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H218 Alternating Currents— Notes

H2 Topic 18 — Alternating Current

Commemorative silver coin. In 2018, the Serbian Mint began a coin series to honor Nikola Tesla. It features a
portrait of Tesla, and his induction generator on the other side. The generator generates Alternating Current and
revolutionized industrial mechanics

Content
e Characteristics of alternating currents
e  The transformer
¢ Rectification with a diode

Learning Outcomes
Candidates should be able to:

(a) show an understanding of and use the terms period, frequency, peak value and root-mean-square (r.m.s.) values as

applied to an alternating current or voltage

(b) deduce that the mean power in a resistive load is half the maximum (peak) power for a sinusoidal alternating current

(c) represent an alternating current or an alternating voltage by an equation of the form x = x, sin ot

(d) distinguish between r.m.s. and peak values and recall and solve problems using the relationship Irms =1,/ \/5 for

the sinusoidal case

(e) show an understanding of the principle of operation of a simple iron-core transformer and recall and solve problems
using Ng / Ny =V /' V, =1, [ | for an ideal transformer

(f) explain the use of a single diode for the half-wave rectification of an alternating current.

18.0 Introduction

An alternating current (a.c.) is an electric
current which has a flow direction that
reverses periodically with time. At the
microscopic level, an a.c. can be considered as
having the charge carriers oscillate about fixed
points.

Compare that with a d.c. where the direction of
flow of current is maintained in the same
direction.

AC/DC ADAPTOR
MODEL NO.: QM-015
Input:180-240v~50/60Hz 0.15A
Qutput:5V & MAX 1A

g 5 MY AMEEGO w .
p—
MADE IN CHINA

20171031

A typical AC/DC adaptor. As seen in topic H215, this particular
“handphone charger” outputs 5V D.C. at a maximum of 1 A. It
accepts an input alternating voltage of 180 to 240 Vs, at a

frequency of 50Hz or 60 Hz, taking up an current /. of 0.15A.
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18.1 Describing an a.c.
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Quantity Symbol Description
period T time taken for a.c. to complete one cycle
frequency f number of complete cycles of the a.c. per unit time
angular (for a sinusoidal a.c.),
frequency @ product of 217 and the frequency of the a.c., @ = 2xf
peak yalue Iy maximum value of the a.c. in either direction within a cycle
(amplitude)

peak-to-peak

difference between the positive peak value and the negative

value peak value of the a.c. within a cycle
mean value <| > average value of an a.c. over a given time interval
root-mean- . o
square (r.m.s.) I value of a steady direct current that will dissipate thermal energy
d valué - me at the same average rate as the a.c. in a given resistor
A common representation of an a.c.is | =1, sin ot :
I A
) I I
peak value o
<
>
-
0 > 3
T ! 3T t 2
- T _ =]
2 2 ~
©
(O]
o
5 I
18.2 The Mean Value <| >
The mean (or average) current value is zero for |
ana.c. where | =1, sin ot. N
I
(IY=0for I =1, sin ot °
Within a complete cycle, there is a positive
value of current and a corresponding negative 0 g

value, so mean is zero.

But a resistor heats up when an a.c. flows
through it. The mean current value of an a.c.

does not effectively characterise an a.c.
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Example 1

The mean value of an alternating current is zero.
Explain why heating occurs when there is an alternating current in a resistor.

Heating effect is due to power dissipated in resistor:

Method 1

e power dissipated is
directly proportional
to square of current,
P=I°R

Method 2
e a.c. changes

direction every half
cycle
but heating effect is

square of current is
always positive

independent of
current direction

We represent the sine a.c. as
I=1, sinwt .

Except at t:n(%}, some current

is always flowing in the resistor.

Energy output for a constant power
outputisE =P, .

constant
If power output is changing, energy
output is area under P-t graph

E=[Pdt=[I'R dt
=R([ 7 dt)=R([ (1, sin ot)" dt)
=(I2R)(] sin® ot dt)

When working with power P, the
squaring of current makes all values
positive.

average power P, = %Pmax = %]OZR

Area A is equal to Area B.

I, -

P4

I*R 1-

For constant resistance R, observe above we [Squared] squared the current and [Mean] found the
average. Comparing to an equivalent d.c. for the same heating effect:
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18.3 The Root-Mean-Square Valve |
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r.m.s. value of an alternating current is the
value of a steady direct current that will
dissipate thermal energy

at the same average rate

as the a.c. in a given resistor

To process r.m.s, we work backwards i.e.
¢ [S] square the function

¢ [M] find the average value

¢ [R] square-root averaged value

for sinusoidal a.c.

| _to
rms \/5
V,

Vo o=-0
rms \/E
Pmean = E Pmax

2

(includes both sin and cos)

(b)
1A

A

2

-4+ ---

0.01

Example 2
Find the (i) mean value and (ii) r.m.s. value for each of the a.c. below
(a)
I /A A 1 '
4 o 1 o 1
Y -——- -—--
! 1 ! 1 t/S
0.01 ' 0.03 !
0.02 0.04

(i) mean value:

in 1 period, total area =4(0.01)+(-4)(0.01)
=0 As

mean current {I} = % =0A

(i) r.m.s. value:
Graph of /? —t ([S]quared):
2
1 A
16 . -

004 tIs

N--——=}--

0.0

[M]ean value is [ =16 A?

[Rloot ,,, = [(12) =4 A

(i) mean value:

in 1 period, total area =2(0.01)+(-4)(0.01)

=-0.02 As

-0.02 _

mean current (I) ==

0.02

(i) r.m.s. value:

Graph of I? —t ([S]quared):

2
1 A
16 +

1A

4

01

' 0.03 |
0.02 0.04

t/s

in 1 period, total area =4(0.01)+(16)(0.01)

[Mleanvalueis /[, =——

[R]oot 7

=0.20 A%s
0.20
0.02

= J(I*)=32A

Note: Determine carefully one period of a.c before performing r.m.s. calculations.

=10 A?
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18.4 D.C. versus A.C. Circuits

Most methods of circuit analysis applied in d.c. can be used in a.c. circuits as well. Consider:

d.c. source a.c. source of emf
of emf E E=E, sin ot
| | G Sy SR—
[ ! -
[‘.A _ .
resistor of resistance R resistor of resistance R I'=1, sin ot

® Iy

V.. =V, sin ot

D.C.

Quantity

A.C. (sinusoidal)

instantaneous voltage

. V.. =V, sin ot
Instantar:jeous, [r)]eak and across resistor ac — Yo @
mean p. '.[ar':et Ie same neak voltage N
constant value across resistor 0
v, r.m.s. voltage v Yo
across resistor me 2
| Ve
. ac R
instantaneous current 1 V.
v flowing through resistor = —j(vo sin wt) =(—°j(sin wt)
Idc _ _dc R R
R =1, sin ot
Instantaneous, peak and _peak current | Yo
mean current are the flowing through resistor ° R
same constant value | <| 2>
r.m.s. current e *
flowing through resistor _ |_o
V2
Pac = Iach
instantaneous power = (1, sin wt)z R
P _lV dissipated in resistor °2 -
dc decVdc :(IO R) sin® wt
=1,°R
; peak power P - 2R
_ Vi dissipated in resistor 0o
R <P> = Irmsvrms
Instantaneous, peakhand mean power V2 )\\2
mean power are the dissipated in resistor }(| Vo)
same constant value =5 UV
1
=P
2 0
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Example 3

A tourist from the U.S.A. brought along an electric water kettle designed to operate with 110 V to
Singapore and plugs it into a local 240 V outlet. The heater breaks down due to overheating.

(a) If the heater typically draws 500 W, find the resistance of the heating coil.

(b) Determine the power consumption when operated using a 240 V outlet.

(c) Calculate the r.m.s. current when operated using the 240 V outlet.

(a) (b) (c)
Vins. Vims
(P)= R Assume R remains s = R
v 2 constant as heating coil 240
R — —ms heats up =——
<p> 24.2
500 R
=242 0Q _ 240°
24.2
=2380 W
(Note that this is almost 5
times the intended power
output!)

Note: Household electrical outlets are a.c. and are typically labelled with their r.m.s. value i.e.
() the a.c. supply is rated at 240 Vims

(il) the peak p.d. is about 340 V. (V, =+/2 V,  =+/2(240)~339 V)

Example 4

A steady current of 2.0 A dissipates a certain power in a variable resistor. The variable resistor is

now connected to a sinusoidal alternating current.

(a) If power dissipation remains the same, state and explain the r.m.s. value of the a.c..

(b) The resistance has to be halved in order to maintain the same power dissipation. Find the new
|

ms *

(@) 2.0 A. The r.m.s. value of an a.c. is the value of a steady direct current that will dissipate thermal
energy at the same average rate as the a.c. in a given resistor.

(b) power dissipated in resistor is P = I°R
for same power dissipation

P, =1
(5)
ms {2
| °R =1
| 2=2l,2
Irms :\/Eldc
=42(2.0)
=2.8A

Note: For exams, compute final answers according to the least no. of sf. Do not leave them in surds.
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18.5 Electricity Transmission
Transmission of electrical energy is frequently done using alternating high voltages.

GENERATION
a " Electricity is generated at ke
| various kinds of power plants [
by utilities and independent
power producers.
TRANSMISSION o
Electric transmission AN S o
is the vital link between e RN~
power production and | .

power usage, Transmission

lines carry electricity at high
voltages over long distances

from power plants to communities.

< >
"I ‘ Oy 1
o St Pl )

DISTRIBUTION
Electricity from transmission [
lines is reduced to lower !

3 voltages at substations,and
distribution companies then
bring the power to your home
and workplace.

“l

Example 5

For electricity transmission, suggest why
(a) high voltages are used

(b) the voltage is alternating.

(a) - for the same power transmission, a higher voltage results in a lower current
- the lower current results in less power loss as heat through P, = I°’R_,,.. in cables

(b) - generators output a.c.
- voltage can be (easily) stepped up/down
- transformers only work with a.c.
- easier to rectify than invert

Example 6

An average of 120 kW of electric power is sent to a small town from a power plant 10 km away. The
transmission lines have a total resistance of 0.40 Q. Calculate the power loss if the power is
transmitted at

(@) 240V

(b) 24000 V.

(a) current in transmission lines

3
I = (P) _120x10° _ oo 0
V. 240

ms

power loss
(P) =12 R =500? (0.4)= 10° W

ms

small town has 20 kW power left for use

(b) current in transmission lines

3
Im=<P>=120X1O _50A
V. 24 000

ms

power loss
(P) =2 R=5.0° (0.40)=10 W

rms

small town has 119 990 W power left for use
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18.6 The Transformer

A transformer allows alternating voltages to be stepped up and stepped down easily. Its circuit

symbol is 3 ‘ E The diagram below shows a step-up transformer.

laminated
iron core
4 /
q d P
O q . g S
input ~u 4 d p output
@) q b @)
c ) d D
D [«
primary secondary
coil coil
o J

This relationship between turn-ratio and voltages

in a transformer with a.c. input’ applies for both ideal and non-ideal transformers.
Ne Vi (More on them in Section 18.6.2)
No o Ve

Since ratio of currents is dependent on efficiency of
power transformer, we strongly recommend not
calculating the ratio of currents with turn-ratio.

18.6.1 An Application of Electromagnetic Induction
A transformer works by electromagnetic induction, and the output a.c. is not in phase with input:

[B-field generation]  An input current sets up a magnetic field in the primary coil
(the magnetic field is confined and strengthened within the iron core)

[change where] alternating current / voltage gives rise to (changing) flux in core
[flux linkage] flux links the secondary coil
[Faraday’s Law] changing flux induces e.m.f. (in secondary coil)

A d.c. input does not work because it will give a constant magnetic field. Without a changing flux
linkage with the secondary coil, there will be no induced e.m.f. across the secondary coil.

Recall that magnetic flux is the product of magnetic flux density and the area perpendicular to the
flux, ® =BA. Each loop of the secondary coil experiences a magnetic flux. The magnetic flux linkage
is then dependent on the number of turns present in secondary coil. By Faraday’s Law,

_d(NgBA)  d(BA)

E =Ng T the larger the number of turns in the secondary coil, the larger the

induced — dt

induced (output). e.m.f.
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Example 7
Use Faraday’s law to explain whether the output and the input potential differences of an ideal
transformer are in phase.

An input current sets up a magnetic field in the primary coil. This forms a magnetic flux linkage at
the secondary coil. The magnetic flux linkage at the secondary coil is in phase with the current and
p.d from the primary coil.

According to Faraday’s and Lenz’s law, the e.m.f at the secondary coil is directly proportional to the
rate of change of magnetic flux linkage.
d(BA)

dt

_NS

induced —

PD Imagine the input p.d. to be a sine
A function. In turn, the magnetic flux
linkage will also be a sine function.

\ AN // : —> After you differentiate the sine
2 N € function, you will get a negative

cosine function as shown in the
figure on the left

This means that the induced e.m.f is not in phase with the input potential difference.
The output potential difference is given by the induced e.m.f.

Hence the output potential difference is not in phase with the input potential difference.
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18.6.2 The Ideal Transformer
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An ideal transformer is one with

no power loss, so

input power is equal to the output power.

Since 100% of the input power is
transferred to the output,

Pinput = Poutput

IV =1_V

pri " pri sec = sec

and that is where we get,

As opposed to ideal transformers, practical transformers have power loss that we try to minimize:

Source of power
loss

Remedy

Description

joule heating of
wires in primary and
secondary coils

thicker wires in coils
using material of lower
resistivity

Power loss as heat (P = I°R ) is minimized
when resistance R is kept small

eddy currents in
core

laminated iron core

reduces size of eddy currents in core
lowers heating of core

flux leakage: not all
magnetic flux
generated by
primary coil is linked
to secondary coil

use soft iron core

soft iron core improves/reduces loss of flux
linkage

hysteresis loss

use of soft iron material
in core

when magnetic materials undergo flux
reversals, magnetic domains at the
molecular level experiences friction when
flipping continuously to align to the external
magnetic flux, causing heating of core
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Without Lamination

With Lamination

Eddy currents. Eddy current losses result from Faraday’s
Law. The magnetic flux is changing and forms changing flux
linkage within the core. Laminations limit the size of the eddy
currents and reduce power loss through heating of core.
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Magnetization

When driving magnetic fiakd draps
lo zera, the ferromagnetic material
fetains a considerable degree of
magnetization. This is useful as a

of material M

Material magnetized
to saturation by
alignment of domains.

==

= =

= =] ]

The matarial follzws a non-linear
magnetization curve when
magnetized from a zero field value,

magnetic memory device,
7 =

=
) = W

The driving magnetic field must be
raversed and increased to a large
valug 1o drive the magnetization to

Zero again.

==

=

ol W

Toward saturation in
the opposite direction

— Appliad magnatic
H field intensity

=
&
=

The hysterasis loop shows the “history
dependent” nature of magnetization of a
ferromagnetic material. Onee the
material has been driven to saturation,
the magnetizing field can then be
drapped to zero and the material will
retain most of its magnetization (it
remembers its history),

Example 8

10 lamps rated at 24 W, 12 V are to be connected in parallel with the mains supply of 240 V. Find

(a) the turns ratio of the transformer needed.

(b) the current drawn from the mains supply if the transformer was ideal.
(c) the current drawn from the mains supply if the transformer was 91% efficient.

(b)

current in each lamp:

(@)

Turns ratio:
Ne Vo |, _P) 24 54,
N, V, ™ Ve 12
12 10 lamps in parallel each
= 240 drawing 2.0 A SO total
drawn current is 20 A. Ideal
- 1 transformer has no power
20 loss, so input power is
=0.050 | equal to the output power:
Pinput = Toutput
/, prinn =1 secvsec
L= 1 Ve, =~ (20)(12)
Py TR 240
=1.0A

(c)

91
(m} Rnput = R)utput

91
— I V. =1_V
(100J pri Y pri sec  sec

[P" = [@) ilirsecvsec:
91 )V,

1003 1

_ (HJ%(ZO

=1.1A

)(12)

Page 11 0of 16




EP eunola 974?(2024) H2 Physics
'G]I‘P JUNIOR COLLEGE H218 Alternctlng Currents- Notes

18.7 Rectification

Torectify an a.c. is to convert it into a d.c. using a device which permits current to flow in one direction
only. We can use a single diode to achieve half-wave rectification.

isolation .
Secondary boundary  Primary
1 -
filter — transformer
ﬂ | Sapacte S resonant capacitor
3 dIOdES\ drive transistors
3 - microcontroller
| ™ optoisolator PFC
- capacitor
DC out to f
X laptop USE
transistor X capacitor
Laptop power adapters. Seen here is an PFC diod L " AC in and
Apple MagSafe power adapter. Its most basic circuit 9% e L ground pin
functions include using a transformer o step A et * ‘

down the e.m.f. from main supplies, and then a
rectifier to convert a.c. input into d.c. output for
the laptop.

18.7.1 Half-wave Rectification using 1 Diode

An a.c. changes direction of current flow periodically. We use conventional current and regard
current to flow from higher potential end of e.m.f. source to lower potential end of e.m.f. source:

. i 1
higher lower lower . higher !
potential potential potential | po_tgn_tl_al N

~ O— ~ O
V.. =V, sin ot V.. =V, sin ot B
\
S I
\ S 1 =1 1
N LR I LR | ;
’ T /
1 4
\\ Voui Vout //
/
D o e e oo ’
, diode is in forward-bias ) . pTTToo- -- --:
b e e e e ! diode is inreverse-bias
(diode has negligible resistance) e 4
(diode has very large resistance)
current flows counter- o o
clockwise in circuit negligible current in circuit
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Vac is the alternating
e.m.f. source,

V., =V, sin ot v, Jr i

Vouti i

variation of v i

p.d. output across RN

resistor R v + !

with time Yo :

diode bias | fwd !

variation of \% ' i

p.d. output across V _‘_ !

diode 0

with time .

-V, + :

. Pi |

variation of :

power dissipation in I’R 25"

resistor R 1

with time EIER

=
>
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)

\/

reverse

—

fwd

C

R —— 7

- (SRR -
|
|
|
|
P R
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Example 9

A sinusoidal a.c. of peak p.d. V, and peak current |, undergoes half-wave rectification. Find

(a) outputr.m.s.current |,
(b) outputr.m.s. p.d. V,
(c) output mean power (P)

Solution:
(a) graph of rectified output current:

Graph of 17 againstt ([S]quared):

. . T
in 1 period, total area = Z(

l5)

BT
[M]ean value is | __ =2 _Yo
T 4

1

[Rloot 1., =/(1?) =5l

(b) By a similar method, V, . = %VO

(c) Mathematically:
(PY=1,V,

rms " rms

00

Graphically:

T2
total area (4)(|°R) 1
(P)= g =P
one period T 4

IOUt
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Comparing a full sinusoidal a.c. before and after half-rectification:

9749(2024) H2 Physics
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sinusoidal a.c.

half-wave rectified
sinusoidal a.c.

peak voltage Vo
peak current

maximum power P

I, remains same after rectification

root-mean-square current lims

o

N |

root-mean-square voltage Vims

RIS

N S

mean power (P)

N SO

INJ e

Example 10
A voltmeter reads 65 V when measuring the p.d.

across a 1.0 kQ resistor connected to a sinusoidal
power source with angular frequency o .

(a) Find average power dissipated by the resistor.
(b) State an expression for the variation of
instantaneous power with time at the source.
Find the peak potential difference across the
1.0 kQ resistor.

(c)

1.0 kQ

(a) average power:
2
<P> — Vrms
R
2
= 653 =423 W
10
(b)
2
p-v
R
. 2
(V% sinat)
R

\ :
where (?OJ =P, (maximum power)

2
:(V—Oj sin® wt
R

for half-wave rectified a.c., average power is %PO

P, = 4x4.23
=169 W
P =16.9 sin“wt

(c) For a half-wave rectified circuit, Vims =Vo/ 2

Peak voltage, Vo =2 x 65 =130V
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18.8 Ending Notes

A.C. is a relatively smaller topic and is a direct application of the previous topics on electromagnetic
induction as well as D.C. circuit analysis.

Check that you are proficient with the following:

able to describe an alternating source of electricity with the correct terms

able to represent the alternating source of electricity using sin or cos functions with time
able to work out that the mean power of an a.c. source is half its peak power

able to work out r.m.s. calculations using graphical mean

able to identify sinusoidally-changing electrical sources and therefore use | =

Sl

able to describe how a transformer works and how power loss is minimised
calculations involving transformers and step up and step down scenarios
explain and calculate quantities associated with half-wave rectification.

Ooo0oO0 0O O0oO0O0O

"ARLY TECH Rjy

A Ry

DIRECT-CURRENT L ‘ : 1 ALTERNATING CURRENT

The flow of électricity is in one direction only. ! Electric charge perigdically reverses diraction and
The system operates at the same voltage level : . B is transnjitted to customers by a transformer
throughoutt 'and is not as efficient for high 7 " AR i that could bandle much higher voltages.
Vvoltage. long distance transmissiorn. 3
Alternating €urrentiruns throngh;

Battery-Powered  Fuel and Solar Cells Light Emitting Diodes 3 Car Motors Radio Signals Appliances
Devices

Direct current runs throught

THOMAS EDISON

aloaniy
B —— -~ —
1847 (L] 1858 5 % T
i /g i
‘Thomas Edison, the YDIIHEES( in his Milan, Ohlo. 1:1[41, AC Smiljan, Croatia
family, didn’t learn to talk until he
Wizard of Menlo Park ([, 7,175 - Wizard of the West

was almost 4 years okl

TR Sl Home-schooled and self-taught > 1/ Studied math, physics, and mechanics at The Polytechnic Institute at Gratz 1n 2007, Co Edison enced 125 yearsof drect
Edison promised Tesla a genérois revard If he could smooth  and finety fine percent perspiration " ., Mass communication and business Electromagnetism and electromechanical englneering Thomas Excon obanad M ookt satio 1000,
out his direct current system. The young engineer took on the: ~ ] y 1) i Tavention s in detail ing It changed to orly provide alternating current.
S e e e e 0 ool | tores T Trial and error Getting inspired and seeing the invention in his mind in detail before fully constructing it g ly p 3 <
(millions of dollars by today’s standards). When Tesla asked D (Dlrect Cirront Y
for his rightful compensation, Edison declined to pay him. ‘ )
Tesla resigned shortly after, and the elder inventor spent the Incandescent lght bulb; phonograph
rest of his life campagning to discredit hs counterpart.

\H1J9\ AC (Alternating Current)
#  Tesla coll - resonant transformer circuit; radio transmitter;

; fluorescent light; AC motors and electric
DC motors and electric power 8 e power generation system

- i NL( A s tenm
In order to prove the dangers of Tesla's alternating B e A 'F El TR D)
current, Thomas Edison staged a highly publicized
electrocution of the three-ton elephant known as 1931—Passed away peacefully in his New Wi 1943—Died lonely and in debt In
“Topsy.” She died Instantly after being shocked with Jersey home, surrounded by friends and family Room 3327 at the New Yorker Hotel

ard:
a2 6,600-volt AC charge. G et o shar e conted sl

SCURCES: CHENEY. MARGARET. “TESLA: MAN OUT OF TIME® | UTH, ROBERT. *TESLA: MASTER OF LIGHTNING.” | THOMASEDISON.COM | PBS.0RG | WEB.MIT.EDU | WIRED.COM A COLLABORATION BETWEEN GOOD AND COLUMN FIVE
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