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Ficure 22.1. Single-loop circuit
containing R and §.

<
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Ficure 22.2. Simple single-loop
circuit containing R, &, and r (in-
ternal resistance).
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Simple electrical circuits can be solved by applying Ohm’s law. For circuits that
are not too complicated, we can use the method of conservation of energy or the
definition of potential difference between two points in a circuit. Ultimately we
must depend upon the more advanced method of Kirchhoff's rules, as will be
discussed here.

We shall see the application of these rules not only to solve circuit problems,
but also to many electrical instruments as well. The measurement of different
electrical quantities is done by using a voltmeter, ammeter, Wheatstone bridge,
potentiometer, or other instruments. These will be discussed in this chapter. In
the end we shall discuss charging and discharging of a capacitor in a RC series
circuit.

22.1. Single-Loop Circuit

o sTART we shall consider a simple single-loop circuit, and find the
Trelation between the current, potential drop, and emf. Figure 22.1,

containing a source of emf & and resistance R, is a single-loop circuit.
According to energy conservation, the electrical power Py supplied by the
source must be equal to the power dissipated, P, as thermal energy (Joule heat)
in the resistor. That is, if the current in the circuit is I,

Ba—rEe or SIE—VIZR (22.1)
Thus,

.(g £ & (22.2)
| R

which is a single-loop equation.

We have assumed that the source has zero resistance, the connecting wires
have negligible resistance, and R is the only resistance present in the circuit. In
reality this is not true for the source resistance, although it is often true for the
resistance of the connecting wires. The source always has some resistance, say
r, however small, as shown in Figure 22.2. The shaded block implies that r is
not separate from the source, r being inside the source itself and is called the

Jinternal resistance. Some power P, must be lost as thermal energy in the resistor

r as well. Thus, Equation 22.1 will take the following form:
Ps=PF + P or §I = I*R + I’r
Thus,

(R ), S (22.3)
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The application of the energy conservation principle is not always as simple
as discussed above. An alternative is to make use of the definition of electrical
potential. Accordingly, in the direct-current circuits, the potential at any point
in the circuit must have the same value at any time. This is only possible if the
following is true: In a complete traversal of a circuit, the algebraic sum of all
the potential differences encountered must add up to zero. This is actually
the second of the two Kirchhoff’s rules which we shall discuss in Section 3.

Before we use this rule, we must decide on a convenient sign convention
stated below and demonstrated in Figure 22.3. Let us keep in mind that in each
of the four cases shown, point A is at a higher potential than the corresponding
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AV=+& AV=—& AV =+IR AV =—[R

Freure 22.3. Sign convention while traversing a circuit.

point B. This is because the positive terminal is at a higher potential than the
negative. The direction of the current is from a higher to lower potential.

1. If we travel through a source from — to +, the change in potential
AV = +&, and in the opposite direction from + to —, AV = —&.

2. If we travel through a resistor in the direction opposite that of the
current, the change in potential AV = + IR, and in the same direction as the
current, AV = —IR. (This change is also called the IR drop.)

Let us apply these rules to the simple circuit in Figure 22.2. Starting with
point A, where the potential is V,, going clockwise we encounter resistor R,
across which the potential change will be —IR. Next we meet the source
where the potential drop will be + &, while across r it will be — Ir. Finally, we
arrive at A, The sum of the potentials above must be zero. That is,

JREE S E=0
or
&=IR +71) (22.4)

which is the result already derived in Equation 22.3.

This method has another advantage. Suppose that we want to find the
potential difference between points A and B in Figure 22.2. Let V, and V; be
the potentials at points A and B. Starting from A and going clockwise to point
B, we may write

V, —IR =V,
or
AV =YV, — V, = IR
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Substituting for I from Equation 22.3, we get

[EE R
AV = 29,
e e

We can arrive at the same result if we start from A and follow the circuit in
a counterclockwise direction. Thus,

Votbdr— &=V,
RO N

Substituting for I = &/(R + r) and simplifying, we get the same value of AV as
given by Equation 22.5, which is called the terminal voltage V.

I 1
ExamMpLE 22.1 A typical 12-V automobile battery has a resistance of
0.012 £2. What is the terminal voltage of this battery when the starter draws a
current of 100 A? Also, calculate R, P, P, and .P.

Since & = 12V, the terminal voltage V,, from Equation 22.4 may be
written

Vi=IR =& —Ir =12V — (100 A){(0.012 Q) = (12 - 12) V=108V
Also, from this relation

§—Ir 108V

— = 0.108 &
I 100 A

B =

To calculate P,
P =Tr =({100.A)3(0012Q) = 120 W
P, = I’R = (100 A)?(0.108 ) = 1080 W

Py =81 =(12V)(100 A) = 1200 W
Note that Fg = P, + P, as it must be.
ExeErcIse 22,1 A typical 12-V automobile battery of internal resistance
0.01 £ is connected to an external circuit of resistance 0.10 . Calculate the
terminal voltage, current in the circuit, F, B, and F. [Ans.: V, =109V,
I=109A,F =119W, B, = 1188 W, P, = 1308 W.]

22.2. Series and Parallel Circuits

Let us now analyze circuits containing series and parallel combinations of
resistors and sources of emf.

Series Circuits

Figure 22.4 contains three resistors, R;, R,, and R, which are connected end
to end and are said to be in series. The characteristic describing this series
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Ficure 22.4. Resistors in series.

circuit is that there is the same current I through each resistor. Let V be the
potential difference between A and B. Let V,, V,, and V; be the potential drops
across the resistors Ry, R,, and R,, respectively, so that

V=V, +V,+ V¥, (22.6)
where V, = IR, V, = IR,, and V; = IR,;. Let R be the resistance that is

equivalent to this series combination as far as external connections are con-
cerned, so that, as shown in Figure 22.4(b), R = V/I or V = IR. Substituting
the values of V, V|, V,, and V; in Equation 22.6, we get
IR = IR, + IR, + IR,
or
R=R, +R, +R,

If there were more than three resistors in series, a single resistance equivalent
to this combination will be

[R:Rl+nz+33+...: (22.7) i

That is in a series circuit a single equivalent resistance R is equal to the sum of
the individual resistors.

In order to connect sources of emf in series, the positive terminal of one
source is comnected to the negative terminal of the next one, as shown in
Figure 22.5. A common example is a flashlight, where two or three dry cellsare  Ficure 22.5. Sources of emfs in
connected in series. The law of conservation of energy requires that a single  series.
source of emf which must be equivalent to several sources of emf connected in

series, as shown in Figure 22.5, is given by &, &, &,
----- = | | Tl
ElE e T (22.8) i Ll '
- ‘] 7
where & is equal to the total work done in moving a unit positive charge R, R, R,
through all the sources.
Finally, Figure 22.6 shows three resistors R;, R,, and R4, which are in series, Ficure 22.6. Resistors and

and three sources of emf &, &, and &, which are in series also. In this case the  sources of emfs in series.
equivalent resistance is R = R; + R, + R; and the equivalent emf is
& = &; + &, + &;. The current through the circuit will be
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Ficure 22.8. Sources of emfs in
parallel.
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(22.9)
Parallel Circuits

Figure 22.7 shows three resistors, R4, R,, and R, connected in parallel. The
characteristic describing resistors in parallel is that there is the same potential
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Ficure 22.7. Resistors in parallel.
difference V across each of the resistors. The current I in the circuit must be.
equal to the sum of the currents I, I,, and I, in the three resistors. Thus,
e R (22.10)

wherel;, = V/R,,I, = V/R,,andI; = V/R,. Let R be the resistance which is
equivalent to the three resistors in parallel so that, as shown in Figure 22.7(b),
I = V/R. Substituting the values of I, I, I,, and I, in Equation 22.10,

i B
R s i I 4 Ry
or
1 1 1 1
- =4 — 1+ —
IR IRl IRy T
In general, ==
il 1 1 1
i NG R 22.11)
o et 7, + (22.11)
That is, the reciprocal of the single equivalent resistor R is equal to the sum of _
the reciprocals of the resistances Ry, Ry, Ry, . . . . which are connected in
_parallel.

Figure 22.8(a) shows how to connect sources of emf in parallel combina-
tion—all the positive terminals are connected together and all the negative
terminals are connected together. All sources of emf in parallel should always
be of the same voltage (otherwise, some will behave as sources while others
behave as sinks). Thus, the voltage of the system is equal to the voltage across
any one of them, as shown in Figure 22.8(b). Thus the total current is equal to
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the sum of the currents through each of the sources, thatis, [ = I, + I, + I,
e — O, — &, — &, Thus, using this combination it is possible to increase
the current without changing the emf. Also if each has an internal resistance .
the net resistance will be 7/3, as shown in Figure 22.8(c).

1
ExsampPrLE 22,2 For the network shown in the accompanying figure,
calculate the total resistance and current I.
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Exi: 29.2

Since the 20-8 and 30- are in parallel, equivalent resistance R, is:

1 1 1 5 1

_IZ:% E:gazﬁ- or R, =12Q

The 40 © and 20 & are in series; therefore, their combined resistance R, is
R, =40Q +20Q = 60Q

Now R, and R, are in parallel. Therefore, the combined resistance R, is

1 1 i 6 1

BT~ -1 R; =100

R; and 10 & are in series. Hence, the combined resistance R, is
Ry=R,+102=10Q 4+ 10Q = 20Q

The combined voltage of the sources &, and &, is

E=6,4+8 =6V +12V=18V

Thus, the whole circuit reduces to an equivalent circuit containing a net

resistance of 20 & and a source of 18 V. Thus, I, will be

e Ve dSV.5 ol
TR T 800
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PROBLEMS

.)Calculate the current through a single-loop circuit if & = 120V,

R = 1000 €2, and the internal resistance r = 0.01 £.
An external resistor B = 100 £ is connected to a 12-V battery having an
internal resistance of r = 0.1 Q. Calculate I, Py, P, and P.

.) A typical 12-V automobile battery has a resistance of 0.015 2. What is the

terminal voltage of this battery when the starter draws a current of 150 A?

. Consider a source of emf & with an internal resistance r connected to a

variable resistor R as shown. (a) Calculate the power P supplied to R in
terms of §, 1, and R. (b) Make a plot of P versus R for R = 1r, Zr, 4. From
this graph find the value of R in terms of r for which P is maximum. Show
that the maximum value is §2/47.

An automobile battery of 12V has an internal resistance of 0.04 © and
when fully charged has available a charge in the amount of 150 A-h. To
charge this battery it is connected to a 120-V de source through a variable
resistance R so as to limit the charging current to 10 A. (a) Show the
connections for charging the battery; (b) the value of R; (c) the electrical
power converted into chemical potential energy; and (d) the cost of
charging the battery at the rate of 3 cents/kWh, neglecting the waste
through R.

. A 12-V battery with an internal resistance of 0.008 £ is short-circuited by

connecting its terminals to a wire of very low resistance, say 2 x 104 Q.

Calculate the current through the circuit. Suppose that the wire is made of

copper and has a mass of 1 g. Tlow much energy is dissipated every second

in the Joule heating of this wire? How long will it take before the wire

melts? (The melting point of copper is 1083°C and its heat of fusion is

49.0 cal/g.)

Consider three 12-Q resistors. What is the total resistance when these are

connected (a) in series; and (b) in parallel?

Consider N resistors, each of R €. Show that the total net resistance is NR

if they are connected in series and R/N if connected in parallel.

How many 5-Q resistors should be connected in parallel so that the total

resistance will be 1Q?

Show that when two or more resistors are connected in parallel, the total

resistance is smaller than the smallest of all the resistors.

Four 10-Q resistors are connected as shown. What is the net resistance in

each case?

Calculate the net resistance between A and B in the accompanying figure.
208

pP. 22.12




13 Two resistors of 15 and 30 © are connected in parallel. What should be
the value of R to be connected in series with the other two so that the net
pesistance will be 20 Q7

14 Calculate the netresistance of a circuit if (a) a 10-{2 resistor is connected in

series with a parallel combination of two resistors, each 15 2. (b) A 10-Q
resistor is connected in parallel with a series combination of two resistors, |
N e — KPR e S, ”k"_q,__r.__“,,,m;
mhould be the value of R so that the total resistance of the network
shown is 2RP EEET ) & 0 S

16 Four cells each of 1.5 V and having an internal resistance of 0.01 ) are
connected (a) in series; and (b) in parallel. Calculate the current in each

case. & % fil

IT. Eachcell of a storage battery has an internal resistance of 0.2 { and an emf A
of 2 V. Four of these are connected in (a) series; and (b) in parallel with a e .
10-0 resistor. Calculate the current and the potential difference across the ——AAA—
resistor in each case. 5

15, 4 100-Q resistor, when connected to the terminals of a battery, results in ?——'V(A'—
a current of 1.5 A. If the resistor is replaced by 150 {2, the current is 1 A. 7
Calculate the emf and the internal resistance of the battery. L L) R

- 15 Three resistors, 20 2, 30 Q, and 60 Q, are connected in parallel. If the 22 AAA-

current through the 30-Q resistor is 2 A, calculate the current through the

‘ other two resistors. N

ey 56 In the arrangement shown, & =15V, r=0.01Q, R; = 102, and s

— R, =20Q. Calculate the currents I, I,, I, and I,.

el §1_ In the circuit shown, calculate the@tﬂlmlcﬁ_(a) across AB; P. 22.20

~ b) across AC; (c) across AD; and (d) across BD. e

22 A 12-V battery has an internal resistance of 0.1 2. A 1000-Q resistor and 4 30 2 D
another 20,0002 resistor are connected in series with the battery. What is l

the current through the circuit? Suppose that a voltmeter of 5 x 10* Q is
connected across the 1000-Q resistor. Calculate the current through this 6V 12v
_ resistor and the voltmeter.
23. Calculate the combined resistance of two bulbs 50 W (120 V) and 100 W 020 © 010
24

120 V) when they are connected (a) in series; and (b) in parallel.
. Two 60-W bulbs are connected with a 120-V line source (a) in series; and 5~ |3'g 09 ¢

b) in parallel. Calculate the total power used in each case. =

B . i P. 22.21 \

. The total power consumed by two equal resistors connected in series is

100 W. Calculate the power consumed if these are connected in parallel.
. Consider the arrangement shown. Calculate (a) the current through each

resistor; (b) the power lost as heat in each resistor; and (c) the power lost by

PRY

the source. Does this agree with the sum in part (b)?

(]
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