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Introduction — The Electrical/Electronics Engineering

The growing sensitivity to the technologies on Wall Street is clear
evidence that the electrical/electronics industry is one that will have a
sweeping impact on future development in a wide range of areas that
affect our life style, general health, and capabilities.

» Semiconductor Device

* Analog & Digital Signal Processing
» Telecommunications

* Biomedical Engineering

* Fiber Optics & Opto-Electronics

« Integrated Circuit (IC)

Figure 1.1 Computer chip on
finger. (Courtesy of Intel Corp.)
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Introduction — A Brief History

FIGURE 1.2 Time charts: (a)
long-range; (b) expanded.
ET162 Circuit Analysis - Introduction Boylestad

Units of Measurement

The numerical value substituted into an equation must have
The unit of measurement specified by the equation

Examples

ET162 Circuit Analysis - Introduction Boylestad 5

Systems of Units

English Metric

Length: Yard (yd) Length: Meter (m)
Mass: Slug Mass: Kilogram (kg)
Force: Pound Force: Newton (N)

Temperature: Fahrenheit (°F) || Temperature: Kelvin (K)
Energy: Foot-pound (ft-Ib) Energy: Joule (J)
Time: Seconds (s) Time: Seconds (s)
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Systems of Units

\ FIGURE 13 Comparison of




Significant Figures, Accuracy, and Rounding off

In the addition or subtraction of approximate numbers, the entry with the
lowest level of accuracy determines the format of the solution.

For the multiplication and division of approximate numbers, the result has
the same number of significant figures as the number with the latest number
of significant figures.

Ex. 1-1 Perform the indicated operations with the following
approximate numbers and round off to the appropriate level of accuracy.
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Powers of Ten

1=100° 1/10 = 0.1 = 10!

10 = 10t 1/100 = 0.01 = 107

100 = 102 1/1000 = 0.001 = 1073
1000 = 103 1/10,000 = 0.0001 = 10*

ET162 Circuit Analysis - Introduction Boylestad 9

Ex. 1-3

Ex. 1-4

Ex. 1-5
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Basic Arithmetic Operations

When adding or subtracting numbers in a powers-of-ten format, be sure that
the power of ten is the same for each number. Then separate the multipliers,
perform the required operation, and apply the same power of ten to the
results.

Ex. 1-6
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Ex. 1-7

Ex. 1-8

Ex. 1-9

ET162 Circuit Analysis — Introduction oylesta

HW 1-26 Perform the following conversions:
a. 1.5 min to seconds
b. 0.04 h to seconds
c¢. 0.05 s to microseconds
d. 0.16 m to millimeters
e. 0.00000012 s to nanoseconds
f. 3,620,000 s to days

a. 1.59&{16;6]:905
b 004){[%][ 605]=144s

|1
1
c 0,05,{ f}:D.GSXIGGyS:SOxlD’,m
10°
d 0,15;1[ 1‘7“”3 = } =016 % 10° mm = 160 mm
107 or

e, 12x 10’7;{
1074
£ 3.62x 10‘;{

1ns

— }=l.2x102ns=120 ns

1win][ 1 J[1day] _ )
60{}[*9%:60 “:24,11’} =41.90 days
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Calculators and Order of Operation
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Introduction to Resistance

The flow of charge through any material

At a fixed temperature of 20°C (room temperature), the resistance is
related to the other three factor by

encounters an opposing force similar in
many aspect to mechanical friction. This
opposition, due to the collisions between
electrons and other atoms in the material,
which converts electrical energy into
another form of energy such as heat, is

called the resistance of the material. The

unit of measurement of resistance is the ohm
(Q).

ET162 Circuit Analysis —Current and Voltage Boylestad 3

i -

/0 : resistivity of the sample (CM-ohms/ft at T=20° C)
| : the length of the sample (feet)
A : cross-sectional area of the sample (circular mils (CM))

FIGURE 1.2 Factors affecting the
resistance of a conductor.
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Resistance: Circular Wires

For two wires of the same physical size at the same temperature,
« the higher the resistivity (0), the more the resistance

« the longer the length of a conductor, the more the resistance

« the smaller the area of a conductor, the more the resistance

« the higher the temperature of a conductor, the more the resistance

FIGURE 1.3 Cases in which R,> R,. For each case, all remaining parameters that
control the resi level are the same.

ET162 Circuit Analysis —Current and Voltage Boylestad 5

Types of Resistors — Fixed Resistors

Resistors are made in many forms, but all belong in either of two groups: fixed or
variable. The most common of the low-wattage, fixed-type resistors is the molded
carbon composition resistor.

FIGURE 1.3 Fixed composition resistor.

FIGURE 1.4 Fixed composition
resistors of different wattage ratings.
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Types of Resistors — Variable Resistors

Variable resistors have resistance that can be varied by turning a dial, knob,
screw, or whatever seems appropriate for the application.

FIGURE 1.5 Potentiometer: (a) symbol: (b) & (c) rheostat
connections; (d) rheostat symbol.
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Color Coding and Standard Resistor Values

A whole variety of resistors are large enough to have their resistance in
ohms printed on the casing. However, some are too small to have numbers
printed on them, so a system of color coding is used.

FIGURE 1.6 Color coding of fixed molded composition resistor.

Band 1-2 Band 3 Band 4 Band 5
0 Black 100 5% Gold 1% Brown
1 Brown 10! 10% Silver 0.1% Red
2 Red 102 20% No band | 0.01% Orange
3 Orange 103 0.01% Yellow
4 Yellow 104
5 Green 10°
6 Blue 100
7 Violet 107
8 Gray 108
9 White 10°

aple T Resistor color

oading




EX. 1-1 Find the range in which a resistor having the following color bands must

exist to satisfy the manufacturer’s tolerance:

b. 1st Band 2nd Band 3rd Band 4t Band 5th Band
Orange White Gold Silver No color
& 9 101=0.1 +10%

a. 82Q =+ 5% (1% reliability)

Since 5% of 82 = 4.10, the resistor should be within the range of 82Q *
4.10Q, or between 77.90 and 86.10Q2.

ET162 Circuit Analysis —Current and Voltage Boylestad 9

Conductance

The quantity of how well the material will conduct electricity
is called conductance (S).

(siemens, S)

G =

1
R

G = s)
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Ex. 1-2 What is the relative increase or decrease in conductivity of a conductor if
the area is reduced by 30% and the length is increased by 40%? The resistivity is
fixed.

Ohmmeters

(siemens, S)

with the subscript i for the initial value. Using the subscript n for
new value :

G - A, _070A 070 A _ 0.70 056,
el p4l) 1.4 pl 1.4G,

The ohmmeter is an instrument used to perform the following tasks
and several other useful functions.

1. Measure the resistance of individual or combined elements

2. Direct open-circuit (high-resistance) and short-circuit (low-
resistance) situations

3. Check continuity of network connections and identify wires of a
multi-lead cable

4. Test some semiconductor devices

a connection.

j FIGURE 1.7 Measuring the resistance of t j FIGURE 1.8 Checking the continuity of

a single element.

i



Ex 1-3 In Figure, three conductors of different materials are presented.

a. Without working out the numerical solution, determine which section would
appear to have the most resistance. Explain.

b. Find the resistance of each section and compare with the result of (a) (T = 20°C)

Voltage

(-—-—Sil\-'uf: I=1ft.d=1mil
=

SCslpp‘:r: = 10fi,d = 10mils

Aluminum:
I = 50fi,
d = 50 mils

—Silver: R=pl—=m=9.9ﬂ
A 1ICM
Copper:R = pl =M=I.O37 Q
A 100CM
Aluminum:R =pl=w=o34g
A 2500CM
ET162 Circuit Analysis ~Current and Voltage Boylestad 13

The voltage across an element is the work (energy) required to move
a unit positive charge from the — terminal to the + terminal. The unit
of voltage is the volt, V.

A potential difference of 1 volt (V) exists between two points if 1 joul
(J) of energy is exchanged in moving 1 coulomb (C) of charge
between the two points.

W
V = — [[ Q = coulombs (C)

V = voltage (V)

W = potential energy (J)

FIGURE 1.Y Defining the unit of measurement for

ET162 Circuit Analysis Current and Voltage stadt i 1

EXx. 1-4 Find the potential difference between two points in an electrical system
if 60 J of energy are expended by a charge of 20 C between these two points.

_W_60J .,y
Q 20C

EX. 1-5 Determine the energy expended moving a charge of 50 £/C through a
potential difference of 6 V.

ET162 Circuit Analysis —Current and Voltage Boylestad 15

Fixed (dc) Supplies

The terminology dc is an abbreviation for direct current, which
encompasses the various electrical systems in which there is a
unidirectional (“one direction”) flow of charge.

DC Voltage Sources

-1+
_F||7

- FIGURE 1.11
Terminal
characteristics: (a)
FIGURE 1.10 Symbol ideal voltage
for a dc voltage source. source; (b) ideal

current source.

ET162 Circuit Analysis —Current and Voltag] Boylestad L |




Current

The electrical effects caused by charges in motion depend on the rate
of charge flow. The rate of charge flow is known as the electrical
current. With no external forces applied, the net flow of charge in a
conductor in any direction is zero.

FIGURE 1.12 Basic electrical circuit.

ET[ 62 Circuit Analysis ~Current and Voltage Boylestad 17

1C
6.242x10"

Charge/electron=Q, = =1.6x10"C

The current in amperes can now be calculated using the following
equation:

Q=1-t (coulomb,C)

Q = coulombs (C)
t = seconds (s) t

Q 1= amperes (A) and
t

= % (seconds, S)

ET162 Circuit Analysis ~Current and Voltage Boylestad 18

EX. 1-6 The charge flowing through the imaginary surface of Fig. 1-12is 0.16 C
every 64 ms. Determine the current in ampere.

-3
|2Q_ 016C _160x10°C_, o
t 64x107s  64x107s

EX. 1-7 Determine the time required for 4 X 10! electrons to pass through the
imaginary surface of Fig. 1.12 if the current is 5 mA.

ET162 Circuit Analysis —Current and Voltage Boylestad 19

Ammeters and Voltmeters

It is important to be able to measure the current and voltage levels of
an operating electrical system to check its operation, isolate
malfunctions, and investigate effects. Ammeters are used to measure
current levels while voltmeters are used to measure the potential
difference between two points.

FIGURE 1.13  Voltmeter and ammeter connection for an up-scale (+) reading.

ET162 Circuit Analysis — Voltage and Current Boylestad 20
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Introduction to Ohm’s Law

Ohm’s law clearly reveals that
a fixed resistance, the greater
the voltage across a resistor,
the more the current, the more
the resistance for the same
voltage, the less the current.

Figure 4.1 Basic Circuit. ‘ IE

ET162 Circuit Analysis — Ohm’s Law Boylestad




Ex. 4-1 Determine the current resulting from the application of a 9-V battery
across a network with a resistance of 2.2 Q.

EXx. 4-2 Calculate the resistance of a 60-W bulb if a current of 500 mA results
from an applied voltage of 120 V.

12
r=E__ 7 o0
I 500x10" 4
ET162 Circuit Analysis - Ohm’s Law Boylestad 4

Ex. 4-3 Calculate the current through the 2-k resistor of Fig. 4.3 if the voltage
drop across it is 16 V.

FIGURE 4.3 Example 4.3

Ex. 4-4 Calculate the voltage that must be applied across the soldering iron of
Fig. 4.5 to establish a current of 1.5 A through the iron if its internal resistance is
80 Q. -

E=1-R=(154)80Q)=120V

FIGURE 4.4 Example ‘
4.4

For an isolated resistive element, the polarity of the voltage drop

is as shown in Fig. 4.2(a) for the indicated current direction. A
reversal in current will reverse the polarity, as shown in Fig.
4.2(b). In general, the flow of charge is from a high (+) to a low (<)
potential.

FIGURE 4.2 Defining polarities.

ET162 Circuit Analysis - Ohm’s Law Boylestad 5
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Plotting Ohm’s Law

Graph, characteristics, plots play an important role in every technical
field as a mode through which the broad picture of the behavior or
response of a system can be conveniently displayed. It is therefore
critical to develop the skills necessary both to read data and to plot
them in such a manner that they can be interpreted easily.

hFaIGURE 4.5 Plotting Ohm’s ‘
W

ET162 Circuit Analysis — Ohm’s Law Boylestad




If the resistance of a plot is unknown, it can
be determined at any point on the plot since
a straight line indicates a fixed resistance. At
any point on the plot, find the resulting Rd ==
current and voltage, and simply substitute
into following equation:

AV
R=——
Al
FIGURE 4_.6 Demonstrating onan I-VD;:Iot that the H FIGURE 4.7 ‘
Power

Power is an indication of how much work can be done in a specified
amount of time, that is, a rate of doing work. Since converted energy is
measured in joules (J) and time in seconds (s), power is measured in
joules/second (J/s). The electrical unit of measurement for power is the
watt (W), defined by

P= ? (watts, W, or joules | second, J I s)

| 1 horsepower = 746 watts |
0

p:K:ﬂ:VQ:VI(watts) where I ==
tt t t] Ea-1

ET162 Circuit Analysis — Ohm’s Law Boylestad 10

Ex. 4-5 Determine the resistance associated with the curve of Fig. 4.8 using
equations from previous slide, and compare results.
At V =6V,I=3mA, and
Vv 6V
e =—=——=2kQ
I 3mA
FIGURE 4.8 Example 4.5.
ET162 Circuit Analysis - Ohm’s Law Boylestad 9
Eq. 2

Eqg. 3

2
R R

The result is that the power absorbed by the resistor of Fig. 4.9 can be found
directly depends on the information available.

Power can be delivered or absorbed as defined by the polarity of the voltage

and direction of the current. For af-tde-vetiage-sotrees;powerisbeirig

delivered by the source if the currgnt has the direction appearing in Fig. 4.10

@).

FIGURE 4.9 Defining the power to a
resistive element.
ET162 Circuit Analysis — Ohm’s Law

‘ FIGURE 4.10 Battery power: (a) supplied; (b) absorbed.

Boylestad 11




Ex. 4-6 Find the power delivered to the dc motor of Fig. 4.11.

P=V1=(120V)54)
= 600/ = 0.6k

FIGURE 4.11 Example 4.6. ‘

Ex. 4-7 What is the power dissipated by a 5-Q resistor if the current is 4 A?

ET162 Circuit Analysis - Ohm’s Law Boylestad 12

Ex. 4-8 The 1-V characteristics of a light bulb are powered in Fig. 4.12. Note the
nonlinearity of the curve, indicating a wide range in resistance of the bulb with
applied voltage as defined by the earlier discussion. If the rated voltage is 120 V,
find the wattage rating of the bulb. Also calculate the resistance of the bulb

under rated conditions.

yoo120r
At120V, R=—=—=192Q
I 06254
FIGURE 4.12 The nonlinear I-V characteristics of
a 75-W light bulb.
ET162 Circuit Analysis - Ohm’s Law Boylestad 13

Sometimes the power is given and the current or voltage must be
determined.

HW 4-52 A stereo system draws 2.4 A at 120 V. The audio output power is 50 W.
a. How much power is lost in the form of heat in the system?
b. What is the efficiency of the system?

P=[2R:>IZ=§ or IZE (ampere)

Ex. 4-9 Determine the current through a 5-k<2 resistor when the power dissipated
by the element is 20 mW.

-3
1= 2o W 10 = 2x10° 4= 2md
R 5x10° Q
ET162 Circuit Analysis — Ohm’s Law Boylestad 14

a. P =EI=(1201)(2.44)=288W
P=P +P,, P, =P —P =288W—50W =238W

lost
b. n% = b =100% = SO x100% =17.36%
P 288W

i

ET162 Circuit Analysis — Ohm’s Law Boylestad 15
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Series Circuits - Introduction

Two types of current are available to the consumer today. One is direct
current (dc), in which ideally the flow of charge (current) does not
change in magnitude with time. The other is sinusoidal alternating
current (ac), in which the flow of charge is continually changing in

magnitude with time.

FIGURE 5.1 Introducing the basic components of an electric circuit.
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Series Circuits

A circuit consists of any number of elements joined at terminal points,
providing at least one closed path through which charge can flow.

Two elements are in series if

1.They have only one terminal in common
2.The common point between the two points is not connected to another
current-carrying element.

In Fig. 5.2(a), the resistors R, and R, are
in series because they have only point b
in common.

The total resistance of a series circuit is the sum of the resistance levels. In
general, to find the total resistance of N resistors in series, the following
equation is applied:

The total resistance of a series circuit is
the sum of the resistance levels

T
FIGURE 5.2 (a) Series circuit; (b) situation
in which R, and R, are not in series.

|RT=R1+R2+R3+~--+RN |(ohms, Q)

I, =—| (amperes, A)

. (volts, V)
\Y
2
F)l =V1 Il = Il R1 =— (watts, W) [FIGURE 5.3 Replacing the series resistors R,
Rl and R, of Fig. 5.2 (a) with the total resistance.

v, W

The total power delivered to a
resistive circuit is equal to the

| Pyy=P +P,+P;+- - - +Py | total power dissipated by
resistive elements.
ET162 Circuit Analysis — Series Circuits Boylestad 5

EX. 5-1 a. Find the total resistance for the series circuit in Figure 5.4.
b. Calculate the source current I.
c. Calculate the voltages V|, V,, and V;.
d. Calculate the power dissipated by R, R,, and R;.
e. Determine the power delivered by the source, and compare it to the
sum of the power levels of part (b).

[@R. =R, +R,+R, =20+ 10+50=80 |

|
—E 20V
© R 8Q

| =25A

(©) V, =R, = (2.5A)2Q) = 5V
V,=1R, = (2.5A)(1Q) = 2.5V
V,=1IR; = (2.5A)(5Q) = 12.5V

()P, = V,I,= (5V)(2.5A) = 12.5W

EX. 5-2 Determine Ry, I, and V, for the circuit of Figure 5.5.

Ry =R, +R, +Ry+ R,
—7Q+4Q+7Q +7Q
-250
E 50V
. =_— = 2A
R~ 250
[V,=1.R,= 2A)40Q) =8V | Figure 5.5

EX. 5-3 Given R; and I, calculate R, and E for the circuit of Figure 5.6.

P,=V,I,=(2.5V)(2.5A) = 6.25 W Ep—
P, =V, = (12.5V)(2.5A) =31.25 W

Boylestad 6
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Voltage Sources in Series

Voltage sources can be connected in series, as shown in Fig. 5.7, to increase
or decrease the total voltage applied to a system. The net voltage is
determined simply by summing the sources with the same polarity and
subtracting the total of the sources with the opposite polarity.

E;=E, +E,+E;= 10V +6V+2V=18V |

E;=E,+E,—E =9V +3V_4V=38V |

FIGURE 5.7 Reducing series dc
voltage sources to a single source.

ET162 Circuit Analysis — Series Circuits Boylestad 8

Kirchhoff’s Voltage Law

Kirchhoff’s voltage law (KVL) states that the algebraic sum of the
potential rises and drops around a closed loop (or path) is zero.

A closed loop is any continuous path that leaves a point in one direction
and returns to that same point from another direction without leaving the
circuit.

(Kirchhoff’s voltage law
in symbolic form)
E-V,-V,=0
or E=V,+V,

ZVrises = Z\,drops

FIGURE 5.8 Applying Kirchhoff’s
voltage law to a series dc circuit.

ET162 Circuit Analysis — Series Circuits | Boylestad 9

EX. 5-4 For the circuit of Figure 5.9:

a. Determine V, using Kirchhoff’s voltage law.
b. Determine I.

c. Find R, and R,

a. Kirchhoff’s voltage law (clockwise direction):
—E+V;+V,+V,=0
or E=V,+V,+V,
and V,=E-V, -V,

EX. 5-5 Find V, and V, for the network of Fig. 5.10.

=54V-18V-15V =21V

b |12Ya2V 5
R, 7Q
o RV _
I 3A
VvV, 1
R == IV_sq
1 3A
ET162 Circuit Analysis — Series Circuits Boylestad FIGURE 5.9 10

For path 1, starting at point a in a clockwise direction:

[
-25V +V, =15V =0
and V, =40V

For path 2, starting at point
a in a clockwise direction:

V, +20V =0

and V, =-20V FIGURE 5.10

ET162 Circuit Analysis — Series Circuits Boylestad 11




the network of Fig. 5.11.

EX. 5-6 Using Kirchhoff’s voltage law, determine the unknown voltage for

ET162 Circuit Analysis — Series Circuits

FIGURE 5.11

Boylestad 12

EX. 5-8 For the circuit of Fig. 5.12.
a. Determine V, using Kirchhoff’s voltage law.
b. Determine I.
c. Find R, and R,.

FIGURE 5.12

V, 15V
| 3A
ET162 Circuit Analysis — Series Circuits Boylestad 13

Voltage Divider Rule (VDR)

The voltage across the resistive elements will divide as the
magnitude of the resistance levels.

The voltages across the resistive elements of Fig. 5.13 are provided. Since the
resistance level of R, is 6 times that of R, the voltage across R, is 6 times that of
R,. The fact that the resistance level of R, is 3 times that of R, results in three times
the voltage across R,. Finally, since R, is twice R,, the voltage across R, is twice
that of R,. If the resistance levels of all resistors of Fig. 5.13 are increased by the

|| same amount, as shown in Fig. 5.14, the voltage levels will all remain the same. a

FIGURE 5.13 Revealing how the voltage
will divide across series resistive elements.

—

FIGURE 5.14  The ratio of the resistive values
determines the voltage division of a series dc circuit.

The voltage divider rule (VDR) can be derived by analyzing the network
of Fig. 5.15.

R;=R,+R,

and I=E/R;

Applying Ohm’s law:

E
V. =IR =|— R
1 Rl [RTJ 1

E R,E
=R =| — |R,="2
RT RT T FIGURE 5.15 Developing the voltage divider rule.

RE
R,

(voltage divider rule)

ET162 Circuit Anal Boylestad 15




EX. 5-9 Using the voltage divider rule, determine the voltages V, and V; for
the series circuit of Figure 5.16.

Notation-Voltage Sources and Ground

_ RE _ RE Notation will play an increasingly important role on the analysis to follow.
1 R, R+R +R Due to its importance we begin to examine the notation used throughout
. : } the industry.
_ (2kQ)(45v)
T kO 1 5K + 8KOQ Except for a few special cases, electrical and electronic ov
systems are grounded for reference and safety purposes.
(2x10°Q)45V) 90V ; in Fi
_eX ) _ =6V The symbol for the ground connection appears in Fig. =
(1 5%x10° Q) 15 5.25 with its defined potential level-zero volts. ‘ FIGURE 5.25 Ground potential.
_RE _(8kQ)4sV)
3 B2 =
R, 15kQ
_(8x10°Q)45V)
15x10°Q
360V
=—=24V
15 FIGURE 5.16
ET162 Circuit Analysis — Series Circuits Boylestad 16 ET162 Circuit Analysis — Series Circuits-Notation| FIGURE 5.26 Three ways to sketch the same series dc circuit.
On large schematics where space is at a premium and clarity is important, . .
|| voltage sources may be indicated as shown in Figs. 5.27(a) and 5.28(a) Double-Subscript Notation
rather than as illustrated in Figs. 5.27(b) and 5.28(b). - ; - -

g ®) ® The fact that voltage is an across variable and exists between two points has
resulted in a double-script notation that defined the first subscript as the
higher potential.

FIGURE 5.27 Replacipg the special notation FIGURE 5.28 Replacing the notation for a

for de voltage source with the standard symbol. negative dc supply with the standard notation.
FIGURE 5.29 The
expected voltage level
at a particular point in a
network of the system is
functioning properly.

ET162 Circuit Analysis — Series Circuits-Notation Boylestad 18 ET162 Circuit Analysis - § FIGURE 5.30 Defining the sign for double-subscript notation. 9




Single-Subscript Notation General Comments

A single-subscript notation can be employed that provides the voltage at a A particularly useful relationship can now be established that will have
point with respect to ground. extensive applications in the analysis of electronic circuits. For the above
notational standards, the following relationship exists:

EX. 5-14 Find the voltage V,, for the conditions of Fig. 5.32.

L| FIGURE 5.31 Defining the use of single- [ — _
| subscript notation for voltage levels. Vab Va Vb
=16V - 20V

—av

The single-subscript notation V, specifies the voltage at point a with respect
to ground (zero volts). If the voltage is less than zero volts, a negative sign
must be associated with the magnitude of V.

FIGURE 5.32 Example 5.14.

21
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EX. 5-15 Find the voltage V, for the configuration of Fig. 5.33. EX. 5-17 Find the voltage V,, V_ and V,, for the network of Fig. 5.36.
Vo =Va -V, Starting at Ground, we proceed
V, =V, +V, =5V +4V through a rise of 10 V to reach
point a and then pass through a
=9V drop in potential of 4 V to point
L CLEE b. The result is that the meter
EX. 5-16 Find the voltage V,, for the configuration of Fig. 5.34. will read
V, = +10V -4V =6V

FIGURE 5.36

The voltage V, can be obtained
Vae = Va— Ve
=10V - (-14V)

FIGURE 5.35 The
impact of positive and
=24V

negative voltages on the
total voltage drop. FIGURE 5.34 |5 ET162 Circuit Analysis — Series Circuits-Notation Boylestad 23




Ex. 5-18 Determine V,,, V,, and V, for the network of Fig. 5.37. EX. 5-19 Using the voltage divider rule, determine the voltages V, and V, for of
Fig. 5.39.
There are two ways to approach this problem. The first is that S
there is a 54-V drop across the series resistors R, and R,.
54V
l=——=12A )

450

V,, = | R, = (12 A)(25Q) = 30V

V, =—1R, = (12 A)(20Q) = -24V
V, = E, =-19V

FIGURE 5.39
FIGURE5. v __RE _@4ov)
The other approach is to redraw the network as shown '"R 4R 40+20
. . L 1 2
in Fig. 5.37 to clearly establish the aiding effect of E;
and E, and then solve the resulting series circuit.

R E _(20Q)4V)
R +R, 4Q+20Q

8V

FIGURE 5.38 Redrawing the circuit of Fig.
ET162 Circuit Analysis — Serl 5.37 using dc voltage supply symbols.

FIGURE 5.40

ET162 Circuit Analysis — Series Circuits-Notation Boyylestad
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EX. 5-20 For the network of Fig. 5.40:
a. Calculate V .
b. Determine V.
c. Calculate V.

Ideal Voltage Sources vs. Non-ideal Voltage Sources

Every source of voltage, whether a generator, battery, or laboratory supply as
shown in Fig. 5.41(a), will have some internal resistance (know as the non-

ideal voltage source). The equivalent circuit of any source of voltage will
therefore appear as shown in Fig. 5.41(b).

b. Voltage divider rule:
V, =V, +V, = e tRIE

2 3 RT
_(3Q+5Q)(10V)

=8V
10Q

[Fioures | or V=V, -V =E-V,

| ¢. V, = ground potential = 0V | =10V -2V =8V

ET162 Circuit Analysis — Series Circuits-Notation

FIGURE 5.41 (a) Sources of dc voltage; (b) equivalent circuit.
Boylestad
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In all the circuit analyses to this point, the ideal voltage source (no internal VOItage Reg ulation

resistance) was used shown in Fig. 5.42(a). The ideal voltage source has no For any supply, ideal conditions dictate that for the range of load demand (1,),
internal resistance and an output voltage of E volts with no load or full load. the terminal voltage remain fixed in magnitude. By definition, the voltage

In the practical case [Fig. 5.42(b)], where we consider the effects of the regulation (VR) of a supply between the limits of full-load and no-load
internal resistance, the output voltage will be E volts only when no-load (I, = conditions (Fig. 5.43) is given by the following:

0) conditions exist. When a load is connected [Fig. 5.42(c)], the output
voltage of the voltage source will decrease due to the voltage drop across the
internal resistance.

For ideal conditions, VR% = V; and
'VR% = 0. Therefore, the smaller the
voltage regulation, the less the variation in
terminal voltage with change in load.

It can be shown with a short derivation that
the voltage regulation is also given by

| VR% =%x 100%

FIGURE 5.42 Voltage source: (a) ideal, Ry, = 0 Q; (b) Determining VNL; (c) determining Ry FIGURE 5.43 Defining voltage ‘
regulation L
ET162 Circuit Analysis — Series Circuits-Notation Boylestad 28 ET162 Circuit Analysis — Series Circuits-Notation Boylestad 29

EX. 5-21 Calculate the voltage regulation of a supply having the characteristics HW 5'.24 Determine the values of the unknown resistors in Fig. 5.108 using the
of Fig. 5.44. provided voltage levels.
1 Figure 5.108 Problem 24.
ﬂ EX. 5-22 Determine the voltage regulation of the supply of Fig. 5.45. IV 50V R (50W)(200) 100 O
—=— = ——— =
R. - 20 R v
VR% = —" x100% c .
R, 1V _100V . _ (100WV)QQ) _, .o o
19.48Q 20 B R 3T 1V -
= x 100% . — = 3
500Q :
0 Rint = 19.48 &2 E ;
=39% : [Homework 5:1,2,4,57,10,11,15,16,22,23,24,26. 30,41, 43|
ET162 Circuit Analysis — Series Circuits-Notation Hoylestad () (b) 30 ET162 Circuit Analysis — Series Circuits-Notation Boylestad 31




EET1122/ET162 Circuit Analysis

Parallel Circuits

Electrical and Telecommunications
Engineering Technology Department

Professor Jang

Prepared by textbook based on “Introduction to Circuit Analysis”
by Robert Boylestad, Prentice Hall, 101 edition.

OUTLINES

» Introduction to Parallel circuits analysis
> Parallel Elements
» Total Conductance and Resistance

» Parallel circuits analysis and measurements
» Kirchhoff's Current Law
» Current Divider Rule

» Voltage Sources in Parallel

| Key Words: Parallel Circuit, Kirchhoff’s Current Law, Current Divider Rule, Voltage Source

ET162 Circuit Analysis — Parallel Circuits Boylestad 2

Parallel Circuits — Introduction & Elements

Parallel Circuits — Parallel Elements

A circuit configuration in which the elements have two points in
common

Two elements, branches, or networks are in parallel if they have
two points in common.

In Fig. 6.2, all the elements are in parallel because they satisfy the
previous criterion. Three configurations provided to demonstrate how the
parallel networks can be drawn.

In Fig. 6.1, for example,
elements 1 and 2 have
terminals a and b in common;
they are therefore in parallel.

FIGURE 6.1 Paralle

Figure 6.2 Different ways in which three parallel elements may appear.

ET162 Circuit Analysis — Parallel Circuits alement: ‘

ET162 Circuit Analysis — Parallel Circuits Boylestad 4




Parallel Circuits — Parallel Elements

In Fig. 6.3, elements 1 and 2 are in parallel because they have terminals a
and b in common. The parallel combination of 1 and 2 is then in series with
element 3 due to the common terminal point b.

Parallel Circuits — Total Conductance

For parallel elements, the total conductance is the sum of the
individual conductances.

In Fig. 6.4, elements 1 and 2 are in series due to the common point a, but
the series combination of 1 and 2 is in parallel with elements 3 as defined by
the common terminal connections at a and b.

Figure 6.3 Network in which 1 and 2 are in parallel

Figure 6.4 Network in which 1 and 2 are in

Gr=G1+Gp+ G+ +Gy

Figure 6.5 Determining the total conductance of parallel conductances.

ET162 Circuit Analysis — Parallel Circuits Boylestad

Parallel Circuits — Total Resistance

EXx. 6-1 Determine the total conductance and resistance for the parallel network

Since G = 1/R, the total resistance for the network can be
_| determined by direct substitution into following equation.

1 1 1 1 1
_—t—t—+ e+ —
RR R R, R, R,

Figure 6.6 Determining the total resistance of parallel resistors.

ET162 Circuit Analysis — Parallel Circuits Boylestad

of Figure 6.7.
FIGURE 6.7
G -G, +6,- Lt L |FiouRE67
3Q 6Q

=0.333S +0167S = 05S

1 1
and RT:G =05S=ZQ
0.

EX. 6-2 Determine the effect on the total conductance and resistance and
resistance of the network of Fig. 6.7 if another resistor of 10 Q2 were added in
parallel with the other element.

1 1

G, =055+ - =055+015=06S |R -~ -~ =16670
100 G, 06S

T

ET162 Circuit Analysis — Parallel Circuits

Boylestad




EX. 6-3 Determine the total resistance for the network of Fig. 6.8.

FIGURE 6.8

EX. 6-4 a. Find the resistance of the network of Fig. 6.9.
b. Calculate the total resistance for the network of Fig. 6.10.

Figure 6.10 Example 6-4: four

parallel resistors of equal value.

1 1 1 1
R R, R, R,
Lt 1 el _ios30
20 40 50 T 00955 ||
=05S+0255+02S
ET162 Circui lysi: ? 9""958 Bovlbstad 9

Figure 6.9 Example 6-4: three parallel resistors

R 12Q
a R S e ——=
(@ Ry N~ 3

R 20
(0) Ro=r=""=

4Q

0.5Q

The total resistance of parallel resistors is always less than the value of the smallest resistor.

Parallel Circuits — Total Resistance

| For two parallel resistors, we write |

1 1 1 R,+R
R R R, RR, &)
R1 R2 The total resistance of two
and RT =—— | |parallel resistors is the product
Rl + Rz of the two divided by their sum.

| For three parallel resistors, the equation for R becomes |

1 ~ R R, R,
1,1 1 RR+RR+RRy @)
R. R, R,

ET162 Circuit Analysis — Parallel Circuits

R, =

Boylestad 11

EX. 6-5 Repeat Example 6.1 using Eq.(1).

_ RR, (3Q)(6Q) 18Q
T R +R, 3Q+6Q 9

20
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EX. 6-6 Repeat Example 6.3 using Eq.(2).

EX. 6-7 Calculate the total resistance of the parallel network of Fig. 6.11.

ET162 Circuit Analysis — Parallel Circuits Hoylestad

R, =5Q0//4Q=
50

R, =R, //2Q=

(5Q)(4Q)
+4Q

(2220)(2Q)

22220+2Q

=2222Q

=1053Q

Figure 6.11

1
R=7T1 1 1 1
—t—+—+—+—
R R R R R
~ 1
-1 1 1 1 1
—+——+———+———+——
ET162 GQ 9Q 6Q 7ZQ 6Q

14

R‘T=3=6—Q=29
N 3

_ R,R, _(90)(72Q) 6480

. - = 80
R,+R, 9Q+72Q 81

ET162 Circuit Analysis — Parallel Circuits

Boylestad
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EX. 6-8 Determine the value of R, in Fig. 6.12 to establish a total resistance

of 9 kS2.

R, = 35.7 kQ = 36 kQ|

ET162 Circuit Analysis — Parallel Circuits Boylestad

1 1 1

R, R R
11
T 9k 12kQ
=0028x10°S




EX. 6-9 Determine the values of R;, R,, and R, in Fig. 6.13 if R, = 2R, and
R, = 2R, and the total resistance is 16 k<.

Figure 6.13

—_— -t —=————=—
16kQ R, 2R, 4R, 4R, 4R

ET162 Circuit Analysis — Parallel Circuits Boylestad

=
1 1,1 1 _4+2+1 7

Figure 6.16 Figure 6.17

R, =30Q//30Q//1kQ =150 //1kQ
_ (15Q)(10009)
150 +1000Q
Small decrease in R;

=14778Q < 15Q

ET162 Circuit Analysis — Parallel Circuits Boylestad
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Ex. 6-10 a. Determine the total resistance of the network of Fig. 6.14.
b. What is the effect on the total resistance of the network of Fig.6.14 if
additional resistor of the same value is added, as shown in Fig.6.15?
c. What is the effect on the total resistance of the network of Fig.6.14 if
very large resistance is added in parallel, as shown in Fig.6.16?
d. What is the effect on the total resistance of the network of Fig.6.14 if
very small resistance is added in parallel, as shown in Fig.6.17?

Figure 6.15

Figure 6.14

—R, =30Q//30Q

=30—Q=15§2

Parallel Circuits Analysis and Measurement

The network of Fig.6.18 is the simplest of parallel circuits. All the
elements have terminals a and b in common.

The voltage across parallel elements is the same. |

Vi=V,=E
V, E

Il = ——=—
R R
V, E

|2 = =—
RZ RZ

_E~1 FIGURE 6.18 Parallel network. ’B—oylestad -

20




EXx. 6-11 For the parallel network of Fig. 6.19.
a. Calculate R;.
b. Determine .
c. Calculate I, and I, and demonstrate that I, =1, + 1.
d. Determine the power to each resistive load.

For single-source parallel networks, the source current (1) is equal
to the sum of the individual branch current.

The power dissipated by the e. Determine the power delivered by the source, and compare it to the
resistors and delivered by the total power dissipated by the resistive elements.

source can be determined from.

FIGURE 6.19

ET162 Circuit Analysis — Parallel Circuits Boylestad 21
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EX. 6-12 Given the information provided in Fig.6.20.
R s Doy
R Reoso ¢ Find I, &I,
|| . &1,
1, :V_Zzizﬂ:l&q d. Determine P,.
I IR2 I R, 18Q o 11 11
s=hth RR R R, R
45A=3A+15A 1 1 1 1
=45 A (checks — =t —t+—
( ) 40 10Q 20Q R,

FIGURE 6.20 () I, =£=40—V=10A
e. PR=EI, =(27V)(45A)=1215W R, 4Q
= P, + P, = (81W)(405W) = 1215 W Vv, 4V _,
R, 200
ET162 Circuit Analysis — Parallel Circuits Boylestad 23 ET162 Circuit Analysis — Parallel Circuits (d ) PZ =1 22 RZ = (2 A)Z (20 Q) = 80 W

E
|(b)E=V1:|1R1:(4A)(1OQ):40V| I, = =R -
2




Kirchhoff's Current Law

EX. 6-13 Determine the currents I, and 1, of Fig. 6.23 using Kirchhoff’s

current law.

Kirchhoff’s current law (KCL) states that the algebraic sum of the
current entering and leaving an area, system, or junction is zero.

The sum of the currents entering an area, system, or junction must
equal to the sum of the currents leaving the area, system, or junction.

Z Ientering = Z IIeaving

At D loering = 2 ieaving
L+, =1
2A+3A=1,
I,=5A

T FIGURE 6.21 Introduction to KCL: I_ T FIGURE 6.22 Demonstrating KCL:

FIGURE 6.23

ET162 Circuit Analysis — Parallel Circuits

Boylestad 26

EX. 6-14 Determine the currents I, I,,1,, and I, for the network of Fig. 6.24.

EX. 6-15 Determine the currents I,and I;of Fig. 6.25 through applications of

Kirchhoff’s current law.

=1, +1,
5A=1,+4A

l,=1A

At a: Z Ientering = z IIssaving

EIGURE 6.24 At d: z Ientering = z IIeaving
o+, =1,

Atc z Ientering =z IIeaving 1A+4 A= |5
IZ=I4=4A |5:5A

ET162 Circuit Analysis — Parallel Circuits Boylestad

At node b,
L=1,+1;
7A=1A+I,

FIGURE 6.25

ET162 Circuit Analysis — Parallel Circuits

l,=7A-1A=6A

Boylestad 28




EX. 6-16 Find the magnitude and direction of the currents I, 1,, I, and I, for
the network of Fig.6.26.

—
-

ET162 Circuit Analysis — Parallel Circuits Boylestad 29

Current Divider Rule (CDR)

For two parallel elements of equal value, the current will divide equally.

For parallel elements with different values, the smaller the resistance,
the greater the share of input current.

For parallel elements with different values, the current will split with a
ratio equal to the inverse of their resistor values.

‘ FIGURE 6.27 Demonstrating how current will divide between unequal resistors.
[ET162 Circuit Analysis — Parallel Circuits Boylestad 30

For networks in which only the resistor values are given along with the
input current, the current divider rule should be applied to determine the
various branch currents. It can be derived using the network of Fig. 6.28.

ET162 Circuit Analysis — Parallel Circuits Boylestad 31

For the particular case of two parallel resistors, as shown in Fig. 6.29.

_ RlRZ
TR +R,

and

FIGURE 6.29 Developing an equation for
current division between two parallel resistors.

In words, for two parallel branches, the current through either branch is
equal to the product of the other parallel resistor and the input current
divided by the sum of the two parallel resistances.

ET162 Circuit Analysis — Parallel Circuits Il Boylestad 32



http:Fig.6.26

EX. 6-17 Determine the current I, for the network of Fig.6.30 using the current
divider rule.

FIGURE 6.30

Boylestad 33
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EX. 6-19 Determine the magnitude of the currents I, I,, and I, for network of
Fig. 6.32.

EX. 6-18 Find the current |, for the network of Fig.6.31.

FIGURE 6.31
1

1
Iil = 60 42mA =30.54 mA
+—+

1IT_1 1 1

=7

R R, R, 6Q 24Q 48Q

Boylestad 34

ET162 Circuit Analysis — Parallel Circuits

EX. 6-19 Determine the resistance R, to effect the division of currentin Fig. 6.33.

ET162 Circuit An:

Figure 6.32 R - 7Q(27mA-21mA)
! 21mA
= 79(% =2Q
2
ET162 Circuit Analysis — Parallel Circuits Boylestad 36




Current seeks the path of least resistance. Voltage Sources in Parallel

1. More current passes through the smaller of two parallel resistors.
2. The current entering any number of parallel resistors divides into VIOLERR SRIEES TS [HEEEE] T (e (S e (R, Ge ey iz

these resistors as the inverse ratio of their ohmic values. This EVS TN MY
relationship is depicted in Fig.6.33.

Figure 6.34 Parallel voltage sources.

Figure 6.33 Current division through parallel branches. 37 ET162 Circuit Analysis - Parallel Circuits Boylestad 3

HW 6-29 Based solely on the resistor values, determine all the currents for the

If two batteries of different terminal voltages were placed in parallel both configuration in Fig. 6.99. Do not use Ohm’s law.

would be left ineffective or damaged because the terminal voltage of the

larger battery would try to drop rapidly to that of the lower supply.

Consider two lead-acid car batteries of different terminal voltage placed in
parallel, as shown in Fig. 6. 35.

40 1
L= L =—I,=2A
120 3
40
I = I, =21, =12A Figure 6.99 Problem 29.
20
40 1
L= I =—1I =06A
40 Q) 10
Ir=h+L+L+L=6A+2A+12A+06A=206A

Figure 6.35 Parallel batteries of different terminal voltages. _

ET162 Circuit Analysis — Parallel Circuits Boylestad 39 ET162 Circuit Analysis — Parallel Circuits Boylestad 40
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Series-Parallel Networks —
Reduce and Return Approach

Series-parallel networks are networks
that contain both series and parallel
circuit configurations

For many single-source, series-parallel
networks, the analysis is one that works
back to the source, determines the
source current, and then finds its way
to the desired unknown.

FIGURE 7.1 Introducing the
reduce and return approach.
Boylestad 3
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Series-Parallel Networks
Block Diagram Approach

of Fig. 7.4 might result.

EX. 7-1 If each block of Fig.7.3 were a single resistive element, the network

The block diagram
approach will be
employed throughout
to emphasize the fact
that combinations of
elements, not simply
single resistive
elements, can be in

Lseriesorparallel——

FIGURE 7.2 Introducing the block diagram approach.

ET162 Circuit Analysis — Series and parallel networks Boylestad 4

EX. 7-2 Itis also possible that the blocks A, B, and C of Fig. 7.2 contain the
elements and configurations in Fig. 7.5. Working with each region:

>
i FIGURE 7.4
v
6 T =5|3 =3(9mA)=3mA
6kQ +12kQ 3 3
. :M:g|s :g(QmA):GmA
12kQ +6kQ 3 3
ET162 Circuit Analysis — Series and parallel networks Bdylestad 4
l,=1,=2A
l, 2 A
IB = IC = = = :1 A

AT R, =40
B: R,=R,//R, =R,
R_40 o
N 2
C: R.=R,+R;=R,;=20Q
R 50 {FIGURE7.5
Reic :ﬁszlg
R, =R, +Ryc =4Q+1Q=50
ET162 Circuit Analysis FIGURE 7.6 y i)

FIGURE 7.6

V,=1,R,=(2A)4Q)=8V
V, = 1,R, =(1A)2Q)=2V
Vo=V, =2V

ET162 Circuit Analysis — Series and parallel networks Boylestad




EX. 7-3 Another possible variation of Fig. 7.2 appears in Fig. 7.7.

90)(6Q
RA:RU/z:( )( )
9Q+6Q
:@:3.69
15
90)3Q)
R; =R;+R :4Q+(7
B 3 4//5 90 +3Q
=40+2Q0=6Q
=0k —
6Q)(3Q
FIGURE 7.8 R. =R, +R =36Q0+—21 "7
=Ry Ry ~360 OED
=3.6Q0+20=56Q
_E_lesv 4,
R, 56Q
ET162 Circuit Analysis — Series and parallel networks IA = IS :3 A 8

Applying the current divider rule yields
Rol, (3Q)3A)

R.+Rg; 3Q+6Q

By Kirchhoff 's current law,
le=1,-1;,=3A-1A=2A

By Ohm's law,
V,=1,R,=(3A)3.6Q)=10.8V
Vo=1,R, =V, =1, R. =(2A)3Q)=6V

Iy =

Series-Parallel Networks - Descriptive Examples

EX. 7-4 Find the current 1, and the voltage V, for the network of Fig. 7.2 .

EX. 7-5 Find the indicated currents and the voltages for the network of Fig. 7.12 .

\ 4

= -E 1V 154
R, R, 8Q
R, =R, /IR, =3Q//6Q =20
_ R,E
* Rp+R
— (ZQ)(]'ZV): FIGURE 7.9
2Q+4Q /,
——
FIGURE 7.10 FIGURE 7.11
ET162 Circuit Analysis — Series and parallel netwolks Boylestad 10

[FIGURE7.12 | _ [Ficure s |
R _E_G_Q—3Q
1//2 N 2
30Q)(2Q) 6Q
Ra =Ryas :% :?:1'2 Q
RB = R4//5 = (8Q)(1ZQ) =S 96Q = 48 Q
o s i 21220




FIGURE 7.13

Vi =1 Rz = (4 AXLZQ) =4.8V
V, =1, R,s = (4 A)4.8Q)=19.2V

ET162 Circuit Analysis — Series and parallel networks

EX. 7-6 a. Find the voltages V;, V,, and V,;, for the network of Fig. 7.14.
b. Calculate the source current I

FIGURE 7.15

ET162 Circuit Analysis — Series and parallel networks
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Applying Kirchhoff’s current law,
l.=1,+1;,=15A+15A=3A

ET162 Circuit Analysis — Series and parallel networks

Boylestad

FIGURE 7.14

Applying Kirchhoff 's voltage law around
the indicated loop of Fig.

—V, +V, -V, =0
V., =V, -V, =9V - 75V =15V

Boylestad 13

EX. 7-7 For the network of Fig. 7.16, determine the voltages V, and V, and current I.

FIGURE 7.16

—
FIGURE 7.17

Applying KCL to node a yields

=1 +1,+1;
VB E
R, R, R, +R;
24V 6V 6V
=t —
6Q 6Q 120
=4A+1A+05A=55A

Boyfestat

15
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EXx. 7-9 Calculate the indicated currents and voltage of Fig.7.17.

Ex. 7-10 This example demonstrates the power of Kirchhoff’s voltage law by
determining the voltages V, V,, and V; for the network of Fig.7.18.

E 2V 2V

/
4 FIGURE 7.17.
. =

FIGURE 7.17.

—

FIGURE 7.18.

3 = = =3mA
Resgye +Rs  12kQ+12kQ  24kQ
v, = RueoE _ (45kQ)Y72V) 324V _ ey
o Ries +Rs  45kQ+12kQ 165
o=V 19OV a5
Rijee 4-5KQ
[1,=1,+1,=3mA +435mA = 7.35 mA
ET162 Circuit Analysis — Series and parallel networks Boylestad 16

For the path 1,

For the path 2,

For the path 3,

V, =E, —E, =20V -8V =12V
V,=E,-V, =5V -12V =7V

V,=E, -V, =8V — (-7V) =15V

-E, +V,+E; =0

-E,+V,+V, =0

~V,-V, +E, =0

ET162 Circuit Analysis — Series and parallel Networks

Boylestad
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Series-Parallel Networks — Ladder Networks

—| A three-section ladder appears in Fig. 7.19. |7
( ( ( (
\\ \\ \\ \\
FIGURE 7.19. Ladder network.

ET162 Circuit Analysis — Series and parallel networks

Boylestad 18

'S R
- - "W'V_—Wl—'—]
sn 410
e H_.E.:_t,!t Ry =611 |§ ‘
R
(N6
i+ 60
1 I, R,
L\
M R, =5Q+3Q=8Q
514
E 240V
- §3(1 l,=—="""=30A
Ry R, 8Q
-
ET162 Circuit Analysis — Series and parallel networks Boylestad 19




! 5 R 1 1 1 1 3
MWy l
50
+ [
E===1240V R §6ﬂ §6ﬂ 8 on
= I, FA_15A
ET162 Circuit Analysis — Series and parallel networks Boylestad 20

HW 7-26 For the ladder network in Fig. 7.86:

a Determine Ry.
b. Calculate I.
c. Find lg.

‘ Figure 7.86 Problem 26. ‘

a. R7Y=Ry||(Rs+R1+R)=20Q7Q=1560
RT=R||(R:+Rs+RD=2Q[|(4Q+1Q+156Q)=153Q
Rr=R +R%=40+153Q=553Q

b. I=2V/553Q=361.66mA

5
. - 204D :_9(361_66111.4):84_50“
20+6560 20+6560
IB=M=IS.TSIHA

20+70Q

ET162 Circuit Analysis — Series and parallel networks Boylestad
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Introduction to Methods of Analysis

The circuits described in the previous chapters had only one source
or two or more sources in series or parallel present. The step-by-step
procedure outlined in those chapters cannot be applied if the sources
are not in series or parallel.

Methods of analysis have been developed that allow us to approach, in a
systematic manner, a network with any number of sources in any
arrangement. Branch-current analysis, mesh analysis, and nodal
analysis will be discussed in detail in this chapter.

Key Words: Current Source, Source Conversion, Branch Current, Mesh Analysis, Nodal Analysis
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Current Sources

The interest in the current sources is due primarily to semiconductor
devices such as the transistor. In the physical model (equivalent circuit) of
a transistor used in the analysis of transistor networks, there appears a
current source as indicated in Fig. 8.1.

A current source determines the current in the branch in which it is
located and the magnitude and polarity of the voltage across a current
source are a function of the network to which it is applied.

EX. 8-1 Find the source voltage V, and the current I, for the circuit of Fig. 7.2.

FIGURE 8.1

the transistor
equivalent circuit.

ET162 Circuit Analysis — Methods of Analysis Boylestad 4 |

Current source within

FIGURE 8.2

ET162 Circuit Analysis — Methods of Analysis Boylestad

EX. 8-2 Find the voltage V, and the currents I, and I, for the network of Fig. 8.3.

EX. 8-3 Determine the current I, and voltage V, for the network of Fig. 8.4.

FIGURE 8.3

Applying Kirchhoff 's current law:
I=1+1,
IL=1-1,=7A-3A=4A

ET162 Circuit Analysis — Methods of Analysis Boylestad 6

The voltage V, is
V,=1,R =2AQ2Q) =4V

and, applying Kirchhoff's voltage law,
=V, +V, +20V =0
V, =V, +20V =4V +20V =24V

ET162 Circuit Analysis — Methods of Analysis Boylestad




Source Conversions

All sources-whether they are voltage or current-have some internal
resistance in the relative positions shown in Fig. 8.5 and 8.6. For the
voltage source, if R, = 0 S2 or is so small compared to any series resistor
that it can be ignored, then we have an “ideal” voltage source. For the
current source, if Rg= 20 Q or is large enough compared to other parallel
elements that it can be ignored, then we have an “ideal” current source.

FIGURE 8.5

FIGURE 8.6

ET162 Circuit Analysis — Methods of Analysis Boylestad
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EX. 8-4 a. Convert the voltage source of Fig. 8.8 (a) to a current source, and calculate the
current through the 4-Q load for each source.
b. Replace the 4-Q load with a 1-kQ load, and calculate the current I; for the voltage source.

C. Replace the calculation of part (b) assuming that the voltage source is ideal (R, = 0 §2) because

R, is so much larger than R_. Is this one of those situations where assuming that the source is
ideal is an appropriate approximation?

The equivalent sources, as far as terminals a and b are concerned, are
repeated in Fig. 8.7 with the equations for converting in either direction.
Note, as just indicated, that the resistor Ry is the same in each source; only
its position changes. The current of the current source or the voltage of the
voltage source is determined using Ohm’s law and the parameters of the
other configuration.

FIGURE 8.6 Source conversion
Boylestad

[ET162 Circuit Analysis — Methods of Analysis

EX. 8-5 a. Convert the current source of Fig. 8.9(a) to a voltage source, and find the load
current for each source.

b. Replace the 6-kR load with a 10-kQ load, and calculate the current I for the current source.
C. Replace the calculation of part (b) assuming that the vcurrent source is ideal (R, = ©° Q)

|| because R, is so much smaller than R_. Is this one of those situations where assuming that the

source is ideal is an appropriate approximation?

1A

i E 6V
a. Fig.88(@): I, =——= —1A
SEIER R.+R, 20+40Q
Fig.88(b): 1, =l - CCA _
R.+R, 2Q+40Q

ET162 Circuit Analysis — Methods of Analysis | FIGURE 8.8 Boylestad

FIGURE 8.9

R | kQ)(9 mA
b. I =— LI );8.97A
R,+R.  3kQ+10Q
c. I .=1=9mA=897mA
ET162 Yes, R, >> R, (current source) ad




EX. 8-6 Replace the parallel current sources of Fig. 8.10 and 8.11 to a single current source. EX. 8-7 Reduce the network of Fig. 8.12 to a single current source, and calculate the current
| through R .

[ FIGURE 8.10

FIGURES12 | | >
- /

3

l,=1,+1,=4A+6A=10A
R, =R, //R, =8Q//24Q=6Q

[FIGUREB.ll | = Rol, _ (6Q)(10A) -3A

YR 4R, 6Q+14Q

ET162 Circuit Analysis — Methods of Analysis Boylestad 12 ET162 Circuit Analysis — Methods of Analysis Boylestad 13

EX. 8-8 Determine the current]2 in the network of Fig. 8.13.

Current Sources in Series

The current through any branch of a network can be only single-valued.
For the situation indicated at point a in Fig. 8.14, we find by application of
Kirchoff’s current law that the current leaving that point is greater than
entering-an impossible situation. Therefore,

FIGURE 8.13 _

v

FIGURE 8.14

ET162 Circuit Analysis — Methods of Analysis Boylestad 14 ET162 Circuit Analysis — Methods of Analysis Boylestad 15




Branch-Current Analysis

We will now consider the first in a series of methods for solving networks
with two or more sources.

1. Assign distinct current of arbitrary direction to each branch of the network.

2. Indicate the polarities for each resistor as determined by the assumed
current direction.

3. Apply Kirchhoff’s voltage law around each closed, independent loop of the
network.

4. Apply Kirchhoff’s current law at the minimum number of nodes that will
include all the branch currents of the network.

5. Solve the resulting simultaneous linear equations for assumed branch
currents.

ET162 Circuit Analysis — Methods of Analysis Boylestad 16

EX. 8-9 Apply the branch-current method to the network of Fig. 8.17.

Applying I, +1, =1,
loop I: ZV=—2V+(ZQ)I,+(4Q)(I1+I2)=0
loop2: ZV=—(4Q)(I1+Il)—(IQ)I2+6V=0
| FIGURE 817 ||| 6" T4l =2
—41, =51, =-6
* ‘2 4‘
-6 -5 —10— (=
= _-10 (24)=_lA
6 4 -30-(-16)
-4 -5
4 -6 —36—(—
. _ =368 _, .
6 4 -30-(-16)
-4 -5
ET162 Circuit Analysis — Methods of Analysis =1L+, =-1A+2A=1A 18

FIGURE 8.15 Determining the number of independent closed loops.

FIGURE 8.16 Determining the number of applications of Kirchhoff’s current law required.

ET162 Circuit Analysis — Methods of Analysis Boylestad 17

Mesh Analysis

The second method of analysis to be described is called mesh analysis. The term
mesh is derived from the similarities in appearance between the closed loops of a

network and wire mesh fence. The mesh-analysis approach simply eliminates the
need to substitute the results of Kirchhoff’s current law into the equations derived
from Kirchhoff’s voltage law. The systematic approach outlined below should be

followed when applying this method.

1. Assign a distinct current in the clockwise direction to each independent, closed
loop of the network. It is not absolutely necessary to choose the clockwise
direction for each loop current.

2. Indicate the polarities with each loop for each resistor as determined by the
assumed current direction of loop current for that loop.

3. Apply Kirchhoff’s voltage law around each closed loop in the clockwise
direction.

4. Solve the resulting simultaneous linear equations for assumed branch
currents.

ET162 Circuit Analysis — Methods of Analysis Boylestad 19




dection, now appearing in Fig.8.18.

Ex. 8-10 Consider the same basic network as in Example 8.9 of the preceding

loopl: —2V +QQ)I, +(4Q)(1,-1,)=0
loop2: +(4Q)(1, —1,)+(1Q)l, +6V =0
and

loopl: -2V +6l,-41,=0

loop2: +51,—-41,+6V =0

EX. 8-11 Find the current through each branch of the network of Fig.8.19.

61, —4l, =2
—41, +51,=-6
2 -4
_6 5 _
h=rs —4=;(())—?:=_1A
FIGURE 8.18
-4 5
6 2
|, =t Z8_-36-C8__,
6 —4 30-16
-4 5
ET162 Circuit Analysis — Methods of Analysis I, =—1A and |,=-—2A 20

loopL: —5V +(1Q)I, +(6Q)(1, - 1,)+10V = (|
loop2: —10V +(6Q)(I, - 1,)+(2Q)l, =0
and

loopl:  71,-61,=-5

loop2: -61,+81,=10

FIGURE 8.19

The current in the 6Q resistor and 10V source
for loop 1 is
L-1,=2A-1A=1A

ET162 Circuit Analysis — Methods of Analysis

-5 -6
10 8 — 40— (—

- _—40-(-60) |
7 -6 56-36
-6 8
7 -5
-6 10 -

= :70 30:2A
7 -6 56-36
-6 10

I,=1A and 1,=2A

Boylestad 21

EX. 8-12 Find the branch currents of the network of Fig.8.20.

loop 1: I6V+(ZQ)I1+4V +(4Q)(,-1,)=0
loop2: (4Q)(1, —1,)—4V +(6Q)l, +3V =0
so that

loopl: 61, —-41,=-10

loop2: —41,+101, =1

FIGURE 8.20

The current in the 4Q resistor and 4V source for
loop 1 is
I, -1,=—2.182A — (= 0.773A)
=—1.409A

ET162 Circuit Analysis — Methods of Analysis

-10 -4
1 10 - —((=
I, = = e (4):—24182A
6 -4 60-16
-4 10
6 —10
—4 1 _
l=—— = 6-40 _ 57734
6 -4 60-16
-4 10
I,=—2182A and I,=-0773A
Boylestad 22

EX. 8-13 Using mesh analysis, determine the currents of the network of Fig.8.21. |-

—

FIGURE 8.21

/

¥ |-20v + 601, + 4O)1, + 201, - 12V =

/I —1,=4A

or 101, +21, =32

Applying I, =1,+4A
10(1, +4)+21, =32
121, =-8 or 1,=-067 A

ET162 Circuit Analysis — Methods of Analysis

I, =333A

Boylestad 23




Nodal Analysis

EX. 8-14 Apply nodal analysis to the network of Fig.8.22.

We will employ Kirchhoff’s current law to develop a method referred to as nodal
analysis. A node is defined as a junction of two or more branches. Since a point of
zero potential or ground is used as a reference, the remaining nodes of the network
will all have a fixed a fixed potential relative to this reference. For a network of N
nodes, therefore, there will exist (N — 1) nodes.

1.
2.

Determine the number of nodes within the network.

Pick a reference node, and label each remaining node with a subscripted value

of voltage: V,, V,, and so on.

Apply Kirchhoff’s current law at each node except the reference. Assume that

all unknown currents leave the node for each application of Kirchhoff’s
current law.

Solve the resulting equations for the nodal voltages.

FIGURE 8.22

4

»
»

ET162 Circuit Analysis — Methods of Analysis Boylestad

P62 C T ATy St tetTods Of-ATtyST

Node 1:

Vi-24 Y,
6Q 120
2V, —48+V,-12=0
3V, =60 or V,=20V

V-4 -0.667 A

-1A=0

I, = ﬂ =1.667 A
12Q 25

EX. 8-15 Apply nodal analysis to the network of Fig.8.23.

FIGURE 8.23 |

V64V V-V,
8Q 4Q

-V, V.

Node 2: V.- Vy L_2A+—2=0

40 10Q
V,—64+2V, -2V, +16=0
5V, -5V, —40+2V, =0

Node I: +2A=0

ET162 Circuit Analysis — Mcthods of Analysis

Boylestad

43 2
40 7 _

v, = _ 33680 _ 47415y
3 -2 21-10
_5 7
349
-5 40 .

v, - J120=C240) _ 55057y
3 -2 21-10
5 7

ET162 Circuit Analysis — Methods of Analysis

so that
3V, -2V, =48
—5V, +7V, =40
_E-V,_64V-378I8V
R, 80
vV
R Vo 3272V _so0ap

R, R, 10Q
V,-V, 37818V -32.727V
R 40

=1273A

2

Boylestad 27




— EX. 8-16 Determine the nodal voltages for the network of Fig.8.24.

FIGURE 8.24

vV, V, -V
Nodel: -4+ '+ ' 2=0 — =

20" 120 VI21 V,+2V, +24=0

so that
V,-V, V
Node2: 2 '+ 2 =0 V. =
120 60 7V, -V, =48
~V, +3V, =24
ET162 Circuit Analysis — Methods of Analysis Boylestad 28

48+ 6V, +V, -2V, =017

EX. 8-17 Determine the nodal voltages V, and V, Fig.8.25 using the concept of a

supernode.
I
Supernode: V, -V, =12V
Nodes12: -6V SN Y NV Yoo
10Q 40 10Q 20
12 -1
40 10 =(=
vV, = _ 120240 _j4667v
1 -1 10-(-5)
5 10
[FiouRe 825 Hy _y _1oy = -1333v
V-V, =12
—120+2V, =2V, +5V, +2V, -2V, + 10V, +80 =0
so that
V, -V, =12
5V, +10V, = 40

"~ ETT6Z Crrcurt Analysis — Mcthods of Analysis

Boylestad 30

48 -1 il V-V, 6V —(-6V) 1A
O P o Re R, 120
7 -1 21-1 v
-1 3 V 6V
lp =—-=—L=-—"_=3A
7 48 "R R 2Q
-1 24| _168—(-48)
v, = - —_6V V,
N 21-1 I, = RZ—V_Z—_6V:1A
2
R R, R, 6Q
ET162 Circuit Analysis — Methods of Analysis Boylestad 29

HW 8-31 Using mesh analysis, determine the current I; for the network in Fig. 8.119.

Compare your answer to the solution of Problem 18.

Figure 8.119 Problem 31.

1’1;' ‘(?\E "’R\LLI
L(2+1)-1L=10
L(1+4+5-1h-5=0
L(5+3)-5hL=-6

L= I_p_s =—63.69 mA (exact match with problem 18)

Homework 8:2,4,6,7,8, 19,22, 23, 25, 31

ET162 Circuit Analysis — Methods of Analysis

Boylestad 31
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Introduction to Network Theorems

This chapter will introduce the important fundamental
theorems of network analysis. Included are the superposition,
Thevenin’s, Norton’s, and maximum power transfer theorems.
We will consider a number of areas of application for each. A
through understanding of each theorems will be applied
repeatedly in the material to follow.

ET162 Circuit Analysis — Network Theorems Boylestad 3




Figure 9.1 reviews the various
Superposition Theorem substitutions required when
removing an ideal source, and
The superposition theorem can be used to find the solution to networks Figure 9.2 reviews the
with two or more sources that are not in series or parallel. The most substitutions with practical
advantage of this method is that it does not require the use of a sources that have an internal
mathematical technique such as determinants to find the required voltages - resistance.
or currents.

‘ FIGURE 9.1 Removing the effects of practical sources

Number of networks Number of
to be analyzed independent sources
FIGURE 9.2 Removing the effects of ideal sources
ET162 Circuit Analysis — Network Theorems Boylestad 4 ET162 Circuit Analysis — Network Theorems Boylestad 5
EX. 9-2 Using superposition, determine the current through the 4-Q resistor of
EX. 9-1 Determine I, for the network of Fig. 9.3. Fig. 9.5. Note that this is a two-source network of the type considered in chapter 8.
I, =0A
FIGURE 9.3
R,1 (12A)2A)
SR, +R, _120+40 8
+ +
FIGURE 9.5 2 3
Eo05 | ,
L=+l
=0A+5A
=5A
ET162 Circuit Analysis — Network Theorems Boylestad 6 ET162 Cirquit Analysis — Network Theorems Boylestad 7




Ex. 9-3 a. Using superposition, find the current through the 6-% resistor of Fig.
9.9. b. Determine that superposition is not applicable to power levels.

R, =R, +R /IR, =4Q+24Q//12Q=4Q+8Q=12Q
_E, _48v

B,
* R 120 FIGURE 9.9 FIGURE 9.10

FIGURE 9.8
ET162 Circuit Analysis — Network Theorems Boylestad g

ET162 Circuit Analysis — Network Theorems

EX. 9-4 Using the principle of superposition, find the current through the 12-kQ
resistor of Fig. 9.13.

b." The power to the 60 resistor is _

Power = 1R = (8 A)?(6Q) = 384W | [Fiureo2] |

The calculated power to the 6 Q resistor

due to each source, misusin g the principle FIGURE 9.13

of superposition, is
P,=(1,)’R=(2A)?(6Q) =24 W
P, =(1,)’R=(6A)*(6Q) =216 W

P, + P, = 240W = 384 W

because (2 A)? + (6 A)® = (8 A)? 10

ET162 Circuit Analysis — Network Thegrems Boylestad 11




FIGURE 9.15

considering that the effect of the 9V voltage source (Fig. 9.15):
E 9V

I, = = =05mA
R, +R, 6kQ+12kQ

Since I, and I, have the same direction through R, ,
the desired current is the sum of the two:

I,=1,+1, =2mA+05mA = 25mA

EX. 9-5 Find the current through the 2-Q resistor of the network of Fig. 9.16. The
presence of three sources will result in three different networks to be analyzed.

v

Foess] | <

FIGURE 9.17

v

ET162 Circuit Analysis — Network Theerﬁ\kGU RE 9. 1$Jy egtad

FIGURE®.19

considering the effect of the 12V source (Fig. 9.17):
E, 12v

.= —_— <Y _9o2A
R,+R, 2Q+40

considering that the effect of the 6V source (Fig. 9.18):
ES 6V

= =—— 1A
R +R, 2Q+4Q

1

Thevenin’s Theorem

considering the effect of the 3 A source (Fig. 9.19):
R,1  (4Q)BA)

= 2A
R +R, 2Q+4Q

1

The total current through the 2 Q resistor

appears in Fig.9.20, and

=1, +1, —1,=1A+2A—-2A=1A | Boylestad

Any two-terminal, linear bilateral dc
network can be replaced by an
equivalent circuit consisting of a
voltage source and a series resistor,
as shown in Fig. 9.21.

FIGURE 9.21 Thevenin equivalent circuit

FIGURE 9.22 The effect of
applying Thevenin’s theorem.

ET162 Circuit Analysis — Network Theorems Boylestad




EX. 9-6 Find the Thevenin equivalent circuit for the network in the shaded area of
the network of Fig. 9.24. Then find the current through RL for values of 2R, 102,
and 100%.

FIGURE 9.23 Substituting the Thevenin equivalent circuit for a complex network.

1. Remove that portion of the network across which the Thevenin equivalent
circuit is to be found. In Fig. 9.23(a), this requires that the road resistor R, be
temporary removed from the network.

FIGURE 9.25 Identifying the terminals of particular
importance when applying Thevenin’s theorem.

FIGURE 9.24

2. Make the terminals of the remaining two-terminal network.

3. Calculate Ry, by first setting all sources to zero (voltage sources are replaced
by short circuits, and current sources by open circuit) and then finding the
resultant resistance between the two marked terminals.

4. Calculate Eq,, by first returning all sources to their original position and
finding the open-circuit voltage between the marked terminals.

5. Draw the Thevenin equivalent circuit with the portion of the circuit previously FIGURE 9.26 Determining Ry for the network of Fig. 9.25. |
removed reslaced between the ferminals of the equivalent circilit ircu s Bovlestad 1

EX. 9-7 Find the Thevenin equivalent circuit for the network in the shaded area of
the network of Fig. 9.30.
b
(FIGURE 927 | / FIGURE 9.28 —_—
¥ /
_ ETH
" Ry +R,
Ro=20 1, -—— ___154
2Q0+2Q
R, =10Q: | —L—O5A
R Yo R Ti o e FIGURE 9.32
R, =100 1, =— ___0059 A
circuit for the network external to R, in Fig. 9.23. 2Q+100Q ET162 Circuit Analysis - Network Theorerms Boylestad 19




FIGURE 9.33

V,=1,R, =(0)R, = 0V

Eni =V, =1,R =1R,
=12 A)(4Q)
=48Q

FIGURE 9.34 Substituting the Thevenin
equivalent circuit in the network external
to the resistor R; of Fig. 9.30.

20

ET162 Circuit Analysis — Network Theorems Boylestad
—
R, E
Em = =
R +R,
_ (6Q)(8V)
6Q+4Q
=48V

FIGURE 9.40 Substituting the Thevenin
equivalent circuit in the network external
to the resistor R, of Fig. 9.35.

ET162 Circuit Analysis — Network Theorems

Boylestad

Ex. 9-8 Find the Thevenin equivalent circuit for the network in the shaded area of
the network of Fig. 9.35. Note in this example that there is no need for the section
of the network to be at preserved to be at the “end” of the configuration.

=
/

FIGURE 9.36

_‘ FIGURE 9.35

'4

ET162 Circuit Analysis — Methods of Analysis | FIGURE 9.37 Boylestad 21

Ry, =R, /IR,
_(69)(49Q)
T 6Q+4Q
=240

the network of Fig. 9.41.

Ex. 9-9 Find the Thevenin equivalent circuit for the network in the shaded area of

22

—
/ Iy
Ry =R, /IR, +R, /IR,
=6Q//3Q0+4Q//12Q
=20+3Q=5Q
ET162 CircuitAnaIysis—’m‘ Bo}lestad 23




FIGURE 9.44

FIGURE 9.45

INY

RE _(6Q)(72V)
TR 4R, 6Q+3Q

b =

RE _(120)(72V) _

R,+R, 12Q+4Q

48V

54V

within the shaded area of Fig. 9.47.

Ex. 9-10 (Two sources) Find the Thevenin equivalent circuit for the network

DV =-Ep-V,+V, =0

9.41.

FIGURE 9.46 Substituting the Thevenin equivalent
circuit in the network external to the resistor R, of Fig.

Eyy =V, -V, =54V — 48V =6V

o2)

ylestad

FIGURE 9.50

N

_ RE, _ (24kQ)(6V)

Epy =V, = 45V

== = =45V
R; +R, 24kQ+08kQ

V,=1,R, =R, =0V
E1"H =V,
R'T =R, /IR, =4kQ//6kQ =24kQ

A
=" V,=1,R,=(OR, =0V

R; =R, //R, = 08kQ//6KQ = 0.706kQ

L=

P
FIGURE 9.51

E';H =V,

R, E, _ (0.706kQ)(10V)

circuit in the network external to the resistor R, of Fig.
o aa Boylestad

T =15V
R; +R, 0.706kQ +4kQ
Epy =V, =15V |Epy = By —Eqy
=45V -15V
=3V (polarity of E.,,)

FIGURE 9.47

—
R, =R, +R, /IR, /IR,
=14kQ+08kQ//4kQ//6kQ
=14kQ +08kQ//24kQ

=14kQ +0.6kQ = 2kQ

ircui FIGURE 9.49

Boylestad 25

Experimental Procedures

FIGURE 9.53

FIGURE 9.54
| _ ETH
sC —
RTH
ETH
Ry = I
sC
V,
_ roc —
Ry = - where E;, =Voc
FIGURE 9.55 C
ETIOZ CITCUIT ANAlYSIS — NEetWOTK TTeoTeny

Boytestad
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Norton’s Theorem

Any two-terminal, linear bilateral dc network can be replaced by an
equivalent circuit consisting of a current source and a parallel
resistor, as shown in Fig. 9.56.

FIGURE 9.56 Norton equivalent circuit

ET162 Circuit Analysis — Network Theorems Boylestad 28

1. Remove that portion of the network across which the Thevenin equivalent
circuit is found.

2. Make the terminals of the remaining two-terminal network.

3. Calculate Ry by first setting all sources to zero (voltage sources are replaced by
short circuits, and current sources by open circuit) and then finding the
resultant resistance between the two marked terminals.

4. Calculate I by first returning all sources to their original position and finding
the short-circuit current between the marked terminals.

5. Draw the Norton equivalent circuit with the portion of the circuit previously
removed repl ween the terminals of th ivalent circuit.

FIGURE 9.57 Substituting the Norton equivalent circuit for a complex network. 29

Ex. 9-11 Find the Norton equivalent circuit for the network in the shaded area of
Fig. 9.58.

n
»

/

FIGURE 9.58 */

FIGURE 9.59 Identifying the terminals of particular
interest for the network of Fig. 9.58.

V,=1,R, =(0)6Q=0V

R, =R, //R,
=30Q//6Q
_ (39)(69)
T 30+6Q
=20

FIGURE 9.60 Determining Ry, for the network of Fig. 9.59. Boylestad 30

E 9V
ly=—=-==3A
R, 3Q
FIGURE 9.61 Determining Ry, for the network of Fig. 9.59. ‘
FIGURE 9.62 Substituting the Norton
equivalent circuit for the network FIGURE 9.63 Converting the Norton equivalent circuit of
external to the resistor R, of Fig. 9.58. Fig. 9.62 to a Thevenin’s equivalent circuit.




Ex. 9-12 Find the Norton equivalent circuit for the network external to the 9-Q
resistor in Fig. 9.64.

%
| FIGURE 9.64 | / [FIGURE 965 |
Ry=R;+R,
=50+40
=90

R
"R +R,

~ (50)(100)
© 5Q+40Q

FIGURE 9.67 Determining I, for the network of Fig. 9.65. L = 5556 A

FIGURE 9.66 Boylestad 32
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FIGURE 9.68 Substituting the Norton
equivalent circuit for the network
external to the resistor R, of Fig. 9.64.

Ex. 9-13 (Two sources) Find the Norton equivalent circuit for the portion of the
network external to the left of a-b in Fig. 9.69.

FIGURE 9.72

\V

J
FIGURE 9.69 FIGURE 9.70

g

FIGURE 9.74 Substituting the Norton equivalent circuit

for the network to the left of terminals a-b in Fig. 9.69.

R, =R, //R,
=4Q//6Q
_(49)(6Q)
T 40 +6Q
=240
[FIGURE 9.71 | Boylestad s

FIGURE 9.73

oylestad 35




Maximum Power Transfer Theorem

A load will receive maximum power from a linear bilateral dc network
when its total resistive value is exactly equal to the Thevenin resistance of
the network as “seen” by the load.

HW 9-6 Using superposition, find the voltage V, for the network in Fig. 9.124.

|RL=RN|

FIGURE .74 DENMNY e TOm

power to a load using the Thevenin equivalent FIGURE 9.75 Defining the conditions for maximum
reuit

power to a load using the Norton equivalent circuit.

EHEHH:

ET162 Circuit Analysis — Network Theorems Boylestad 36

E:
o v, 6.8kQ(36V)
. 68k 6.8kQ +12kQ
i =13.02V
I =
1 | 12kQ(9mA)
":IZ kQ > 2=
= e omd 12kQ + 6.8kQ2
- =5.75mA Figure 9.124 Problem 6.
V, =1,R, = (5.75mA)(6.8kQ2) = 39.10V
v, :Vl' +V2" =13.02V +39.10V =52.12V
| Homework 9:2, 4, 6, 13, 14 |
ET162 Circuit Analysis — Network Theorems Boylestad 37
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Introduction to Capacitors

Thus far, the only passive device appearing in the class has been the
resistor. We will now consider two additional passive devices called the
capacitor and the inductor, which are quite different from the resistor
in purpose, operation, and construction.

Unlike the resistor, both elements display their total characteristics only
when a change in voltage or current is made in the circuit in which they
exist. In addition, if we consider the ideal situation, they do not
dissipate energy as does the resistor but store it in a form that can be
returned to the circuit whenever required by the circuit design.

ET162 Circuit Analysis — Capacitors Boylestad 3

The Electric Field

The electric field is represented by electric flux lines, which are drawn to
indicate the strength of the electric field at any point around any charged
body; that is, the denser the lines of flux, the stronger the electric field. In
Fig. 10.1, the electric field strength is stronger at point a than at position b
because the flux lines are denser at a than b.

The flux per unit area (flux
density) is represented by the
capital letter D and is
determined by

D= % (flux / unit area)

FIGURE 10.1 Flux distribution from an isolated positive charge. 4




The Electricgijglg

The electric field is represented by electric flux lines, which are drawn to
indicate the strength of the electric field at any point around the charged body.
The electric field strength at any point distance r from a point charge of Q
coulombs is directly proportional to the magnitude of the charge and inversely
proportional to the distance squared from the charge.

Capacitance

A capacitor is constructed simply of two parallel conducting plates
separated by insulating material (in this case, air). Capacitance is a measure
of a capacitor’s ability to store charge on its plates.

A capacitor has a capacitance of 1 farad if 1 coulomb of charge is deposited
on the plates by a potential difference of 1 volt cross the plates.

¥=Q (couloms,C) Electric flux lines always extend from a
_F positively charged body to a negatively
E= 6 (networks/ coulomb, N /C) charged body, always extend or terminate|

kQ perpendicular to the charged surfaces,
E=— (N/C) and never intersect.
r

FIGURE 10.2
Electric flux
distribution: (a)
opposite charges; (b)

C Q C = farad (F)

Q = coulombs (C)
V V =volts (V)

FIGURE 10.3 Electric flux distribution between the
plates of a capacitor: (a) including fringing; (b) ideal.

ET162 Circuit Analysis — Capacitors | Boylestad

like charges.
ETT6Z Circuit Analysis — Capacitors Boytestad 5
|
D
3=E (farads/meter, F/ M)
£= &8,
Cd
E——
A
A A
C=¢es, ' 885x 10 % g, a (F)

E : Electric field (V/m)

D : Flux density

€ : Permittivity (F/m)

C : Capacitance (F)

Q : Charge (C)

A : Area in square meters

d : Distance in meters between the plates

T
FIGURE 10.4 Effect of a dielectric on the field distribution between the plates of a capacitor: (a)

alignment of dipoles in the dielectric; (b) electric field components between the plates of a capacitor
with a dielectric present..

EX. 10-1 Determine the capacitance of each capacitor on the right side of Fig.10.5.

a. C=3(4F)=154F
b. C= %(0.1;:12) = 0,05 4F
c. C=25(20 4F) =50 uF
4
Cc= (S)W(IOOO pF)
= (160)(1000 pF) = 0.16 4F

FIGURE 10.5

ET162 Circuit Analysis - Capacitors Boytestad




EX. 10-2 For the capacitor of Fig. 10.6:
a. Determine the capacitance.

b. Determine the electric field strength between the plates if 450 V are applied

across the plates.
c. Find the resulting charge on each plate.

e A (8.85><10’”F/m)(0.01m2)259 0x10"F

a Co: > = -3

’ d 1.5x10°m

b. VBV 00x10v/m
d 1.5x10°m

c. Q
v

C =
Q=CV =(59.0x10" {450V )
=26.550x10"C = 26.55nC

FIGURE 10.6

Boylestad

ET162 Circuit Analysis - Capacitors

9

Transients in Capacitive Networks: Charging Phase

A capacitor can be replaced by an open-circuit equivalent once the charging
phase in a dc network has passed.

FIG. 10.8 Basic charging network. FIG. 10.9 i, during charging phase. [:l
\

FIG 10.10 V, during
charging phase.

— FIG. 10.11 Open-circuit equivalent for a

capacitor following the charging phase. capacitor (switch closed, t=0).

—H FIG. 10.12 Short-circuit equivalent for a

Figure 10.13 The e* function (x = 0).

|t = RC (second,s)|

ET162 Circuit Analysis - Capacitors Figure 10.14 i, versus t during the charging phase.




EX. 10-3 a. Find the mathematical expressions for the transient behavior of V¢, ic, and Vg
for the circuit of Fig. 10.18 when the switch is moved to position 1. Plot the curves of v,
ic, and Vg.

b. How much time must pass before it can be assumed, for all practical purposes, that iz =
L 1 0 A and v =E volt?

a. 7=RC=(8x10°Q)4x10"°F)
vo =E(1-e™"") FIGURE018 || 354107 32ms

Ve = E(1- e™V") =40(1- e_t,(32x104))
i E . _ 80V
o =—etr =Y
— E -t/RC R SO

V R _ e — (5 X 10—3)e—x/(32x10’3)
‘ Vg = Ea v = 409—1/(32“0’3)
ETT62 Circuft Analysis — Capaciiors Boylestad 13 ETI62 Cireuit Analy{ . 57 = 5(32ms) = 160 ms FIGURE 10.19 7

e—t/(}leo’l)

. . . EX. 10-4 After v, in Example 10.3 has reached its final value of 40 V, the switch is
Transients in CapaC|t|ve shown into position 2, as shown in Fig. 10.21. Find the mathematical expressions for the
Networks: Discharg i ng Phase Ve = EeYRC.  disch arging '_fransient behavior of Vg, i, ar.ld VR after the clos?n'g ofthe? switch. Plot the curves for v,
ic, and Vg using the defined directions and polarities of Fig. 10.18. Assume that t =0
i=— E e YRS disch arging when the switch is moved to position 2.
° R

-t/RC

Ve === discharging

FIGURE 10.21

Figure 10.20 Demonstrating the discharge behavior of 7=32ms
a capacitive network.

Ve = Ee YRS — 4O(e-t/3zx10’3)
E

. . _ . -3
. . ; ; lC —_—¢ t/RC :—(SXIO 3)e t/32x10
Figure 10.21 The charging and discharging cycles for R

the network of fig. 10.19.

%1073
Ve = _EeYRC — _40pt3210

ET162 Circuit Analysis - Capacitors

T FIGURE 10.23




Capacitors in Series and Parallel

QT = Q1 Qz = Q3
I
C, C C, C
CT — CICZ
{ }7 C, +C,
Boylestad 17

EX. 10-5 For the circuit of Fig. 10.26:
a. Find the total capacitance.
b. Determine the charge on each plate.

c. Find the voltage across each capacitor.

a.

1

1

11
1r_r. 1
C. C G, G

1 1 1

= + +
200x10°F 50x10°F 10x10°°F

—‘ Figure 10.26

b. QT :Ql :Qz :QS
=C,E = (8x 10°F)(60V)

=480 4C

ET162 Circuit Analysis - Capacitors

=0125%10°
1
C,=—— =38
T 0125x10° il
-6
. VI:&:480><1076C:2.4V
C, 200x10°F
-6
VZ:&:480x196c:9_6v
C, 50x10°F

-6
_Q _480x10°C _ 00y,

T C, 100x10°F
and E =V, +V, +V, =60V
BoyTestad T8

EX. 10-6 For the circuit of Fig. 10.27:
a. Find the total capacitance.

b. Determine the charge on each plate.
c. Find the total charges.

a. C,=C+C,+C,
=800 F + 60 £F + 1200 1F
= 2060
b. Q =C,E =(800x107°F)(48V)=384mC
Q, =C,E=(60x10"°F)(48V) = 2.88mC
Q, = C,E = (1200x 10 °F)(48V) = 57.6mC
c Q =Q +Q,+Q, =9888mC

Figure 10.27

ET162 Circuit Analysis — Capacitors Boylestad

EX. 10-7 Find the voltage across and charge on each capacitor for the network of

Figure 10.29

ET162 Circuit Analysis - Capacitors

— Fig. 10.28.
Ciyf 3 pF C; =C,+C, =4 uF +2 uF = 64F
|\ .
. 1 - _CC G
E =120V = == Loy Surebus
—T 4pE | 2pF | |Qr = CLE = (2x 107 F)(120V) = 240 ,.C
7 Q=20
V- & 20x100C
C,~ 3x10°F
Q) =240 4C

; -6
v o Q _2doxiocc

C;, 6xI10°F

Q, =C\V; = (4x 10"°F)(40V) = 160 £C
Q, =CV, = (2x10°F)(40V) = 80 1C

oylestad 20




EX. 10-8 Find the voltage across and charge on capacitors C, of Fig. 10.30
L—{ has charged up to its final value.

after it

Figure 10.30 VC = 40+80

Ql = C1Vc
= (20 % 10°°F
=320 4C

BQ4V) _

6V

)16V)

Figure 10.31 ylestad

EX. 10-9 Find the voltage across and charge on each capacitor for the network of
Fig. 10.32. after each has charged up to its final value.

Figure 10.32

v, - 7902V g
70420

v, = GO0V o
70420

Q =CV =(2x10°F)(16V) =32 4C
Q =CV., =(3x10°F)(56V) =168 1C

ET162 Circuit Analysis — Capacitors Boylestad

HW 10-54 Find the voltage across and the charge on each capacitor for the circuit in Fig.

10.115.

200 pF

AN

I\ [\
+| 1200pF 400 pF

Cr= 1200 pF || (200 pE + 400 pE) || 600 pE
= 1200 pF || 600 pF || 600 pF = 1200 pF || 300 pF

=4V o

=240 pF =

HW 10-22 Repeat Problem 21 for R = 1 MQ, and compare the results.

g =1 600 pF

Or= CrE = (240 pF)(40 V) =9.60 nC

em 54.

01=04=07r=9.60 nC Figure 10.115 Probl
9.60 nC 9.60 nC
S 200 _ghov = 2200 60y
¢, 1200pF C, 600 pF

H=W=E-F-Vi=40V-8V-16V=16V

O1= Ca¥ = (200 pF)(16 V) = 3.20 nC, 05 = C3¥3 = (400 pF)(16 V) = 6.40 nC

Homework 10: 3, 4, 14, 51,52, 54, 57

Figure 10.87 Problem 22.

a. T=RC=(10°Q)(5.1 4F)=5.15 b, ve=E(1-e")=20V(1-e"
c. 1t=1264V,31=19V 51=19.87V d ge= 2V e 20 pA &5
' T ) : 1MQ

vg=Ee ' =20V &5

e.  Same as problem 21 with St=25sand [, = 20 pA

Homework 10: 22, 24, 27, 28
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Introduction to Inductors

Three basic components appear in the majority of electrical/electronic
systems in use today. They include the resistor and the capacitor,
which have already been introduced, and the inductor, to be
examined in detail in this module. Like the capacitor, the inductor
exhibits its true characteristics only when a charge in voltage or
current is made in the network.

Recall from previous module that a capacitor can be replaced by an
open-circuit equivalent under steady-state conditions. You will see in
this module that an inductor can be replaced by a short-circuit
equivalent under steady-state conditions. Finally, you will learn that
while resistors dissipate the power delivered to them in form of heat,
ideal capacitors store the energy delivered to them in the form of an
electric field. Inductors are like capacitors in that they also store the

energy geliv_ered to them-but in the form of a magnetic field.




Magnetic Field

Magnetism plays an integral part in almost every electrical device used today in
industry, research, or the home. The compass relies on a permanent magnet for
indicating direction. Michael Faraday, Karl Friedrich Gauss, and James Clerk
Maxwell continued to experiment in this area and developed many of basic concepts
of electromagnetism-magnetic effects induced by the flow of charge, or current.

Figure 11.1 Flux distribution for a permanent magnet.

Figure 11.6  Magnetic flux lines around a

current-carrying conductor.

Figure 11.7 Flux distribution of . "
current carrying coil.

H Figure 11.8 Flux distribution of a

a single-turn coil.

Figure 11.9 Electromagnet. ‘ Figure 11.10 Determining the direction of flux for an electromagnet: (a) method; (b) notation.

In the Sl system of units, magnetic d||B= Wb m? = teslas (T)
flux is measured in webers (WB). = — ||® = webers (Wh)

The applied symbol is ®. The A

number of flux lines per unit area, A=m?
called the flux density, is denoted by

B and is measured in teslas (T).

Figure 11.15 Some areas of application of magnetic effects. ‘

Inductance

Sending a current through a coil of wire establishes a magnetic
field through and surrounding the unit. This component is called
an inductor. Its inductance level determines the strength of the
magnetic field around the coil due to an applied current.

inductors are designed to set up a strong magnetic field linking

the unit, whereas capacitors are designed to set up a strong

electric field between the plates. \ Figure 11.16 Defining the
ET162 Circuit Analysis — Magnetism and Inductors B parameters for Eq. (11.6).

ET162 Circuit Analysis - Magnetism and Inductors Boylestad

Inductance — Inductor Construction

The level of inductance has similar construction sensitivities in that is dependent on
the area within the coil, the length of the unit, and the permeability of the core
material. It is also sensitive to the number of turns of wire in the coil as depicted by
Eq. (11.6) and defined in Fig. 11.16 for two of the most popular shapes:

u : Permeability (Wb/A-m)
N : Number of turns (t)

A:m? (11.6)
[:m
L : henries (H)
N?4 N%4
L= % where = 1,11, or L=4rx107" Lt £ (henries, H)
Y7, NZ?4 The inductance of an inductor with a
L=upy|—"——|=uL,| |ferromagnetic core is z times the inductance
l obtained with an air core.
ET162 Circuit Analysis — Magnetism and Inductors Boylestad 7




Ex. 11-1 For the air-core coil in Fig. 11.18:

a. Find the inductance.
b. Find the inductance if a metallic core with u, = 2000 is inserted in the coil.

Figure 11.18 Air-core coil for example 11.1.

ET162 Circuit Analysis - Magnetism and Inductors Boylestad 8

Inductance — Types of Inductors

Inductors, like capacitors and resistors, can be categorized under
the general headings fixed or variable. The symbol for a fixed
air-core inductor is provided in Fig. 11.20(a), for an inductor with
a ferromagnetic core in Fig. 11.20(b), for a tapped coil in Fig.
11.20(c), and for a variable inductor in Fig. 11.20(d).

Practical Equivalent Inductor

Ex. 11-2 In Fig. 11.19, if each inductor in the left column is changed to the type
appearing in the right column, find the new inductance level. For each change, assume
that the other factors remain the same.

a. The only change was the number of
turns, but it is a squared factor,
resulting in L

Inductors, like capacitors, are not ideal. Associated with every
inductor is a resistance determined by the resistance of the turns of
wire and by core losses. Both elements are included in the
equivalent circuit in Fig. 11.24. For most applications in this text,
the capacitance can be ignored, resulting in the equivalent model

Figure 11.20 Inductor in Fig. 11.25.

coil symbols

Figure 11.25 Practical equivalent model for an inductor.

Figure 11.24 Complete equivalent model for an inductor.

= (2L, = (4)(20H) = 80 H

Figure 11.19 Inductors for example 11.2.

c. Both p and the number of turns have increased, although the increase in the number
of turns is squared. The increased length reduce the inductance. Therefore,

(3 (2200 L, = (4.32x10°)(10uH) = 432mH

L=
25

Induced Voltage v,

Faraday’s law of electromagnetic induction is one of the most important in this field
because it enables us to establish ac and dc voltages with generator. If we move a
conductor through a magnetic field so that it cuts magnetic lines of flux as shown in
Fig. 11.28. If we go a step further and move a coil of N turns through the magnetic field
as shown in Fig. 11.29, a voltage will be induced across the coil as determined by

Faraday’s law:
Y e= N% (volts, V)

Figure 11.28 Generating an induced voltage by ‘ Figure 11.29 Demonstrating Faraday’s law.
moving a conductor through a magnetic field.

ETI62 Circuit Analysis — and Tnauctors
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The polarity of the induced voltage across the coil is such that it opposes the increasing
level of current in the coil as shown in Fig. 11.30. In other words, the changing current
through the coil induces a voltage across the coil that is opposing the applied voltage
that establishes the increase in current to the first place. The quicker the change in
current through the coil, the greater the opposing induced voltage to squelch the
attempt of the current to increase in magnitude. This effect is a result of an important
law referred to as Lenz’s law, which states that

an induced effect is always such as

L= NZ—_¢ (henries, H)
to oppose the cause that produced it.

Iy

R-L Transients — The Storage Phase

If the inductance level is very small, there will be almost
no change in flux linking the coil, and the induced
voltage across the coil will be very small. That is

e= N@: Nﬁ (ﬂ] and e, =Lﬂ (volts, V)
dt di, \ dt dt

A great number of similarities exist between the analyses
of inductive and capacitive networks. The storage

waveforms have the same shape, and time constants are : -
. . . . . . . . Figure 11.31 Basic
defined for each configuration. The circuit in Fig. 11.31 is R ag—

used to describe the charging phase of capacitors, with a
simple replacement of the capacitor by an ideal inductor. It
is important to remember that the energy is stored in the
form of an electric field between the plates of a capacitor.
For inductors, on the other hand, energy is stored in the
form of magnetic field linking the coil.

| Figure 11.30 Demonstrating the effect of Lenz’s law.

In network analysis, the voltage induced across an mauctor Will always have a polarity
that opposes the applied voltage. Therefore, the following notation is used for the

induced voltage across an inductor:

the larger the inductance and/or the more rapid VL iy diL (VOltS, V)

At the instant the switch is closed, the choking action of
the coil prevents an instantaneous change in current
through the coil, resulting in i, = 0 4 as shown in Fig.
11.32(a). The absence of a current through the across the
resistor as determined by v, = iR =i,R = (0 A)R =0V, as
shown in Fig. 11.32(c). Applying KVL around the closed
loop results in E volts across the coil at the instant the
switch is closed, as shown in Fig. 11.32(b).

the change in current through a coil, the larger will

A~ R A i Li i 1

Figure 11.32 i, v, , and v, for the circuit in Fig. 11.31 following the closing of the switch. \

The equation for the transient response of the current through an inductor if the
following:

i, = %(1—(3””) (amperes, A)

. . " L
with the time constant now defined by v=5 (seconds, s)

If we keep R constant and increases as shown in Fig. 11.33 for increasing levels of L.
The change in transient response is expected because the higher the inductance level,
the greater the choking action on the changing current level, and longer it will take to
reach-steady state conditions.

In addition, since 7 = L/R will always have some numerical value, even though it may
be very small at times, the transient period of 5T will always have some numerical
value. Therefore,

the current cannot change instantaneously in an inductive network.

The equation for the voltage across the coil is the
following: v, —Ee'" (volts V)|
and for the voltage across resistor:

Vy :E(l—e_”’) (volts, V)

Figure 11.33 Effect of L on the shape of the i, storage waveform. ‘

Since the waveforms are similar to those obtained for capacitive networks, we will
assume that

the storage phase passed and steady-state conditions have been established once a
period of time equal to five time constants has occurred.

ET162 Circuit Analysis — Magnetism and Inductors Boylestad 14

If we examine the conditions that exist at the
instant the switch is closed, we find that the
voltage across the coil is E volts, although the
current is zero amperes as shown in Fig. 11.34. In
essence, therefore,

the ind_uctqr takes on the characteristics of an

jtch js closed [ Figure 11.34 Circuit in Figure 11.31
However, if we consider the conditions that exist helinstandiiewitchiisclosed)

when steady-state conditions have been
established, we find that the voltage across the
coil is zero volts and the current is a maximum
value of E/R ampere as shown in Fig. 11.35. In
essence, therefore,

the inductor takes on the characteristics of a

short circuit when steady-state conditions have
been established.

ET162 Circuit Analysis - Magnetism and Inductors | Figure 11.35 Circuit in Figure 11.31 under steady-state conditions.




Ex. 11-3 Find the mathematical expressions for the transient behavior of i, and v, for

the circuit in Fig. 11.36 if the switch is closed at = 0 s. Sketch the resulting curves.

Figure 11.36 R-L circuit for Example 11.3.

Initial Conditions

Since the current through a coil cannot change instantaneously, the current through
a coil begins the transient phase at the initial value established by the network (note
Fig. 11.38) before the switch was closed. It then passes through the transient phase
until it reaches the steady-state level after about five time constants. The steady-
state level of the inductor current can be found by substituting its short-circuit
equivalent and finding the resulting current through the element.

Using Eq.(11.15) 7
v, = 50Ve™™™

The resulting waveform appear in Fig.11.37.
Figure 11.37 i, and v, for the network in Fig. 11.36. |

Using the transient equation developed in the
previous discussion, an equation for the current i,
can be written for the entire time interval in Fig.

1138,thatis |l = +(1 .y )e—tlr
L =1y i r

with (7,— 1)) representing the total change during
the transient phase. However, by multiplying
through and rearranging terms:

ET 162 CITCOIT ATt ySIs = AT TTCCTOT Boytestad

we find

Figure 11.38 Defining the three phases of a
transient waveform.

opflestad 17

i, =1,+(,-1)1-¢"")

R-L Transients — The Release Phase

Thevenin Equivalent — 7= L/T,

In the analysis of R-C circuits, we found that the capacitor could hold its charge and
store energy in the form of an electric field for a period of time determined by the
leakage factors. In R-L circuits, the energy is stored in the form of a magnetic field
established by the current through the coil. Unlike the capacitor, however, an isolated
inductor cannot continue to store energy, because the absence of a closed path causes

EX. 11-6 For the network in Fig. 11.46:
a. Find the mathematical expression for the transient behavior of the current i, and the
voltage v, after the closing of the switch (7, = 0 mA).

b. Draw the resultant waveform for each.

the current to drop to zero, releasing the energy stored in the form of a magnetic field.

If the series R-L circuit in Fig. 11.41 reaches
steady-state conditions and the switch is quickly
opened, a spark will occur across the contacts
due to the rapid change in current di/dt of the
equation v, = L(di/dt) establishes a high voltage
v, across the coil that, in conjunction with the
applied voltage E, appears across the points of
the switch. This is the same mechanism used in
the ignition system of a car to ignite the fuel in

the cylinder. Figure 11.41 Demonstrating the effect of opening a switch
in series with an inductor with a steady-state current.

ET162 Circuit Analysis — Magnetism and Inductors Boylestad 18

Figure 11.47 Demonstrating Ry, for the network in Fig. 11.46.

; Figure 11.46 Example 11.6. ’_
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Applying the voltage divider rule (Fig. 11.48), we obtain |

_ (R, +R)E  (4kQ+16kQ)(12V)
R +R, +R, 20kQ+4kQ+16kQ
_ (20k)(127) _ 61
40k

Exp,

The Thevenin equivalent circuit is shown
in Fig. 11.49. Using Eq.(11.13)

5 —q R R Eﬂv 1 ~tlt
Figure 11.48 Determining E,, for the network in Fig. 11.46. y = —-e

R
-3
,:L:wzgxlo-ﬁszgm
R, 10x10°Q
m=@=67113=0.6x10’3A=0.6mA
R, 10x10°Q

Figure 11.49 The resulting Thevenin equivalent

circuit for the network in Fig. 11.46.
Uit Analysis — Magnetism and Tnductors Boylestad 20

HW 11-22 For Fig. 11.94:
a. Determine the mathematical expressions for i, and v, following the closing of the
switch.
b. Determine 7, and v, after one time constant.

a. Rp=2kQ+3KkQ[6k0=2k0O+2kQ=4LkO Figure 11.94 Problem 22.

6kQ(12V L 100mH
Era=#=8\f. r=—=—1=25,m
6kO+3k0O R 4 k0
j:i:_gv =721
Ry 4kO

i1=2mA( - ¥

b. i =2mA(l —¢) =126 mA
U =8Ve =294V

ETI62 CITCOT ATAtySIs— AT IO Boytestad 22

b. See Fig. 11.50.

Figure 11.50 The resulting waveforms for i, and v, for the network in Fig. 11.46.

ET162 Circuit Analysis - Magnetism and Inductors Boylestad
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Introduction to Magnetic Field

The magnetic field distribution around a
permanent magnet or electromagnet was
covered in previous module. The flux density
is defined by Eq. 12.1.

5=
A

B = Wb/m? = teslas (F)
© = webers (Wb)
A=m?

The “pressure” on the system to establish
magnetic lines of force is determined by the
applied magnetomotive force which is directly
related to the number of turns and current of
the magnetizing coil as appearing in Eq. 12.2.

F = ampere —turns (At)
N =turns (t)
| = ampere (A)

Reluctance

The level of magnetic flux established
in a ferromagnetic core is a direction
function of the permeability of the
material. Ferromagnetic materials
have a very high level of permeability
while non-magnetic material such as
air and wood have very low levels.
The radio of the permeability of the
material to that of air is called the
relative permeability and is defined

by Eq. 12.3.

uo=t 4 =47x107 Wh/A-m
Ho

TTT62 Circutt Analysts - Magnetic Creunts
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The resistance of a material to the flow of charge is determined for electric circuits
by the equation

|
R=p— (ohmsgQ
pA( s Q)

The reluctance of a material to the setting up of magnetic flux lines in the material
is determined by the following equation:

R= IA (rels or At/Wh)

Y7,

Where @ is the reluctance, | is the length of the magnetic path, and A is the cross-
sectioned area. The t in the units At/Wb is the number of turns of the applied
winding. Note that the resistance and reluctance are inversely proportional to the
area, indicating that an increase in area results in a reduction in each and an increase
in the desired result: current and flux. For an increase in length, the opposite is true,
and the desired effect is reduced. The reluctance, however, is inversely proportional
to the permeability, while the resistance is directly proportional to the resistivity.

ET162 Circuit Analysis — Magnetic Circuits Boylestad 4




Figure 11.6 Magnetic flux lines around a

current-carrying conductor.

Figure 11.7 Flux distribution of

a single-turn coil.

‘ Figure 11.8 Flux distribution of a
H current carrying coil.

Figure 11.9 Electromagnet. ‘ Figure 11.10 Determining the direction of flux for an electromagnet: (a) method; (b) notation.

In the ST system of units, magnetic q) B =Wh/m? =teslas(T)
flux is measured in webers (WB). B = — ||® = webers (Whb)
The applied symbol is ®. The A
number of flux lines per unit area, A=m?>
called the flux density, is denoted by 2
B and is measured in teslas (T). ltesla =1T =1Wb/m
ET162 Circuit Analysis — Magnetic Circuits Boylestad 5

Ohm’s Law for the Magnetic Circuits

For the magnetic circuits, the effect desired is the flux ®. The cause is the
magnetomotive force (mmf) F; which is the external force (or “pressure”)
required to set up the magnetic flux lines within the magnetic material. The
opposition to the setting of the flux ® is the reluctance R.

Substituting, we have O = F
R

Since = NI, above equation clearly reveals that an
increase in the number of turns or the current through
the wire in Fig. 12.1 results in an increased “pressure”
on the system to establish the flux lines through the
core.

Figure 12.1 Defining the components of a magnetomotive force.

ET162 Circuit Analysis — Magnetic Circuits Boylestad 6

Magnetizing Force

E
The magnetomotive force per unit length is called H= T (At / m)
the magnetizing force (H). In equation form,
NI
Substituting for the magnetomotive force results in | H= T (At/m)

Hysteresis

A curve of the flux density B versus the magnetizing force H of a material is of
particular important to the engineer. A typical B-H curve force a ferromagnetic
material such as can be derived using the setup in Fig. 12.4.

For the magnetic circuit in Fig. 12.2, if NI =
40 At and | = 0.2 m, then
N _d0A

——— =200 At/m
| 0.2m

Note in Fig. 12.2 that the direction of the flux

® can be determined by placing the fingers of Figure 12.2 Defining the magnetizing
your right hand in the direction of the thumb. forceloflaling gneuGloiIcu

The core is initially unmagnetized, and the current
| = 0. If the current I is increased to some value

above zero, the magnetizing force H increases to a

value determined by

It is interesting to realize that the magnetizing ||The flux density and the magnetizing

Jforce is independent of the type of core force are related by the following

material—it is determined solely by the number equations :

ET162 Circuit Analysis — Magnetic Circuits B B=uH

The flux ® and the flux density B (B = ®/A) also Figure 12.4 Series magnetic circuit used to
increase with the current I (or H). If the material has define the hysteresis curve.

no residual magnetism, and the magnetizing force H
is increased from zero to some value H,, the B-H
curve follows the path shown in Fig. 12.5 between 0
to a. If the magnetizing force H is increased until
saturation (H,) occurs, the curve continues as shown
in the figure to point b. When saturation occurs, the
flux density has, for all practical purposes, reached

its maximum value.
“TrCUTt ANalysts — Magnetic CITCurs, Figure 12.5 Hysteresis curve.




If the magnetizing force is reduced to zero by letting I decrease to zero, the curve
follows the path of the curve follows the path of the curve between b and c. The flux
density By, which remains when the magnetizing force is zero, is called the residual
flux density. It is this residual flux density that makes it possible to create permanent
magnets. If the current I is reserved, developing a magnetizing force, —H, the flux
density when —H, is reached. The magnetizing force —H, required to “coerce” the flux
density to reduce its level to zero is called the coercive force. As the force —H is
increased until saturation again occurs and is then reserved and brought back to zero,
the path def results. If the magnetizing force is increased in the positive direction
(+H), the curve traces the path shown from f to b. the entire curve represented by

bedefb is called the hysteresis curve.

Ampere’s Circuital Law

The similarity between the analyses of electric and magnetic circuits has been
demonstrated to some extent for the quantities in Table 12.1.

If the entire cycle is repeated, the curve
obtained for the same core will be
determined by the maximum H applied.
Three hysteresis loops for the same
material for maximum values of H less
than the saturation value are shown in
Fig. 12.6. In addition, the saturation
curve is repeated for comparison

If we apply the “cause” analogy to KCL (3 3V
= 0), we obtain the following:

ZQT: 0

which, in words, states that the algebraic sum of
the rises and drops of the mmf around a closed
loop of a magnetic circuits is equal to zero.

(for magnetic Circuits)

| Table12a |
Electric Magnetic
Circuit Circuits
Cause E ¥
Effect 1 ()
Opposition R R

PUrposes. Figure 12.4 Defining the normal magnetization curve.
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Above equation is referred as Ampere’s
circuital law. When it is applied to magnetic
circuits, sources of mmf are expressed by the
equation

F=NI (At)
The equation for the mmf drop across a
portion of a magnetic circuit can be found by

applying the relationships listed in Table
12.1; that is, for electric circuits,

V=IR

drop is,

Resulting in the following for magnetic circuits

F=0OR (At)

Where ® is the flux passing through a section of
the magnetic circuit and R is the reluctance of that
section. A more practical equation for the mmf

F=HI (At

where H is the magnetizing force on a section of a
magnetic circuit and | is the length of the section.

Flux @

If we continue to apply the relationships described in the previous module to KCL, we
find that the sum of the fluxes entering a junction is equal to the sum of the fluxes

Ex. 12-1 For the series magnetic circuit in Fig. 12.12:
a. Find the value of I required to develop a magnetic flux of ® =4x10* Wb.
b. Determine p and p, for the material under these conditions.

leaving a junction; that is, for the circuit in Fig. 12.11,
D, =0, +D, (at junction a)
or D, +P =0, (at junction b)

both of which are equivalent.

The magnetic circuit can be represented by the system shown in Fig. 12.13(a). The
electric circuit analogy is shown in Fig. 12.13(b). Analogies of this type can be very
helpful in the solution of magnetic circuits. Table 12.2 is for part (a) of this problem.

‘ Figure 12.11 Flux distribution of a series-parallel magnetic network.

Series Magnetic Circuits — Determining NI

In one type, @ is given, and the impressed mmf NI must be computed. This is the type
of problem encountered in the design of motors, generators, and transformers. In the
other type, NI is given, and the flux @ of the magnetic circuit must be found. This
type of problem is encountered primarily in the design of magnetic amplifiers. This
section considers only series magnetic circuits in which the flux @ is the same
throughout.

a. The flux density B is

4 4x10*Wb

= —ﬁ=2x10']T=0.2T
A 2x107°m

Using the B-H curves in Fig. 12.8, we can determine the magnetizing force H:

H (cast steel) = 170 At/m
Applying Ampere’s circuital law yields

NI = HI
_HI_ (170At/m)(0.16m)

L — 68mA
and N 400t

ET162 Circuit Analysis — Magnetic Circuits Boylestad 11
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Figure 12.12 Example 12.1.
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b. The permeabili ty of the material can be found

u=B 92T 176 %10~ Wb/A-m
H 170 At/m

and the relative permeabili ty is
uo 1.176 x107°

=—=——"—-=03583
& Ho 4z x107’

Figure 12.13
(a) magnetic circuit equivalent and
(b) electric circuit analogy.

Table 12.1
Section @ (Wb) | A(m?) | B(T) | H(At/m) I(m) HI(At)
One continuous section | 4x10* | 2x1073 0.16
ET162 Circuit Analysis — Magnetic Circuits Boylestad 13

Ex. 12-4 Find the value of I required to establish a magnetic flux of ® = 0.75 x 10+

Wb in the series magnetic circuit in Fig. 12.19.

‘ Figure 12.19 Relay for Example 12.4.

Applying Equation,
H, =(7.96x10°)B, =(7.96 x10°)(0.5T) =3.98 x 10 At/m

The mmf drops are

H ool core = (280At/m)(100x 107> m) = 28 At

5 -3

H,l, =(3.98x10° At/m)(2x107"m) = 796 At

Applying Ampere’s circuital law,
NI =H el +Hyly =28At+796 At

(200)1 =824At and | =4.12A

Figure 12.20 (a) Magnetie circuit equivalent and (b) electric circuit analogy for the relay in Hig. 12.19.

Figure 12.18 Air gap: (a) with fringing; (b) ideal.

For the most practical applications, the
permeability of air is taken to be equal to that

of free space. The magnetizing force of the air
gap is then determined by

and the mmf drop across the air gap is equal to
H,L,. An equation for H, is as follows:
H = i = —Bg
g —7
u, Arx10

and H, =(7.96x10°)B, (At/m)

Boylestad 1
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HW 12-6 Repeat Problem 5 for ® = 72,000 maxwells and an impressed mmf of 120
gilberts.

goS o 120giberts 10 rels(CGS)
® 72,000 max wells

ET162 Circuit Analysis — Magnetic Circuits Boylestad 16
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