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- Electromotive Force (shortly)

- Resistors in Series and Parallel
- Kirchhoff’'s Rules

The analysis of more complicated circuits is simplified using two rules known as Kirchhoff’s rules
- R-C Circuits

Assoc. Prof. Dr. Fulya Bagci

(4 4
SOS



Introduction

* In the last chapter, we gained
Insight about how current flows
through a resistor in simple
examples like a light bulb

attached to a battery. ﬂimm.h; Fm
[ Ppree ik
* Now, Imagine many thousands ' e _M”Ef P

of circuits wired onto flat ;;'M,::"“** "J{'E"““ r
wafers with structure so tiny S

that microscopy would be
necessary to view their patterns.
Understanding the next step and
mastering more complex circuit ' |
patterns is the goal for [ BEDliRifg a5 PEarON KAdiEsie"
Chapter 28. Y
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Electromotive Force

The potential difference at the battery terminals
is constant in a particular circuit, the current in
the circuit is constant in magnitude and
direction and is called direct current. A battery is
called either a source of electromotive force or,
more commonly, a source of emf. (The phrase
electromotive force is an unfortunate historical
term, describing not a force but rather a
potential difference in volts.) The emf of a
battery is the maximum possible voltage that
the battery can provide between its terminals.
An idealized battery with zero internal
resistance, the potential difference across the
battery (called its terminal voltage) equals its
emf.
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& r * As we pass from the negative terminal ==

I
| —
. i II - W\q—-— to the positive terminal, the potential
N increases by an amount .
I ]
I I * As we move through the resistance r,
p mII,II, . the potential decreases by an amount Ir
E=IR+ Ir
1 P e Multiply (1st Eqg.) with |
r R
>
| I AL T R+

* The total power output / of the battery
is delivered to the external load
resistance in the amount /2R and to the
internal resistance in the amount /r.

1€ = I’R + I*r
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Resistors in Series

* In a series connection, if an amount of charge Q exits resistor R1,
charge Q must also enter the second resistor R2. Otherwise, charge
will accumulate on the wire between the resistors. Thus, the same
amount of charge passes through both resistors in a given time

interval. Hence,

for a series combination of two resistors, the currents are the same in both resis-
tors because the amount of charge that passes through R; must also pass through

Ro in the same time interval.

I=k=1
R, R,

| AV
L
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AV= IR, + IR, = I(R| + Ry) O
AV = IR, '
Req — Rl RQ

Req:R1‘|‘RQ‘|‘R3—|—

This relationship indicates that the equivalent resistance of a series connection of resistors is the numerical
sum of the individual resistances and is always greater than any individual resistance.

Series resistors :
(1)Same current through all resistors = | (8) Ry. Ry, and Ry in series

R, R, R,
(2)Total voltage V =V,+ V,+V, TR TR TE.
oV=IR + IR+ IR3= IR,
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Resistors in Parallel

* When charges reach point a in Figure, called a junction, they split into
two parts, with some going through R1 and the rest going through R2.
A junction is any point in a circuit where a current can split. This split
results in less current in each individual resistor than the current
leaving the battery. Because electric charge is conserved, the current /
that enters point a must equal the total current leaving that point:

AV, =AV,=AV 1 L

Ry R, R 'R,

Wy _
.-’lt R, Wy [_ [] + [2

o m *h
Iy !’I BOOK - Physics For

"1 Scientists And Engineers

" I Iﬁv - Iﬁv 6E By Serway And Jewett

page 864
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* As can be seen from Figure 28.6, both resistors are connected directly “&«?:

across the terminals of the battery. Therefore, when resistors are
connected in parallel, the potential differences across the resistors is
the same.

AV AV (1 1 AV
[:[]+[t): + = AV + =
TR, R, Rl Ry) R

] ] 1
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Parallel resistors:

(1)Same voltage across all
resistors = V

(2)Total current I =1, + I, + 1,

vV Vv Vv Vv
I= R_eq N R1+R2+R3
1 1 1 1
Ré’q Rl R2 R3

(b) R,, R,, and R5 in parallel

b

—— AN —o
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Example 28.4 Find the Equivalent Resistance

Four resistors are connected as shown in Figure 28.9a. (A) Find the

equivalent resistance between points a and c. (B) What is the current in

each resistor if a potential
and c?

—
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difference of 42 V is maintained between a

Solution:
1 1, 1 _ 3
R, 600 300 600

Ry = %ﬂ =201

Ry, =1200+200 = 1400

= A Vac _ 42V = g0A In the 8.0-}) and 4.0} resistors.
Req 14.0 ()

When this 3.0-A current enters the junction at b, it splits, with part
passing through the 6.0 Q resistor (/1) and part through the 3.0 Q
resistor (/2). Because the potential difference is AV, across each of
these parallel resistors, we see that (6.0 Q)/; = (3.0 Q)/,, or I, = 2I..
Using this result and the fact that /1 + /2 = 3.0 A, we find that /, = 1.0 A
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Kirchhoff’s Rules

Junction: point where three or more conductors meet (nodes, branch points).

Loop: closed conducting path.

Kirchhoff’s junction rule: the algebraic sum of the currents into any junction

IS zero.

X1=0
(@) Junction
- Loop | <£

ooyt 7
Not a Junction Not a
junction junction

Junction

@

Vi,




(a) Kirchhoff’s junction rule

Junction
i

bio,

(b) Water-pipe analogy for Kirchhoff’s
junction rule

2 [
water leaving the

‘ ‘ The flow rate of

pipe equals the flow

rate entering it.

Note:(1) Junction rule = conservation of charge

(2) You may ASSUME the direction of the current; if your final answer is negative, then the actual current flows in
the opposite direction.
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-The . No charge
can accumulate at a junction==) total charge entering the junction per unit
time = total charge leaving.

Kirchhoff's loop rule: the algebraic sum of the potential difference in any loop,
Including those associated with emfs and those of resistive elements, must
equal zero.

2V =0 (electrostatic force is conservative)

Sign Conventions for Loop Rule:

positive (travel from — to +)
negative (travel from + to -)

negative (travel in same direction as | == decreasing V)
positive (travel in contrary direction to I== increasing V)

- “Travel” is the direction that we imagine ,gai ound the loap, not
necessarily the direction ofaéést‘aﬁe tm'ﬁ%ﬁ Fu H!’a Eagcn



(a) Sign conventions for emfs

+&: Travel direction —&: Travel direction
from — to +: from + to —:
— Travel - <—Travel
- I I + - I +
& E

(b) Sign conventions for resistors

+IR: Travel opposite —IR: Travel in
to current direction: current direction:
— Travel = <—Travel
| €—— | €—
- A AAA+ - AAAA T
R R
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Example 28.8 A Single-Loop Circuit
A single-loop circuit contains two resistors and two

batteries,as shown in Figure 28.16. (Neglect the internal

resistances of the batteries.)
(A) Find the current in the circuit.

Solution: Y AV
E1— IR — & — IRy

0
0

£, -8 60V-—12V
] = 2 = = —0.33A
R+ Ry 800+ 100 ’

The negative sign for | indicates that the direction of the
current is opposite the assumed direction. Notice that the
emfs in the numerator subtract because the batteries have

opposite polarities in Figure 28.16

(B) What power is delivered to each resistor? What power is

delivered by the 12-V battery?
Solution:

Py =1I°R; = (0.33A)%2(8.00) = 087W

Py = I°Ry = (0.33 A)2(10Q) = 1.1W

BOOK - Physics For
Scientists And Engineers
6E By Serway And Jewett
page 871

E,=60V

|_|_ —

a _ || b

Ro=10Q R, =8.00

dy

d Il

E,=12V

Hence, the total power delivered to the resistors is
2 W. The 12-V battery delivers power g, = 4.0 W.
Half of this power is delivered to the two resistors,
as we just calculated.
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Example 28.9 Applying Kirchhoff’s Rules

Find the currents I, I, and Isin the circuit shown in Figure 28.17.

140V
£ - I |- ¥
| Solution: Applying Kirchhoff’s junction rule to junction c
§ 4.0 Q 1 L gives,
z;._‘||+ MA—D 4, (1) L+ Iy =1Is
100y 904 11’@ .

We now have one equation with three unknowns—I., I,
and .. There are three loops in the circuit—abcda, befchb,
and aefda. Applying Kirchhoff's loop rule to loops abcda

ae m e

2.0Q and befcb and traversing these loops clockwise, we obtain
Figure 28.17 the expressions,

BOOK - Physics For
Scientists And Engineers
6E By Serway And Jewett
page 872

(2) abeda 100V — (6.0 )} — (200)I5 =10
(3)  befcb —14.0V + (6.0 )1} — 10.0V — (4.0Q) o =0
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Equation (1) into Equation (2) gives
10,0V — (6.0 — (20Q) (I; + Is) =0
(4) 10,0V = (8.0 + (2.0 )]s

Dividing each term in Equation (3) by 2 and rearranging gives

(5) — 120V =—(3.00)1 + (20) 1y

Subtracting Equation (5) from Equation (4) eliminates I, giving
220V = (11.0 ) [,

I = 20A
(2.0 ) 1o = (3.0 Q) ; — 12.0V
= (3.0 0)(2.0A) — 120V =—60V

Ib= —30A
f:';:,rrl—l-ffg: —1.0A
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28.4 RC Circuits

So far we have analyzed direct current (DC) circuits in which the current is constant. In DC CircuitS s

containing capacitors, the current is always in the same direction but may vary in time. A circuit
containing a series combination of a resistor and a capacitor is called an RC circuit.

Charging a Capacitor

If the switch is closed at t = 0, charge begins to flow, setting up a current in
the circuit, and the capacitor begins to charge. Charge is transferred
between each plate due to the electric field established in the wires by the
battery, until the capacitor is fully charged. Once the maximum charge is
reached, the current in the circuit is zero because the potential difference
across the capacitor matches that supplied by the battery.

Resistor

(Zapac itor

(a)

R

Wy

S

o

(b) t<0

/ 2

-9

+.|’l||"

R

Wy

"

g

5\'

(c) t>0
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To analyze this circuit quantitatively, let us apply Kirchhoff’s loop rule to the circuit after the switch is closed.;éi}'iﬁ
Z N
-

“
~
-~

>
A
Vo
5

p——
ot s

s — ﬂ — J|R = () Equation 28.11
C
The initial current I, in the circuit is a maximum and is _ g
equal to c . q::
IO —_ (current at t = 0)

R

Later, when the capacitor is charged to its maximum value
Q, charges cease to flow, the current in the circuit is zero.

Substituting | = 0 into Equation 28.11 gives the charge on

the capacitor at this time:

Q = (¢ (maximum charge)

Substitute | = dg/dt into Equation 28.11 and rearrange the equation:

dgq ¢ q

dt R RC
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To find an expression for g, we solve this separable differential equation. We first combine the terms

on the right-hand side:

dq Ce ¢ q— Ce

dt CR RC RC
9 _ _ gt
q—Ce RC

Integrating this expression, using the fact that g = 0 att = 0, we obtain

1 dq 1 [t
| = |
o 4 —Ce RC J,

q— Ce t

In( —Ce ) = _ﬁ

_ —t
q(t) = Ce(Tyz.8c. éro} Dr. Fulya Bagci
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We can find an expression for the charging current by differentiating Equation 28.14 with respect to
time:

_ _ —t/RC e
q(t) =Ce(1—e ) oy ](Q:Ee t/RC 2815

Plots of capacitor charge and circuit current versus time are shown in Figure 28.20.

Note that the charae is zero at t = 0 and approaches the maximum value Cs as t — .
The quantity RC, which appears in the exponents of Equations 28.14 and 28.15, is called the time
constant t of the circuit. It represents the time interval during which the current decreases to 1/e of

“
~

ON{
r" V[‘.-'
& “/
< -
v v
z B3 ~
c A &
s
Lt
Ao, o
Stix ¥8

its initial value.

q

BOOK - Physics For 1

| Scientists And Engineers
CEf-————~ 6E By Serway And jlewett e
page 875 O h=x
0.632CE ————4

0.3681,

i
Figure 28.20

i
T

The energy output of the battery as the capacitor is fully charged is QS — C82

After the capacitor is fully charged, the energy stored in the capacitor is %QS — %CSQ
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Discharging a Capacitor

Now consider the circuit shown in Figure 28.21, which consists of a capacitor carrying an initial charge Q , o
a resistor, and a switch.

When the switch is open, a potential difference Q /C exists across the
_0 capacitor and there is zero potential difference across the resistor
o R§ because | = 0.
+0
|
S

If the switch is closed at t = 0, the capacitor begins to discharge through

C —= RgL the resistor. At some time t during the discharge, the current in the circuit
*q is | and the charge on the capacitor is q.

— O 00—
S Figure 28.21
(>0 Assoc. Prof. Dr. Fulya Bagci



—q
C ==
+q
—O0— 00—
S
(>0

4 _Ir=0
C

R§L When we substitute | = dg/dt into this expression, it becomes

Using the fact that q = Q att = 0 gives

Rda_4a
dt C
w4
q RC
q t
J’d_q:_ij’dt
5 4 RC 3
|n(ﬂj:_i
Q RC
q(t)=Qe "™
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Differentiating this expression with respect to time gives the instantaneous current as a function of
time: (®}
| (t) — dq _ E(Qet/RC ) _ _&e—t/RC ottt
dt dt RC

where Q /RC = lvis the initial current.

The negative sign indicates that as the capacitor discharges, the current direction is opposite its direction
when the capacitor was being charged. We see that both the charge on the capacitor and the current
decay exponentially at a rate characterized by the time constant t = RC.
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Example 28.12 Charging a Capacitor in an RC Circuit

An uncharged capacitor and a resistor are connected in series to a battery, as shown in Figure 28.23. If
£=12.0V, C =5.00 yF, and R = 8.00 x 10° Q, find the time constant of the circuit, the maximum charge on oz«
the capacitor, the maximum current in the circuit, and the charge and current as functions of time.

q(uC)
60

Solution The time constant of the circuit is Q=60.0 uC
_ _ 5 6y 50
7 =RC =(8.10°)(5.10°°) = 4s "
The maximum charge on the capacitor is 30
Q=Ce=(5.10"°)(12) =604C 20
. . o 101 BOOK - Physics For
The maximum current in the](fgcwt IS 00 B ErEa— S@ite(ﬁ)(ists And EEREEE
_ = _ —15uA 6E By Serway And Jewett
0 G H
R 8.10 page 877
Using these values and Equations 28.14 and 28.15, we find that 7ua) fTT o
15 Y < 0= 15.0 u/

q(t) =(604C)(1-e)
| (t) = (15,UA) et 10
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SUMMARY {'}
. <
iy -

The emf of a battery is equal to the voltage across its terminals when the current is zero. That is, the emf is equivaleﬁf‘fB
the open-circuit voltage of the battery.
The equivalent resistance of a set of resistors connected in series is,

Ry =R +R,+R;+...
The equivalent resistance of a set of resistors connected in parallel is found from the relationship

1 1 1 1
=—+—4+—+
R, R R, R

€q

Circuits involving more than one loop are conveniently analyzed with the use of Kirchhoff’s rules:

1. Junction rule.
Z Iin — Z Iout
> AV =0

closed loop

2. Looprule

The first rule is a statement of conservation of charge; the second is equivalent to a statement of conservation of
energy.

Assoc. Prof. Dr. Fulya Bagci



If a capacitor is charged with a battery through a resistor of resistance R, the charge on the
capacitor and the current in the circuit vary in time according to the expressions:

(1) = O(1 — e/ 1)

&< .
[(t) - e—i/RC
R

If a charged capacitor is discharged through a resistor of resistance R, the charge and current
decrease exponentially in time according to the expressions:

g(t) = Qe V1

I(t) = — Iye”VRC
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