
CHAPTER 1

BASIC ELECTRIC
AND MAGNETIC CIRCUITS

1.1 INTRODUCTION TO ELECTRIC CIRCUITS

In elementary physics classes you undoubtedly have been introduced to the fun-
damental concepts of electricity and how real components can be put together
to form an electrical circuit. A very simple circuit, for example, might consist
of a battery, some wire, a switch, and an incandescent lightbulb as shown in
Fig. 1.1. The battery supplies the energy required to force electrons around the
loop, heating the filament of the bulb and causing the bulb to radiate a lot of heat
and some light. Energy is transferred from a source, the battery, to a load, the
bulb. You probably already know that the voltage of the battery and the electrical
resistance of the bulb have something to do with the amount of current that will
flow in the circuit. From your own practical experience you also know that no
current will flow until the switch is closed. That is, for a circuit to do anything,
the loop has to be completed so that electrons can flow from the battery to the
bulb and then back again to the battery. And finally, you probably realize that it
doesn’t much matter whether there is one foot or two feet of wire connecting the
battery to the bulb, but that it probably would matter if there is a mile of wire
between it and the bulb.

Also shown in Fig. 1.1 is a model made up of idealized components. The
battery is modeled as an ideal source that puts out a constant voltage, VB , no
matter what amount of current, i, is drawn. The wires are considered to be perfect
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Figure 1.1 (a) A simple circuit. (b) An idealized representation of the circuit.

conductors that offer no resistance to current flow. The switch is assumed to be
open or closed. There is no arcing of current across the gap when the switch is
opened, nor is there any bounce to the switch as it makes contact on closure.
The lightbulb is modeled as a simple resistor, R, that never changes its value,
no matter how hot it becomes or how much current is flowing through it.

For most purposes, the idealized model shown in Fig. 1.1b is an adequate
representation of the circuit; that is, our prediction of the current that will flow
through the bulb whenever the switch is closed will be sufficiently accurate
that we can consider the problem solved. There may be times, however, when
the model is inadequate. The battery voltage, for example, may drop as more
and more current is drawn, or as the battery ages. The lightbulb’s resistance
may change as it heats up, and the filament may have a bit of inductance and
capacitance associated with it as well as resistance so that when the switch is
closed, the current may not jump instantaneously from zero to some final, steady-
state value. The wires may be undersized, and some of the power delivered by
the battery may be lost in the wires before it reaches the load. These subtle effects
may or may not be important, depending on what we are trying to find out and
how accurately we must be able to predict the performance of the circuit. If we
decide they are important, we can always change the model as necessary and
then proceed with the analysis.

The point here is simple. The combinations of resistors, capacitors, inductors,
voltage sources, current sources, and so forth, that you see in a circuit diagram
are merely models of real components that comprise a real circuit, and a certain
amount of judgment is required to decide how complicated the model must be
before sufficiently accurate results can be obtained. For our purposes, we will be
using very simple models in general, leaving many of the complications to more
advanced textbooks.

1.2 DEFINITIONS OF KEY ELECTRICAL QUANTITIES

We shall begin by introducing the fundamental electrical quantities that form the
basis for the study of electric circuits.

1.2.1 Charge

An atom consists of a positively charged nucleus surrounded by a swarm of nega-
tively charged electrons. The charge associated with one electron has been found
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to be 1.602 × 10−19 coulombs; or, stated the other way around, one coulomb can
be defined as the charge on 6.242 × 1018 electrons. While most of the electrons
associated with an atom are tightly bound to the nucleus, good conductors, like
copper, have free electrons that are sufficiently distant from their nuclei that their
attraction to any particular nucleus is easily overcome. These conduction elec-
trons are free to wander from atom to atom, and their movement constitutes an
electric current.

1.2.2 Current

In a wire, when one coulomb’s worth of charge passes a given spot in one
second, the current is defined to be one ampere (abbreviated A), named after the
nineteenth-century physicist André Marie Ampère. That is, current i is the net
rate of flow of charge q past a point, or through an area:

i = dq

dt
(1.1)

In general, charges can be negative or positive. For example, in a neon light,
positive ions move in one direction and negative electrons move in the other.
Each contributes to current, and the total current is their sum. By convention, the
direction of current flow is taken to be the direction that positive charges would
move, whether or not positive charges happen to be in the picture. Thus, in a
wire, electrons moving to the right constitute a current that flows to the left, as
shown in Fig. 1.2.

When charge flows at a steady rate in one direction only, the current is said
to be direct current, or dc. A battery, for example, supplies direct current. When
charge flows back and forth sinusoidally, it is said to be alternating current, or
ac. In the United States the ac electricity delivered by the power company has
a frequency of 60 cycles per second, or 60 hertz (abbreviated Hz). Examples of
ac and dc are shown in Fig. 1.3.

1.2.3 Kirchhoff’s Current Law

Two of the most fundamental properties of circuits were established experimen-
tally a century and a half ago by a German professor, Gustav Robert Kirchhoff
(1824–1887). The first property, known as Kirchhoff’s current law (abbreviated

e−

i =
dq

dt

Figure 1.2 By convention, negative charges moving in one direction constitute a positive
current flow in the opposite direction.
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Figure 1.3 (a) Steady-state direct current (dc). (b) Alternating current (ac).

KCL), states that at every instant of time the sum of the currents flowing into any
node of a circuit must equal the sum of the currents leaving the node, where a
node is any spot where two or more wires are joined. This is a very simple, but
powerful concept. It is intuitively obvious once you assert that current is the flow
of charge, and that charge is conservative—neither being created nor destroyed
as it enters a node. Unless charge somehow builds up at a node, which it does
not, then the rate at which charge enters a node must equal the rate at which
charge leaves the node.

There are several alternative ways to state Kirchhoff’s current law. The most
commonly used statement says that the sum of the currents into a node is zero
as shown in Fig. 1.4a, in which case some of those currents must have negative
values while some have positive values. Equally valid would be the statement
that the sum of the currents leaving a node must be zero as shown in Fig. 1.4b
(again some of these currents need to have positive values and some negative).
Finally, we could say that the sum of the currents entering a node equals the sum
of the currents leaving a node (Fig. 1.4c). These are all equivalent as long as we
understand what is meant about the direction of current flow when we indicate
it with an arrow on a circuit diagram. Current that actually flows in the direction
shown by the arrow is given a positive sign. Currents that actually flow in the
opposite direction have negative values.

(b) i1 + i2 + i3 = 0

node

i3i2

i1

(c) i1 = i2 + i3

node

i3i2

i1

(a) i1 + i2 + i3 = 0

node

i3i2

i1

Figure 1.4 Illustrating various ways that Kirchhoff’s current law can be stated. (a) The
sum of the currents into a node equals zero. (b) The sum of the currents leaving the node
is zero. (c) The sum of the currents entering a node equals the sum of the currents leaving
the node.
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Note that you can draw current arrows in any direction that you want—that
much is arbitrary—but once having drawn the arrows, you must then write Kirch-
hoff’s current law in a manner that is consistent with your arrows, as has been
done in Fig. 1.4. The algebraic solution to the circuit problem will automati-
cally determine whether or not your arbitrarily determined directions for currents
were correct.

Example 1.1 Using Kirchhoff’s Current Law. A node of a circuit is shown
with current direction arrows chosen arbitrarily. Having picked those directions,
i1 = −5 A, i2 = 3 A, and i3 = −1 A. Write an expression for Kirchhoff’s current
law and solve for i4.

i 1 i2

i3

i4

Solution. By Kirchhoff’s current law,

i1 + i2 = i3 + i4

−5 + 3 = −1 + i4

so that
i4 = −1 A

That is, i4 is actually 1 A flowing into the node. Note that i2, i3, and i4 are all
entering the node, and i1 is the only current that is leaving the node.

1.2.4 Voltage

Electrons won’t flow through a circuit unless they are given some energy to
help send them on their way. That “push” is measured in volts, where voltage is
defined to be the amount of energy (w, joules) given to a unit of charge,

v = dw

dq
(1.2)
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A 12-V battery therefore gives 12 joules of energy to each coulomb of charge
that it stores. Note that the charge does not actually have to move for voltage to
have meaning. Voltage describes the potential for charge to do work.

While currents are measured through a circuit component, voltages are mea-
sured across components. Thus, for example, it is correct to say that current
through a battery is 10 A, while the voltage across that battery is 12 V. Other
ways to describe the voltage across a component include whether the voltage
rises across the component or drops. Thus, for example, for the simple circuit
in Fig. 1.1, there is a voltage rise across the battery and voltage drop across
the lightbulb.

Voltages are always measured with respect to something. That is, the voltage
of the positive terminal of the battery is “so many volts” with respect to the
negative terminal; or, the voltage at a point in a circuit is some amount with
respect to some other point. In Fig. 1.5, current through a resistor results in a
voltage drop from point A to point B of VAB volts. VA and VB are the voltages
at each end of the resistor, measured with respect to some other point.

The reference point for voltages in a circuit is usually designated with a
ground symbol. While many circuits are actually grounded—that is, there is a
path for current to flow directly into the earth—some are not (such as the battery,
wires, switch, and bulb in a flashlight). When a ground symbol is shown on a
circuit diagram, you should consider it to be merely a reference point at which
the voltage is defined to be zero. Figure 1.6 points out how changing the node
labeled as ground changes the voltages at each node in the circuit, but does not
change the voltage drop across each component.

VA

VAB

VB

I

+ −

Figure 1.5 The voltage drop from point A to point B is VAB, where VAB = VA − VB.
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Figure 1.6 Moving the reference node around (ground) changes the voltages at each
node, but doesn’t change the voltage drop across each component.
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1.2.5 Kirchhoff’s Voltage Law

The second of Kirchhoff’s fundamental laws states that the sum of the voltages
around any loop of a circuit at any instant is zero. This is known as Kirchhoff’s
voltage law (KVL). Just as was the case for Kirchhoff’s current law, there are
alternative, but equivalent, ways of stating KVL. We can, for example, say that
the sum of the voltage rises in any loop equals the sum of the voltage drops
around the loop. Thus in Fig. 1.6, there is a voltage rise of 12 V across the
battery and a voltage drop of 3 V across R1 and a drop of 9 V across R2. Notice
that it doesn’t matter which node was labeled ground for this to be true. Just as
was the case with Kirchhoff’s current law, we must be careful about labeling and
interpreting the signs of voltages in a circuit diagram in order to write the proper
version of KVL. A plus (+) sign on a circuit component indicates a reference
direction under the assumption that the potential at that end of the component
is higher than the voltage at the other end. Again, as long as we are consistent
in writing Kirchhoff’s voltage law, the algebraic solution for the circuit will
automatically take care of signs.

Kirchhoff’s voltage law has a simple mechanical analog in which weight is
analogous to charge and elevation is analogous to voltage. If a weight is raised
from one elevation to another, it acquires potential energy equal to the change
in elevation times the weight. Similarly, the potential energy given to charge is
equal to the amount of charge times the voltage to which it is raised. If you
decide to take a day hike, in which you start and finish the hike at the same spot,
you know that no matter what path was taken, when you finish the hike the sum
of the increases in elevation has to have been equal to the sum of the decreases in
elevation. Similarly, in an electrical circuit, no matter what path is taken, as long
as you return to the same node at which you started, KVL provides assurance
that the sum of voltage rises in that loop will equal the sum of the voltage drops
in the loop.

1.2.6 Power

Power and energy are two terms that are often misused. Energy can be thought
of as the ability to do work, and it has units such as joules or Btu. Power, on
the other hand, is the rate at which energy is generated or used, and therefore it
has rate units such as joules/s or Btu/h. There is often confusion about the units
for electrical power and energy. Electrical power is measured in watts, which
is a rate (1 J/s = 1 watt), so electrical energy is watts multiplied by time—for
example, watt-hours. Be careful not to say “watts per hour,” which is incorrect
(even though you will see this all too often in newspapers or magazines).

When a battery delivers current to a load, power is generated by the battery and
is dissipated by the load. We can combine (1.1) and (1.2) to find an expression
for instantaneous power supplied, or consumed, by a component of a circuit:

p = dw

dt
= dw

dq
· dq

dt
= vi (1.3)
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Equation (1.3) tells us that the power supplied at any instant by a source, or
consumed by a load, is given by the current through the component times the
voltage across the component. When current is given in amperes, and voltage in
volts, the units of power are watts (W). Thus, a 12-V battery delivering 10 A to
a load is supplying 120 W of power.

1.2.7 Energy

Since power is the rate at which work is being done, and energy is the total
amount of work done, energy is just the integral of power:

w =
∫

p dt (1.4)

In an electrical circuit, energy can be expressed in terms of joules (J), where 1
watt-second = 1 joule. In the electric power industry the units of electrical energy
are more often given in watt-hours, or for larger quantities kilowatt-hours (kWh)
or megawatt-hours (MWh). Thus, for example, a 100-W computer that is operated
for 10 hours will consume 1000 Wh, or 1 kWh of energy. A typical household
in the United States uses approximately 750 kWh per month.

1.2.8 Summary of Principal Electrical Quantities

The key electrical quantities already introduced and the relevant relationships
between these quantities are summarized in Table 1.1.

Since electrical quantities vary over such a large range of magnitudes, you will
often find yourself working with very small quantities or very large quantities. For
example, the voltage created by your TV antenna may be measured in millionths
of a volt (microvolts, µV), while the power generated by a large power station
may be measured in billions of watts, or gigawatts (GW). To describe quantities
that may take on such extreme values, it is useful to have a system of prefixes that
accompany the units. The most commonly used prefixes in electrical engineering
are given in Table 1.2.

TABLE 1.1 Key Electrical Quantities and Relationships

Electrical Quantity Symbol Unit Abbreviation Relationship

Charge q coulomb C q = ∫ i dt

Current i ampere A i = dq/dt

Voltage v volt V v = dw/dq

Power p joule/second J/s p = dw/dt

or watt W
Energy w joule J w = ∫ p dt

or watt-hour Wh
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TABLE 1.2 Common Prefixes

Small Quantities Large Quantities

Quantity Prefix Symbol Quantity Prefix Symbol

10−3 milli m 103 kilo k
10−6 micro µ 106 mega M
10−9 nano n 109 giga G
10−12 pico p 1012 tera T

1.3 IDEALIZED VOLTAGE AND CURRENT SOURCES

Electric circuits are made up of a relatively small number of different kinds of
circuit elements, or components, which can be interconnected in an extraordinarily
large number of ways. At this point in our discussion, we will concentrate on
idealized characteristics of these circuit elements, realizing that real components
resemble, but do not exactly duplicate, the characteristics that we describe here.

1.3.1 Ideal Voltage Source

An ideal voltage source is one that provides a given, known voltage vs , no matter
what sort of load it is connected to. That is, regardless of the current drawn from
the ideal voltage source, it will always provide the same voltage. Note that an
ideal voltage source does not have to deliver a constant voltage; for example, it
may produce a sinusoidally varying voltage—the key is that that voltage is not
a function of the amount of current drawn. A symbol for an ideal voltage source
is shown in Fig. 1.7.

A special case of an ideal voltage source is an ideal battery that provides a
constant dc output, as shown in Fig. 1.8. A real battery approximates the ideal
source; but as current increases, the output drops somewhat. To account for that
drop, quite often the model used for a real battery is an ideal voltage source in
series with the internal resistance of the battery.

i

Load

v = vs

vs
vs

+ +

+

Figure 1.7 A constant voltage source delivers vs no matter what current the load draws.
The quantity vs can vary with time and still be ideal.
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Figure 1.8 An ideal dc voltage.
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Figure 1.9 The current produced by an ideal current source does not depend on the
voltage across the source.

1.3.2 Ideal Current Source

An ideal current source produces a given amount of current is no matter what
load it sees. As shown in Fig. 1.9, a commonly used symbol for such a device is
circle with an arrow indicating the direction of current flow. While a battery is a
good approximation to an ideal voltage source, there is nothing quite so familiar
that approximates an ideal current source. Some transistor circuits come close to
this ideal and are often modeled with idealized current sources.

1.4 ELECTRICAL RESISTANCE

For an ideal resistance element the current through it is directly proportional to
the voltage drop across it, as shown in Fig. 1.10.

1.4.1 Ohm’s Law

The equation for an ideal resistor is given in (1.5) in which v is in volts, i is in
amps, and the constant of proportionality is resistance R measured in ohms (�).
This simple formula is known as Ohm’s law in honor of the German physi-
cist, Georg Ohm, whose original experiments led to this incredibly useful and
important relationship.

v = Ri (1.5)
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Figure 1.10 (a) An ideal resistor symbol. (b) voltage–current relationship.

Notice that voltage v is measured across the resistor. That is, it is the voltage at
point A with respect to the voltage at point B. When current is in the direction
shown, the voltage at A with respect to B is positive, so it is quite common to
say that there is a voltage drop across the resistor.

An equivalent relationship for a resistor is given in (1.6), where current is
given in terms of voltage and the proportionality constant is conductance G with
units of siemens (S). In older literature, the unit of conductance was mhos.

i = Gv (1.6)

By combining Eqs. (1.3) and (1.5), we can easily derive the following equiv-
alent relationships for power dissipated by the resistor:

p = vi = i2R = v2

R
(1.7)

Example 1.2 Power to an Incandescent Lamp. The current–voltage rela-
tionship for an incandescent lamp is nearly linear, so it can quite reasonably be
modeled as a simple resistor. Suppose such a lamp has been designed to consume
60 W when it is connected to a 12-V power source. What is the resistance of
the filament, and what amount of current will flow? If the actual voltage is only
11 V, how much energy would it consume over a 100-h period?

Solution. From Eq. (1.7),

R = v2

p
= 122

60
= 2.4 �

and from Ohm’s law,
i = v/R = 12/2.4 = 5 A
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Connected to an 11-V source, the power consumed would be

p = v2

R
= 112

2.4
= 50.4 W

Over a 100-h period, it would consume

w = pt = 50.4 W × 100 h = 5040 Wh = 5.04 kWh

1.4.2 Resistors in Series

We can use Ohm’s law and Kirchhoff’s voltage law to determine the equivalent
resistance of resistors wired in series (so the same current flows through each
one) as shown in Fig. 1.11.

For Rs to be equivalent to the two series resistors, R1 and R2, the volt-
age–current relationships must be the same. That is, for the circuit in Fig. 1.11a,

v = v1 + v2 (1.8)

and from Ohm’s law,
v = iR1 + iR2 (1.9)

For the circuit in Fig. 1.11b to be equivalent, the voltage and current must be
the same:

v = iRs (1.10)

By equating Eqs. (1.9) and (1.10), we conclude that

Rs = R1 + R2 (1.11)

And, in general, for n-resistances in series the equivalent resistance is

Rs = R1 + R2 + · · · + Rn (1.12)

(a) (b)

−

+v

ii

Rs = R1 + R2

−

+ +

+R2 v2

v v1R1

Figure 1.11 Rs is equivalent to resistors R1 and R2 in series.
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(a) (b)
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R1 R2 i2i1
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i

Rp =
R1 + R2

 R1R2

Figure 1.12 Equivalent resistance of resistors wired in parallel.

1.4.3 Resistors in Parallel

When circuit elements are wired together as in Fig. 1.12, so that the same voltage
appears across each of them, they are said to be in parallel.

To find the equivalent resistance of two resistors in parallel, we can first
incorporate Kirchhoff’s current law followed by Ohm’s law:

i = i1 + i2 = v

R1
+ v

R2
= v

Rp

(1.13)

so that
1

R1
+ 1

R2
= 1

Rp

or G1 + G2 = Gp (1.14)

Notice that one reason for introducing the concept of conductance is that the con-
ductance of a parallel combination of n resistors is just the sum of the individual
conductances.

For two resistors in parallel, the equivalent resistance can be found from
Eq. (1.14) to be

Rp = R1R2

R1 + R2
(1.15)

Notice that when R1 and R2 are of equal value, the resistance of the parallel
combination is just one-half that of either one. Also, you might notice that the
parallel combination of two resistors always has a lower resistance than either
one of those resistors.

Example 1.3 Analyzing a Resistive Circuit. Find the equivalent resistance of
the following network.
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800 Ω400 Ω

800 Ω

800 Ω 800 Ω2 kΩ

800 Ω

Solution. While this circuit may look complicated, you can actually work it out
in your head. The parallel combination of the two 800-� resistors on the right
end is 400 �, leaving the following equivalent:

400 Ω

400 Ω 800 Ω

800 Ω800 Ω

2 kΩ

The three resistors on the right end are in series so they are equivalent to a
single resistor of 2 k� (=800 � + 400 � + 800 �). The network now looks
like the following:

400 Ω

800 Ω

2 kΩ 2 kΩ

The two 2-kW resistors combine to 1 k�, which is in series with the 800-�
and 400-� resistors. The total resistance of the network is thus 800 � + 1 k� +
400 � = 2.2 k�.
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1.4.4 The Voltage Divider

A voltage divider is a deceptively simple, but surprisingly useful and important
circuit. It is our first example of a two-port network. Two-port networks have a
pair of input wires and a pair of output wires, as shown in Fig. 1.13.

The analysis of a voltage divider is a straightforward extension of Ohm’s law
and what we have learned about resistors in series.

As shown in Fig. 1.14, when a voltage source is connected to the voltage
divider, an amount of current flows equal to

i = vin

R1 + R2
(1.16)

Since vout = iR2, we can write the following voltage-divider equation:

vout = vin

(
R2

R1 + R2

)
(1.17)

Equation (1.17) is so useful that it is well worth committing to memory.

+

−

vin vout
vin vout R2

Two-port
network

R1

Figure 1.13 A voltage divider is an example of a two-port network.

ivin vout

R2

R1

+

+

−

Figure 1.14 A voltage divider connected to an ideal voltage source.

Example 1.4 Analyzing a Battery as a Voltage Divider. Suppose an auto-
mobile battery is modeled as an ideal 12-V source in series with a 0.1-� inter-
nal resistance.


