiconductors behavein a different way to metals
¢ Thenumber density of charge carriers (such as electrons) increases with increasing
temperature
e Therefore, fora thermistor:
o Anincreasein temperature causes a decreaseinresistance andresistivity
o Adecreaseintemperature causes anincreaseinresistance andresistivity

e Thermistors are often usedin temperature sensing circuits such as thermometers and
thermostats
e Athermistoris anon-ohmic conductorand sensory resistorwhoseresistance varies with
temperature
o Mostthermistors are negative temperature coefficient ntc) components.
o This means thatif the temperatureincreases, theresistance of the thermistor
decreases (andviceversa)
¢ Thetemperature-resistance graph forathermistoris shown below

Temp.

PTC

NTC

L

Resistance

e Thermistors are temperature sensors and are used in circuits in ovens, firealarms and
digitalthermometers
o Asthethermistorgets hotter, its resistance decreases
o Asthethermistorgets cooler, its resistanceincreases
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Theresistance through a thermistor is dependent on the temperature of it

*> Worked Example

Athermistoris connectedin series with aresistor Rand a battery.

[ el

N
N
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Theresistance of the thermistoris equal to the resistance of Ratroom temperature.

Which statement describes the effect when the temperature of the thermistor
decreases?

A

B
C.
D

The p.dacross the thermistorincreases

. Thecurrentin Rincreases

The current through the thermistor decreases

. Thep.dacross Rincreases

ANSWER: A

Step 1: Outline the nature of a thermistor

¢ Theresistance of the thermistorincreases as the temperature decreases

Step 2: Consider the properties of currentin a series circuit



Sincethe thermistorandresistor R are connectedin series, the current /in both of themis
thesame

Step 3: Consider arelevant equation

Ohm’slaw states thatV=IR
Since theresistance of the thermistorincreases, andis the same, the potential difference
Vacrossitincreases

Step 4: State the conclusion

Therefore, statement Ais correct



Modelling the Variation of Resistance with lllumination

e Lightcancauseachangein conductivity of some semi-conductors
¢ Whenlightis absorbed by the material it causes more electrons to be available for
conduction

Dark Daylight ~ Sunlight

10 e e
| |
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Resistance LN ! !
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10 | | |
0.1 ILLUMINATION 1000
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¢ Anincreaseinthe numberof conduction electrons reduces theresistance



Resistance & llluminationfor LDRs

e Alight-dependentresistor(LDR) is a non-ohmic conductorand sensory resistor
e |tsresistance automatically changes depending on thelight energy fallingontoit

(illumination)

¢ Asthelightintensity increases, theresistance of an LDR decreases
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MORE LIGHT
LOWER RESISTANCE
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HIGHER RESISTANCE

N

Resistance of an LDR depends on thelight intensity falling on it

¢ Thisis shown by the following graph:

)

Resistance
(inohms) |

Light Dependent Resistor
(LDR).

Light Intensity




Graph of light intensity andresistance foranLDR

e | DRscanbeusedaslightsensors, so, they are usefulin circuits which automatically switch
onlights whenit gets dark, forexample, streetlighting and garden lights
o Inthedark,itsresistanceis very large (millions of ohms)
o Inbrightlight,its resistanceis small(tens of ohms)

DAYTIME HAS HIGH LIGHT AT NIGHT, THERE IS LOW LIGHT
INTENSITY —> LDR KEEPS LIGHTS INTENSITY —> LDR SWITCHES
TURNED OFF LIGHTS ON

LDRs are used for automatic street lights

) Worked Example

The graphs show various possible relationships between current and voltage
through a component.

ULV VN

A

Which graph bestrepresents the relationship between the current and voltage of
anLDR?



ANSWER: A
|

INCREASING GRADIENT MEANS THE
VALUE OF R 1S DECREASING

(SINCE GRADIENT = 1F{)

V

Step 1: Consider therelationship betweenlight intensity and resistance

o Aslightintensity increases, resistance decreasesinanLDR
o Iftheresistance decreases then the potential difference willincrease

Step 2: Consider arelevant equation

o Ohm’slawstatesthatV=IR
o Theresistanceis equaltoV/lor1/R=1/V = gradient of the graph
= Since Rdecreases, thevalue of 1/Rincreases, so the gradient mustincrease

Step 3: State the conclusion

o Therefore, [increases with changing Vwith anincreasing gradient
o Thisisseeningraph A
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