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Namashkar, yesterday we spoke about the various circuit elements like resistance, inductance
and capacitance. We saw their properties and we also saw the governing equations for those
elements. We also discussed the Ohm’s Law. Now today we will continue our that discussion

and try to see what are other basic laws which are important for the analysis of electrical circuit.
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KIRCHHOFF'S LAW

+  Ohm's law by itself is not sufficient to analyze circuits.
* However, when it is coupled with Kirchhoff’s two laws, we have a sufficient. powerful set of tools for

analyzing a large variety of electric circuits.
*  These laws are formally known as Kirchhoff's current law (KCL) and Kirchhoff’s voltage law (KVL).
*  Kirchhoff's first law, |.e. KCL, is based on the law of conservation of charge, which requires that the
algebraic sum of charges within a system cannot change.
*  Kirchhoff's current law (KCL) states that the algebraic sum of currents entering a node (or a closed

boundary) is zero.

Now, the Ohm’s Law itself is not sufficient to analyse the circuit, so the two laws, that is

Kirchhoff’s two laws were developed which are sufficient and powerful set of tools for

analysing large variety of electrical circuit.



What are these two laws? These two laws are Kirchhoff’s current law and Kirchhoff’s voltage
law. The first one that is Kirchhoff’s current law is based on law of conservation of charge.
That means that the algebraic sum of charges within a particular system cannot change. And
this Kirchhoff’s current law states that the algebraic sum of currents entering in a particular

node or in a closed boundary will always be 0.
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*  Mathematically KCL implies that,

N
=0
nei
* Here, N is the number of branches connected to the node and i,, is the "' current entering or leaving

the node.
* By this law, the current entering a terminal are regarded positive and the currents leaving the node are
taken to be negative.
* Following the above convention and applying KCL at the node in the figure,

(=) H iy 4 () + (~i5) = 0
By by =ty digtiy

*  The sum of the currents entering a node Is equal to the sum of the currents

leaving the node.

How you will represent it mathematically? You will represent it like summation of i, that is

current flowing into n™ element or the n' branch of the circuit. So, i is the current flowing in

the n!" branch.

So KCL says that the summation of all the currents flowing in the branch, in all the branches
is equal to 0 and n is equal to 1 to N. What is N, N is the total number of branches connected
to that particular node where we are analysing the circuit or you can say that it is total number

of branches coming in or out from a particular closed boundary.

Now in this law current entering the terminals are regarded as positive and the current which
are leaving the node are considered to be negative. So, if you see this particular figure and you
try to apply the Kirchhoff current law at the node where currents are coming in and going out,
the current iy is going inside the node so it is positive, current iz is coming out so it is negative.
Similarly, izis positive and isand is are negative and the sum of all the currents would be equal
to 0 which is satisfying the particular equation of KCL or alternatively you can write that i1
plus izis equal to iz plusisplus is. So, from this, what you can conclude, that the sum of currents

entering the node is equal to sum of currents leaving the node.
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* Kirchhoff's second law is based on the principle of conservation of energy.

*  This law is known as Kirchhoff's voltage law and states that the algebraic sum of all the voltages around a

closed loop Is zero.
M

5o
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* Here, M is the number of voltages in the loop and vy, is the m"" voltage.

* Following the above convention and applying KVL in the loop in the figure, AN

“m bty by =0
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*  This implies that the sum of voltage drops is equal to the sum of voltage rises.

Now, let us talk about the second law of Kirchhoff and this second law is based on principle of

conservation of energy. This Kirchhoff’s voltage law states that the algebraic sum of all the

voltages around a particular closed loop would be 0.

So, in this case, this Vi is the voltage across a particular element connected in a loop and if
you sum up all the voltages in a particular loop across all the elements then you will get, the
summation of voltage would always be 0 and m is from 1 to M, where M in number of voltages
in the loop and Vm that we have considered as the m™ voltage. Now, how you will analyze the

Kirchhoff voltage law in a particular circuit?

Let us see this particular circuit where all elements are connected in in in a particular loop, so
this loop is closed loop. If we apply Kirchhoff voltage law for this particular loop, what we
will write? Let us start from v1. Because we are starting from v that is we are going inside the
negative terminal of voltage source and coming out of the positive terminal of voltage source;
it means that the voltage is rising up during negative to positive terminal so we represent it like

minus of vi.

And then for the resistance, v is positive because we are entering into the positive side and
coming out of negative. So here it is a voltage drop. So, for voltage drop we are writing as
positive and voltage rise we are writing as negative. For voltage vz we will again write as
positive because across the resistance we will see the voltage drop and then again when we go
across this voltage source, the voltage is again rising form negative to positive so we have taken

voltage as negative of v4. And then again across resistive element vs it is voltage drop so we



will say as positive vs. Now if you rearrange the elements in this equation then we can say that
V1 + V4 is nothing but v2 + v3 + vs. Now from this what you can conclude? That sum of the

voltage drops in a particular loop is equal to sum of the voltage rises.
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SERIES RESISTORS AND VOLTAGE DIVISION

+ Consider the circuit below, where two resistors are connected In series as the same current flows
through both of them.

*  Applying Ohm’s law to each resistor, we have vy = (Ry and v, = IR,.

* Applying KVL to the loop we get. v = vy +v; = I(Ry + R;) = (R,

Now, let us talk about the series resistors and the voltage division concepts. Let us see the

circuit below where two resistors are connected in series and the same current is flowing
through or both of the resistors because those are connected in the series and it is completing
the loop. So which law you can apply? You can apply Kirchhoff voltage law. Now the current
is same, so, voltage drop across the resistor R can be written as v; = iR, and similarly voltage

drop against resistor 2 would be v, = iR,.

So total voltage from Kirchhoff voltage law, you can write v = v; + v,. Now since current is
common you can take current out and you will get v = v; + v, = i(R; + R;) = iR,q. SO, this
equation, this particular segment of this particular equation will be represented with the help
of this figure, where we have a v voltage source and the equivalent resistor of both of the

resistors both R; and Rz. Hence,

Req = Rl +R2
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* The equivalent resistance of the circuit is therefore,

Rug =Ry + Ry
* The same can be extended for multiple resistors.

* The equivalent resistance of any number of resistors connected in series is the sum of the individual

resistances.
"

Ry Ry Ry Reg = Ry +R,+-~-+R,,=ZR.

~

* The voltage is divided among the resistors in direct proportion to their resistances.

* The voltage across resistor n, v, Is given by

Ry
N PR R

Now, if you generalize this particular equation, you can extend it for multiple resistors. So,

equivalent resistance for any number of resistors connected in series would be the summation
of individual resistances. So, suppose if you have n resistances connected in series like R1, R2
upto Rnwhat would be the equivalent resistance? Equivalent resistance would be summation

of all the resistances connected in the series.
n
Req =R1+R2 ++R1’l =le
i=1

Now, the voltage is divided among the resistors is directly proportional to their resistances.

Suppose there is a resistor R,, and voltage across that resistor is v,,. Then,

Ry
= v
R1+R2++Rn

Un
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PARALLEL RESISTORS AND CURRENT DIVISION

+ Consider the circuit below, where two resistors are connected in parallel as they have the same voltage

across them,

Now, let us talk about the case where the resistors are connected in parallel, there we will say
that the current division will be followed. So, let us take now this figure where voltage is
connected to R1 and R2 both which are in parallel, so current flowing through R1 would be i1
and current flowing through R2 would be i2. Since these two are in parallel, what you can

apply? You can apply Kirchhoff’s current law.

So basically, one important thing which you can always take as a thumb rule is that whenever
you see elements connected in series you can simply apply Kirchhoff’s voltage law and when
you see the elements connected in parallel fashion, you can use Kirchhoff’s current law. So,

these are the 2 important laws and based on the circuit you can apply them.

So now let us see this particular circuit where current is being divided into il and i2, il is
flowing through R1 and i2 is flowing through R2. Since voltage is same across R1 and R2 both,
you can simply find out the value of il is nothing but v/R; using Ohm’s law. Now, similarly
for i2 also you can write i2 is nothing but v/R,. So finally,

o ) v v 1 1
l=11+12=—+—=v<—+—)=

v
Ry Ry Ry R/ Req

This you can represent using the equivalent figure where voltage is connected in series with

resistance R equivalent.
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* The equivalent resistance of the circuit is therefore,

1 l+l
Reg Ry Ry

* The equivalent resistance of any number of resistors connected in parallel Is the the reciprocal of the

sum of the reciprocal of the individual resistances.

| | | | "
R, R Ry R .L._l.*..‘_h.'.,.l_. 2.3
Rey Ry Ry R ~ R
* For the circuit given in the previous slide the total current, ( is shared by the resistors in inverse
proportion to their resistances. The currents through the resistors are expressed as,

R,

- IRy
S T P

1 _1.1
Req Ri Ry

So,

Now if you want to generalise it what will you write? Suppose if there are n resistances in
parallel then 1 upon R equivalent is nothing but 1 by R1 plus 1 by R2 and so on upto 1 by Rn
or in mathematical terms you can write like summation of i is equal to 1 to N of 1 by Ri, i is
ranging between 1 to N

where N is number of elements that is number of resistors connected in parallel fashion. So
how can you summarize this particular aspect? This says that equivalent resistance of any
number of resistors connected in parallel is the reciprocal of the reciprocal of individual

resistances.

So reciprocal of individual resistances is 1/R; and then you will sum up and whatever you will
get finally you will take again the reciprocal of same and you will get the value of equivalent
resistance. It means that you can simply write R equivalent is nothing but reciprocal of the

summation of the reciprocal of individual resistances, right.



Now when you talk about the current division, the circuit which you saw in the previous slide,

you will get the current flowing through the individual resistors as

iR, _ iR,

ilz

&i, =
Ri+R, * R,+R,
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Now you will ask how can we determine these values, so let us see how you can find out the
value of i1 and i2 by seeing this particular figure. So now you know that i is nothing but i1 plus
i2 and voltage v is anyway applied across both of the resistors, so v = i;R; = iyR,, S0 from

here you can find out the value of i, that is nothing but i; R, /R,. Now

i=i + %
Now if you simplify,
R+ R
=i R,
Therefore,
R, R,
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EXAMPLE:

Find i3 and v; in the circuit shown in the figure! Also, calculate the power dissipated in the 3()

resistor!

The equivalent resistance for the circuit is

Roq =4+ (6]13) = 4 +'T'l =60

The current { is equal to,

Now, let us take the example, if you are asked to find the value of i2 and v2 in the circuit and

also power dissipated in the 3 ohm resistor, what you will do? Since these two are connected

in parallel, you can use the Kirchhoff’s current law at this node and try to find out what is the

equivalent resistance. So you will get equal resistance

63
Req=4+(6||3)=4+

—F = 6{)
6+3

So total R equivalent of the circuit would be 6 ohm and accordingly you can find out the value

of current as,
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The voltage across the parallel resistor combination of 201 is v, = { + 200 = 4V,

Hence voltage v, = 4V.

Applying the current division rule for the parallel resistor combination,

I = —tme [ =24,
7 ensan '
The power dissipated is given by,

P =1, = 4+(3) =533W.

Now, the voltage across the parallel resistance of 2 Ohm that is basically the equivalent

resistance of this particular segment would be is v,, = i * 22 = 4 V. Since this voltage v, is
common for both resistors, you can find out the value v,, for this combination and then finally
using the current division you can find out the value of i,. So, you get the value as 4 Volt for
the equivalent combination of 6 Ohm and 3 Ohm parallel resistors, which is v,, then using

current division rule you can find the value of current i, as

P =i, =4+ (3) = 5.33W
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SERIES CAPACITORS

+ Consider the circuit below, where n capacitors are connected In series and Its corresponding equivalent

circuit

* The capacitors have the same current flowing through them.

*  Applying KVL in the loop we get, v = vy + v, 4+ v,

Now, let us talk about the series capacitors. Now consider the circuit below, where there are n

capacitors connected in series. You can see that Kirchhoff’s Voltage law can be used because

these are connected in series. So, when applying Kirchhoff’s Voltage law, you get
V= tv;+ -+,

because these voltages are the voltage across the individual capacitors.
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+ But we know that v, (t) = = f" {dt + v (ty). Therefore,
Cx“fo

t c t
v= lI 1de + vy (ty) +LI idt +v,(ty) + +lf idt + v, (to)
Cle, Cale, Cule,
= (ci‘ e +ci‘) Ji e+ vy (tg) + va(tg) + -+ vy (ko) = éf,'. (de + v(ty)
* Therefore,
1 .‘+‘+...+‘.‘ 1
w6 G G Z,q
* The equivalent capacitance of n series-connected capacitors Is the reciprocal of the sum of the reciprocal

of the individual capacitances

*  We observe that capacitors In series combine in the same manner as resistors in parallel,

Now, what is voltage v? Voltage v for the k™" capacitor can defined as

Vi (t) = _f idt + Uk(to)

So, this is something which we discussed in the previous class, where we analysed the various
resistor, inductor and capacitor elements. Now this is for k™" capacitor if you add up the voltages

for all the capacitors which are connected in series, you will get the value of total voltage v as,

1 t 1 t t
v -~ ldt + vl(to) + C_f ldt + vz(to) + ee + - ldt + vn(to)
2 J¢,

Gy, Cn Jr,
So, when you re-arrange this particular equation you can club all of the capacitances outside
the integral because these are the constant quantities and then the initial voltages to obtain

1 1 1\ [t
(_ +— 4+ —)f idt + vl(tO) + Uz(to) + -+ vn(tO)
¢, G Cn to

So, what can you can write?

t

1.
r idt + v(ty)

eq vt

Now if you compare these two, you will easily conclude that Ci is nothing but the summation
eq

of the reciprocal of individual capacitances.



So, you can simply write the

1 1 1 1
— = — 4 — 4 e — =

n
1
Ceq Cl CZ Cn =1 Ci

L

that is number of capacitors connected in series. So now what you can say, equivalent
capacitance of n series connected capacitors is reciprocal of the sum of the reciprocal of
individual capacitances, that is ¢ equivalent is nothing but reciprocal of the sum of the
reciprocal of the individual capacitances, right. Now if you compare with the, the previous
discussion related to resistance you can observe that capacitors in series combine in the same

manner as you see resistance in the parallel.
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PARALLEL CAPACITORS

+ Consider the circuit below, where n capacitors are connected in parallel -

L

* The capacitors have the same voltage across them

I

A T

*  Applying KCL at the node we get. [ = {, + [, + -+,

Now, let us talk about the capacitors which are connected in parallel. So here what you can do?

You can simply apply Kirchhoff current law and you can (identify) find out the value of

equivalent capacitance.
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* Butwe know that [, = C, 'I’—'I Therefore,

dv dv dv
l—C|E+‘C'z-d—‘+:;+C"E
=Yl G = Cog p
*  Therefore,
"
Cog=Ci +Ca bt Oy = ) G

* The equivalent capacitance of n parallel-connected capacitors is the sum of the individual capacitances.

*  We observe that capacitors in parallel combine in the same manner as resistors in series.

So, when you apply Kirchhoff current law, you know that the current flowing in the i*" capacitor

can be written as

] dv
lp = Ck%

This is what we saw in the previous lecture.

So, if you sum up all the currents, it will be equal to current shown in the circuit. So that is the

total current nothing but i1 plus iz to in, SO when you sum up you will get

e P,
e TR T: " dt

If you sum up then you can write

n

Z c v c dv
L. 7hde T et
i=1
eventually you will say that ¢ equivalent is nothing but summation of individual capacitances

which are connected in the circuit in parallel.

Hence, equivalent capacitance of n parallel connected capacitor is nothing but the sum of the
individual capacitances. So now if you observe the, the correlation of the circuits related to
resistors and the capacitors, you can say that resistors connected in parallel are combined in the

same manner as the resistors in series.
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SERIES INDUCTORS

+  Consider the circuit below, where n inductors are connected in series and its corresponding equivalent

circuit

* The inductors have the same current flowing through them.

*  Applying KVL in the loop we get, v = vy + vy + -+ 1,

Now, let us talk about inductors, suppose the inductors, there are L, inductors which are
connected in series. So, what can you apply? You can apply Kirchhoff’s voltage law, because

it is, these are connected in loop. v is nothing but the summation of individual voltages across

the individual inductors

V= +tv;+ -+,
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* Butwe know that v, = L, % Therefore,

di di di
V“‘lﬁ"’ﬂflﬁ"""‘""lmﬁ
= e by = leq 3

*  Therefore,

L.,-L,+L,+-~-+L.=z!.,

* The equivalent inductance of n series-connected inductors is the sum of the individual inductances.

* Wae observe that inductors in series combine in the same manner as resistors in series.

di . . . . .
So, as we know that v, = L d—;, i is same in all the inductors, so what can you write?

.
P TRECT ™ dt
So when you sum up the all the inductors you can simply
n

di di
Z“a: Lea

i=1

You can conclude that L equivalent is nothing but summation of all the individual inductances

connected in series in that particular circuit. So, equivalent inductance of n series connected

inductors is some of the individual inductances.

Leg=Li+Ly++Ly,= ) L

n

i=1

So, if you correlate with the series combined resistors you will say that the inductors in the

series combined will have equivalent inductance in the same manner as the resistors which are

connected in series.
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PARALLEL INDUCTORS

* Consider the circuit below, where n inductors are connected in parallel -

* The inductors have the same voltage across them.

*  Applying KCL at the node we get, [ = [; + [, + -+ [,

Now, let us talk about the inductors connected in parallel. In this figure you will see that these
inductors are connected in parallel. When these inductors are connected in parallel it means
you can apply Kirchhoff’s current law. If you if you apply Kirchhoff’s current law, you will
get i that is the current coming from the voltage source is nothing but the summation of
individual currents flowing in the individual inductors and finally the objective is to find out

the value of equivalent inductance of the circuit.
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*  But we know that {,.(t) = ‘lf,' vdt + 1, (ty). Therefore,
Lx /o

1t TiLE LS
b= Lvdt (o) + 7 f' nmtc +lalto) ot = J: .vdt + 1y (to)
= (& e ) fo v+ (60) + (E0) + o+ ba(to) = t I, vde +(t)

*  Therefore,

* The equivalent inductance of n parallel-connected Inductors Is the reclprocal of the sum of the reciprocal
of the individual inductances.

*  We observe that inductors in parallel combine in the same manner as resistors in parallel.

So what do you have to do? You have to find out the value of the current flowing individually

in the in each inductor so you write



1 t
i (t) =— | vdt+ ix(ty)
Ly to
I can be written in integral form and the same has been utilised here to find out the value of
total current. So, what do you have to do? You have to just sum up the individual currents
flowing in each inductor. The voltage is same across each inductor, for first inductor we will

write

1 t
il = - Udt + ll(to)
Ly Jy,
this is something which we say that the, initially we are assuming that at time to, there is some

current in the inductor. So that is considered to be as the initial condition for that inductor 1.

Similarly, for inductor 2 also we will write Lif; vdt plus the initial current flowing in the
2

inductor and when we will sum up all the elements, we can write

1 (t 1t 1t
i = — vdt+i1(t0)+—f vdt +i,(ty) + - +— | vdt +i,(ty)
Ll to LZ to Ln to

1 1 1 t . . , 1 t .
- (Z'l' Z + + Z) fto Udt + ll(tO) + lz(to) + + lTl(tO) - Efto th + l(to)

Now if you compare these two, you can write,

11,1 1 o 1
L L Ly &l

i=1
Hence, equivalent inductance of N parallel connected inductors is reciprocal of the sum of the
reciprocal of individual inductances. That means that L equivalent can be simply written as

reciprocal of the sum of the reciprocal of individual inductances, right.

So, we can observe that inductors which are connected in parallel are combined in the same
manner as the resistors in parallel. We saw the parallel and series combination of all the three
resistors, capacitors and inductors. In next class we will try to find out the phasor relationship
between these elements, that is the voltage and current phasor relationship for resistor,
capacitor and inductor and then we will stabilize the relationship of impedance for the
sinusoidal varying voltage and current. We close this session today. In next class we will carry

forward with the phasor representation of these quantities, Thank you.






