Module 2

A.C. Circuits

The flow of electricity can be donein two wayslike AC (aternating current) and DC (direct
current). Electricity can be defined as the flow of electrons throughout a conductor such as a
wire. The main disparity among AC & DC mainly lies within the direction where the electrons
supplies. In direct current, the flow of electronswill bein asingle direction & in the alternating
current; the flow of eectrons will change their directions like going forward & then going
backward.

» In Alternating current, movement of electric charge periodically reversesits direction.
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*  Whereasin DC, flow of electric chargeisonly in one direction.
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Why weuse A.C. in homes
» AC voltageis capable of converting voltage levels just with use of transformers.

— Totransmit AC over along distance, voltageis stepped up to 400 KV at
generating stations and stepped down at alow level , 400/230 V for household
and commercial utilization.

— AC motors are ssmplein construction, more efficient and robust as compared to
DC motors.




Sinusoidal Alternating Quantity:

Alternating quantity that varies according to sin of angle 0.

The instantaneous value of a sine-wave voltage for any angle of rotation is expressed in the
formula:

V=Vmsno

0 istheangle

Vm = the maximum voltage value

V = the instantaneous value of voltage at angle 6
Termsto know

1. Cycle When an Alternating gty goes through compl ete set of positive and negative
values or goes through 360 electrical degrees.
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3. Time Period: Time taken to complete one cycle by AC.

2. Alternation: One half cycle

4. Frequency: No of cycle made per second.

5. Amplitude: Maximum value attained by an alternating quantity in one cycle and also
called Peak Vaue/ Max. Vaue




Peak and RM S Values
The magnitude of alternating quatity can be expressed in three ways:

1 Peak Vaue

2 AverageVaue

3 Effectiveor rmsvalue
Peak Value:

The maximum value attained by an alternating quantity during oone cycleis called peak value.
Thisisalso called maximum value or amplitude. The peak of an alternating voltage or current is
represented by Vi, and |,

Average Value:

The average value of a periodic waveform whether it is a sine wave, square wave or triangular
waveform is defined as: “the quotient of the area under the waveform with respect to time”.

In other words, the averaging of all the instantaneous values along time axis with time being one
full period, (T).

For symmetrical waves like sinusoidal current or voltage waveform, the positive half cycle will
be exactly equal to negative half cycle. Therefore, the average value over a complete cycle will
be zero. The work is done by both, positive and negative cycle and hence the average value is
determined without considering the signs.So, the only positive half cycle is considered to
determine the average value of alternating quantities of sinusoidal waves.

Divide the positive half cycleinto (n) number of equal parts as shown in the above figure
Letiq,ip, iz........ in be the mid ordinates

The Average value of current |, = mean of the mid ordinates




g+ I+ iy + et iy Area of alternation

n Base

Derivation for average value of sinusoidal current:

Let us consider a sinusoidal current i = I,,Sinwt as shown in the figure below. We will calculate
its average value for one time period wt = 7 from the definition of average value of alternating
current.

| = ImSinwt

dt X
wt

Areaof aternation= [ i d(wt)
= fon Im sin wt d(wt)

= Imfon sin wt d(wt)

= lyn[—cos wt] 3
= ln[=(-1-1)]

=2l
Base=n=n

Therefore, Average value of sinusoidal current = 2/m/,;




Effectiveor RMSValue:

"RMS" stands for "Root-Mean-Squared", also called the effective or heating value of aternating
current, which would provide the same amount of heat generation in aresistor as the AC voltage
would if applied to that same resistor.

That steady current which, when flows through a resistor of known resistance for a given period
of time than as a result the same quantity of heat is produced by the aternating current when
flows through the same resistor for the same period of timeis called R.M.S or effective value of
the alternating current.

In other words, the R.M.S vaue is defined as the square root of means of squares of
instantaneous val ues.

Let | be the alternating current flowing through a resistor R for time t seconds, which produces
the same amount of heat as produced by the direct current (I«;). The base of one ateration is
divided into n equal parts so that each interval is of t/n seconds as shown in the figure below.
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Since I« is considered as the effective value of this current, then the total heat produced by this
current will be

1Z,Rt

J

calories ... .......(2)

Now, equating equation (1) and (2) we will get

ZgRt  Rtfif+ i3+ i3+ wernt ia) =
I n )

I+ 13+ 13+ wat iy

n

legr =

logr = V/mean of squares of instantaneous values

RM S value of an alternating quantity:

AN alternating current is given by
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RMS value for pure sinusoidal current is given by I;ms= 0.707 | ,

Form Factor and Peak Factor

Form Factor is defined as the ratio of the root mean sguare value to the average value of an
alternating quantity (current or voltage).

Irms
Form Factor = =111
lavg

Peak Factor is defined as the ratio of maximum value to the R.M.S value of an alternating
guantity. The alternating quantities can be voltage or current.

Imax
Peak Factor = =1.4142
Irms

Phasor Representation of alternating quantity:

An aternating quantity can be represented in the form of wave and equation. The waveform
gives the graphica representation whereas equation represents the mathematical expression of
the instantaneous value of an alternating quantity. The same aternating quantity can be
represented by a line of definite length (representing the maximum value) rotating in counter-
clockwise direction at a constant velocity (w rad/sec) Alternating Current (AC) is a type of
electric current that reverses its direction periodically in contrast to the Direct Current (DC)
which flowsin asingle direction.

Phasor Diagram of a Sinusoidal Waveform
Vector rotation
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As the single vector rotates in an anti-clockwise direction, its tip at point A will rotate one
complete revolution of 360° or 2x representing one complete cycle. If the length of its moving tip
is transferred at different angular intervals in time to a graph as shown above, a sinusoidal
waveform would be drawn starting at the left with zero time. Each position along the horizontal
axis indicates the time that has elapsed since zero-time, t = 0. When the vector is horizontal the
tip of the vector represents the angles at 0°, 180° and at 360°.

Likewise, when the tip of the vector is vertical it represents the positive peak value, (+Am) at
90° or /2 and the negative peak value, (-Am) at 270°or 3w/2. Then the time axis of the
waveform represents the angle either in degrees or radians through which the phasor has moved.
When we are analyzing alternating waveforms, we may need to know the position of the phasor,
representing the Alternating Quantity at some particular instant in time especially when we want
to compare two different waveforms on the same axis. For example, voltage and current. We
have assumed in the waveform above that the waveform starts at timet = O with a corresponding
phase angle in either degrees or radians.

But if a second waveform starts to the left or to the right of this zero-point or we want to
represent in phasor notation the relationship between the two waveforms then we will need to
take into account this phase difference, ® of the waveform.

Phase Difference of a Sinusoidal Waveform

The phase of an aternating quantity at an instant is defined as the fractional part of a cycle
through which the quantity has advanced from a selected origin.

The two alternating quantities having same frequency, when attain their zero values at different
instants, the quantities are said to have a phase difference.

Voltage, (V)
+V 5 s

Current, (i)

The generalised mathematical expression to define these two sinusoidal quantities will be written
as:

Vi Vi 81N (oot)

1

) 1,, sin (ozz-t - -:|:-)




The current, i is lagging the voltage, v by angle ® and in our example above this is 30°. So, the
difference between the two phasors representing the two sinusoidal quantitiesis angle ® and the
resulting phasor diagram will be.

Phasor Diagram of a Sinusoidal Waveform
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xS i = I, sin{at-9)

The phasor diagram is drawn corresponding to time zero (t =0) on the horizontal axis. The

lengths of the phasors are proportional to the values of the voltage, (V) and the current, (I) at the

instant in time that the phasor diagram is drawn. The current phasor lags the voltage phasor by

the angle, @, as the two phasors rotate in an anticlockwise direction, therefore the angle, ® isaso

measured in the same anticlockwise direction.




Analysis of single-phase ac circuits consistingof R, L, C

A purely resistive or a non-inductive circuit isacircuit which has inductance so small that at
normal frequency its reactance is negligible as compared to its resistance

Consider an ac circuit containing a non-inductive resistance of R ohms connected across a
sinusoidal voltage represented by v =V sin wt
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(¢) Phasor Diagram (b) Wave Diagram

When the current flowing through a pure resistance changes, no back emf is set up, therefore,
applied voltage has to overcome the ohmic drop of iR only

i.e. IR=v
. v i
of = — = —= 5In
R
) - K .
Current will be maximum when of = 5 Or sin = |
I - Vlm!
I R

I nstantaneous current may be expressed as:
I = Imax sin ot

From the expressions of instantaneous applied voltage and instantaneous current, it is evident
that in a pure resistive circuit, the applied voltage and current are in phase with each other, as
shown by wave and phasor diagrams respectively

Power in Purely Resistive Circuit:
The instantaneous power delivered to the circuit in question is the product of the instantaneous

values of applied voltage and current
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ie. p=vi=V_ sinotl  sinot=V_ I . sin”or

max
Viici 1 =
or p=%(l—cos2mr) Since sin" @t = lco%r_
= Vinax Tmox _ Vonax Tna cos2wt
2
vmax Imax Vm.n lm:n
Average power, P = Average of —=2% _ gyerage of — - Cos 2wt
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. AV |
Since average of % cos 2 o ¢ over a complete cycle is zero,

V, V

P = max Tmax = n'nx.lxmx

— = = V1 watts
2 V2 2

AC Circuit containing pureinductance only

Aninductive circuit isacoil with or without an iron core having negligible resistance. Practically
pure inductance can never be had as the inductive coil has aways small resistance. However, a
coil of thick copper wire wound on alaminated iron core has negligible resistance arid is known
as achoke coil.

When an alternating voltage is applied to a purely inductive coil, an emf, known as self-induced
emf, isinduced in the coil which opposes the applied voltage. Since coil has no resistance, at
every instant applied voltage has to overcome this self-induced emf only.

Let the applied voltage v = V. sin ot
and self inductance of coil = L henry

di
Self induced emf in the coil, ¢, =~ L d_:
Since applied voltage at every instant is equal and opposite to the self induced emf ic. v = — eL

. di
Vi Sin 0 = - (—Ld_r)

V .
or di = 2% sinordt
Integrating both sides we get

! V,
s nax - max
:=——J-sm(ntdr= - COS W) + A
L E ( )
where A is a constant of integration, which is found to be zero from initial conditions

-V v .
ie. i=—% cosr=—% gin |wr-—
oL oL 2




From the expressions of instantaneous applied voltage and instantaneous current flowing through
a purely inductive coil it is observed that the current lags behind the applied voltage by n/2 as

shown by wave diagram and phasor diagram.

L
: zg } 1
r-\".',,ann l

(@) Circuit Dicagram

{(¢) Phasor Diagram

I nductive Reactance;

mﬂnwl

I \
\

(h) Wave Diagram

S nr
—_—
\'
\ & ) Fet—
= .
Al

- \-,‘“ lm BN 2 st

2

oL in the expression Imax = Vma/oL is known as inductive reactance and is denoted by X i.e.,

XL:(DL
If L isinhenry, then X, will bein ohms.

Power in Purely Inductive Circuit:

Instantaneous power, p=V X i =V sin @ t Iy sin (ot — /2)

O P=—Vmax Imax SIn ® t cos ® t = Vmax Imax/2 sin 2 ot

The power measured by wattmeter is the average value of p which is zero since average of a

sinusoidal quantity of double frequency over a complete cycleis zero. Hence in apurely

inductive circuit power absorbed is zero.




AC circuit containing pur e Capacitor only

The circuit containing pure capacitor of C farad as shown in fig
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(c) Phasor Diagram () Wave Diagram

et an aternating voltage represented by v = V n sin o t be applied across a capacitor of
capacitance C farads.

The expression for instantaneous chargeis given as.
g = C Vax sin ot

Since the capacitor current is equal to the rate of change of charge, the capacitor current may be
obtained by differentiating the above equation:

. d(l . vmax A b1
Jir= Z =[CV, , sinofl=0CV,_ cosor= Vo C sin (x)l+-5
Current 1s maximum when r =0
I = vmax
maE- e

Vv
Substituting 7 /'::“ = 1. in the above equation for instantaneous current, we get

i=1 sin wt+£
= max 2

From the equations of instantaneous applied voltage and instantaneous current flowing through
capacitance, it is observed that the current leads the applied voltage by n/2, as shown in Figs. 4.4
(b) and (c) by wave and phasor diagrams respectively.




Capacitive Reactance:

1/® C in the expression Imax = Vmax/1/@ C is known as capacitive reactance and is denoted by X¢
i.e., XC=1/ow C . If C is in farads and o is in radians/s, then X will be in ohms.

Power in Purely Capacitive Cir cuit:

: . . T v g .
p=vi=V_ snotl. . sn O+ | = Vi gy S0 © tcos @t
Voo | .
= X MIX on 20 1¢
)
£
I .
Average power, P = JP}-;M x average of sin 2 wr over a complete cycle = 0.

Hence power absorbed in apurely capacitive circuit is zero.

RL Series Circuit
A circuit that contains a pure resistance R ohm connected in series with a coil having pure
inductance of L (Henry) is known asR L Series Circuit. When an AC supply voltage V is
applied the current, | flows in the circuit. Ig and I, will be the current flowing in the resistor and
inductor respectively, but the amount of current flowing through both the elements will be same
as they are connected in series with each other. The circuit diagram of RL Series circuit is shown
below
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Where,

e Vg-—voltage acrosstheresistor R
e V| - voltage across the inductor L
e V —Tota voltage of the circuit

Phasor Diagram of the RL Series Circuit
The phasor diagram of the RL Series circuit is shown below




Steps to draw the Phasor Diagram of RL Series Circuit
The following steps are given below which are followed to draw the phasor diagram step by step.
e Current | istaken as areference.
e TheVoltage drop across the resistance Vg = Ir is drawn in phase with the current 1.
e The voltage drop across the inductive reactance V| =IX is drawn ahead of the current I.
As the current lags voltage by an angle of 90 degrees in the pure Inductive circuit.
e Thevector sum of the two voltages drops Vg and V| isequal to the applied voltage V.
Now,
In right angle triangle OAB
Vs =IRr and Vi =1IX, WhereXL= 2nfL

V= (el + (VL)* = VUR)® + (IXp)*

=1

V=IJyRZ+ X{ or
V=I1Z
Where,

Z: V"‘ 2 T Xf

Z is the total opposition offered to the flow of aternating current by an RL Series circuit and is
called impedance of the circuit. It is measured in ohms (€2).
Phase Angle

In RL Series Circuit the current lags the voltage by 90-degree angle known as phase angle. It is
given by the equation
Vi IXo Xo

tang = — 0
Vi

IR R

X
@ = tan™ ! —
R

Power in R L Series Circuit
If the alternating voltage applied across the circuit is given by the equation




V=V SINWE e e (1)

The equation of current | isgiven as

I=Im SIN(WE-¢) .o (2)
Then the instantaneous power is given by the equation
P=VE (3)

Putting the value of v and i from the equation (1) and (2) in the equation (3) we will get

P = (V,Sinwt)x I, sin(wt — )

V.1
p= == 2sin(wt — @) sinwt
Vm Im
P= — — [cos@p — cos(Qwt — @)]
V2 V2
vm Im Vm lm 5
P= ——=cosgp -~ — —= cos(Zwt — @)
V2 V2 V2 V2

The average power consumed in the circuit over one complete cycle is given by the equation
shown below

vn ] \,I n \v' \l'

. m m -
P = average of —= —= cosg — average of —=—=cos(2wt — ¢) or
V2 v vay
r
y "m lln
P= == —= cosg —Zero or
v2 V2

P= vr.n:.::lr m.s COSQ = Vi Cosp
where cos is called the power factor of the circuit.

E B \"R B IR | R 4
COSPp = U g R wer (4)
The power factor is defined as the ratio of resistance to the impedance of an AC Circuit.

Putting the value of V and cosp from the equation (4) the value of power will be

P = (IZ)(D(R/Z) = I?R... e .. (B)

From the equation (5) it can be concluded that the inductor does not consume any power in the
circuit.
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Waveform and Power Curve of the RL Series Circuit

The waveform and power curve of the RL Series Circuit is shown below

Voltage
Dower
Current vp' WS

/

p,vandi

—_—f

The various points on the power curve are obtained by the product of voltage and current. If you
analyze the curve carefully, it is seen that the power is negative between angle 0 and ¢ and
between 180 degrees and (180 + ¢) and during the rest of the cycle the power is positive. The
current lags the voltage and thus they are not in phase with each other.

Explain the following:

a) Real power

b) Reactive power

c) Apparent power

d) Power factor
a) Real power: The power which is actually consumed or utilized in ac circuit is caled true
power or active power or rea power. It is consumed by the resistive load in the circuit. The unit
of real power iswatts.

Real power = VI cos ¢ Watts

b) Reactive power: The power which flows back and forth that means it moves in both the
directions in the circuit or reacts upon itself, is called Reactive Power. A pure inductor and a
pure capacitor do not consume any power since in a half cycle whatever power is received from
the source by these components, the same power is returned to the source. This power which
returns and flows in both the direction in the circuit, is called Reactive power. This reactive




power does not perform any useful work in the circuit. It is measured in aunit caled Volt-Amps-
Reactive (VAR), rather than watts.

c) Apparent power: The product of root mean square (RMS) value of voltage and current is
known as Apparent Power. This power is measured in KVA or MVA.

In a purely resistive circuit, the current is in phase with the applied voltage, whereas in a purely
inductive and capacitive circuit the current is 90 degrees out of phase, i.e., if the inductive load is
connected in the circuit the current lags voltage by 90 degrees and if the capacitive load is
connected the current |eads the voltage by 90 degrees.

Hence, from al the above discussion, it is concluded that the current in phase with the voltage
produces true or active power, whereas, the current 90 degrees out of phase with the voltage
contributes to reactive power in the circuit.
Therefore,

« Truepower = voltage x current in phase with the voltage

« Reactive power = voltage x current out of phase with the voltage

The phasor diagram for an inductive circuit is shown below:

lcosyp A

Ising

Taking voltage V as reference, the current | lags behind the voltage V by an angle ¢. The current
| isdivided into two components:

e | Cos ¢ in phase with the voltage V

e | Sin ¢ whichis 90 degrees out of phase with the voltage V
Therefore, the following expression shown below gives the active, reactive and apparent power
respectively.

e Activepower P=V x| cosp =V | cosp

e Reactivepower ProrQ=V xIsing =V I sing
o Apparent power P,or S=V x| =VI
Power Triangle:

Power Triangle is the representation of a right angle triangle showing the relation between
active power, reactive power and apparent power. When each component of the current that
is the active component (Icosp) or the reactive component (Ising) is multiplied by the voltage
V, apower triangle is obtained shown in the figure below




d) Power factor: The power factor in ac circuit is the ratio of the real power that is used to do
work and the apparent power that is supplied to the circuit. The power factor can get values in
the range from 0 to 1. When al thepoweris reactive power with no real power (usualy
inductive load) - the power factor isO.

Real power in watts

Power factor (Cos ¢) = :
Apparent power in Volt —Amp

Resistance — Capacitance (R-C) Series Cir cuit

A circuit that contains pure resistance R ohms connected in series with a pure capacitor of
capacitance C faradsis known as RC Series Circuit. A sinusoidal voltage is applied and current
| flows through the resistance (R) and the capacitance (C) of the circuit.The RC Seriescircuit is
shown in the figure below:

%

<
<

— ¢ \ ,') .
AV Vi SIiNMouOt
Where,

VR — voltage across the resistance R

V¢ — voltage across capacitor C

V — total voltage across the RC Series circuit

Phasor Diagram of RC SeriesCir cuit:

The phasor diagram of the RC series circuit is shown below:
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Seps to draw aPhasor Diagram
The following steps are used to draw the phasor diagram of RC Series circuit

Take the current I (r.m.svalue) as areference vector

Voltage drop in resistance VR = IR is taken in phase with the current vector

Voltage drop in capacitive reactance VC = I XC is drawn 90 degrees behind the current
vector, as current leads voltage by 90 degrees (in the pure capacitive circuit)

The vector sum of the two voltage dropsis equal to the applied voltage V (r.m.svalue).
Now, Vi = Ir and Vc = |Xc, Where XC = 12nfC
In right triangle OAB,

V= J(Vr)? + (Vc)? = UR)? + (IXc)?

V= |/R2-+ X2 or

z= [RZ + X2

Z isthe total opposition offered to the flow of aternating current by an RC series circuit and is
caled impedance of the circuit. It is measured in ohms (Q).

Phassange
From the phasor diagram shown above, it is clear that the current in the circuit leads the applied

voltage by an angle ¢ and this angle is called the phase angle.
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Power in RC SariesCir cuit

If the alternating voltage applied across the circuit is given by the equation
W = VeSOt sscaiacssmarisal L)
Then,

i = I, sin(wt + @) ... .o ei.. (2)

Therefore, the instantaneous power is given by p = vi
Putting the value of v and i from the equation (1) and (2) inp = vi

P = (VmSinwt)x I, sin(wt + )
Vil
p = % Zsin(wt + ) sinwt
V. I
P= — — [cos¢p — cos(2wt + )]
vZ2 V2
Vln l m Vni l m )
P = === =—— cOosqp — —— — cos{(2wt + )
vZ V2 o vZva "
The average power consumed in the circuit over acomplete cycleis given by:
Vv [ Vv I A
P = average of —= -= cos@ — average of —= = cos(2wt + ¢) or
V2 ¥2 vZ V2
V,, |
P=— —g cos@ — Zero or
v2 v2

P= Vimnslim=cos@ = VIcosg
Where cos¢ is called the power factor of the circuit.
Vg IR R 3)
COSP = oo == T T aenyes et L
=N e 2

Putting the value of V and cos¢ from the equation (3) the value of power will be
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P=(12)(DR/Z) = PR .. ()

From the equation (4) it is clear that the power is actually consumed by the resistance only and
the capacitor does not consume any power in the circuit.

Waveform and Power Curveof theRC SeriesCircuit
The waveform and power curve of the RC circuit is shown below:

Voltage

: Current
p.v and | - Power

N

—— ) —

2
The various points on the power curve are obtained from the product of the instantaneous value

of voltage and current.

The power is negative between the angle (180° — ¢) and 180° and between (360° -¢) and 360°
and in therest of the cycle, the power is positive. Since the area under the positive loopsis
greater than that under the negative loops, therefore the net power over a complete cycle
ispositive.

| mpedance Triangle

RESISTIVE VOLTAGE DROP, V, RESIBTANCE, R
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fa) Volrage Triangle {b) Impedance Triangle
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RL C Series Circuit

The RLC Series Circuit is defined as when a pure resistance of R ohms, a pure inductance of L Henry
and a pure capacitance of C farads are connected together in series combination with each other. As all

the three elements are connected in series so, the current flowing in each element of the circuit will be
same asthe total current | flowing in the circuit.
The RL C Circuit is shown below-

1

In the RLC Series Circuit, X, = 2nfL and X¢ = 1/2=fC

When the AC voltage is applied through the RLC Series Circuit the resulting current | flows through the
circuit, and thus the voltage across each element will be

e Vg =IRthat isthe voltage across the resistance R and is in phase with the current I.
e V| =X, that isthe voltage across the inductance L and it leads the current | by an angle of 90
degrees.

e V¢ =1Xc that isthe voltage across the capacitor C and it lags the current | by an angle of 90
degrees.
Phasor Diagram of RLC Series Circuit

The phasor diagram of the RLC Series Circuit when the circuit is acting as an inductive circuit that means
(V >V) isshown below and if (V< V() the circuit will behave as a capacitive circuit.




Stepsto draw the Phasor Diagram of the RLC Series Circuit
o Takecurrent | asthe reference as shown in the figure above
e Thevoltage across the inductor L that is V| is drawn leads the current | by a 90-degree
angle.
e Thevoltage across the capacitor c that is V¢ is drawn lagging the current | by a 90 degree
angle because in capacitive load the current leads the voltage by an angle of 90 degrees.
e Thetwo vector V| and V¢ are opposite to each other.

V= V2 + (Vp— Vo’ =R+ (X, X)? or

V=1JR?+ (Xp— Xc)? or

1 Y V
JRZ+ (X — X2 2

Where

2=JRE+ (X, - Xo)

It isthe total opposition offered to the flow of current by an RLC Circuit and is known as
Impedance of the circuit.

Phase Angle
From the phasor diagram, the value of phase angle will be
tang o= Ve %~ Xe or
Vi R
XL XC
R
Power in RLC Series Circuit

The product of voltage and current is defined as power.
P =VIcosg = I°R

1

( = tan~

Where cos¢ is the power factor of the circuit and is expressed as
Vi R
cos@ = -;'- = :Z
Thethree cases of RLC Series Circuit
e« When X > Xc, the phase angle ¢ is positive. The circuit behaves asaRL series circuit in
which the current lags behind the applied voltage and the power factor is lagging.
e  When X < Xc, the phase angle ¢ is negative, and the circuit acts as aseries RC circuit in
which the current leads the voltage by 90 degrees.
e  When X = Xc, the phase angle ¢ is zero, as aresult, the circuit behaves like a purely
resistive circuit. In thistype of circuit, the current and voltage are in phase with each
other. The value of power factor is unity.
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RL C Series Resonance
Resonance occurs in a series circuit when the supply frequency causes the voltages across L and
C to be equal and opposite in phase.

R L C
AN |

In a series RLC circuit there becomes a frequency point were the inductive reactance of the
inductor becomes equal in value to the capacitive reactance of the capacitor. In other
words, X, = X¢. The point at which this occurs is called the Resonant Frequency point, ( f;) of
the circuit, and as we are analyzing a series RLC circuit this resonance frequency produces

a Series Resonance.

Series Resonance circuits are one of the most important circuits used electrical and electronic
circuits. They can be found in various forms such as in AC mains filters, noise filters and also in
radio and television tuning circuits producing a very selective tuning circuit for the receiving of
the different frequency channels.

Various termsin RLC series circuit:

* Inductive reactance: X = 2nfl = ol

1 1

T ;mfC  @C

+ Capacitive reactance: X

* When X > X_ the circuit is Inductive
« When X_ > X the circuit is Capacitive

» Total circuit reactance = )(T = XL- XC or XC- )(L

+ Total circuit impedance = Z = 1} R® + Xi =R+ jX

Series Resonance Frequency

Electrical resonance occurs in an AC circuit when the two reactances (inductive reactance and
capacitive reactance) which are opposite and equal cancel each other out as X; = Xc and the
point on the graph at which this happens is where the two reactance curves cross each other.




Inductive
K= Ko

| | -

Capacitive

Xt Xes X

|
l
A !

XL

Inductive and Capacitive
Reactances are equal here

Reactance in Ohms

) O S

£

(7r) Frequency. f

Series Resonance

where: frisin Hertz, L isin Henriesand C isin Farads.

In a series resonant circuit, the resonant frequency, f, point can be calculated as follows.

1
XL_KC * Eﬂfl_—m

i 1 a 1
C2aL<2C  4x' O

1
1= s
4n” LC
1

1
" f o= Hz) of @ = (rad
2ngic Jic ™

Impedancein a Series Resonance Cir cuit

f

At resonance, the two reactance cancel each other out thereby making a series LC combination
act as a short circuit with the only opposition to current flow in a series resonance circuit being
the resistance, R.So, the total impedance of the series circuit becomes just the value of the
resistance and therefore: Z = R.Then at resonance the impedance of the series circuit is at its
minimum value and equal only to the resistance, R of the circuit. The circuit impedance at
resonance is called the “dynamic impedance” of the circuit and depending upon the
frequency, Xc¢ (typically at high frequencies) or X, (typically at low frequencies) will dominate
either side of resonance as shown below.




Capacitive Inductive
Zm. XKoo= XL L= Xc
A = -

Impedance

0 ] -
: ( Fr) Frequency. f
Dynamic R
impedance  Series Resonance

Series Circuit Current at Resonance

Since the current flowing through a series resonance circuit is the product of voltage divided by
impedance, at resonance the impedance, Z is at its minimum value, (=R). Therefore, the circuit
current at this frequency will be at its maximum value of V/R as shown below.

W
I I‘ﬁ
|

Circuit Current

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i

0 o
(fr) Frequency, f
Series Resonance

The frequency response curve of a series resonance circuit shows that the magnitude of the
current is a function of frequency and plotting this onto a graph shows us that the response starts
at near to zero, reaches maximum value at the resonance frequency when Iyax = Ig and then
drops again to nearly zero as f becomes infinite. The result of thisis that the magnitudes of the
voltages across the inductor, L and the capacitor, C can become many times larger than the




supply voltage, even at resonance but as they are equal and at opposition, they cancel each other
out.

As a series resonance circuit only functions on resonant frequency, this type of circuit is also
known as an Acceptor Circuit because at resonance, the impedance of the circuit is at its
minimum so easily accepts the current whose frequency is equal to its resonant frequency.

Bandwidth of a Series Resonance Cir cuit

If the series RLC circuit is driven by a variable frequency at a constant voltage, then the
magnitude of the current, | is proportional to the impedance, Z, therefore at resonance the power
absorbed by the circuit must be at its maximum value as P = 1°Z.

If we now reduce or increase the frequency until the average power absorbed by the resistor in
the series resonance circuit is haf that of its maximum value at resonance, we produce two
frequency points called the half-power points which are -3dB down from maximum, taking OdB
as the maximum current reference.

The -3dB points give us a current value that is 70.7% of its maximum resonant value which is
defined as: 0.5(12 R) = (0.707 x 1)> R. Then the point corresponding to the lower frequency at
half the power is called the “lower cut-off frequency”, labelled f with the point corresponding
to the upper frequency at half power being called the “upper cut-off frequency”, labelled fy. The
distance between these two points, i.e. ( fu — fL ) is called the Bandwidth, (BW) and is the range
of frequencies over which at least half of the maximum power and current is provided as shown.

I
0.707 Imax
0 / - \ Freguency, [
£ JT £
JL JE
Lower Upper
frequency frequency

The frequency response of the circuit’s current magnitude above, relates to the “sharpness” of
the resonance in a series resonance circuit. The sharpness of the peak is measured quantitatively




and is called the Quality factor, Q of the circuit. The quality factor relates the maximum or peak
energy stored in the circuit (the reactance) to the energy dissipated (the resistance) during each
cycle of oscillation meaning that it is a ratio of resonant frequency to bandwidth and the higher
the circuit Q, the smaller the bandwidth, Q = f, /BW.

I
A

R small

A= X

R medium

Current Amplitude

R high

[

Jr Frequency, f -

Quality factor of series resonance circuit is given by

RL C Paralld Circuit and resonance

Par allel Resonance means when the circuit current isin phase with the applied voltage of an AC
circuit containing an Inductor and a Capacitor connected together in parallel. Let us understand
the Parallel Resonance with the help of acircuit diagram shown below.

¢ C
f 1. il

-2
Consider an Inductor of L Henry having some resistance of R ohms connected in parallel with a
capacitor of capacitance C farads. A supply voltage of V voltsis connected across these

elements. The circuit current Ir will only be in phase with the supply voltage when the following
condition given below in the equation is satisfied.

Ic = I Sing,,
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Phasor Diagram

The phasor diagram of the given circuit is shown below
|,,

]

Ir =1, Coswy, \
(®) ——l
/(p, 3

Ic =1 Siny,

At the Resonance condition, the circuit draws the minimum current as under this (resonance)
condition the reactive component of current is suppressed.

Frequency at Resonance Condition in Paralld resonance Cir cuit

The value of inductive reactance X = 2afL and capacitive reactance X¢c = 1/2xfC can be
changed by changing the supply frequency. As the frequency increases the value of X, and
consequently the value of Z, increases. As aresult, there is a decrease in the magnitude of
current |, and this I, current lags behind the voltage V.

On the other hand, the value of capacitive reactance decreases and consequently the value of
|c increases.

At some frequency, f, called resonance frequency.

[c = I Singy

Siiigpy, = 2k and le = o
mgp = Z| an &= x(“.

Vv \' Xy . o

:\7; — 7‘[_ X }.T or '\L‘\C = /.[ or

wlL

= 22 = (R*+ X{) or

(,A)(_:
L ” =
C R* + (2nf.L)* or
L [L R2
2nf,L= |[=— R® or
\JC
—
1 L. 1 |1 R
1|_ — ‘—“‘R‘_—|—Q——T
2nl \J(' 2m JLC I
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If Risvery small as compared to L, then resonant frequency will be
1

fr= —
&TT\‘L(J

Effect of Paralld Resonance
At parallel resonance line current I = 1. cos¢ or

¥ VR 1 R

2. L h % "
1 R CR =
;]: = |/—C = T (;lﬂ ]’L = (‘:)

Therefore, the circuit impedance will be given as

L
CR
The following conclusions are made from the above overall discussion about the Parallel
Resonance.
e Thecircuit impedance is purely resistive because there is no frequency term present init.
If the value of Inductance, Capacitance and Resistance isin Henry, Farads and Ohm than
the value of circuit impedance Z, will be in Ohms.
e Thevaue of Zr will be very high because theratio L/C isvery large at parallel resonance.
e Thevalue of circuit current, Ir = V/Zr is very small because the value of Zr isvery high.
e The current flowing through the capacitor and the coil is much greater than the line
current because the impedance of each branch is quite lower than that of circuit
impedance Zr.

Z, =
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Three-phase balanced cir cuits, voltage and current reationsin star and delta connections.

Poly-phase system: An ac system having a group of (two or more than two) equal voltages of
same frequency arranged to have equal phase difference between them is called a poly-phase
system.

360 electrical degree

Phase difference =
Number of phases

Advantage of three —phase system over single phase system.

1. Power delivered is constant. In single phase circuit the power delivered is pulsating and
objectionable for many applications.

2. For a given frame size a poly-phase machine gives a higher output than a single phase
machine.

3. Poly-phase induction motors are self starting and are more efficient. Single phase motor
has no starting torque and requires an auxiliary means for starting.

4. Comparing with single phase motor, three phase induction motor has higher power factor
and efficiency.

5. Three phase motors are very robust, relatively cheap, and generally smaller, have self-
starting properties, provide a steadier output and require little maintenance compared
with single phase motors.

Generation of 3 Phase E.M.Fsin a 3 Phase Cir culit

In a 3 phase system, there are three equal voltages or EMFs of the same frequency having a
phase difference of 120 degrees. These voltages can be produced by athree-phase AC generator
having three identical windings displaced apart from each other by 120 degrees electrical.

When these windings are kept stationary, and the magnetic field is rotated as shown in the figure
A below or when the windings are kept stationary, and the magnetic field is rotated as shown
below in figure B, an emf isinduced in each winding. The magnitude and frequency of these
EMFs are same but are displaced apart from one another by an angle of 120 degrees.

Stator

Figure B

Figure A




Consider three identical coils a;a, bib, and c;¢, as shown in the above figure. In thisfigure a;, by
and ¢, are the starting terminals, whereas a, b, and ¢, are the finish terminals of the three coils.
The phase difference of 120 degrees has to be maintained between the starts terminals a;, b; and
C1.

Now, let the three coils mounted on the same axis, and they are rotated by either keeping coil
stationary and moving the magnetic field or vice versa in an anticlockwise direction at (®)
radians per seconds. Three EMFs are induced in the three coils respectively.

0

(5]

Figure C
Considering the figure C, the analysis about their magnitudes and directions are given as follows.
The emf induced in the coil a;a iszero and isincreasing in the positive direction as shown by
the waveform in the above figure C represented as €,14.
The coil bib, is 120 degrees electrically behind the coil a;a. The emf induced in this coil is
negative and is becoming maximum negative as shown by the wave eyip.
Similarly, the coil ¢;¢; is 120 degrees electrically behind the coil b;b,, or we can aso say that the
coil ¢;1¢; is 240 degrees behind the coil a;a. The emf induced in the coil is positiveand is
decreasing as shown in the figure C represented by the waveform eqco.

Phasor Diagram

The EMFsinduced in the three coilsin a 3 phase circuits are of the same magnitude and
frequency and are displaced by an angle of 120 degrees from each other as shown below in the
phasor diagram.
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These EMFs of a3 phase circuits can be expressed in the form of the various equations given

below.

€a1a2 = EpSinwt
eppz = Egpsin(wt—2w/3) = E,sin(wt —120°)

eciez = Ep sin(wt — 4n/3) = E, sin{wt — 240%)

Star or Y connections

The star connection is shown in the diagram below.

L
R — =
|,,’ ] 4
E.n

Al
H|l

-

R

l k3
Y Y

-

Considering the above figure, the finish terminals of the three windings are connected to form a
star or neutral point. The three conductors named as R, Y and B run from the remaining three

free terminals as shown in the above figure.

The current flowing through each phase is called Phase current I, and the current flowing
through each line conductor is called Line Current I.. Similarly, the voltage across each phase is
called Phase Voltage Eyn, and the voltage across two line conductors is known asthe Line

Voltage E, .

Relation between Phase Voltage and Line VVoltage in Star Connection The Star connection is

shown in the figure below.

T IR S S
Eve

\ 4

=

Y

(S

Asthe system is balanced, a balanced system meansthat in al the three phases, i.e., R, Y and B,
the equal amount of current flows through them. Therefore, the three voltages Eng, Eny and
Eng are equal in magnitude but displaced from one another by 120 degrees electrical.



https://circuitglobe.com/wp-content/uploads/2015/11/generation-of-3-phase-power-eq111-jpg-compressor.jpg
https://circuitglobe.com/wp-content/uploads/2015/11/star-connection-fig1-compressor.jpg
https://circuitglobe.com/wp-content/uploads/2015/11/star-connection-fig2-compressor.jpg

The Phasor Diagram of Star Connection is shown below.

E

The arrowheads on the emfs and current indicate direction and not their actual direction at any
instant.

Now,

Enr=Eny=Eng=Epnh (in magnitude)

There are two phase voltages between any two lines.

Tracing the loop NRYN

ENR + ERY 2 ENY = 0 or

Ery = Eny — Engr (vector difference)

To find the vector sum of Eny and —Eng, We have to reverse the vector Eng and add it with Exy as
shown in the phasor diagram above.
Therefore,

Ery = \/EI%,YJr EZg + 2EnyEng cos60’  or

E. = \]Egh + EXy + 2E4E;, x 0.5 or

E; = 3E§h =43 Epp (in magnitude)
Hence, in Star Connections Line voltage is root 3 times of phase voltage.

Line voltage = V3 x Phase voltage
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Relation between Phase Current and Line Current in Star Connection
The same current flows through phase winding as well asin the line conductor asit are
connected in series with the phase winding.

Ig = Ing

Iy = Iyy and

Ip = Ing
Where the phase current will be
Ing = Iny = Ing = Ipn
Theline current will be
R=lk=Ig=1

Hence, in a 3 Phase system of Star Connections, the Line Current is equal to Phase Current.

Delta or M esh connection

In Delta (A) or Mesh connection, the finished terminal of one winding is connected to start
terminal of the other phase and so on which gives a closed circuit. The three line conductors are
run from the three junctions of the mesh called Line Conductors. The connection in Deltaformis
shown in the figure below.

‘/1\*\— "
VAN

The current flowing through each phaseis called Phase Current (1 ph), and the current flowing
through each line conductor is called Line Current (1.).

The voltage across each phase is called Phase Voltage (Epnh), and the voltage across two line
conductorsis called Line Voltage (EL).
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Rdation between Phase Vdtageand LineVatagein Ddta Connection

To understand the relationship between the phase voltage and line voltage in the Delta consider
the figure A shown below.

It is clear from the figure that the voltage across terminals 1 and 2 is the same as across the
terminalsR and Y. Therefore,

E1o=Ery

Similarly,

E2s= Eyg and Es; = Egr

Where, the phase voltages are

E1o= Ex= Ez1= Ep

Theline voltages are

Ery =Evs=Esr=EL

Hence, in Delta Connection Line Voltage is equal to Phase Voltage.
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Rdation betwean Phase Current and Line Current in Ddta Connection

Asin the balanced system the three phase current 115, l»3 and I3; are equa in magnitude but are
displaced from one another by 120 degrees electrical . The phasor diagram is shown below.

Hence, 115= 123= 131 = Ipn
If welook at figure, it is seen that the current is divided at every junction 1, 2 and 3.
Applying Kirchhoff’s Law at junction 1

The Incoming currents are equal to outgoing currents.

l—ﬁ‘l = l_R + ll'

)

B

And their vector difference will be given as

The vector 11, isreversed and is added in the vector 13; to get the vector sum of I3; and -1, as
shown above in the phasor diagram. Therefore,

lg = |2, + I% + 2l4,l;, cosb0® or
s 1l

I, = \J'lf;h + 12 4 2Upplpn X 0.5

Asweknow, Ir =1, therefore,

IL = \J' «";‘h — -\"l:[;Jh

Line current = +/3 * Phase Current

Hence, in Delta connection line current is root three times of phase current.
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Short questions with answers
Module 2

QL. Differentiate between rms value and average value.

Ans. "RMS" stands for "Root-Mean-Squared”, also called the effective or heating value of
alternating current, which would provide the same amount of heat generation in aresistor as the
AC voltage would if applied to that same resistor.

The average value of a periodic waveform whether it is a sine wave, square wave or triangular
waveform is defined as: “the quotient of the area under the waveform with respect to time”. In
other words, the averaging of all the instantaneous values along time axis with time being one
full period, (T).

Q2. What do you mean by resonance? Explain.

Ans. Resonance in an AC circuit refersto that state of the circuit in which the inductive
reactance of the circuit is equal to its capacitive reactance

At resonance, the series impedance of the two elementsis at a minimum and the parall€el
impedance is a maximum.

Q3. Discuss the significance of phasor diagram in electrical engineering.

Ans. Phasor Diagram is a graphical way of representing the magnitude and directional
relationship between two or more alternating quantities. Sinusoidal waveforms of the same
frequency can have a Phase Difference between themsel ves which represents the angular
difference of the two sinusoidal waveforms. Every phasor in the diagram will have the same
angular velocity because they represent sine waves of identical frequency. The length of the each
phasor arm is directly related to the amplitude of the wave it represents, and the angle between
the phasors is the same as the angle of phase difference between the sine waves.

Q4. Write the mathematical expression for 50Hz sinusoidal voltage supplied for domestic
purposes at 230V.
Ans. V=V, Sinwt

Vims =230 V

Vin=V2 * Vims= V2 *230 = 325.22V

w= 2xrf = 2250 = 1007w

V=V, Sinwt = 325.22 Sin(100 ntt)

Q5. Draw the power triangle and define various types of power.

Ans. Power Triangle is the representation of aright angle triangle showing the relation between
active power, reactive power and apparent power. When each component of the current that is
the active component (Icosp) or the reactive component (Ising) is multiplied by the voltage V, a
power triangle is obtained shown in the figure below




------

True power: The power which is actually consumed or utilized in an ac circuit.
Reactive power: The power which flow back and forth or reacts upon itself.
Apparent power: The product of the rms voltage and the rms current is called apparent power

Q6. How will you differentiate between AC and DC circuit.

| Basis

Alternating current

Direct current

Definition

Thedirection of the current reverse
periodicaly.

The direction of the current
remain same.

Causes of flow of

Rotating a cail in auniform magnetic field
or rotating a uniform magnetic field within

Constant magnetic field across

electrons astationary coll the wire
[Frequency 150 or 60 Hertz [Independent of frequency
Direction of flow ofg; i ectional Unidirectional
electrons.
IPower Factor ILies between 0 and 1 IAlways 1
|Polarity It has polarity (+, -) |Do not have polarity
Obtained From Alternators ggnerators, bettery, solar cell,
Tvpe of load Their load is resistive, inductive or Their load isusually resistive in
yp capacitive. nature.
Graphical It.'s represented by irregular waves like It isrepresented by the straight
. triangular wave, square wave, square tooth||..
Representation wave. Sinewave line.
. Can be transmitted over long distance with It can _be transmi tted over Very
Transmission some losses long distance with negligible
' losses.
Convertible Easily convert into direct current Eﬁgfomm Into alternating
Harazdous |Dangerous |Very dangerous
Application Factories, Industries and for the domestic ||Electroplating, Electrolysis,
PP purposes. Electronic Equipment etc.




Q7. Define Form Factor and Peak Factor.

Ans. The ratio of the root mean square value to the average value of an alternating quantity
(current or voltage) is called Form Factor.

Peak Factor is defined as the ratio of maximum value to the R.M.S value of an alternating
guantity. The alternating quantities can be voltage or current.

Q8. Describe the advantage of three —phase system over single phase system.

AnNs.

1.

0.

Power delivered is constant. In single phase circuit the power delivered is pulsating and
objectionable for many applications.

For a given frame size a polyphase machine gives a higher output than a single phase
machine.

Polyphase induction motors are self starting and are more efficient. Single phase motor
has no starting torque and requires an auxiliary means for starting.

Comparing with single phase motor, three phase induction motor has higher power factor
and efficiency.

Three phase motors are very robust, relatively cheap, and generally smaller, have self-
starting properties, provide a steadier output and require little maintenance compared
with single phase motors.

For transmitting the same amount of power at the same voltage, a three phase
transmission line requires less conductor material than a single phase line. The three
phase transmission system is so cheaper.

For a given amount of power transmitted through a system, the three phase system
requires conductors with a smaller cross-sectiona area.

This means a saving of copper and thus the original installation costs are less. Polyphase
motors have uniform torque whereas most of the single phase motors have pulsating
torque.

Parallel operation of three-phase generatorsis simpler than that of single phase generator.

10. Polyphase system can set up rotating magnetic field in stationary windings.




