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Fundamental quantities of periodic waveforms:

Sinusoidal voltages and currents complete a full period (cycle) in 2t radians (360 degrees). A basic sine wave is
shown in red below. Also shown (green) is a cosine wave which leads the sine wave by /2 radians (90 degrees).
Both are sinusoidal in nature/shape, the difference is in the phase (i.e. cosine leads).

ﬁ, f(x)=sin(x)
H- f(x)=0.707
f(x)=cos(x)
T
-1
We can scale the basic amplitude (strength) of t e we wish. For example, the UK
mains has a peak value (from 0 all the way to.t This is not a value we normally
associate with the UK mains, we are used to . 230V figure is derived from the root-mean-
square (RMS) value of the sinusoid and is the e e that a DC source might have to supply to
deliver the same power. This RMS vz e 0.707 times the peak value, so 0.707 x 325.2 gives

We may also change value required. Each of these parameters is very useful to know when we
come to realise just ho
signal.
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VvV
90 6
. o]
180 “ 45 0
360
270
The phasor featured above represents a sine wave with a peak value of 6 (per and an angle of 45

degrees. Here we adopt the convention that the peak value of the sinusoid is e phasor length.

Trigonometrically, this can be represented as...
6 sin(2mft + 45°)

The sign w in the diagram represents ‘angular velocity’, which
phasor rotates anticlockwise.

nd indicates that the

Rather than have to place angles on the phasor di
more conventional to use Complex Notation
Consider the diagram below...

% “pi/4 radians

- real + real

70, 360 degrees, as above) it is
d phase of a signal/wave.

VV

- imaginary, -j
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This diagram is said to be in the ‘complex plane’. Don’t be put off by that terminology though. All we have
done is to label the horizontal axis as real and the vertical axis as imaginary.

Complex notation can be in one of the forms...

a+jb
or

a—jb

It is far more convenient to use complex notation when representing signals, or even when representing
the sum or difference of signals, than it is to draw phasor diagrams. Here is a simple example...

Suppose we have a voltage (v;) and a voltage (v,), defined below, and wish to together.

v; =10 +j12
v, =154i8
All we need to do is to add the real components and then add the magi j nents, thus...

UT=U1+U2=(10+15

then draw v, =
horizontal resu
resultant of ad
32.02 volts and a phase angle of
complex notation, as a

> needed to add their horizontal components to find the
als, then add their vertical components to find the vertical
resultant phasor, drawn with extreme care, would have a length of
degrees. Engineers prefer to use the short and accurate method;
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Reactive components:

The capacitor (possibly two parallel plates which do not touch) is a device designed to store electrical
charge. The larger the value of a capacitor the greater its capacity to store additional electrical charge. The
current through a capacitor is proportional to the rate of change of voltage across its terminals, and its
capacitance value. Put mathematically...

dv
i,=C It [Amps]

That equation can be processed with a little transposition and Calculus to yield another equation which
represents the voltage across a capacitor...

1
Ve = EJ idt [Volts]

It is important to remember that a capacitor cannot be fully-charged in z ime, it be fully-
discharged in zero time. A good analogy is to try to fill a bathtu ime; mpty it in zero time —
can’t be done.

RC Circuits
A capacitor presents an obstacle to the flow o j i es. The ‘resistance’ of a
capacitor is frequency dependent and is te i ance’ and given the symbol X,.. There is a formula

you need to remember for capacitive react

Here, f represents 3 dpacitor value. The square brackets indicate that the units for
this quantity ar

ted in series then we need to find the resultant obstacle to current
n as ‘impedance’ and is given the symbol Z. The formula for the

7= /RZ +Xx.2 [

This comes about because the current through a capacitor leads the voltage across it by 90 degrees.
Consider the series RC circuit and its phasor diagram below...

If a resistor an
flow. This resulta
impedance of a series RC circui
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% o |A

s because the currentis at a
0ss the capacitor sometime
nove this i to give an impedance
which invokes Pythagoras’

later. Each phasor is multiplied by the current i, so
diagram containing just R, Xc and Z. Thisis a ri

Let’s now put all of this new know by way of a worked example.

[ Worked Exampl

Consider the RCeircuit

12
W% * |A
R2
10v s
(:)vz c2-L22n
1MHz

T M
Calculate the:

a) Reactance of the capacitor
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Calculate the:

a) Reactance of the coil
b) Impedance of the circuit
c) Supply Current

a) X, =2mfL=2mrx1x10°x1.5x107°=9.420Q
b) Z=+R2+X,>=+122 +9.422 =144 + 88.7 = +/232.7 = 15.3 Q

c) i=%=2 =654ma
Z 153

Circuits with sinusoidal sources:

Series RL Circuit

Vs

Relevant formulae:

Inductive Reactance, X; = 2nfL

Impedance magnitude, Z = /Rz + X2

Source current magnitude, iy = Z

(n<

Resistor voltage magnitude, vy = iR
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Parallel RL Circuit

R1 L1

Q

Relevant formulae:

Inductive Reactance, X; = 2nfL
RX,

VRZ + X,°

Impedance magnitude, Z =

Inductor curr

[ Worked Example 4 ]

A parallel RL circuit has; Vs =10V rms; fs = 1 kHz; R = 100 Q; L = 10 mH. Determine...
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[ Worked Example 5 ]

A series RC circuit has; Vs =10 V rms; fs =1 kHz; R =100 Q; C = 1 puF. Determine...

ANSWERS

1 1

C = 2nfCc _ 2m(1000)(1x10-6) 1590

a) X

b) Z= |R?+X.*>=+1002 + 1592 = 187.8

Q) i,=2=-"2=532mA
Z 187.8

d) vg = iR =0.0532 x 100 = 5.32V
e) ve =iX, =0.0532 X 159 = 8.46V

1 1
) fe= 2mRC ~ 2m(100)(1x1076) 1.59 kHz

1500+

20.000K,-20.027|

P (502K 28010
4500
50.00
TR0y 100 g 3 - 10K K
Left Right Deta Shope:
[Eappvsn 23,010 20,027 2,082 162.000u
F {Hz) 1 882K 20 000K 18 408K 1000
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ANSWERS
1 1
a) Xc= 2nfC  2m(1000)(1x1076) 1599
b) z =2t = 1009 _g460
RZ+X (2 v1002+159
0) is=%=%= 118.2 mA
d) ip =%=%= 100 mA
e) ip=2=22=629mA
Xc 159
Series RLC Circuit

Relevant formulae:
Resonant frequ
Inductive Re

Capacitive Reactance, X, =

Impedance magnitude, Z = \| R + (X, — X)?

. . S
Source current magnitude, iy = 7

Resistor voltage magnitude, vy = iR
Inductor voltage magnitude, v, = iX

Capacitor voltage magnitude, v, = iX,
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Mero-Cap 11 Evaluabon Version
&7 - _ Workbook - Senes RLC cir

e L R bt P o SRR | Lo e o R 0 s o s e e T e e
- - |
|

9.959K -3.037

_l‘/ -
e -
_,-'/‘--
__,—"—-'_
20,00
W 12 80K
Shope:
EaBorysn 36 B5Tu
F {Hs) 1.000

Parallel RLC Circuit

Rs % 0.0001

vs ()

I

Relevant formulae:
Resonant frequency, f, = L
2mLC
Inductive Reactance, X; = 2nfL
Capacitive Reactance, X, = 1
2nfC
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1 1
c) Xc= 2nfCc  2m(5030)(1x1076) 3160
d) / = 1 = = 1 > =100Q
2 1 1 1
J(%)z”f(xi;x—lc) \/ () +Giss19)
e) f===2=14
_ Vs _ 10 _
f) ir R 10 L4
¥ _ 10 _
8 i X, 316 0.324
h) ip=2=-2=0324
Xc 316
i) Q= Rf—w /1:(1)31 =0.32
i) f" = 10:20 = 15.7 kHz (asymmetric)
s000 . _ Workbook - Paraiel RLG o |
|
|
|
|
A5 00, |
|
|
|
|
|
30 00 |
|
|
|
|
500 |
|
6K - N[AT339K3000, |
000 T———— Al l
o
g ma ="

F {Hz)

15 878K 1000

Phase angles

just resistors then life is so easy in terms of circuit analysis. Most useful
circuits also contain capacitors and inductors (usually coils and windings). The introduction of capacitors
and inductors into circuits causes ‘phase angles’ in our calculations. The study of these phase angles is
made much easier by introducing complex numbers.

From your level 3 studies you will have come across Inductive Reactance (X.) and Capacitive Reactance
(Xc). These terms are used to quantify the amount of ‘opposition’ caused by capacitors and inductors to
changes in current or voltage. The term ‘reactance’ is brought about because capacitors cannot be charged
or discharged in zero time, and inductors cannot be energised or de-energised in zero time. A good analogy
for capacitors is, as mentioned earlier, the amount of water in a bathtub. It is impossible to fill a bathtub in
zero time, and it’s also impossible to empty a bathtub in zero time. The amount of reactance from
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capacitors and inductors is a function of their manufactured properties and the frequency of operation.
Let’s review the equations for these reactances...

X, = 2nfL [Q]
1
Xe = 2nfC 2]

where;
X; = inductive reactance (measured in Ohms, (1)
X¢ = capacitive reactance (measured in Ohms, Q1)

f = frequency (measured in Hertz, Hz)

L = inductance (measured in Henries, H)

C = capacitance (measured in Farads, F)

Consider the RLC circuit below...

as follows...

+X,

We can draw a p

=

//
%
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Mains voltage single-phase systems

e

+
Vs C) UK Mains

I

s a frequency of 50 Hz and a
h is stated for a source, but

In the circuit above we have a single-phase UK mains source.
peak voltage value of 325.27 V. Usually it is not the
rather its root-mean-square value (its ‘rms’ value).

The rms value is that voltage value of the wa an equivalent heating effect

from a DC source. This voltage happens t

 Vpk 325.27 _ 230V
V2 A2
Consider the pha series circuit...
V0L, S
Vsl
= Vsisin &
2 -
—>
VR I Vslcos @

=p

The phasor diagram, on the left, shows that the voltage across the resistor is in phase with the current.
However, the voltage across the inductor leads the current by 90 degrees. The resultant of the resistor and
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Ideal transformer and rectification:

Transformer Principles
A transformer can transfer energy by means of electromagnetic induction. A typical transformer will have a
primary winding and a secondary winding, both around a common iron core, as shown below.

........ e ———— -
. magnetic flux
. : i
primaryd ;. | d
winding/ »
I A S

L]
L L
ironcore
When an AC current is applied to the primary windi i rat gnetic flux within the iron core,
which links and cuts the windings on the seco i fm tic flux linkage produces a

voltage on the secondary.

This short video intro ic transformer principles

A simplified eq e o) ransformer is shown below.

er windings in this short video

Rp Y Xp |

. Xs Rs
F—AAA WAV—]
primary voltage m é secondary voltage
I I

Here the resistance and reactance of the primary and secondary windings are accounted for.
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These results are confirmed with the following MicroCap simulation...

* * 666.667m

100a (Pt
o0 150

[ Worked Example 16 ]

An audio amplifier output stage has an equivalent/outp ista 48Q. It is desired to match this
output stage to a loudspeaker of resistance 8 ulate t tim rns ratio of the transformer.

Let’s start our analysis here with the basic i
From this we can writ

... and also...

So our key expression is...
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=
=

2
S _
R, N.?

s

The optimum turns ratio of the transformer is the one whereby we match the output resistance of the
amplifier to the resistance of the loudspeaker. Since there is no direct electrical connection between the
amplifier output and the loudspeaker it is the job of the designer to find the optimum turns ratio of the
transformer. Let’s put the numbers in...

R, N, 648 a1

R, N2 8
So, we need...

N,? N

> =81 —=9

N
We have our answer. The optimal transformer to match thega ifi e loudspeaker in this example
has nine times the number of turns on the primary as it does‘oni ary (i.e. a turns ratio of 9:1).

pd=385.802u
8

R2

Here, R1 represents the amplifier and R2 the speaker. Notice that since we have matched the amplifier and
speaker with an optimal turns ratio transformer then we are invoking the maximum power transfer
theorem (see workbook 1). This means that maximum power from the amplifier is developed in the 8 Ohm
load. The simulation clearly shows that 385uW is developed in the amplifier and the load. The figure in
green represents a turns ratio of 1:9, which is 0.111111. Try the simulation yourself, but ensure that you
use an ideal transformer.
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7.20 I
I
I
6.00 |
74.117,5.000 '
4.80 _ e : 5.462,4.752
|
3.60 i
|
|
2.40 {
|
|
1'20100.00 10.00
Left Right Delta Slope
BIV(QUTPUT) (V) 5.000 4,752 -248.546m 8.674m
R(RL) 74.117 45.462 1.000
In the curve above, the load resistor’s value (RL) is swept from 100 izontal axis,
down to 10Q on the right. The effect of this sweep alerts us to the p h itlcéases to be a
stable supply for the load — where RL is around the same value as R1. the left

a nice steady 5V to the
indicates that the output
voltage has dropped to around 4.75V, when RL drops to arafis as reached a dangerously low
value to be able to reliably drive 5V logic circuits.

indicates that the circuit is happily performing its intended functionshere

s to a load then both R1 and the
ing physical bulk, increased cost

If simple zener circuits such as this are to be used t
zener diode itself must be rated at considerabl

ic a non-ideal AC supply, as done for the zener circuit
e 230V mains. This circuit has a step-down transformer,
diodes) and a reservoir capacitor. That will provide some raw DC

above, we can
bridge rectifier

Q1 C-ouT
® &
N
15k lVbe
D2 R>
_|100u 10k
Tc1 |Vin R1 Vout
D4 D5 TVZ

hd

to the resistor-zener series combination. This particular zener can be quite low-wattage because it is the
transistor which is really providing the regulation. Let’s see how the regulation works. We have...
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IC Regulated Power Supply

Many varieties of voltage regulator are packaged into single modules. The simplest of these provides a
fixed output voltage from a variable input voltage (the input voltage will have minimum and maximum
values). These are usually 3-pin types, such as the LM7805.

A more flexible 3-pin type will allow us to select the output voltage by configuring two external resistors. A
good example is the LM117. A useful implementation of the LM117 is to provide a regulated 5 volt DC
supply for a microprocessor system, as shown below.

LM117

that R1 has a value of 240Q. A li
Transient Analysis for thi

-Cap 11 Evaluation Version

10.00 Voltage Regulator.cir

8.00

6.00

3.095,5.03 3[ i 6.583,5.033

4.00 I
|
|
2.00 }
|
i |
I0'000.00 2.00 4.00 6.00 8.00 10.00

Left Right Delta Slope

Blv(out) (V) 5033 5033 4.942p 1417p

T (Secs) 3.095 6.583 3.488 1.000

From this plot it is clear that a quite steady 5V is supplied by the regulator. Read the datasheet for more
detailed information on this very useful device.
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Switched Mode Power Supply

If we have a DC source and wish to regulate its voltage to a lower level, with high energy efficiency, then a
Buck Converter is the ideal circuit. A typical Buck Converter is shown below.

, N-MOSFET
A 130 ’ -
+
Vin >
L I DIz LOAD

PulseControl |-

The term ‘Switched Mode’ refers to an electr
positive pulse is presented to the gate (contr or then'it is turned fully on. That will
mean that the voltage at the input (Vin) is junction formed by the diode/inductor. Current
will gradually increase through the ing ing the Capacitor and supplying the load with an
increased voltage.

When the pulse is re i ate then the transistor can be considered to be open
circuit. That will i gat the junction of the diode/inductor. The inductor generates
a back-emf to i 3 potential, resulting in a current flowing in a clockwise fashion
through the in e combination. This means that less current flows through the load,
with a consequen voltage.

If we construct the pul ansistor gate in a way that it has a low periodic time (in the example
circuit above it is 5us) then the increase/decrease in load voltage happens so quickly that the output
voltage can be considered constant (i.e. regulated).

If the control pulse has equal on and off times then it has a duty cycle of 50% and the output voltage will be
50% of the input (Vin), resulting in an output voltage of 10V. Should the pulse duty cycle be 25% (i.e ON for
1.25us and OFF for 3.75us) then the output voltage will be 25% of the input (i.e. 5V). The Transient Analysis
shown below indicates an output voltage of close to 5V, due to a pulse control duty cycle of 25%.
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