B. Sc. Physics (H.R.K) Chapter 33: DC Circuits

DC CIRCUITS

33.1 Electromotive Force

The amount of work done per unit charge in movihgni a circuit is called
electromotive force. The device that provide elmuintive force to charges by maintaining a
constant potential difference between the two goaitin an electronic circuit is called the
source (or seat) of electromotive force. The opamabf seat of electromotive force is
analogous to the working of a pump which circulates fluid in a pipe by maintaining a
pressure difference between the two points.

The electromotive force is not actually a force:,iwe don’t measure it in newtons.
The name originates from the early history of thbjaect. The unit of emf is joule/coulomb,
which is volt:

1 volt = 1 joule/coulomb.

Consider a source of electromotive fokes connected to a resistBras shown in

the figure below:
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The seat of emf maintains its one terminal at ghhpotential and its other
terminal at low potential, as indicated by the # ansigns. Therefore, the emf of the battery
would cause positive charge carriers to move inetkternal circuit as shown by the arrows
marked!.

In its interior, the seat of emf acts to move pesicharges from the point of low
potential to the point of high potential. The clegghen move through the external circuit,
dissipating energy in the process, and return ¢éortbgative terminal, from which the emf
raises them to the positive terminal again, anctitoée continues.

When a steady current has been established icittwgit, a chargelq passes

through any cross-section of the circuit in tiae The charge enters the seat of emf at its
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low-potential end and leaves at its high potergral. In doing so, the seat must do an amount
of work dW on charge carriers.

The work done by a seat of emf on charge carneits interior must be derived
from source of energy within the seat. The energyree may be chemical (battery),
mechanical (generator), thermal (thermocouple)adrant (solar cell). Thus we can describe
a seat of emf as a device in which some other fasmenergy is change into electrical
energy.

The energy provided by the source of emf is standte electrical and magnetic
fields that surround the circuit. This stored egeidges not increase because it is converted
into internal energy in the resistor and dissipatedoule heating, at the same rate at which
the energy is supplied. The electric and magnetidd play the role of intermediary in the
energy transferring process.

33.2 Calculating the Current in a Single L oop using Energy Conservation Principle

Consider a single loop circuit, as shown in tigeife below; containing one seat

of emf £ and one resistor R.

In a timedt an amount of energi’R dt €
appears in the resistor as internal energy. Duttigy < ;|; & .
same time a chargéy (= Idt) moves through the sea
of emf, and the seat does work on.charge given by ll
dW =Edq=E1dt i R,
o AA\—e

From the conservation of energy principl
the work done by the seat must must equal to ttegnal energy dissipated in the resistor,

ie.,

Eldt =I*Rdt
Solving forl, we obtain
=&

R

This is the expression of electric current movimgptigh a single loop circuit.
33.3 Calculating the current in a singleloop using Kirchoff Rule
The Kirchoff's second rule is described as:
The algebraic sum of the changes in potential encountered in a complete

traversal of any close circuit is zero.
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This rule is a particular way of stating the lafvconservation of energy for a
charge carrier travelling in a closed circuit. Gdes the

potential at pointt of close circuit i/, as shown in the B €| . .
==
figure below. °| i
1 l/
In going through the resistor, there is a change ]
potential of- IR. The minus sign shows that the right sic Wy

of the resistor is higher in potential than thé sgdie.
Adding the algebric sum of the changes in potemtighe initial potential/,must yeild the
identical final valud/,, or
—IR+E=0
&

=1=-
R

Questions. Write down the expression of electric current-in a single loop circuit by
considering theinternal resistance of a seat of emf.
Ans. All the seats of emf have an intrinsic internaigtscer as shown in the figure.

This resistance can’'t be removed-because it i©

the inherent part of device. We can apply the KifEh :r_g N r E P
voltage rule (loop rule) starting at any pointhe ircuit. —ﬁ:_l |

Adding the algebric sum of the changes ; T ’ l/
potential to the initial potentidf, must yeild the identical >

final valueV,, or MV
= —]JR+E -Ir=0

Thus the expression of the current from this sihgbg of current becomes:

3
ﬂl:—
R+r

Note that the internal resistanceeduces the current that the emf can supply texternal
circuit.
33.4 Potential Differ ences between the Points of Circuit

Consider a circuit which consists of a resigt@nd a seat of emE with internal

resistance as shown in the figure below:

Written and composed by: Prof. Muhammad Ali Ma{dqvt. Degree College, Naushera, 03016775811



B. Sc. Physics (H.R.K) Chapter 33: DC Circuits
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We want to find out the expression of potentidtedencel/,,, betg%;Xe two
points a and b of an electrical circuit. If,and V,, are the potentlal ts a and b,

respectively, than we have b
V, +IR =V, Q‘\
= Vo =V = Vp = IR wmememeeenes ®

As for the single loop, given above, we have

1=-—= AN

Thus eq. (1) will become: &
€
Voo = (557) R \,\
- Vab = EE v

This is the expression@electric potential afotdic potential difference between

the two points of an electric uit.
33.5 Equivalent Resistan

In paralle

nnected in Parallel
ngement a number of resistorsamected side by side with their
ends joined to% at a common point as showmeifigure below:

R,

AV, =AVy=AV

Q;gc ‘/ \ e
\ / A Ry

T o
- :;;:57',,>>\,/Jl;;lll('r\' T |.—

According to the properties of a parallel circtiite total current is shared among

the branches, so
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I = 11 + 12 """ (1)
In case of parallel combination of resistors, plméential difference across each

resistor iV, therefore the current through each resistor is:
v

v
11=R—1and12=R—2

Thus equation (1) will become:
=L+ Y

Ri Ry

If we replace the parallel combination by a sinetiivalent resistanck,,, the

same current must flow through circuit, i.e.,

e 3)

Req

Comparing eg. (1) and (3), we get

%4 %4 %4

Req R1 Rz

|74 1 1
Lev(ied
Req Ry Ry

1 1 1

or — ==+
Regq Ri Ry

The general expression for the equivalent resistanfi a parallel combination of

any number of resistor will be:

1 1

Req m Rn
33.6 Resistors Connected in Series

If the resistors are connected end to end sucdhhtbasame current passes through
all of them, they are said to be connected in sexgeshown in the figure below:

R, R

|
| w |, AV
’ Battery " |l

Suppose a battery of potential differen@e is connected with the series
combination of resistors such that the currepiasses through each resistor. The potential

difference across each resistor is:
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V, = IR, andV, = IR,

The sum of potential drop across each resistort rnesequal to the potential
difference supplied by the battery, i.e.,

A 7 AR — (1)

If we replace the combination of resistances whi equivalent resistance, the
same current would be established and so

V =1IR,
Thus, the equation (1) will become

IR, = IR, + IR,

Req = Ri + R,
Expending this result to a seires combination gframmber of resistors, we obtain:

Req = ZnRn
33.7 Multiloop Circuit
The circuits having more than one loop are calledtifoop circuit.

Consider a complex network consisting of threéstess circuit consist oR,, R,
andR; and two batteries of engf; and £, . We want to find out the unknown curreitsi,

and/; move through the circuit, as shown in the figuetot:

At junction d, the total current

a

. . . . [ =~y -
entering the junction i§ + I3, and the current 1 .
moving away from junction d id,. Thus |

according to the Kirchoff's*Lrule

A R, §l11 Ry §l13 /eggTI:

11 = 12 —_— 13 -
--------------- (1) b d f
Applying the Kirchoff's 29 rule on the loop abcd, we get

81 - 11R1 + I3R3 = 0 --------------- (2)

==t e 3)

Using the kirchoff rule for the loop cdef:
_82 —_ I3R3 - Isz = 0 """"""""" (4)

Putting value of; in eqution (3), we get

—&, — (’1’2—‘51) Ry — LR, = 0

3
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_82 - IlRl + 81 - IZRZ == O

E1—-E —
=>12=+2’1R1 ----------------- (5)

Putting the values df, andi; from equation (4) and (5) in equation (1), we get
L=5L—-1I3

I = (51 -& —I1R1) . (11R1—51)
! R3 R3

&1 —&3—I1Ry I1R1—&1
11 - -
Ry R3
_ R3(&1-& -I3R1)-R(I3R1—E&7)
R2R3

_ &1 (R2+ R3)—E3R3
Ri1R;+R2R3+R3Rq

Now adding equation (2) and (4), we obtain:
81 _IlRl - Isz _82 = 0
LRy =& — LR, =&

I = % ----------------- @)

From equation (4)

=2 e ®)

Putting value of; and/; from equation-(7) and (8) in (1), we get

12 - 11 + 13
_ (&1-LR-&; —& —R;
I = ( Ry )+( Rs )
Solving this equation, we get
I, = E1R3-&®+Ry) (9)

R1R2+R;R3+R3Rq

Putting value of, and/, from equation (6) and (9) in (1), we get

13 S 12 - 11
I = (51 R3—&; (R1+ R3) ) _ (51 (R2+ R3)-&; Rs)
3 RyRp+RyR3+R3R; RyRy+RyR3+R3R;
Solving the above equation, we get
—€1R;—E, R
I3 = L2 21 e (10)
RyRy+R,R3+R3R,

Thus equation (6), (9) and (10) are the requirgatession for unknown currents

11, I, andI; in a circuit.
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33.8 Growth of Chargein an RC Circuit
A circuit containing a series combination of a s&si and a capacitor is called an RC
circuit. Consider an RC circuit in series with the battefyemf £ as shown in the figure

below:

N\ﬂl‘h ’
L|_4: - L|__':j

Battery £ £

When the switch S is closed, the growth of chatgets-in capacitor. by using the
Kirchoff 2" rule, we get:

E—Vy—V,=0

=E=VR+V: s (1)

Since R and C are in series, therefore
mlewmnzg
Putting values in equation (9), we get

E=IR+T e 2)
whemgandl denote the current and charge at any time

Now asl = %, therefore, equation (1) becomes
e=%p 414
dt c

A/ 44
:>£C—dtRC+q

d 1
= =t
&-q RC
d 1
——L = ——dt
&C—q RC

Integrating, we get

_dq _ _i
&—-q Rcfdt
SIN(EC—q) = —ot+ A e @)

Where A is the constant of integration. To fibdwe makes use of initial conditions:

At t =0;q =0, we have
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In(EC) = A
The equation (3) will become:
In(EC — q) = ——t +In(&C)
= In(€C — q) — In(€C) = ——t

EC—-
=>1n(—C q) =2t
&

Or
1y
q=EC—ECe krc
1
q=EC —ECeret
1
q=¢C(1-ere")
This equation shows that at= oo; q = EC = g4, -Where g, is the maximum

value of charge on the capacitor. therefore

a=q(l-e®) ALY (4)

This equation gives the growth of charge in an &kCuit. The equation shows
that the charge q goes on increasing and ultimatédyns the maximum valug after a long
time.

Capacitive time constant

In the equation (4), the factor RC has the dinmssiof time and is called

capacitive time constant. It is denoted fyy

The equation (4) is written as:

t
q=qo(1—e_¥)
Special Cases.
e Att=0;9=0
e Att=o00;,q=qy=EC
_Ic
. Attzrc;qzqo(l—eTC>

1
q=qo(1—e")=qp (1 _E> = qo(1—0.37)
q = 0.63 q,
So the capacitance time constant is the time aft@ich the charge on the

capacitor grows to 63% of its maximum value.
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If we include a resistor with the charging capagithe increase of charge of the
capacitor towards its maximum value is delayed liyna characterized by the time constant
RC. With no resistor presemR( = 0), the charge would rise imediately to its limitinglue.

Initially, the charge on the capacitor is zerotts® potential difference across the
capacitor V. = 0 and potential difference across resisigr= IR (maximum) and the
maximum current flows through the circuit. As therrent flow through the circuitl/,
increases whil&/, decreases with time, so the currérthrough the circuit decreased. The
decrease of current will slow down the growth oarge on capacitor with passage of time.
When the current | becomes zerld; becomes zero ang- attains the maximum value i.e.,
the capacitor gets fully charged.

Decay of Chargein an RC Circuit
Consider the circuit which consists of a capacttarrying an initial charge, a

resistorR, and a switcl$ as shown in figure below:

_(/ _l]
ppa G —— '
c== R§ e ’§ I

q

(<0 (>0

When the switch is open, a potential differefige= % exists across the capacitor and

Vr = 0 becausd = 0. If the switch is closed at= 0, the capacitor begins to discharge

through the resistor.-Applying the loop rule:

_“VR v VC = 0
Vg = IR andV, =%
-IR-%=0
Cc
IR=-1=]=-1
Cc RC
-
dt
da _ _ 4
dt  RC
d 1
i
q RC
Integrating both sides, we obtain
d 1
s ——j dt
q RC
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1

Ing=-—t+A - 1)
By applying the initial conditions, i.e., at= 0; g = q,, we get:

A=Ingq,
The equation (1) implies:

1
Ing = _ﬁt +Inq,
t
=>1nq—lnq0——ﬁ \\(
Lo b
=In—=——
do RC 6
—4 i = e_% ««
" ©
t

= q =qpe RC e (2)
This is the expression for the decay of chargeapfcitor in an&ﬁaircuit.
Capacitive Time Constant Q

The factorRC = 7. is called the capacitiv%ivrqe constant. The equat®) will
t
becomeyg = qpe *c ‘b"\\/
Special Cases: @
e Att=0;q9=q, '\\

e Att=00;qg=0 h\E’
_z¢ G
e Att=1.q=qqe TC=q‘@e =q?°=0.37q0

So after timer, charge of capacitor reduces to 37% of thealatalue.

District K<hushab
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E
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