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PART 1; FUNDAMENTAL OF ELECTRICAL
AND ELECTRONIC ENGINEERING

Chapter 1 Circuit Theory Fundamentals

Variables and equations are used to characterize the various relationships in a system. If the
variables are to characterize an actual physical system, they must be evaluated by measurement.
Consequently, it is necessary to use instruments and give specific instructions on how they are con-
nected. If the instrument readings can be related mathematically, then a theory can be developed to
generalize and broaden the scope of applicability of the experimentally observed results®. Such is
the case with electrical circuits, where theory is developed by using voltage and current measure-
ments. In this chapter we show that a few simple measurements form the basis of fundamental rela-

tionships governing circuit elements and their interconnection.

Section 1 Kirchhoff’s Laws

1. Voltage and Current

Two variables u (t) and i(t) characterize the various relationships in an electrical circuit.
These variables are functions of time and so may change in value from one instant to the next. The
u(t) variable (or simply u) is called the voltage variable and the i(t) variable (or simply i ) is
called the current variable. These variables may also be constant.

The voltmeter is the instrument that measures the u(t) variable. The instrument that measures
the i(t) variable is called the ammeter. Since the readings obtained with these instruments and the
knowledge thereby obtained from the basis of circuit theory, knowing how to use the instruments
properly is necessary.

Fig. 1-1a gives the schematic representation of a voltme-

ter. It has two leads, one of which is marked with a + sign.

Although not marked in the diagram, it is understood that the -
other lead is the negative lead. Instead of the + sign, the for-

mer lead may be colored red or conrected to a red terminal on

the voltmeter proper. It is important that it be distinguished " by

from the other lead, which is the negative, or black lead or the
Fig.1-1 The schematic representation

lead tied to the black terminal of the voltmeter proper. Only of a voltmeter and an ammeter

one lead need be marked or identified in some manner. The a) Voltmeter b) Ammeter



letter V within the circle identifies the voltmeter.

Fig. 1-1b shows the schematic representation of an ammeter, the terminal markings of which are
similar to the voltmeter. One lead is the + , or red lead, the other is the — , or black lead. This lat-
ter lead is not marked on the diagram. The letter A within the circle identifies the ammeter.

The simplest electrical elements are two-terminal devices that can be characterized by a simple
voltage-current relationship. Resistors, capacitors, inductors, and sources, to be characterized
shortly, are examples of such electrical elements. These elements are connected together with wires
to form circuits or networks. Generally the term circuit is used to describe simple interconnections.
On the other hand, a network may contain r‘né.ny circuits. In Fig. 1-2a an electric circuit consisting
of elements 1 and 2 and network N is shown. With each two-terminal element or network we associ-
ate a voltage and a current variable. For instance, with element 2 we associate variables u, and i,.
With network N we have u, and iy and so on.

Voltage is taken as an across variable, and so voltage is measured by always connecting the
voltmeter across an element or between two points in a network. In Fig. 1-2b, for instance, we
measure the voltage across element 2 (between e and f) by connecting the voltmeter as shown. The
reading of the voltmeter is then associated with the variable u,, which is shown with its + and - des-
ignations next to element 2. Note that the + marking of the u, variable matches the + terminal of the
voltmeter. If the voltmeter reading is positive, the value of the variable u, is positive by definition, If
the voltmeter reading is negative, the value of u, is negative. For example, if the voltmeter reading
is plus five, the voltage across element 2 is u, = +5. On the other hand, if the voltmeter reading is
minus ten, u, = -~ 10. In other words, the variable u, may assume positive as well as negative val-
ues depending on the sign of the voltmeter reading. It is important to know that this one-to-one cor-
respondence between the voltmeter reading and the value assigned to the variable is based on the
particular connection shown; that is, the + end of the voltmeter and the + marking of the variable re-
fer to the same point on element 2. If these two polarity markings were not in agreement — u,
marked + on the left and - on the right — the variable value would be taken as the negative of the
voltmeter reading. Positive reading would then correspond to a negative voltage. Whether a voltage
variable is marked in the + , — or — , + order in a circuit is not significant. In general, one designa-

tion or the other is chosen arbitrarily.

v
U
- +
;AT ?
i 1
N N N
Ak
+
a) b) )

Fig.1-2 A simple network.
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For emphasis, we repeat: voltage measurements are always taken across an element or between
two points in a circuit. To speak of voltage at a point without specifying the location of the other
point is meaningless®.

Voltage is measured in units of volts, abbreviated V.

Current is taken as a through variable and thus is measured by inserting the ammeter in the cir-
cuit. So in order to measure the current through element 1 in Fig. 1-2a, one of the wires tied to ele-
ment 1 is cut and the ammeter introduced as shown in Fig. 1-2c. The ammeter reading is then asso-
ciated with the current variable i, marked on the diagram. Note that i, has an arrow associated with
it and that this arrow goes from the + terminal of the ammeter to the other terminal. When connected
in this way, the variable i, is assigned, by definition, a positive value if the meter reading is posi-
tive. A negative reading means that the value of i, is taken as negative. If the arrow of i, is turned a-
round without changing the ammeter connection, however, the variable value is the negative of the
ammeter reading. Stated differently, when the ammeter marking and the current arrow marking
match, as shown in Fig. 1-2c, the ammeter reading and variable value are one and the same. If the
polarities are not lined up as shown, the reading and the variable value differ by a negative sign. A-
gain, whether a current variable is marked with the arrow one way or the other is unimportant, for
the choice, in general, is arbitrary.

In talking about current, we mean the current through an element or the current in a wire. Cur-
rent is measured in units of amperes, abbreviated A.

Voltage and current variables in a circuit are designated as shown in F ig. 1-3. Always associate
+and - signs with a voltage variable (clearly indicating where the signs belong) and an arrow with
the current variable. The voltage u, is between points @ and b, or u, is across the terminal leads of
N,. To determine u,, a volimeter is connected between a and b with the + lead at a. The voltage u,
is between points ¢ and d or across the top terminals of N,. To measure u,, the + lead of the voltme-

ter is connected to ¢ and the other lead to d. The current i, represents the current through the wire

marked e. To measure it, the wire u,
i
must be cut at e and the ammeter in- g ot | o
. . + C d e
serted with the + terminal on the left N, % N, N
side. Similarly, to measure i,, cut - s
I A
the lead at f and insert the ammeter b -

with the + lead on the right. .
Fig. 1-3  Voltage and current variables in a circuit.

Example 1-1 In the network of )

Fig. 1-4a, we wish to determine the i a B
values of the u, and u, variables. To §_‘ — oov ia
do so, voltmeter and ammeter read- " "N / ol N /
ings are taken as shown in Fig. 14b. B ’ -
What is the value of u,? What is the 5 b

a) b)

value of i,? (Here the standard sym-

bols for the voltmeter and ammeter are Fig. 14 Example 1-1.
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not used in order to show the numerical values of meter deflections. )
Solution The voltmeter shows an upscale deflection of 100. (If the voltmeter had a digital

readout, it would have indicated + 100. ) The polarity marking of the variable u, is in opposition to

the voltmeter marking. So

u, = -100V (Ans. )

The current i, goes through the + terminal of the ammeter. Thus the ammeter reading represents

the value of the i, variable — that is,

i, =1A

2. Kirchhoff’s Current Law
In a circuit, a node is a junction
involving the connection of two or
more wires. If we explore with an am-
meter the current distributions at the
nodes of an actual network, we can
soon discover that there is a law gover-
ning this distribution. Consider, for
instance, the node shown by a dot in
Fig. 1-5a. Three wires, and hence
three currents, are associated with this
node. Suppose that we direct all three
current variables into the node and la-
bel them i,, i,, and i,. See Fig.1-5a.
To measure these currents, we con-
nect three ammeters as shown in Fig.
1-5b. Note that the negative terminals
of all three ammeters face the node;
therefore the variable values are the
same as the ammeter readings. In ob-
taining the ammeter readings, we find
that
i +1i, +i, =0 (1-1a)
In other words, the sum of the three
ammeter readings is zero, or the sum
of the current variables directed into

the node is zero. This means, of

(Ans. )

e) f)

Fig.1-5 Fundamental property of current at a node.

course, that all values are not of the same sign. For instance, if i, and i, are positive, then i, must

be negative so as to satisfy Eq. (1-1a).

Next, suppose that instead of directing all current variables into the node, we direct them all a-

way from the node, as shown in Fig. 1-5¢c. Correspondingly, we connect the ammeters as shown in



Fig. 1-5d in order to obtain the values of i’,, i’,, and i',. Note that the positive terminals of all
three ammeters face the node. Again, the ammeter readings show that

o+, +i', =0 (1-1b)

Thus we can state that the sum of the current variables directed away from the node is zero. In-

deed, if we had recognized that

.7

=i, =il 0= -
We could have obtained Eq. (1-1b) directly from Eq. (1-la) as follows.
L+ +i,=(-t' ) +( =) +(-i")= - +i',+i’,) =0

Finally, suppose that we direct two of the current variables into and one away from the node as
' shown in Fig. 1-5e. When the ammeter readings, taken as shown in Fig. 1-5f, are ordered, we find
that
i +i, =i’y or i +i,-i,=0 (1-1¢)
So we can state that the sum of the two currents coming into the node is equal to the current go-
ing out of the node, or the sum of currents taken in one sense minus those taken in the opposite
sense is zero. Again, Eq. (1-1c) could have been obtained directly from Eq. (1-1a) by recognizing
that is i; = —i’,. We could have written
Lty iy =i +i, +(=i'5) =0 or i +i,=i,
Alternatively, we could have started with Eq. (1-1b) and obtained Eq. (1-1¢) as shown below
by using i’ = -, and i’, = - i,.
il 4= (i) + (=) +i', =0 or i +i, =i,
It was the German physicist Kirchhoff who first observed this fundamental property of currents at
a node, and the law governing the currents at every node of a circuit is known as Kirchhoff’ s Cur-
rent Law. It can be stated in three ways, depending on how the current variables are designated at a
node. Consider the general case of n wires coming together to form the node p in Fig. 1-6.
(1) If all the n currents are directed toward the node p as shwon in Fig. 1-6a, then Kirchhoff’ s
Current Law can be stated as
Sum of all currents entering a node =0

Stated mathematically,

Y i =0 (1-2a)

=1
(2) If all the n currents are directed away from the node p as shown in Fig. 1-6b, Kirchhoff’s

Current Law can be stated as:

Sum of all currents leaving a node =0
Z i''=0 (1-2b)

J
j=1

(3) If some of the currents are directed toward and the rest away from the node p as shown in
Fig. 1-6¢, Kirchhoff’ s Current Law can be stated as:

Sum of currents entering the node = Sum of currents leaving the node

'
j; Y = ;;;i’j (1-2¢)



—_— _——- - N -
\\ iq AN
N\
N i
In* N ”" \\
N N
AN
N N
| |
| |
a) b)

Fig.1-6  Kirchhoff’ s Current Law at the node p.

In Eq. (1-2¢) k currents are directed toward and n — k currents are directed away from the

node. Alternatively, Eq. (1-2c) can be written
k n
; i —jg‘:lt'j =0

that is, the sum of currents taken in one sense minus the sum taken in the other sense is zero.

Since i; = —i';, the three forms of Kirchhoff’ s Current Law given by Eq. (1-2) are equiva-
lent statements. It should be emphasized that Kirchhoff’ s Current Law holds at every node of the
circuit and is valid at every instant of time. As time changes, the currents entering and leaving a
node may change in value, but the sum of currents coming in is always equal to the sum of currents
going out.
3. Kirchhoff’s Voltage Law

In a circuit, a loop is a closed path containing circuit elements. Exploring the voltages around

a loop with a voltmeter soon shows that there is a law governing them. Consider, for instance, the

loop shown with a clockwise arrow in Fig. 1-7a. Three elements, and hence three voltages, are asso-

ciated with this loop. Suppose that we label these voltages u, , u,, u, and orient their polarities all in
the same sense: +to —in a clockwise direction. See Fig.1-7a. To measure these voltages, we con-
nect three voltmeters as shown in Fig. 1-7b. Note that the polarity markings of the voltmeters match
the + and — designations of the variables, and thus the variable values are the same as the voltmeter

readings. When we obtain the voltmeter readings, we find that

N .

AT 1OT EMDLTE ~ Tl & —



Fig.1-7 Fundamental property of voltages around a loop.

u, +u, +u, =0 (1-3a)
Thus the sum of the voltages taken in the + to - sense arocund the loop adds up to zero. In other
words, all values are not of the same sign — one is of opposite sign.

In Fig. 1-7¢ all voltages are marked in the —to + sense in going clockwise around the loop. The
voltmeters are connected as shown in Fig. 1-7d to measure voltages u’,, u’,, and u’,. Noting that
the voltmeter readings are the same as the variable values, we find that

u', +u', +u’y =0 (1-3b)
Thus the sum of voltages taken in the — to + sense around the loop adds up to zero. Having Eq. (1-

3a), we could have obtained Eq. (1-3b) by recognizing that



r V__ I___
u'y= -y, u,m —Uuy, Uy = Uy

In Fig. 1-7e u, and u, are designated in the + to — sense, whereas u’, is designated in the —to +
sense in going clockwise around the loop. As shown in Fig. 1-7f, the voltmeters are connected so
that they measure the variable values (not their negatives). The result is

u, +u,=u’y or (u, +u,)-u',=0 (1-3¢)
which indicates that, around the loop, the sum of voltages taken in the + to — sense equals the volt-
age taken in the — to + sense, or the sum of voltages in one sense minus those in the other sense is
zero. By recognizing that ', = —u,, we see that Eq. (1-3¢) reduces to Eq. (1-3a). Alternatively,
by using u, = —u’; and u, = —u’,, Eq. (1-3¢c) can be made the same as Eq. (1-3b).

Again, Kirchhoff observed this fundamental property of voltages around a loop. The law gover-
ning the voltages around every loop in a circuit, known as Kirchhoff’ s Voltage Law, can be stated in
three different ways, depending on how the voltage variables are designated around a loop. Consider
the general case of n elements that form the loop ¢ shown in Fig. 1-8.

(1) If all voltages are designated in the + to — sense around the loop as shown in Fig. 1-8a,

then Kirchhoff’ s Voltage Law can be stated as

c)

Fig. 1-8  Kirchhoff’ s Voltage Law around the loop gq.



u, =0 (1-4a)
i=1

(2) If all voltages are designated in the — to + sense around the loop as shown in Fig. 1-8b,

Kirchhoff’ s Voltage law can be stated as

3 =0 (14b)
=

(3) If some of the voltages are designated + to — and the rest — to + around the loop as shown in
Fig. 1-8¢, Kirchhoff’ s Voltage Law can be stated as

k
2“1':

j=1 j=k+1

n n

k
Z u'; or ; u; —j;‘”u’j =0 (1-4¢)

In Eq. (1-4c) k voltages are designated in the + to — and n — k voltages in the — to + sense.

Since u; = - u';, the three forms of Kirchhoff’ s Voltage Law given by Eq. (1-4) are equivalent
statements. The law is also valid if the loop is taken in the counterclockwise sense. It should be em-
phasized that Kirchhoff’ s Voltage Law holds around every loop of the circuit and is valid at every in-
stant of time. The voltages around the loop may change their values with time, but their sum is al-
ways governed by Eq. (14).

Implicit in the statement of Kirchhoff’ s Voltage Law is the understanding that voltages appear
across the elements that are drawn as boxes in Fig. 1-7 and 1-8 and that zero voltage is associated
with the wires connecting the elements. In other words, in a circuit diagram the voltages are concen-
trated at the elements and not at the connecting wires. When the voltages across the connecting wires
cannot be neglected, however, the wires themselves can be regarded as elements across which volta-
ges are present.

Often an alternative form of Kirchhoff’ s Voltage Law is used: the sum of voltages between any
two nodes in a circuit is the same regardless of the path taken to go from one node to the other. (If
such were not the case, voltages would not sum to zero around the loops that are formed by the
paths. ) Consider, for instance, part of a circuit shown in Fig. 1-9a. Loop % has four elements, and
hence four voltages, associated with it. Two of these voltages, u, and u,, appear in the - to + sense;
the other two, u, and u,, appear in the + to — sense as we go around loop k in the clockwise sense.
Consequently, by Kirchhoff’ s Voltage Law, Eq. (1-4c), we have

Sum of voltages in one sense = Sum of voltages in the other sense

u, +u, =u, +u, '

Had we gone clockwise around loop ! instead of loop k, we would have obtained

uy +u, =ug

On the other hand, if we had gone clockwise around the loop composed of elements 1, 2, and
5 (which is not designated with an arrow in the diagram) , Kirchhoff’ s Voltage Law would have giv-
en us
u, +u, =u,

So we see that



