ELECTRONIS

Resistance and DC Circuits Chapter 3

= Introduction

» Current and Charge

* VVoltage Sources

= Current Sources

» Resistance and Ohm’s Law
= Kirchhoff’'s Laws

» Resistors in Series and Parallel—=
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ELECTRONICS

Introduction

= Many circuits can be analysed, and in some cases
designed, using little more than Ohm'’s law

= However, In some cases we need some additional
technigues and these are discussed In this lecture.

= We begin by reviewing some of the basic elements
that we use to describe our circuits
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ELECTRONICS

Current and Charge

= An electric current is a flow of electric charge

| = @O
dt
= At an atomic level a current is a flow of electrons
— each electron has a charge of 1.6 x 10-1° coulombs

— conventional current shown in the opposite direction
= Rearranging above expression gives

Q = [Idt
= For constant current

Q=1xt
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ELECTRONICS

Voltage Sources 33

= A voltage source produces an electromotive force
(e.m.f.) which causes a current to flow within a circuit

— unit of e.m.f. Is the volt

— a volt is the potential difference between two points
when a joule of energy is used to move one coulomb of
charge from one point to the other

= Real voltage sources, such as batteries have
resistance associated with them

— In analysing circuits we use ideal voltage sources
= No internal resistance = ideal voltage cource

— we also use controlled or dependent voltage sources

3.4
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= Voltage sources

R
1+
-
V : V V
(a) A battery (b) An ideal (c) Modelling a battery
voltage source using an ideal voltage source

© O

(d) An alternating (e) A controlled
voltage source voltage source
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Current Sources

ELECTRONICS

= We also sometimes use the concept of
an ideal current source

— unrealisable, but useful in circuit analysis

— can be a fixed current source, or a

controlled or dependent current source 7

— while an ideal voltage source has zero
output resistance, an

— An ideal current source has infinite output
resistance

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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ELECTRONICS

Resistance and Ohm’s Law

= Ohm’s law
V o |
— constant of proportionality is the resistance R
— hence

V =IR | == _
= R

— current through a resistor causes power dissipation
_v?
R

\ Y
I

P _ IV P P =12R
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Summary of passive electronics

ELECTRICITY EXPLAINED..

(1)
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Kirchhoff’'s Laws

= Node

— a point in a circuit where two or more circuit components are joined
= Loop
— any closed path that passes through no node more than once

= Mesh

— a loop that contains no other loop

= Examples: I

— A, B, C, D, EandF are nodes VI[ C)
— the paths ABEFA, BCDEB

and ABCDEFA are loops
— ABEFA and BCDEB are meshes F E D
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= Current Law

At any instant, the algebraic sum of all the currents
flowing into any node in a circuit is zero

— If currents flowing into the node are positive, currents
flowing out of the node are negative, then > 1 =0

I1+12+13+I4=0 I]—Iz+13—f4+15=0
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Cmn. W’A«&l’ﬂ

= Voltage Law
At any instant the algebraic sum of all the voltages
around any loop in a circuit is zero

— If clockwise voltage arrows are positive and
anticlockwise arrows are negatlve then >V =0

*
\svV
oV -—
'\%aﬂ\l‘sm E+V+?+4;’—O E--(V*V -“/;\ E—E+V—0
S Ve R = 3.11
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I
In General: Single Loop Voltage Law _—

= The current | iIs:

 _ ZVS. _ sum of voltage sources
Z R. sum of resistances Z R.

= This approach works for any single loop circuit with
voltage sources and resistors.

. . . 2V
= Resistors in series can be replaced by: :

Reerteo

Rseries = R+ Ro +---+ Ry

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Resistors in Parallel-Current Law

Same voltage across all the elements (have the
same node)- the elements are in parallel

Ny é—-’ No Vollogadwp . — = > ‘é ?
+
1, , 1,
| R R, R >V
) _

How do we find I, I,, and 157
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Apply KCL at the Top Node

1,
N
2

=1, + 1,
v v
R, ° R R,

Il |2 |3 '
I<> Ry R, Ry >V
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Solve for V

I—V+V+V:V[ - + . + 1)

RZ R3 Rl RZ R3
g o 1
B + -+
R, R, R R R, R,

Definition: Parallel - the elements share the same two
end nodes (\oltage is the same across all the elements)
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Voltage Division

Two resistors in series with a voltage V across them
KVL:V-V,-V,=0 Ohms Law: I=V/(R;+R,) -

L~
ORI A7 V,=1-R, Reg.
R, |v1 V=V
y R, +R,
V,=1-R,=V -V,
R | V
2 2 V, =V R,
 NMourgrp . Rl T R2
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In General: Voltage Division

Consider N resistors in series:

R,
Vi 0 =5 3V ()

Source voltage(s) are divided between the resistors
In direct proportion to their resistances

3.17
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Application of Voltage Divider

= Photomultiplier Tube
— ~3000 V Potential Difference in 10-14 steps

— Gain of 10° with low noise Out
(.  Incomin 6
‘JL Phutnng\h Window (D é

FPhoto-

Focusing
Electrode

Voltage Dropping
Resistors
. Output
Figure 1 Meter
Power Supply
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ELECTRONICS

Thévenin's and Norton’s Theorems

\ W S—S—ea.

= Thévenin’s Theorer})\’;ﬁ@; IR ™ 4
As far as its appearance from outside is concerned,
any two terminal network of resistors and energy
sources can be replaced by a series combination of an
ideal voltage source V and a resistor R, where V is the
open-circuit voltage of the network and R is the
resistance that would be measured between the

output terminals if the energy sources were removed
and replaced by their internal resistance

3.19
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Thevenin's Theorem 2

= Any linear circuit with sources (dependent and/or
Independent) and resistors can be replaced by an
equivalent circuit containing a single voltage source

and a single resistor.
e BT Qb
28,

= Thevenin’s theorem |mpI|es that we can replace arbitrarily
complicated networks with simple networks for purposes

of analysis. V.= L RL
Uy, Rew R,

= |f we have a single “load” resistor which is subject to
change, we simplify circuit to a simple Thevenin
equivalent with a single resistor and can recalculate easily
for many different loads
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. /\{m—_ \ig
! Vpe

A Realistic Source Model Toe
e N V() = vg(®) - Ry i(t)
/ \ R S S
| - V(U)o Vo)

1 The

Vs(t) ' i . -

= Circult Isc:(t)

The Source I A

I(t)

L0 ver=o
= Since the open circuit voltage and the short circuit current determine
where the I-V line crosses both axes, they completely define the line.

= Any circuit that has the same |-V characteristics is an equivalent circuit.
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. . Thev: <€ _Cutcu¥ o
Implications ==~ = "™ 7% wé =

= We use Thevenin’s theorem to justify the concept of
Input and output resistance for amplifier circuits.

= We model transducers as equivalent sources and
resistances.

’RL
= We model stereo speakers as an equwalent Ve TR,
resistance. /F o\
Solar energy mpl.“ o System output vﬁ RTh( VOC / ISC)
Re
Lirlﬁummwllnp(g[ircuit with independent sources Thevenin equivalent circuit 3.92
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= Norton’s Theorem

As far as its appearance from outside is concerned,
any two terminal network of resistors and energy
sources can be replaced by a parallel combination of
an ideal current source | and a resistor R, where | Is
the short-circuit current of the network and R is the
resistance that would be measured between the
output terminals if the energy sources were removed
and replaced by their internal resistance
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Norton’s Theory 2

= Any Thevenin equivalent circuit is in turn equivalent
to a current source In parallel with a resistor [source
transformation].

= A current source in parallel with a resistor is called a
Norton equivalent circulit.

= Finding a Norton equivalent circuit requires
essentially the same process as finding a Thevenin
equivalent circuit.

5
?"“l"o -\l-\'k —
\’ﬁ€D fhese R0® £ 31;’1‘@ Eg‘&
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Source Transformation

Rin
o w <:> s Rin

»

V
_ Voc
Voc — Rth | Isc ISC -
Rth

Ry, Is the real internal resistance of the real voltage source (R;ges voltage source = 0)
Limits voltage at the load oc load resistance

Ry, Is the real internal resistance of the real current source (R
Limits the current to the load oc load resistance
Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013

ideal current source ~— OO)
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Any R
arrangement © ! ©
of resistors,
voltage — T Voc — T % R
sources or
current . o l o
sources
Thévenin Norton
equivalent circuit equivalent circuit
, : : : : VO c
— from the Thevenin equivalent circuit  |__ = o
— hence for either circuit R _ Vo
ISC

3.26
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= Example — see Example 3.3 from course text
Determine Thévenin and Norton equivalent circuits of

the following circuit

R;=10kQ

R,=10kQ

30V

R;=10kQ

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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. g
R =10kQ Ry =10kQ

Example (continued) — +—— 11—

— If nothing is connected across the
output no current will flow in R, so MTC) R= 1040
there will be no voltage drop across

it. Hence V Is determined by the .

voltage source and the potential divider 30

formed by R; and R;. Hence V..=—=15V
2

— if the output is shorted to ground, R, IS OC
in parallel with R; and the current taken

from the source is 30V/15 kQ = 2 mA. | —1mA
This will divide equally between R, and R, SC
so the output current, and so

— the resistance in the equivalent R _ Voo _ 15V

circuit is therefore given by | 1mA

SC

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Example (continued)
— hence equivalent circuits are:

r=-============ I r==—=-========== I
| 15 kQ I [ I
| I o) | I I ')
| [ I [
| | I |
! C) 15V I ! 1 mA 15kQ 1
' [ ! [
| | ! |
I l—0o ! 1 | o
' [ I [
e I e I
Thévenin Norton
equivalent circuit equivalent circuit
3.29
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Method 2: Thevenin/Norton Analysis

Compute the Thevenin equivalent resistance, Ry, (or impedance, Z+).

(a) Remove load. If there are only independent sources, then short
circuit all the voltage sources and open circuit the current sources

(b) Calculate the equivalent resistance between the terminals

This is then the Thevenin Resistance, Ry,

(c) Reconnect all the voltage and current sources

(d) Then compute either Vo or Is- (Whichever is easier) across the
terminals

(e) Then compute the other from Vg =I5 - Ry,

3.30
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ELECTRONICS

Next time: Resistance and DC CircuitS chapters

= Superposition

= Nodal Analysis

= Mesh Analysis

= Solving Simultaneous Circuit Equations
* Choice of Techniques

3.31
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Solving circuits

3.32
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ELECTRONICS

Superposition

= Principle of superposition

In any linear network of resistors, voltage sources and
current sources, each voltage and current in the circuit
IS equal to the algebraic sum of the voltages or
currents that would be present if each source were to
be considered separately. When determining the
effects of a single source the remaining sources are
replaced by their internal resistance

3.33
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How to Apply Superposition

= To find the contribution due to an individual
Independent source, zero out the other independent
sources In the circuit.

—\Voltage source = short circulit.

— Current source = open circulit.

= Solve the resulting circuit using your favorite
technique(s).

3.34
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The Summing Circuit

3.35
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Superposition

R, R, R, R,
R AVAVAS SEEEE SAVAVA R
Vl \% out RB + R3 \% out V2
I’=V/(R+Ry3)
Vit = I'Ryy3
Where
Rais = RoRa/(Ry+R;) o
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Superposition

I’=V /(R +Ry3)
V’out
Where

=1I"Ry3

Ry/;s = RoR3/(Ry+R5)

"=V, (Ry+Ry3)
V7ot = TRy
Where
Ruiz = RiR3/(R+R;)

3.37
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Use of Superposition

Vo=Vt V'

out out out

If R,=R,=R;=1kQ
then
=V, /3
=V,/3
=V,/3+V.,/3

V'
V" out —
+ V”

out —

\% =V out

out out

3.38
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Summary and next time

Nomenclature and symbols
Circuit analysis using:
— Ohms Law

— Kirchoff's voltage law
— Kirchoff's current law

Further analysis using Thevenin and Norton theorems
Superposition

Next time

— Further example of Superposition, Thevenin and Norton theorems

— Mesh and Nodal analysis

— AC circuits

3.39
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Further example of Superposition,
Thevenin and Norton theorems

= Example — see Example 3.5 from course text
Determine the output voltage V of the following circuit

Rl= R2=
100 Q2 200

v} KP

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Example (continued)
— first consider the effect of the 15V source alone

A

Ry =

100 Q2
R2= R3_ 1%
200 Q 50 Q 1

ISVT l
200 // 50 40
V. =15 =15 =4.29V

1 100 +200//50 100 + 40

3.41
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Example (continued)
— next consider the effect of the 20V source alone

T A

R, =
200 Q
R, = Ry=
100 Q 50 Q £
sie
100 //50 33.3
V., =20 = 20 =2.86V

2 "7 200+100//50 200+ 33.3

3.42
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Example (continued)
— S0, the output of the complete circuit is the sum of these two voltages

T A
Rl= R2=
100 Q 200 Q

ISVT ZOVT

50 Q

V=V, +V, =429+286=7.15V

3.43
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Generalized Thevenin/Norton Analysis

1. Pick a good breaking point in the circuit (cannot split a
dependent source and its control variable). |
Example of a good break point, remove the load resistor.

2. Thevenin: Compute the open circuit voltage, V.
Norton: Compute the short circuit current, lqc.

[If there are only dependent sources both V,-=0 and 15-=0,
SO skip step 2]

3.44
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The Summing Circuit

Ry Vs

Break the circuit at the load and remove resistor

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Now compute the Thevenin open

circuit voltage

R, R;
|
Vl Voc V2
|

Here it is just 2 voltage dividers.
Voo = ViRo/(R14R;) + VR /(R +R))

3.46
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Now compute the Thevenin equivalent
resistance across the voltage

Here it is just R, paralleled with R,
Rt = Ry R/(R1*+R,)

f needed, calculate Thevenin current, 1, = V. /Ry,

3.47
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Now compute the Thevenin

egulivalent circuit for calculations
Rth

Voc R,

IL = Voc /(Rth+RL) and VL = RL Voc /(Rth+RL)

Note, Power dissipated in the load is :
P =R I =R [Vo/(Rpy+RD]?

Differentiate with respect to R, to find that the
maximum energy transfer is when R, =Ry

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Impedance Matched Circuit

Rth

Vo R, =R,

This circuit will dissipate the maximum energy in the load

E.g. audio circult or heating circuit

3.49
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ELECTRONICS

Nodal Analysis Video38 310

= Six steps:

Chose one node as the reference node

Label remaining nodes V,, V,, etc.

Label any known voltages

Apply Kirchhoff's current law to each unknown node
Solve simultaneous equations to determine voltages

o 0k~ Wb PE

If necessary calculate required currents

3.50
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= Example — see Example 3.7 from course text
Determine the current I, in the following circuit

10 Q 20 Q 30 Q

SOVT 15Q [li 25Q TIOOV

3.51
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Example (continued)

— first we pick a reference node and label the various node voltages,
assigning values where these are known

10 Q 30 Q

v 20 Q v,

Vi =50 7, =100

50 VT Reference | 1152 I 25Q T 100 V

node

3.52
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Example (continued)

— Next, assign a current into or out of each node with an unknown
voltage and apply KCL

10 Q 30 Q

=50 £

V4 - 100

IC
50 VT Reference 150 I 25Q T 100 V

node

— SoKCL gives I+ 1,+1.,=0,andI;+1,—-1,=0

3.53
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Example (continued)

— next we take the sum of the currents flowing into the nodes with
unknown voltages and apply Ohms law:

50 -V, +V3 —V2+O—V2 0 Vv, —V3+100—V\,,)+O—V3 0
10 20 15 20 30 25
— solving these two equations gives
V, =32.34V
V;=40.14V

— and the required current, 1, is given by

V;-0_40.14V
L=2507 250 1A

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Mesh Analysis

= Four steps:

1.ldentify the meshes and assign a clockwise-flowing
current to each. Label these |, 1,, etc.

2. Apply Kirchhoff's voltage law to each mesh

3. Solve the simultaneous equations to determine the
currents |4, |I,, etc.

4.Use these values to obtain voltages Iif required

3.55
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= Example — see Example 3.8 from course text
Determine the voltage across the 10 Q resistor

70 Q 100
20Q 80 Q
10 Q
SOVT C)
30Q 60 Q
40 Q 920 Q

3.56
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Example (continued)
— first assign loops currents and label voltages

R,=70Q Rp=100Q

3.57
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Example (continued)
— next apply Kirchhoff's law to each loop. This gives

E-V,-V.-V. -V, =0
V.-V, -V. +V. =0
V.-V, -V_ -V, =0

— which gives the following set of simultaneous equations

50— 701, — 20(I, —1,) = 30(I, — 1,) — 40l, =0
20(I, —1,)—1001, —80I, +10(1, —1,) =0
30(I, - 1,)—-10(1, —1,)— 601, —90I, =0

3.58
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Example (continued)
— these can be rearranged to give

50 —160I, + 201, +30I, =0
201, — 2101, +101, =0
301, +101, —190I, =0

— which can be solved to give

l, =326 mA
|, =34mA
|, =53mA

3.59
Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013



Example (continued)
— the voltage across the 10 Q resistor is therefore given by

VE = RE(|3 - Iz)
=10(0.053-0.034)

=0.19V
— since the calculated voltage is positive, the polarity is as shown by

the arrow with the left hand end of the resistor more positive than the
right hand end

3.60
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ELECTRONICS

Solving Simultaneous Circuit Equations iz

= Both nodal analysis and mesh analysis produce a
series of simultaneous equations

— can be solved ‘by hand’ or by using matrix methods

— e.g. 50 —1601, + 201, + 301, =0
201, — 2101, +101, =0
301, +101, —190I, =0
— can be rearranged as as
160I, — 201, —30I, =50
201, — 2101, +10I, =0
301, +101, —190I, =0

3.61
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Solving Simultaneous Circuit Equations

— these equations can be expressed as

160 -20 -30] [1, 50
20 210 10| L] = | o
30 10 -190] |l xl

— which can be solved by hand (e.g. Cramer’s rule)

— Or can use automated tools
= e.g. scientific calculators
» computer-based packages such as MATLAB or Mathcad

3.62
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Mesh analysis

3kQ

[T
4 = QWEI 8 k0

-T 111V

KVL around each mesh gives

Vo -V1-V2=0 And want to apply
V2-V3-V4=0 Ohms law to each
V4 -V5-V6=0 voltage drop

3.64
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Voltages from Mesh Currents

R R -~~~
— AN — AN —
~~ ~~
Il Il

Note Sign Convention: |, is anti-parallel to V, = Vg, = 1R
|, parallel to Vg = Vg, =-1,-R

total voltage is the sum V = (Il-lz)-l'\; N
Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013 .



Vg -VD-v2=0

V2-V3-V4=0
V4-V5-V6=0

+
=V
Vs —
- 111V

Using Ohms law gives
111V —@— R,-(I,—1,) =0
Ry(lp = 15) =Ryl =Ry (I, - 15) = 0
Ry(lz=13) Rs 13 -Rg:13=0

3.66
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Vs -V1-{/2=0

V2-V3-V4=0
V4-V5-V6=0

Using KVL gives
111V - Ryl ~@y (I, - [[)=0
Ry =15) =Ryl =Ry (I, - 15) = 0
Ry(lz=13) Rs 13 -Rg:13=0

3.67
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Using KVL gives
111V -R;- ;- Ry:(1; - 1,) =0
Ry(lp = 15) =Ryl =Ry (I, - 15) = 0
Ry(lz=13) Rs 13 -Rg:13=0

3.68
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R "R, " Rs
k 2 kO
3 kQ
+ | :}
Vs _.__V QR 8 kO R 56 KD YGT
-1 111V V2 va
Expand to:
111V - (R*Ry) - I+ (Ry) -, 0 Sy =

(Ry) - 11— (Ry*R3+R,) - 1, + (Rs) 3=
o -1 (Ry) 1= (Ry+R5+Rg) - 13 =

Neil Storey, Electronics: A Systems Approach, 5" Edition © Pearson Education Limited 2013
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Mesh gives simultaneous equations

(Ry)) - Ii—(Ry*Rs*Ry) -1, +  (R)  -I3= 0
0 -l (Ry) - I— (RARs*Rg) - 13= 0

Which Iin matrix form become

- (RtRy) (R,) 0
(R) - (Ry*R;+Ry) (Ry)
0 R) - (RpRyHRy)

3.70
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ELECTRONICS

Choice of Techniques Xy

= How do we choose the right technique?

— nodal and mesh analysis will work in a wide range of
situations but are not necessarily the simplest
methods

— no simple rules

— often involves looking at the circuit and seeing which
technigue seems appropriate

3.71
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I ELECTRONIS

FU rt h er St u d y Video 3D Further Stdy

= The Further Study section
at the end of Chapter 3

investigates the choice of - 9/
circuit analysis techniques. l’\ \
2
= A circuit is presented which .-

could be analysed in a S |
number of ways. -

= Have a look and see which
you think is best, then watch
the video.
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Key Points

An electric current is a flow of charge

A voltage source produces an e.m.f. which can cause a
current to flow

Current in a conductor is directly proportional to voltage
At any instant the sum of the currents into a node Is zero
At any instant the sum of the voltages around a loop Is zero

Any two terminal network of resistors and energy sources
can be replaced by a Thevenin or Norton equivalent circuit

Nodal and mesh analysis provide systematic methods of
applying Kirchhoff's laws

3.73
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