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Chapter 1  Circuit Theory Fundamentals

Section 1 Current and Voltage

Two variables «(¢) and i(z) are the most basic concepts in an electric circuit, and

they characterize the various relationships in an electric circuit.
1. Charge and Current

The concept of electric charge is the underlying principle for explaining all electrical
phenomena. Also, the most basic quantity in an electric circuit is the electric charge.
Charge is an electrical property of the atomic particles of which matter consists, measured
in coulombs (C)

We know from elementary physics that all matter is made of fundamental building
blocks known as atoms and that each atom consists of electrons, protons, and neu-
trons. We also know that the charge ¢ on an electron is negative and equal in magnitude to
1. 60210 X107 C, while a proton carries a positive charge of the same magnitude as the e-
lectron. The presence of equal numbers of protons and electrons leaves an atom neutrally
charged.

We consider the flow of electric charges. A unique feature of electric charge or elec-
tricity is the fact that it is mobile, thatis, it can be transferred from one place to another,

where it can be converted to another form of energy.

When a conducting wire is connected to a bat-
tery (a source of electromotive force), the char- 1 -—@ —@
ges are compelled to move. Positive charges move
in one direction while negative charges move in the ‘—@ ’_@

opposite direction. This motion of charges creates

4y, —
I

electric current. It is conventional to take the cur-

rent flow as the movement of positive charges, Fig. 1-1 FElectric current due to flow of

that is, opposite to the flow of negative charges, clectronic charge In & conductor
as Fig. 1 = 1 illustrates. This convention was introduced by Benjamin Franklin (1706 -
1790), the American scientist and inventor. Although we now know that current in metal-
lic conductors is due to negatively charged electrons, we will follow the universally accept-
ed convention that current is the net flow of positive charges. Thus, electric current is the

time rate of charge, measured in amperes (A) . Mathematically, the relationship among

1



Chapter 1 Circuit Theory Fundamentals

current i, charge g, and time ¢ is

._dg
€4 -1
1 lt (1 )

The charge transferred between time #, and ¢ is obtained by integrating both sides of
Eq. (1-1) . We obtain

qu idt (1-2

The way we define current as i in Eq. (1 —1) suggests that current need not be a con-
stant - valued function. Charge can vary with time in several ways that may be represented

by different kinds of mathematical functions.
2. Voltage, Energy and Power

To move the electron in a conductor in a particular direction requires some work or
energy transfer. This work is performed by an external electromotive force (emf), typical-
ly represented by the battery in Fig. 1 - 1. This em{ is also known as voltage or potential
difference. The voltage u,, between two points a and b in an electric circuit is the energy
(or work) needed to move a unit charge from a to b. Mathematically

_dw

uah—d—q (1-3)

a Where w is energy in joules (J) and g is charge in coulombs (C) . The
voltage u., is measured in volts (V), named in honor of the Italian physi-
cist Alessandro Antonio Volta (1745 - 1827), who invented the first vol-
taic battery. Thus, voltage (or potential difference) is the energy required
“* " to move a unit charge through an element, measured in volts (V).
Fig. 1 -2 shows the voltage across an element (represented by a rec-
_  tangular block) connected to points a and b. The plus (+) and minus ( —)
b signs are used to define reference direction or voltage polarity. The u,, can

Fig. 1-2 Polarity o ipnterpreted in two ways: (Dpoint a is at a potential of u,, volts higher

of voltage w.. than point b, @the potential at point a with respect to point b is u,,. It
follows logically that in general

Uy = ™ Up, (1-4

Although current and voltage are the two basic variables in an electric circuit, they

are not sufficient by themselves. For practical purpose, we need to know power and ener-

gy. To relate power and energy to voltage and current, we recall from physics that power

is the time rate of expending or absorbing energy, measured in watts (W) . We write this

relationship as
Where p ts power in watts (W), w is energy in joules (J), and ¢ is time in seconds (s).

2



Section 1 Current and Voltage

From Eq. (1-1), Eq. (1-3) and Eq. (1-5), it follows that
p=ul (1-6>
Because u and i are general functions of time, the power p in Eq. (1-6) is a time -

varying quantity and is called the instantaneous power. The power absorbed or supplied by

an element is the product. of the voltage across the el- ; ;
ement and the current through it. If the power hasa — o e
plus sign, power is being delivered to or absorbed by + +
the element. If, on the other hand, the power has a
minus sign, power is being supplied by the ele- [ j
ment. But how do we know when the power has a e ﬁ e
negative or a positive sign?

Current direction and voltage polarity play a ma- — -

L———ob L——ob

jor role in determining the sign of power. It is there-
fore important that we pay attention to the relation- (a) (b)
ship between current i and voltage « in Fig. 1 ~3 (a)  Fig-1-3 Reference polaritics for power
. The voltage polarity and current { direction must using the péSSive sigo convem_ion
(a) absorbing power (p=uil;
conform with those shown in Fig. 1 -3 (a) in order (b) supplying power (p=—ui)
for the power to have a positive sign. This is known
as the passive sign convention. By the passive sign convention, current enters through the
positive polarity of the voltage. In this case, p=ui or ui>>0 implies that the element is ab-
sorbing power. However, if p=—ui or ui<(0, as in Fig. 1 -3 (b), the element is relea-
sing or supplying power.
In fact. the law of conservation of energy must be obeyed in any electric circuit. For
this reason, the algebraic sum of power in a circuit, at any instant of time, must be zero
2p=0 1-7
This again confirms the fact that the total power supplied to the circuit must balance
the total power absorbed. From Eq. (1 -7), the energy absorbed or supplied by an ele-
ment from time £, to time ¢ 18
‘
w — J pde 1-8

‘o

New Words and Expressions

current n. B

voltage n. HHE

variable n. TWHE

charge n. WA v FLHE, HH
coulomb n. JEA (RN



Chapter 1 Circuit Theory Fundamentals

circuit n. H &

underlying adj. BAM, WARN; WEMN; £TF (&> 1, TEW
electron n. B

magnitude n. KN, RS, &, 8UE
electromotive adj. BEENE

ampere n. B, T (BIKELD

integrate v. B4y, R4

work n. I

rectangular adj. X R, HAW, EXH

joule n. EH (FBE. &, JIWELD

volt n AREF CRFE., B, REWEALAD
convention n. R, BHE, FHR

polarity n. Rtk

power no THE. %0%; shii, &)1, 81, BE; FH. &
watt n. FFE (DRI AAD

time-varying adj. WAH

passive adj. LUK, TR, %3 n. KK
algebraic adj. 1R

instant n. BEE], BES, BOZ|, af, BfZ
positive charge iE HL R

negative charge 71 B, 1]

electromotive force H, Bl

potential difference A

voltaic battery R 3k o

reference direction - E- 0

instantaneous power Bt oh R

Notes

[1] Charge is an electrical property of the atomic particles of which matter consists,
measured in coulombs.
AR RN EFRRIBEE, HRUNES,

[2] The presence of equal numbers of protons and electrons leaves an atom neutrally
charged.
S F AR T AR AR R A 0 R T SR B

[3] The voltage u,, between two points a and b in an electric circuit is the energy (or

work) needed to move a unit charge from a to b.

FREEH a. bR w, F TN a2 b Ba AR TR SR EID.



Section 2 Circuit Elements

Section 2 Circuit Elements

An electric circuit is simply an interconnection of the elements. There are two types of
elements found in electric circuits; passive elements and active elements. An active element
is capable of generating energy while a passive element is not. Examples of passive ele-
ments are resistors, capacitors and inductors. The most important active elements are

voltage or current sources that generally deliver power to the circuit connected to them.

1. Independent Sources

An ideal independent source is an active element that provides a specified voltage or
current that is completely independent of other circuit variables.

An independent voltage source is a two-terminal element, such as a battery or genera-
tor, which maintains a specified voltage between its terminals. The voltage is completely
independent of the current through the element. The symbol for a voltage source having u
volts across its terminals is shown in Fig. 1 -4 (a) . The polarity is as shown, indicating
that terminal a is u volts above terminal b. Thus if «>>0, terminal a is at a higher potential
than terminal b. The opposite is true, of course, if u<ZO.

In Fig.1 - 4 (a), the voltage ¥ may be time-varying, or it may be constant, in
which case we would probably label it U. Another symbol that is often used for a constant
voltage source, such as a battery with U volts across its terminals, is shown in Fig. 1 -4
(b) . In the case of constant sources we shall use Fig. 1 -4 (a) and Fig.1 -4 (b) inter-
changeably.

- - O

ob o b
(a) (b) ob
Fig. 1 -4 Symbols for independent voltage sources Fig. 1-5 Symbols for independent current sources

(a) used for constant or time-varying voltage;

(b) used for constant voltage (DC)

We might observe at this point that the polarity marks on Fig. 1 -4 (b) are redundant

since the polarity could be defined by the positions of the longer and shorter lines.



Chapter 1 Circuit Theory Fundamentals

1A 1A An independent current source is a two-terminal
0 *  element through which a specified current flows. The
current is completely independent of the voltage across
L the element. The symbol for an independent current
_:'i 24V 24V source is shown in Fig. 1 =5, where i is the specified
W current. The direction of the current is indicated by the

arrow.
b b Independent sources are usually meant to deliver

(o b power to the external circuit and not to absorb it. Thus
a

Fig. 16 Symbols for independent sources if u is the voltage across the source and its current 7 is
(a) a source delivering powers directed out of the positive terminal, then the source is
(b) a source absorbing power delivering power, given by p=ui, to the external cir-
cuit. Otherwise it is absorbing power. For example, in Fig. 1 -6 (a) the battery is delive-
ring 24W to the external circuit. In Fig. 1 -6 (b) the battery is absorbing 24W, as in the

case when it is being charged.
2. Dependent Sources

An ideal dependent (or controlled) source is an active element in which the source
quantity is controlled by another voltage or current.

Dependent sources are usually designated by diaj 0
mond-shaped symbols, as shown in Fig. 1 - 7. Since the
control of the dependent source is achieved by a voltage + +
or current of some other element in the circuit, and the
source can be voltage or current, it follows that there

are four possible types of dependent sources, namely:

(1) A voltage-controlled voltage source (VCVS).
(2) A current-controlled voltage source (CCVS).

(a) (b)
(3) A voltage-controlled current source (VCCS).

Fig. 1 -7 Symbols for dependent sources

(4) A current-controlled current source (CCCS), (a) dependent voltage source:

Dependent sources are useful in modeling elements (b) dependent current source
such as transistors, operational amplifiers and integrated circuits.

It should be noted that an ideal voltage source (dependent or independent) will pro-
duce any current required to ensure that the terminal voltage is as stated. whereas an ideal
current source will produce the necessary voltage to ensure the stated current flow. Thus
an ideal source could in theory supply an infinite amount of energy. It should also be noted
that not only do sources supply power to a circuit, but also they can absorb power from a

circuit. For a voltage source, we know the voltage but not the current supplied or drawn

by it. By the same token, we know the current supplied by a current source but not the

6



Section 2 Circuit Elements

voltage across it.

(1]

[2]

New Words and Expressions

active

resistor
capacitor
inductor
source

generator

diamond-shaped
transistor

operational

amplifier

token

active element

ideal independent source
constant voltage source
independent source

dependent source

controlled source
voltage-controlled voltage source
current-controlled voltage source
voltage-controlled current source
current-controlled current source
integrated circuit

by the same token

adj. BEW, HHH, ARH; HEHH, £
n. ERFE, B PH S

n. A
n. HLERER

no W, Of. 55, @EH) B’

no KHHL; (Bkob. 55, K RES. B
a8, MEF

adj. ZEH

n GhRE, ESHE

adj. BRI, THEK; BEK, TIHE, LF

N

B, B
n. BRAR
n. ¥rit, HIE, i85 ¥FE. WEW
HI T
AR ST YR
1w R IR
EL YA
A g 37 IR
TR
F I 4 il PR O
H 98 2 1 el YR
ZENASE o N R R
P I 4 R P AL U
£ B

Notes

In Fig.1 - 6 (b) the battery is absorbing 24W, as in the case when it is being

charged.

B1-6 (b) J1, HMWMETHFRL, RIWIYH 24W,

It should be noted that an ideal voltage source (dependent or independent) will pro-

duce any current required to ensure that the terminal voltage is as stated, whereas

7



Chapter 1  Circuit Theory Fundamgntals

an ideal current source will produce the necessary voltage to ensure the stated cur-
rent flow.

R TE R, BRI iz BAREE) AT o) R B R AT R A A LA R A L i P R
Sy (A, T PR O U T D o B 4R At 4T ol FE AR IE L AL RE LA

Section 3 Ohm’s Law

The circuit element used to model the circuit-resisting behavior of a material is the re-
sistor. The resistor is the simplest passive element.

Georg Simon Ohm (1787 — 1854), a German physicist, is credited with formulating
the current-voltage relationship for a resistor based on experiments performed in
1826. This relationship is known as Ohm's Law.

Ohm’s Law states that the voltage across a resistor is directly proportional to the cur-
rent flowing through the resistor. The constant of proportionality is the resistance value of
the resistor in ohms. The circuit symbol for the resistor is shown in Fig. 1 — 8. For the cur-
rent and voltage shown, Ohm's law is

u(t) =Ri(1) (1-9
Where R=20 is the resisance in ohms.
Rearranging Eq. (1 -9) into the form R=u(#)/i{z), we see that
1 ohm=1V/A
The symbol used to represent the ohm is the capital Greek omega ()

Since R is constant, Eq. (1 —9) is the equation of a straight line. For this reason,
the resistor is called a linear resistor. A graph of «(¢) versus i(z) is shown in Fig. 1 -9,
which is a line passing through the origin with a slope of R. Obviously, a straight line is

the only graph possible, in which the ratio of »(#) to i(¢) is constant for all #(¢) .

—————0
+
ue)
(1) [] w(t)
i(t)
L———9o
Fig. 1 -8 Circuit symbol Fig. 1 -9 Voltage-current characteristic
for the resistor for a linear resistor

Resistors with resistances do not remaining constant for different terminal currents
are known as nonlinear resistors. For such a resistor, the resistance is a function of the

current flowing in the device. A simple example of a nonlinear resistor is an incandescent

8



Section 3 Ohm's Law

lamp. A typical voltage-current characteristic for this device o
u(t

is shown in Fig. 1 - 10, where we see that the graph is no

longer a straight line. Since R is not a constant, the analy-

sis of a circuit containing nonlinear resistor is more diffi-

cult 1€}

In reality, all practical resistors are nonlinear because

the electrical characteristics of all conductors are affccted by
environmental factors such as temperature. Many materials, Fig. 1-10 Typical voltagecurrent
however, closely approximate an ideal linear resistor over a characteristic for a nonlinear
desired operating region. We shall concentrate on these resistor
types of elements and simply refer to them as resistors.
Since the value of R can range from zero to infinity, it is important that we consider
the two extreme possible values of R. An element with R=0 is called a short circuit. as

shown in Fig. 1 -11 (a) . For a short circuit
u=iR=0 (1-10
showing that the voltage is zero but the current could be anything. In practice, a short cir-
cuit is usually a connecting wire assumed to be a perfect conductor. Thus, a short circuit is
a circuit element with resistance approaching zero.
Similarly, an element with R=oo is known as an open circuit, as shown in Fig.1-11
(b) . For an open circuit

C— i & — _
z—glng 0 (1-11)

indicating that the current is zero though the voltage could be anything. Thus, an open

circuit is a circuit element with resistance approaching infinity.

(a) (b)

Fig. 1 - 11 short circuit and open circuit
(a) short circuit (R=0); (b) open circuit (R=0oc)

Another important quantity which is useful in circuit analysis is known as conduct-

ance, defined by



