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Defining an Electric Field

¢ Anelectric fieldis defined as aregion of space in which a charged particle experiences a

force
o Hence, electric fields are a type of force field

e Thecharged particle could be stationary ormoving, and will experience an electric forcein

that field

¢ Allcharged particles create theirown electric fields

o These fields exert an electrostatic force, Fg on othercharged particles
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The electrostatic force between two charges

e Likecharges (positive and positive, ornegative and negative) repel each other
o This means the force on each charge are away from the other charge

* Opposite charged(positive and negative) attract each other

o This means the force on each chargeis towards the othercharge

¢ Thesize of the force changes with distance
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Arepulsive force decreases with distance



¢) ExamTip
¥ Electric fields are slightly differentin that a charged particle will experience a forcein
this field whetherit's stationary ormoving. Don't get this mixed up with a magnetic
field, where a charged particle only experiences a forceiif it's moving.



Electric Field Strength
» Theelectricfield strength ata pointis defined as:
The force perunit charge acting on a positive test charge at that point

e Theelectric field strength can be calculated using the equation:
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e Where:
o E=electric field strength (NC™)
o F=electrostatic force on the charge (N)
o Q=charge(C)

e |tisimportanttouse a positive test charge in this definition, as this determines the direction
of the electric field
¢ Recall, the electric field strengthis a vector quantity, itis always directed:
o Away from a positive charge
o Towards a negative charge
e This directionis also denoted by the direction of the electric field

*> Worked Example

Acharged particleis in an electric field with electric field strength 3.5 x 104N C-'
where it experiences a force of 0.3 N.

Calculate the charge of the particle.



Step 1: Write down the equation for electric field strength

Ol

Step 2: Rearrange for charge Q

Q=

milm

Step 3: Substitute in values and calculate

03
e _8571x10°=86x10°C (2s.
Q=35- 100 * @s

(’) ExamTip

¥ Whilethe defining equation for electric field strength, E=F / Qs defined fora
positive test charge, itis stilluseable for negative charges in an electric field. You will
find that, if you substitute a negative charge in for @, the electric field strength Eis
alsonegative. This simply means that the vectorrepresenting the field points in
the oppositedirection than it would for a positive charge, as you should expect.
Make sure you can interpret the direction of electric fieldlines foryour exam!



Electric Force between Two Charges

Allcharged particles produce an electric field around them
o This field exerts a force on any other charged particle withinrange

The electrostatic force between two charges is defined by Coulomb’s Law
o Recallthatthe charge of a uniform spherical conductor can be considered as a point
charge atits centre

Coulomb’s Law states that:

The electrostatic force between two point charges is proportional to the product
of the charges and inversely proportional to the square of their separation

The force Fg between two charges as expressed by Coulomb's Law is given by the
equation:

_uQ
£ Amggr2
r

A
Y

\I/

The electrostatic force between two charges is defined by Coulomb’s Law

Where:
o Fg=-electrostatic force between two charges (N)
o Qrand Q2 =two point charges (C)
o go=permittivity of free space
o r=distance between the centre of the charges (m)

The1/r? relation is called the inverse square law

This means that when the separation of two charges doubles, the electrostatic force
between them reduces to (V2)2 = V4 of its original size

gois aphysical constant usedto show the capability of a vacuum to permit electric fields

If @ and Q2 are oppositely charged, then the electrostatic force Fgis negative
o This canbeinterpretedas an attractive force between Q;and Q2

If @ and Q7 are the same charge, then the electrostatic force Fgis positive
o This canbeinterpreted as arepulsive force between Qand Q>



Electric Field due to a Point Charge

¢ Theelectric field strength describes how strong orweak an electric fieldis at that point
¢ Apointcharge produces aradial field
o Achargespherealsoacts like a point charge

» Theelectric field strength Eat a distancerdue to a point charge Qin free spaceis defined
by:
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¢ Where:
o Q=thepointcharge producing theradial electric field (C)
o r=distance from the centre of the charge (m)
o gg=permittivity of free space (Fm™)

e This equation shows:
o Electric field strengthin aradial field is not constant
o Asthedistancefromthe chargerincreases, E decreases by a factor of 1/r2

e Thisisaninverse squarelaw relationship with distance
o This means the field strength E decreases by a factor of four when the distanceris
doubled

* Note: this equationis only for the field strength around a point charge since it produces a

DN
R

N

POSITIVE POINT NEGATIVE POINT
CHARGE CHARGE

Positive and negative point charges and the direction of the electric fieldlines

¢ Theelectric field strengthis a vector Its direction is the same as the electric field lines
o Ifthechargeis negative, the E field strength is negative and points towards the centre
of thecharge
o Ifthechargeis positive, the E field strength is positive and points away from the centre
of thecharge

¢ This equationis analogous to the gravitational field strength around a point mass



o Theonly differenceis, gravitational field lines are always towards the mass, whilst
electric fieldlines can be towards or away from the point charge

e The graph of Eagainstrforachargeis:
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The electric field strength E has a 1/r? relationship

¢ The key features of this graph are:
o Thevalues for Eare all positive
Asrincreases, Eagainstrfollows a 1/rZ relation (inverse square law)
The area under this graphis the changein electric potential AV
The graph has a steep declineasrincreases
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) Worked Example

Calculate the strength of the electric field at a distance of 2m away froman
electron, and stateits direction.

Step 1: Write out the equation for electric field strength

__Q
" 4mrepr?

Step 2: Substitute quantities for charge, distance and permittivity of free space

o]

Thechargeonanelectron Q=-1.6x1077C
Thedistancer=2m

Permittivity of free space g = 8.85 x 10712
Therefore:

(e}

(e}

(e}

c -1.6x10719
T 4mx(8.85%x10712) x 22

=-3.6x1071ONC"

Step 3: State the direction of the field

o Thenegative signindicates the electric fieldis directed towards the electron



¢) ExamTip

¥ Rememberto square the distancein the electric field strength equation! Don't get
this mixed up with the electric force between two charges equation, which has two
charges (Q) inthe equation, whilst the equation for Eonly has 1@, which is the one
producing the electric field.



Electric Field & Potential

e Apositive testcharge has electric potential energy due toits position in an electric field
¢ Theamount of electric potential energy depends on:

o Themagnitude of charge

o Thevalue of the electric potential in the field
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Work is done on a positive test charge Q to move it from the negatively chargedplate A to
the positively chargedplate B. This means its electric potential energy increases

o Electric potentialis defined as the amount of work done per unit of charge at that point

¢ Astrongerelectric field means the electric potential changes more rapidly with distance as
thetest charge moves through it

¢ Hence, therelationship between the electric field strength and the electric potential is
summarised as:

The electric field strengthis proportional to the gradient of the electric potential

e Thismeans:
o Iftheelectric potential changes very rapidly with distance, the electric field strengthiis
large
o Iftheelectric potential changes very gradually with distance, the electric field strength
is small

¢ Anelectric field can be definedin terms of the variation of electric potential at different
points in the field:

The electric field at a particular point is equal to the gradient of a potential-
distance graph at that point

¢ Thepotential gradientin an electric fieldis defined as:

Therate of change of electric potential withrespect to displacementin the
direction of the field



¢ The graph of potential Vagainst distance rforanegative or positive chargeis:
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The electric potential around a positive charge decreases with distance andincreases with

distance around a negative charge

¢ Thekey features of this graphare:

o

o

o}

o}

o

Thevalues for Vare allnegative fora negative charge

Thevalues for Vare all positive for a positive charge

Asrincreases, Vagainstrfollows a 1/rrelation for a positive charge and -1/rrelation for
anegativecharge

The gradient of the graph at any particular pointis the value of Eat that point

The graph has a shallow increase (ordecrease) as rincreases

¢ Theelectric potential changes accordingto the charge creating the potential as the
distancerincreases from the centre:

o}

o}

If the chargeis positive, the potential decreases with distance
If the chargeis negative, the potentialincreases with distance



Electric Field between Parallel Plates

The magnitude of the electric field strength in a uniform field between two charged parallel
platesis definedas:

o<

Where:
o E=electric field strength (Vm™)
o V=potential difference between the plates (V)
o d=separation between the plates (m)

The electric field strength is now defined by the units Vm-!
o Therefore, theunits Vm'are equivalenttotheunits N c!

The equation shows:
o The greaterthevoltage (potential difference) between the plates, the stronger the
field
o The greaterthe separation between the plates, the weaker the field

Remember this equation cannot be used to find the electric field strength around a point
charge (since this would be a radial field)

The direction of the electric field is from the plate connected to the positive terminal of the
celltothe plate connected to the negative terminal
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The E field strength between two charged parallel plates is theratio of the potential
difference andseparation of the plates

* Note: if one of the parallel plates is earthed, ithas avoltageof OV

*> Worked Example

o -
Two parallel metal plates are separated by 3.5 cm and have a potential difference of

7.9kV.

Calculate the electric force acting on a stationary charged particle between the
plates thathas achargeof 2.6 x10°° C.

Step 1: Write down the known values

o Potential difference, V=7.9kV=7.9x103V
o Distance betweenplates,d=3.5cm=3.5x10"2m
o Charge, @=2.6x10"°¢C

Step 2: Calculate the electric field strength between the parallel plates

_3
=
3
= % =2.257 X 10°V m"

Step 3: Write out the equation for electric force on a charged particle
F=QE
Step 4: Substitute electric field strength and charge into electric force equation

F=QE=(2.6x107°)x(2.257x10% =5.87x 107N =5.9x 100N (25.f.)

(') ExamTip

Remember the equation for electric field strength with Vand dis only used for
parallel plates, and not for point charges (where you woulduse E=F/Q)



Electric Potential for a Radial Field
Electric Potential Energy

¢ Inordertomove a positive charge closerto another positive charge, work must be done to
overcome the force of repulsion between them
o Similarly, to move a positive charge away from a negative charge, work must be done
to overcome the force of attraction between them

e Energyis therefore transferred to the charge thatis being pushed upon
o This means its potential energy increases

o |fthe positive chargeis free to move, it will start to move away from the repelling charge
o As aresult, its potential energy decreases backto O

e Thisis analogous to the gravitational potential energy of a massincreasing asitis being
liftedupwards and decreasing as it falls
¢ Theelectric potential at a pointis defined as:

The work done per unit charge inbringing a positive test charge frominfinity to that
point

e Electric potentialis a scalar quantity
o This meansitdoesn’t have a direction

¢ However, you will still see the electric potential with a positive or negative sign. This is
because the electric potentialis:
o Positivearoundanisolated positive charge
o Negativearoundanisolated negative charge
o Zero atinfinity

¢ Positiveworkis doneto move a positive test charge frominfinity to a pointaround a
positive charge and negative work is done to moveit to a point around a negative charge.
This means:

o When a positive test charge moves closerto a negative charge, its electric potential
decreases

o When a positive test charge moves closer to a positive charge, its electric potential
increases



Electric Potential due to aPoint Charge

e Theelectric potential in theradial field due to a point chargeis defined as:

Q
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¢ Where:
o V=theelectric potential (V)
Q@ =the point charge producing the potential (C)
o gp=permittivity of free space (Fm™)
o r=distance from the centre of the point charge (m)

(e}

¢ This equation shows that fora positive test charge:
o Asthedistancerfromthe charge Q decreases, the potential Vincreases (becomes
more positive)
o Thisis because morework has to be done on the positive test charge to overcome the
repulsive force of @

e Foranegativetestcharge:


https://www.savemyexams.co.uk/

o Asthedistance fromthe chargerdecreases, the potential Vdecreases (becomes
more negative)

o Thisis becauseless workhas tobe done onthe negative test charge since the
attractive force becomes strongerthe nearerit gets to @

¢ Unlike the gravitational potential equation, the electric potential can be positive or
negative, because Q can be positive ornegative
¢ Theelectric potential varies accordingto1/r
o Note, this is different to electric field strength, which varies accordingto1/r?

7 Worked Example

The electric potential at a distance rfrom a protonis V.

Whatis the value of the electric potential at a distance three-times farther?

Step 1: Write the equation for electric potential
o The electric potentialis given by the equation:

Q

4Ttsor

Step 2: Write the transformed equation for a distance three times as large

o

The charge Qremains constant (due to the proton)
The potential Vbecomes V'

The distancerbecomes 3r

Hence the transformed equation becomes:

O 1 Q0 1

- 4me, (31) 3 ame, 3
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Step 3: Write a conclusion

o Therefore, when the distance from a charge Q gets three times larger, the value of the
electric potential decreases by a factor1/3, because the potentialis inversely
proportional to distancer
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(’) Exam Tip

o Electric potential Vis inversely proportional to radial distance,

» Electric field strength Eis inversely proportional to radial distance squared,

e Make sure youremember these variations and that you can describe themin
words!

Oneway torememberwhetherthe electric potentialincreases ordecreases with
respect to the distance from the chargeis by the direction of the electric field lines.
The potential always decreases in the same direction as the field lines andvice
versa.
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Using Field Lines & Equipotential Diagrams

e Thedirection of electric fields is represented by electric field lines
¢ Electric fieldlines are directed from positive to negative
o Therefore, the field lines must be pointed away from the positive charge and towards
the negative charge
o Hence, fieldlines show the direction of force on a positive test charge

Representing Radial Fields

e Aradial field spreads out from a spherical chargein all directions
o e.g.thefieldarounda pointcharge

¢ Arounda point charge, the electric fieldlines are directly radially inwards or outwards:
o Ifthechargeis positive (+), the fieldlines are radially outwards
o Ifthechargeis negative (-), the field lines are radially inwards

FIELD LINES ARE
DRAWN PERPENDICULAR
TO THE CHARGE

_

FIELD LINES FIELD LINES
DIRECTED \/ DIRECTED
AWAY FROM /+ TOWARDS

A POSITIVE :\ A NEGATIVE
CHARGE CHARGE
POSITIVE POINT NEGATIVE POINT
CHARGE CHARGE

Radial electric field lines point away from a positive charge and point towards a negative
charge

e This shares many similarities to radial gravitational field lines around a point mass
o Since gravity is only attractive, the field lines will look similar to the negative point
charge, directedinward
o However, electric fieldlines can bein either direction

¢ Theelectric field strengthin a radial field follows aninverse square law
o This means the field strength varies with distance rby 1/r?

Representing Uniform Electric Fields

¢ Auniform electric field has the same electric field strength throughout the field
o Forexample, the field between oppositely charged parallel plates

¢ Thisis represented by equally spaced fieldlines

apers
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o This shares many similarities to uniform gravitational field lines on the surface of a
planet

¢ Anon-uniform electric field has varying electric field strength throughout

e Thestrength of an electric field is determined by the spacing of the field lines:
o Astronger fieldis represented by the fieldlines closer together
o Aweaker fieldis represented by the field lines further apart

The electric field lines are directed from the positive to the negative plate

The electric field strength in a uniform field is given by the equationE=V/d
o Hence, Eproportional to the potential difference Vbetween the plates
o Eisinversely proportionalto the distance dbetween the plates

Equipotential Diagrams

e Equipotentiallines (2D) and surfaces (3D) join together points that have the same electric
potential
e Thesearealways:
o Perpendicular to the electric field lines in both radial and uniform fields
o Represented by dotted lines (unlike field lines, which are solid lines with arrows)

¢ Thepotential gradientis defined by the equipotential lines
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Equipotential lines in aradial field are circles, showing lines of equal potential around a
charge. They intersectradial fieldlines at 90°
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Equipotential lines in a uniform field are straight lines. They too intersect uniform fieldlines
at90°

*> Worked Example

Sketch the electric fieldlines between the two point charges in the diagram below.

© O

¢ Electric fieldlines around point charges are radially outwards for positive charges and
radially inwards fornegative charges
¢ Thefieldlines must be drawn with arrows from the positive charge to the negative charge

¢ Inaradial field (eg. a point charge), the equipotentiallines:
o Areconcentric circles aroundthe charge
o Become furtherapart furtheraway fromthe charge
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¢ Inauniform field (eg. between charged parallel plates), the equipotential lines are:
o Horizontal straightlines
o Parallel
o Equally spaced

* No work is done when moving along an equipotential line or surface
¢ Workis only done when moving between equipotentialllines or surfaces
o This means that an object travelling along an equipotential doesn'tlose or gain energy
andAV=0

(’) Exam Tip

Always label the arrows on the field lines! The lines must also touch the surface of the
source charge or plates.



Capacitance

Capacitors are electrical devices used to store energy in electronic circuits, commonly fora
backuprelease of energy if the power fails
Capacitors do this by storing electric charge, which creates a build up of electric potential
energy
They are made in the form of two conductive metal plates connectedto a voltage supply
(parallel plate capacitor)

o Thereis commonly a dielectricin between the plates, to ensure charge does not flow

across them

The capacitor circuit symbolis:

The capacitor circuit symbolis two parallel lines

Capacitors are marked with a value of their capacitance
Capacitanceis definedas:

The charge stored per unit potential difference (between the plates)
The greaterthe capacitance, the greaterthe charge stored in the capacitor

The capacitance of a capacitoris defined by the equation:

&Q
V
Where:

o C=capacitance(F)

o Q=chargestored(C)

o V=potential difference across the capacitor plates (V)
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A capacitorusedinsmall circuits

o Capacitanceis measuredin the unit Farad (F)
o Inpractice, 1Fis averylargeunit
o Oftenit willbe quotedin the order of micro Farads (uF), nanofarads (nF) or picofarads

(oF)

« |fthe capacitoris made of parallel plates, Qis the charge on the plates and Vis the potential
difference across the capacitor
o Thecharge Qis not the charge of the capacitoritself, itis the charge storedon the
plates

¢ This capacitance equation shows thatan object’s capacitanceis theratio of the charge
stored by the capacitor to the potential difference between the plates

) Worked Example
[ ]
Aparallel plate capacitorhas a capacitance of 1nF andis connectedto avoltage
supply of 0.3kV.

Calculatethe charge ontheplates.

Step 1: Write down the known quantities

o Capacitance, C=1nF=1x10"%F
o Potential difference, V=0.3kV=0.3x103V

Step 2: Write out the equation for capacitance

Q
& =
V
Step 3: Rearrange forcharge Q
=CV

Step 4: Substituteinvalues

Q=(1x10"7)x(0.3x10%)=3x107C=300nC

6

") ExamTip

The ‘charge stored’ by a capacitorrefers to the magnitude of the charge stored on
each platein a parallel plate capacitor oron the surface of a spherical

conductor. Theletter ‘C’ is used both as the symbol for capacitance as well as the
unit of charge (coulombs). Take care not to confuse the two!
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Energy Stored by a Capacitor

* When charging a capacitor, the power supply 'pushes’ electrons to one of the metal plates
o Ittherefore does work on the electrons and electrical energy becomes stored on the
plates

e Thepowersupply 'pulls’ electrons off of the other metal plate, attractingthemto the
positive terminal
o This leaves one side positively charged, while the other side becomes negatively
charged
o Hence, in this way, chargeis 'stored' by the capacitor

e Gradually, this stored charge builds up
o Adding more electrons to the negative plate at firstis relatively easy since thereis little
repulsion

¢ Asthecharge of thenegative plateincreases, i.e., becomes more negatively charged, the
force of repulsion between the electrons on the plate and the new electrons being pushed
ontoitincreases

¢ This means a greateramount of work must be done toincrease the charge on the negative
plate orin otherwords:

The potential difference across the capacitorincreases as the amount of charge
increases

Alternative Equations for Energy Stored

e Theenergy stored by a capacitoris given by:

1
W==QV
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¢ Substituting the charge Q with the capacitance equation Q = CV, the energy stored can
also be calculated by the following equation:

1
W_ECVZ

e By substituting the potential difference V, the energy stored can also be definedin terms of
justthe charge stored Q and the capacitance, C:

QZ

W= 20

*> Worked Example

Calculatethe changein the energy storedin a capacitor of capacitance 1500 pF
when the potential difference across the capacitorchanges from10Vto 30 V.

Step 1: Write down the equation for energy stored, in terms of Cand V and list the
known values

1
= —CV2
E 2CV

Capacitance, C=1500uF
Finalp.d,V,=30V
Initial p.d V7=10V

Step 2: The changein energy stored in proportional to the changeinp.d

1 1
AE = c(av?) =§C(V22 - V.2

Step 3: Substituteinthe values

1
AE = 5 (1500 x 1076) (302-202) =0.4J

(’) Exam Tip

* Energy stored orwork done are used interchangeably (and sometimes written as E
or Was shown above). You should be comfortable linking the two equivalentideas -
the energy storedin the capacitoris equal to the work done oniit, by the power
supply which charges it. Make sure you can apply each of the three equations given
above!



Area Under a Potential Difference-Charge Graph

¢ Thecharge stored Q on the capacitoris given by the equation @ =CV
o Therefore, the charge stored Q is directly proportional to the potential difference
across theplates V

¢ The graph of charge against potential difference s therefore a straight line graph through
the origin

e The gradient of the graph represents the capacitance C, whichis a constant

e Theelectrical (potential) energy storedin the capacitor can be determined from the area
under the potential-charge graph whichis equal to the area of aright-angled triangle:

1
Area = = x base x height

2
" 1 a Slope = g s S
L& Charge (C) Yoo
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The area under a potential difference-charge graph represents the energy storedby a
capacitor

e Therefore the work done, orenergy stored Win a capacitoris defined by the equation:
W= 1 \%
=3 Q

e Where:
o W=-energy stored(J)
o @=chargestored(C)
o V=potential difference across the plates (V)



Charge & Discharge Curves

Charging Curves

e Capacitors are charged by a power supply (e.g. a battery)

¢ When charging, electrons are 'pulled’' from the plate connected to the positive terminal of
the power supply

o Hencetheplate nearestthe positive terminal is positively charged

¢ Oppositely, electrons are 'pushed' onto the plate connected to the negative terminal
o Hencetheplate nearest the negative terminalis negatively charged

¢ Asthenegative charge builds up, fewer electrons are pushed onto the plate due to
electrostatic repulsion from the electrons already on the plate
¢ When nomore electrons can be pushed onto the negative plate, the charging stops

A

+ =3 |
+ = |
+ =3 |
m
+ = |
+ = |
+ = |
S N

Aparallel plate capacitoris made up of two conductive plates with opposite charges
building up on eachplate

¢ Atthestartof charging, the currentis large and gradually falls to zero as the electrons stop
flowing through the circuit

o Thecurrent decreases exponentially

o This means therate at which the charge decreases is proportional to the amount of
chargeit has left

¢ Since anequalbut opposite charge builds up on each plate, the potential difference
between the plates slowly increases untilitis the same as that of the power supply



o Therefore, the charge stored on the capacitor plates increases until the potential YOURNOTES
difference across the plates matches that of the power supply 1

I/A V/V Q/C

/{“EXPONENTIAL
DECAY CURVE

V INCREASES
TO A MAXIMUM
VALUE

t/s T/ s t/s

Graphs of variation of current, p.d and charge with time for a capacitor charging through a
battery

¢ Thekey features of the charging graphs are:
o Theshapes of the p.d. and charge against time graphs are identical
The currentagainst time graph is an exponential decay curve
Theinitial value of the current starts on the y axis and decreases exponentially
o Theinitialvalue of the p.dand charge starts at O up to a maximumvalue

o]

o

Discharging Curves

e Capacitors aredischarged through a resistor with no power supply present

* Theelectrons now flow back from the negative plate to the positive terminal of the power
supply until there is potential difference across the capacitor plates

¢ Charginganddischargingis commonly achieved by moving a switch that connects the
capacitorbetween a power supply and aresistor



WHEN THE SWITCH IS WHEN THE SWITCH IS CONNECTED

CONNECTED TO P, THE TO Q, THE CAPACITOR DISCHARGES
CAPACITOR IS CHARGED THROUGH THE RESISTOR
BY THE BATTERY

F Q

O o,

[ T = CAPACITOR

THE MICROAMMETER
RECORDS A LARGE
CURRENT WHICH
GRADUALLY DECREASES

The capacitor charges when connected to terminal P and discharges when connectedto
terminal Q

e Atthestartof discharge, the currentis large (butin the opposite direction to when it was
charging) and gradually falls to zero
¢ Asacapacitordischarges, the current, p.dand charge all decrease exponentially
o This means therate at which the current, p.d orcharge decreases is proportional to the
amount of current, p.d orchargeithas left

¢ The graphs of the variation with time of current, p.d and charge are allidentical and follow a
pattern of exponential decay

I/A/\ V/V/\ Q/C/\
EXPONENTIAL
DECAY CURVE
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Graphs of variation of current, p.dand charge with time for a capacitor discharging through
aresistor

¢ Thekey features of the discharge graphs are:
o Theshapeof the current, p.d. and charge against time graphs are identical
o Each graph shows exponential decay curves with decreasing gradient



o Theinitial values (typically called o, Vo and Qg respectively) start on the y axis and
decrease exponentially

e Therateatwhich a capacitordischarges depends on theresistance of the circuit
o Iftheresistanceis high, the current will decrease more slowly and charge will flow
from the capacitor plates more slowly, meaning the capacitor will take longer to
discharge
o Iftheresistanceislow, the current will decrease quickly and charge will flow from the
capacitor plates quickly, meaning the capacitorwill discharge faster

(") Exam Tip

¥  Makesure you're comfortable with sketching andinterpreting chargingand
discharging graphs, as these are common exam questions. A quick summary to help
you remember:

¢ Discharging curves are allidentical
e Currentdecreases forthe Charging curve (butincreases for potential
difference and charge stored!)



The Time Constant

The time constant of a capacitor discharging through aresistoris a measure of how longit
takes forthe capacitorto discharge
The definition of the time constant for a discharging capacitoris:

The time taken for the charge, current or potential difference of a discharging
capacitorto decrease to 37% of its original value

Alternatively, for a charging capacitor:

The time taken for the charge or potential difference of a charging capacitor torise
t0 63% of its maximum value

37%is 0.37 or1/e(where eis the exponential function) multiplied by the original value (I,
Qo or Vo)

Thisis represented by the Greek lettertau, 7,and measuredin units of seconds (s)

The time constant provides an easy way to compare the rate of change of similar quantities
eg.charge, currentandp.d.

Itis defined by the equation:

Where:
o T =timeconstant(s)
o R=resistance of theresistor (Q)
o C=capacitance of the capacitor(F)

Forexample, to find the time constant for a discharging capacitor:
o Calculate 0.37Vp, where Vg is theinitial potential difference across it
o Determine the corresponding time taken forthe potential difference to decrease to
thatvalue

To find the time constant for a charging capacitor:
o Calculate 0.63V(, where Vg is the maximum potential difference across it
o Determine the corresponding time taken for the potential difference torise to that
value



Required Practical: Charging & Discharging Capacitors
Aim of the Experiment
* Theoverall aim of this experimentis to calculate the capacitance of a capacitor. This is just
one example of how this required practical might be carried out

Variables

¢ Independentvariable =time, t
¢ Dependentvariable= potential difference, V
e Controlvariables:

o Resistance of theresistor

o Currentinthe circuit

Equipment List

Apparatus Purpose

Switch To switch between the charging and discharging circuit
Capacitor To measure the capacitance

10 k{1 Resistor To discharge the capacitor

?pa:“fggf;;m To provide the potential difference across the capacitor
Voltmeter To measure the potential difference across the capacitor
Stopwatch To measure the time taken for the capacitor to discharge

¢ Resolution of measuring equipment:
o Voltmeter=0.1V
o Stopwatch=0.01s

Method



& 250)/3 watt potentiometer
White

LED
Jwatt
-+
T aswc
2.7Amp
_— Charger
—_— battery
T 2700 ,.i!,,
= 1 I ] 01} itch
YW Red Small size Rocker switc
LED
Imm

Jack pin

Male Connector
Smm

1. Setup the apparatus like the circuit above, making sure the switch is not connectedto X or
Y (no current should be flowing through)

2.Setthe battery pack to a potential difference of 10 Vanduse a 10 kQresistor. The capacitor
shouldinitially be fully discharged

3.Charge the capacitor fully by placing the switch at point X. The voltmeterreading should
read the samevoltage as the battery (10 V)

4.Move the switchto pointY

5.Recordthevoltagereadingevery 10 s down toavalue of O V. Atotal of 8-10 readings
should be taken

¢ Anexample table mightlook like this:

FROM

FROM POTENTIAL 42 | VOLTMETER
Ma TIME t/s | DIFFERENCE / V

0.00

10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
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Analysing the Results
* Thepotential difference (p.d) across the capacitanceis defined by the equation:

t
V = Ve RC

¢ Where:
o V=p.dacross the capacitor(V)
o Vp=initialp.dacross the capacitor (V)
o t=time(s)
o e =exponential function
o R=resistance of theresistor(Q)
o C=capacitance of the capacitor(F)

e Rearranging this equation forIn(V) by taking the naturallog(In) of both sides:

VY_ ot
InV0 =—rC

t
In(V) — In(Vo) = ~RC
_
In(V) = S -Teld In(Vo)
¢ Comparing this to the equation of a straightline:y =mx+c

o y=In(V)
o x=t
o gradient=-1/RC
o C= |n(Vo)

1.Plota graph of In(V) against tand draw a line of best fit
2. Calculate the gradient (this should be negative)
3.The capacitance of the capacitoris equal to:

1

T gradient



Evaluating the Experiment

Systematic Errors:

 |fadigitalvoltmeteris used, waituntilthereadingis settled on a valueifitis switching
between two

e |fananaloguevoltmeteris used, reduce parallax error by reading the p.d at eye level to the
meter

¢ Make sure the voltmeter starts at zero to avoid a zero error

RandomErrors:

e Usearesistorwith alargeresistance so the capacitordischarges slowly enough forthe
time to be taken accurately at p.dintervals

e Usinga dataloggerwill provide more accurate results for the p.d at a certain time. This will
reduce the errorin the speed of the reflexneeded to stop the stopwatch at a certain p.d

¢ Theexperiment could be repeated by measuring the time forthe capacitorto charge
instead

Safety Considerations

o Keepwaterorany fluids away from the electrical equipment

e Make sure nowires orconnections are damaged and contain appropriate fuses to avoid a
short circuit ora fire

e Usingaresistorwith too low a resistance willnot only mean the capacitor discharges too
quickly but also that the wires will become very hot due to the high current

e Capacitors can stillretain charge after poweris removed which could cause an electric
shock. These should be fully discharged and removed after a few minutes
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Exponential Discharge in a Capacitor
The Discharge Equation

* When a capacitordischarges through aresistor, the charge stored on it decreases
exponentially

¢ Theamount of charge remaining on the capacitor Q aftersome elapsedtime tis governed
by the exponential decay equation:

Q= Qo e—(t/RC)

e Where;
o @ =chargeremaining(C)
o Qo =initialcharge stored (C)
o e =exponential function
o t=elapsedtime(s)
o R=circuitresistance(Q)
o C=capacitance(F)

Discharge Equation for Potential Difference

e Theexponential decay equation for charge can be usedto derive a decay equation for
potential difference

e Recallthe equation forcharge @ =CV
o [talsofollows thattheinitial charge Qo = CVq (where Vjyis the initial potential
difference)

e Therefore, substituting CVfor Q into the original exponential decay equation gives:

CV=CV, e (t/RO)

¢ Cancelling C from both sides gives the exponential decay equation for potential
difference V:

V= VO e—(t/RC)

e Where:

o V=potential difference aftersometime t (V)
Vo =initial potential difference (V)
t=elapsedtime(s)
o R=resistance(Q)
o C=capacitance(F)

o

o]

o This equation shows that the potential difference also decreases exponentially, from
someinitial value Vo

Discharge Equation for Current
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¢ The exponential decay equation for potential difference can be usedto derive a decay
equation forcurrent

¢ RecallOhm'slaw V=IR
o |tfollows that theinitial potential difference Vg =IgR (where lgis theinitial current)

¢ Therefore, substituting IR for Vinto the decay equation for potential difference gives:

IR =I,Re=(t/RC)

e CancellingRfrom both sides gives the exponential decay equation for current I:

I= ]Oe—(t/RC)

¢ Where:

o [=currentaftersometimet(A)
lo =initial current (A)
t=elapsedtime(s)
R =resistance (Q)
o C=capacitance(F)

(e}

(e}

o

¢ This equation shows that the current also decreases exponentially, from someinitial value
lo

*> Worked Example
o
A10 mF capacitoris fully charged by a 12V power supply and then discharged
through aTkQresistor.

Whatis the discharge current after15s?

Step 1: Write the known quantities

]

Initial potential difference Vo =12V
ResistanceR=1kQ=1000Q
CapacitanceC=10mF=0.01F

o Timeelapsed=15s

]

o]

Step 2: Determine theinitial current g

o Sincetheinitial potential differenceis 12V and theresistanceis 1000 Q, then:

%
[ =—2=—= _0012A
0= R " 1000

Step 3: Write the decay equation for current

o Thedecayequation forcurrentis:

I= Ioe—(t/RC)

Step 4: Substitute quantities and calculate the current after15s
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o Substituting quantities gives the following:
1=(0.012) x (e-(15/1000x0.01)
1=(0.012) x (e71%)
[=(0.012) x(0.223...)
1=2.7x1073A=2.7mA

(’) Exam Tip

Rememberyou can work out initial quantities like current or potential difference or
charge using the equations:

O Vo:loR
° QO:CVO

You willthen usually have enough information to substitute allnecessary values into
the decay equations!

Natural Logarithms & Discharge Equations

¢ The exponential decay equations are notlinear
e Theycanbeturnedintolinearequations by using the natural logarithm function

¢ Recallthe exponential decay equation for charge:
= ~(t/RC)
Q=0Q,¢

 Dividingboth sides by Qg gives:

2 = e~ (t/RC)
O
¢ Taking the naturallogarithm of both sides 'cancels' the exponential function e, giving:
Q t
Inl==1=1 —(t/RC)) = — ——
n ( 0, n(e ) =T

¢ This simplifies to:
1 1 = !
n Q-In QO =~ RC
e Leavinganequation forthe naturallogarithm of charge Q as:
_ 1
InQ= - RCt + anO

e Thisis the equation of a straight line graph, where:
o In Qis plotted on the y-axis
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o tis plottedon the x-axis
o Thegradient of thelineis therefore equalto-1/RC

The natural logarithm of the exponential decay curveline arises it to a straight-line graph
with a gradient equal to -1/RC

» Followingsimilarsteps, thelinearised versions of the decay equations for potential
difference Vis:

1
= _——=t+
InV RCt an0
e Andforcurrentlis:
Inl = ! +1In/
nil= RC't n 0
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Magnetic Flux, Flux Density & Flux Linkage
Magnetic Flux Density

» Thestrength of amagnetic fieldis defined by the density of the magnetic fieldlines,
ormagnetic fluxdensity, at that point
o Magnetic fluxdensity is defined by the symbol B
o ItismeasuredinTesla(T)

e Rearrangingthe equation formagnetic force on a wire, the magnetic flux density is defined
by the equation:

e Where;
o B=magnetic fluxdensity (T)
o F=magnetic force on a current-carrying wire (N)
o |=current(A)

L =length of the wire (m)

o

e Forreference, the Earth's magnetic flux density is around 0.032 mT and an ordinary fridge
magnetis around 5 mT
e Themagnetic fluxdensity is sometimes referred to as the magnetic field strength

Magnetic Flux

e Magnetic fluxis a quantity which signifies how much of a magnetic field passes
perpendicularly through some area
e Forexample, the amount of magnetic flux through a rotating coil will vary as the coil rotates
inthe magnetic field
o Itisamaximumwhen the magnetic fieldlines are perpendicular to the coil area
o |tis ataminimumwhen the magnetic fieldlines are parallel to the coil area

¢ Themagnetic fluxis defined as:

The product of the magnetic flux density and the cross-sectional area
perpendicular to the direction of the magnetic flux density

e Magnetic fluxis defined by the symbol ® (greek letter ‘phi’)
e |tis measuredin units of Webers (Wb)
¢ Magnetic fluxcan be calculated using the equation:

®=BA



¢ This means the magnetic fluxis:

o Maximum = BAwhen cos(0) =1therefore 6 = 0°. The magnetic fieldlines are
perpendicularto the plane of the area
o Minimum = 0 when cos(0) = O therefore 6 = 90°. The magnetic fields lines are parallel to

the plane of the area

¢ Ane.m.fisinducedin a circuitwhen the magnetic fluxlinkage changes with respect to time
¢ Thismeans ane.m.fisinducedwhen thereis:

o Achanging magnetic flux density B
o Achangingcross-sectionalarea A
o Achangeinangle 6

Flux Linkage

The magnetic fluxlinkage is a quantity commonly used for solenoids which are made of N
turns of wire
The fluxlinkageis defined as:

The product of the magnetic flux and the number of turns of the coil
Itis calculatedusing the equation:

Fluxlinkage = ®N = BAN

Where:
o ®=magnetic flux(Wb)
o N=numberof turns of the coil
o B=magnetic fluxdensity (T)
o A=cross-sectional area (m?)

The fluxlinkage ®N has the units of Weber turns (Wb turns)

ers



Magnetic Force on a Charged Particle

The magnetic force on anisolated moving charged particle, such as a proton, is given by
the equation:

F=BQv

Where:
o F=magnetic force on the particle (N)
o B=magnetic fluxdensity (T)
o Q=charge of the particle (C)
o v=speedoftheparticle(ms™)

This is the maximum force on the charged particle, when F, Band v are mutually
perpendicular
o Thereforeif a particle travels parallel to a magnetic field, it willnot experience a
magnetic force

Currentis therate of flow of positive charge
o This means that the direction of the 'current’ fora flow of negative charge (e.g. an
electron beam) is in the opposite direction to its motion

If the charged particleis movingat an angle 0to the magnetic fieldlines, then the size of the
magnetic force Fis given by the equation:

F=BQvsin@

This equation shows that:
o Thesize of the magnetic forceis zeroif the angle dis zero (i.e. the particle moves
parallel to the fieldlines)
o Thesize of the magnetic forceis maximumif the angle 0is 90° (i.e. the particle
moves perpendicular to field lines)



Fleming's Left Hand Rule for a Charged Particle

¢ Fleming’sleft hand rule can be usedto determine the direction of the magnetic forceon a
moving charged particle in a magnetic field
o TheFirst Finger = direction of the magnetic field
o The Second Finger = direction of conventional current (i.e. the velocity of a moving
positive charge)
o The Thumb =direction of the magnetic force

¢ Fleming's Left Hand Ruleisillustratedin theimage below:

A Thrust or
Motion

Magnetic Field

. T

\

Current
. r / \
‘: 2.) ‘?" N \ )
- S

Fleming's Left Hand Rule shows the magnetic force, magnetic field and conventional
current (flow of positive charge) are all perpendicular to each other

» Sincethisisrepresentedin 3D space, sometimes the flow of charge, magnetic force or
magnetic field could be directed into or out of the page, notjust left, right, up and down
¢ Thedirection of the magnetic fieldinto or out of the page in 3D is represented by the
following symbols:
o Dots (sometimes with a circle around them) represent the magnetic field directed out
of the plane of the page
o Crosses represent the magnetic field directedinto the plane of the page
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& & & &
B into the page
Both charges start at path followed by a

the origin negative charge with an initial
welociby in the +y-direction

ath followed by a
prositive charge wi

The charges are identical
except for the sign. The

an inital welocib in radius of the path depends
the +y-direction anm, o, v, and B
24 24 24 24
F=rre ! [ gB

The magnetic fieldinto or out of the pageis represented by circles with dots or crosses

e Thewaytorememberthisis by imaginingan arrow usedin archery or darts:
o Ifthearrowis approachinghead-on, such as out of a page, only the very tip of the
arrow can be seen (a dot)
o Whenthe arrow is moving away, such as into a page, only the cross of the feathers at
the back can beseen(across)

An Electron Movingin a Magnetic Field

e The maximum magnetic force on a moving charged particleis always perpendiculartoits
velocity
o This means magnetic forces cause charged particles to movein a circle

¢ Thedirection of magnetic force on the charged particle can be determined using Fleming's
LeftHandRule
o Theimage below shows an electronincident on a uniform magnetic field B directed
into the page:
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Conventional current

An electron moving to the left as shown s equivalent to a conventional positive charge or
current moving to theright. Using Fleming's Left Hand Rule, the direction of the forcecanbe
determined

According to Fleming's Left Hand Rule:
o Bisdirectedintothe page, therefore the first finger should pointinto the page
o Theconventional current (orvelocity of a positive charge) is directed to the right
(because an electronis moving to theleft), therefore the second finger should point to
theright
o Therefore, the force on the electron as shown by the thumb s initially upwards as it
enters the magnetic field

The force due to the magnetic field is always perpendicular to the velocity of the electron
o Note: thisis equivalent to circularmotion
o Therefore, the magnetic force on a moving chargeis a centripetal force

e Thecentripetal forceis what keeps moving charges following a circular trajectory

Fleming’s Left Hand Rule can be used again to find the direction of the force, magnetic field
andvelocity
o Thekey differenceis that the second finger, representing current | (direction of positive
charge), can now be used as the direction of velocity v of a positive charge

O ExamTip

*  Themost important pointwhen using Fleming's left hand rule is the direction of
the charge (or current flow). This is always the direction of positive charge.
Therefore, for electrons, ornegatively chargedions, you should point your second
finger for the current in the opposite direction to its motion.
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Magnetic Force on a Current-Carrying Conductor

e Acurrent-carrying conductor produces its own magnetic field
o Anexternal magnetic field will therefore exert a magnetic force oniit

¢ Acurrent-carrying conductor (eg. a wire) will experience the maximum magnetic forceif the
current throughitis perpendicular to the direction of the magnetic fluxlines
o Asimple situation would be a copperrod placed within a uniform magnetic field
o When currentis passedthrough the copperrod, it experiences a force which makes it
accelerate

MAGNETS CREATING
AN UNIFORM MAGNETIC
FIELD

CURRENT

ELECTRONS MOVE
THROUGH THE
COPPER ROD

COPPER ROD EXPERIENCES
A FORCE WHEN CURRENT
IS SWITCHED ON

A copperrodmoves within a magnetic field when current is passed throughiit

e Theforce Fonaconductorcarrying current/in a magnetic field with flux density Bis defined
by the equation

F=BILsin @

¢ Where:
o F=magnetic force on the current-carrying conductor(N)
o B=magnetic fluxdensity of external magnetic field (T)
o [=currentinthe conductor(A)
L =length of the conductorin the field (m)
0=angle between the conductorand external fluxlines (degrees)

]

o]

e This equation shows that the magnitude of the magnetic force Fis proportional to:
o Currentl
o Magnetic fluxdensity B
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o Length of conductorin the field L
o Thesine of the angle #between the conductorand the magnetic fluxlines

¢ The maximum force occurs whensin 6 =1
o This means 0 =90°andthe conductoris perpendicular to the B field
o This equation forthe magnetic force now becomes:

F=BIL

e The minimum force (O) iswhensin6=0
o Thismeans 6 = 0°andthe conductoris parallel to the B field

e |tisimportanttonotethata current-carrying conductorwill experience no force if the
currentinthe conductoris parallel to the field

) Worked Example

°
Acurrent of 0.87 Aflows in a wire of length 1.4 m placed at 30° to a magnetic field of

flux density 80 mT.

Calculate the force on the wire.

Step 1: Write down the known quantities

Magnetic flux density, B=80mT=80x10-°T
Current,/=0.87A

Length of wire,L=1.4m

Angle between the wire and the magnetic fluxlines, = 30°

o

o

o

o

Step 2: Write down the equation for the magnetic force on a current-carrying
conductor

F=BILsin o
Step 3: Substitutein values and calculate

F=(80x107%)x(0.87) x (1.4) x sin (30) =0.04872=0.049 N (2 s.f)

@ Exam Tip
et Remember that the direction of current is the flow of positive charge (i.e.

conventional current) and this is in the opposite direction to the flow of electrons
(i.e. electron flow)!
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Fleming's Left Hand Rule for a Current-Carrying Conductor

¢ Fleming's Left Hand Rule was previously used to determine the direction of the magnetic
force on a moving charged particlein a magnetic field
e |tcanalsobeusedtodetermine the direction of the magnetic force on a current-carrying

conductorin a magnetic field
o Thisis becauseinside a conductor(e.g. a wire) there are many charged particles

flowing as a current

¢ Usingthe conventional symbols representing vectors like magnetic flux density Band
force Fthat gointo the page (arrows) or out of the page (dots) we can apply Fleming's Left
Hand Rule to problems in 3D
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YOURNOTES
i

Induced E.M.FinaMoving Coil

Electromagneticinductionis a phenomenon which occurs when an e.m.fisinduced when a
conductormoves through a magnetic field
If thereis a changein magnetic flux ® ormagnetic fluxlinkage N®
o Mechanical work (from moving the conductorin the field) is transformedinto
electrical energy
Therefore, if attached to a complete circuit, a current will be inducedin the conductor
This is known as electromagneticinduction andis defined as:

The processinwhichane.m.fisinduced ina closed circuit due to changesin
magnetic flux (linkage)

This can occureitherwhen:
o Aconductor cuts through a magnetic field
o The magnetic flux (linkage) through a coilchanges, e.g. becomes more orless dense,
orchanges direction

Electromagneticinductionis usedin:
o Electrical generators which convert mechanical energy to electrical energy
o Transformers which are usedin electrical powertransmission

This phenomenon can easily be demonstrated with a magnet and a coil, ora wire and two
magnets

Relative Motion between a Coil and aMagnet

¢ When a coilis connected to a sensitive voltmeter, abar magnet can be movedin and out of
the coiltoinduce an e.m.fin the coil

Galvanometer
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Abarmagnetis movedthrough a coil connected to a voltmetertoinduceane.m.f
The observations are:

¢ When the barmagnetis not moving, the voltmeter shows a zeroreading
o Whenthebarmagnetis held stillinside, or outside, the coil, the rate of change of fluxis
zero, so, thereisnoe.m.finduced

¢ When the barmagnetbegins to moveinside the coil, thereis areading on the voltmeter
o Asthebarmagnet moves, its magnetic fieldlines ‘cut through’ the coil, generating a
change in magnetic flux (AD)
o Thisinduces an e.m.f within the coil, shown momentarily by the reading on the
voltmeter

¢ When the barmagnetis taken back out of the coil, ane.m.fisinducedin the opposite
direction
o Asthe magnet changes direction, the direction of the current changes
o Thevoltmeterwillmomentarily show a reading with the opposite sign

¢ Increasingthe speed of the magnetinduces an e.m.f with a higher magnitude
o Asthe speedofthemagnetincreases, therate of change of fluxincreases

¢ Thedirection of the electric current, and e.m.f,inducedin the conductoris such thatit
opposes the change that produces it
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e Factorsthatwillincreasetheinducede.m.fare:
o Movingthe magnet faster through the coil
o Adding more turns to the coil
o Increasingthe strength of the barmagnet

Rotating Coils

¢ When a coilrotates in a uniform magnetic field, the magnetic flux through the coil will vary
asitrotates
¢ Therefore, since the flux linkage through the coil also varies, this willinduce an e.m.f that
alsovaries
o Themaximum e.m.fis when the coil cuts through the most fieldlines
o Thevaryinge.m.finducedis called an alternating voltage

Even though the flux linkage through the coil is maximum when 6= 0°, the change in flux
linkage is minimal as the coil rotates, so theinduced e.m.fis aminimum. The oppositeis true
when 6= 90°

e Increasingthecoil's frequency of rotationincreases:
o Thefrequency of the alternatingvoltage
o The amplitude of the alternating voltage
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Induced E.M.F between Linked Coils

¢ Ane.m.fcanbeinducedina coilwhen thereis a change of currentin another coil linked with
this coil
o Thisiswhathappensin atransformer

Transformers

e Atransformeris a device thatworks by the principles of electromagnetic induction
e |tchanges high alternatingvoltages atlow current to low alternating voltage at high
current, andviceversa

¢ Atransformeris made up of:
o Aprimary coil
o Asecondary coil
o Anironcore

¢ Theprimary and secondary coils are wound around the softiron core
o Thesoftiron coreis necessary becauseit creates fluxlinkage between the primary
andsecondary coils
o Softironis usedbecauseit can easily be magnetised and demagnetised

_—flux in iron ore

a.c.

e 2 induced
supply "o

' emf

(]

Fry
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= - g

- -
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LJJ

primary cail secondary coil

Flux linking twe transformer coils

Coils are magnetically linked, through their combined magnetic fluxlinkage, using a soft
ironcore

Inthe primary coil, an alternating current producing an alternating voltage is applied
o This creates an alternating magnetic field inside the iron core and therefore a
changingmagnetic fluxlinkage

Achanging magnetic field passes through to the secondary coil through theiron core
o Thisresults in a changing magnetic fluxlinkage in the secondary coiland from
Faraday's Law, ane.m.fisinduced

Ane.m.fproduces an alternating output voltage from the secondary coil
The output alternating voltageis at the same frequency as the input voltage


https://www.savemyexams.co.uk/?utm_source=pdf
https://www.savemyexams.co.uk/

Lenz's Law

e Lenz'sLawis usedto predict the direction of aninduced e.m.fin a coil or wire
e Lenz'sLawis summarised below:

Theinduced e.m.fis setup inadirectionto produce effects that oppose the
change causingit

Experimental Evidence for Lenz’s Law

e Toverify Lenz's Law, the only apparatus neededis:
o Abarmagnet
o Acoil of wire
o Asensitiveammeter

¢ Note, acellis notrequired

Electran flow

N s

SE—

L
L

Movement of
wire

Lenz’s law can be verified using a coil connectedin series with a sensitive ammeterandabar
magnet

¢ Aknown pole (eithernorth orsouth) of a barmagnetis pushedinto the coil
o Thisinduces ane.m.fin the cail
o Theinducede.m.fdrives a current (becauseitis a complete circuit)
e Lenz'sLawdictates:
o Thedirection of the e.m.f,andhence the current, must be set up to oppose the
incoming magnet
o Since anorth pole approaches the coilface, thee.m.f must be setup tocreatean
induced north pole
o Thisis because two north poles willrepel each other

e Thedirection of the currentis therefore as shownin theimage above
o Thedirection of current can be verified using theright hand grip rule
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o Fingers curlaround the coilin the direction of current and the thumb points along the
direction of the fluxlines, from north to south

o Therefore, the current flows in an anti-clockwise direction in theimage shown, in order
toinduce a north pole opposing theincoming magnet

¢ Reversing the magnet direction would give an opposite deflection on the voltmeter
o Lenz's Law now predicts a south poleinduced at the coil entrance
o This would attract the north pole attempting toleave
o Therefore, theinduced e.m.f always produces effects to oppose the changes causing
it
e Lenz'sLawis adirect consequence of the principle of conservation of energy
o Electromagnetic effects willnot create electrical energy out of nothing
o Inordertoinduce andsustain ane.m.f, forinstance, work must be donein orderto
overcometherepulsive effectduetolLenz's Law

(’) ExamTip

* Atypical exam question may ask you to explain the presence of the negative signin
Faraday's Law, which is the equation that tells you the size of theinduced e.m.f cas:

You shouldrememberthat the negative signis representative of Lenz's Law, which
says thattheinduced e.m.f ¢is set up to oppose the change causingit. The
‘change’ causinganinducede.m.f,in this case, is the changing fluxlinkage

(represented by the quantity ).
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Faraday's Law

e Faraday's Law connects therate of change of fluxlinkage withinduced e.m.f
¢ [|tisdefinedinwords as:

The magnitude of theinduced e.m.f is directly proportional to the rate of change of
magnetic fluxlinkage

e Faraday'sLaw as anequationis definedas:

_ AN®)
At

&

e Where:
o g=inducede.m.f(V)
o A(N) =changein fluxlinkage (Wb turns)
o At=timeinterval(s)

¢ |ftheinterval of time becomes very small(i.e., in the limit of At > O) the equation for
Faraday's Law can be written as:

_ dN®)

C o dt

&

CombiningLenz's Law and Faraday's Law
e CombiningLenz's Lawinto the equation for Faraday's Law is written as:

d(N®)
Tt

8:

¢ Thenegative signrepresents Lenz's Law
o Thisis becauseitshows theinducede.m.f ¢is setupinan 'opposite direction’ to
oppose the changing fluxlinkage

e This equation also shows that the gradient of the graph of magnetic flux (linkage) against
A(N®D)
At
o Note: the negative sign means if the gradient is positive, theinduced e.m.f is negative
o Thisisagainduetolenz's Law, which says the e.m.fis setup to oppose the effects of

the changing fluxlinkage

time, represents the magnitude of theinducede.m.f
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Alternating Currents & Potential Differences
¢ Analternating current(a.c) is defined as:
A current which periodically varies between a positive and negative value

e This means the direction of an alternating current switches every half cycle
¢ Thevariation of current, or p.d., with time can be described as a sine curve ie. sinusoidal
o Therefore, the electrons in a wire carrying a.c. move back and forth with simple
harmonic motion

¢ Aswith SHM, therelationship between time period T and frequency ffora.cisrelated by the
equation:

!
- f

¢ Where:
o T=time period(s)
o f=frequency (Hz)

e Peakcurrent(lp), orpeakvoltage (Vp), is defined as:
The maximum value of the alternating current or voltage

e Peakcurrent, orvoltage, can be determined from the amplitude of a current-time or
voltage-time graph

¢ The peak-to-peak current orvoltageis the distance between a positive and consecutive
negative peak. This means:

The graph below of current against time shows four different
sources of current. Which one of the four lines does not represent

an alternating current?

Current (A)

)
[C

L;nez

Graph of alternating current against time showing the time period, peak current and peak-
to-peak current
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Root-Mean-Square Current & Voltage

¢ Root-mean-square (rms) values of current, orvoltage, are a useful way of comparinga.c
current, orvoltage, toits equivalent direct current(d.c), orvoltage

e Thermsvalues represent the direct current, orvoltage, values that will produce the same
heating effect, or powerdissipation, as the alternating current, orvoltage

¢ Thermsvalue of an alternating current is defined as:
The equivalent direct current that produces the same power

e Inotherwords, anrms currentis ‘equivalent’,in a sense, toa DC current, because they
produce the same overall effectin a circuit

e Thermsvalue of an alternating voltageis similarly defined as:
The equivalent dc voltage that produces the same power

e Rms currentis equalto 0.707 x |o, which is about 70% of the peak current I
o Thisis alsothe caseforrmsvoltage

_____ peak
r effective or AMS

AT age
7

pos | 1 ve

_.__I'H Axim IJI'I1_._|

TIME

YOLTAGE
magimum
negative

a

Vimsandpeak voltage. Therms voltageis about 70% of the peak voltage
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Root-Mean-Square Current & Potential Difference

e Theroot-mean-square (rms) current /s is defined by the equation:

| lo
rms — 2
e Where:
o |p=peakcurrent(A)

e Thermsvoltage V;ysis defined by the equation:
Vo
Vims = 7=
V2

e Where:
o Vo=peakvoltage(V)

e Rms currentis equalto 0.707Ip, which is about 70% of the peak current /g
o Thisis alsothe caseforrmsvoltage

> Worked Example
°
An electric ovenis connectedto a 230 Vroot mean square (rms) mains supply using
acable of negligible resistance.

Calculate the peak-to-peak voltage of the mains supply.

Step 1: Write down the V,,,s equation

\Y/ = E
rms ‘[2
Step 2: Rearrange for the peak voltage, Vo
Vo=v2xVims
Step 3: Substitutein the values
Vo=v2x230

Step 4: Calculate the peak-to-peak voltage
o Thepeak-to-peakvoltageis the peakvoltage (Vo) x 2

Peak-to-peakvoltage =(vV2x230) x 2=650.538 =651V (3s.f)
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O Exam Tip

*  Youare expectedto know how to apply these equations, which simply relate the
peak current orvoltage of an AC circuit toits rms value.

Remember, the rms valuein an AC circuit is equivalent to values of current and
voltage that would produce the same heating effect in DC circuits. This means,
you canuse the rms values in AC circuits for equivalent calculations involving DC
circuits.
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