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Emf, Magnetic Flux & Magnetic Flux Linkage
Electromagnetic Induction

¢ When a conducting wire moves through a magnetic field, a potential differenceis created
alongthe wire
o Ifthewireis part of a closed circuitthenane.m.fisinduced

¢ We can produce a currentin a wire simply by moving a magnetneartoit
o Electricalenergyis produced by the system since work is done on the wire by moving
the magnet relative to the free electrons within it

¢ Therefore, electromagneticinductionis the term appliedwhen ane.m.f.isinducedin a
closed circuit conductor due to it moving through a magnetic field
o Examples are a flat coil ora solenoid

* Electromagneticinduction happens when a conductor cuts through magnetic fieldlines
o Theamountof e.m.finduced is determined by the magnetic fluxand the area on which
the magnetic field acts

Magnetic Flux
¢ Magnetic fluxis defined as:

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

» Magnetic fluxwhen the field and motion are at 90° can be calculated using the simple
equation:

®=BA
o Where:
= O =magnetic flux(Wb)
= B=magnetic flux density(T)
= A=cross-sectionalarea(m?)

Changing Angle
¢ Thefluxis the totalmagnetic field that passes through a given area
o |tis amaximumwhen the magnetic fieldlines are perpendicular to the plane of the

area
o Itis zerowhen the magnetic field lines are parallel to the plane of the area

e Foracoil,theamount of magnetic flux varies as the coil rotates within the field
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MAGNETIC YOURNOTES
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The magnetic fluxis maximum when the magnetic fieldlines and the area they are travelling
through are perpendicular

¢ Inotherwords, magnetic fluxis the number of magnetic field lines through a given area

* When the magnetic fieldlines are not completely perpendicularto the area A, then the
component of magnetic flux density Bis perpendicularto the area is taken
e Theequationthenbecomes:

® =BAcos(0)

e Where;

o ®=magnetic flux (Wb)

o B=magnetic fluxdensity (T)

o A=cross-sectional area (m?)
0 = angle between magnetic fieldlines and the line perpendicularto the plane of the
area (often called the normalline) (degrees)

(e}

¢ 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 = O when cos(0) = O therefore 6 = 90°. The magnetic fields lines are parallel to

the plane of the area
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*> Worked Example !
[

An aluminium window frame has width of 40 cm andlength of 73 cm.

B -

___________________ --f------ NORMAL

\

The frameis hinged along the vertical edge AC. When the window is closed, the
frameis normal to the Earth's magnetic field with magnetic flux density 1.8 x 107°T.

a) Calculate the magnetic flux through the window when it is closed.

b) Sketch the graph of the magnetic fluxagainst angle between the fieldlines and
the normal when the window is opened and rotated by 180°

Part (a)

Step 1: Write out the known quantities
o Cross-sectionalarea,A=40cmx73cm=(40 x1072) x (73x1072) = 0.292 m?
o Magnetic fluxdensity, B=1.8 x10-°T

Step 2: Write down the equation for magnetic flux

®=BA
Step 3: Substituteinvalues
®=(1.8x107%)x0.292=5.256 x10°=5.3x10°Wb
Part (b)

¢ Themagnetic fluxwillbe at a minimum when the window is opened by 90° and a maximum
when fully closed oropenedto180°
¢ Thisis shown by the graph:
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Magnetic Flux Linkage

More coils in a wire mean alargere.m.fis induced

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:

Magnetic fluxlinkage = ®N = BAN

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

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

Ane.m.fisinducedin a circuit when the magnetic fluxlinkage changes with respect to time
This means an e.m.fis induced when thereis:

o Achangingmagnetic flux density B

o Achangingcross-sectionalarea A

o Achangeinangle 6

TOP-DOWN VIEW |
— Wy

N LOOPS s // .

OF WIRE //(/\ 9 L7 0
FLUX B ﬂ 4 A \
DENSITY

NORMAL TO PLANE
OF COlL

The magnetic flux through a rectangular coil decreases as the angle between the fieldlines

andplanedecrease
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¢ Magnetic fluxlinkage also changes with the rotation of the coil YOURNOTES
o Itisatamaximumwhen the fieldlines are perpendicularto the plane of the area they 1
are passingthrough
e Therefore, the component of the flux density which is perpendicularis equal to:

®N = BAN cos(0)

e Where:
o N =number of turns of the coil

(") Exam Tip

¥ The vocabulary in this topic; induced emf, induced current, magnetic flux, magnetic
flux density, can be confusing. Until you are absolutely clear which is which, you will
struggle to answer questions using the correct equation. Spend some time with
yourrevision notes making sure you are secure with using and understanding the
terms.
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Induced Emf

Electromagnetic inductionis a phenomenon which occurs when an e.m.f.is induced when
a conductormoves through a magnetic field

¢ When the conductor cuts through the magnetic field lines:
o This causes a changein magnetic flux (A®)
o Which causes worktobedone
o This workis then transformed into electrical energy

¢ Therefore, if attached to a complete circuit, a current will be induced
e Thisis known as electromagnetic induction andis defined as:

The processinwhich ane.m.fis induced in a closed circuit due to changes in magnetic flux

e This canoccureitherwhen:
o Aconductorcuts through a magnetic field
o Thedirection of amagnetic field through a coil changes

¢ Electromagneticinductionis usedin:
o Electrical generators which convert mechanical energy to electrical energy
o Transformers which are usedin electrical power transmission

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

Experiment 1: Moving amagnet through a coil

¢ When a coilis connected to a sensitive voltmeter, a barmagnet can be movedin and out of
thecoiltoinduceane.m.f

*VOLTMETER

Abarmagnet is moved through a coil connected to a voltmeter toinduceane.m.f
The expectedresults are:

¢ When thebarmagnetis not moving, the voltmetershows a zeroreading
o Whenthebarmagnetis heldstillinside, or outside, the coil, therate of change of fluxis
zero, so, thereis noe.m.finduced
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¢ Whenthebarmagnet begins to moveinside the coil, thereis a reading on the voltmeter
o Asthebarmagnet moves, its magnetic fieldlines ‘cut through’ the coil, generating
a changein magnetic flux (A®)
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

e Thedirection of the electric current, ande.m.f, inducedin the conductoris such that
it opposes the change that produces it

NO e.m.f. INDUCED IN THE COIL e.m.f. INDUCED DUE TO
SINCE THE BAR MAGNET IS CHANGE IN MAGNETIC FLUX
KEPT STILL

NO e.m.f. INDUCED IN THE COIL e.m.f. INDUCED DUE TO
SINCE THE BAR MAGNET IS CHANGE IN MAGNETIC FLUX
=T STILL (IN THE OPPOSITE DIRECTION)

Ane.m.fis induced only when the bar magnet is moving through the coil

e Factorsthatwillincreasetheinducede.m.fare:
o Movingthe magnet faster through the coil
o Adding more turns to the coil
o Increasingthe strength of the barmagnet

Experiment 2: Moving a wire through a magnetic field

* When alongwireis connectedto avoltmeterand moved between two magnets, ane.m.fis
induced
o Note: thereis no current flowing through the wire to start with
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YOURlNOTES

Awireis moved between two magnets connectedto a voltmeter toinduceane.m.f

The expectedresults are:

¢ When the wireis not moving, the voltmeter shows a zero reading
o Whenthewireis heldstillinside, or outside, the magnets therate of change of fluxis
zerosothereisnoe.m.finduced

¢ Asthewireis movedthrough between the magnets, an e.m.fis induced within the wire,
shown momentarily by the reading on the voltmeter
o Asthewire moves, it ‘cuts through’ the magnetic fieldlines of the magnet, generating
achangein magnetic flux

When the wireis taken back out of the magnet, an e.m.fisinducedin the opposite direction

» Asthewire changes direction, the direction of the current changes
¢ Thevoltmeterwillmomentarily show a reading with the opposite sign

¢ As before, the direction of the electric current, and e.m.f, inducedin the conductoris such
thatitopposes the change that producesiit

e Factors thatwillincrease theinducede.m.fare:
o Increasingthelength of the wire
o Movingthe wire between the magnets faster
o Increasingthe strength of the magnets
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!
Faraday's Law

Faraday's Law connects therate of change of fluxlinkage withinduced e.m.f
Itis definedin words as:

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

Faraday's Law as an equationis defined as:

_ AN®)
At

&

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

If theinterval 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

&
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ProblemsInvolving Faraday’s Law YOURNOTES
¢ Lenz'slaw combined with Faraday’s law is given by the equation: l
e= —N@
At

¢ Thisequation shows:
o When abarmagnet goes through a coil, an e.m.fis induced withinthe coildueto a
changein magnetic flux
o Acurrentis alsoinduced which means the coilnow has its own magnetic field
o The coil's magnetic field acts in the opposite direction to the magnetic field of the bar
magnet (shown by the minus sign)

e Ifadirectcurrent(d.c) powersupply is replaced with an alternating current (a.c) supply, the
e.m.finducedwill also be alternating with the same frequency as the supply

*> Worked Example

Asmallrectangular coil contains 350 turns of wire. The longer sides are 3.5 cm and
the shortersides are1.4 cm.

pole—piece
of magnet ———

’
\—Gxis of rotation

The coilis held between the poles of alarge magnet so that the coil canrotate
about an axis through its centre. The magnet produces a uniform magnetic field of
flux density 80 mT betweenits poles. The coilis positioned horizontally and then
turnedthrough anangleof 40°inatimeof 0.18 s.

Calculate the magnitude of the average e.m.finduced in the coil.

Step 1: Write down the known quantities

o

Magnetic fluxdensity,B=80mT=80x103T
Area,A=35x1.4=(35x10"9) x(1.4x1079) =4.9x10"4m?
Numberofturns, N =350

Timeinterval, At=0.18 s

(e}

(e}

[e]

Step 2: Write out the equation for Faraday’s law:

_ AN®)
At

&
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Step 3: Write out the equation for the change in fluxlinkage: YOURNOTES

o Thenumberofturns N andthe coilarea A stay constant !
o Thefluxthrough the coilchanges asitrotates
o Therefore, the changein fluxlinkage can be written as:

AN @) = NA(AB)

Step 4: Determine the changein magnetic fluxlinkage

o

Theinitial flux through the coilis zero (fluxlines are parallel to the coil face)

The final flux through the coilis 80 mT (fluxlines are perpendicularto the coil face)
This is because the coil begins horizontally in the field andis rotated 90°
Therefore, the changein fluxlinkageis:

]

o]

(e}

AN®) = NA(LB) =350 x (4.9 x 1074 x (80 x10-%) =0.014 Wb turns
Step 5: Substitute changein fluxlinkage and time into Faraday’s law equation:

0014
&= 0.18 =0.076V

(f) Exam Tip

The 'magnitude’ of the e.m.fjust means its size, rather than direction. This is often
whatis requiredin exam questions, so the minus signin Lenz's law is often not
neededin calculations.

However, you may be expected to explain the significance of the minus sign. Be
preparedtointerpretit as an expression of Lenz's Law. You can find this is described
onthenextpage.
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Lenz's Law

¢ 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

DIRECTION OF THE INDUCED FIELD
OPPOSES THE DIRECTION THAT
THE BAR MAGNET IS MOVING

CURRENT INDUCES
MAGNETIC FIELD
IN_COIL

N| N S

\\—1<EBAR MAGNET INDUCES

CURRENT IN WIRE

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

¢ Aknown pole (either north or south) of a barmagnetis pushedinto the coil
o Thisinduces ane.m.fin the coil
o Theinducede.m.fdrives a current (becauseitis a complete circuit)
e Lenz'sLawdictates:
o Thedirection of the e.m.f,and hence the current, must be setup to oppose the
incoming magnet
o Since anorth pole approaches the coilface, thee.m.f mustbe setup tocreatean
induced northpole
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
o Fingers curlaround the coilin the direction of current and the thumb points along the
direction of the fluxlines, from north to south
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o Therefore, the current flows in an anti-clockwise direction in theimage shown, in order YOURNOTES
toinduce a north pole opposing theincoming magnet 1

* Reversingthe magnet direction would give an opposite deflection on the voltmeter
o Lenz's Law now predicts a south poleinduced at the coilentrance
o This would attract the north pole attempting to leave
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 mustbe donein orderto
overcometherepulsive effectduetolLenz's Law

O 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 ¢as:

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
negative indicates motionin an opposing direction.

The change causingtheinduced e.m.fis the changing fluxlinkage, which is

represented by the quantity
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AC Generators

o |facoilof wireis rotatedinside a magnetic field by an external force, an emf will be
generatedin the wire which causes current to flow within the cail
e Thegenerator effect canbeusedto:
o Generatea.c.inanalternator
o Generated.c.inadynamo

Alternators

¢ Asimplealternatoris a type of generatorthat converts mechanical energy to electrical
energy in the form of alternating current

MAGNETIC
FIELD LINES

STEADY RATE
OF ROTATION

COMIUTATOR R TE METER POINTER
RINGS - POTENTIAL DIFFERENCE| [SWINGS FROM
SIDE TO SIDE

An alternatoris arotating coil in a magnetic field connected to commutatorrings

e Arectangularcoilthatis forced to spinin a uniform magnetic field
e Thecoilis connectedto a centre-reading meter by metal brushes that press ontwo
metal slip rings (or commutatorrings)
o Thesliprings andbrushes provide a continuous connection between the coiland the
meter

¢ When the coilturns in one direction:
o Thepointerdefects first one way, then the opposite way, and then back again
o Thisis because the coil cuts through the magnetic fieldlines and a potential
difference, andtherefore current, is induced in the coil

¢ Thepointerdeflects in both directions because the currentin the circuit
repeatedly changes direction as the coil spins
o Thisis because theinduced potential differencein the coilrepeatedly changesits
direction
o This continues on aslongas the coilkeeps turningin the same direction

Page 15 of 65

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers

YOURNOTES
i


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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

¢ Theinduced potential difference and the current alternate because they
repeatedly change direction

Dynamos

¢ Adynamois a direct-current generator
¢ Asimpledynamois the same as an alternator except that the dynamo has a split-ring

commutatorinstead of two separate sliprings

_ SPLIT RING
COMMUTATOR

Adynamois arotating coil ina magnetic field connectedto a split ring commutator

¢ Asthecoilrotates, it cuts through the field lines
o Thisinduces a potential difference between the end of the caill
e Thesplitringcommutatorchanges the connections between the coiland the brushes
every half turnin order to keep the currentleaving the dynamo in the same direction
o This happens each time the coilis perpendicularto the magnetic field lines

CURRENT
+

TIME

MAGNETIC
FIELD

A A
—> | Z a—> | T
[ =N L =0
<3 | < |
\Z Vv
#Fsavemyexams

D.C output froma dynamo - the current is only in the positive region of the graph
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¢ Therefore, theinduced potential difference does notreverseits direction as it does in the

YOURNOTES
alternator

!
¢ Instead,itvaries from zero to a maximum value twice each cycle of rotation, and never
changes polarity (positive to negative)

o This means the currentis always positive (oralways negative)
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Root-Mean-Square Current & Voltage

Direct current sources provide a constant voltage and current over time, makingit easy to
measure
In situations involving alternating voltage and current, the average values of voltage and
current willalways be zero

o This can make it difficult to measure

CURRENT

° rms
OR VOLTAGE+ /'\ /\ l/- /\

> AVERAGE =0

AC FROM A POWER SUPPLY

The mean value for alternating current and voltage is always zero

The use of root mean square values gets around this problem
o Firstremove allthe negative signs by simply squaring the peak current, orvoltage
o Findtheaverage of thesquaredvalue
o Andfinally, take the squareroot

Root-mean-square (rms) values of current, orvoltage, are a useful way of comparinga.c
current, orvoltage, toits equivalent direct current(d.c), orvoltage
o Therms values represent the direct current, orvoltage, values that will produce the
same heating effect, or power dissipation, as the alternating current, orvoltage

Thermsvalue of an alternating currentis defined as:

The squareroot of the mean of squares of all the values of the current in one cycle
An alternate definitioniis:

The equivalent direct current that produces the same power

Therms current I;;s is defined by the equation:

.
ms ﬁ
Where:

o lp=peakcurrent(A)
Therms value of an alternating voltage is defined as:

The squareroot of the mean of squares of all the values of the voltagein one cycle
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¢ Analternate definitionis: YOURNOTES
The equivalent dc voltage that produces the same power i
e Thermsvoltage V,sis defined by the equation:
A
ms \/7
e Where:
o Vp=peakvoltage(V)

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

e Thermsvalueis therefore defined as:

The steady direct current, or voltage, that delivers the same average powerina
resistor as the alternating current, or voltage

¢ Aresistiveloadis any electrical component with resistance eg. alamp

VOLTAGE
e PEAK VOLTAGE

-7 ———-\——— —RMS VOLTAGE

TIME

Vimsandpeak voltage. The rms voltageis about 70% of the peak voltage

) Worked Example
[

An electric ovenis connected to 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 Vs equation

Vrms - \/5
Step 2: Rearrange for the peak voltage, Vo
Vo= V2 x Vims

Step 3: Substitutein the values
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Vp=v2x230 YOURNOTES
Step 4: Calculate the peak-to-peak voltage i

o The peak-to-peakvoltageis the peakvoltage (Vq) x 2
o Peak-to-peakvoltage=(v/2x230) x2=650.538 =651V (3s.f)

O Exam Tip
* Remember to double-check the units on the alternating current and voltage graphs.
These are often shown in milliseconds (ms) instead of seconds (s) on the x-axis.
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Average Power Calculations YOURNOTES

e Theaverage power of a supply is the product of therms current and voltage: l

Average power = ;g x Vims

*> Worked Example

Whatis the maximum current supplied to a 2300 W kettle which is connected to an
a.c.supply of peak voltage 325 V?

Step 1: Write down the V,,sequation

Vrms - ﬁ
Step 2: Substitutein the values and calculate V¢

325
=—= =230V

Vrms \/3
Step 3: Write down the equation for average power

Average power = ;g x Vims

Step 4: Rearrange the equation for I,

average

rms= VvV

ms
Step 5: Substituteinthe values and calculate I,

2300

Lms = 230

Step 6: Write down the equationforlp

Step 7: Rearrange for Ip and substitutein the values
I0 = Irms X ﬁ

1,=10x/2 =141A
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Step-Up & Step-Down Transformers
Atransformeris

Adevice that changes high alternating voltage at low current to low alternating
voltage at high current, and vice versa

This is designed toreduce heat energy lost whilst electricity is transmitted down electrical
powerlines from power stations to the national grid
Atransformeris made up of:

o Aprimary coil

o Asecondary coil

o Anironcore

The primary and secondary coils are wound around the softiron core
o Thesoftiron coreis necessary becauseit focuses and directs the magnetic field from
the primary to the secondary coil
o Softironis usedbecauseit can easily be magnetised and demagnetised

IRON CORE-®

MAGNETIC
o FIELD IN THE
IRON CORE

PRIMARY
COIL

w SECONDARY
COIL

A step-up transformer has more turns in the secondary coil than primary

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 alternatingvoltageis at the same frequency as the input voltage
Astep-up transformerhas more coils in the secondary than the primary and the
secondary voltageis larger than the primary voltage

Astep-down transformerhas more coils in the primary than the secondary and the
secondary voltageis smaller than the primary voltage

Energy losses
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Eddy currents are small currents createdin theiron core that come from the changing YOURNOTES
magnetic fields 1

o Thesecurrent move free electrons within the core causing heating of the core and

therefore energy dissipation

By replacing the solidiron core with alaminated core, powerlosses are decreased from
eddy currents
If thereis fluxleakage from the transformer, there could be further eddy currents and
power losses in the surrounding metallic structure of the transformer device
When switching the magnetic field it changes the alignment of the magnetic dipoles, this
requires some work which is known as magnetic hysteresis
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Transformer Calculations
¢ Thetransformerequationis:

N
_r
N

N

£

L
g

N

¢ Where:
o Ng=numberofturnsinthe secondary coil
Np =number of turns in the primary coil
o g =outputvoltage fromthe secondary coil (V)
o go=inputvoltageinthe primary coil (V)

(e}

There are two types of transformers:

e Step-up transformer(increases the voltage of the power source) where Ns > Np

e Step-down transformer (decreases the voltage of the power source) where Np > Ns
e Foranidealtransformer, thereis no electrical energy lostanditis 100% efficient

¢ This means the powerin the primary coil equals the powerin the second coil;

g N 1

P __P__5

€ N I
s s p

¢ Where:
o [p=currentin the primary coil (A)
o |g=outputcurrent from the secondary coil (A)

> Worked Example

°
A step-down transformer turns a primary voltage of 0.5 kVinto a secondary

voltage of 100 V. Calculate the number of turns neededin the secondary coilif the
primary coil contains 3000 turns of wire.

Step 1: List the known quantities

o Primaryvoltage, g,=0.5kV=0.5x10°V
o Secondaryvoltage, =100V
o Number of turns in the primary coil, N, =3000 turns

Step 2: Write down the transformer equation

g N

_p__P

€ N
S S

Step 3: Rearrange for number of turns in the secondary coil
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pré‘s YOURNOTES
N =——
s € l
P
Step 4: Substitutein the values
= 3000x 100 600+
= 500 = urns
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AC Electrical Power Distribution

Energy losses due to the heating of transmissionlines in national power grids are
significant
o Thisis because the electrical energy is transmitted across long distances from power
stations to buildings
Inefficiencies in a transformer appearnot fromjustthe core, but alsoin the wires

The coils of wire have resistance
o This causes heat energy to belost from the current flowing through the coils
o Thelargerthe current, the greaterthe amount of heat energy lost

Inthe core, the inefficiencies appear from:
o Inducededdy currents
o Thereversal of magnetism
o Poorinsulation between the primary and secondary coil

Ways toreduce energy loss in a transformer are:
o Makingthe core from softiron oriron alloys to allow easy magnetisation and
demagnetisation andreduce hysteresis loss
o Laminatingthe core
o Usingthick wires, especially in the secondary coil of step-down transformers
o Usinga corethatallows allthe flux due to the primary coil to be linked to the secondary
coll

Powerlosses from the current are calculated using the equation:
P=I°R

Where:
o P=power(W)
o [=current(A)
o R=resistance(Q)

The equation shows that:
o P./?
o This means doubling the current produces four times the powerloss

Therefore, step-up transformers are used to increase the voltage which decreases the
current through transmission lines
o This reduces the overallheat energy lost in the wires during transmission

Astep-down transformeris then used to decrease the voltage to that requiredinhomes
andbuildings
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THIS REDUCES YOURNOTES
sl sl e = THE POWER LOSS
LOW CURRENT IN TRANSMISSION | (DECREASES i

INCREASES THE VOLTAGE

THE VOLTAGE

pooaQ
ppoao
. ooon
el (B ooon
;:: L DD-L
POWER STATION| |STEP-UP STEP—-DOWN HOME
TRANSFORMER TRANSFORMER

The use of step-up and step-down transformers in the National Grid

*> Worked Example

°
Acurrentof 2500 Ais transmitted through 150 km of cables. Theresistance of the
transmission cableis 0.15 Q perkm.

Calculate the powerwasted.

Step 1: List the known quantities

o Current,/=2500A
o Lengthofcables,L =150 km =150 x103m
o Resistance of the cables,R=0.15 Qkm"!

Step 2: Write out the power equation
P=I?R
Step 3: Determine the totalresistance, R
R =Resistance of the wires x Length of wires
R=0.15x150
Step 4: Substitute values into the power equation

Powerlost=(2500)?x (0.15 x 150) =141MW
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Diode Bridges

¢ Mostelectronic devices cannot use alternating current, they require direct currentinstead
o Thisis possible by use of a rectifier

¢ Rectifiers convert alternating current (ac) to direct current (dc)

e Therearetwo types of rectifier:
o Thehalf-waverectifier
o The full-waverectifier

e Acommonly usedrectifieris a diodebridge

¢ Adiodeis acomponent which only allows charge to flow throughiitin one direction

Adiodeis acomponent which only allows a current when the potential differenceis in the
direction of the arrow

e |fapowersourceis connected fromthe negative to the positive terminal, then there will be
no current

+ - + -

ol e

N
N <

In order to have a current, the diode must point around the circuit from positive to negative

e Ifadiodeis connectedtoana.c.(alternating current) power supply, it willonly supply a
current half of the timeleading to the production of direct current
o Thisis the process of half-waverectification
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o |'>I| o YOURNOTES
v !
O

B P

Adiode canbeusedtorectify analternating current into a direct current

e Adiodebridgeis an arrangement of four (or sometimes more) diodes in a bridge circuit
configuration
¢ When diodes are setupin this way and connected to an a.c. supply, this enables the
positive half of each cycle to pass through while the negative half of each cycleis reversed
o Thisis the process of full-wave rectification

AC
/\J +
A.C.
OUTPUT

Adiode bridge can be usedin order to achieve full-wave rectification
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Investigating Diode Bridges
Aim of the Experiment

e Theaim of the experiment is experimentally verify a half-bridge rectifier will produce partial
DC output from AC input and a full wave bridge rectifier will produce near complete DC
output from AC input

Variables:

¢ Independentvariable = Input voltage (Alternating Current)
¢ Dependentvariable = Output voltage (Direct Current)

Equipment List
¢ Step down transformer
e Diodebridge
e Singlediode
e Capacitor(330 uF or50 pF)
e Resistor
e Multimeter
¢ Oscilloscope
e Connectingwires etc.

¢ Resolution of measuring equipment:
o Oscilloscoperesolution = 8-bit resolution or better
o Step-down transformer=220Vto 6VAC
o Multimeter
= Ammetersetting=0.0TA
= Voltmetersetting=0.01V

Methods

Half Wave Rectification

A SINGLE DIODE 6V DC
6V AC OUTPUT
OUTPUT

N

1
& —
@ i @
SMOOTHING A
=220V AC INPUT CAPACITOR
OSCILLOSCOPE-®

Experimental set-up forinvestigating half-waverectification

1. Study the above circuit diagram carefully before setting up the appropriate circuit
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2.Connectthesingle diode to the step-down transformer and resistorin circuit
3. Connecttheresistorto the step-down transformerand the oscilloscopein parallel across
theresistor
4.Before connectingandturningon the 220 V alternating current (AC) source, voltmeters
and ammeters may be setupin appropriate locations to investigate points of interest such
as across the diode or the output of the step-down transformer
o However, the oscilloscopeis the most crucial measuring equipment for this
experimentandis the only truly necessary measurement required for this practical if
the circuitis set-up appropriately
5.Connect the step-down transformer to the 220 V AC source
6.Observethe oscilloscope andlook at the voltage reading to confirm partial Direct Current
(DC) output (half-wave rectification)

Full Wave Rectification

6V DC
OUTPUT

6V AC
OUTPUT

2220 V AC INPUT
OSCILLOSCOPE-®

SMOOTHING
CAPACITOR

Experimental set-up forinvestigating full-wave rectification

1. Study the above circuit diagram carefully before setting up the appropriate circuit
2.Connect the components of the diode bridge ensuring that the necessary paralleland
series diodes are connected so that they run alternatively during the opposite phases of
alternating current
3. Connectthe opposite edges of the diode bridge to the transformer making sure that there
is anindividual diode facing towards and one facing away from both junctions
4. Connect the capacitorandresistorin parallel with their outer connections to the points of
the diode bridge where one point of the diode bridge has both diodes facing towards the
junction and the opposite point where both of the diodes are facing away from the junction
5.Connectthe oscilloscopein parallel across theresistorto measure the voltage across that
component
6.Before connectingandturningon the 220 V AC source, voltmeters and ammeters may be
setupin appropriate locations toinvestigate points of interest such as across the diode
bridge, over the smoothing capacitor or the output of the step-down transformer
o However, the oscilloscopeis the most crucial measuring equipment for this
experiment andis the only truly necessary measurement required for this practical if
the circuitis set-up appropriately
7.Connectthe 220 V AC source to the step-down transformer
8. Observe the oscilloscope andlook at the voltage reading to confirm DC output
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Analysis of Results
e Theoutput of the oscilloscope for half-wave rectification should be similar to the following

output:
O [:% O

- BAY
@

INPUT

O

\ \'%
t o4

The greenline shows how the capacitor creates a smoothing effect that brings the output of
the single diode closer to DC output

¢ Theoutputforthe oscilloscope for full-wave rectification should be similar to the following
output;

AC
f\_} -
=

INPUT ACO

O_

A

The greenline shows how the capacitor creates a smoothing effect that brings the output of
the diode bridge closer to DC output

¢ Notice the smoothing effect which comes from the capacitorin the circuitand makes the
output more like DCin nature

Evaluating the Experiment
Systematic Errors:

¢ Thevoltmeterand ammeters should start from zero, to avoid zero errorin the readings

Random Errors:

¢ Inpractice, thevoltmeterand ammeterwill stillhave someresistance, therefore the

voltages and currents displayed may be slightly inaccurate
e Thetemperature of the equipment could affectits resistance. This must be controlled

carefully
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¢ Taking multiple readings of the current foreach component will provide a more accurate
resultandreduce uncertainties

Safety Considerations

¢ Whenthereis a high current and a thin wire, the wire willbecome very hot
o Make sure neverto touch the wire directly when the circuitis switched on
e Switch off the power supply right away if burning is smelled
e Make surethere are noliquids close to the equipment, as this could damage the electrical
equipment
e Thecomponents willget hot especially at highervoltages

Alternatives and Variations

¢ Inthecasethatanoscilloscopeis notavailable, it may be possible to use a multimeterto
checkthatthe outputisindeedsimilarto DC and able to be detected as such
o Whilethe actual voltage pattern willnot be visible, this would still allow the DC-like
outputto be verified and confirm that the diode bridge (full-wave rectification) does
work experimentally
¢ |faccesstoadiodebridge and complete circuitis not possible, then there are often

simulations available online which might allow the possibility to do this investigation
virtually
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Rectification

Rectificationis defined as:

The process of converting alternating current and voltage into direct current and
voltage

Rectificationis usedin electronic equipment which requires a direct current
o Forexample, mains voltage must be rectified from the alternating voltage produced at
power stations

e There aretwo types of rectification:
o Half-waverectification
o Full-waverectification

Forhalf-wave rectification:
o Thegraph of the output voltage V, ;against timeis a sine curve with the positive
cyclesandaflatline (V,,:=0) onthe negative cycle
o Thisis because the diode only conducts in the positive direction

For full-wave rectification:
o Thegraph of the outputvoltage V, ;against timeis a sine curve where the positive
cycles andthe negative cycles are both curved ‘bumps’

l HALF-WAVE RECTIFICATION I

Vout
= POSITIVE CYCLES
| 1
NEGATIVE CYCLES|
Vout l FULL-WAVE RECTIFICATION |

The difference between the graphs of full-wave and half-wave rectification

Half-Wave Rectification

e Half-waverectification consists of a single diode
o Analternatinginput voltageis connectedto a circuit with aloadresistorand diodein
series

¢ Thediode willonly conduct during the positive cycles of theinput alternating voltage,
o Hencethereis only currentin the loadresistor during these positive cycles
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e Theoutputvoltage V, ;across theresistorwill fluctuate against time in the same way as
theinput alternating voltage except there are no negative cycles

DIODE
N
1
o LOAD T
A.C. SUPPLY ~ RESISTOR Vout
o R

Half-waverectificationrequires a single diode and the graphis represented by only the
positivecycles

» This type of rectification means half of the time the voltageis zero
¢ Thepoweravailable from a half-wave rectified supply is reduced

Full-Wave Rectification

e Full-waverectification requires a bridge rectifier circuit
o This consists of four diodes connected across an input alternating voltage supply

e Theoutputvoltage Vo tis taken across aloadresistor
e Duringthe positive cycles of theinput voltage, one terminal if the voltage supply is positive
andtheothernegative
o Two diodes opposite each otherthat arein forward bias will conduct
o Theothertwoinreverse bias willnot conduct
o Acurrentwillflowinthe loadresistorwith the positive terminal at the top of the resistor

¢ Duringthe negative cycles of theinputvoltage, the positive and negative terminals of the
input alternating voltage supply will swap
o Thetwo diodes thatwere in forward bias willnow beinreverse bias and not conduct
o Theothertwoinreverse bias willnow bein forward bias and willconduct
o Thecurrentin theloadresistorwill still flow in the same direction as before

Ad
A.C. SUPPLY ~
50

When Ais positive and B is negative, diodes 2 and 3 will conduct and 1and 4 will not. When A
is negative andB s positive, diodes 1and 4 will conduct and diodes 2 and 3 will not. The
currentin theloadresistor R will flow downwards
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¢ Inboththe positive and negative cycles, the currentin theload resistoris the same YOURNOTES
¢ Eachdiode pairis the same asin half-wave rectification 1
o Sincethere aretwo pairs, this equates to full-wave rectification overall

+ Themain advantage of full-wave rectification compared to half-waverectificationis that
there is more power available
o Therefore, greater poweris supplied on every half cycle

> Worked Example

Abridge rectifier consists of fourideal diodes A, B, C and D as connectedin the
figure shown below.

An alternating supply is applied between the terminal Xand Y.

Identify which diodes are conducting when terminal X of the supply is positive.

e Draw path of the current direction with diodes in forward bias
¢ Rememberthat conventional current flow is from positive to negative and only travels
through the paths with diodes in forward bias

e Therefore, the answeris: diodes AandC

(’) ExamTip

* Being able to reproduce the diode bridge correctly and explain the cycles of full-
wave rectification areimportant physics concepts that may occurduring an
examination. Itis worth learning to draw and explain full-wave rectification
accurately
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Capacitors & Diode Bridges

¢ Inrectification, to produce a steady direct current orvoltage froman alternating current or
voltage, a smoothing capacitoris necessary
¢ Smoothingis defined as:

Thereductionin the variation of the output voltage or current

e This works in the followingways:
o Asingle capacitorwith capacitance Cis connectedin parallel with aloadresistor of
resistanceR
o Thecapacitorcharges up from the input voltage and maintains the voltage at a high
level
o |tdischarges gradually through the resistorwhen the rectified voltage drops but the
voltage thenrises again and the capacitor charges up again

<
010
@]
[
[
X
5
-+

»C DISCHARGING

| t

A smoothing capacitor connectedin parallel with the loadresistor. The capacitor charges
as the output voltageincreases and discharges as it decreases

¢ Theresulting graph of a smoothed output voltage Vo tand output current againsttimeis a
‘ripple’ shape

t
Asmooth, rectified current graph creates a ‘rippling’ shape against time

* Theamount of smoothingis controlled by the capacitance C of the capacitorandthe
resistance R of theloadresistor

o The smallertherippling effect, the smoothertherectified current and voltage output
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The slower the capacitor discharges, the more the smoothing that occurs ie. smallerripples
This can be achieved by using:

o Acapacitorwith greater capacitance C

o Aresistorwithlargerresistance R

Recallthat the product RC is the time constant rof aresistor
This means that the time constant of the capacitor must be greater than the timeinterval
between the adjacent peaks of the output signal

*) Worked Example

[ J
The graph below shows the output voltage from a half-wave rectifier. The load

resistorhas aresistance of 2.6 kQ). A student wishes to smooth the output voltage
by placing a capacitorin parallel across the loadresistor

ANA

I I 1 | I I 1 | [ !
0 100 200

\Y

t/ms

Suggestif a capacitorof 60 pF or800 uF would be suitable for this task

Step 1:
Calculate the time constant with the 60 pF capacitor

7= RC= (2.6 x 10%) x (60 x 10712) = 1.56 x 1077 =156ns
Step 2:

Compare time constant of 60 pF capacitorwith interval between adjacent peaks of the
output signal

o Thetimeintervalbetween adjacent peaksis 80 ms

o Thetimeconstantof156 nsistoosmallandthe 60 pF capacitorwill discharge fartoo
quickly

o Therewouldbe nosmoothing of the output voltages

o Therefore, the 60 pF capacitoris not suitable

Step 3:
Calculate the time constant with the 800 uF capacitor

7= RC = (2.6 X 103) x (800 x 10712)=2.08s
Step 4:

Compare time constant of 800 pF capacitorwith interval between adjacent peaks of the
output signal
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o Thetimeconstantof2.08 sis much largerthan 80 ms YOURNOTES
o Thecapacitorwillnot discharge completely between the positive cycles of the half- 1

wave rectified signal
o Therefore, the 800 pF capacitor would be suitable for the smoothing task
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Capacitance

e Capacitors are electrical devices usedto store energy in electronic circuits, commonly fora
backuprelease of energy if the power fails
e Theyareinthe form of two conductive metal plates connectedto a voltage supply (parallel
plate capacitor)
o Thereis commonly a dielectricin between the plates, this is to ensure charge does not
freely flow between the plates

¢ Thecapacitorcircuit symbolis:

The capacitor circuit symbolis two parallel lines

A capacitorusedinsmall circuits
e Capacitors are marked with a value of their capacitance. This is defined as:
The charge stored per unit potential difference (between the plates)
e The greaterthe capacitance, the greater the energy stored in the capacitor

¢ Thecapacitance of a capacitoris defined by the equation:

e Where:
o C=capacitance(F)
o g=charge(C)
o V=potential difference (V)

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

(PF)
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¢ Ifthe capacitoris made of parallel plates, Qis the charge on the plates and Vis the potential YOURNOTES
difference across the capacitor 1
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 1 nF andis connectedto avoltage
supply of 0.3kV.

Calculatethe charge ontheplates.

Step 1: Write down the known quantities

o Capacitance,C=1nF=1x10"7F
o Potential difference,V=0.3kV=0.3x103V

Step 2: Write out the equation for capacitance

q
CcC=—=
\%
Step 3: Rearrange forcharge Q
q=CV

Step 4: Substituteinvalues

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

Electric Field in a Parallel Plate Capacitor

o Aparallel plate capacitoris made up of two conductive metal plates connectedto a
voltage supply
o Anassumption made forthese types of capacitors is that theirlength of the plates is
much greaterthan their separation
¢ Thenegative terminal of the voltage supply pushes electrons onto one plate, making it
negatively charged
¢ Theelectrons arerepelled from the opposite plate, making it positively charged
o Thereis commonly a dielectric in between the plates, this is to ensure charge does not
freely flow between the plates
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SECEGNE LEE CONDUCTIVE ELECTRICAL CHARGE YOURNOTES
PULLED FROM THIS if::}é;ﬂ 9 BUILDS UP ON |

PLATE, LEAVING [PLATES | EACH PLATE

IT POSITIVELY + o~

CHARGED — Vo

ELECTRONS ARE
PUSHED ONTO
THIS PLATE,
MAKING IT
NEGATIVELY
CHARGED

+ 4+ 4+ ++ O
|

/ -

DIELECTRIC INSULATOR
BETWEEN THE PLATES

+| - FLOW OF
I ELECTRONS
VOLTAGE

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

¢ Adielectricis made up of many polarmolecules
o Thesearemolecules thathave a 'positive’ and'negative' end (poles)

¢ When no chargeis applied to the capacitor:
o Thereis no electric field between the parallel plates and the molecules are alignedin
randomdirections

¢ Whenthereis a charge applied:
o One of the parallel plates becomes positively charged and the othernegatively
chargedhence an electric fieldis generated between the plates (from positive to

negative)
o Thenegative ends of the polarmolecules are attracted to the positive plate andvice
versa
o This means allthe molecules rotate and align themselves parallel to the electric field
NEGATIVE POSITIVE MOLECULES POINT
END END IN_ RANDOM DIRECTION
PLATE
r—-‘ \ﬂ
NO CHARGE . ‘ SOLAR
APPLIED ‘ . ‘ ' | MOLECULES
DIELECTRIC . ‘
PLATE
PLATE

CHARGE . .. '.' ‘ . ELECTRIC
APPLIED . . ' . . . ' FIELD
oeecrnt © 090" °09 ]

+++++++++++ PLATE

MOLECULES ALIGN THEMSELVES
WITH ELECTRIC FIELD
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Polar molecules align themselves when an electric fieldis between two parallel plates YOURNOTES

!
(') ExamTip

w . q
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.

The capacitoritself does not store charge.

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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Dielectric Materials

o Permittivity is the measure of how easy itis to generate an electric field in a certain material
The relativity permittivity ¢ is sometimes known as the dielectric constant
e Foragiven material,itis defined as:

Theratio of the permittivity of a material to the permittivity of free space

This can be expressedas:

¢ Where:
o g =relative permittivity
o g=permittivity of a material (Fm™)
o gp=permittivity of free space (Fm™)

Therelative permittivity has no units becauseitis a ratio of two values with the same unit

*> Worked Example

Calculate the permittivity of a material that has a relative permittivity of 4.5 x 10",
State an appropriate unit foryouranswer.

Step 1: Write down the relative permittivity equation

£
Epmi—
€0

Step 2: Rearrange for permittivity of the material ¢
£=gEQ
Step 3: Substitutein the values
£=(4.5x10" x(8.85x1071%)=3.9825 =4Fm"!

Dielectric Material Effects on Capacitance

o Adielectric material separates the two conductive metal plates of a capacitor
o Thedielectricitselfis aninsulator
¢ When the polarmolecules in a dielectric align with the applied electric field from the plates,
they each produce theirown electric field
o This electric field opposes the electric field from the plates
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_________________ PLATE YOURNOTES

. . " .‘.. . .r ELECTRIC FIELD
_DIELECTRIC ‘ '.% .‘

FROM PLATES
I ——— AN PLATE

EACH POLAR MOLECULE HAS ITS
OWN ELECTRIC FIELD WHICH OPPOSES
THE ONE FROM THE PLATES

The electric field of the polar molecules opposes that of the electric field producedby the
parallel plates

e Thelarger the opposing electric field from the polar molecules in the dielectric, the larger
the permittivity
o Inotherwords, the permittivity is how well the polar molecules in a dielectric align with
an applied electric field

¢ The opposing electric field reduces the overall electric field
o Foranisolated capacitor, this decreases the potential difference between the plates
o Therefore, the charge remains constant and the capacitance of the platesincreases

e Foracapacitorattachedto a power supply, the potential difference between the plates
is unchanged (with a dielectric)
o Therefore, the charge on one of the plates increases and the capacitance of the
plates alsoincrease
* Thecapacitance of a capacitor can also be written in terms of the relative permittivity:

Agger
- d

¢ Where:
o C=capacitance(F)
o A=cross-sectional area of the plates (m?)
o d=separation of the plates (m)
o g =relative permittivity of the dielectric between the plates
o go=permittivity of free space (Fm™)

¢ When the electrical permittivity of the dielectric is known, a simpler form of this equation
canbeused:
c A
=&
d
¢ Where:
o C=Capacitance(F)
o A=cross-sectional area of the plates (m?)
o d=separation of the plates (m)
o ¢=permittivity of the dielectric between the plates (F m™)
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°DISTANCE d

+Q -Q

CONDUCTIVE PLATE
WITH AREA = A

DIELECTRIC WITH
PERMITTIVITY €

Aparallel plate capacitor consists of conductive plates eachwitharea A, adistancedapart
andadielectric ebetween them

e Capacitorplates are generally square, therefore if they have alength L on all sides then their
cross-sectionalareais L2

*> Worked Example

[
Aparallel-plate capacitorhas square plates of length L separated by distance d

andis filled with a dielectric. Asecond capacitorhas square plates of length 3L
separated by distance 3dandhas airasits dielectric. Both capacitors have the
same capacitance.

Determine therelative permittivity of the dielectric in the first capacitor.

Step 1: Write down the capacitance equation with the relativity permittivity

_ Agper
T d

Step 2: Write the known values for each capacitor

Capacitor 1: Capacitor 2:
c=C c=C

A=1L? A= (3L =9L?
g =g g=1

£ =& € =&

d=d d=3d

Since the dielectric for capacitor 2 is air, and air has a permittivity of gy

therefore using the equation:

for capacitor 2
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Step 3: Substitute them into the capacitance equation
Lzsosr
9%
T
Step 4: Equate the capacitances

Both capacitors have the same capacitance

Lzsosr 9L2€0

d =~ 3d

Step 5: Cancel out d, L? and £y from both sides to find the value of &,

o
Il
wlwo
Il
w

(") Exam Tip

Remember that A, the cross-sectional area, is only forone of the parallel plates.
Don't multiply this by 2 forboth the plates for the capacitance equation!
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Capacitorsin Series & Parallel

¢ Capacitors can be combinedin series and parallel circuits
e Thecombined capacitance depends on whetherthe capacitors are connectedin series or
parallel

Capacitorsin Series

¢ Considertwo parallel plate capacitors C;and C, connectedin series, with a potential
difference (p.d) Vacross them

C, &

Capacitors connectedin series have different p.dacross thembut have the same charge

¢ Inaseries circuit, p.dis shared between all the components in the circuit
o Therefore, if the capacitors store the same charge on their plates but have different
p.ds, thep.dacross Cjis Viandacross Cyis Vo

¢ Thetotal potential difference Vis the sum of V;and V>
V=Vi1+V;
¢ Rearrangingthe capacitance equation forthe p.d Vmeans Vjand V> can be written as:

-2 -2
V, = e and V,= G
¢ Wherethetotalp.d Vis defined by the total capacitance
0

total

V=C

¢ Substitutingtheseintothe equationV =V;+V,equals:

9 _90 .90
=== 4 =
Ctotal Cl CZ

¢ Sincethecurrentis the same through allcomponents in a series circuit, the charge Qs the
same through each capacitorand cancels out
¢ Therefore, the equation forcombined capacitance of capacitors in series is:

1

Capacitorsin Parallel
e Considertwo parallel plate capacitors C;and C, connectedin parallel, each with p.d V
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G O
[

Capacitors connectedinparallel have the same p.d across them, but different charge

Since the currentis split across eachjunctionin a parallel circuit, the charge stored on each
capacitoris different

Therefore, the charge on capacitor Cyis @;andon Cois Q2

Thetotal charge Qis the sum of @and @,

Q=Q1+Q2
Rearranging the capacitance equation forthe charge Q means Q;and Q2 can be written as:
Q1=CV and Q2=CyV
Where the total charge Qis defined by the total capacitance:
Q =CotalV
Substitutingtheseintothe Q = Q1+ Q2 equals:
CiotalV=CiV+CV=(C1+Cy)V

Since the p.dis the same through allcomponents in each branch of a parallel circuit, the p.d
Vcancels out
Therefore, the equation forcombined capacitance of capacitors in parallel is:

Ctota|=C1+C2+C3...
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YOURNOTES
*> Worked Example !
[

Three capacitors with a capacitance of 23 uF, 35 uF and 40 pF are connected as
shown below.

23 pF
[
y 40 pF

AO— — —Os
| |
gépF

Calculate the total capacitance between points AandB.

Step 1: Calculate the combined capacitance of the two capacitorsin parallel
Capacitorsinparallel: Ciota = C1+C2+C3 ...
Cparallel = 23 + 35 =58 yF
Step 2: Connect this combined capacitance with the final capacitorin series

1

total

141 1
C1+C2+C3'"

Capacitors in series: C

1 - 1 49

1
Comr 58 30 — 1160

+

Step 3: Rearrange for the total capacitance

B % =23.673... = 24 pF (2 5.f)

(') ExamTip

You will be expected to remember these derivations for your exam, therefore, make
sureyou understand each step. You should especially make sure to revise how the
current and potential difference varies in a series and parallel circuit.

Both the combined capacitance equations look similarto the equations for
combinedresistancein series and parallel circuits. However, take note that they are
the opposite way around to each other!
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The Time Constant

The time constant of a capacitor discharging through a resistoris a measure of how longit
takes forthe capacitorto discharge
The definition of the time constantis:

The time taken for the charge, current or voltage of a discharging capacitor to
decrease to 37% of its original value

Alternatively, for a charging capacitor:

The time taken for the charge or voltage of a charging capacitor torise to 63% of its
maximum value

37%is 0.37 or ; (where eis the exponential function) multiplied by the original value (Io, Qo

or Vo)
o Thisis representedby 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)
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YOURNOTES
i

VOLTAGE (V)

0 1 2 3 4 5

TIME (s)

The graph of voltage-time for a discharging capacitor showing the positions of the first
three time constants

¢ Thetimetohalf, t;2 (half-life) for a discharging capacitoris:

The time taken for the charge, current or voltage of a discharging capacitor to
reach half of its initial value

e This canalsobewritteninterms of the time constant, z:

t12=In(2) 7=0.69 7= 0.69RC

(') ExamTip

¥ Notethat the time constant s not the same as half-life. Half-life is how longittakes
forthe current, charge orvoltage to halve whilst the time constantis to 37% of its
originalvalue (not 50%).

Although the time constantis given on the datasheet, you willbe expected to
remember the half-life equation tj ;2 = 0.69RC
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ProblemsInvolving the Time Constant YOURNOTES

¢ Problemsinvolvingthe time constanttendtoinvolve l

o Calculations
o Determiningthe time constant froma graph

¢ Tofindthetime constant from a voltage-time graph, calculate 0.37Vyand determine the
corresponding time forthatvalue

V7V, V7V,

t/s t/s

CHARGING DISCHARGING

The time constant shown on a charging and discharging capacitor

> Worked Example

A capacitorof 7 nFis discharged through aresistor of resistance R. The time
constantofthedischargeis 5.6 x1073s.

Calculatethevalue of R.

Step 1: Write the known quantities
Capacitance, C=7nF =7 x 10°F
Time constant, T = 5.6 x 103 s
Step 2: Write down the time constant equation
T=RC

Step 3: Rearrange for R

Page 53 of 65

©2015-2023 Save MyExams, Ltd. -Revision Notes, Topic Questions, PastPapers



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

1, SaveMyExams

Headtosavemyexams.co.ukformore awesomeresources

Energy Storedin a Capacitor

¢ When charging a capacitor, the power supply pushes electrons from the positive to the
negative plate

o Ittherefore does work on the electrons and electrical energy becomes stored on the
plates

e Atfirst,a smallamount of chargeis pushed from the positive to the negative plate, then
gradually, this builds up

o Adding more electrons to the negative plate at firstis relatively easy since thereis little
repulsion

¢ Asthecharge of the negative plateincreasesie. becomes more negatively charged, the
force of repulsion between the electrons on the plate and the new electrons being pushed
ontoitincreases

e This means a greater amount 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
NEGATIVE POSITIVE

OTHER ELECTRONS] [PLATE PLATE

ON PLATE REPEL

THIS ELECTRON ©)
FORCE o) FORCE
PUSHING >@ o 5 PULLING
ELECTRONS ELECTRONS

AS THE CHARGE ON

THIS PLATE INCREASES, DIRECTION OF
MORE WORK NEEDS () ELECTRON FLOW
TO BE DONE TO PUSH

MORE ELECTRONS

As the charge on the negative plate builds up, more work needs to be done to add more
charge

e Thecharge Q onthe capacitoris directly proportional toits potential difference V

* The graph of charge against potential difference s therefore a straightline graph through
the origin

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

Area =0.5 xbase x height
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POTENTIAL V YOUR NOTES
DIFFERENCE l
ELECTRIC POTENTIAL V IS DIRECTLY
ENERGY STORED = | PROPORTIONAL
AREA UNDER THE GRAPH : TO Q
|
|
|
|
|
|
O 1
CHARGE Q

The electric energy storedin the capacitor is the area under the potential-charge graph

e Therefore the work done, orenergy stored in a capacitoris defined by the equation:
1o,
= 3 Q

¢ Where:
o E=workdoneorenergy stored(J)
o Q=charge(C)
o V=potential difference (V)

Substituting the charge with the capacitance equation Q = CV, the energy stored can also
be definedas:

E lCV2
T2

¢ By substitutingthe potential V, the energy stored can also be defined in terms of just the
charge, Q andthe capacitance, C:

m
1l
81
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*> Worked Example
[

Thevariation of the potential V of a chargedisolated metal sphere with surface
charge Qis shown on the graph below.

V/kV
200 4

150 /

100 —

50 —

Y T T T T 1 Q/pC
0 0.5 1.0 15 2.0 2.5 3.0

Using the graph, determine the electric potential energy stored on the sphere when
chargedto a potential of TOO kV.

Step 1: Determine the charge on the sphere at the potential of 100 kV

V/7kV
200

150

100

50

0 1 1 1 18 1 1 Q/pC
0 0.5 1.0 1.5 2.0 2.5 3.0

o Fromthe graph, the charge onthe sphereat100kVis1.8 uC
Step 2: Calculate the electric potential energy stored

o Theenergy storedis equalto the areaunderthe graphat100 kV
o Theareais equalto aright-angledtriangle, so, can be calculated with the equation:

Area=0.5 xbase x height
Area=0.5x1.8 uC x 100 kV

Energy E=0.5 x (1.8 x107%) x (100 x 10%) = 0.09 J
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YOURNOTES

*> 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 capacitanceCand p.dV
and list the known values

1
= — 2
E 2CV

Capacitance, C=1500 uF
Finalp.d,V,=30V
Initialp.d, V=10V

Step 2: The change in energy stored is proportional to the changeinp.d
= ! 2 = 1 2
AE = EC(AV) = EC(V2— V)
Step 3: Substituteinvalues

1
AE = 5 x 1500 x 1076 x (30 = 10)> = 0.3J

(f) Exam Tip
* Only one equation for the energy stored will be given on your data booklet.
Therefore, the derivation oruse of others must be memorized.
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Exponential Discharge of a Capacitor

Charging
e Capacitors are charged by a power supply (eg. a battery)
¢ When charging, the electrons are pulled from the plate connected to the positive terminal
of the power supply
o Hencetheplate nearest the positive terminalis positively charged

¢ Theytravelaroundthe circuitand 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
¢ Whennomore electrons can be pushed onto the negative plate, the charging stops

ELECTRONS ARE gg;lADt)LcEIIVE ELECTRICAL CHARGE
PULLED FROM THIS BLATES b BUILDS UP ON
PLATE, LEAVING AR EACH PLATE

IT POSITIVELY + Q-

CHARGED — W

ELECTRONS ARE
PUSHED ONTO
THIS PLATE,
MAKING 1T
NEGATIVELY
CHARGED

+ 4+ 4+ ++ O
|

/ -

DIELECTRIC INSULATOR
BETWEEN THE PLATES

+| - FLOW OF
I ELECTRONS
VOLTAGE

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

e Atthestart of 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 current decreases is proportional to the amount of
currentithasleft

e 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

¢ Similarly, the charge of the plates slowly increases untilitis atits maximum charge defined
by the capacitance of the capacitor
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I/A V7V, 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. andcharge against time graphs are identical

o Thecurrentagainst 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

(e}

Discharging
o Capacitors aredischarged through a resistor with no power supply present
¢ Theelectrons now flow back from the negative plate to the positive plate until there are
equal numbers on each plate and no potential difference between them
¢ Charginganddischargingis commonly achieved by moving a switch that connects the
capacitor between a power supply and a resistor

WHEN THE SWITCH IS WHEN THE SWITCH 1S CONNECTED
CONNECTED TO P, THE TO Q, THE CAPACITOR DISCHARGES
P Q
O O

CAPACITOR IS CHARGED THROUGH THE RESISTOR

BY THE BATTERY
— *CAPACITOR

THE MICROAMMETER I
RECORDS A LARGE

CURRENT WHICH
GRADUALLY DECREASES

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

o Atthestart of discharge, the currentis large (butin the opposite direction to whenitwas
charging) and gradually falls to zero
¢ Asacapacitordischarges, the current, p.d and 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 orchargeit has left
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¢ The graphs of the variation with time of current, p.d and charge are allidentical and follow a
pattern of exponential decay

/A V/V Q/C

EXPONENTIAL
DECAY CURVE

t/s t/s t/s

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 Theinitialvalues (typically called |y, Vo and Qg respectively) start on the y axis and
decrease exponentially

¢ Therateatwhich a capacitordischarges depends on the resistance of the circuit
o Iftheresistanceis high, the current will decrease and charge will flow from the
capacitor plates more slowly, meaning the capacitor will take longerto discharge
o Iftheresistanceislow, the current willincrease and charge will flow from the capacitor
plates quickly, meaning the capacitorwill discharge faster

Properties of Capacitor Discharge Graphs
e From electricity, the chargeis defined:
AQ = IAt

e Where;
o |=current(A)
o AQ=changeincharge(C)
o At=changeintime(s)

¢ This means thatthe area undera current-time graph for a charging (or discharging)
capacitoris the charge stored for a certain timeinterval

I/A

AREA UNDER |-t GRAPH IS
THE TOTAL CHARGE Q HELD BY
THE CAPACITOR DURING TIME at

al

t t/s

The area under theI-t graphis the total charge storedin the capacitorin the time interval At
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* Rearranging forthe current: YOURNOTES
20 {

T oAt
¢ This means that the gradient of the charge-time graphis the current at that time

Q/C Q/C

THE DISCHARGING

i
GRADIENT IS 1aQ
CURRENT AT TIME ¢| | &/ i

GRADIENT IS
THE CHARGING
CURRENT AT

TIME t

aQ

t/s t/s

The gradient of a discharging and charging Q-t graphis the current

¢ Inthedischarging graph, this is the discharging current at that time

¢ Inthecharging graph, this is the charging current at thattime

¢ Tocalculatethe gradient of a curve, draw a tangent at that point and calculate the gradient
of thattangent

7 Worked Example

o
The graph below shows how the charge stored on a capacitor with capacitance C

varies with time as it discharges through a resistor.
0.25 —

0.20

o

P~

a1
|

0.10 Calculatethe

CHARGE /HC

0.05

0.00 5 T T T T
2 4 6 8 10
TIME, t/s

current through the circuit after4s.

Step1: Drawatangentatt=4
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0.20 —

4 7.6

o =

TIME, t/s

Step 2: Calculate the gradient of the tangent to find the current |

diont = 2AQ_(004-017) 10° -013x10°
gradent == =" (76-04) = 72

l=-18x10%A

(") Exam Tip
¥  Makesure you're comfortable with sketching andinterpreting chargingand
discharging graphs, as these are common exam questions.

Remember that conventional current flow is in the opposite direction to the electron
flow
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Capacitor Discharge Equation

The time constantis usedin the exponential decay equations for the current, charge or
potential difference (p.d) for a capacitordischarging through a resistor
o Thesecanbeusedto determine the amount of current, charge or p.dleft aftera
certainamount of time for a discharging capacitor

This exponential decay means that no matterhow much chargeis initially on the plates, the
amount of time it takes forthat charge to halveis the same
The exponential decay of current on a discharging capacitoris defined by the equation:

t
| = lge RC

Where:

[ =current (A)

lo =initial current before discharge (A)

e =the exponential function

t=time(s)

RC =resistance (Q) x capacitance (F) =the time constant t(s)

(e}

(e}

o

]

o

This equation shows that the smaller the time constant t, the quicker the exponential
decay of the current when discharging
Also, how big theinitial current is affects the rate of discharge

o Iflpislarge, the capacitorwill take longer to discharge

Note: during capacitordischarge, Ipis always largerthan |, as the current I will always be
decreasing

=i
= |-=RE
I =lpe

e

Y
t

t/s

Values of the capacitor discharge equation on a graph and circuit

The current at any timeis directly proportional to the p.d across the capacitorandthe
charge across the parallel plates

Therefore, this equation also describes the charge on the capacitor aftera certainamount
of time:

Q= Qoe_%
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e Where:
o Q=chargeonthecapacitorplates (C)
o Qp=initialcharge on the capacitorplates (C)

e Aswellas the p.dafteracertain amount of time:

LS
V = Ve e

¢ Where;
o V=p.dacross the capacitor(C)
o Vp=initialp.dacross the capacitor(C)

The Exponential Functione

¢ Thesymbolerepresents the exponential constant, a numberwhichis approximately equal
toe=2.718...
¢ Onacalculator,itis shown by the button e*
e Theinversefunction of eXis In(y), known as the natural logarithmic function
o Thisis because,ifeX=y,thenx=In(y)

The 0.37in the definition of the time constant arises as a result of the exponential constant,
the true definitioniis:

1
The time taken for the charge of a capacitor to decrease to N of its original value

1
e Where ; =0.3678

*9 Worked Example
°

Theinitial current through a circuit with a capacitor of 620 uFis 0.6 A. The capacitor
is connected across the terminals of a 450 Qresistor.

Calculate thetime taken forthe current to fallto 0.4 A.
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Step 1: Write out the known quantities
Initial current before discharge, lo = 0.6 A
Current, | =04 A
Resistance, R = 450 Q
Capacitance, C = 620 uF = 620 x 10°F
Step 2: Write down the equation for the exponential decay of current
t
| =lpe R
Step 3: Rearrange for t
| t

— =g RC
lo

The exponential is removed by taking the natural log (In) of both sides
()= -—=
")~ RrC
t= -RCln(Il)
0

t = -450 x (620 x 10%) x In(%) -01131=01s

Step 4: Substitute in the values
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