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Chapter 1

Circuit Variables and Circuit Elements

T ES5EEITH

Electrical and computer engineering are exciting and challenging professions for anyone who has a
genuine interest in, and aptitude for, applied science and mathematics. Over the past century and a half,
electrical and computer engineers have played a dominant role in the development of systems that have
changed the way people live and work. Satellite communication links, telephones, digital computers,
televisions, diagnostic and surgical medical equipment, assembly-line robots, and electrical power tools
are representative components of systems that define a modern technological society. As an electrical or
computer engineer, you can participate in this ongoing technological revolution by improving and
refining these existing systems and by discovering and developing new systems to meet the needs of our
ever-changing society.

We begin our study with an overview of circuit analysis. This is followed by an introduction to the
concepts of voltage, current, the basic circuit elements, power, and energy. Next we introduce both
independent and dependent voltage and current sources. We conclude this introductory chapter with a
discussion of electrical resistance and Ohm’s law.

1.1 Circuit Analysis: an Overview B IR LA

Before becoming involved in the details of circuit analysis, we need to take a broad look at engineering
design, specifically the design of electric circuits. The purpose of this overview is to provide you with a
perspective on where circuit analysis fits within the whole of circuit design. Even though this book
focuses on circuit analysis, we try to provide opportunities for circuit design where appropriate.

All engineering designs begin with a need, as shown in Fig. 1.1. This need may come from the
desire to improve on an existing design, or it may be something brand-new. A careful assessment of the
need results in design specifications, which are measurable characteristics of a proposed design. Once a
design is proposed, the design specifications allow us to assess whether or not the design actually meets
the need.

A concept for the design comes next. The concept derives from a complete understanding of the
design specifications coupled with an insight into the need, which comes from education and experience.
The concept may be realized as a sketch, as a written description, or in some other form. Often the next
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step is to translate the concept into a mathematical model. A commonly used mathematical model for
electrical and computer systems is a circuit model.

Need

Y

l Design specifications \

Y

Phy;ics:—» Concept [™] = — Circx:it;vhi_ch
neig meets design
specifications

Circuit—»§ =
analysis Circuit

Physical
prototype

Refinement based
on analysis

Laboratory ——
measurements

[

Refinement based
on measurements

Figure 1.1 A conceptual model for electrical engineering design.

The elements that comprise the circuit model are called ideal circuit components. An ideal circuit
component is a mathematical model of an actual electrical component, like a battery or a light bulb. It is
important for the ideal circuit component used in a circuit model to represent the behavior of the actual
electrical component to an acceptable degree of accuracy. The tools of circuit analysis, the focus of this
book, are then applied to the circuit. Circuit analysis is based on mathematical techniques and is used to
predict the behavior of the circuit model and its ideal circuit components. A comparison between the
desired behavior, from the design specifications, and the predicted behavior, from circuit analysis, may
lead to refinements in the circuit model and its ideal circuit elements. Once the desired and predicted
behaviors are in agreement, a physical prototype can be constructed.

The physical prototype is an actual electrical system, constructed from actual electrical components.
Measurement techniques are used to determine the actual, quantitative behavior of the physical system.
This actual behavior is compared with the desired behavior from the design specifications and the
predicted behavior from circuit analysis. The comparisons may result in refinements to the physical
prototype, the circuit model, or both. Eventually, this iterative process, in which models, components,
and systems are continually refined, may produce a design that accurately matches the design specifica-
tions and thus meets the need.

From this description, it is clear that circuit analysis plays a very important role in the design process.
Because circuit analysis is applied to circuit models, practicing engineers try to use mature circuit
models so that the resulting designs will meet the design specifications in the first iteration. In this book,
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we use models that have been tested for between 20 and 100 years; you can assume that they are mature.
The ability to model actual electrical systems with ideal circuit elements makes circuit theory extremely
useful to engineers.

Saying that the interconnection of ideal circuit elements can be used to quantitatively predict the
behavior of a system implies that we can describe the interconnection with mathematical equations. For
the mathematical equations to be useful, we must write them in terms of measurable quantities. In the
case of circuits, these quantities are voltage and current, which we discuss in Section 1.2. The study of
circuit analysis involves understanding the behavior of each ideal circuit element in terms of its voltage
and current and understanding the constraints imposed on the voltage and current as a result of intercon-
necting the ideal elements.

1.2 Voltage, Current, and the Basic Circuit Elements

FE. BRSEFBETHY

Electric Charge

The concept of electric charge is the basis for describing all electrical phenomena. Let’s review some
important characteristics of electric charge.

® The charge is bipolar, meaning that electrical effects are described in terms of positive and nega-
tive charges.

@ The electric charge exists in discrete quantities, which are integral multiples of the electronic
charge, 1.6022 x 10~ C.

@ Electrical effects are attributed to both the separation of charge and charges in motion.
Voltage and Current

In circuit theory, the separation of charge creates an electric force (voltage), and the motion of charge
creates an electric fluid (current).

The concepts of voltage and current are useful from an engineering point of view because they can
be expressed quantitatively. Whenever positive and negative charges are separated, energy is expended.

Voltage is the energy per unit charge created by the separation. We express this ratio in differential
form as

d
T iy (1.1
dq

where
v = the voltage in volts,
w = the energy in joules,
g = the charge in coulombs.

The electrical effects caused by charges in motion depend on the rate of charge flow. The rate of
charge flow is known as the electric current, which is expressed as
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=, (1.2)

where

i = the current in amperes,
g = the charge in coulombs,

t = the time in seconds.

Equations (1.1) and (1.2) are definitions for the magnitude of voltage and current, respectively. The
bipolar nature of electric charge requires that we assign polarity references to these variables. We will
do so in the next section.

Although current is made up of discrete, moving electrons, we do not need to consider them indi-
vidually because of the enormous number of them. Rather, we can think of electrons and their corre-
sponding charge as one smoothly flowing entity. Thus, i is treated as a continuous variable.

One advantage of using circuit models is that we can model a component strictly in terms of the
voltage and current at its terminals. Thus two physically different components could have the same
relationship between the terminal voltage and terminal current. If they do, for purposes of circuit analysis,
they are identical. Once we know how a component behaves at its terminals, we can analyze its behav-
ior in a circuit. However, when developing circuit models, we are interested in a component’s internal
behavior. We might want to know, for example, whether charge conduction is taking place because of
free electrons moving through the crystal lattice structure of a metal or whether it is because of electrons
moving within the covalent bonds of a semiconductor material. However, these concerns are beyond
the realm of circuit theory. In this book we use circuit models that have already been developed; we do
not discuss how component models are developed.

1.3 The Ideal Basic Circuit Element IRAEEABIETH

An ideal basic circuit element has three attributes: (1) it has only two terminals, which are points of
connection to other circuit components; (2) it is described mathematically in terms of current and/or
voltage; and (3) it cannot be subdivided into other elements. We use the word ideal to imply that a basic
circuit element does not exist as a realizable physical component. We use the word basic to imply that
the circuit element cannot be further reduced or subdivided into other elements. Thus the basic circuit
elements form the building blocks for constructing circuit models, but they themselves cannot be
modeled with any other type of element.

Figure 1.2 is a representation of an ideal basic circuit element. The box is blank because we are
making no commitment at this time as to the type of circuit element it is. In Fig. 1.2, the voltage across
the terminals of the box is denoted by v, and the current in the circuit element is denoted by i. The
polarity reference for the voltage is indicated by the plus and minus signs, and the reference direction
for the current is shown by the arrow placed alongside the current. The interpretation of these references
given positive or negative numerical values of v and 7 is summarized in Table 1.1. Note that algebra-
ically the notion of positive charge flowing in one direction is equivalent to the notion of negative
charge flowing in the opposite direction.
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Figure 1.2 An ideal basic circuit element.

TABLE 1.1 Interpretation of Reference Directions in Fig. 1.2.

POSITIVE VALUE NEGATIVE VALUE
v voltage drop from terminal 1 to terminal 2 voltage rise from terminal 1 to terminal 2
or or
voltage rise from terminal 2 to terminal 1 voltage drop from terminal 2 to terminal 1
i positive charge flowing from terminal 1 to terminal 2 positive charge flowing from terminal 2 to terminal 1
or or
negative charge flowing from terminal 2 to terminal 1 negative charge flowing from terminal 1 to terminal 2

The assignments of the reference polarity for voltage and the reference direction for current are
entirely arbitrary. However, once you have assigned the references, you must write all subsequent
equations to agree with the chosen references. The most widely used sign convention applied to these
references is called the passive sign convention, which we use throughout this book. The passive sign
convention can be stated as follows:

Whenever the reference direction for the current in an element is in the direction of the refer-
ence voltage drop across the element (as in Fig. 1.2), use a positive sign in any expression that
relates the voltage to the current. Otherwise, use a negative sign.

We apply this sign convention in all the analyses that follow. Our purpose for introducing it even before
we have introduced the different types of basic circuit elements is to impress on you the fact that the
selection of polarity references along with the adoption of the passive sign convention is not a function
of the basic elements or the type of interconnections made with the basic elements. We present the
application and interpretation of the passive sign convention in power calculations in Section 1.4.

There are five ideal basic circuit elements: voltage sources, current sources, resistors, inductors,
and capacitors. In this chapter we discuss the characteristics of voltage sources, current sources, and
resistors. Although this may seem like a small number of elements with which to begin analyzing
circuits, many practical systems can be modeled with just sources and resistors. They are also a useful
starting point because of their relative simplicity; the mathematical relationships between voltage and
current in sources and resistors are algebraic. Thus you will be able to begin learning the basic tech-
niques of circuit analysis with only algebraic manipulations.

We will postpone introducing inductors and capacitors until Chapter 5, because their use requires
that you solve integral and differential equations. However, the basic analytical techniques for solving
circuits with inductors and capacitors are the same as those introduced in this chapter. So, by the time
you need to begin manipulating more difficult equations, you should be very familiar with the methods
of writing them.
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DRILL EXERCISES

1.1 The current at the terminals of the element in Fig. 1.2 is
i=0, t <0;
i =20eA, >0
Calculate the total charge (in microcoulombs) entering the element at its upper terminal.
Answer: 4000 uC.

1.2 The expression for the charge entering the upper terminal of Fig. 1.2 is

1 t LN
q = ? — (E + p) 4 G,
Find the maximum value of the current entering the terminal if o = 0.03679 s™'.
Answer: 10 A.

1.4 Power and Energy IhZEFgEE

Power and energy calculations also are important in circuit analysis. One reason is that although voltage
and current are useful variables in the analysis and design of electrically based systems, the useful
output of the system often is nonelectrical, and this output is conveniently expressed in terms of power
or energy. Another reason is that all practical devices have limitations on the amount of power that they
can handle. In the design process, therefore, voltage and current calculations by themselves are not
sufficient.

We now relate power and energy to voltage and current and at the same time use the power calcula-
tion to illustrate the passive sign convention. Recall from basic physics that power is the time rate of
expending or absorbing energy. (A water pump rated 75 kW can deliver more liters per second than one
rated 7.5 kW.) Mathematically, energy per unit time is expressed in the form of a derivative, or

dw

TR (1.3)

p ——
where

p = the power in watts,
w = the energy in joules,
t = the time in seconds.

Thus 1 W is equivalent to 1 J/s.

The power associated with the flow of charge follows directly from the definition of voltage and

current in Egs. (1.1) and (1.2), or
dw dw dq vi i
= — = _ _— = Vi,
P="ar =\aq ) \as G4

where
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p = the power in watts,
v = the voltage in volts,
i = the current in amperes.

Equation (1.4) shows that the power associated with a basic circuit element is simply the product of the
current in the element and the voltage across the element. Therefore, power is a quantity associated with
a pair of terminals, and we have to be able to tell from our calculation whether power is being delivered
to the pair of terminals or extracted from it. This information comes from the correct application and
interpretation of the passive sign convention.

If we use the passive sign convention, Eq. (1.4) is correct if the reference direction for the current is
in the direction of the reference voltage drop across the terminals. Otherwise, Eq. (1.4) must be written
with a minus sign. In other words, if the current reference is in the direction of a reference voltage rise
across the terminals, he expression for the power is

p=—vi (1.5)
The algebraic sign of power is based on charge movement through voltage drops and rises. As positive
charges move through a drop in voltage, they lose energy, and as they move through a rise in voltage,
they gain energy. Figure 1.3 summarizes the relationship between the polarity references for voltage
and current and the expression for power.

{d) p = vi

Figure 1.3 Polarity references and the expression for power.

We can now state the rule for interpreting the algebraic sign of power:

If the power is positive (that is, if p > 0), power is being delivered to the circuit inside the box.
If the power is negative (that is, if p < 0), power is being extracted from the circuit inside the
box.

For example, suppose that we have selected the polarity references shown in Fig. 1.3(b). Assume fur-
ther that our calculations for the current and voltage yield the following numerical results:
i=4A and v=-10V.
Then the power associated with the terminal pair 1, 2 is
p=—(—10)(4) =40 W.
Thus the circuit inside the box is absorbing 40 W.

To take this analysis one step further, assume that a colleague is solving the same problem but has
chosen the reference polarities shown in Fig. 1.3(c). The resulting numerical values are

i=—-4A, v=10V, and p=40W.
Note that interpreting these results in terms of this reference system gives the same conclusions that we

previously obtained — namely, that the circuit inside the box is absorbing 40 W. In fact, any of the
reference systems in Fig. 1.3 yields this same result.
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DRILL EXERCISES

1.3 Assume that a 20 V voltage drop occurs across an element from terminal 2 to terminal 1 and that
a current of 4 A enters terminal 2.

(a) Specify the values of v and i for the polarity references shown in Fig. 1.3(a)-(d).
(b) State whether the circuit inside the box is absorbing or delivering power.
(c) How much power is the circuit absorbing?
Answer: (a) Circuit 1.3(a): v=-20V, i = -4 A; circuit 1.3(b): v=-20V, i =4 A; circuit 1.3(c): v=
20V, i=-4 A; circuit 1.3(d): v=20V, i =4 A; (b) absorbing; (c) 80 W.

1.4 Assume that the voltage at the terminals of the element in Fig. 1.2 corresponding to the current in
Drill Exercise 1.1 is

v=0, 1< 0;

v = 10e~30% kv, t=0.

Calculate the total energy (in joules) delivered to the circuit element.
Answer: 20 J.

1.5 A high-voltage direct-current (dc) transmission line 18kA
between Celilo, Oregon and Sylmar, California is
operating at 800 kV and carrying 1800 A, as shown. gf;"g'g;) - Syimar,
Calculate the power (in megawatts) at the Oregon
end of the line and state the direction of power
flow.

Answer: 1440 MW, Celilo to Sylmar.

@
®

1.5 Voltage and Current Sources BB [ERF N RIR

Before discussing ideal voltage and current sources, we need to consider the general nature of electrical
sources. An electrical source is a device that is capable of converting nonelectric energy to electric
energy and vice versa. A discharging battery converts chemical energy to electric energy, whereas a
battery being charged converts electric energy to chemical energy. A dynamo is a machine that converts
mechanical energy to electric energy and vice versa. If operating in the mechanical-to-electric mode, it
is called a generator. If transforming from electric to mechanical energy, it is referred to as a motor. The
important thing to remember about these sources is that they can either deliver or absorb electric power,
generally maintaining either voltage or current. This behavior is of particular interest for circuit analysis
and led to the creation of the ideal voltage source and the ideal current source as basic circuit elements.
The challenge is to model practical sources in terms of the ideal basic circuit elements.

An ideal voltage source is a circuit element that maintains a prescribed voltage across its terminals
regardless of the current flowing in those terminals. Similarly, an ideal current source is a circuit
element that maintains a prescribed current through its terminals regardless of the voltage across those



