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Basic Structure of Power System

Electrical energy generated at generating stations by synchronous
generator. The generating: voitages are generally 11 kV and 33 kV. This voltage
is then stepped up by step up transformer upto 132 kV, 220 kY, 400 kV for
transmission over long distances. Again this high voltages are brought
down to subtransmissicn level i.e. 66 kV to supply large consumer and
further stepped down for primary distributioni.e. 33 kV, 11 kV. For secondary
distribution level voltage is brought down to 400 V for 3 ¢ and 230 Vfor 1 ¢
for residential and commercial used.

Trans- ) i "
mission .| Subtrans- Prirmary Secondary
88 &, g Mo -8 %Diatributicn% §{ Distrioution | —
132 kv, 2 level 33, 11 kv 400V, 230V
Step | 220KV, Step 66 kv Step Step e
u 400 kv dovmn | . down down

* Generating stations are interconnected by the lines.

* Transmission lines, when interconnected with each other, becomes
transmission networks.

*  The combined transmission and distribution network is known as the
“power grid”

Effect of System Voltage on Transmission of Power

* Power loss in the line is inversely proportlonai to the system voltage and
power factor both,

* Percentage voltage drop in resistance decreases with the increase in
the system voltage.

*  Weight of the conductor material for the line will decreases with the
increase in supply voltage and power factor.

* Efficiency of transmission, increases with the increase of supply voHage

and power factor.
* Higher supply voltages also enhances the system stability.

MADEEASY m - Power Systems: 9

* The problems encountered with high voltages are the insulation of the
equipment, corona, radio and television interference.

» The voltage level of a system is thersiore governad by the amount of
power to be transmitted and the iength of the line.

Voltage Level
230V (1¢)
(a) Low vaoltage {
400 V {3¢)
11 ky
(b) High voltage {
33 kv

(c) Extra high voltage: 66 kv, 132 kV, 220 kV.
(d) Modern EHV: 400 kv
(e} Ultra high voltage: 765 kV and above.

Conductor Used for Transmission Line

* Copper conductor

¢ ACSR (Aluminium conductor steel reinforced).

* ACAR (Aluminium conductor alloy reinforced).

*  AAAR (ANl Aluminium alloy reinforced).

* Expanded ACSR conductor: Normally used for EHV fines,

Types of Conductor

* Solid conductor: It has high skin effect.

* Hollow conductor: Preferred under heavy current i.e. more than
1000 Amp.

* Stranded conductor.
* Composie standard conductor: used for voltage < 220 kv,
* Bundle cenductor: Used for voltage = 275 kv,

Advantage of Bundle Conductor

* Self distarce (GMR) increased without change in mutuali distance.
* Voltage gradient reduced so corona loss reduce.
* Itreduces the interference with near by communication line.

-—
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s Inductance (L} of transmission line reduces and capacitance (C) String Efficiency
i increases. N e
T Voltage across the whole siring.. -

IString':'.éff.itﬁ‘.i'enc_:??;‘.: S S : e
- .. nx({Voltage across the unit adjacent to line conductor):

» Surgeimpedanceie. Z = \fg decreases.

where, n = Number of insulator discs in the string
s Power systemn stability increases.
Sf—— Y Y N
insulators As the number of discincreases string efficiency decreases.

Over head line insulators provide the reqguired insulation to the line
conductors from each other and from the supporting structures electrically.
Most commonly used materials are porcelain and toughened glass,

> porcelain and loughened gass.

Methods of Equilising Potential Across Each Disc
» Increase the length of cross arm.

» Capacitance grading or grading of units.

* Use of grading rings or static shielding.

L Cross arm Types of Insulator
J_ (a) Pin type insulator: Pin type insulator operate satisfactory upto 25 kV.
' . . . ._‘ h’d—.—_‘_‘_‘_‘_-_-———_-_‘_-_""
| o =mC (b) Multipine type insulator: Operates upto 33 kv
. 11 . .
_; / 17 i {c) Suspension type insulator: A suspension insulator is designed to
; = —=mC operate at 11 kv.
Power ) = = ) :
i structure 1 . (d) Strain type insulator: Strain type insulator mechanically strong. # is
! ; . . ) .~
_1 .C. used when direction of transmission iine changes across river crossing
11 and at the dead end of the transmission line.
—=mC
_. (e) Shack!e type: Shackle type insulator are used in low tension cable.
Line conductor These insulator can be operated either horizontally or vertically.
_ ) L] 1]
where, C : Capacitance between metal part of the insulator and

tower structure

mC : Capacitance of each insulater disc.

.y

The stress experienced by the disc near the power conductor is more than
the stress experience by the disc near the cross-arm.




~ Line Parameters

Transmission line is a carrier on which bulk amount of power from a
remote generating staion to the operative areas is being carried out.

D

“ranzformer

| R L
M B[O

| —

Alternator

Transmission line is
() series combination of resistance (R} and inductance {L.) and

(i) Parallel combination of shunt conductance (G) and capacitance (C}.

The line parameter of transmission line is calculated in per unity or perkm

and are constant for entire line length.

s  Theshuntconcluctance is caused by leakage current. .

In transmissior line if G = 0 means leakage current is assume to be zero.
Power loss in the conductor in only due to series resistance.

Power transmission capacity of the line is mainly governed by the series

inductance.

O Resistance o a conductor

R -Power loss in conductar
eff = TR T

ohms.
.

where, R, = Effective resistance of the conductor

O D.C. Resistance of a Conductor

| chms.
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where,  p = Resistivity of conductor, -m
! = Length of conductor, metre

A = Cross-sectional area, m?

?l;he effective‘resistance is equal to the dc resistance of the conductor only
ifthe currentis uniformly distributed through outthe cross-sectional area
of the conductor (i.e. for DC only).

Skin Effect

it OC J; passed in a conductor, the current density is uniform over the
cross-section of the conductor but when an alternating current flows through
a conducior, the distribution tends to become non uniform. There is a
tendency of the current to crowd near the surface of the conductor. This
phencmenon is called “skin effect”. |

Remember: ... .. .

Skin effect increases with increase in frequency, conductor diameter and
permeability.

Proximity Effect

_ When two or more conductors are iri proximity, their electromagnetic
f:eFd |r.1teract with each other, with the result that the current in each of them
is redistributed such that the greater current density is concentrated in that
part of 'he strand most remote from the interfering conductor. In each case
areduced current rating results from the apparent increase of resistance. ,

e mERE e

Magnetic Flux Density
Biot-savart’s law

& Magnetic flux at any i | :
point produced by a .
element ¥ a current carrying
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where, dB = Infinitesimal flux density at point P
' | = Currentin element
di = Length of element
& = Angle between current direction and radius vector to P
r = Radius vector

p = Permeability of medium

O Magnetic flux density B at any point to an infinite conductor.

o K I R
2nR
where, R = Radial distance of the point from the conductor.

The direction of the flux density is normal to the plane containing the
conductor and radius vector R,

Amperes’'s law

where, H
I

Magnetic field intensity

i

R.M.S. value of current enclosed by an amperian loop.

Relation Between Magnetic Flux Density and Magnetic Field Intensity
FE="uH] [u=vsp |

where, o = 41 x 107 H/m
= Permeability of free space and
y, = Relative permeability of the medium
y, = 1 (for non magnetic material}
Inductance

Inductance of an inductor is the ratio of its total magnetic flux linkages
to the current | through the inductor.

Henry

MADE EASY H Power Systems

R

where, ‘¥

It

m = Magnetic flux linkages through a
single turn

N = Total number of turns.
A = Total magnetic flux linkages

Above formutae is valid for a medium in which the permeability is
constant.

Remember:

The permeability of ferrous medium is not constant. For such cases the

inductance is defined as the ratio of infinitesimal change in flux linkage to the
infinitesimal change in current producing it

; Henry

Wiir = £ | Wh-T/m

where, ¥, = Total internai flux linkages

I = R.M.S. value of the current,
[,

Q Inductance of the conductor, contributed by flux within the
conductor:

5.5 1077 Wb-T/m

| H/m as
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O Flux linkages outside the conductor

q_EL _i Wb-T/m
lIJ12 27': [01]

forg, =1

Wh-T/m

‘Pm-m 2 x 10“71;'1[92

J

where ‘., = Total flux linkages
between points 1 and 2 Teeell

U Inductance of the conductor, contributed by flux between points
1 and 2:

D,

Lip =2 1_0"%(%] H/mm

O Inductance of a single phase two wire line:

L=4x107" ln[g) H/m

where, D = Distance between two solid conductors of same radiir
= Radius of fictitious conductor
= 0.7788r

U Flux linkages of one conductor in an array:

Figure shows an array of nlong round conductors suspended parallel

to each other in space and carrying currents [ P L.

Suchthat 1, + 1, + 1, + ... + 1, =0
- !-‘—-—h_ﬂ___Dip
L J
im i Y=
- Dlj = D;I
e L
- .
n -
- . | -
) -*-’2><10“" iy — +I2 ] I Wh-T/m
o [ Dy, % By 3

MADE EASY M Power Systems _ g

where, ¥, = Total flux linkages of conductor i
D, = Centre to centre distance between conductor | and J
D; = Distance of conductor i from itself and equals 0.7788 r

Inductance of Composite Conductor Lines

Conductor M consists of m similar parallel sub-conductors and
conductor N consists of n similar parallel sub-conductors.

b o o
a - R
. S % '
d -
. u . n
Conductor Conductor
%] N

(Single phase line having composite conductors)

If line currentis 1, then each strand of conductor M carries a current
I/m and each strand of conductor N carries a current of —Iin (the
conductor N being the return conductor).

. ,.E;ZX?G xln[( ?a, Dan) Dba Dbb Dbn) AR Him

{(Daa Dab Dam) (Dba Dbb Dbm) {@ma

where, L, = inductance of conductor M
! ( GM#)
. GMR

Remember:

* GMD =mn"root of the product of mn distances (known as the geometric
mean distance between conductor M and conductor N and denoted by
D)

*  GMR=(m?%™Mroot of the product of m? distances these being the distances

from each sub-conductor of conductor Mto every other sub-conductor of
conductor M {including D,.D,

oD -

* GMR=Geometric mean radius (denoted by D).
* D, =0.7788 times the radius of sub-conductor’a’
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inductance of 3-¢ Line With Equivalent Spacing.
R

B Y
Assuming balanced currentsie. (1, + i, + 1. = 0) .
B
a Y
Y
B R
~ 13 -

5 5 b—— 3 ————f—— 3
Advantages of Transposition
® D v e (i) Netresuitant flux ¢ which link with communication line become zero.
— TIE (i) GMD/phase equal.
Ly =2x1077 fﬂ'(—,) H/m _ {(iii) L/phase equal.
B X Y
{iv} l/phase equal.
where, L, = Inhductance of phase a (v) Flux per phase equal.

D = Distance between any two phases _

r' = 0.7788r = Radius of fictitious conductor NoO ! e
: = 0.7788times the radius of conductor Transposition of transmission line is an old technique. The radio interference
; 5 L,=L,=L, (Because of symmetry) is eliminated by completely insulating any one of the phases.
§ | rance Bf 3.0 linerth TR R
Ind ) ¢ ) y spacing Inductance of Phase-1
: In this case the lines are transposed.

3 2,.x;1."0"?'{gn(-;-;f_q) H/m
N where, L, = inductance of phase 1
3t
Deq = Y012D23D3;
1 oo 2 = Equivalent spacing
= Geometric mean of the distance of the line.
Transposition of transmission line Inductance of Bundled Conductor Lines
When ever 3¢ unsymmetrical line running paraliel and neighbour to the (a) For a two conductor (duplex) arrangement

communication line it cause interference in the communication line. In g

order to eliminate the cormmunication interference transposition of line is b >
Dg = Y(D,.d) = /O, -
recommended. s (Ds.c) <-d
Change the position of power conductor at regular interval with (b) For a three conductor (tripex) arrangement

equidistance for a given line length, so that the position of power 0P 5 3
. : . YO, -d-d
conductor is replaced by its successive phase conducior. s ©s )
SIJDS ‘d2
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(b} For a four-conductor (quadruplex) arrangement
d

D° = 1§D, -d-d.-d/2)*

1.09x 4D, o
a

where, Dg’ = Geometric mean radius of bundled conductor

D, = Geometric mean radius of each sub-conductor of bundle
d = Spacing between the sub-conductors of a bundle

Remember;

*  GMDofabundlad conductor line can be found by taking the root of the
product of distances from each conductor of a bundle to every other
conductor of other bundles.

* Inductance of bundled conductor line is less than the inductance of the
line with one conductor per phase.

:\\ ~In o RN LU '.\\\“‘\m : g
| \\“ oo [ T
e LR SRR TUNE S T
A LN AN » M D
[ AT 1 L 1 | j_
Chd-----a bb---_-_> LU B W » b’
Sectian- Section-It Section-1i

Inductance per phase per metre length

L =2 %10 H/phase/m.

i

DY (my o]
Mutual Inductance

Mutua! inductance is defined as the flux linkages of one circuit due to
the current in the secor d circuit per-ampere of currant in the second circuit., .
If the current |, produces A, flux linkages with circuit 1. The mutual
inductance is

= 1 Henry

MADE EASY W Power Systems 2T

Electrical Field and Potential Difference

» Thelines of electr ¢ flux originate on the positive charges on one conductor
and terminate or the negative charges on the other conductor.

» Ifalong straight cylindrical conductor has a uniform charge throughout
ite length and is isolated from other charges.

B Electric field intensity E at any point

E=—9  fym
2r ex

where, g = Charge on conductor per unit length
e = Permittivity of the medium
x = Distance from conductor to the point under consideration.

U The potential difference between two points
. : q . . 'Dy __"“u\\ N
Vi, =———Inj —= | Volts.
Y T 2ne n(Dx]-’ - '
where, D_,D

by = Distance of point x and y from charge g -
g = Charge per unit length e

1l

8 The potentia: difference between two conductor of an array of
parallel conductors

=3
e
Oam 7| \"\Dab
- | Has -~
L} b
MW R e b
B~ : Dbm "
D‘\"\. : //
om ™, i /’/Dbc
\‘/
<
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Capacitance

Capacitance of Two Wire Line

+q -q
uF/km ae e b

N i . D L |

logf —1{ ' D '
0(2)
where, C_ = Capacitance between the conductors per unit length

q = Charge per unit length
r = Radius of conductoraand b

~ . 0.012086

if the conductor have different radii

. - 0.01206:
.=Cab B S o D
__ Iog[ o

Vialb:) |

where, r, r, =Radius of conductor ‘a’ and conductor ‘b’ respectively.

C,, = Lineto line capacitance

Line to neutral capacitance

ae—]f———eb = as—|(—o—)}—eb

C ab C i c N
[Car="Con = 265 ]

Charging Current

*» The current caused by the alternate charging and discharging of the line
due to alternating voitage is called charging current of the line.

Charging current flows in a line even when the line is open circuited and
affects the voltage drop, efficiency and power factor of the line.

Charging Current for 1-¢ line

Flio= 10Cap Vop = 128 CoVay |

where, V,, = Potential difference between conductor aand b
f = Freguency of alternating voitage

MADE EASY W Power Systems _ gy

Capacitance of 3-¢ line with equilateral spacing

c. - 002412

where, C_ = Lineto neulral capacitance
D = Spacing between conductors
r = Radius of each conductor

pF/km

Charging current per phase

| o' = f"’CnVQn ‘

Capacitance of 3-¢ line with asymmetrical spacing

2
""\\
D,]g”’ ’ \\‘923
1.(._':-__‘_________L_____________:‘:.3
D31
G = 202002 uFrkm
- IO.' ':E.q
where, D = Y012 D25 Dy
Capacitance of bundled conductor lines
= Da, :
fo—— D, bt Dy ——=
a d a b d b ¢ 9 ¢
Gy = TR ik
L Jog('??f_
’ ‘\/F.d-

The term frd is known as GMR or self GMD for a two bundle; denoted
by D
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| (a) For a two cenductor bundle (b) For3-¢ line
. |
- Db, = Jrd 1
: Dia JPtad ,[’) !
(b) For a three conductor bundle 1 I
0, !
D%, = Ylrxcdxd)® = Yref it o it i
TN R T 3,/, S
(c) For a four conductor bundie nd _Hj_2__\di 5 |
o, : .'
D2, = 18/ xdxdx/2d)* =1.09%rP RN
-._:..IS’
Effect of Ground on Line Capacitance {(Method of images) CO”dUC‘C:;fan a Sthase line with
_ e charges
The presence of ground alters the electric field of a line and hence affect
the line capacitance. Fea 0024127 T °
(@) For1-¢ line : S ;_..";og (PﬂJ_ |:Cg "':;3 H12H23!—£
} D 16 . o L ¥HHH
.‘ a il - |
gy = — .
RN b whe-e, Hy. Ho Hy, and H,,, H,, Hy, are shown in figure.
ST C, is in pF/km.
- e (5 d
S Remember: ... ... .
H . K INNPORIN
. . b Presence of ground increases the line Capacitance by small amount.,
W e T amotnt.
an .: - g; = +d ’
EEEw

- | uF/km

where, H = Height of conducter from ground
- 0.02412

Can = 2Cab T T Ao,
.Io_g[%)_-

puF/km
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performanceof R W T

Transmission Line

The performance of transmission line is determine by efficiency and
volitage regulation.

e Forrotating machine speed regulation determine and for static machine

“Typeof | Classification Classification: Basedon {. ‘Effect - i i
e on | Thate o based on lehgih | oporaing |- of voltage regulation determine,
line _ Cofer if ||pg l? p%\geé line voltage capacitance + For satisfactery performance lower the regulation and higher the
Shortine | fr < 4000 Hiz km 7 < 80 km 0Z0W | Neglecled | . e e
Mediurm hine 4000 < § < 12000 Hz km | 80 km </ <240km | 20-100kV | Gapacioris |
lumped and Voltage Regulation
constant
Long line fr = 12000 Hz km [ > 240 km > 100 kv | Capacitance It is the change in receiving end voltage from no load to full load while
_is uniformall : ;
distributed y keeping the sending end voltage constant and made supply frequency
. constant.
where, f = Operating frequency
! = Length of transmission line Voltage r:égu;;étgoﬁ ='M-
= . ) 3 \ r

Short transmission lines . ¥
where, V] = Receiving end voltage under no load condition

V, = Receiving end voltage under full load condition

T e | Regulation of Short Transmission Line

BT
where, V. — Sending end voltage where, + — For lagg.ing power factor
V. = Receiving end voltage — — Forleading power factor
|, = Sending end current O
I, = Receiving end current * Regulation is always positive for lagging power factor.
|- I, = lrl [ V. =V &1 Z’.’-;'f:! * Regulation may be positive, negative or zero for leading power factor.
In Matrix form: * Inshort line sending end power factor always less than receiving end
4 A BV power factor.
A , N . .
|:!$ ] - [C D] [ ' ] *  Short !lne is always symmetrical and reciprocal.
[VS:I [1 211V, _. *  Regulation maximum when .
) =lo 1|[L ]
Maximum voltage regulation occur
o A1 B-70_0Dx g g urs when

VT RGes§ B ]
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where, ¢ = Phase angle of load Long Transmission Line
8 = Impedance angle of line = tan™ % ABCD parameter in matrix form
Zero regulation occurs when : [Vq:f coshyl  Z sinhy
“t=1]1 . f
! —sinhy/ coshy! [i ]
o, + 6= ud N ZC ¥ '
2 ,
*» Atleading pf the regulation will generally negative but it alsc becomes
zero provided that
. also,
¢, = tan (R} X) | i.e. 0.707 power factor lead.
' and for loss less line
Medium Length Transmission Line
ABCD parameter in matrix form where, ! = Length of transmission line
(a) For nominal T-circuit Y = Propagation constant
o = Attenuation constant in Neper/sec.
YZ 2(1 YZ
[Vs] 14 - + o |:Vr:| B = Phase constantin rad/km
e | ~ |
-8 % 14 YZ f
(b) For nominal n-circuit
1+ LC4 z v
Vol _ 2 [ r] Wavelength ()
n 2 + 5 e distance corresponding to which there is a phase changes of 2r or

360°.

For afix recziving end veltage the sending end voltage whichis calculated
in nominal-r rmodel will be slightly high when compare to nominal-T so
regulation nnominal-mis slightly high when compare to nominal-T,

Farranti Effect ' where, f = Frequency

When receiving end of the transmission line is operating under no load A = Wavelength
condition or lightly load condition, sending end voitage Vs is 1ess than
receiving end voltage V.
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@ivalent 1t Circuit and ABCD Parameters

s zZ |
R R N
Yy
VS E _2— Vf
X 5
Y'Z
REE i
l Y’{1+YZ) 1+YZ I,
4 2
, L - sinhA?y |
where, 2" = Lo(sinhyl) = Z- (—*j;l—y“l
o tanh(yl/ 2
Y_':—.,_2_tanh(wj—- abiliv V) (Y J )
Lo 2 (-7” 2)
ivalent T Circuit and ABCD Parameter
2z z
. 2 2
V, N v,
Y.”Zf) Z”Y”
1 Z711
-
s 1 Y”z” l
Y” 1 . T
T2
where, COSh'ﬂ_1 =.§.
s )
o s;nyf
Y= «-m»-smh =Y
z‘: T} T’ »
O

The equivalence is valid for only one frequency and only for the terminal

conditions.

MADE EASY H Power Systems 3 -

Power for Transmission Lines

Generating Vs V.
station o N
Transmission ling [—=
@ toad
| ——
Sszps+jas S =P+ jQy,

(A two bus power system)
Vo]<8, V. = |V]<O
= |A|<o, B = Bl£p
0 Complex power per phase at the receiving end

L ||v Ml g gy uv
4

Let Y

5

D

S,

Surge Impedance

The impedance of transmission line with losses, is known as characteristic
impedance (Z_) and the impedance of transmission line without losses
is known as surge impedance (Z,) or natural impedance {Z,)

where, Y, £ = Shunt admittance and series impedance per unit
length respectively

Zo = Open circuit impedance

Zs. = Short circuit impedance

For lossless transmission lineR=0, G=0
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——

Remember: .. ... .. ... S 2. Transmission Line Connected in Parallel

* 7, =400 Qfortransmission line ' |

o Z.=40Qforcabl N M B f
= or cable v, - Ve
- Z . . J'_
.................................................................................................................. S c, Dy >
Flat Line (or) Infinite Line |
A lossless transmission line terminated with surge impedance at the Az By
receiving end is known as infinite or flat line. .
Surge Impedanca Loading (SIL) Co Do
The power delivered by the line to a purely resistive load equal to its . A;Bs+ AyBy B1'.B-'2'
surge impedance (or) the load at which the inductive and capacitive A_: 51- +B, B= 81 + Bz
reactive voltamperes are equal and opposite, is called surge impedance :
loading of the line. - (C1 + 02) 4! (D -Dy) o =D B, + D, B,
VY VT B¢+82 ’ ' 131~f-I3;2
Sit = Y8 V)" i " mw
i = Reflection and Refraction of Waves
N O

1. Line Terminated by an Impedance {Z)
* SlLisindependent of the distance and depends on the voltage,

*  SILisalways less than the rated capacity of a line.
. 'ﬁaid,cm_lineis<SILthenpowerfact0rwillbeleaglng.
T P O e st

* {flcadonlineis > SiL then power factor will be lagging.

« Ifload ontineis = SIL then power factor will be unity.
rr—— —"_‘—_"'_“'—'————-»-—-—___.,_

Incident or forward voltage wave =

where, e =
Transmission Line Connection e, = Refracted or transmitted voitage wave
. . . . . . e = Reflected v
1. Transmission l.ine Connected Either in Series or Cascaded r cled voltage
27

it

Refraction coefficient of a line with surge impedance

— |
— A, B0\ _o— Ay B ; T c
VSC,.E | o v Z_ terminated by an impedance Z.
e oo ¢ b ?i 72, . -

7+7. = Reflection coefficient.

Vil _ Ay Bl[A Bo][Vk Q Transmitted current
Cy Co Dolhk =

Vol [AA2+BCy A Bz +B D[ WR]
- C1 A2+D1 02 C1 Bg+D1 D2 _IR
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O Reflected current 3. Line terminated by inductance l —E
. 2oL . ' Q Transmitted current Ze
II‘ = z + Z T'If .
2o+ 2 . 2E Z .t -

Conditions =z Poexpg -

1. i line is terminated by a resistance, equai, to the surge impedance. =
then, & = el =iy & =0andi =0 where, E = A step wave travelling on a line of surge impedance 7,
The incident wave continues as it is and there is no reflection. Q Transmitted voltage

2. Iflineis open circuited line 7 1

— %]
then, e, = 2e,1, =0, =¢,i = et—QE-exp( 3 ]
An'open circuit at the end of a line demands, that the current at that 0 Reflected voltage
point be zero at all times. _ _
3. #lineis short circuited line e, = E[g exp- (__2.22) -1
then, e = 0 i, =2i,e =—-¢e,i =i : L -
Equivalent Circuit of Travelling Waves D Reflected current
e “
| — i,=£[1—2exp(—zct]
Ze £y L |
X .
‘4= 2 4. Line Terminated by Capacitance
y —E
O Transmitted current 2
Actual circuit Equivalent circuit «
2. Forked li i-2Ee><p( t] ©

. t = =5 i

orked line ¥ cZ. I
21 fen i Q Transmitted voltage =
—l-ef . - . ) t 3
= e =2El1—exp] - L |
| ! [ p( czc]
7 5\l .
i 0O Reflected voltage
W Refracted or Transmitted voltage Y
—— : ' e =E{1-2.exp[ —==1|
o el Lo ! [ D( -.C.Z.b} '
+ e VYT 2 )
L L Reflected current
Q Refracted or Transmitted currents i, = £ 2expl| - A "_,,"1'
i . N \f_ -
i and 12.-_. _ zé




 concept of Corona

Corona

The complete dis-uption in dielectric strength or insulation of insulating
material {air) near the: surface of the conductor at certain point is called as
concept of corona. Corona occurs oniy when the electric field intensity is
greater than dielectriz strength of air,

In generai corona occurs around the power conductor due to two reasons:

(i) Electrical povser transmission is at higher operating voltages.

(i) Number of free electrons in the space surrounding the power
conductor are more due to radio activity.

Critical Disruptive Voltage (V)
The voltage at which self field intensified localised ionization of air takes
place is called as critical disruptive voltage (Vy).

Visual Critical Voltage

The voltage at which the visual corona begins is known as visual critical
voltage. Visual glow of corona occurs at a voltage higher than the critical
disruptive voltage.

Critical Voltage & Intensity

Relative density of air

2]

where, p = 3arometric pressure, cm

273+&

0 = Temperalure, °C
Assume relative density at 8, °C and 76 cm of Hg as 1

Critical Intensity

mo | Vim

MADE EASY @ Power Systems 37 .

where,” E, = Rms value of critical intensity
6 = Relative density of air
m, = Roughness factor

* Forsmooth conductors of large diameter in air at normal temperature and
pressure corona begins at peak value of critical field intensity 30 kV/cm.

* m,= 1.0for smooth conductors and 0.93 to 0.98 for rough conductors
exposed to atmosphere.

Disruptive Critical Voltage.

{a) For 1-¢ line

ACE NZ3
where, D = Spacing between conduciors, in metres.

r = Radius of conductor, in metres.
V, = Critical disruptive voltage, in volts

rﬁmgln b Volts

It

{b)For 3-¢ line

3><106 oo By
e Sm In Volts

Equivalent spacing between conductor, in metres.

Vo=

where, Deq

Visual Critical Intensity

where, m,, = Irregularity Factor
Visual Critical voltage

{a) For 1-¢line
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(b) For 3-¢ line

Vv, = iz(~—'D—rfirn\r [1 + 0—%] In—% volis
V2 Vor ) x
where, m, = lrregularity factor
V, = Visual critical voltage

Coronaloss

1. Peek’s Formula {under fair weather conditions)

' f+25} |r
P. = 243,5(—6—)\g- (V~-V,)2 x107° | kW/km/phase

where, V = Phase voltage, in kV {rms value)
V4 = Disruptive critical voltage in kV(rms value)
r = Radius of conductor, in metres
f = System frequency
N OO e

Under stormy weather conditions use Vd as 80% of its fair weather value,

2. Peterson’s Formula

BSEEPVIOETW Py e
L _21x107%1V «F| kWiphase/km

where, F = Factor which varies with the ratio (V/V ).

R eI O .

Peek’s formula is used for ratio (V/Vd) greater than 1.8 and peterson’s
formula is used for ratio less than 1.8,

Disadvantages of Corona

= Thereis certain real power loss in the form of corona loss.

» Corona causes an interference with the neighbouring communication
line.

MADE EASY W
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Advantage of Corona
The corona will act as a safety wall 1o the transmission line conductors
against lightening strock, in which the peak magnitud_e of lightning surge
will dissipate in the form aof corona loss.

Method to Reduce Corona

s By the use large size of conductor.
+ Uise bundle conductor.

s Use haliow conductor.

REMEMIOE: . e
e In400/220KkV substation bus bar are in the form of hallow tube.

e DCcoronaloss = —;— AC corona loss (for same line voltage).
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MEChanlcaI DeSign Of 2. Effect of Ice and Wind

overChead Llnes . weight of Ice Per Metre Length of Conductor
.. — _ Condugtor |68 ceating
. W, = 28 10*1d + ) |N/m :
SAG and Tension - —
where, d = diameter of conductor, metres b 2
SAG ‘ t = radial thickness of ice, metres i - A
The vertical distance between the conductor at the mid point and the wind load ice coated conductor 1

line joining the two adjacent level support is known as sag.

Catenary ) )
where, P = Wind prassure, Newton per square metre of projected area.

Aline conductor of uniform cross-section and material, perfectly flexible
but stretched inelestic between 2 support hanging freely under its own
weight is representad by a curve known as catenary.

Total force acting on conductor per metre length

F :_:._\/(W + W)+ Fa |N/m

Sag Calculation -
Sag under worst condition

1. Supports at Sama Level

F, 12

- innew plane
8T P

S=

where, F, = Total force per meter
T = Limiting tension

Vertical sag

where, { = Lenglh of span, metres
S = Sag &t mid span, metres
T = Conductor tension (assumed constant cver the whole
span), newtons
W = Cond ictor weight, N/m

Total length of conductor

Spacing Between Conductors {without sparking) Z [ FFI:?

[;pacmg f+—««— metres

150.

where, Z = Total length of the conductor

h = i _
wnere: S = sag inmetres F, = Total force acting on conductor per metre length

V = line voitage in kV
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galanced and
unbalanced Faults

'

3. Supports at different fevels

l-..—--—-—-—".li{.._—-—-"'—"'I

* per Unit System

when the power network consist of more than one eqguipmeant having
different rating, the network is analysed by modelling all eguipment as
a single model, so that the number of network equation to be solved is
only one so that time required to sovle the problem will be less.

. “Actuai value in some units -
Per unit value =

Base or reference value in same units

where, I, =Spanof complete parabota

NOBE oeoeoos s eeeseeeae s s S T
REITVEITIBEES oot et e e s ¢ g l : g
In transformer primar <ide p.u. reactance is always equa to seconda
The formulas are also valid if two supports Aand Cfall on the same side of : % 4 o ysea Y
side p.u. reactance,
N S e SNiEsy W
i | L2, if !c—‘-).
ongin [ 2 REMEMIBEET oo
.................................................................................................................. - Out of4-system quantities (kVA' kV, current and impedance) on]y twoare

independent. Itis convenient 1o select the base value of kVA and kV and

EHEE
alale calculate the base values of other two.
¢ Ratio of 2-base unit give another base quantity
Vbase
! B Zbase
base
e Intransformer primary side p.u. reactance is always equal to secondary
I side p.u.reactance.
T e
1 Base Current

gase current = L2 L na g system

0O Base Impedance

Line to neutral value of base voltage
Base current

Base impedance =

FEIan T

T Base’ MVA
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Q Per unit reactance

Vc1 VaQ Vao
Xpu' = X(actual) Vase 120° *0
L base v, Vo3 Vg \
- 120°
(MVA)pase \
VCE

.Xpu B X(aclual). .(kv)gasé Vi
* Per unit impedance referred to new base where, V,, V,, V, are the three-phase voltages
[F’er unit irnpedance][ Base KV, 4 ]E[Base KVA 0w | Vo =;__afva1 Voi=aV,, ~
~ |referred to old base || Base kV..,, | | Base kVAO|dJ "\;b;__::_-:”"'qyaz___f Wop= afV,,
O Short circuit kVA _ Viy'= Vg 0 Vg = Vg
Short circuit kVA = Rated or base kvg;%% Wher ke <1205

— phase voltages in matrix form

E Va 11 ! Var}

. . 100" Vol =|1 & afl|vV

El,, =Elx —— E , &1

- %z (:9 ; - Vel 1« @f]lv,
7

| Nasl=[AIVG2 ]| L[Voiz] = [AT [Vave]

where, E = Raled voltage
| = Rated current U 1 L 1
Z = Internalimpedance where, A=[1 o® «] and A= % 1 a o
1 o o 1 of

Symmetrical Components

- } ) ) Complex Power
* Apositive sequence, set of three symmetrical voltages (i.e. all numerically

equal and all displaced from each other by 120°) having the same Total complex power in a 3-¢ circuit
sequence ‘abc’ as the original set and denoted by V,_,, V,; and V.. E[‘ ]:7-_--__:-_3:[‘1\._-;. ; ]T [E I
* Anegative sequence, set of three symmeirical voltages having the phase Lot Abggstaboy — METoie] peizl:
sequence opposite to that of the original set and denoted by V_,, V,, where, [Vo12] = Symmetrical component matrix
and V.. Vel = Unsymmetrical phasor matrix
* A zero sequensce, set of three voltages, all equal in magnitude and in B oo
phase with each other and dencted by V_g, V, , and Vo

VRS VRCARVISENEY Remember:

Ya T ¥a Yaz v V¥ap. ) .

V=V Vb2 + Voo foralmost alt power system components the matrix [Z,, }is notdiagonal
V.- . .Vc ¥ ch +..:5-Vc[} but possess certain symmetries. These symmetries are such that [Z,,,}is

diagonal either exactly or approximately.




Power System

a8

O Fault current

.:j—h/_E

Double line to ground fault {LLG fault)
lerminal conditions

— 0V, =V, =, +1)Z,
_\._;a-T en Z4 ngZg —ESZ{)
Zz + ZO 4 SZf

O Fault Current

|90

Z¢

stability -

Power system stability can be defined as the ability of alternators
maintaining synchreonism after the disturbance, which are working parallel.
Power system stability problem is appearing in power system due to large

variation in inertia of electrical machine.

Stability Limit
The maximum amount of power that can be transfer to the peint of
disturbance, to maintain the stability is known as stability limit.

*  Steady state stability limit is always more than transient stability limit,
Transient stability limit can be improved maximum upto steady state
stability limit.

A system with high steady state stability limit is not guarantee for high
transient stability limit, however a system with high transient stability limit

is guarantee for high steady state stability limit.

Generator Power Output

Complex Power Qutput of Generator

T

Oy
—>

X, = Direct axis synchronous reactance of synchronous

machine
E = [E|£8 = voltage behind direct axis synchronous

reactance of generator
V = Terminal Voltage of generator

where,
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Real Power Qutput of Generator

IEIIVI

P Sing = P sm8

Reactive Power Output of Generator

[EfIV] VP
Oe— X, CosS 8 - Xg

|E}|V|

X, 0038

where, P = Synchronizing power coefficient

Swing Equation

it describes rotor dynamics of alternator. When ever there is an imbalance
between mechanical input and electrical power output the rotor of the
alternator either accelerate or deccelerate.

Md_zé._p —P P : ,
gz —ra=himFe | .. Swing equation

where, M = loy = Angutar momentum

P, = T,@ = Mechanical power input

P, = T,w = Electrical power output

P, = P ~P_ = Accelerating power

T, = Mechanical input torgue

)

i

E ectromagnetic output torque

| = Moment of inertia

Stored Kinetic Energy of a Rotating Body

MADE EASY W Power Systems : | 5j

inertia Constant

- Stored energy in mega-joules
Machine rating in MVA. (G)

Angular Momentum

GH | MJ-sec
nf |Elec-rad

_ GH ] MJ-sec
~ 180°f | Elec-degree

For Multi-Machine System

G@HE,:G1 H1+G2H2+GSH3+---GnH
if G, =G

¥

base

GiH,  GoH, Gy,

Gbaée : Gbase Gbase

then, He{;:»,u.) =

(a) If n Machine Swing Together

LM-BQ =My + My + Mg+ + Mnj

(b)If n Machine Do Not Swing Together

I IV I I N
mq/ . _.-.:_eq M‘i M2 M3 Mn
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Steady State Stability Limit (P, )

EV

Psssr, =
. . eqg

For better steady state stability margin a power system maintain
0 =30t0 40°,

Method to Improve Steady State Stability
e QOperate system at high voltage. A 400 kV line has highest steady state
power limit.
* Reduce the transfer reactance (Xeq) by
{a) using paralle!l lines
{b} using bundie conductor
{c) using series capacitor

Transient Stability

It is the ability of synchroncus machine to deliver maximum power to
the load, without losing synchronism for sudden and large disturbance,
which is characterised as 34 S.C. fault for few cycles.

Transient Stability Evaluation Using Equal Area Criteria _

(a) _E_g_uak__grggcriteria is a graphical method.
() It gives absolute stahility of the machine.
AL

(c) It can applied only for single maching connected to infinite bus system.

{d) It can not use for muiti maching system.

For stability

O C: oo voe o] .

_Apower system can not have steady state stability beyond 8 = 90°, however
it can have transient stability beyond § = 90° as Ile_‘lg_Q_S_tl’E_CQﬂdJﬂﬂn-Of
equal area criteria is satisfy.

- 5
A A AT £ AR AR

Power System )
TranSIents

Transientin Simple Circuits

The transients will depend upon the driving source, Whether itis d.c.

SOUrce oran a.c. source
DC Source

1. Resistance only

R
AAAR
YyVy
v
R
a vV
.—__h__._.

Transient current:

2, Inductance only

ral

Transient current: |(%) = ft

3. Capacitance only

——

Transtent current: (s)

which is an impulse of magnltude VC

—~ ¥
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4, R-L circuit
R L i) 4
T
ViR
s v
¥ —

Transient current:

5. R-C circuit

- {|—

Transient current:

6. R-L-C circuit

R L C
—-AMW———

v
S e

Transient current

- |5

— m(a 1Nt -(_a-t—b}t b

) =S [e e ] 3

Timg —=

MADE EASY = Power Systems _ g
B RE‘ 1
wh - — I LA
ere, a o and b = i)
{a) Case-1
When b is real r
then ' T
Hi)= =T erla-blt L g-{a+tby] - O
and ! (__) e [e W e _. }
Time ~——
(b) Case-2
Whenb =0
(1) = oot _ g-at
i(1) = 2bL(e __e__)i T
which is indeterminate form or (9) form @
0 3
Timg ——s

(c) Case-3
When b is imaginary

then I
S ANANAN
{RVAVA~
and Time —=
1 R2
where kK = |J-————=
LC 412



| Economic Load
Dispatch

It deals with altocation of the loads amongst the various units in the
service, in such a way that total cost of the generation is minimum.

Economic scheduling is an optimization probiem.
Obijective function: Min(x C; (P)) subjected to the satisfaction of

equality/inequality constraints.

O KVA loading on Generator = /P2 + Qf

P, = Generator active power
Q, = Generator reactive power

where,

Generator Constraints
* KVAloading on a generator should not exceed a prespecified value Co
because of the temperature rise condition.

* Maximum active power generator of a source is limited by thermal
consideration and minimum power generation is limited by the flame

instability of a boiler.
L Pomin = By % P L Qo £ Qy £ Q
Pomax = Minimum and maximurm active power generation
of a source.

Opmm,meax = Minimum and maximum reactive power
generation of a source.

where, P mine

incemental Fuel Rate
The ratio of small change in input to the corresponding small change in
output is called incremental fuel rate.

diinput)  dF
Incremental fuel rate = -SUTPUD _ dF
noremental fuel rate d(output) ap

F = Fuel input (Btu/hr)
P = Power autput (W)

where,

O Incremental efficiency = E‘;

Power Systems ) : 57

MADE EASY m
Economic Dispatch

1. Optimum Load Dispatch by Neglecting Losses
Economic dispatch problem is defined ag

Subject to

where, Fr = Total fuel input to the system
Fr = Fuelinput to K" unit
Fo = Toial load demand
P = Generation of Kih unit

O Auxiliary function

Condition for optimum operation

dF _dE, T R
Eﬁ _dR, i Tgp T

A = Lagrangian multiplier

where,
dF, . -
ap. — Incremental production cost of plantn
3]
’- :_C”:n !
—=F P
AP, T,
where, Fn = Slop= ofincremental production cost curve

f

n

2. Optimum Load Dispatch Including Transmission t.osses.
Optimal load dispatch problem is defined as

Intercept of incremental production cost curve.
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0O Auxiliary function
[F=F; + MP, + P - BP0

8O Co-ordination equations
Condition for optimal load dispatch

L A=A
dpn ) apn s
ab o
where, 3P = Incremental transmission loss at plant n
al
A = Incremental cost of received power
Loss Formulae

3 Total Losses

o= Z 2 PaBinaPn .
) mon :

P . P, = Source loadings
B, = Transmission loss coefficients

LER

where,

O Incremental Transmission Losses

O Penalty ractor

where, L, = Penalty factor of plantn

M MADEEASYE .
| underground cable

An underground cable consist of three component
(i) Conductor or core: it provides conducting path for the current.

(i) Dielectric or insulator: Dielectric withstands operating voltage and
isolates conductor from the remaining objects.

(iiiy Sheath: Sheath does not allow the moisture content and protect
cenductor from electro chemical factor.

Dielectric

Core

Sheath

Classification of Cable

1. Based on Voltage
(a) Low voltage (LV): 1 kY
(b) High voltage (HV): 11 kv
{c) Supervoiltage (SV) : 22 kV-33 kV
(d) Extra high voltage (EHV) : 66 kV
(e) Extra super voltage (ESV): 132 kV and above.

2. Based on Core

(a) Single core
{b) 3-core
(c) 3.5core:itis used for secondary distribution purpose.
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Parameters of Single Core Cables Q Dielectric loss

Resistance Current |

O Insulation Resistance Loss angle

. Phase angle

Rlns - _p_m(ﬁ) chms/metre 9 ¢ -
. Voltage V

2T F

Conductor

]
4
b
i
1
1
1
1
[}
1
1
1
]
4
1
1
]
[}

~Sheeth : —
’ . Py=Vlcos¢ = (QCVES—-I
where, R, _ = Insulation Resistance Coc o 'f . I.
p = Resistivity of the insulating material wisls N .apacrtance Cifitcie el
_ _ V = Line tc neutral voitage
R = Inside radius of sheath s :
) P, = Dielectric loss
r = Conductor radius
QO Resistivity of insulating material at any temperature t Electrostatic Stresses

Gradient at a Distance x from the Centre of the Conductor Within

the Dielectric Material.

Conductor

* Incable,insulation resistance is inversely proportion to length of the cabi

1

ins‘xJr

R

Diglectric
Sheath

* Astemperature increases R, _decreases.

Capacitance

Q Capacitance between core and sheath
(Electiic stress in a single core cable)

Cm211: €pcy f F/m

-~ n(H) gE 2
r L Zal €

where, e = Fermittivity of the dielectric
where, g = Charge on the surface of the conductor per rmstre leng! E = Electric field intensity
of cable. A = Charge per unitiength

e, = Relative permittivity of dielectric
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Potential | 1. Dielectric Grading (or) Capacitance Grading

A R _ in dielectric grading a homogeneous diclectric is replaced by different
V= 2n e m (7) ' diglec-rics such that

where, r = Radius of conductor

R = Inner radius of the sheath

V = Potential of conductor with respect to the sheath So,

Gradient is Maximum at the Surface of the Conductor

V
Omax = TR

Gradient is Minimum at the Inner Radius of the Conductor ‘Vb

Qi = vV
min =
RmS

The voltage between conductor and sheath
V=V, +V,+V,

* The most economical size of the cable is one in which - e=2718.§ Iy o R
i V= ngax””(?]"'ngaer}n(r_]""g3maxr2"n(r_]
that the stress at the surface of core is reduce which willincrease the lif ! &
of cable. For uniform dielectric stress
* Reason of failure of cable is formation of a void between any 2 layer¢
insulating material. Void near the surface of core will be more serious tha

that of the void in other location.

91 max 92 max gs max = gmax

*  Characteristicimpedance of cable is 40 (.

* Inoverheadtransmission line inductor is dominant but in cable capacitane
is more dominant,

Grading of Cables

The electrosiatic stress in a single core cable has maximum value G
at the conductor surface and decreases as we move towards sheatt
The method of equilising the stress in the dielectric of the cable is know
as grading of cable.
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2. Intersheath grading

protective Relays
In intersheath grading an identical dielectric material is utilised throughou® BRI .
the total thickness of the cable. 1t is divided into 2 or more layers by

providing intersheath.

Relays are sensing device, which detect abnormal conditions in electric
circuit like faults and send signal to operate circuit breaker to isolate fautty
‘ Conductor equipment from the system as quickly as possible.

Intersneath {a metallic surface)

‘v Outer sheath Types of Relay

1. Based on Time of Operation

(i) Instantaneous refay: Operating time < 0.1 sec.

* Voltage between conductor and auter sheath (for uniform potentia (i) Definite minimurm time (DMT) Relay:

gradienti.e. g na = 9o (mx) = Fmax

time: &
. £ =}
V = Gax rl_n[rl) +ryd n{—]
S -_r-_ v -.:I'1'.' t t
s Condition for most economical cable for intersheath grading. DMT
N l
Vi=— |
1 g f
) iii} /nverse relay:
where, V, = Voltage between conductor and intersheath (i) <
V = Voltage between conductor and sheath t
+ Most economical radius of conductor
*  Most economical radius of intersheath T
f
? PRV (iv) Inverse definite minimum time (IDMT) rejay:
i = ' i

. gmﬂ}(

* Maost economical radius of outersheath

t

Inverse

DMT
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2. Based on Construction

(i) Electrornagnetic attraction type:
(a} Balanced beamtype.
{b) Moving plunger type.
(C) Attracted armature type.

(i) Electromagnetic induction type:
(&) Shaded pole type.
{b) Induction cup type.
{c) Wattmeter type.

(i) Gas operated relay: Buchholz relay.
(iv) Thermal relay: For over load protection.

(v) Static/mizroprocessor based relay.

Pickup Vailue

It is minimum value of operating quantity at which relay is at the verge
of operation.

Reset Value

It is maximum value of operating quantity at which relay is at the verge
of non-operation.

1.

Time Multiplier Setting (TMS)

By setting different value of TMS, for the same operating current, we

get different time of operation. N

required = Required time of operation
tms - 0= Time of operation when TMS = 1

where, t

MADE EASY R
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pPSM gives additional feature to the same relay, so that it can operats for
different pickup current

— Fault curient
PSM = —— ting S C.T. secondary
Curment seting X { rated current

x_C.T-,_ rati_;o

Torque Equation
Universal Relay Torque Equation

T = K+ KpVEe KVicos® - 1) +K |

where, | = RMS value of current in current coit
V = BMS value of voltage fed to the voliage colil circuit
0 = Angle between | and V
T = The maximum torque angle
K = Restraining torque including spring and friction.
Ki. Ky, Ky = Relay constant

I

Torque Equation for Different Type of Relays

Over current relay

;1 ogrelay.

2. Directional relay

[T =KiVicos(@ =%) =K

Iimpedance relay

ST

For refay to operate, | Zz % < : ::—‘
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4. Reactance relay
T= K —KyVising |t = 90°
For relay to operate, _T..S_iﬂ_ﬂ;j'x L O Restriking voltage
R L Circuit breaker
5. Mho relay , o o o
T RaicE® =) K] | |
E Vo ==C Fault
For relay to operate, i 1 J_
N OB L e e
* Relayused forphase faulton g 1Y
(a) Shortline:Reactance relay. Ve E(1 —COS == ,—WLC'_-I]-_
(b) Medium line: Impedance relay. —
{c) Long line:Mho relay ' where, L, C = Inductance and capacitance per phase of the system
*  Forearthfault generally reactance relay are used upto the point of circuit breaker location.
.................................................................................................................. E — System VOilage al the iﬂStaﬂt Of arc IﬂTerl’Uptlon
V = Restriking voltage
O The maximum value of restriking voltage = 2x E
= Peak value of the system voltage

EEEE
where, Epeak
8 Natural frequency of oscillation

g 1
" or G

D Rate of rise of restriking voltage (RRRV)
| RRRV = w;E sinmt |

U The maximum value of RRRV = @, E .,




70 A Handboock on Electrical Engg. M MADE EASY

Resistance Switching

O Frequency ol damped oscillaticn

Fauit

Q- mg
r-
——
-
g
9]
we]
&

|
ol

SN U O D
T2z \LC 4R2C?

If value of the resistance connected across the contacts of circuit breaker,

i fL
is equal to orless than Ve then there will be no transient oscillation.

Transient Oscillation for Different Values of R

R = Voltage Across 1
o O I
the Gap Fi>r-1 fc- I {2\{0

() {i) (i)

Transient oscilations for different values of R

1 fL 1.
e [{R > —.f-= . There will be oscillation.
2YC
1 L . . .
s R= > \/g is known as critical resistance. There will be no oscillation.
2.

O Water Power

. 0736 ..,
P = o Ok kW
where, Q = Discharge; m3/sec
H = Water head; m
n = Overall efficiency of turbine alternator set

Specific speed of a turbine is the speed of a scale model of turbine
which develops 1 metric h.p. under a head of 1 metre.

O Specific Speed

N

s _ 'H1_'_25

where, N, = Specific speed in metric units
N = Speed of turbine in rpm
P, = Qutput in metric h.p.
H = Effective head in metres

R Power output of Tidal scheme

P.=GpgH |watts
where, Q = Quantity of water flow, m3/sec
g = Acceleration due to gravity = 9.81 m/sec?

H = Water head, metre
p = Density of sea water = 1025 kg/m?

Classification of Turbine

Based on Water Discharge

* Highdischarge . Keaplan
*  Mediumdischarge : Francis
* ltowdischarge . Peltron

Based on Water Pressure
¢ |Impulse : Peltron
= Reaction : Kalpan, Francis, Propeiler
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3. Base on Direction of Water Flow

Axial Kalpan
Radial Francis
Tangentiali: Peltron
Diagonal Deriaz

Component of Hydroelectric Power Station

1. Reservoir 2.Dam 3. Trashrack 4. Spill-way 5. Gates 6. Intake gates
7. Forebay 8. Surge tank 8. Pen stock.

Component of Nuclear Power Station

1.

2.

3.

4.
5.
6.

Reactor core: Reactor core is made-up of stainiess steel or
ZirGonium. '

Moderator: It decrease speed of neutron. (i} Heavy water, (it) Graphite
and (iii) Beryllium.

Reflector. Prevents escape of neutron from reactor core, and made-
up of high grade graphite.

Control rod: During earthquake it trips the generating station,
Cooler: Na and Li are used as coolant material.
Shielding: Shielding eliminates the effect of radiation.

Component of Thermal Generating Stations

1.
2.
3.

Coal handling plant.
Boiler: In boiler combustion takas place.

N MADE EASY

Super heater: In super heater steam is converted into the super -

heated steam.

Airpreheater: In airpreheater the atmospheric air absorb the heat
of the flue gases and air at higher temperature send to boiler for

effective combustion.

Economizer: In economizer water absorbs the heat of flue gases

and send to boiler.

Turbine: Turbine runs by superheated steam and generate mechanical
energy.

Condenser: Here steam is converted into feed water.

E—— iR Tl eianen . o

i;oalds“ iind ) .
Load Curves

2 Demand factor

Maximum demand_
Connected load

Demand factor =

| Demand factor <1]

& Load factor

Average toad
Feak load

Load factor =

O Group diversity factor

’:Eroup diversity factor =

Sum of individaul maximum demand
Maximum demand of the group

| Group diversity factor » 1 I

O Peak diversity factor

Peak diversity factor =

Maximum demand of a consumer group
(Demand_ of the conSumer group at the y
time of system peak demand

U Capacity factor

Capacity factor =

Averdge annual load
.Rated plant capacity

Maximum load e |
~————— X |Load factor,
- Plant capacity

il

Capacity factor

] Capatity factor = Load factor x UtiIisation-facto_r;_]

O Utilisation factor

g uilhsatlon factor =. Max mum load =
o Rated-plant capacity |
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Remember: .
* Plant capacity factor is also known as plant factor.

A graph showing the variation of the system load during the 24 hours of
the dayis known as the system chronological load curve.,

The area under a chronolegical load curve gives the energy consumed
during the 24 10ours.

Load duratiorn curve is a rearrangement of all the load elements of a
chronological curve in a descending order

Mass curve is plotted with energy as ordinate and time as abscissa.

A mass curve is used in the study of variations between the rate of water
flow and the electrical load and determination of the necessary storage.

A Handbook on

Electrical

ngineering




A transformer is a static device which consists of two or more stationary
electric circuits interlinked by a common magnetic circuit for the purpose of
transferring electrical energy between trem while keeping the frequency of
operation consant.

Remember: ... e .

* Basic principal behind the transformer action is Faraday’s law of
electromagnetic induction, -

* Transformeris a constant frequency and constant power device.

induced EMF

Direction of induced emf can be found by “Lenz's law” and magnitude
of induced emf can be given by “Faraday’s law of electromagnetic induction”.

O, A o o

- O e Y T TTTTS
'--l-..: [ P+ ‘f E

L= oy

C PNy NegmT L& vy DLoad
ny -
L P I b ;
=) T 3 . :

3 RMS value of induced Emf.
in primary winding

[, =73 g | vorts

in secondary winding

[E, = V2 nN,fo, | Volts

where, N, = Number of tumns in primary winding

N, = Number of turns in secondary winding

$,, = Maximum value of the magnetic fiux, in webers
Supply frequency, in Hz

—
li
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Rememben ..................................................... bt e et

+ Emfperturnin primary = Emf per turnin secondary
e Compensating primary mmf = Secondary mmf

where, |} =Load component of primary current |,

+  Primary volt-amperes = Secondary voit-amperes.

+ Instantaneous power input into primary is equal to the instantaneous
power output from the secondary.

e Stepuptransformer:N, <N,.

¢ Stepdown transformer:N, > N,.

Ideal Transformer

The transformer core has infinite permeability. So, flux established without
any magnetising current.
The primary ard secondary windings have zero resistance. So, there is

-»

no ohmic power loss and no resistive voltage drop.
+ There is no magnetic leakage flux.
+ The core loss considered to be zero.
Equivalent Circuit

Ry L Re Xz
B T Ny N3 MWWy T 4
! L) L]
v, £ g “ E £ v,
N l X J) —
Exact eguivalent circuit of transformer
Ry iX4 R% X

. Equivalent circuit referred to primary side
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where, V¥, = Applied voltage to primary side.
Vi = Secondary terminal voltage referred to primary side.
E..E, = Inducedemfin primary and secondary side.
E, = Secondaryinduced emf referred to primary side.
I, = Noload current.
I T = Miagnetizing and core loss component of exciting current,

R,. R, = Primary and secondary winding resistances.

Xy, X, = Primary and secondary winding leakage reactances.

R3, X5 = Secondary resistance and leakage reactance referred to
primary side.

= Core loss equivalent resistance.

X = Magnetising reactance.

Po

b = I+ §k=(2to 5% of I,)

bn = g sing,

= Magnetizing current and is responsible for the production of flux.
b= 1, cosd,

= Core loss current responsible for the active power being drawn
from the source to provide hysteresis and eddy current iosses.

¢, = No load phase angle (80 to 85°)

MADEEASY m

Electrical Machines TR

secondary Side Parameters Referred to Primary Side

Secendary current referred to primary side

Secondary induced emf referred to primary side
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Phasor Diagram

Flisx, ¢
Step down transformer at lagaing power factor

Note: e
* Ry, = R, +R; =Equivalent resistance referred to primary side,
* X, = X,+X; =Equivalent reactance referred to primary side.
* Z,= Jﬁg, +Xx¢, =Equivalentimpedance referred to primary side,
* Coreoftransformer shouid have low reluctance and high permeability.
* Itis made from CRGOQ (cold rolled grain oriented) material with 4% of

silicon,

-

Itis laminated to reduce eddy current losses,

Types of Transformer Construction

1.

Coretype 2. Shelltype

Parallel magnello c:|rcu|t

Series magnehc cnrcurt

2. 2limb and 2 yoke 3 limb and 2 yoke

3. Suitable for tow flux density | Suitable for high flux density
application application

4. Required more amount Required less amount
of copper of copper

5. Required less amount of Suitable for low

insulation so suitable for
high valtage and high
power applications

voltage and lower power
applications

MADE EASY H Electrical Machines

RememMb@r: .
Transformer windings are made up of stranded conductors instead of
solid conductor.

Low voltage windings are placed nearer to the core, for reducing insulation
requirement.

;
i
;
£

Losses in Transformer

1. Copper Loss (P )

This loss is variable loss.

| Total copper loss = Primary.copper [058 + Secondary 6op per:}oss: |

2. Iron Loss (P)
This foss is constant loss.

I

(a} Hysteresis loss (P,)

Ss = Hysteresigoss 3 Eddy current fosg]

Proportionality constant depends upon volume,

where, K, =
quality of the core material and units used
B,, = Maximum flux density in the core
f = Supply frequency
x = Steinmetz exponent (value vary from 1.5 to 2.5)
But, B, %
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vV
i If ri constant
.. \'
(i) If T # constant
B
where, A = constant

{b) Eddy currentloss {P )

e

where, K, = Proporionality constant depends upon volume and resistivity of
thz core material, thickness of laminations and units employed
f = Supply frequency
B, = Maximum flux density
*t = Thickness of lamination
\'
But, B, « —
.I:
H I Ef’{— = constant
y \i
(iiy If Tl # constant

Pl

where, B} = constant

Remember:

*  The iron-loss can be reduced by reducing the core flux density which
means that the for same flux, the core cross-sectional area must be
increased.

* Size of distribution transformer is larger as compare to similar power

~Ltransformer as iron to copperratioof distribution transformer is higher.

_______________________________________________________________ ik

MADEEASY & Electrical Machines Bk

(c) Stray load loss
It largely results from leakage flux including eddy currents in the tank
walls,conductors etc.

{d} Dielectric loss

The seat of this loss is in the insulating materials particutarly in transformer
cil and solid insulations of high voltage transformers.

Remember:

Rating of transformeris given in kVA because constant loss is proportiona:
to voltage and variable loss is proportional to current so total loss in
transformer is proportional to volt ampere.

Open CircuitTest and Short Circuit Test

« These two tests on transformer helps to determine are
(&) The parameters cof the equivalent circuit
(b) Voltage regulation
(c) Efficiency
¢ They help in predicting performance of transformer without actually
ioading it.

1. Open Circuit (OC) Test

W
T o _ @ /N LV HY
4 - o

Supply
Main objectives of this test are:

{a} To find out parameters of no load branch i.e. R, and X, of equivalent
circuit (skunt branch parameter),

{b) To find out constant losses in the transformer (i.e. core loss).

Remember:

*  This test must be conducted at rated flux condition i.e. at rated voltage
and rated frequency.

* ThistestisperformonL.V. 5|de while H.V. side is open circuited.,
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Sequence of equations used to find different parameters wattmeter reading = P (rated copper loss )
g Waittmeter reading = P, (core loss oriron loss) Voltmeter readirg = V_,
T Voltmeter reading = V__ (Rated voltage) Ammeter readirg = | (rated current)
| 1 w  Ammeter reading = i, (No load current) sequence of equations used to find different parameters
Voo R, = iXu Noload power factor = Cos ¢
-
i [PIEVar To 6505 ]
2. Short-Circuit (SC) Test * R X andZ,  arereferred to high voltage side
o Rey
o * Power factoron shortcircuit | cosd,. ==
- it et Z.eq'.
Variable A_.'—ThiCk wire
low voitage * Backtobackor Sumpner'stestis used to determine maximum temperature
Supfy rise of transformer
Main objectives of this test are: Efficiency
{a} Tofind out total resistance and reactance of transformer, when referred
inding in whi ing inst : t -
to.the winding in which the measuring instrumerts are placed to conduc Efficiency () = Output power _ Output
this test. Input power Output + losses

(b) To find out variable losses in the tfransformer (i e. copper loss).

e LT (KVA), cos
Remember: . . ... ... U . SO P ———— ) (T‘i_)“m (kVA), cosp +
e  Thistest should be conducted at rated current condition. _ N |
. ] _ where, P, = Core loss or iron ioss
*  Thistestis conducted at H.V. side while L.V. side is short circuited witha (P_). = Fullload I.
thick conductor. ewit copperioss
Rt T T S PO PSP IS PSPPSR Note: ... .
. 5 Ry e Pea  Peq
T_m_m_v_m_m_ Efficiency at any fraction‘x’ of full load
: — S £ %(KVA), cosg
f | e XUVAN; €0y +P 4 X Bk
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Condition for Maxirnum Efficiency

| Copper loss =ron loss

=
Trnax Req

KVA load for Maximum Efficiency

S = S(knov.m load) ~ - :
fimax ' Peut known load)

KVA rating at maximum efficiency

]

where, Sopnae

Siknownioaay = KVArating at known load

Peknown oy = COPPET 1088 at known load

For full foad

: P,
Siae = Dtuitload |5
L wes F)cu(full load)
Al day efficiency
Qutput energy (kKWhyin 24 hrs.
Netday = Ihput energy (kWh)in 24'hrs.

Reme iy

s  The maximum efficiency for a constant load current occurs at unity |

power factor.
e Efficiencyisindapendent of type of power factor.

Voltage Regulation

Voltage regulation of transformer is defined as the rise in output
(secondary) voliage express as the fraction of full load rated voltage when
full load (at specified pf) is reduced to zero keeping the primary impressed
terminal voltage constant.

. L ,N lpad voltage — Full Ioad voltage
Voitage regulation = = : :
ollage reg “Full load voltage

full load voltage = Rated voltage

where,

N MADE EASY ]r

g
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Approximated Equivalent Circuit Referred to Secondary
¢ Voltage regulation _ Ricg X4 eq

|

where, ¢ = angle between V; and i,

Rp_u_ = p.u. equivalent resistance

Xpu = P.U. equivalent reaciance

* ¢ is positive for lagging power factor and negative for leading power
factor.

» Condition for maximum voltage regulation

: lagging

* Maximum voltage regulation

[V R

teq Leading

Remember:

X
* Forleading p.f., greaterthan

B->, the voltage regulation will be negative

P

* Regulation is always positive at all lagging p.f. loads and also at unity p.f.
load.

* Regulation may be positive at large leading power factor, near to unity
and reguiation is negative at low leading power factor, away from unity,
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| Auto Transformer
AB = Serieswinding *
BC = Commonwinding
N,, = Number ofturns in winding AC
N, = Number of turnsin winding BC

s Ratio of transformation

Note: .........................
+  Alwaystrytokeepa

=3:1

auto

\]H T“L"1H) i
! '

Vi

_ N
Baute = 5 B

Ny

aute ClOs€rto 1ie. a=1in worst case we fry to keep

* Since there is no electrical isolation between primary winding and

secondary winding, so when there is common winding is open circuit
then full high voltage is appears across low voltage winding at the time of

step down mode.

Comparison Between two Winding Transformer & Auto Transformer

* Copperweight

(Cu weight)ago = [1-—

J x (Cu welght)2 ‘wdg

aUT.O

* Copper saving

.;%C.d;::&be 5

avmg = a_'1..__ x 100
_ it e

* kVA rating of autotransformer

KVA
kVA

where, auto

\ Bayte . kV A
o ( Aguto — 1) ’ ’2wag

2-wdg =

= kVA rating of auto transformer

kvA rating of two winding-transformer

i

MADEEASY = Electrical Machines

L M _;HJ
Conductive
: transf__er
= [1_: ! ]
© T Baatey _

. (autoj)

iductive and Conductive Transfer

Vilp= Vi — 1)
——

© inductive
transfer

Inductive transfer
total transfer

Cohductive transfer
Totai transfer

Auto transformer has higher efficiency, lower p.u.impedance and lower
voltage regulatlon as compare to 2-wdg transformer.

Three Winding Tra© 1 nsformer

* Voltage per turn

o4
V2
M_ MV y
Ny, N, N,
+
Vg

* MMF balance equation

[Nyl =Nyl +Nsﬂ (neglect magnetizing current)

Nl Ny
=2 i +
R
* kVA balance equation

Gl =V T+ Vi |

g =
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Remember: OUOTO OO

*  Three winding transformer can be used to interconnect 3 power systems
at different voltage levels.

e Tertiary winding is used as a supporting winding in YY transformer to
stabilize neutral and to avoid third harmonics.

Application of Different Connection

1. AA -
2. YA —
3. AN —
4. YN —

This cannection is used where we have simple 3¢ load,
specially at low voltage level. No mix loading possible.
This connection is used for step down application.

This connection is used for step up application except in
distribution system where, A/Y is used for step down
application for mix loading.

This ccnnection is quite attractive for HV applications. ltis |

not generally used without a tertiary A,

Condition to be Satisfied for Parallel Operation

Must Condition

s  Same polarity.

s Sarne voltage ratio and voltage rating.

+ Same phase seguence.

* Zero phase differaence, which means transformer belongs to same phasor
group can only operate in parallel.

Desirable Conditions

+ Same X/R ratio for same power factor operation.

*  Same p.u. impedance on their own kKVA base for proportional load sharing.

A Magneto motive force

lectromagneticSystem

| MMF = Number of turns in the coil x current |

0O Magnetic flux

MMF

. Reluctance

O Reluctance

+ Opposition offered by the magnetic flux is called Reluctance.

-
LA

where, R/ = Reluctance

Ri

! = Length of magnetic path, meter
A = Area of cross-section normal to flux path, m?
M = pgu, = Permeability of the magnetic material
1. = Relative permeability of the magnetic material

0 Self inductance

* The self-inductance L is defined as the magnetic flux-linkages per

ampere

O Magnetic flux density

rogs-section area; A

Tesla or Wh/m?

Q Magnetic field intensity

 mean iepgth of magnetic Gircuits
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O Relation between magnetlc flux density and field mtensuy

QU Energy density in electric field

s _j Eoan= 105

2&0

where, D = Electric field flux density

E = Electric field intensity or potential gradient

= 2

il

Reluctance Motor

U Reluctance at space angle 6,

d-axis

RI'= R, sin? 0,4+ Rl cos’ 0,

Rotor position/

at any time, t

where, R/, = quadrature-axis reluctance

e
a~
Il

direct-axis reluctance

el
il

, = space angle between stator d-axis and long rotor axis

O Torgque

1-¢ supply

MADE EASY M
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where,

" D Space angle

8 = rctor position from stator d-axis att = 0 or load angle

Q- Direct-axis inductance

O Average torque

where,

g tg

= Current taken from the supply when the rotor is held
in minimum and maximum reluctance position.
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Introduction

Q Electromagnetic torque
* Also called interaction torque.

T, e (Stator field strength) {(Rotor field strength) sind ;

where, 5 = Torque angle

U Electrical and Mechanical degrees

'.-e.ele_‘c_ ﬁ gﬁm'e_ch

where, 8.0 = @nglein electrical degree
= i anical degree
6 .., = axgleinmech G
P = number of poles

O Pole pitch _ . -
The peripherei distance between adjacent poles is called pole pitch.!
is always equal to 180 electrical degree.

O Average value of flux density wave over one pole-pitch
61

8.
0 ! e -
i T |
=0
where, Bp = Maximum flux density

O Total flux per gole

4.
-:{)zFBprl

I = Axial length of the armature core
= Fadius of armature core

where,

MADE EASY W Electrical Machines i 95,

O Generated emfin a full-pitched coil

1,8 = NG G SN b |
N = Number of turns in single full pitched coii
¢ = flux per pole

@ = relative velocity between field flux wave and armature
coill

where,

4 Rms value of generated emf in a full-pitched coil

f. = rotationai or speed frequency

where,

O Rotational frequency

N, = relative speed between armature coil and flux-density
wave in rps.

where,

U Generated emf in a short-pitched coil

£NE]

= coil pitch factor or coil-span factor or pitch factor
O Pitch factor

where, kp

where, £ = Angle of chording (or pitching) for fundamentat flux

wave. :

Q2 Distribution factor
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where, q = No. of slots per pole per phase
~ = Angular slot pitch

electrical degree

4 Winding factor

O Phase spread

O Synchronous speed
Speed at which rotating magnetic field revolves is called
synchronous speed

rpam.

0.C. machine is a flexible and highly versatile energy conversion machine. It
. can easily supply the demand of loads requiring high starting torgque, high
accelerating and high decelerating torques. D.C. machine is aiso suitable for
i grives requiring wide range of speed control.

| Classification of D.C. Machines

D.C. Machines

|
P ' L

FPermanent Separateiy Self
magnet excited excited
Yoltage Current Series Shunt Compound
excited excited maching
Leng Short
shunt shunt

7
Cumulative Differential
compound compoLnd

' Separately excited: Fieid winding is energized by an external D.C. source.
* Self excited: Field winding is excited by its own armature.

i
|
E{Remember: ............................................................................................ :
"+ Seriesfield winding is thick, has small number of turns and carry large current.

. *  Shuntfield winding is thin, has large number of turns and carry less current.
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where,

bN'U-e

z

= Flux per poie, wb
= Number of poles
= No. of conductor
= No. of parailel paths = P for lap winding
= 2 for wave winding
= Speedin rpm
2nN .
= o0 Mech. angular velocity (mech. rad per sec.)
Pz

= — = Constant of the machine
2nA

O Torque equation

1
T=kol, = FE_|
q) a mm &'s
where, T = Torque deveioped, in N-m
I, = Armature current
Circuit Model
Il.
If Ja
L
R Eq R Vi Fﬂ\)
D
{Cenerator) {Motor)
I Vi =Eq "iaﬁa ] ... For generator
... For motor
where, Vv, = Terminal voltage
V = supply voltage to motor
EEg = Generated Emf
E, = Back Emf
H, = Armature resistance
R, = Field resistance

| = Armature current

MADE EASY W

Electrical Machines QY

Fieid current
I, = Loadcurrent _
E, = E, = Voltage developed in armature

If

a1l
i

power Balance in D.C. Machine

{a) Generator Action

All copper
H(Rotationai) Armature power Iosg:eusswglfodmg
losses Developed B ,
Shaft power — (€, 1.) = Electrical power
input = output
{(b}Motor Action
All copper
. —flosses including Rotational
Electrical brush drop Armature power ~( losses )
power input Developed —————" = Shaft power
(£ 1) output

Q Armature power developed

Efficiency

t. DC generator
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where, V.l = Output power

IR = Total ohmic losses
Pk = Constant losses

sn! = Brush contact losses
V, = Output voltage

Load current

I

V

Il

f

2. DC motor

T fnput power —Losses
m input nower '
'=' VI—(PR+ Vgpl + Py )

m ] Vi

where, VI = Input electrical power

Note: ..

¢ Forgenerator and motor maximum efficiency occurs when

constantloss = variableloss

Le. B, =1°R{ohmic Iosﬂ

*  Maximum power output by DC motorwhen
A and (1, =2

2R,

¢  When motor operates at maximum power output, it gives only 50% |

efficiency.

Characteristics of D.C. Generator

1. No load (or) magnetisation characteristic (or) open
characteristics (0.C.C.)

circuit

Magnetisation characteristic gives the variation of generated voltage {or

no load voltage with field current at a constant speed.

2. Internal characteristics
Itis plot between the generated voitage and ioad current.

3. Load or external characteristics

Between terminatl voltage Vs load current (1) at a constant speed.

ey

MADE EASY W Electrical Machines
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(a) Open circuit characteristics (OCC) (no load) for all types of

generator
Air-gap Lin?

- / =
Veoe= 1, = Napeg

Ds OCC

T
'
'
'
3
v
|
|
1
[}
1
1
'
]
v
|
|
1

QA = residual A
flux voltage &

Open circuit characteristic of all types of generator

{b)Characteristics for separately excited generator

Voltage

. b mmgmmm e mm o
’ AV g (armature reaction drop)

Internal

characteristic External charactaristic

L=l
Characteristics of separately excited DC generator

(c} Characteristics for shunt generator
Characteristics

Internal
d Characteristics

1
1
1
'
[
[
I
1
'
1

h

Short
circuit

External Characteristics of DC shunt Generator

IL1 '*LZ:max)
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(d) Characteristics for series generator

']

Armature

reaction drop Mo load (1)

Internal
characteristic

@

=1,

Characternistics of DC series generator

Breakdown point

Eras r

'
]
]
b
'
1
'
[
]
i
1
'
b
|
1
H
i
i
1
]
]
]
N
1
3

o
Booster region

<

constant current region

[L=|a

External characteristics of series generator

* Constant current region is suitable for welding.

* Seriesgenerator is used in booster region for line drop compensation,

(e) Characteristics for compound generator
Vi

e~ Over compound
v, ém_

1™ Level cormpound

: v Under compound

Difterential compound

v ~C —
! I, {rated} f
—| Constant fe—-
current
rEgIon

External characteristics of a compound generator

o MADE EASY
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characteristics of D.C. Motor

1. Speed Vs armature current (NVsl).
2. Torgque Vs armature current {T Vs ).
3. Speed Vs torque (NVs T).

(a) Characteristics for DC shunt motor

Speed Armature

Speed reaction neglected

F ANy

Speed Armature
reaction neglected

a o}

N versus |, N versus T

Armature reaction
neglected

Torgue

T versus |,

(b} Characteristics for DC series motor

N T 4 .
Linear
magnetic :
S Saturated region
Linear I Unsaturated region
magnetic
O =1 © =1t

N versus |, T versus |
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N

- Actual
Linear magnetic

O Nwversus T T
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Note:

+  Magneticfluxhas a tendency to follow a minimum reluctance path.

»  Exciting or field windings produces the working flux or main flux.
+  InArmature winding, the working emf is induced by working flux.

+  Forthe development of electromagnetic torque in ali rotating machine,
the number of rotor poles should be equal to the number of stator poles,

Voltage Build up fails in generator if

In a traction system, we use series motor where high starting torque i

requried.

{c) Characteristics of DC compound motor

Cumulative

N4 Commutative Differential T compournd motor

compound

by
1y

Loty 1y T versus |, %

N versus |,

NJi

Compound motor

compound
.- Shunt mator ;

* Residual flux absent.

* Field cornection is wrong, reverse l; destroys og_..

* Direction of rotation is wrong.

* Field resistance is more than critical field resistance.
* Speed less than critical speed.

Remember: . ...
* I D.Cmaching, the field winding is on the stator and the armature winding
is on rotor.

* Commutatorserve as:
For D.C. generator: Mechanical rectifier.
For D.C. motor: Mechanical inverter.

*  D.C series motor never runs at no load.

Armature Reaction

N versus T

|»

The effect of armature flux on the main field flux distribution in the air
gap is called armature reaction.

The armature mmf produces two undesirable effects on the main flux.
1. Netreduction in the main field.

2. Distortion of the main field flux wave along the air gap periphery.
The effect of armature flux on the main field is cross-magnetizing as
well as demagnet zing.

Flux created by the armature mmf is called cross-flux

$Ft:$a+$f



;
i
]
H
4
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GNA
18,- MNA (on load)
fhed

R
-y

where, ¢; = Flux produced by field mmf

¢. = Flux produced by armature mmf ;

6. = Resuftant flux i

Remember: ...
*  Magnetic neutral axis (MNA) is always perpendicular to the axis ofresultant
field flux. ;

* Geometric neutral axis (GNA) is along the quadrature axis of the d.
machine, /

Effect of brush shift

_MNA shift i the direct] f rotation for a generator and against the
dwect:on of rotation for a motor to ensure good commutation.

Demagnetizing ampere turns

r

MADEEASY = Electrical Machines 165

(ross-magnetizing ampere turns

GNA

26 MNA
e T TTNIROQ ={POS = 180° 420
X b

(b}

U Cross magnetizing armature mmf per pole,

:20(9&0 Xl_a__
180° ) A

g o ) pd i)
Fareiessy Per pole = ( 5 (£/2) (__1;

O Compensating winding mmf per pole (AT,).
‘Pole arc. k-

(z/2) oo
“PT Pole patch A

AT_.

¢ Compensating winding mmf neutralizes the armature mmf only under
the main pole face.

*  Interpoles are use to neutrallised the armature reaction fluxin the interpolar
axis. It also produce some rotational voltage in the coil undergoing
commutation and neutralize the reactance voltage and improve the
commutation.

*  Polarity of interpoles is same as the succeeding main pole in generator
action and of the preceding main pole in motor action.

* Theinterpole winding and compensating winding carry armature current.

* Interpoles are long but narrow in shape to avoid saturation.

Speed Control of D.C. Machine

Nz V - Ia Ra.
_'—"—"k_‘p. i

Speed can be controlled by
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o

e Armature voltage control
(i)Y Constanttorque drive.
(i) Speed control is possible only below base speedi.e. N < Ng.
e Armature resistance control:
(iy Constanttorque drive.
(i) Speed contro! is possible only below base speedie. N < Ng-
(i) Wide range of speed control is not possible.
e Fieid flux control:
(i) Itis constant power drive.
(i) Speed control is possible above base speed i.e. N > Np.

er
Torgue and Pow P~ genstant
Frnax = COnstant 2
Pmax ————————— b
i =.
T . :
=/ !
& i |
< | Toec 1N |
N < Ng ! N > Ng ;
i "Base speed {Ng) : Maximum  Speed (N}
Armature | ; i speed
|-<—control - fieid flux control ——=

Torgue and power characteristics is combined
armature voltage and field control

Polyphase Induction Motors -

introduction

Induction Motor is singly-excited a.c. machine. its stator winding is directly
connectad to a.c. source, whereas its rotor winding receives its energy from
stator by means of induction.

Types of Induction Motor Rotors

1. Squirral - Cage rotor

Consist of a cylindrical laminated core with slots nearly paraliel to the
shalt axis or skewed.

Each slot contains an un-insulated bar conductor of aluminum or copper.

At each end of the rotor, rotor bar conductors are short circuited by heavy
end rings of the same material.

2. Wound rotor or Slip-ring rotor

Consists of slotted armature.

Insulated conductors are put in the slots and connected to form a three-
phase doubie layer distributed winding similar to stator winding.

The open ends of the star circuit are brought outside the rotor and
connected to three insulated slip rings.

Remember:

Cage rotoris cheaper, require lesser maintenance and have higher efficiency
and higher power factor than wound rotors,

Production of Rotating Magnetic Field in 3¢ System

If 2 3¢ balance winding is excited by 3¢ balance current, a resuftant mmf

3 3,
or flux is produced of constant magnitude of —2—Fm or §¢m in air gap of

motor and rotate in space at synchronous speed (Ng).

The direction of rotation of resuttant flux in the air gap depends upcn the
phase sequence.
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REMEMDBET: ..o sreee e . perphaseinduced emf

»  Resultant mmf can be givenas in stator winding

Fo= %Fm- cos{wt -9) |

[E1 = J2r N, f1.¢ka

where, Fr = resultantmmf In rotor winding
F., = maximum mmf
.................................... At standstill ' E, =27 N, £ ok, [
Speep and Slip At any slip ‘s’ | E, = V2x Nz_(sa)'@kmﬂ
Synchronous speed (N,) | where, Kk ..k, = Winding factors of stator and rotor windings
_ respectively
N, = 1201 N;, N, = Number of turns of stator and rotor winding
P respectively
here f = Supply frequency
where, bRy Tred Rotor Emf current and power
P = Number of poles _
5 Q Per phase rotor current at any slip 's’ G 'UUU‘JXE
o= Ny =N, - —E
Slip (s) N, [ '.:- ———2

where, N

il

I 2 ' E2 5
s = Synchronous speed, rpm o [_;L) + x5 I

Rotor speed, rpm

-
i

where, 1, = Rotor resistance at standsiill
» = Rotor leakage reactance at standstiil
E, = Per phase value of induced Emf at standstill

Rotor frequency

X
fi

where, f, = Line frequency : @ Rotor power factor
f * Rotor current i, lags the rotor voltage E, by an angle 9.
Note: . i .
* Speedofs:atorfield w.rt. stator=N_. | 0, :tan*1(§i2_}
* Speed of rotor field w.rt. stator = N.. : _ : )

* Speedofrotorw.rt.stator=N,_. * Rotor power factor = cose,

* Speed of stator field wrt. rotor = (N, - N }. |

i Q Per phase power input to rotor
* Speed of rotor field w.rt. rotor=sN,_, -

* Relative speed between rotor field and stator field is zero.
¢ Rotorspeed N = {1 -s)N_.,

* Rotor of induction motor never runs at synchronous speed (N, < N

E F’g is the power transferred from stator to rotor across the air gap
otherwise induced emf in rotor = 0. i

also calied air-gap power.
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QO Rotor ohmic loss = I2r, = sP, gfficiency
0 Internal mechanical power developed in rotor ] gfficiency of a 3-phase induction motor (n)
R, =(1~:-‘S)P : 1= ———=sh ... w3 100
| - . : | : nc Pon +Prt Pory
O internal (or gross} torque developec per phase 3 where, P,, = Shait power
T ~ ntermal mechanical power developed in rotor P, = Fixed losses = core loss + friction and windage losses
® - Rotor spe&ed in mechanical rad. per sec. P.. = Stator and rotor ohmic losses
7~ Pa _ Pu _ Rotor ohmic loss Equivalent Circuit
¢ g o @y % slip
' | Exact equivalent circuit referred to stator
where , w_ o, = Synchronous speed and rotor speed in

mechanical rad. per sec.

Q Qutput or shaft power

i1
rs (— —1)

3
——
Etectrical analogue
of varlable mechanicat

| P = Py, —Mechanical losses.

| Psp = Py — Rotor ohimic losses —~ Mechanical Josses

Note: ..., T DU UUURRRRR SN

2 Air gap power

;= Statof power input=Stator 1R loss = Stator core loss

Power Flow Diagram

—{Stator Cu loss + core loss)
Input power (P,.) Rotar input (Pg)
f

O Per phase rotor resistance referred to stator side
—{Rctar Cu loss + rotor core loss) _

Mechanica! power developed (P,,,) | = a’ni

I —{Rotational iosses)

Net output power (P}

or
shaft power

I
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where, 1,1, IPer phase stator and rotor resistances.
Xy, X, = Perphase stator and rotor leakage reactances at standstil,

li

Analysis of the equivalent circuit

All the rotor quartities have been referred to stator side.

Thevenin equivalent circuit

Rin Wan - p [
MWW———V—o—TO00—
} ——)
o
- = 2
Vin /':': s
B

QO Thevenin voltage across points A and B

2 ol
Vg = e X
"Rk X

O Thevenin equivalent impedance across points A and B

'(r{-l-"jxt) Xp(q;

=R
o+ 4 Xg) Th"’JXTh

Th =

O Thevenin equivalent resistance and reactance across poinis A
and B Neglecting r,as r, << (x, + X )

where, X Magnetizing reactance

Stator applied voltage; X =

=
il

x1+)(¢

MADE EASY = Electrical Machines TS
D Total torque
: K, 71
Tez — '!2 "_2* vN__m
r2 2 S
(RTTH s allas ) + X 1
s S
SV
where, K, = — and X, = x5 + Xq,
5

0 Maximum internal torque

SR T N

Q[th + \/R%n ‘*"'Xf] _ '

Maximum internal torque is also referred as stalling torque, puli-out torgue
or breakdown torque.

Q Starting torque

T T
e (RTh'”e) +X2 rgJ

0 Motor torque in terms of maximum forque

O Total mechanical
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Q Maximum power '
3VE
P, max. = —F Sl
b Q[RTh +15 4 J(Bon + 12 )+ X
ReMEMBIGE: o e e Starting torgue
* P, e dependsonrotorresistancer,” whereasT,_ doesnot.

e anen s e ———————_ . OO T Maximum torque

O In order to get maximum power output frem induction generator
The rotor speed {n,}

Slip at max. torque

5 -
Ny =nNg{ 1+ RO @I Y.
\/(RTH + r2’

2 2 4
) EXT 415 * Athighslip{i.e.s=1)

T+ St *  Atlowslip (i.e.s =0}

('gij_]z . : [H ( S )z] ....................................... e

Torque Slip Characteristics

where, I, . = Stator lcad component of current at starting

2,5t
I, .7 = Stator load component of current at maximum torgue o
' Unstable + Stable |
Approximate Analysis ; :
{Breakdown torgue) Tem [Fowmmmmmmmn-s . - Full-load
- ' ‘J{perating point
F . i
Taa ; i
Starting E E No toad
P 1 torque | 9/ ——Slip
M 0 Senas | My — Speed

-+—=— Braking mode —=f=— Motoring mode
{(s=>1) (0gs51)

Generating mode —»—»
(s<0)

Ouw— <| —=
v}
]
AAAR
i)

Torque-slip characteristics
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Z, = Fe X,
1 ,
Yo= 5 = GC - JB¢
0
1
Y, = %
B, = Y -G&
Ky = —
@ ~
Be

2. Block Rotor Test

-ug - A Handbook on Electrical Engg.

Remember: .

1

T <=5

) e

. o }-—-5

» Efficiency of IV, Tts

where, f = frequency
s = slip

Determination of equivalent circuit parameters

1. No Load Test (0.C. Test):
Test performed at rated voltage to determine
(a)} Iron loss at rated voltage i.e. P,
(D) Shuntbranch parameterie. R, and X¢.

F+ =R X

+ Supply is given but the rotor is blocked to rotate mechanicalty.

* Thistestis also called short circuit test to determine copper loss at
rated current. This test is performed at rated current condition.

where,

T' oo A BB
v V7o

where, I, = Noload current
V = Rated voltage applied to stator
7, = Fixed losses read by watt meter
RN |
1
G = —
'c Fe

lsc f1+1=H X

i ZSC

Yse

l.. = Rated current

Ve = Voltage that is required to circulate 1, when rotor is

blocked
P, = Total copper loss on fuil load at standstill, read by
wattmeter
R = PSC
2
SG
N
Lo = ISC
SC
X = 75, ~R?

tn block rotor condition, reduced voltage (up to 5% of rated) is required to
flow the rated current,
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(a) Voltage control technique: Applicable for both .M. i.e. slip ring
induction motor (SRIM} and squirrel cage |.M.

(b) Rotor resistance method: Only in SRIM.

Starting Method of 3¢ Induction Motor

1. Direct Online Starting (D.O.L.}
To reduce the starting current if voltage is reduce by a fraction x, th (c) Rotor emf injection method: Only in SRIM.

but the siarting t
starting current is also reduce by a fraction x bu g oroufﬁ 5. Synchronous Speed Control Technique

gets reduce significantly by a factor x2, F
. b 120F

2, Auto Transformer Starting ‘ Ng = ~p | and | N, = N{1~s) I

Both starting current from supply and torgue are reduced by same facy ' _' '

NE < e “ ’ (a) Frequency control technique: Applicable in both induction motor.

(b) Pote changing technique: Only in squirrel cage .M.
Remember: ... . N, (c) Cascading of 2 induction motor: In this method one L.M. must be
H x =1/3 results are same as Y-A starting . SRIM. while, other can either squirrel cage or SRiM.

................................................................................................................ . Cogging

Number of Slot in stator = S,

3. Start-Delta Starting
Number of slot in rotor = S,

In this, A connected induction motor started as Y connected, and & ‘ _
motor pickg up the Speed the connection are Changed toAie. itrunsa If eithar 81 = 82 ar |ntegra! multlpfe to each other then the stator teeth and

A connected. rotor teeth which are actually paraliel, may develope very strong alignment

It delta connected | M. is started as star connected both the startin force at the time of start and therefore the induction motor may fail to start,
current and torque are reduce by a factor of 1/3 * with rotor teeth blocked against the stator teeth. This phenomenon is known

-ascogging.
Remember: ...
By increasing rotor resistance, starting torque increases but maximur Crawling
torque remains unchanged. The airgap flux in a 3¢ induction motor contains harmonics of the order of

..................................................................................................... U (80 1), then create parasitic torgue. Due to these harmonic, motor continue
to rotate stably at a speed N much less then full load speed N,,. This

Speed Control of Induction Motor
phenomenon is called crawling.

Rotor speed of induction motor is

: Remember: ...
[N, =Ns(1-5s)| : ‘
» Cogging and crawling phenomenon are usually not encountered in
The “3_‘“3" speed can l?:e controlled by S.R.1.M. as their starting torgue is high enough to accelerate it.
(i) slip control technique and * Power factor: Wide bar rotor < deep bar rotor < semi open slot <
(i} synchronous speed control technigue. closed slot,

* Leakage flux: Closed slot > semi closed siot > deep bar > wide bar,

1. Slip Control Technique
2
T= ﬂ— where T remains constant.

R
ReEN



A three-phase synchronous machine is a doubly excited ac machine beCaq
its field winding i energized from a dc source and its armature winding
connected to an ac source. t rotates with speed of revolving field i.e. synchront’

speed.

Remember: ... ..
¢+ Insynchronosus machine, windings are always connected in star.
*  Armature winding is placed in stator and field winding is in rotor.

Q Synchronous speed

_120f

"
TP

rgm

f = Frequency of armature current
P = Number of field poles

where,

O RBRMS induced emf per phase
[Ea= 444N, 4]

where, N, = Effective turns per phase

G, = Total flux linking a full-pitch coil

a Effective number of turns

| Ne =N, kp kg
where, N, = Coilturns
k, = Distribution factor
kp = Pitch factor

O Winding factor

 Polyphase Synchronous Machine:

Electrical Machines 123

Salient pole windings are concentrated winding and connected in

-
.............................. series.
i« d-axis and g-axis are 90° electrical to each other.
* Air gap is minimum along d-axis and maximum along g-axis.
* Sailient pole machine drives at low speed and hence is called as low
speed aiternator or hydro alternator.
* Salient pole rotor has large diameter and small axial length.
Remember:

»

Field winding is distributed and ali coils are connected in series.
Air gap is uniform.

It can be driven at high speed so it is also known as high speed
alternator or turbo generator.

Cylindrical rotor has smaller diameter and targer axial length.

In alternator, main field mmf leads the air-gap mmf and air-gap mmf leads
the armature mmf. Therefore, in alternator main field mmfis most feading.
In motor, main field mmflags the air-gap mmf and air-gap mmf lags the
armatiure mmf. Therefore, in motor main field mmfis most lagging.

For unidirection torque production, number of rotor poles must be equal

to number of stator poles and they must be stationary with respect to
each other,
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: ' The effect of armature flux (¢,) on main field flux {¢,,,) is known as armature .
' reaction. Armature reaction depends upon the magnitude of load ang
load power facior.

P.E, - & _ '.'Altei'nafbr-‘_'__ il Motor :
1. Unity Purely cross magnetizing | Purely cross magnetizing
2. ZPFilag | Purely demagnetizing Purely magnetizing
3. ZPF lead | Purely magnetizing Purely demagnetizing
4. 0.8 lag Partly demagnetizing Partly magnetizing+
+ Partly cross magnetizing | Partly cross magnetizing
5 G8lead {Partly magnetizing+ Partly demagnetizing +
Partly cross magnetizing | Partly cross magnetizing

Synchronous Generator Model:

where, E; = Excitation voltage or internal voltage
E, = Armature reaction voltage

E, = Armature leakage fiux voltage

el
H

. = Armature resistance

X, = Armature leakage reactance

Xa = Armature reaction reactance
I, = Armature current
V, = Terminal voltage
1. R X, X4 ) He = (X5 + X)) R,

O
6— <

M MADE EASY E'MADE EASY M

[y
f

Armature Reaction '

Electrical Machines

where, X_ = X, + X_ = synchronous reactance

where, Z_ = (R, + jX_) = synchronous impedance
prop in Voltage

+« Drop duetoarmszture resistance i.e. I, R,

+ Drop due to armature leakage reactancei.e. I, X, {due to armature
leakage flux}.

» Drop duetoarmature reactioni.e | x_.

Remember:

* Theterminalvoltage of an a.c. generator depends upon the load and may
be larger or smaller than the generated voltage.

* Theterminal voltage may actually be higher than the generated voltage
when the power factor is leading.

* Forunity and lagging power factor, the terminal voltage is smaller than
the generated voltage.

Leading p.f.
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Note: SR
¢ When Zcosd = V, normal excitation (unity p.f.)
*  When Frcosd > V, Over excited machine {lagging p.f.)
*  When cosd < V, Under excited machine (leading p.f.)

Synchronous generator tests and characteristics

Resistance test

O Per phase resistance
for star connected generator

R_a = 0-5 RL

for delta connected generator

R, =1 SRL

where, R, = measured value of resistance

Open circuit and Short circuit characteristics

¢ Find the value of the field current (i) that gives the rated per-phase
voltage (V) from the OCC of the generator.

* Findthe value of the short-circuit current (1) from the SCC for the same
value of the field current | .

i Air-gap line
@
- oce

g Van." """""" ' e

T ' iy o

¢ 7 5

= H S5CC O

L 3 : h=

o >

a P 2
_________________ o

E : H :sc -

k= b e ——aa

I e L o

=) ' H at 2

= 0 | o«

fl f Field current (i)
—_——

o

M MADEEASyE
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O Synchronous impedance

@ ZS
2
3 :
a !
E i
(723
a :
§ LUnsaturated :
] region | Saturated
& E region
Field current_(_l;)r
Open circuit terminal voitage
for a certain field current
®  Short-circuit current for the
same field current
vV
e _ank
Zg = A
5S¢

External characteristics

o Y4 ¢2}p.f, leading
o}

3 Vo e ?‘_ Oy < P2
2 Var

[=5]

z

= upf

=

2 N, 1] pf tagging
g E l¢’1{ < |¢2|
2 I I

a

Armature current

Short Circuit Ratio (SCR)

SCR is defined as ratio of field current required to produce rated voltage
on open circuit to the field current required to produce rated armature
current on short circuit.

SCR= l; forrated open circuit voltagﬂ
I for rated short circuit current -

SCR = I—'iﬁ-u

rated

?sc (nu}

SCR =« Vi
e Xs(satfi‘tﬁt’_éd) p.t.




g A Handbook on Electrical Engg.

B MADE EASY

ReM @M O o L
¢  Forhydro generator SCRis high.
s Forturbo generator SCRis low.

A synchronous machine with high value of SCR has a better voltage
regulation and improved steady-state stability limit but short circuit faul
currentin armatureis high.

e A machine with low SCR is less stable when operating in parallel with
other generators. But the armature current under short circuit conditions

is smalk.

MADEEASY ®

Voltage Regulation

Voltage regulation is defined as, rise in voltage expressed as a fraction |
of full load rated voitage when full load is thrown off, while keeping the f

excitation constant.

IEf

Regulaiicﬁh’_ =

[Regulation = Z_s;f':|

RemM @M O

*  Order of voltage regulation in alternator is 30 to 40%.

For minimum voltage regulation

Zero voltage regulation is possible only for leading p.f. ioad.

X, s
o~
R,
For zero regulation:
cos(@+ ¢) = or
where, 6 = Impedanceangle
¢ = Powerfactor angle

Electrical Machines 129

Maximum voltage regulation

Maximum regulation is possible only for lagging pf load.

For maximum regulation:
[ Load p.f. angle () = Impedance angle (8) |

Remember: .

» Voltage regulation is always pos:twe for resistive load or U.P.F lcad
or lagging p.f. load.

» Voitage regulation could be positive (for high leading p.f.}, zerc and
negative for leading p f. load.

Voltage Regulation Method

1. Synchronous Impedance Method (EMF Method)

Here we assume drop due to armature reaction is considered drop due
to leakage reactance. It gives reguiation more then the actual vaiue and
hence it is called as pessimistic method.

. M.M.F. Method (Amp-turn method)

Here, we assume drop due to leakage reactance is considered as drop
due to armature reaction. This method gives regulation less than actual
value therefore it is called as optimistic method.

. Z.P.F. Method

Plot of V, versus |, corresponding to different field current. For maintaining
rated armature current at zero p.f. lag called ZPF characteristic or potier
triangle characteristic.

. A.S.A. Method

Here effect of saturation is aiso considered. This method is Cornbinatibn
of Z.P.F and M.M.F. method.
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= ¢ where, v = internal pf angle by which |, lags E.
8 = Load angle between E and Vv
¢ = Power factor angle between V_and |,

Two ReactionTheory

This theory is applicable to salient pole machines only.

G If R, neglected as R, << X..

[~ E=V, cos | = Vasind
) Xd and q xq .

a Per Phase Power

P = i\;a sind & %[;{l _3{1—] sin26

g

Electromagneatic

: : _ powor Reluctance power (Prel)
| |d = ]'a Slnll!-l

Remember:

* Incylindrical rotor, P, is zero since it does not have saliency and

where, |, = Direct axis armature current Xg =X, =X,
I, = Quadrature axis armature current * Reluctance power is generated only when machine is connected to
lg Xq or operating on infinite bus bar.
T P
Iq Xg lg Xq Slip Test
LB W, | Detiil SO BReC SIS S B A la Ra From slip test, the direct and quadrature axis synchronous reactances
- i.e. X4 and X4 can be determined.
i, R alba .7
q9°a P - AT o e ; T a— o T
Rl Maximurn armature tferminal voltage per p
T S B Va 7~ R Iy - Midimumiaimature current per phage
(0 S ——
Vs cosd W L e armature terminal
¥ 5 s . voltage pef phase
'a 97 Maximum armature- current per p

Power Flow in Alternator

L
Ess @ V,20
D

here, + sign for lagging p.f. and sign for leading p.f.
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Complex power output

S

i

O Condition for maximum power output i.e.

Power relationship

P+jQ=V,;

- C 72
Pl= 52 005(6 ~8) ~ 31 cose

b 8

Q ;::FZV&"-_S IH(B*B) - ;—QSIDB '

s -8 o

0 thenZ = X, and 8 = 90°

poEagins
X, .

Q= Y2 [Ecoss - V]
Xo .

dP

-——=0
dd

| impedance angle () = load angle (3) |

Q Mechanical power input to the generator

l Pil"'l,l’l‘l: TR TS(DS [

Q D.C. power input to a wound rotor

Q Total power input

(PeTTows TVl
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O Power output of a synchronous generator
!.'-PO =3Vala .C‘-?SM

O Copper loss in armature winding

!Pcu =35 R‘a‘.’
3E I, cosy

Mech. Fower

=TT

F&W Open circuit Field circuit  Arm. circuit  Stray load
loss core loss loss, V; | ioss, 312 R, loss

Electrical power

Quiput, 3V, |, cosé

MNg-load rotational loss .
Short circuit load loss

O Total power input to synchronous generator
[Po =3 V.l cosp + BER, + P, + Py + Vi1,
where, P, = Rotational losses of synchronous generator
P, = Stray load losses

O Constant losses

Since the rotor revolves at a constant speed, the rotational loss is
constant. The field-winding loss is constant. Assuming the stray-
load loss to be a constant.

[P =FaPa s Vi

Efficiency

O Efficiency of the generator

3V, éf@;cos
" &V, co50 P, +3EH;

For the maximum efficiency

} i+
Condition that must be satisfied for parallel operation
* Terminal voltage of incoming alternator should be equal to existing
system and that can be done by varying excitation.
* Frequency of incoming alternator should be equal to existing system.
Freguency is maintained same by adjusting primover speed.
* Phase sequency of incoming alternator must be same as that of
existing system.
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power flow diagram

Constant power loci of armature current with generated voltage |

locus of E 3E |, cosy

i Mech. Power
Electrical power

" Cutput,
E o nput, V.l SOS® J \ \ \ l utput, T ey

Arm.circuit  Stray lcad Field circuit  Open clircuil FI;)&S;"J’
toss, 3Ia2 Ha loss loss, VI core 0S5

No-load rotationat loss

Short circuit load loss

' O Average power input
H

ta
Leading pf =~~————= Lagging pf { P =3V, l,cose+ Vi, r

Vcurves 0 Total copper loss

LPCU = 312 Ra

O Power developed

i Pq =3V, cos¢ - 3R, — VI — stray load loss

Leading pf Lagging pf Salient-pole synchronous motor

Under excited l Over excited

| Vo= Ea vhB +ila Xy +ilg X | or
MNorrmal excitation i I

Round-Rotor synchronous motors Ea = Va TR, — [T, Xg ~ [Tg(Xg = Xq)
Equivalent circuit

Phasor diagrams

ilaXs

Phasor diagram

(Lagging pf)

h=d

3 ‘_\‘/
—jl.X
5 Nake

N . o )
(Laggirg p.f) i
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O Power developed

'.P 3V, E,sind 3V231n28 Xy —X
: Xq 2 xd-xq

O Power developed owing to field excitation

P, = 2Vaba s
Xd.

O Power developed due to the saliency of rotor

2% X

Xq ~ X
Py = 3V2 (_—__d }S|n26

Condition for maximum power

tand =gs-
=]

U Per-phase maximum power developed

= _ VuE, “_Ef;Ra
dma Zs Zf .

Constant power loci of armature current and excitation voltage !

1}
A
Ol lar Locus fgr constant power
. .'/ N

! Ea Locus for constant power

V curves

l.
) Full load
S, Partial load

Mo load

Lagging pf

L Leading pt
Under excited l Over excited

I {Field-winding current)

Normal excited

§
b
i
r
i
[
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starting of Synchronous Motors

A synchronous motor is not self-starting. It can be started by the following
wo methods:
» Starring with the help of an external prime mover.

« Slarting with the help of damper windings.

Hunting or Phase Swinging

The phenomenon of oscillation of rotor about its final equilibrium position ‘s
called hunting. Since during rotor osciltations, the phase of the phasor E,
changes relation to phasor V hunting is known as phase swinging.

Hunting occurs not only in the synchrenous motors but also in synchronous
generators upon the abrupt change in loading.

synchronous Condenser

It is a synchronous motor running without a mechanical load which can
generate on absorb reactive VAr by varying the excitation of its fieid winding.

Remember: ..
*  Since,asynchronous condenser behaves like variable inductor or a variable
capacitor, itis used in power transmission systems to regulate line voltage.
*  Theyarealso used in constant speed applications.
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power Electronics

Power electronics is a subject that deals with the apparatus and
squipment rated at power level (high voltage, high current and high power)
rather than signal level and working on the principle of electronics.

Example: Thyristor, GTO, Power MOSFET, Power IGBT, TRIAC etc.

Power Device _ . Signal Device

1. ¥alkage and current rating is high 1. Voltage and current rating is low

2. Power handling capability iz high 2. Power handling capability is low

3. Cperate at power frequency 3. Operate at high frequency

Power Semiconductor Devices

Power sermiconductlor devices can be classified based on their
(i} Turn-on and turn-off characteristics.
(il Gate signal requirements.

(a) Dicdes: These are uncontrolled rectifying devices and their ON state
and OFF state are controlled by nature of power supply.

{b) Thyristors: These devices have controlied turned-on by a gate signal.
T-ese devices are also called as semicontrolled devices.

(c) Controllable switches: Turn-on and turn-off of these devices can
be done by application of control signals.

E Power Diodes

Power diode is a 2 layer, 2 terminal p-n junction semiconductor device.
It has one p-n junction formed by alloying, diffusion or epitaxial growth.
1

{ Alanode) o————{>F——oK(cathode)
Remember: ...
*  Whenvoltage rating is less than 400 V epitaxial process is used for diode
fabrication,
*  When vaoltage rating is greater than 400 V diffusion process is used for
diode fabrication.
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Characteristics of Power Diodes

{a) Diode V-1 Characteristics

Forward
voltage drop

L/

Forward characteristics

WV

Ver }
1
" }
Reverse
leakage
Reverse current
characteristics
Reverse
breakdown

Cutinvoltage = 0.7 V

Characteristics of Semiconductor Diode

Note:

Peak inverse voltage (P.1.V.}) spec:fies the maximum reverse voltage
applied across diode by the source.
If  (a) PILV. « Vg, diode remain in biccking state.

(b} P.LV.> Vg, breakdown occurs and diode starts conducting in

reverse direction.

{b} Reverse Recovery Characteristics

Due to the presence of excess stored charge carrier in the depletion

region of diode, a reverse current immediately flow as soon as the forward

diode current becomes zero.

4
di

< dt |

f — 1, —

I :' :

o l E—-— ta —!-:L-q-— ty —-h-i

0.25 Igpp b e mmm e mmmm e mm e i : L
a 1,
L 4 :

QglArea under the curve)

Reverse Recovery Characteristics

where, t, = Reverse recovery time

UH
I

Il = Reverse peak current.

t, = Time between !, =0tol, =l
Time between I, t0 25% of Ig,,

W

and

‘. "-'.,-_{QOR ]”2
T dva]

kM = I:?.QR (EI_;

N

where, Qg gives the amount of excess charge stored.

Q Softness factor (8)

It is measure of voltage transient appearing across the terminal of

diode during recovery period.

when & = 1,1,=1 . Softrecovery

S << 1; Voliage spikes will be present and itindicates fast recovery.

Types of Power Diode

:_'."F.aé'! _Raf&ovary S

Parameters - General Purpose |
k- : : Diode . Diode - ~iii- .
t, 25 psec. 5 psec or less in nano second
Voltage 50Vio5ky 50V 103 kY Reverse voltage
rating blocking capability
limited to 100 Volts.
Current rating 1 Ato 1000 A 1 A0 1000 A 1 Ato 300A

Application { } Battery chargingl {i} Choppers (i} High frequency
{if) Electric traction | (i} Commutation circuits tnstrumentation
{iUPs {iii) SMPS {ii) Switching power
(iv)Welding tiv} Induction heating supplies

. Power Transistor

1. Power BJT (Bipclar Junction Transistor).
2. MOGSFET (Metal-Oxide Semiconductor Field Effect Transistor)
3. Power IGBT (Insulated Gate Bipolar Transistor)
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i
Power BJT ReMeMBEr: ... e,
* Inswitching operation: Cut-off region —» OFF state
: C & Saturation region — ON state
lo o *  Activeregionis not used for switching application.
| | . L
B o ) 2 » Current flow in the device is due to the movement of both holes and
Ie le electrons.
E E switching Characteristics of n-p-n Transistor
(n-p-n type) (p-n-p type)
Vae
where, C, E = Main terminal ' TV
. BES
8 = Control terminal
Ig J
g Veoee > Vo
VCE1 . O
S } = 1/f ‘ t
;" Ie: g
‘ J," loeo '; lcs :
\% i ! = N
) - ; t
K td I{E i d
: Vee ' ; E
Vee T\ y Ny NN
(a) npn transistor circuit characteristics {b} Input characteristics Vci AW i CES | ': [
e o | 4 ' | : t
fu— Active region —e tan t, Pl oty )
! t t,
H los = Taa
n las > e where, ty = Delaytime
/ les > lpz : t, = Rise time
i e
.! Saturation ez > I ton = L+ 1
3 oy, L t, = Conduction period
1 - - lg=0 t, = Storage time
Cui-off region 4 Leakage Vee ’ t; = Falliime
{OFF) " current . .
{c) Output characteristics t, = OFF period
toff = ts + tf
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i
[

Collector saturation current

[T = t,, + Conduction period + t, + OFF Period |
[ frequency (f) = 1T |

T
(\\\@\
R
S & &
FN 3 %
COS &
5 N
ot Feak current e‘réq‘?}% e — Peak current 6‘%%'\\
o & o .
atle) rating QO‘&LQ@@ b?}‘\\'b@\ ol rating PR

log(Vcg) log(Veg)

(Forward bias) {Reverse bias)

Power MOSFET

D
TDrain
—

3
Source

Gate

N-charnnel enhancement power MOSFET
whare, D, S
G

Main terminal

Control terminal

B MADE EASY

Small saturation voltage between collector and emitter

T.
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1 In{A)
R g
)
Vg — Vas IGST
T | ] H L 1
2 4 G 8 10 Vas
n-channet power MOSFET circuit diagram Transfer characternstic
Vasr > Vgeg > > Vs
G557
g VGSEi
‘5 Vess
j =9
g VGSA
a
= VGSS
o
o] VGS?
VGS:'
VDS

Drain Source Voltage Vg —=

QOutput characteristics of a power MOSFET

ReM M
* n-channel enhancement MOSFET is more common because of higher
mobility of electrons.
s The control signal (IB) in BIT is much larger than the control signal {Gate
current) required in a MOSFET.
Power IGBT

© C (Collector)
This device combines into it the
advantages of both MOSFET and

I <

G
{Gate)

© E (Emitter)

Circuit Symbaol
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IGBT Characteristics

Vaes > Vaea 1€ {(A)

Vaes
VGEd
VGF.:A
VGE2

VGE1

(o)

Vee J Ver

VGET

(c)

IGBT {a) Circuit cliagram (h) Static V-l characteristics and {¢) Transfer charasteristics

Comparison

BJT

" MOSFET

et

1. Bipolar device

2. Low ON-state voltage
drop

3. Low OM state
conduction powver loss

4. High swilching power
loss

Low input impaedance

Current contro led
device

7. Negative temperature
coefficient for resistance

8. Secondary break down

Unipotar device

High OiN-state voitage
drop .

High ON state
conduction power [0ss

Low swilching power
loss

High input impedance

Voltage controlled
device

Positive temperature
ceefficient for resistance

Secondary break down

Bipolar device

2. Low ON-state voltage

drop

3. Low OM state

conduction power loss

4. Low switching power

loss

5. Highinput impedance

Voltage controlied
device

7. Positive temperature
coeﬁiciem\ for resistance -

Secondary break down

ocour will not occur will not oceour

9. Parallel operat onis not Parallel operation is 9. Paraltel operalion is
advisable possible possible

10, 1200 ¥, 800 A, 10,800V, 140 A, 1 MHz 10. 1200 v, 500 A, 50 kHz
{10-20) kHz

11. Application: UPPS, 11. SMPS 11. Inverters, choppers
charging batteries

mEEE

B

Thyristor is a four layer, 3 junction, 3 terminal semicontrolled p-n-p-n

semiconductor switching device.,
A (Anode)

G
{Gate)

K {Cathode)
{Circuit Symbol)

TA
p
Jyq
n
G —J,
A
.

K

{(Schematic diagram)

static V-1 Characteristics of Thyristor

1,

On state
voitage drop

frorward conduction
{on state)

Latching current {1, )
Holding current {Iyg)

Reve S aaage [ e le>lg
—Van ¥ |93_A|92j91 11g=0
e : . T L —
-v, i [ Voo 4V,
Forward Forngcrir!Eenaikage
blocking
(OFF)
'"Ia
where, Vo = Forward breakover voltage

pr = Reverse breakover voltage
Gate current

Thyristor Operates in Three-Region

1. Forward blocking mode;

Device is in OFF state. Anode is positive, cathode is negative andV, <V,

Ig:O
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Junction: J, — Forward bias » The Gate signal needs to provide untill, the anode currentis just above the

latching value, so that it continucus to be in ON state even after removing
J, — Forward bias ' gate signal.

Only forward leakage current flow. : o Gateloosesthe control after SCRis turn-on, thats why it is called partially

controlled device,

By increasing the value of load inductance the minimum pulse width

required to turn-on the SCRis also increase.

J, — Reverse bias

|
H
H
!

2. Forward conduction mode: ;
Device is in ON state. Anode is positive, cathcde is negative and V_ = Ve *
|g =0
Junction: Jy — Forward bias
J, — Breakdown occur
J, — Forward bias

+ Byincreasing the value of resistance connected in series with inductive
load, the minimum gate current width require is constant.

* By adding aresistance in parallel with load resistance the minimum pulse
width is changed.

3. Reverse Blocking mode:

Device is in OFF state. Anode is negative, cathode is positive. switching Characteristics of Thyristor
IQ =0
Junction: J, — Reverse bias Anode voltage (v,) and

) gate current (i,)
J, — Forward bias

J; — Reverse bias A {---- 0.9V, OA =V, = initial anode vohage
Q@ Latching Current ) :
It is the minimum anode current to be attained above which the ;

device continues to be in the ON state even after removal of the o
gate current,

Ig O slate voltage
drop across SCR le— 1,

0.1V, | g

]
1
1
by ' 1 ! ]

— =l
3 :-v ' t

1
[
1
T
L
I
t
1
1

i~ Steady state —=
aparation

. Anode cu rrE_nt ,i :I\"/ 5 Revérse voltane
0 Holdlng Current (IH) {iz) ' E ! :due to power circuit
) L la = Load current [ i i
Itis the minimum anode current to be attained below which the device I, L L Commnation 4 RS
’ | T \
comes into the OFF state after applying a reverse voitage across it 091 Anode cutrent | P b
untill it regains its biocking capability. begins to .| Pt P
decrease ! Recovery
O Procedure to Turn-off the SCR i Mecoﬁbmmn
Bring down the anode current below holding current. After that apply 011, .: 1 §
| 4 ] yd ra
a reverse voltage across it till excess carrier are removed and at g V* H_ﬂ . : N o T a
regains its blocking capability. : Forward : PN g !
feakage i P S N .
Remember: . current : : i : :
r

*  Byincreasing the magnitude of Gate signal the breakdown voltage reduces.

* Latching currentis related to turn-on process and holding currentis reiated
to turn-off process.

* L =>1,or I =IH

I
1
i
1
1
[

|
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oblem Related to Series Connected SCR

pnequal Sharing of Voltage:

Delay time {tg) = 0.9 1,10 011, - | ty=teg=ty+15 ' 5) Due to difference in forward blocking characteristics of series connected

Rise ime (t) = 011,10 0.9 1, ty = Device turn-off time o SCR. To overcome this problem, we use “static equalizing circuit”.
Spread time {(lp) =09, 101, - t,= Reverse recovery time p) Due to difference in the reverse recovery characteristic. To over come
: ty = Gate recovery time - . this problem, we use “dynamic equilising circuit”.

= Circui't turn-off time

]
E,( Static equalizing

ReMember: e, circuit o ‘% [ E circuit
For successful commutation, t_> t, ; ¢ Py : E‘; R !‘
................................................................................................................. e : 3 :
Triggering Methods of SCR ! :
(i} Forward voitage triggering. . RC% . T, EE R '
(il Gate triggering e LT
(i) dv/dttriggering ' -[ '
(iv) Temperature triggering T e
: (v) Light tiggering R o MWom ~ Vs C = = 14AQq
REMEMBEI: . e ~ (n-1) Al NVom = Vs
* Light triggering thyristors are used in HVDC transmission systern. Yem = Maximum permissible blocking voltage
* Thesize of pulse transformer and average gate power dissipation canb Aly =y max - Ibgming
reduced by using high frequency gating. = Difference between maximum and mirimum leakage current

n = Number of SCR connected in series

String Efficiency V, = Total string voliage

It is measure of utilisation of SCRs rating to its full capacity. AQy = Difference in recovery charge

Totat string voltage/current rating arallel Connection of SCR
n (individual voltage/current rating of one SCR)

String efficiency =

R N When available current rating of the SCR is not sufficient then we have
where, n = Number of SCRs connected in series/parallel. to cornect some of the SCRs in parallel.

‘ Derating factor = 1— Siring efficiency ‘ roblem Related to Parallel Connected SCR

nequal sharing of curreni:

Series Connection of SCR ) Due to difference in conduction characteristics of both SCR connected

When the available voltage rating of SCR is not sufficient then we ha in parallel. To over come this problem connect current equilsing circuit.

to connect some of the SCR in series so that they share the applis
voltage during the off-state.

) Due to temperature difference and to over come this problem we put afl
SCR in a common symmetrical heat sink.
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Thermal Resistance

where, P, = Average rate of heat generated
T, = Junction temperature

T = Casetemperature

Tg = Sink temperature

Ambient temperature

8,c = Thermal resistance between junction and case

o
I

Thermal resistance between case and sink

If

cS
6., = Thermal resistance between sink and ambient
8 9cs - Bga 1 Bja

| 8ua =8, + 80 + Bga

Protection of Thyristor

(i)  Over current protection: Fuse or circuit breaker connected in series
with SCR to limit over-current.

(ii) Over voltage protection: Varistor are connected across SCR.

(iii} High dv/dt protection: Snubber circuit is provided across SCR.

(iv) High di/dt protection: Connect a inductor in series with SCR.

(v} Thermal protection: Provide heat sink in SCR.

Gate Protection

(i)  Over current protection: Connect a resistance in series with Gate.

(i)  Over voltage protection: Zener diode is connected across the gate
and cathode junction.

(iif) Protection against noise: Connect a capacitor and a resistor across
gate and cathode.

i
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Over current protection  [di/dt pratection]

o m e inductor
if{ Fuse | C.B. |- B
| ! Overvoltage Snubber
A protection circuit
. Heat sink P77 [dviat
Gate protection X ER Eprmection]
e RLTF b
I ‘!‘\?\v‘v : ? :I :I
j G ol CF
! > K RI :
: -

Remember: .
* Gate current magnitudes are of the order of 20 to 200 mA.
* Triacis combination of antiparallel connection of two SCR.

Device Voltagefsurrent
. . ratings -
Diode 5000V
S . . 5000 A
- PR - . '-’fooqv_ .
(SCR .. S00UA-
AScH 6000V
_(b} LASCR B 30004
- Aar ' zéoo.v-
(c)ASCR}_HCT‘ 400°A
- 5000 v
(d) GTO ~ 3000A
o o500V
{e}SITH N
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MMCT

JA .

Yagov o s
N

(g) Triac

1 M1z

1200V
1000 A

{a} BJ;t'

400 A

(b} MOSFET
{n-channed)

1000V
50 A

{c) SIT

1200V
300 A

{d) IGBT

1200V
500 A" -

vode ircuits and Rectifiers

piode circuits with DC source

{a) Resistive Load

2 Load current

‘i(t)z%ﬁ;

D.C. source voltage
Load resistance

i

where, Vs
R

{b}RC Load

O Load current

{T(t) = Yf:f-ep—t;ﬁc

O Voltage across capacitor

et v (1=e"5) |

where, v (1) = Voltage across capacitor at time t
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i ' - load
O Initial rate of rise of capacitor voltage (dLc
| o
(dvc) _ _Vi . . h + i £
dt Ji.o RC ’ Vc+i o T
) v, Lov
Q Time constant N
T2 RCZ Source voltage (V) ' - I l
'-i‘?"ﬂ LT (dvg?) Q load current
dt t"='D'. : : I

ReIMIEIMI I O e e | Al

Att =0, capacitor acts as a conductorand att — o, it acts as aninsulatg; /—r\ ]i v [€
.......................................................................... H T s

....................................... . . 5
' c -

l(t) =, Vs,"‘-‘L— 51N (Dot

where, @, = Resonant frequency of the circuit

P

O Voltage across capacitor

O Load current

0O Voltage across inductor

O Initial rate of rise of current O Voltage across inductor

{ Vi
["’i*?) =5
dti, .o L
Bl v, i

Att =0, inductor acts as an insulator and att — o, it acts as a conductor. I : _ S
-- [V = V58 gt |

[ 9 A
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' i .
tg = — = nJLC
a '
Remember: ...
*  Kwe provide D.C. voltage to LC parameter, the current will be alternating

in nature.

In L.C circuit when current follow sine curve, voltage follow cosine curve
This characteristic is used in commutation technique.

O Damping factor

“linrad/ sec

Underdamped

Critically damped

- -~

~
5

’
.

LI.:\\._

MADEEASY H

Power Electronics

case 1. @ <,
L]

»

Ccase 2. ot > @y
L

Case 3. 0. = W,

Vs

s

If

Roots of characteristic equation are complex.
Circuit is under damped.

Roots are real.
Circuit is overdamped.

Roots are equal.
Circuit is critically damped.

Performance Parameters

RMS value of supply phase voltage
RMS value of supply phase current including fundamental
and harmonics

= RMS value of fundamental component of supply current le

‘
s
N
-
~f
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O RMS value of harmonic components . piode Rectifiers
R T ¥ A rectifier employing diode is called an uncontrolied rectifier, because its
—.ifz _ . ode it
h oS~ . average output voltage is a fixed D.C. voltage.

O Input current harmonic factor (HF) . = .. single Phase Half-Wave Diode Rectifier

HF = th or |HF : .:. _. : '_ {a) Resistive Load:

. Vp .
-y
3 M 4+ 0
O Crest factor (CF) : s 1
E v = Vo8N ot R v,

CF.W b :
where, 1 = Peak input current 5
O Form factor (FF)

O Voltage rms value of output

- vo_r\ — !I”l

N~ Vo : . 2. .

A : where, V_ = Maximum value of source voltage (Vg)
where V. = RMS value of output vohtage Q Average value of output voltage

V, = Average value of output voltage
O Displacement factor (DF) = cosg,
QO Ripple voltage (V,) :\ O Power delivered
: P = (RMS load voltage) (RMS load current)

where, = RMS value of load current
O Peak inverse voltage (PIV) =
O Input power factor

_ﬁmjt . '__\ Power ﬁel:vered tq ]o__.ad

where, Vg = RMS voltage of the secondary winding of transformer

ls = RMS current of the secondary winding of transformer Remember:

P, =V, |,=DC output power Peak inverse voltage (P1V) is the maximum voltage that appears across
V, = Average output voitage the device during its blocking state,

I, = Average output current
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(b) Inductive Load: 0 Output voltage
VD

- | vo =V sinet = v, = v, |
S +

O Diode voltage

[vp =V, (sinet=1|

0O Average vatue of Diode voltage

D !
Output current | .

loq—-ﬁﬁ - cos mt) D RMS value of diode voltage

(Vip =1.225 V|

U Peak value of current

e 2V, - (d) RE Load
IR 1 ; o
O Average value of current , S\v—bl—»o—. A -1-
Ny m}_; - % Vg = Vpsin ot ' H% v
o p max ; -t °
O RMS value of fundamental current ‘T_ l

O Turn-on angle

— ain=t] EG ¥

Q Qutput voltage

v

O Average value of cutput valtage

{¢) Capacitive Load
*  Conduction angle fordiode=n - 26,
* PWfordiode=V_+E

{e) RL Load

0 Qutput current
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O Average value of output voltage 3. Three-phase half-wave diode rectifier

V, = ¥ (1= cos )  ALoad
on — 0O Average value of output voltage

where, B = Extinction angle of the diode . ;_._V_:_ 276 = g =

O Average value of output current ' LT o h T G sl
Vi where, V__ = Maximum value of phase voltage, V '

= =0~ {1- : For0 <t < P , , ph
o 2nR ( C‘G"SQZB) or0 swt<p V. = Maximum value of line voltage, V,

V= Jg'vph

2. Single phase full wave diode rectifier

0O Average output voltage

2V, Parameters | 3-Pulse | 6'Pulse Réctifier | 6-Pulse Rectifier | 12-Pulss’
— F ‘Rectifier M-6 Type . B-6 Type Rectifier:

B DC output . SV;m, . 3Vm -:ngm{ ‘?’V@‘Vm SVW [
O RMS value of output voliage voltage, V,, | 2= = O | T O R [ 181V

Vg =

i

Voo = 12 f RMS oulput -0 .
o J2 votage, V. - 04854 Y,y | 055185 Vs,

Comparison of various 1-¢ diode rectifier Ripple mltag_r_a"'

109888 Y ;| 19101V,

[ooarzv,, | oo vy [oowsv, | oois

voltageripple | 071826 0r | 0,043 or 4 3%

Full-wave : favior, VAR 18 26% 0,042?_ or4.27% | 0.01023 or

‘Parameters - | Half-wave ——— _ - ' : N 1.023%
' .| Centre-tap (M-2) | Bridge (B-2)| . Reclifier efficiency, n | 96.766% | 99.82% 90.82% IR
| | 7 Josess  |osst e
L] 1155V, R

.171.0009 - | :00005

DT output Vi 2AV 2V,

- \ : i — :
voltage, ¥, . i 7t L : PV me

RMS output ood N Ym0 Ve Form factor, FF 1. -
voltage, V0r=:;;. - }

Jm :m 1.0009
2. N —

0.3856 V,,

Ripple voltag'e ; 0_.3.037'.7 Vo

Voltage ripple

factor, VRF F-2uL

0.482 -

g T L

Rectiier efficiency,n | 40.53% 81.06% - 81.06%

CTUR i oszses 0672 08106

\,-PlV - v, Ve -

Crest fact_o_h-C_F_"_' ez \’E . V2

Number ot djodes R -2 - 4

‘Ripple frequericy 1 per i 21
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- Thyristor ¢ Commutatlon
Tedmiques '

b) Class B Commutation:
Itis also called as current commutation or resonant pulse commutation.

Assumption:

1. Load current is assumed constant.

2. The capacitor is initially charged with V, volt with left plate positive
and right plate negative.

Commutation means bringing the thyristor from forward conduction state §
to forward blocking state i.e. it is a process of turning off a thyristor.

Remember: ... )
i i 5 . T T iy =lg
*  Commutatio technique use resonant LC or underdamped RLC circuitst, + 1,},,!’° » .
force the cur-ent or voltage of SCR to zero to turn-off the device. C L 2& D
.................................................................................................................. o " IVITW_TC_”
Types of Commutation Ve © e Vo Gl
) 1%

1. Natural Commutation (Line Commutation): Here nature of supply take § Ta

cares of commu-ation process. B -

Example: Phase contralled rectifier and AC voltage controller. Here, T, = Auxiliary thyristor and

2. Force Commutation: Here external component bring anode current to \

Ty = Main thyristor
zero forcefully.

+« Commutation process is initiated by switching ON the auxiliary thyristor.
Example: Chopper and inverter.

IgM i

i Types of Force Commutation Circuit -
o t
{a) Class A (Load Commutation): iga

Commutating 7 1

elermeant |

o i
. ' e t

irm :

For low R load For high R load

L Over all circuit must be underdamped.

* This type of commutation is possible in dc circuit not in ac circuit.

* Load commutation is aiso called resonant commutation or self
commutation.




F O Resonant current
fl T o - — - b Iy
5 [ — sin = — | . 1 1 V. LR 1
F g = o YMI ,L _3|.n w i .Ips;n Wyl Vs[ﬁl]*nz”: ! VR, S[Fﬁ Rg] ; V. /R,
é Q 5 + ' 5 1 i ’ t
O Peak resonant current vip *:tc“{qk : d :
) 0 i i e .: 1 Vs ! .
[F!_ *Vs LE- IE -V, Avﬁ[1&29-1xﬁﬁ] .: t
S V12 i : ! | :
O Circuit turn-off time for main thyristor (1, : ’ f v, | it :- v.
E i E —Vsi M_ V-[‘I 26 1."R2C] _—t_
Ve k | i i B
! Py fae e o] :
H W | ' _"Elc2'l"'_ ' W
! s ! P 1 s
O Reverse voitage across main thyristor : SN —VSI /o t
124 i ' i 1 |
TRy (Y] bR TR, ! i Vo/Rp
| Vag.= Vg casfsin™{ 2| 0l '. : = i
N Ip ] .: : I. : : :
: L= ic4 : : .' :
: —s g~ /R :I E 2V, : 2V g~t/ReC
Conduction time of auxiliary thyristor = 1L Vo/F, e ' it R | R,
© 2Y, -2V, _uRe E t
{c) Class C Commutation: SR L |
ftis also called, complementary impulse commutation. T ty ta
ON T, ON T, ON
T. OFF T, OFF

o—hAAR
Yyy
e
AMAA
¥
o]
]

Case-1: When T, is turned ON at t = 0O, T, is off
QO The charging current (when capacitor is initially uncharged)

O Voltage across capacitor C

Case-2: When T, is to be turned OFF, T, is turned ON at t,

)
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O The charging current

i
i
:

0= - Do
o R, -

O Voltage across capacitor C

Note: In fast ecuation, time is measured from the instant t
U Peak current thought T,

O Peak current through T,

volt) = Vg -[ 207 1

+

ET{,P': Y3

12 1]
| =V o 4+ —
Tz.P 5{1 Rzi

8 Circuit turn-off time for T,

[ter =BG In(2) |

| O Circuit turn-off time for T,

[tez = RoC 10E2) |

{d) Class D Commutation:

Also known as:

1.
2. Voltage commutation

3.

4. Parallel-capzacitor commutation

Impulse commutation
Auxiliary commutation

IT1 o=lo
L? - L1
B ]
+ o T1

M + YT L
L p
W [] Loac
5
D Ta i

g_,._

o o——

where, T, = Main thyristor

T, = Auxiliary thyristor

r—. e

Power Electronics

171

T

1
1
1
1
1
]
'
'

T

i
1
[
1
]
T
|
]
L
T
1
3
1
1
[
1
'
]
'

|
V14 ) il
il
L I"S
_stl/: !
1 i
t= O 11 12
T T, OFF T, OFF
ON - TAON

Assumption:
1. Load current is assumed constant.

O Capacitor current

]

Ip sinm,t

2. The capacitor is initially charged to V as shown in figure.
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Q Peak value of current through main thyristor (T,)
[(rﬁ)nz o+, |

O Peak value of current through auxiliary thyristor (T,) = |
O Circuit turn-off time for main thyristor (T,)

V,
‘IC = C“—i‘

lo

Q Circuit turn-off time for auxiliary thyristor (T,)

2 _TJicC
=

R
il \d

i

phase Controlled Rectifiers

Uncontrolled rectifier use diode and it convert fixed ac to fixed dc but
controlled rectifier use SCR and it convert fixed ac to variable dc. By changing
firing angle o, ocutput also changes.

In all phase controlled rectifier natural commutation take place.

single Phase Half Wave Rectifier

itis also called as one puise converter because for one cycle of supply

yoltage we get one pulse at output voitage.

% {a) With R load:
i
L
t V. Vi SN oot
; 1A ,
_i :‘ : i
§ o 7 fon i T
: i . 1) .' Do ol
| ot B \_/ i
I I : Flrmg ptises \I‘l ' ' n
Ve - E -
1 s (B Gl I i w
' i 5 Vot | ' b ; P
1 1 H V Sil"l o : Ir : | H
T M T \ " ! : b
y / i VA Ve N\ : ’/\
Vo= V. sinat A= v, . | E’; *’“ ] o ot
- 73 o i
- i i : QT Iﬂ E\(2I+|c") E ‘\(4n+ot)
of | P i b
From: 0tooe T - OFF W r\ P
atonr T — ON i : T ; - :
‘ ' [ { bl o
Ve E . V,T, sin o i . P
[754 / H | ' r,'"\‘
f Ve
i \'
? — ocf-- 1 2n 4 wt
5 M
!
|
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0 Average load voltage (b) RL Load:

P i . + v -
A #"E—E(-‘i + cos a) : ?T:'” > - + T
: where, o = Firing angle Vg =V, sincwt v,
Vi, = Maximum value of sinusoidal source voltage L l
O RMS value of load voltage N

2vx

O RMS current /\
N :
! |
U Power dissipated in R load ; i
: o V2. ; I i
P?%Jm%@ﬁzj%- ; r\QE
B ? , N\
: Q Input power factor g f ; ! \]I ; \I ot
-gj Power dehvefed to Ipad - : ot 1 vt P b v P
' ’ P bl b P bl ot
: vod o b P Pl -
; ' B— P i P b
Dl ot Ll i .
O Circuit turn-off time | i .r*m':-ﬂ/l TV”‘S'”“ /] o
‘ VmsmﬁlL/ —L/ wt
Remember: ;
*  Circuit turn-off time must be more than the SCR turn-off time for 8 Average load voltage

satisfactory commutation.

* Thesource currentintroduces DC component in the supply transformer
and saturate the transformer. This is disadvantage of 1 o-half wave rectn"er
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i O Rms load voltage

. T :.'VA B . o 1 S 12 Ve v )
Vo = ~L[( —a)—=§sin2p - sin2a ] m SIN ol
" 5Jml® Mg isin2h-sin2a) ,, : :
where, B = Extinction angle | : ;
. 0 : M 2']‘5 | : h 41'5 : | ol
O Conduction angle ! : P ‘. P !
[Y=Pp o] P b b
Q Circuit turn-off time | Vol 1 :
b (NN N
te = ! 4 — 4 — l
W . - o - n 2n :“ {2 + o) Lo ! ot
Remember: ... . . o— . 1 i 4 i . i o
¢ Fromwt=mntof, thyristorisforced to conductin negative supply by the : | B i 3 '
stored energy in the inductor, here energy is fed back to source. i *m Pt v
* Atot=f, inductor fed back its whole energy to source, ; —"*FDE“'—T - FD— ‘ T FO—— T_‘“ at
.................................................................................................................. " E i E E E i E E
(¢} RL Load with Freewheeling Diode: R SR P ;
; The performance of converter is improve by connecting a free wheeling : ; / : i/L
diode across the load. . : . . I L o
Advantage of freewheeling diode: gt i N : R E
*  Power factor improve. E | ‘I‘ \ \:\: l\
L o1 ! T '
* Negative spikes in output voltage are removed. \l 2 } o= : ] -
. ' m ! P4 '
* The overall current waveform is improved. . AYAY I E ’ .(2n I fx) ' (.n [ a)E «t
* Overall converter efficiency improves. : : Vo E Lo E
e
[P ! ot
______ . ~ . \/ \/
Conducticn \
Mode Freewheeling
' Mode
l 1
______ - O The average output voltage
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9 The average output current 0 Maximum value of firing angle

O Range of firing angle

O Conduction angle of thyristor

Q Circuit turn-off time of thyristor

. Vm
21135:1'[1 -!-C . IJL].:

}0_. N

O The RMS output voltage

O Circuit turn-off time

tC = -E-SQC I|‘ 2% + 01. - 92 _R-"’:_EB}
i 1] w
(d)RE Load or Charging Battery ; A Average output voltage:

/ t f~ Ve | U Average charging current of battery

J— A 70N b i ool P
' ' i i t o o e R
N o = aglVnlcose = co50,) ~Eto, e}
. : ; , 'V _sinet - E _5 U Power supplied by battery = El,

VSIE B N A Remember: ...

a=8, /-\/ = - 9‘)2: ; ‘3:" When continuous gate signal is given to SCR, it behaves like diode.
n T ot

{(e) RLE Load or DC Machine Load
O Charging current

[ iy EB:;—B_ i

O Minimum value of firing angle

vy Vo sinat W,
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; 180°
Vs L VerSIn ot
/+ +\ (— fr f
! | ! \ H ! wt
LY P \/ : .'
: ! Do ! P !
! TB: H 2w 3n . ! o i
g : ang' pulses: : ' ! 47:5 : -
o : Pl K r
i Lo A :
E P L P P !
; b P P P o
Vol 1 . . . I Do
il v i ' Vo
Y i ; i = b
AN, E ' ; P '
0 '+ ) [
i : 1 ' ,'\ ! P ) ot
: H PoZnrea) 4 :
o ! N Loy ; ] i
e fo ' P i i fo b
i | v I o0 Nt
; — — T i —t
—-focl—-—y—:—-: | ! ' I 1 8 | : ot
g o Lo P .
| (V,sina—E) - P Do b
it AN P -
Pl 114 £ P A L
EI /3E : / P ot
/l Vo +E g ,\/ b

[E + ¥V, sin { - )]

Q Minimum value of firing angle

0, =.sin-'"(£]-
L Vin/ |

0 Maximum value of firing angle, 8,

O Average load current

= (1 -8,)

1
[Z . R[V (cosu»—cosB)HE(B (x}]

O Average load voltage

’ 0 ( ..mzatjf._mn.Sin(a-Fz) sz

; Vo~ g n(ooos ~cosp) +Et2n-+ - )
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0 Maximum reverse voltage to thyristor =

O Circuit turn-off time

O RMS load current

(V,, + E)

or m[‘g;h_g{(E +NZ ) (m “‘2 Mo Vs

O Power delivered to load

[P =12R+I,E ]

O Power factor

PE = la R IE
Al

s lor

Single Phase Full-wave Converter

Fuil-wave rectifier is 2 pulse rectifier, for one cycle of voltage wave we

get 2 pulse of current wave.
It has two configuration:

(i Mid point converter

(i) Bridge converter

Remember:

* SCRsaresubjected to a peakinverse voltage of 2 V. in mid point converter

andV _ in bridge converter.

*  Mid point configuration is used in case, the terminals on D.C, side have to

be grounded.

* Bridge configuration is preferred over midpoint configuration.
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{(a) RL. Load

Continuous
cortduction
(Mid point)

Discontinuous
conduction
(Bridge)

Continuous
conduction
(Bridge)

B

X - [l
A
i P
- - 7
e " T
+
'

1
1
;
:
1 q
H Vo
! oy
[ ]
1} 1) P
' ¢
f/\an m N
i wl
1
L}
H
1}

ot

1 .. N\ -
- ¥ (@rte) (N (3mee)
2 b i ¥
B o e T At
N ! 3
i L o Vo [ 1
. N % o :
b, 4 4 N i ; H 4
g Li 4 il P :
K m! ‘g 2wy ! — *
: . b [ '
vo b E ' i I i
1 0 1 [
1 : \ Il
1 L 1 1

.: Ttz Ng‘i N—i T.T, ¥ T,T, E
! b b P :
S L
E N\ i | :
' i I H el 1
r v : e L ) =

Vo i ! F 5 !
H : i r\j
: ; :

| N N N A
. ! : 1 : H [ |
I | L [ o H
o1 | o . o :
I e H : [ 1
NV’W/“':
! I [ P H

L P ' + ! 1 - it
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(i) Discontinuous conduction:

0O Average outpui voltage

v, :'-:yficoé a~cosp]

O RMS output voltage

O Power factor

| oS ¢ 20
VS(

O Circuit turn-off time (t.)

2 =B

{if) Continuous conduction:

a Average output voltage
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- H
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=
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byp<n
(Discontinuous Conduction)
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{Cominuous conduction)

D cos o

A Handbook on Electrical Engg.
O RMS value of output voltage

O Average output voltage
QO Average output voitage

8 Circuit turn-off time

(i) For continuous conduction

{b)RLE Load

184
(ii) For discontinuous conduction

e
r[' :

[Vm(cos o — cosp) _;p;:_E_(-_n"# ;tz: - Bﬂ

T

o=




—
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Single Phase Semiconverter

(b) B < and V_ sinp < E (Discontinuous conduciion)

{ij Continuous conduction

0O Average output voltage

T (14 COS 0L

0 RMS output voltage

' {(n - o) -+_'.—2~'sin 20&};.__;__'.:_.

_ Vi

(without freewheeling dicde)

{with free wheeling diode)

a Circuit turn-off time

{if) Discontinuous conduction

Q Average output voltage

Ly Ty

r
i

ToDp

Semiconductor aiso known as half-controlled rectifier or 2 puise converter

{Continuous conduction)

ot

L N
\/, o .M.WHHH- u%..”..n

. 3 n

—— + D.I

_._. ﬂm f
ﬂ:\llh ........ e =T A to..
\\ llllllllllllllllllllllllllll * IIIII

3 g

W fe- m =
A N b
. R Wim:-
vy ,.,.,w .......... {1 n----;uu/”i- * .....

) -

k) D

LEL iy

\__ m
- ||\|\\1|T1 ||m ||||||||||||| = .|+ |||||
BRI P S
[ = w]

(@ <P<in+a)

Discontinuous conduction
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13 o 1 - OO TSR

e  ForB <=, freewheeling diode does not conduct.

»  Freewheeling diode prevents the occurance of dead short circuit of sourge,

*  Single phase full converter is two quadrant converter and single phase
semiconvertier is one gquadrant converter,

3¢ Half-Wave Controlled Converter

» |tis a 3-pulse converter

when,

(a} R Load

V,

]

=
Erfm = ?“ —=
(i) 30° < @ < 150°

continuous conduction

% discontinuous conduction

Case-1: when o < 30°

O Average output voltage

\;’ ;s: :—B_J;Vmp coso = B_V*‘”’

coso

i}
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0O RMS value of output voltage

Vor = Vet [%+_8€COS 20\'.]

Both formula valid for
(il Rloadwhena < 30°.

(i) RLioad for any value of «

where \/’mp =

V= V3V, = Maximum value of line voltage

Case-2: when o > 30°

Q Average output voltage

Maximum value of phase veltage

Vg=

3V,
(27

p [1#' ct;i_s__(a +

ol

A BMS value of output voltage

: (é-’fw a) + L sin
L 6 2

{2ard

s
3

N

Both formula valid for
(i) Rlioad when o > 30°.

(i) RL load with freewheeling dicde when o > /6.
(i) RLE load with FD. when o > 7/6.

3¢-Full converter

s S
AD—=—a
in
B O—=
ic
CO—r———
Negative group i T
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6 Pulse Converter Above formulae valid for

Positive group of SCR fired at an interval of 120°, similarly negative () Fioadwhen o <60%
group of SCR are fired with an interval of 120° amongst them. But SCR fron, (in BL and RLE load any value of o
both the group are fired at an interval of 60°. At any time two SCRs, one case 2: when a > 60°

from positive group and other from negative group must conduct togethg, Average output voltage

oy = 0% o= 07
|

|

Vo
=0° = Note, ........................................................................................................
@) Formula valid for R load o > 60° and for RL, RLE load with FD.
- -|—1 T? T3 T4 T5 Ts ..................................................................................................................
p oy =60° | cp=60° | ;e5=60° | a,=60° | 052807 | ag=60°
| - -
v v If Controlled Rectifier (or) 3¢ Semiconv
Ve R L L}fao i--..._\_"fac e s Vea Voo palt- 3¢ Ha (or) q’ o erter
0 \I_ \l \1 \'a"o ‘\1 NS Y%Vnﬂ : )
«=60° ] oot . ) : b
5 I T 73 S [ T1___+vegrow M
L) | T4 | T6 ! T2 | T4 I TE T —ve group T, T, T,
ia R
pos 2 m80° ] g 250" p— 907 AO——¢
- vd b e=90"e]  f—ep=90"e] - 05= 000 . ig FDA L A
0 Vca Vcb vab Vac Vbc Vba Vca Ven i
o | - | C
a=90° = - Co— e
(c) o s los loh ot s ae pmoe o s oo omlen N
OV TV T VT VTV TV VR = DA D X Dy o
For R Load FO( I [ A 600 = 6 DU|Se ]

Case 1: when o < 60° I a 2 60° =3 pulse |

0O Average ouiput voltage

BV

V=

0 RMS output voltage

Lo
Lt A
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a=0 o=0 =0 a=0
Vo 2 1
} Vcb * Vab Vac * Vbc vba I Vca Vcb Vab Vac
o= 0" B o i e ik |
@ Lo == T
wi
Ti TZ T3 T]
W
@ —--1(11-17 —-{C!Ld— —--{El'.va —--[(3(1-——
B ze?” o by et pELog e zel e
(] LTS, ANl N il NP we e T et T .
o =15" b 1f3 o fe— 1 20° —- ot
T, | T | P [ Ts | T, +ve group
() D, | Ds [ D, [ D | Ds -vegrou
i, — 120° —=|
T, T, T, T, &
Y, — o -] — ot F— ot [ Vos
Vcb Vac Via Veb
a = 60° 0
(c) 120° ' - ot
c
T, T, T, Ta Ty +ve group
D, D, 0, D, D, —vegroup
T3 T, Ta T, T,
v, 4 o290 | w900 | a=u0r I o = 900
-“““ Vac
a=90° Vcb e 120° Vac Vba Vcb
() g ot
F Ty F Ty F T F L F|T, +vegroup
D D, D Da D D, B B, D{D; —ve group
- T\/\W
o

Case-1: when ¢ < 60°

O Average output voltage

' 3V N
Vo = "_2"‘;1{’(1—!-08{!)

d RMS value of output voltage

wi

Ly =
or 2

MADE EASY # Power Electronics

case-2: when a = 60°
O Average output voltage

Remember:
* For a5 60° freewheeling diode does not conduct.
+ 3¢-semiconverteris only one quadrant converter.

+ In3d-semiconverter, breaking mode is not possible,

)



A chopper is a hich speed on/oft semiconductor switch. Chopper is 3
static device that converters fixed dc input voltage to a variable dc outpy
voltage directly.

Reamam b er: L
For medium power application we use IGBT and GTO, in chopper,

Step Down Chopper

Average outpul voltage V is always less than the input voltage V.

W, &
Ton
v, {
Chopper i ] FR ANOVUR I N
C ) L y
¥l o : ¥ i [ To : .
““““ ST N P
My FD Vo  Load ) b P P
l “ I HE b
1 1 1 1 I I
= = /_W\E/
1 1 - 3
1 1 1 ] ) ]
| | I b

O Duty cycle

bt

:'-DE EASY H Power Electronics - 395

O Average load current

UV oV

= Yo .
° " R "R

O BRMS load current

Jav,
G

:]RMS =

NOR . o e
s  Aboveformulae valid only for continuous conduction.,

» Inductor connected in series with load is used to reduce the ripple content
inoutput current,

step Up Chopper

Average output voitage V_ is more than input DC voltage V.

0 For a basic DC to DC converter, the critical inductance of the
filter circuit is given by

<
I

where, LLcad voltage

<<
Il

Source voltage
P, = Load power
f = Chopping frequency
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Steady State Time-Domain Analysis onype-A Chopper

i
L { [ 1 ,
T F T T
1 I3 1 1
1} L3 i 1]
i 4 ! H | ! !
e ) o | :
L H I :
1 13
Lnpf - - L R SRt AR R A
1 Ilmn ] 1 i
H i , H H
: ] + 1 1 t
1 1] L3 [} 1
[} 1 ] 1 1
IR A
Vs 1 1 13 ] 1
t
T,

- T —=

O Maximum value of current
.Z. v, [1 e -
"R GEe TR

A Minimum value of current

where, Ta e

O Per unit ripple current

ol _ (15
VR

p;__t‘.f;.':j rtppie ij.l;re.r'fit'. =

The peak to peak ripple current has maximum value Al when duty cycle
o = 0.5,

MADEEASY H Power Electronics 97

0 Fora=0.5

R

Anh -

tanhzq
R R

Remember:
Higher the inductance, ripple is minimum.
0O The value of duty cycle at the limit of continuous conduction

T A e —

where, o’ measures the limit of continuous conduction.

Load Current Discontinuous
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O Maximum value of current

: Vg_‘ E (1_ e{"TQ“ /Ma ) :

O Extinction time (L)

tx:!TagéiTarn[iﬁ?fg—:fétﬂéféi%ﬂf@)]’

"E

QO Average outout voltage

Vo=V +(1- 2 E

B MADEEAsy

An irverter is a circuit which converts a dc power into an ac power at
desired output voltage and frequency.

NO .
For low and medium power output, we use BJTs, MOSFET, IGTB, GTO. But
for high power cutput, thyristor should be used.

Types of Inverter

1. Voltage Source inverter (VS))

VSlis one in which de source has small impedance. Bacause of a low
internal iImpedance, the terminal voltage of a voltage source inverter remains
substantially constant with variation in load.

2. Current Source inverter (CS))

Current source invertar is supplied with a controfled current from a de source
of high impedance. Typically, a phase controlled thyristor rectifier feeds the
nverter with a regulated current through a large series inductor. Thus, load
current is zontrolled.

Remember: .
* CSldoesnotrequired any feedback diodes whereas, these are required in
a Vsl
* Tomakeinput currentaimost ripple free L-filter is used before CSt.
* (Sl may be load or force commutated. Load commutation is possible
when load p.f. is leading. For lagging pf. loads, force commutation is
essential,



ForRload
8 RMS output voltage

Q nt" harmonic current

T |
j D60 A Handbook on Electrical Engg. B MADE EAgy
| i Single Phase Bridge Inverter '
1. Single-Phase Half Bridge Inverter
ig‘ll
L} r— _-vt
e A wt L
v, L ks B
2 ‘[ oy ! ! | L | L
T o _+ 1 1 1 >t
T . : : :
Load ' o , : H
AN & %Dz o
T : % ; ' baT
2 2 [ et
0 —
g RaLcs
2 T

MADEEASY W
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O Fundamental dis

A Total harmonic d

0 RMS fundamental output voltage

| THD = 48:34%

|

2. Single Phase-Full Bridge Inverter

:
! | '- ! -t
3 E i .:
— t
Y ; : :
T
2 27
-1
FeT/2 -}
[ S a——
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ForRload
O RMS output voltage ——
V., =V, i t
E)r s T 3T/2 2T
0O nt" harmonic output voltage ‘: () ; ;
’ 4 Lot : . —
Vi = VS simhot R Load
: Lt A .
' LT, —e—T,, 1 | Component
O Fundamental cutput voltage T e ': »Te ™ } C‘gngucm?g‘“’
i (c) :. :.
Vor = Meginot E . ;
01 _' 7t 0 i : ! RLLoad
/ v ] :. ] t
O RMS fundamental output voitage 0,0 Ty 04 T3 Ta | D1.D; T T Dy Dy | o Ty "] Gomponents
: | i : conducting
Vo = 232 g
o] EM_S n s ': : ' RLC
! /-\:\ i overdamped
O Fundamental distortion factor (FDF) \_/ P : t
: d d : i E ': Components
S ol R :g” T T 533'- TaTa ] conducting
.ot el ! a :
i d (e} i |
'. : i RLC
] ] ) /_\ . | underdamped
0O Total harmonicz distortion (THD) ‘ \:v\_//: )
i : Vo t
[THD =28 34% | i e
'D3. ‘D,I D:; ] Compaonents
- . conductin
single Phase VS for Different Loads Do P2 Dy ] con@ueling
i R L O Load impedance at frequency {nf}
B e T ST
0O Phase angle
¢;$ﬁ'1”tar‘l-.-_1 = [ rad

. .,,:ji
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O OQutput current at the instant of commutation

O Fundamental load power

. > :
| Po‘t' =l A= Vo1 |01_C'OS 8,

RMS value of fundamental output current
RMS value of fundamental output voltage

where, I
\Y

o1

* If circuit turn-off time (t.} is more than device turn-off time (t ) then i
does not require force commutation.

* Ift >t thenforce commutation required.

* Thefundamental output power P, doesthe useful work and the outpy
power associated with harmonic current is dissipated as heat, leadingto
riseinload temperature.

* Feedback diode (D) conducts only when there is presence of energy
storing element L and Cinload.

Three Phase Bridge Inverter

For providing adjustable frequency power to industrial application, 3
bridge inverter are used. A large capacitor is connected at the input
terminals tend to make the input DC voltage constant.

Vi1

W MADE Eagy
T
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;. 3¢ 180° Mode VS|

e 180" —fm— 180° —n|

T

T4

T

Ts

T

Ts

[T

T2 ] T,

s

N

Tz

Te

07 607 120°180°240° 300° 360° BO° 120° 180° 240° 300° 360°
WiV v

J:if'IIIEN'V:VI:

Steps [ 1 ] ' !
5,6, 1.512 1,2,:32,3.4; 345455 5.6.116,1 2.1 2.3, 234 3.4,54,5,6 }Conduc:mg
H i H ' | ‘. i q ) i ; Thyristors
1 1 1] 1 L} 1 1] 1] 1] 1] l
L 1 1 ) ] 1 L} 1 ) r r ) 1
S [ S S S A S N S S A
E ] I 1 r r 1 1 1 1 1 ]
1 1 1 1 1 1 1 1 1 1 L} 1
I . H 3 | H f ] ; H ) i
y_s_ 2 : i ' ' ' I 1 ' | 1
3 it_3 ; T V2w i i | 3 | ¥
o R ; . P R
oy 1 1 ot
[ | iy | ' 1 ]
1} b 1] 1 1 i [} 1] » 1 1]
1 1 L} 1} 1 ] 1 A 1 13 I3 I 1 3
1 1 r r 1 1 1 ’ ] 1 I 1 i 1
Yoo 120 e e 120w | i i : : ; i
H ; L Pl i ; ! ; ! H
1 : 1 I [ ) I- 1 1 1 ]
1 1 1] 1 1 1]
Phase i ) [’ - i E : | I_'_I_‘_ :
voltage : +3 IRl et P :
0 [] : 1 : ] 1 E ] 1 wt
1 1
2V H : '1'_ ' ! |
A _]I——I Il : : | ‘ 'I : : :_!_
3 ' 1 1 1 1 i i ' ' 1 ' 1
H H | i q H : ) ! ! i H
o SR T S S T S U U A O
Ve A AR 2 P T l '
3 ] : ¥ E , i i i
0 H i ' ] | H i
| ks 1 r 1 1 i
) I.i_l3 ! ! i H | ; ! H
1] 1 1 1l 1 i 1} r 1 1 1 L}
1 i ] ] [} L} L} ] 1 ] 1 ]
- . 1 L} ] L} 3 1 1 L} ] t
¥ab= Yao~ Vbo | H : ! i ] H H H |
1 1] 1} 1 1 1 1] 1} 1] H
s § ! ' ) J.' ! ; H : ; IF i H
1 L 1 L}
: i i ! H i H { H
line e 120%m 120”—"-: i ; E '
| 1 i v |
voltage N - : ! ! ; ; i
v ! wi
s )
¥ i

O Phase RMS voitage
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Ny -
_, O nt" harmonic output voltage for phase “a” 2, 3¢ 120° Mode Vsi
an =
: 0° 60" 120°180°240°300° 360" 60“ 120°1 80 240" 300"36
; D Fundamental phase RMSVOItage - nduSclﬁr?S{' | H Il : |” % . v j V" 1 , It |||| ,wr , v I\.'"J E 1
: ’Qmw.ﬂm%:eum 23 3414556 61.12 2334145 156! 6.1
(vm),.,..‘f,«._V (vod oot [ f 0L
e T2 e e N O O
: e IIE ) I T B NS i gy of
_ v S A L A A A A
m _ 3 Phase . I 25 N S S N S N N
q) = = : It otV =T Lo o
=7 | ey e ESHEEE S I S
wf | f el LB
o THD = 31% ol b o e
b & @ T T ot
O n'harmonic line output voltage Vb g1 b A
= N I S R I ; e
(Vi) = o T
vpd 1 fet20%set20%st ) ) N
| I e R TR e T R
Q Fundamental RMS line vaiue voitage P19 0 o | i s o S S S =
AR e o B B AN
Vea il‘ i i ; }I E i :: E E i .E
ol ¥ : R e |
I_ 1 ] 1 t
— _&|_1!c 2 b—1 3= 4r o
0 FDF (g) *
8 Line voltage
a

Remembeer:

where, k=01 2.
O Phase voltage

¢ The phase aswell as line voltage are out of phase by 120°,
* Forn=3,ailtriplen harmonics are absent from the line voltage.
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MAVE =T
0 Pulse width

0O RMS value of phase voltage

ulse width = 2d |

[P

o Peak value of nt? harmonic

[ For both line and phase voltage:

g
3
Q FDF == and THD =31%
)
Remember: ...
*  Generally we used IGBT in 1d and 3¢ inverter,

‘ Puise Width Modulated Inverters

1. Single-pulse Modulation Remember:

2
When pulse width 2d = —R, then nth harmonic eliminated.
n

o ax
Ve 2. Multiple Pulse Width Modulation
k4 2n
ot Vot .
Mg, e G
: o Y + 2 —]
: %
v i S te— 0 —» 3ni2
e T2 + d e i ey ! /2 L d — e d -] 2F wt
i . Y
b 2d — ! B .
vy -——-—l 3n g e _g_
1 I ? I’ 27[
i /2 s f
i _\,SI__J @ O Output voltage
2d —

(/2 — o}

Q Output voltage
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B! where,

O Amplitude of the n' harmonic of the two pulse wave form

O Condition to eliminate ntd harmonic

(i) 7=%

Remember:

* By using PWM technique, we can get variable voltage and frequency
within inverter itself by eliminating some of the lower order harmonics,

*  InPWMinverter, force commutation is essential.

i -

N = Number of puises per half cycle.

riy 2d = =
n

ACVoltage Controllers

A.C. voltage controllers are thyristor based devices which convert fixed
alternating voltage directly to variable alternating voltage without, change
inthe freqaency.

3. Single phase half wave ac voltage controller

L}
H
— 3 ~— T, : D, e L
- | i o
v = Vi, 8iN 1ot RE Vo gk ‘: : P
I ] 1 ]
V 1 1
_l ’ .ﬁm '11: EE‘L{\
| w2 _Va ot
o R
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2. Single phase full wave ac voltage controller

Yok

-]

<
El
3
"
Y
R

g -—{;—f /2 E\\:@/Q?E ot
i T, .= - N
iy o =Ty = T, R loag
+ : Lo Vo
W, | r "
’ B _NE | 2n;,f(\
. R Ya _.—C‘:H_ i\?\ué:\(2n+a‘) wt
V= V.5t ot : P b
o P h
0 i/\“’/\
Ha R @ }\i: ot
! P o RL lvac
lor 1 :‘EE E:

@ B wt

N = 7z
'.fvo.r = %[;}{(m—a) +‘;—S|n20}]

& RMS value of output vohtage for RL load

It S

Remember;

¢ For RL load, output voltage is control!able only when o > ¢ where

q}:tan"T—(—%.

* Range of o for getting controllable output voltage

d< o <180°

* Average value of output voltage would be zero.

MADE EASY W Power Electronics

integral Cycle Control

¥

AWLIAWAWAWAWAWA
VEVIV.

0 1 12"': b + 1 1 1 1 I I 1 O‘)t
AV Vv A VAR VAV
Ol T, Ty AT T T, IToT 0 b
: | = 7 ] | i i H :
t i ] 1 1 1 | 1 1 1 I ¥
t 1} 1 1 1 1 ] I3
1 A | A Bif:
% | 1 13 ] ' ] 1 1 ' [ 1] i I
0 S W B o
=2 B R A
R R P o b
L0 0.0
IL'Il T r;' i T rm I 1 1 i i I 1 m ot
ik L ey, | NI
7\ ) ; : \ - ' : j ; :
O/L/P( |___6n ' /\ /\ 167
\_/ \/ \/ o \/ \/ \_/ o
or fout + on -] off

Integral cycle control for n on-cycles and m off cycles

O Rms value of output voltage

Vevk

where, k

n+m

V., = RMS value of output voltage
V., = RMS value of source voltage

a
O Power delivered to load

U Input power factor

= duty cycle of ac voltage controller
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*  Integral cycle control method s used only for those load which have high
time constant.

* ACvoltage controlleris used for domestic and industrial heating, Speeq
controt of 19 and 3¢ AC drives, starting of induction motors.

* Disadvantage of AC voltage controller is irtroduction of objectionabie
harmonics in “he supply current and load voltage waveforms.

pC Drives

1. Separately-excited DC motor

O VYoltage across field winding
For field circuit

b3
o
(2
o

|

= Field winding current, A
r, = Field circuit resistance, Q
A Motor terminal voltage
For armature circuit

l Vim Eg+ b1y |
wIere, [, = Armature current, A
r, = Armature circuit resistance, Q
E, = Back emf, V
V, = Armature terminai voliage, V

QO Motor back emf
|EazKab o = Ko, |
were, & = Fleld flux per pole, Wb

w_ = Angular speed of motor, rad/sec.
k k, ¢ = torgue constant, Nm/A

m

Q Motor torque

O Angular speed of motor
Vy—lata

Wy =
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2. DC Series motor O Average output voltage of converter

ForO<a«<nxm

O Motor terminal voltage

[ Vi =Ea #1,(r, + 1) ] T—W

O Motor torque Vi

where V_ = Maximum value of source voltage, V

m
V, = V, = Armature terminal voltage, V

Forsingle-phase semiconverter in the field circuit
Fornosaturationin the magnetic circuit g Average output voltage

- forO<a,<m
D Field flux per poie

= “;fl(w ©osE;)

O Motor torque O RMS value of source current

whare, K = kK = constant, Nm/Az2
O Motor back emnf

where, r, = Series-field resistance, Q

Single Phase DC Drives

1. Single Phase Half Wave Converter Drives
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A Handbook on
Vo= Yo (14 cos ) Electrical Engineering

O RMS value of source current

D For field circuit

3. Single Phase Full Converter Drives

IT14 i

fceﬁTENTs

1. Characteristics of’ lnstruments and Measurement*Systems_...,

Forarmature converter 1 2. Circuit Components (Resistors, inductors, Capacztors)

Galvanometers.

Vo= Vy=="cosa | . for0<a<p

Analog Meters...

Forthefield converter? Instrument Transfermers

oy | for0 <a, < -
. 1<P Measuremenf of Res:

W RMS value of source current

3

4

5

6. Measurement of F’ower and Wattmete{s
,

8. AC. Brldges e SRRV 15
9. Magnetic Measuri .....
10. Electronic Inetfdments..,.; ............................
AEEN 11. Cathode Ray- D'Sci_l"o_eqéee .........................
12. High Frequency Measiréments

13. Transducers




Measurements

Measurement is a process by which one car- convert physical paramsterg
to meaningful numbers. The measuring process is one in which the Propery
of an object or system under consideration is compared to an accepteq
standard unit, a standard defined for that particular property.

Static Characteristics

1. Accuracy

It is the closeness with which an instrument reading approaches the
true value of the quantity being measured.

2. Precision

it is a measure of the reproducibility of the measurements. it is a measure
of degree of agreement within a group of measurements.

Remember:
*  Precisionis not the guarantee of accuracy.

* Aninstrument with more significant figure has more precision.

3. Sensitivity

Itis the ratio of the magnitude of output signal to the magnitude of input
signal applied to the instrument.

 Sensitivity =

* Aninstrumentrequires high degree of sensitivity.

1
Deflection factor

*  Sensitivity e

DEEASY = Measurements & Instrementation 921

4 Rresolution

The smallest change in input which can be detected with certainity by
an instrument is its resolution,

5, Linearity
The cutputis linearly proportional to the input. For a linear instrument the
sensitivity is constant for the entire range of instrument. Linearity is the
mostimportant parameter compared to all other parameters.

gemember:
» Linearity is more important than the sensitivity.

¢ Accuracyis moreimportant than resolution.

6. Dead Zone
it is the largest change of input quantity for which there is no output of
the instrument.

7. Dead time

Tirme required by &n instrument to begin to respond to the changeina
measurand.

8. Range and Span

The difference between the maximum and minimum values of the scate
is called range. Tha maximum value of the scale is called span.
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Errors : where +dx, = Relative increment in quantity X,
+8x, = Relative increment in quantity X,
[ Ecror = Measured value - True value | =X = Relative increment in X
[ o . .
l Error = — Accuracy I x—1 = Retative limiting error in quantity x,
0 . Sx e . .
Static Error . —;3— = Relative limiting error in quantity x,
[3A = A, A, | o
where, A = Measured value of quantity or Actual value ~ = Relative limiting error in X

A, = True value of quantity or Nominal value

QU Relative static error

product or Quotient of Two or More than Two Quantities

8A Let X =%, %, Xgor X = —=2 orX =
LA Xp Xz X1 X5 X5

&x (%‘i_ 5)(2 B 5 LY

= h

...... X1 Xp. Xa]

0O Static correct on
| 8C = Ay~ A, =-8A ]

O Static sensitivity (omposite Factors

Let X = x§ x5

Static sensitivity

where, Aq, = Infinitesimal change in output
Infinitesimal change in input

&3 Non-linearity {(N.L.)

B
£
]

N = (Max ation of output fromtigideatized straight ine). .o :
. BE _Full scale-deftection . R ; ’
where, X;, X, ....... . X, = Readings or sampies
alue xError at full scale n = Number of readings
Désired value
Deviation

Combination of Quantities with Limiting Errors

Sum or Difference of Two or More than Two Quantities

Let

O Average deviation

b=

Zldl _ e[ #{d]+
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O Standard deviation
Forn > 20
Forn <20

Q Variance

Forn=20
'V. = g° mzdj
Forn < 20
e
—n=1

Normal or Gausian Curve of Errors

1. For Infinite Numbers of Reading

where,  x = magnitude of deviation from mean,

number of readings at any deviation x, (the probability
of occurance of deviation x)
¢ = standard deviation

Y

285

Measurements & Instrumentation

0 Precision Index

Q0 Probable error (P.E.)

3 Average deviation

0O Standard deviation

2. For Finite Numbers of Reading
O Forn > 20

O Forn < 20
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Variance of combination of components

Let X == f(xy, X5, -+ -,N)

X . 2X SR
Vo b e bV i |V i
% ;{ii‘x,) 1 "'ﬁ'['axgi] _"-2_';5:*'; _

where, Viy» Vg o Vi, = Variance of X, X,,- -+ X

n

Standard Deviation of Combination of Components
Let X = HXq, Xp0 s oeneiXy)

B ~a e
XY o XY o
: Fx w'\f(ah) P +(&x2] B

where, Gy, Oy, -

Oy, = Standard deviation of Xy, X,, - - -, X

Probable Error of Combination of Components

B MADE EAsy

Let Xo== 1, X5, o .

T )

where, T,

O Uncertainty of Combination of Components

-, Iy, = Probable error of x;, X, - - -

where, w, w

)(2!'-

Order of Instrument

1. Zero Order System

As input changes, output also changes immediately calied zero order

system. Example : Resistor.

, W, = Uncertainties of x,, X,, - - -
l

I ADEEASY W

M
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some delay but

2, Second Order

2, First Order System

As input changes, ocutput also changes but not immediately, it takes

without oscillation. Example : heater.

System

As input changes, ouiput also changes, with some delay and oscillation.

Remember:

¢ Theanalog instruments are of second order instrument which has damping
factor (£} between 0.6 to 0.8, 1tis an underdamped system.

Standards
Quantity | Unit= - Definition- - - 7
Length | Metre The length of path travelied by light in an
: ‘ !
i interval of 599795458 S€C:
Time second | 9.192631770x10° cycles of radiation from
vapourised cesium-133 atom.
Temp. Kelvin The temperature difference between the absolute
and the triple point of water is defined as 273.16°K.
Voltage | Volt Standard cell voltage of weston cell e, 1.0186 V.
Current | Ampere | One ampere is the current flowing through two infinite
long parallel conductor of negligible cross section
?L._ placed 1 meter apart produced a force of 2 x 107 N/m.




: CIrcuit co”'””fponents
(Resistors..- _nductors Capacitorsl

Frequency Errors in Resistors

R L
AW

Ren Leogs

o o = —AWW— T

C

(Equivalent circuit of a resistor at low and medium frequencies)

A Effective resistance

" 1+ @?C(CR? - 21)

O Effective inductance or residual inductance

Lo TEeLeR?
L’Eﬁ 2 z.
1+ 0?C(CR% 2Ly
Preff (!)1'_13
Reff F:Ief!

where, ¢= Phase deflectlon angle
Q Time constant

O Condition for resistance to show no inductive effect

|
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D Effective resistance for zero effective inductance

Bog = —
T 0L

o Quality factor
. L
Q R

Frequency Errorsin Inductors

{3 Effective resistance
- _ = -
R L
e PO

O Effective inductance

i Li;é_f'.f--'.:;'t(;‘| + 0?LC) [

Capacitor

1. Parallel Representation

v}
o

O Dielectric loss

P, = w CpV? tan 8|

0 Dissipation factor

where, 3 = loss angle of the capacitor.
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2. Series Representation

QO Dielectric loss

P, =L _tans
o _

~“g

O Dissipation factor

|[D=tand=wC,y, |

Frequency Errors in Capacitors

r L
S MWy

AMAK
¥YYyY
0

tquivalent Circuit of a Capacitor

Q Effective capacitance

Cotr.=

1. For Medium Frequency

O Effective capacitance

[Can =C(1+ @ LO) |

0 Effective series resistance

where, r = resistance of lead

Measurements & Instrumentation
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"o Loss angle

2. For Low Frequency

O Effective capacitance

O Loss angle




D’ Arsonval Galvanometer

Permanert

Tagnet Iron core

S Moving Coil

U Deflecting torque
| To =BiNA =Gi|

B = Fux density in air gap; Wh/m?2

= Current through moving coil; A

Number of turns in coil

id = Area of coil; m?

Length of vertical and horizontal side (width) of cail
respectively; m

G = Displacement constant of galvanometer

W Controlling torque

where,

Q> = _.
mo

where, K = Spring constant of suspension; Nm/rad
0, = Final steady deflection of moving coil; rad

U Final steady deflection

o))

Dynamic behaviour of Galvonometers

Torques in Galvonometers

QO Inertia torque

Measurements & Instrumentation : ]

CCE EASY -

where, J = mornent of inertia of moving system about the axis of
rotation; kg-m?2,
8 = deflaction at any time t; rad.
O Damping torque
ERNT:)
Ty = D—
=TD dt

where, D = damping constant

A Centrolling torque

where, K = control constant

O Deflecting Torque
0O Equation of motion

dze Dde

‘J dt..

Ko = Gi

NOLE: . oo I oo ST TSR
«  IfD? <4kJ,.galvanometeris underdamped.
¢ If D? =4 kJ, galvanometer is criticaily damped.
s IfD?> 4KJ, galvanometeris overdamped,

where, R, = Resistance of galvanometer
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O Current sensitivity

rad/A . ns
classification of Analog Meters
s Analog Meters
scale divisions/uA °g$
Representation
: indication Recording Integrating Mudl
. (Deflection of pointer) Instrument detector
[ Vo!tage sensitivity 1. voltmeter 1. Potentiormneter 1. Energy meter 1. Potentiometer
_ 2. Ammeter recorder
N d. 3. Watimeter 2 Galvanorneter ¢ Speedometer

e i . recarder

v ”"_i'ﬁg % 108 scale division/pV Measurable Quantity 3. %Y plotter Mechanisrm/Principle
1. Voltage 1. Electrormagnetic

O Megohm sensitivity 2.Current 2. Electro static
3. Power 3. Heating effect
4. Power factor 4 Induction effact
MQ/scale division 5. Energy 5. Hall effect
6. Frequency
Remember: . I in Analog Met
. . . . orgue in Analo eter
Sensitive galvanometer is one which produces a large deflection for a b 9
small current. 1. Deflecting Torque (T)

EEEN [ To #Measurable guantity:

2. Controlling Torque (T.)

At equilibrium,

Deflecting torque is proportional to quantity under measurement. This
torque deflect the pointer away from initial or zero posiion.

The controling torque is opposite to deflecting torgue. When, deflecting torque
equals to controlling torque, pointer comes to final steady state position.



334 A Handbook on Electrical Engg.

NOTE: e B

3,

* Control torque is also used to bring the pointer in zere initial POsition
there is no deflecting torque.

. Exceptin PMMC, in all other instruments if the control spring is faileq or
broken then pointer moves to the maximurm position of scale.

* Controltorqueis provided by
(i) Spring control (i} Gravity control

Damping Torque

Itis used to damp out oscillation at final steady state position. The time
response of the instrument depends on damping forque.

Damping torque provided by:

(i) Airfriction damping: Used where low magnetic fields are produceg
(ii) Fluid friction damping: Used wtere deflecting torque is minimum,

(ili) Eddy current damping: Used where permanent magnet produces
the required deflecting torque.

Errorin Analog Meters

1. Frictional Error

Toreduce the frictional error, the torque to weight ratio of the instrumen;
should be high.

Temperature Error

Due to change in temperature, change in resistance of meters and shunis
and series multiplier occurs. To reduce this effect, resistances are made
up of manganin material.

Frequency Error

Due to change in frequency, error produce in instrument because change
in frequency cause change in reactance. To reduce this error, a
capactance is used in case of voltmeter and for ammeter, the time
constant and shuntimpedances are maintained at same value.,

W MADE Epgy,
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permanent Magnet Moving Coil (PMMC)

Upper control
spring

Soft-steel

m
agnet Core

Lower control spring

d Deflection torque
Hp = DB'A"]I_:

Tp = Gl
nBA

G

n = Number of turns
B = Flux density
A

|

it

= Area of core
= Current to be measured

O Final steady state deflection

where, K = Spring constant

*  PMMCinstrument measures only DC or average values.

* Scaleislinear.
*  Springis used for controlling torque.
¢ Dampingtorque provided by eddy current damping.

* Ithas more, torque to weight ratio so accuracy and sensitivity is higher

compare to other instrument.
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* Indirect measurement, the PMMC measures upto a current of 50 mAOra::

voltage of 100 mV, without any external device.

Enhancement of Ammeters and Voltmeters

1. Ammeter Shunts

o
e b
=
Shunt-—#i: R, R
Basic
o meter

Basic ammeter circuit

I fen Ren = b By ]

Ry
= (1 * ﬂs*;:)-‘_."‘

Current to be measured ;

Full scale deflection current ; A
= Internal resistance of meter ; Q
Resistance of the shunt ; Q

g
Iy
Q
e
[

i
0 -
1Al

1

R
N
|
where, m= — = 14 Py
In'l sh

[

m = Multiplying factor for shunt

N O, i

Toreducethe temperature effect, swamp resistance made up of manganin
is added in series with ammeter.

geasYy B Measurements & Instrumentation 233G

universal or Ayrton Shunt

Universal
shunt

{Muli-range ammeter using universal shunt)
U For switch at a position 1

—_ R
=

O For switch at a position 2

. Rz = (Bet i) +Rﬁj :
i fPy

Q For switch at a position 3

e B ¥R

ly I, N
where, m,=—,Mm,= =< Mmy= <

| I i

m I m

Serias resistance *
=7 {(multiplier)
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O Resistance of multipfier '
| R, = (m - 1)F-‘llj
where, R_ = Multiplier resistance

R, = Internal resistance of meter

4. Potential Divider Arrangement

e
v, 0 E
- o =2 R4
ST D = R
v C q: 3
P e — i
2 C = a Fatantial
Y b 2 divider
TETT =
- R1
a%

| !

L

A O

R, = (m,-1)R,_

Ry = {m,-m,)R_
Ry = (Mmy-—my )R
R, = (m,—m,) R,

where, R Resistance between poirt a and b
R, = Resistance between poirt b and ¢
R

- = Resistance between point ¢ and d

iy

R, = Resistance between pointd and e
O Voltmeter Sensitivity (S,)

SU == "":F—"

¥ Ly

Remember: ...

To reduce loading effect, a voltmeter with higher value of sensitivity is
preferred.

MADE EASY N Measurements & Instrumentation FDRT

Moving Iron Instruments

0 Deflecting torque

T = — 2 s
"2 de

a Deflection

O For linear scale

Scale is cramped at lower and higher end.
O e
s  Movingiron instrument measure both A.C. and D.C. quantities.
e Incaseof AL, it measure RMS value.
* Scalels nonlinear. _
+ Controlling zargque is provided by spring and air friction damping is used.

dL
*» Curve between a8 and 8 is rectangular hyperbola.
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Multipliers for Moving Iron Instruments

Supply-_'v) T

o

m
Re
{Multiplier)

Meter

|

<o

O Voltage multiplying factor

v J(R #R.) + @L

\f_ . \fﬁ +0)2L2

Errors in Moving Iron Instruments

{Shunt capacitor)

Coil | Series
| ;
Resistance

O Eddy currents

When w is small

When w is large

b @PMLL
G
s

where, R, L, = resistance and inductance of eddy current path
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Note: .................... b e M e e e amaaatam e e e e e ae e e e e aa e e e e et r .
e Moving iron instrument is not suitable for measurement of current or

voltage for frequency above 125 Hz because eddy current is constant at
higher frequency.

+ [f meter time constant is equal to shunt time constant then ammeter is
made independent of input supply frequency.

¢ The voltmeter is made independent of input supply frequency by
connecting a capacitor in parallel to the series multiplier resistance R..

+ To reduce hysteresis error, the iron part of moving iron is made up of
Nickeliron alloy.

+ Toreducethe external stray magnetic field, the instrument is kept inside
the iron case oriron shielding is done.

(a)Iti,and i, are D.C. currentie. i, =i, =1
g dM_
{p) 1t and i, are A.C. current and no phase shift

Tys= i {Measure average value)

2 M

de (Measure RMS value}

Ty =1

() If iy =, Sinet and iy = I, sinfot — )

(Measure RMS value)

Where, I, = -J—E and i, =—=



It measures both A.C_and D.C.

*  Scaleisnonlinear.

D Deflecting torque acting on coil 1
[ Te =N:B1 d, I, 08 0 |
Q Deflecting torque acting on coil 2

[(Tez =NB4 05T, co5 6 |

currentin coil 1 and 2

£
=
o
o
—
I

Ny, Ny = number of turns in coit 1 and 2
£, 1, = length of coil 1 and 2
d,, d, = width of coil 1 and 2
B = flux density of magnetic field

Q Deflection at equilibrium

ument
sformers

B;ﬁos of Instrument Transformers

1. Transformation Ratio (R)

It is the ratic of the magnitude of the primary phasor to the secondary

phasor.

It is the ratio

Q For potential transformer (P.T.)

| primary phasor | -

* Tsecondary phasor |

C For current transformer (C.T.)

_ _primary winding current
. secondary winding current

s - primary winding voltage
- secondary winding voltage _

2, Nominal Ratio (K )
of rated primary winding current (or voltage) to the rated

secondary winding current (or voltage).

O For C.T.
K . _tated primary winding .current
. " 7 rated. secondary winding current:
O For P.T.
K - _rated primary'winding voltage
" " rated secondary winding voltage |

a For C.T.

3. Turns Ratio (n)

;= humber of turhs-of secondary, winding -
~ number of turns of primary winding
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a ForPT.

_ _humber of.turns. of primary winding -
numoer of turns of secondary winding -

4. Ratio Correction Factor

foe . B
RCF=

Current Transformer

Equivalent Circuit

i, 's *g
AARARA
WW— 000
¢m
f'b\
N [,
'l 1
: ' Eq v,
A ’
Y - '
. l x,
L

where, r,, x, = resis:ance, reactance of secondary winding
les Xg = resisiance, reactance of external burden
Ep, E; = primary and secondary winding induced voltage
N,. N = number of primary and secondary winding turns
f,, I = primary and secondary winding current
¢ = working flux of transformer
8 = phass angle of transformer
& = angle between secondary winding induced voftage and
secondary winding current
A = pbhasz angle of secondary winding load circuit

', = exciting current

magnetizing component of exciting current
= loss component of exciting current

= angle between exciting current and flux

W MADEEAsy | apEEASY M
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phasor Diagram

i
"J’ ‘
gy .- - .
- ’
)
E
E e ‘/!
T Sy A tlo
i
o \ ®
Im
5
A
|S
VS
)
i
s

Phasor diagram of C.T.

Q Transformation ratio

el sin(s+ o)

S B) .

where, | =

=]

O Phase angle

degree

O Ratio error

Aatio error =

noMminaL :
. actual ratio (R)

i (Kp) — achu
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Remember: ...

* Theprimary current of CT.is depending on load connected to system but E

itisnot depending secondary winding burden,

*  Primary winding is single turn or bar winding and secondary has More
number of turns to reduce the current at secondary.

* K primary currentis very high, it causes reduction in ratio error and phase
angle error. So to increase value of primary current the primary is Maintaiq
with single turn.

*+ The secondary number of turns are reduce by 1 or 2 turns then the ratio
error reduces.

Potential transformer

O Actual transformation (voltage) ratio

F[Rp CQS__¢_+ X, sin A]-+ l T Iy X
R=n+ : : _ i
L v,
O Phase angle
0=-(X;008A~Rysinay+ LD P |
L Ve ST AV i

* CT.neveroperates with secondary winding open but PT, can be operated
with secondary winding open.

*  Stripwound coreis used to reduce ratio error and phase angle error.

Application of C.T.and P.T.

* Multiple operation with a single device.

* Higher current and higher voltages are step down to lower current and
lower voltage so that metering is easier.

* Measuring circuit is isolated from the power circuit.
* Low power consumption.
* Replacement is easier.

measurement of Power

1. D.C. Circuits

O Ammeter connected between load and voltmeter

Power consurned by load:

|P=Vvi-#R, |
where, V= \oltage across voltmeter
I = Current through ammeter
R, = Resistance of ammeter

O Voltmeter conrected between load and ammeter

Power consumead by load:

o By

where, V = Vnltage across volimeter
)
R,

Current through ammeter
Resistance of volimeter

i
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2. A.C. Circuits

a Instantaneous power

[ p=Vi=V,l;sinot- sin(et - ¢) |
where, v = V_ sinot
i =1,sin(ot-¢)
O Average power
P = Vicosg="HMoose
where, V, | = Bms values of voltage and current
cosd = Power factor of the load
Q Let v =y, +ZV sinfnet+8,) and i= |, +Z! sin(nat + ¢,)
n=1 n=1
then Pavg. = V. E V cos[e - @n
Remember:
Wattmeter reads average active power
electrodynamorneter wattmeter
Current
) coil i
i Iz
"\ i
Praessure
Supply coil Load
Resistance
L R
1>

O Instantaneous torgue

where i, I, = ‘
coils

PN

# MADE g, §

instantaneous vaiue of current in pressure and curren!

Measurements & Instrumentation - 251

g Deflecting torque

Vi - dM-
Ty = 5—COS
ITR, %% e
where, Rp = resistance of pressure coil circuit

O Controlling torque

K = spring constant
0 = final steady deflection

where

0O Deflection

de
where, P = power being measured = VI cos¢
K, = —1
R, K

NOL B e
Scaleis linearin terms of power as Qe P.

Errors in Eiectrodynamometer Wattmeters

Correction Factor (K)

The correction factor is a factor by which the actual wattmeter reading is
multiplied to get the true power.

QO for lagging power factor

COSd
cosﬁ cos(¢ —8)

O For leading power factor

where, ¢ = Angle between current in the current coil and voltage
of pressure coil

p = Angle between current and voltage of pressure coil
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'U Reading of P, wattmeter
[P =B Vicos(30° —9) |

g Reading of P, wattmeter

[ True power = Correction Tactor x actual 'wat_tm'e_ter"r@

1 For B very small

| Actual wattmeter reading = true power (1 + tan ¢ tan B) | : —
) ' | P, = V3 Vicos (30° + ¢) |

! | Error = tan ¢ tan B x trus power = VI sin ¢ tan B |

O Total power consumed by load

| %error = tan ¢ tan B x 100 |

| True power = Vi cos ¢ | @ Power factor
where, V = Voltage applied to pressure coil . = _ PP
I = Currentin current coil ' CoSH = cos[’t’an (\/_ 17 P2 ]]
) R 1 + a2
Power in Poly-Phase Systems _
) P{':'._._.:Pg
tandg = «/5 .
Blondel’s Theorem Pi+Pp
' a network is supplied through n conductors, the total power i where, V = Phase voitage
measured by summing the reading of n wattmeters so arranged that 2 ! = Phase current
current element of a wattmeter is in each line and the corresponding voltage $ = Angie between phase current and phase voltage
ele
ment is connected between that line and a common point, if the commor. Reading of Wattmeter at Different Power Factor
point is located on one of the iines, then the power may be measured by
{n— 1) wattmeters. SN & (s B TR [P =F,5P; | Commants
Two wattmeter method 1. ] 0 1 ‘EV | ﬁv | V3V, Py =P,
PR ERA! (eqaul reading)
Wattmeter 30°(0.866 | WV I VoL 15V P =2F,
v, 2
[ ! 60°; 0.5 |.J/3 0 J3 P, =0F, =P
2k B
" o
o0 g ). VL ML 0 P, =-F

When wattmeter reading comes into negative, reverse either PC. or C.C.
terminal and then take the reading of negative wattmeter,

Wattmeter
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Measurement of Energy

For the measurement of energy, we use energy meter. Energy metgy i
an integrating instrurnent which adds the energy cumulatively over a Péring
of time.

| Energy = Power x time |

T
Energy. = jP -dt ] kWhr
)

*  Energy meter works on principle of induction motor.
®  The meter wtich measure A.C. energy is called watt hour meter.

*  The meter which measure D.C. energy is called amp-hour meter.

O Deflection torque

Q Breaking torgue

where, N = Speedof discinrps

O At balance

fPdt=KfN . at

Energy = [N ~dt

O Energy meter constant (EMC)

- Nurhbér ot revolution made

P = Power in kW
t = Time in hrs.

where,

B MADE g, §

MADE EASY H Measurements & Instrumentation _ 55

ik

Remem B E . e
Potential coil of energy meter should be highly inductive so that it measures
true energy.

compensation in Energy Meter

t. Lag compensation : Through lag coil or shading coil.

2. Law load or friction adjustment : By using shading locp.

3. Over friction or creeping : By providing holes or slots on rotating disc.

4. Over load compensation : By keeping saturable shunt magnetin series
magnet or current coil.

5. Qver voltage compensation : By keeping saturable shunt magnet in
shunt magnet.

§. Temparature compensation : By making permanent magnet of
“mutemp” material.

7. Speed adjustment : By adjusting positicn of break magnet.

RemMEM B Er:
* Creeping erroris always positive,
» Ifeither potential coil oreurrent coil is wrongly connected then the disc
rotates in oppasite direction.




Classification of Resistance

1. Low resistance: All resistance of the order of 1 Q and below.
Example: Winding coils of electrical motors, generators and transformerg

2. Medium resistance: Resistances from 1  upwards to about 0.1 MO
Example: Resistance of heaters, potentiometers.

3. High resistance: All resistances of the order of 0.1 MQ and above,

Example: insulation of electrical cable and windings, insulation of Motors
generators and transformers.

Measurement of Medium Resistance

The different methods empioyed are:
(i) Ammeter-voltmeter method

{ii) Wheatstone bridge method

(iii} Ohmmeter method

(iv) Substitution method

1. Ammeter Voltmeter Method

where, R, = measured value of resistance

(@) Circuit for higher resistance

T+®r
v A
: 1

O True value of resistance
R= Rm1 -R;

Measurements & instrumentation B lya

R' . ™ 1"— a

where, Rm, = Measured value of resistance

R. = Reasistance of ammeter
o Relative error

« To get minimum error, the test resistance shouid be more than the
ammeter resistance so that this adjustment is suitable for measurement
of high resistance.

(b) Circuit for lower resistance

18

Q True value of resistance

g
®
w
Y
3
It

» = Measured value of resistance

uy;
li

Resistance of voltmeter

O Relative error

[For R, »> ng]
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Wl Approximate relative error

[For R, = R]

» This circuit is suitable for measurement of low resistance under mediym
scale range to get minimum error.

Note: .
Relative errcrs for above two cases are equal when true value of resistanc,

R= /R, R,

0 At halance

L
Q .
O SensHivity of Wheatstone bridge

R=S

where, S5, = Voltage sensitivity of galvanometer, mm/voit
E = Bridge vcltage
P, Q = Branch resistances
8 = Deflection of galvanometer, mm

]

ﬂiﬁ [

l‘.“DE EASY B

‘Measurements & Instrumentation I5G
0 For a bridge with equal arms
8, E"
Sp =
BT 4
NOLES oo
¢« Formaximum bridge sensitivity
P_R.
Q 5

¢ Sensitivity of bridge is mostimportant parameter as compared to accuracy,
precision and resolution,

AAR AAAMA
Fvy Yy
d
o——
AAAA AAAA
ey < YYyy
S Q

O Galvanometer current

{ __EBo.
% RotG

where E, = Thevenin's or cpen circuit voltage appearing between
terminals b and d with galvanometer circuit open
circuited.

G = Resistance of the galvanometer circuit

AR = Change in resistance R

as DR << R

U Thevenin equivalent resistance of bridge
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Q Galvanometer deflection
~S,ESAR G ESAR
9= =0 =
R¥SE T (Ry+ Q) (R+S)

where, S, = Current sensitivity of galvanometer

[ Bridge sensitivily

A Current Sensitivity

6
S, = e Mmy/pA

g
0 = Deflection in galvanometer
Ig = Current in galvanometer

Q Voltage Sensitivity

0
SV = T, mmN
Vin |
Vi, = Voltage across galvanometer

N O .

In Wheatstone bridge method, the effect of lead resistance is not
eliminated hence itis not suitable for measurement of low resistance.

3. Ohmmeters

(a} SeriesType Ohmmeter

Unknown
resistor

AAJ AR AA
YYVYYYyyy
;D

l Battery

il
E

ae)s]

WADEEASY
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g Half scale resistance

a Meter current

-I . ERE o
".1 (Rh+R)(R2+H )

3 Full scale deflection current

s
{Make-break
switch}

Q Haltf scale reading of unknown resistance R, is

where, R_ =

Internal resistance of meter
R, = Adjustable resistor (as shown in figure)
E = Supply voltage
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Measurement of low Resistance seasurement of High Resistance
The different methods employed are: _ The differenece methods employed are:
() Kelvin's doubie bridge method (i} Loss of charge method
(ii} Ammeter volimeter method (it} Meggar
(iit) Potentiometer method (i} Direct deflection method

iv) Mecgohm bridge
Kelvin’s Double Bridge Method (iv) 9
1. Loss of Charge Method

ID(‘:‘?

V,T_

ARAA
YVyy
D
I
11
3

R 0.43431

s
1 Ry E Clogye {*_,-V : ]
A ol
—— W T—

O For zero galvanometer deflection . Meggar
!m + Meggar works on the principle of electrodynamometer.
+ Meggar is used o measure the insulation resistance of cable, motor
R ﬁ _ E] : and gererator, etc.
a Q ' eds + Deflecting torque angle is proportional to the resistance of the insulator,
which is under test.
o If P _P + Itis alsc used to check the continuity of cable.
Q 4 + No external control torque provided.
P v Ar friction damping is used.
then R = 6 S * No need of external power supply.
NOLE:S i O B,

Accuracies by Kelvin double bridge method High resistance have a guard terminal which is used to avoid leakage
current.

(i} From1000pQto1.02:005% e, SO S OO UT OO OO POV
{i) From 100 ugi to 1000 1€ : 0.5% to 0.05%
(i) From 10 p€2 to 100 u2: 0.5% to 0.2%

i e 7

m———




R Carry Foster Slide Wire Bridge

mtrodudio"

Jsed 10 measure self inductance, Mutual inductance, capacitance, and
frequency-
b1 Slide wire
L
%
{Bridge-1) (Bridge-2}
From bridge (1)} From brtdge {2)
P R+S+Lr : P R+S8 '
ot T sew-ny 0 Tt " Feigy 0 ©,
1 +({L - \E{
Equating equation (i) and (ii) ’
[R=S=(5 - 1) | a General equation for bridge balance
B

O Magnitude condition

Carry Foster bridge method is used for medium resistance measuremer; T
by comparing with standard resistance. 1 2311241 = [Z2]iZ| |

0 Angle condition

[Z6,+ Z64.= £6, + 205 ]
EEEN BB oo e e et e

Magnitude condition and angle condition both must be satisfied forthe
bridge to be balanced. '

4 Depending upon the frequency, different nuli detectors are used
Vibration galvanometer — 5Hzto 1 kHz
Head phones - 250Hzto4kHz
Tuned amplifier detector — 10 Hz to 100 kHz
D'Arsonval Galvanometer - DC frequency = 0 Hz
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D Depending upon phase angie 9, elements are

Ry = .’%@(Rz + 1)
o~ | Elements | —
0= R ]
Ly= =21
90° L TR
—90° C, wher2, L, = Unknown inductance of resistance R,
0° < 8,<90 R Ly L, = Variable inductance of fixed resistancer,
-90 <6, <0 R, C, R, = Variabie resistance connected in series with L,

R, R, = Known non-inductive resistances

O Convergence to balance paint: 5. Maxwell’s Inductance-Capacitance Bridge

If the variables are in the same arm of bridge then minimum time ig
required for balancing of bridge. This is called convergence 1o balance
point.

0O Quality factor (Q.F.}

|C T T T T T T TRt T T T T 1 |2
Ener stored. ;
OF = Ener .g;issi atéd /\‘%\"’ “““““ pamocmmmm—-os E
nergy P & loly .
Measurement of Self Inductance o
1. Maxwell's Indurctance Bridge 11 Ry le Ez=1R3 Iy
= 1R
wC, R4

Q ¢ factor of the coil

E o Eq Py = iRy + 1) N O . oot e e
=1,R; .
= LR,

Not suitable for measurement of high Q coil because phase angle criteria
does not satisfy.
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* Not suitable for measurement of low Q-coil because of sliding balance
problem,.

*  Suitable for measurement of medium Q coili.e. (1< Q < 10).

: |
.
! :
; ;
i '
: 1
) 0
T 1
1 1
: :
1 1
0 :
:
t
13
1
E,
__________________ E
I el ,—”?
] 1 e 5
—” II’
- o
- Favs
£, = I,R
= l,M; S
[L" R
- #
T SV N Ey= LB s
o | T ’
rl .+
cl |-

1

|1(R1"; N} Ea=LRy=lgfeC

Q ForQ > 10

where, i., = Self-inductance to be measured
R, = Resistance of self-inductor
r, = Resistance connected in series with self-inductor
r. R, Ry R, = Known non-inductive resistances
where, L, = Unknown-inductance having a resistance R, C = Fixed standard capacitor

R, Rs. R, = known non-inductive resistance
C

4 Standard capacitor
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5. Owen’s Bridge

iR, 4

4l

lzf{ﬂC2

[L,=R,R;C, |
©
Ry = Ra“(:,f

Il

where, L,

3

R, = Variable non-inductive resistance
R Fixed non-inductive resistance

, = Variable standard capacitor

C
C, = Fixed standard capacitor

Unknown setf inductance of resistance R,

N O O

Owen's bridge is used for measurement of unknown inductance and

incremental inductance and incremental permeability {l).
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measurement of Incremental Inductance

@ Incremental inductance

lL1=R2H304 ‘

4 incremental permeability

]
NZ A

: n -

where, N = Number ofturns
A = Area of flux path
! = Length of flux path
R, = Variable non-inductive resistance
R Fixed non-inductive resistance
C, = Fixed standard capacitor

OB
*  External D.C.sourceis used to compensate residual magnetism.

*  Capacitor,Cis to block D.C.to enterinto A.C. and inductor, Lis to block A.C
to enter into D.C.
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Measurement of Capacitance

1. De Sauty’s Bridge

(a) For lossless capacitor

where, C;, =
capacitance tc be measured
C, = Astandard capacitor
R, R, = Non-inductive resistors

(b} For imperfect capacitor having dielectric loss

—

pEEASY N Measurements & Instrumentation 278

MA
where, ry, r, = Resistance representing the loss component of the
two capacitor.

0 Dissipation factor

[D=1and = wCir = oCyy |

2. Schering Bridge

0O Dissipation factor

where, C, = Capacitor whose capacitance is to be determined

r, = Seriesresistance representing the loss in the capacitor C,
, = Standard loss-free capacitor

C
R, = Non-inductive resistance
C, = Variable capacitor

R

4 = Variable non-inductive resistance in paratlel with variable
capacitor C,

O e

Schering bridge is shielded with metal screen to reduce the stray
capacitance exists between the arms and arms to the earth.
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Measurement of Frequency

asurements

Wien’s Bridge

by Mechanical

coupling O Flux density
B ¢ RK 0y
T A, 2NA,
where, ¢ = Fhux linking search coi!

A, = Cross-sectional area of specimen
R = Resistance of the ballistic galvanometer circuit
Ky €; = Charge indicated by ballistic galvanometer
N = Number of turns in the search coii

O Hysteresis loss per unit volume

s
{Supply) "
Pn = nf Bm

2 Frequency where, 1 = Hysteresis coefficient
B.fL R, . Cy f= Freq.uency; Hz ‘ ,
= _ B = Maximum flux density; Wb/m
Rs Ry €, m . -
k = Steinmetz coefficient
b= e Hy N O
2ﬂ\jﬂ1 R» C1 G, The value of k varies from 1.6 to 2.

D F L] == = = A H
orR;=R,=RandC,=C,=C @ Eddy current loss per unit volume for laminations

oot i AL 2R 4R
= 2nRC -pe';'a'-;w_——-—w—u’f’.*ff 1 B
R _
“ﬁ;“ where, k, = Ferm factor
t = Thickness of laminations; m
Limijtation of Wein’s Bridge p = Resistivity of material; 2-m
H the input signal 's not a sinusoidal or signal containing harmonics then O Total iron loss per unit volume

balancing of bridge is not possible because null detector is sensitive to
the frequencies. :
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O Maximurn flux density

_B.m =

O For sinusoidal supply

where,

B =—
A s

= Voltage induced in seconcary winding

= Ak fo, N,

Frequency

= Cross-sectional area of specimen

¢, = Maximum flux linkage

Form factor (= 1.11 for sinusoidal supply)

Number of turns in secondary winding

O Average current through dicde vacuum tube volimeters

Lo = —3% o _1ms =0.45. 08
where, E, = RMS value of applied voltage
a = Average value of appiied voltage
R = Load resistance

pifference amplifier type of electronic voltmeter

+Vpo

Ry, PMMC
y ammetar

AAAL

i 10 MQ

l :
________ L ~Vop

O Thevenin’s resist

where, R, = A.C. drain rassitance in Q
g,, = Transconductance in mho
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QO Current through ammeter

=V OmfRollla+Rp) v
R +Rn 2R /s +Rp) + R,

when Ay << r,

i = ngD ;
2By + R, -

Vy

Digital Meters

Basic measurable juantity in digital meter is D.C.

Resolution (R) of Digital Meter

The smallest change in the input which a digital meter can be able to
detect is called resaiution.

: 1
R=
10"

where, n = Number of full digit,

Sensitivity (S)

The smallest chance in input that can be displayed within given range.

| S = Resolution x Range of meter |

Over ranging

Switch on the extre. half (1/2) is called over ranging. Due to this over
ranging the range cf the instrument increases.

ithode Ray
Cilloscope

CRO is a digital instrument, which works on the principle of thermionic
emission i.e. emission of electron from a heated suirface. It is a linear
device. With the use of CRO one can measure peak to peak, rms, peak
or average value of voltage and current.

O Calibration of CRO
Calibration of CRO is done by applying a known quality of square
signal having a frequency of 1 kHz and peak o peak magnitude of
Tmv.

0O The rise time (), of signal applied to CRO and bandwidth of
CRQ are related as

[t xBW.=0.35]

If this condition fails then the signal is distorted at the cutput of
CRO.

O Electrostatic Deflection

Deflecting plate

i
I

Viox = e
I-~><—>T l
—y Screen
fe L
1 ek X2
-2 mV_c',a .

Displacement in y-direction; m
e = Charge of an electron; Coulomb
Electric field intensity in Y-direction; V/m

z
g
o
-t
o
el
[

m
]

= Mass of eleciron; kg

3
]



280, AHandbook on Electrical Engg. B MADE EASY ] JADEEASY @ Measurements & Instrumentation 281

P V., = Velocity of electron when entering the fields of deﬂecnng n-pplication
| 1 plates; my/s « Used for finding the phase angle difference between the signal
| x = Displacementin x-direction ; m applied to vertical and horizontal plate.
Q Deflection « Usedforfinding the frequency ratio between vertical and horizontal
D= Ly Ey piates voltage. |
- _2dE, [ Phase angle (¢) between e Lis._s.?‘jOUS pg’t_téfﬁ' \

where, L = Distance between screen and the centre of deflecnng )
plates; m ' a0°

i, = Length of deflecting plates; m ) |‘
E, = Potential between deflecting plates; v _ {
. , a° or 360° 180° e
d = Distance between deflecting plates; m /
E, = Voitage of pre-accelerating anode; V

Q Deflection sensitivity

L age
D I _ f
S_Eﬁ._ 2dEa' m/v 0° < ¢ < 90° l
T (or) 180°~—6;)—' 0°
O Deflection factor 270° « ¢ < 360° .
1 2dE; .. . .
Ge=—=—-C8 Vi
Sawtooth Generator : A
¢ = 90°or 270" : 180°
PN 270°
90°
=C Vg |
t 90° < ¢ < 180° - . S
° oy ‘el w BT

| 180° < ¢ < 270°
[Vo = Ve [1= expt-t/RC)] | .

L2700

where, V, = Instantaneous voltage across the capacitor at time t; V
Cooge
V.. = Supply voltage b
Lissajous patterns I = 180°

If horizontal and vertical deflecting plate are applied with sinuscidal signat,
the waveform pattern appearing on the screen is called Lissajous pattern.

270°
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T
Finding the phase angle ¢ from given Lissajous pattern

(a) When Lissajous pattern is in first and third quadrant
4

Yo -

/O .
o

QO First possibility

o= )= em (2]

O Second possibility = 360° —¢

(b) When Lissajous pattern is in second and fourth quadrant

T

o1 Ve
(::\\P

i
| —
Xo XN

O First possibitizy

F“ 18@" - "sm (:; ]

O Second possibility = 360° — o

Measurement of Frequency Using Lissajous Pattern

(number of mtersecnons of. the”

- horlzontal ling wzth the. curve)

(number of intersections of the__
vertical -imé'wsffh the curvey

x

where, fy Frequency of signal applied to Y plates
x = Frequency of signal applied to X piates

_..,
li

g-meter

It werks on the principle of series resonance.

Measurement of the Storage Factor Q

Coil
T R L Ty
Ly
Y, W—
Thermo Cd T3 o= Tuning ¢ @
E couple 7T capacitor ¢ ;
voltmeter Ty

0 Resonant frequency of Q-Meter

fp =
° T onJic
2 Measured value of Q
@m R+ Rqp,

O True value of Q

where, R = Resistance of coil
L = Inductance of coil

Ry, = Shunt resistance
C = Tuning capacitance
C, = Distributed or self-capacitance
O Measurement of inductance
o1
" 47EC

Electronic
Voltmeter
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O Measurement of effective resistance
R o Q.

Measurement of Distributed or self-capacitance

O Resonance frequency

e —— f, = — I
"ent(Ci+Cy) | |7 2nL(Go+Cy)
when, f, = nf,
. C{—n2C,-
Oy e T 2
then, _ .q n2 -1
where, C, = Tuning capacitance at frequency f,

C, = Tuning capacitance at frequency f,

Measurement of Unknown Capacitance C_
Adjust capacitor G = C, to get resonance frequency f, with unknown
capacitance C_in parallel.

’
f, = —
"2 lC, +C))

Now remove C, and again adjust C = C, to get same resonance
frequency f,

Wy

fo= — 1 i

onJLC,

By equating equation {i) and {ii),

0O Gauge factor of strain gauge

G < BRI Rl
Ap . . _——
where, —p— = Per unit change in resistivity
v = Poisson’'s ratio
e = Strain

Q For %E—)O

0 Poisson's ratio

1 Strain

AL . .
where, — = Per unit change in length
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Thermistor :

O Resistance of thermistor

where, RTT = Resistance of thermistor at absolute temperature T, %
RTp = Resistance of thermistor at absolute temperature Ty
B = A constant depending upon the material of thermistor

D Steinhart-Hart eguation

A+BINnR+CUNnR)®

T = Temperature: °K,
R = Resistance of thermistor : @
A B, C = Curve fitting constant

where,

O Thermistor resistance

[ Ry = aR, exp (b/T) [

Resistance of thermistor attemperature T K
and ice point respectively

where, R R =

[+]

Thermocouple

D E.M.F. produced in a thermocoupie
E = a(48) + b(agy.

Where A8 = Difference in temperature between the hot
thermocouple junction ang the reference junction
of thermocouple; °C

a, b = Constant
LvDT

O Sensitivity of LVDT

Measurements & Instrumentation

capacitive Transducers

Capacitance

s Capacitance of parallet plate capacitor

C_EA__EXW

d d_ |
Overtapping area of plates
Length of overlapping part of plates
Width of overlapping part of plates
Distance between two plates
Permittivity of medium

where,

li

i

i

1

A
X
w
d
<

d Capacitance of cylindrical capacitor

' 2ne x
C=—"—"—"7 __I|F
‘ ioge (B, /DY) f

U Capacitance at angular displacement 0

~— F.xed plate

Radius of semi circular plate
Angular displacement in radian

where, r =
5]

1l

‘\ Maovable
plate

Sensitivity

Q Sensitivity of paraliel plate capacitive transducer

L. ax 4
where, x = Length of overlapping part of cylinders: m
D, = Inner diameter of outer cylindrical electrode: m
D, = Outer diameter of inner cylindrical electrodes: m

U Sensitivity of eylindrical capacitive transducer

. _QRG' IFfm
. leg, (0,/D,)
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O Sensitivity of variable capacitance transducer
gL
,\ 2d

Piezo-Electric Transducer

0 Voltage sensitivity of crystal

T Eleotric feld" &
= wotmm ==L VmifiN

P Stress
P = Pressure or stress:; N/m?2

where,
QO Charge sensitivity
[G== < g]cm

9 Qutput voitage

where, t = Thickness of crystal ; m

A Handbook on
Electrical Engineering
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Electrical Network Components

Resistor

it is the property of a substance due to which it opposes the flow o

current (i e. electrons) through it.
/\

!

-

A
Resistance, E-_- p}g- , Ohm (Q)

where, ! = Length of conductor, metre (m)
A = Area of cross-section, m2
p = Resistivity of the material, 3-m

Extension of wire rasuit into increase in resistance while compression of
wire resultinto dec reasein resistance.

| vty =Ri(t)
.__...i('f)' = % v { t)

-+ in time domain

s) F!I(s)
-~ in s-domain

I(S) 'j__”‘v(s)

EASY W
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ower foss in resistor,

combination of Resistors

1. Resistors in series

’ Vs f Vo e eV, ——=|
- —— e e
R, R R,
I
W
IRoq =Ry + R,y +... +R,
2 Resistors in parallel
I
_‘b
v R R, R,
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Capacitor
The circuit element that stores energy in an electric ficld is a capacity
or capacitance,

ot
d
Ly
v
Capacitance G- S0& A Farad
where e, = Permittivity of free space, F/m
e, = Relative permittivity of the dielectric
A = Cross-sectional area of parallel plates, m?
d = Seperation of piates, m
NOrE:

*  When the capacitance is removed from the source, the capacitor retains
the charge and the electric field until a discharge path is provided.

¢
= it ot
JET -+ -1 time domain

'_:iit); Lo avy)

dt
y(_-f)‘f__"sfl(s) ---in s-domain
Hs) =sCV(s)

L=gg
¥o(s)=sC

M MADE EAsy
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pPower in capacitance,

: : dv
p=vi= CVH_

Energy stored in capacitance,

-
Ec ,="§CV2
combination of Capacitors
1. Capacitors in series
t Vi - V=i eV, —i
! . ] P — - |
Cy C, Ch
I
Y
Vel [lidt!
G

V —_ iy - CE’ Cn
Seagr
I Qeq =Ci+CatCarro. +€,
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Inductor

The circuit element that stores energy in a magnetic field is an inductg

or inductance.

L
o—i———o
P 2
inductance | = EQM}, Henry
!
where  p, = Ferreability of free space, H/m
N = Total number of turns in coil
A = Cross-sectional area of coil, mé2
! = Length of coil, m
NoOte:

*  Whentheinductance is removed from the source, the magnetic fietd wijl
collapsei.e. no energy is stored without a connected sources.

L vit)

dityy
.(t) m b SR ot

-in time domain

a(t) = I v(tyat

Vis) = sLi(s)

S <.+ in s-domain
I K- -
H(S)= oL V(S)__

ACEET

e = o

-F;-F—-.-._._._“ - ]
power in indutance,

#ADEEASY M

Network Theory

Energy stored in an

pw.\n

=i
Lla

inductance,

1

E =L

2

combination of Inductor

1.

inductors in series

2. Inductors in paralle!

bV e Y, —] pe— V_ —=]
Ln
di PYIRNY C
V= LGQ dt. =Lyt+lotlgt.... +Ln
I
T 1, 1 Iy
v L, ng L,

Eqi\»q

i [LE I“'d‘..

Ideal Transformer
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Vo _ L
Ve gy L
Lf n, < n,, step up transformer
and N, > N, step down transformer
Gyrator

Gyrator shows an impedance inversion.

Gyrator

Vi=+R, I,
Vo = — R, 1,

where, R, = Coefficient of gyrator and it depends upon
(i} Op-amp parameter
(i) Externally connected R and C values
Remember: ...
* Linear network is one which hoids the principle of superposition and
principle of homogenity both.
* Element conductsin both directions is called bilateral element.

* Anetwork containing circuit elements without any energy source is called
passive network.

*  Anetworkcontaining energy source together with other circuit elements
is called active network,

Ideal Sources

1. Ideal Voltage Source

Voltage always remains constant for any value of current passing through
it.

nE EASY H Network Theory 297
it}
e = — : V(l)
+ 1
= Y
+ v d
vit) _) ) Lead
_ 5 it
e
MO B e e
+ The current through any voltage source is purely arbitrary. It will depends

upon
{a) The current source which is connect in series with it.
(b} The load rasistance which is connected in parallel with it,

¢ Wecannotwrite KCL equation at a load with which any voltage source is
connected. Since, the current through this voltage sourceis purely arbitrary.

2. Ideal current source
+ Current always remains constant for any value of voltage across it

Rt = = I(t) 4
+ ;
L . 1
o) v jedd]
- ! 5 v(t)

* Thevoltage across current source is purely arbitrary. It will depends upon
(a} Voltage source which is connected in parallel with it.
(b) Theload resistance which is connected in series with it.

*  Wecannot write any KVL equation in a loop in which a current source is
present. Since, the voltage across the current source is purely arbitrary.

Dependent Sources

‘la) V(1) = Ki; = Current Controlled Voltage Source
: (CCVS)
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(b) j> w(t) = Kv, = Valtage Controlled Voltage Source
(VCVC)

(c) <f> i{ty = Kvy = Vcltage Controlled Current Source
{VCCS)

(d) f> i{t) = Ki; = Current Controlled Current Source
{(CCCS)

where, K is a constant.
Standard Input Signals

1. Step function
it 4

2. Gate Function

ol a b t

My =Kiut=a) ~u(t—b} |

[ MR-

MADE EASY M Network Theory
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3. Ramp function

f(1)

tan 8 = K
ol t

F(t) _-__{"Kt" ; t>(J

4, Impulse function

8{t)

0 {

[s0-{2 127]

O Area under the impulse function is always unity.

Miscellaneous

9 Average value

;_'_,':;3: S 1
Yoo .. i:

-
[ yinar
o .

where T is the time period of periodic function v{t)
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B RMS or effective value

1 T . 2
Yims = yf5 Jy(OF ot

e Ify(t) = a, + (a, coswt+a, cos2mt+...) + (b, sih ot + b, sin2at + )

b ——

ms

1
Jag +§(af +a3 +...)+-;-(b§ +b2+..)

O Form factor

17
- fiy(Par
Y, o
FF=Jme et o
ay 1
T{y(t)dt

el _giot @Oy g ion
s [sinot=——————/ and [cOs@i= " —
2} : R 2
o : = e | W
SR ot ot s +e
sinhwt =- £ and |coshwt = :

MSY [ Network Theory ‘301
pepresentation of Shifted Unit Step Function
£t} f(1) r 1)
1 1 ;
R . T 0 ~t o -t
fit} 4 K1) Ko 4
1
=T T
0 t o t = \
-1 _1 1
()
fit t f(t) & f(t) 4
1 1
© t T 0 ! o3 t
-T T
0 E ) ! 5 -t
1 1 -
—u(=4)]
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Ohm’s Law

The ratio of potential clifference (V) between any two points on a conductgr
to the current (I) flowing them is constant, provided the temperature of the
conductor does not change.

Vv \'
T = constant  or 17 R
Where, R is the resistance of the conductor between the two points
considered.
Kirchoff’s Laws

1. Kirchoff’s Voltage Law (KVL)

For any closed path in a network, the algebraic sum of the voltages is
zero.

Va Va ¥y

“1....in a closed toop

where, v is the voltage drop or voltage gain across ki element

2. Kirchoff’s Current Law {KCL)

The algebraic sum of the currents at a node is zero. Alternatively the

sum of the currents entering a node is equal to the sum of the currents
leaving that node. ' '

Network Theory 203

n - ..
g{l'k‘(t) =01 . at any node

where i, (t1is the current through k™ branch
NO B e

+  Anetworkis aninterconnection of elements or devices, whereas a circuit
is a network providing one or more closed paths.

+  Number of KVL equations=h - (n-1)
+ Number of KCL equations = (n - 1)
where, b is number of branches and n is number of nodes.

* Atnode, current changes and in branch, current remains same.

- Ry +R,

Current Division Equations

I

T I L
-

v

AAAA
¥y
us]
T
ra
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I, = AR . I, = H—*——WR1 I

Ry +Rs ' = Ry +R,

Star to Delta Transformation

RED
a ‘\\ MM b
Fca Rbc
<
A A A
Ry = —.R_ =" R =2
ab Rc [#19] Re ca Hb

where, A= (RR, +BR, +F.R,)

Deltato Star Transformation

R. = RcaRab
a -
Rap + Bpe + Rea
R, = RabRbc
iy =
) ﬂa-b + P‘bc *'Rca i
R. = 'RbcR'c.a
e
' Rab + F’bc + Rca

Source Transformation

Transformation of a resistive voltage so urce 1o a resistive current source or
vice-versa,

R
A -—o A5
v ’ = (})-% =
5_ =R E:H
B —a B
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Network Theorems

1. Super Position Theorem

The response in any element of a linear, bilateral RLC network containing
more than one independent voltage or current source is the algebric
surn of responses produce by the independent source when each of
them acting alone with

(a) All other independent voltage sources are short circuited (5.C.).

() All other independent current sources are open circuited (0.C.).

(c) Alt dependent voltage and current sources remain as they are and
therefore, they are neither 5.C. nor O.C.

« Thetheoremis not applicable to the network containing
{a) Non linear elements.
(b) Unilateral elements such as diode or BJT.
* Thetheoremis not applicable to power since itis a non linear parameter.

*  Thetheoremis also applicable for circuit having initial condition.

2. Thevenin’s Theorem

Alinear active RLC network which contains one or more independent or
dependent voltage or current sources can be replaced by a single voitage
source V. in seres with equivalentimpedance Zeq.

L I
—ga
N Vo= Cf Voo

b

Open circuit voltage between a and b (when | = 0),

Equivalent impedance between a and b, when

(a} Allindependent sources are replaced by their internal
impedances.

(b) All dependent voltage and current sources are remain
as they are.

where, Voo

e
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*  Nonlinearelement.

*  Unilateral element.

3. Norton's Theorem

Alinear, active RLC network which contains one or more independent o
dependent voltage or current sources can be replaced by a single current
source g in shunt w th equivalent impedance Zoo

1 : :I —oa
e - . |
N Vo= ke §Zeq '
b |
E' E ob
where, Iz = Shortcircuit current between a and b {when V = ()
Zeq = Same as that of Thevenin's theorem

4, Maximum Power Transfer Theorem

Source Load

Zy = Zgf...... for maximum power transfer

Case 1: If Z, = Ry + X, and Z =R+ X

then IFIL= RS' and | X ==X

Case 2: If Z, = R, + jX, and Z =R,

then ’T:%L = ,.,‘Rg o+ )(g

Case 3: If

then

Network Theory 207
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3 Tellegan’s Theorem

In any network, the sum of instantaneous power consumed by various
elements of the branches is always equal to zero.

Total power given out by different voltage sources is equal to total power
consumed by varicus passive elements in various branches of the network.

v}
Z Vk'ik =}
k=1 -~

b = Number of branches

where,

The theorem is valid for any type of network sa long as KVL and KCL equations
are valid.

7. Reciprocity Theorem

In a linear bilateral single source network, the ratio of excitation te the
response is constant when the position of excitation and response are

interchange.

Excitation o Response Response Excitalion
L 1
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Note: ... e
L &3 22_2_1 Ir
. E 2,3 =Zy, , --- forreciprocal network.
{7237 2352 |

* Thebasis ofthe theoremis the symmetry of impedance or admittance o
matrix.

* Thetheorem is valid for network in which linear and bilateral elements
are present.

* The theorem is valid only when single independent voltage or current
source js present.

* Theinitial conditions are assumed to be zero in reciprocity theorem

Compensation Theorem

. Ifimpedance 'z’ of any branch of a network is changed by '8z’, then the
incremental current '8I' in such branch is that which will be produced by a

compensating voltage source V_ = 1 8z introduced in the same branch with
pclarity opposing the original direction of current 1.

Zn Ly

] ]
Voo o @ I z Voc o Cﬁ I Z+82

{a) Compensation network

(b} Z changesto Z + 82

Zrn

ldeai voitage source V_ ccnected in series

A

pa

AR

i}

-
T¥YY J-

0

AAAA
YryYy

10
—

Circuit diagram of linear graph Oriented graph

For the graph shown in the above figure

Node or vertices : {a b ¢ d]

Branchor edge: [1, 2, 3, 4, 5, 6]

In fully connected graph, each node is connected to all other nodes of
the graph.

A closed loop or a closed circuit may not contain all the nodes of the graph.
Degree of any node represents the number of branches which are
connected o it.

For a fully connected graph, the degree of each node is equal to the
rank of the graph.

Tree of the graph

(a) It contain all the nodes of the graph.

(b) If graph contains N nodes, its tree will contain n-1 branches.

(c) There is no closed path and hence, atree is circuitless.

{dy The tree of a graph is not unigue.

The branches of the tree are represented by the tree branches or the twigs,
whereas the branches of the co-tree are represented by linkor the chords.




_310 A Handbook on Electrical Engg. B MADE Easy
For figure (a)
Tree: [ 2, 6] Co-tree{ 3,4,5 ]
twig link or chords
For figure (b)

Tree: [2 3 E] Co-tree[ 1, 4,7 ]
R T ————
twig link or chords

7. {a) Number of treas =
(i n=2) (for fully connected graph)

(i) det {[A] {A]‘} (general expression)

where, N = Number of nodes
A = Reduced incident matrix (RIM)
[A] = Transpose of RiM
det = Determinant

I

(b} Number of branches in a fully connected graph = _m_n(n -2)

(c) Number of tree: branches
=n-1
= Number of KCL equations
= Degree of each node of fully connected graph
= Rank of graph
= Number of fundamental cut-sets.
{d) Number of link,;chords
=b-{n-1)
Number of KVL. equations
Number of tie-sets
8. Atree can be used to solve the electrical network using:
(a) tie-setschedule
{b) cut-setschedule

Il

Matrixes

1. Incidence Matrix

(1) This matrix translates all the geometrical feature of the graph intc an
algebric expression.

Network Theory 3N

(iy Every graph has incidence matrix and vice-versa.
(ity Each row of matrix contains +1,-1,0 depending upon the crientation
o° the branches with the node.
s——— = +7 (if branch is pointing away from node)
— = s = —1 (it branch is pointing towards a node)
« = D(if branch is not connected to the node)

(iv) Each column of matrix contain only one entry of +1 and only one
antry of —1 so that the sum of the element of each column is always

equal to zero.

(v) The determinant of the incident matrix of a ciosed loop is equal to
Z=2ro.

(vi)y Crder of matrix is [n x D]
where n = node and b = branch.

(vii) Two graphs having same incidence matrix are called isormorphic
qgraph.

Reduced incidence matrix
() A particular node is taken as a reference node and the row
corresponding to that node is deleted, resulting in the reduced
incidence matrix. '

(i) The order of matrix is {(n— 1) xb].

(iiy This matrix can be utilised to find number of trees in a graph whether
that graph is fully connected or not.

2. Cut set Matrix
It is a group of branches containing only one twig and a number of finks.

Fundamental cut set matrix
(i} Fundamental cut set is a group of branch containing only one twig
and the minimum number of links.
(i) Fundamental cut set matrix can be used to write KCL equations for
the given network.
Entry in the matrix
+1 = If orientation of branch is same as the orientation of cut sets
retated to it
-1 = If orientation of branch is opposite to orientation of cut set
' related 1o it
0 = If a cut set is not related to the branch.
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Remember: ... YOO )
*  Number of fundamental cut sets of agraph
= Nurnber of twigs
Number of KCL equations
h-1
= Number of node pair voltage
*  Number of rows of the matirix = Number of fundamental cut sets

I

*  Number of columns = Number of branches.
*  Number of KCL equation = Number of fundamental cut set.

3. Tie set Matrix

Itis a group of branches containing only one link and a nurnber of twigs

Fundamental tie set matrix
() Itis a mathernatical representation of fundamental tie sets of a grapk
in form of matrix.
(i} Fundamental Tie set is a group of branches containing only one link
and minimum number of twigs.
Entry in the matrix
+1 = Iforientation of the branch is same as the orientation of loop
current .
-1 = If orientation of branch is cpposite to the orientation of the
loop current.

0 = W pranch is not related to the loop.

Remember: ...
Number of fundamental tie sets for a graph.
= Number oflinks
= Number of KVL(mesh equation)
= b-n+1
L1 ]} |

Iace Transform Analysis
Circuit Transients

Laplace Transform

one sided Laplace transform of a function f{t)

£[1v] = [ ftne-idt = F(s)

Note: .......................................................................................................
for the two sided Laplace transformation, the limits on the integration are

from — oo 10 oo,

properties of Laplace Transform

1. Linearity

[ £{ah (1) + bh(0} = aFy(s) + bF,(s) |

1 bDifferentiation

{d;i%}"s“::(s) 7 10) - ”“chm & Sf”(O)—

3. integration

_‘c

4 Scaling

i 5. Time shifting

| Lif(t~a)} = e*F(s) |
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6. Shifting in s-domain
L{'e;a‘f'f'(t')}' =F(s + a)
7. Convolution
| L{1,(1) * (D] = Fy(s)F, (5) |
8. Initial value theorem
iim f(t) = lim s F(s)
t—0 S >0
9. Final value theorem
lim f(t) = {im s F(s)
1—3es 50
10. Laplace transforrn of periodic function
N e LR
F(s)= LI = "—[J?T]
' 1—e
where, f(1) = Periodic function with time period T
f,(t) = ~unction over one time period
Some Laplace Transform Pairs
Laplace
f(t) Inverse Laplace F(S)
uit) _— i
5
1
r(t)y =tu(t) —_—— —
o2
n n!
tut) - gh+1
e™ " u(t) —— !
S+
) w
{sinmt) u(t) Fr— e
s? + @
. s
{cosmt)uit) = —
SQ + mE

Network Theory

315

WADEEASY ®
MADE &7

[ (sinh wt) u(t) T | ﬁ
(cosh wt) u(t) —_— Z fmé
!
e () — STo
) 2
{tsint) ut) T @'2_:%
(tcosmi)ult) :‘ (22;722)
(&= sinwu(t) —_— m
(e~ cos mtu(t) _— ﬁ”&?

Representation of Circuit Elements in s-domain

Resistor
Energy dissipating element

+ ‘4_T+
R W R E v(s)

Time domain s-domain

in time domain

v(D) = Rei(t)

in s-domain

LV(s) =R - X(s) |

where, S = C+jw
For sinusoidal excitation

c=0 and s=jw
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Inductor
Energy storing element

+ +
i(t} I(s}
sk

Vi) gsL

(0" )1 g L

Lin(a")

ot

s-damain

Time domain
in time domain

vit) = Lm

. 17
= ’ ity = —L—Lv{t)dt

in s-domain

s-damain

[ V(s) = sL-1(s) — Li (0") |

sL

I(s) = [ﬁ?—’ +_.__“*f~(g+’]-

Capacitor

Energy storing elerment
i(1) I(s)

Ks)

L Le ]

vit)

sC
v.(07)
L o |

O
1l
Fil

I
T Dovaon v
T |

@ 4

|

(s)

|

Time domain s-dornain

In time domain

dv(ty

1§
a|  |Wrcloe

ity =C

In s-domain

s-domain

v

| X(s) = sCV(s) - Cv(0") ]

V(IS’:%%“T

o(0%)
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-rransie“t Response
RL Circuit .
The transient current through the inductor L at any time t
() =io —[—ig Je et
where, i = Current through L as t — < i.e. steady-state current
through L
i+ = Currentthrough Last— 0*
R.q = Thevenin's equivalent resistance seen across L for
t>0.

RC Circuit
The transient voltage across capacitor C at any time t

'VC(D =V, ~[v, — Ve 18

where, v = Voltage across capacitor as t — o i.e. steady state
voltage across C
Vo+ = Voltage across Cast — 07
R, = Thevenin's equivalent resistance seen across C for
t>0



Resonance

Resonance

* Resonance is the condition when the voltage across a circuit becomeg
in phase with the current supplied to the circuit.

* Atresonance, the circuit behaves like a resistive circuit.

* Power factor of the circuit at resonance is unity.

Series Resonance

i r

Iy

|
e Vg —be— ¥ e Vit Ao
R 7
R I C
I
©) . .
Y

5

At Resonance
* M ]=|Vc] and these are 180° out of phase

* Imaginary part of input impedance = 0

where,

Remember:

* Forwx< Wy, serias RLC circuit behaves like an RC circuit.
* Form:> )y, series RLC circuit behaves like an RL circuit,
* Forw= w,, series RLC circuit behaves as resisitve circuit.

DE EASY H Network Theory _ 219,

Bandwidth '
“ The bandwidth of the network represent the range of the frequencies at

which the cu rrent drawn by network becomes 0.707 of its maximum value.
R

A= (o, —®,) = T

@ =Wy ——A® [ and | ®; = mp +§Am

2.
g = fWy - Wy

where, w,, m, = Cut-off frequency or haif power frequency

Q-factor
The guality factor of the network is a measure of sharpness of the curve

forthe currart drawn by circuit.

Maximum energy stored: ]
‘Energy dissipated per ¢ycle

Q—fact.or = 27:[

Loy 1 o:_OL__;_ng
"o A®d  ®,RC R - RVC

O Frequency at which voltage across capacitor is maximum

O Selectivity

o

Re sonance frequengy _
| AT

Selectivity = o Bandwidth -

Feature of Series Resonance Circuit
* The resonant frequency is a geometric mean of the two half power
frequency.
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Ll * The resonant frequency represent the rate at which the electrical energ, mth
b ? stored in the capacitor is transformed to the magnetic energy Sloreq in —— — 1=
i the inductor and vice versa. Am = (0, — .mf_) = Re
* The quality factor represents the voltage amplification factor angd Mgy
have high value for any tuned circuit. o-Factor

* The quality factor of the resonant curve depends upon the Numericy — SR
value of RLC componants, Qg = Wy Q)GBC S L

R

) . Ao wol
* For tuned network, the quality factor must be high, the bandwiay, A o
should be small and therefore the resistance use in the network sh . .
be small. - o feature of Parallel RLC Circuit
* Any series RLC network represents a band pass filter « The gquality factor of the network represents the current amplification

factor and must havs a high value for any tuned circuit.

« For a tune network, the quality factor should be high and therefore
should have low bandwidth therefore the capacitance value is kept

Parailel Resonance

: high.
Tn o o A parallel RLC netviork behaves as a band stop filter or band reject
Y R L fitter.

EEEm
At Resonance

* |I_[=]|1¢| and these are 180° out of phase
* Imaginary part of input impedance = Q

ZinL,:(.;o — IR maximum

Ve .
== minirum
R

]w' = g

1 )
where, @, = Nl resonant frequency in rad/sec

Remember: ... ... .o
* Forw<w, the circuit behaves like an RL circuit.
¢ Form>a, thecircuit behaves like an RC circuit,

* Form= , the circuit behaves like a resistive circuit.




Magnetically Coupled Circuit e

*  When the two inductor are placed physically close to each other, then
due to current flow in the first inductor there will be some magnetic flux,
part of which will lin< with the second inductor. Due to rate of change of
magnetic flux and ky using Faraday's law of etectromagnetic induction
some induced voltage is produced between the two terminals of the
second inductor.

* The polarity of the induced voltage depends upon the relative sensa of
windings of the two inductors and thereiore, the induced voltage may
be additive or subsractive in nature.

Cases:

(A)
I M I,
‘ré P
v, Ly Lo Vs
| }

{Case-1)

For above two cases, the effect of mutual inductance is positive. Also
induced emf (g,,,) is additive in nature:
KVL. in time domain:

d1 dI
V. = |, 2y =2
! Var T

d1 d1
V, = M—14,—%
2 gt ? dt

KVL in s-Domain:
V. (s}
V,{s)

It

Lys Li(s) + Ms I(s}
Ms I,{s) + Ls L,(s)

Vitsy ] [shy sMf
Va(srf {sM sipfi

i
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*'---_._”_._._ . - -
For sinusoidal excitation:

Vi| _[ioly  jeoM {11,
Vo | lieM jol, |1,

(B)
oMY LM
T . % T §|—‘—T.
Y, = Ly Vs v, Ly Ly V.,
R N
{Case-3) (Case-4)

For above two cases, effect of the mutual coupling is negative. So e
substractive in nature.

KVL in time domain:

ind IS

V_1 = L1%_M%
dt dt
dt dt

KVL in s-domain:

Vigs)| [ sky —sMj 14(s)
[vg{s)] | -sM SLQ][IQ(S)]

For sinusoidal excitation:
V2 __in ](JJL2 12

Representation of Mutual Inductance

Case-1: In terms of M.
Case-2: Interms of 'K’ i.e. coefficient of coupling.

M
L, L,
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(a) WK < 1;loose coupling {under coupling circuit). T
) fK=1ie M= WU L (critical coupling)

(¢} K> 1;tight coupling (over coupled circuit).
Case-3: In terms of turns ratio

oPortNetwork

Two Port Network
+ I L Ty
> o= | 0«
v, Two-port V,
v, L, P Network"H B
f
- priving Point Impedance and Admittance Functions
+ Driving point impedance function
Vi ny L Vi(s) Vo (s)
= = 5 Z Si= 1 i S)y= 2
» Driving point admittance function
and -n—1 = 5,. = M _— _‘:_1_] J p
e~ M~ L, YL, Y, = 1ds) Y. S=m12(s)
11{8) e and Yz22(s) V. (9)

Impedance and Admittance Transfer Function
¢+ |Impedance Transfer Function

Vo (s) Vi(s)
Zoq{g) = £ and Zy.(s)=—
2= 1) 29=7,s)
» Admittance Transfer Function
I,(s) 1,{s)
Yo, {8) = 2 and Y =
T N =5
Voltage and Current Transfer Function
« Voltage transfer function
Vi (8) V,(s)
G,,(3) = —122 and G, (s)= 22
12(8) Vo (s) 21(S) V,(s)
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rrent transfer fu I ion Between two-port Network
* Current transfer function aterconnection Betwe
Ii(s} I{s)
= and o, =
_. 2T L(s) Tone | gsadedletwor :
1 ",l - :
N | °
Parameters e

Impedance or z-pararneters (Open circuit parameters) A B'J[A” B”]
Vi=z 0 +2,,1, CDjC D

_! \/2 =2z, 1, + 2551,

series Network
Admittance or y-parameters (Short circuit parameters)

L=y Vi+y,V, : of—

b= yo Vi + vy, v, JE [
h-parameters (Hybrid parameters) .

Vo= h,+h,V, :

L o=h, T + hop V,

Z11 212- _ Zi + 274 Zip + 25’2]
g-parameters (Inverse hybrid parameters) 2ot Zo 251+ 231 Zhn +2%;
L=g,,V.+qg.,,1
1 11 Yy 1212
parallel Network
Vo =0,V +9,, I,
ABCD parameters {Tranismission Parameters)
V)= AV, - BI,
I, = CV2 - D12
Conditions for a network to be symmetrical and reciprocal
—_— —-,_‘—-—-—--—_.___' Kl ” 2 .
Reciprocal Symmetrical Y11 Y2 _[yﬁ +¥11 Yz +Y12]
I we - ’ ” ’ »”
Z o =2y 211 = 2oy Yo You Yo1+ Yo Yoo + Yoo
Yio = Yo Y11= Yap
A B Series-parallel Network
=1 A=Dop o TR
C D 5
hi» = —h hn h12 =1 0_:—-“_ N’ .:
12 = Ny iy hoy | = o [ e [ ._°
91 Sz ! :
G2 = —9sq =1 | N7 :
192y 22 R —— N |
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[hn h12J=[hi1+h?'1 M2 +his
a1 by M1 +h%y hgs +hs,

Parallel-series Network

[911 912] [9514’9?1 Q1o + Qi
do1 Q2 )

021 +937 Uo + 0%

Lattice Network

W
Crozs arm 2

impedance

Straight arm
'mpedance

1. A lattice network is said to be symmetrical if the two straight arm
Impedances are equal i e. Zy =2,
Therefore, 2y = Zy,
2. Alattice network s saicl to be reciprocal if the two cross armimpedances
are equal i.e. 7, = Z,.

Ther —
erefore, Z 2 E0E

Before any network is synthesized, we have to check whether the given
network is:

1. Physically realisable: For a physically realisable network, all the element
values must be positive. Therefore, ail the poles of the given network
function must lie in the left half of the s-plane.

2. Stable: For a stable network, the output of the network must be finite for
the finite input,

Condition for Physically Realisability & Stability of a Network

Numerator of polynomial
Denominator of polynomial

F(s) =

{a) Network is always physically realisable when
Any network function F(s) with poles in left half of s-plane has inverse
Laplace transform, which is zero fort < 0. Therefore, such a network will
be a causal network and therefore, wilt always be a physically realisable
network.
(b) For stability of a network:
1. The network function F(s) cannot have poles in the right half of the s-
plane.
2. F(s) cannot have multiple poles on the jo axis.
3. The degree of numerator of the network function F(s) cannot exceed
the degree of denominator by more than unity.

Any stable network will always be a physically realisable network but the
reverse may not be true.

Feature of Hurwitz Polynomial
1. The Hurwitz polynomial represents the denominator polynomiai of a stable
and physically realizabie network function.

2. This polynomial represents whether all the poles of the network function
lie in left half of s-plane or not.
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3. Notermina polynomial must be missing unless ail the even parts of all
the odd parts are missing.

4. No coefficient in the polynomial must be negative.

5. The continue fraction expansion {C.F.E.) of even to odd parts or odd 1g
even parts has all positive quotient terms. These gquotient terms represen;
the numerical value of RLC component of the network.

6. If any polynomial have only even parts or odd parts, then the Qiven
polynomial P(s) is Hurwitz when the continued fraction expansion of

o2 has all positive quotient
P(s) as all positive quotient term.

7. 1t P{s) =P,(s) - P.s), then the polynomial P(s) is Hurwitz when the
polynomial P (s} and P,(s) are individually Hurwitz.

Positive Real Function (PRF)

The positive real functions represent physically realizable and stable
passive driving point irnmittance funiction.

Features of PRF

1. H F({s) is positive real function, then % is also a PRF.

The sum of two PR is also a PRF.

The poles and zerces of a PRF cannot lie in right half of the s-plane.
Only simpie poles with positive real residue can exist on jo axis.

The poles and zerces of a PRF are rea! or occur in complex conjugate
pair.

The highest and lowest power of the numerator and denominator
polynomial may differ at most by unity.

R

o

The Necessary and Sufficient Condition for F(s) to be PRF

1. F{s)must have no poles and zeros in the right half of s-plane, therefore
the numerator and dencminator polynornial must be Hurwitz.

2. F(s)may have only simple poles on the jo axis with positive real residues.
Therefore, the partial fraction expansion is found and is verify for the
residues of the poles which lie on the jo axis.

3. Re[F(s)],_;, 20, for all values of @.

NetworkTheory . 33
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5ynthesis of Different Network Function

case-1: Synthesis of LC immittance function (Z , Y, )

features
1. This function is a ratio of odd to even or even to odd polynomials.

_ The poles and zero are simple, lie on the jo axis and they aliernate.

. Highest power of numerator and denominator must differ by unity.
. Lowest powers of numsarator and denominator polynomial must alsc differ
at most by unity.

2

3, There must be either a zero or a pole at the origin and at «.
4

5

case-2: Synthesis of RC impedance function or RL admittance
function {Z_., Y, }

Features
1, All the poles and zeras lie on negative real axis and they alternate.

2. The singularity nearest to or at the origin must be a pole where as the
singularity nearest to or at = must be a zero.
3. The residues of the poles must be real and positive.

Case-3: Synthesis of RL impedance function or RC admittance
function (Z_,, ¥, )

Features

1. All the poles and zerces lie on negative real axis and they alternate.

2. The singularity nearest to or at the origin must be a zero, where as the
singularity nearest to or at -« must be a pole.

3. The residues of the poles must be real and negative.

Case-4: Driving point RLC immittance function (Z,, , Y, )

Features
No set rules are follow for the location of the poles and zeros. Therefore,
the poles and zeros can lie anywhere in the left half of s-plane.
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Synthems of Network Function by Cauer’s Form

1.

2.

In both Cauer's type-l and type-I| forms, the element are connected iy
series-parallel-series-paralisl form.

if an impedance function is given, then the first element representy
impedance and therefore represents a series element in the ladder
netwaork. -
If an admittance function is givan, the first element represents admrttancc
and therefore, represents a parallel element.

Ina RLC network, the number of elements is equal to sum of total numbpyg
of zeros and poles.

in Cauer’s type-| form, inductor is always a series element where as 3
capacitor is a shunt elerment.

In Cauer's type-ll form. the capacitor is always a series element whers
as inductor is a shunt element.

in Cauer's type-1 form, continued fraction expansion (CFE} is found by
rearranging the numerator and denorminator polynomial in the descending
power of s,

In Cauer’s type-Il form, continued fraction expansion is found hy
rearranging numerator and denominator polynomiat in ascending power
of s.

Series RLC circuit (N,)

By applying KVL,

v(t) = Filt )+L—+ Cj|(t

FrYY

w@ o

Parallel RLC circuit (N,)

ARAA

By applying KCL,

Jdvi(t) 1
a

) = v{G& +C vgv'{t) dit

R

The networks N, and N, are called dual networks
but these networks are not equivalent networks
and therefore, the network N, cannot be
replaced by N, network.

The KVL equation for network N, has similar
format as for the <l equation for network N,.
Therefore, if the response of the first network is
known is terms of current i(t) then the response
of its dual netwerk for voltage v/{t)} can be
directly written witnout actually solving it by

Nl . N,

v T

R G

€] R

L )

C b
KVI_ KCL

using necessary transformation by various
elements as follows:
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A control system is a combination of elements arranged in a planned
manner wherein each element causes an effect to produce a desired output.

Reference input —-—I Control Systemn I—- Controlled output

{1} clt)

Classification of Control System

Control System

Cpen loop Closed loop
control system control systern

|
' '

Positive feedback MNegative feedback
control system control system

Open Loop Control System

Itis a conditional control system, formulated under the basic condition
that, the system is not subjected to any type of the disturbances. Control
characteristics of such systems are independent of output of the system.
The output is neither measured nor feedback for comparison with the input.

Control

” c
o e rr—— t
Acticn . Ot

Input

k) _*-?-;'ﬁiiéi‘: F——=cts)

* Performance analysis is not applicabie to open foop system because they
are highly stable system.

* Faithfulness of an open loop control system depends upon the accuracy
of input calibration.

Closed Loop Control System

Control characteristics of the system depends upon the output of the
system. ltis also termed as feedback control system. The conirol action is
actuated by an errar signal ‘e’, which is the difference between input signal
and output signal. The purpose of feedback is to reduce the error between
the reference input and the system output.
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Comparator

T Control c
Action - Cutput

53

Input

Feedback
Signal

Feediback
Elerment -

R(s) e E Gis) | Cis)

o
II His) IE

Effect of Negative Feedback

1. Effect of parameter variation reduces.

2. The gain of systerh reduces by a factor (1 + GH).
3. The bandwidth of the system increases.

4. Effect of internal disturbance reduces.

»  Exceptoscillators, in positive feedback, we have always unstable systems.

*  (Closed loop system is complex and costly.

Comparison of Open Loop and Closed Loop Control System

Open Loop System -7« | ' Ciose Loop Systein -
1. 5o long as the calibration is 1. Due to feedback, the close-loop
good, as open-loop system sysiem is more accurate
will be accurate
2. Organization is simple and 2. Complicated and difficult
easy to construct
Genearally stable in operation 3. Stability depends on system components
if non-linearity is present, 4. Comparatively, the performance is better
system gperation degenerates than open-loop systern if non-lingarity is
present

mechanical Systems _
All mechanical systems are classified of two types.
{i) Mechanical translation system.
(ify Mechanical rotational system.

1. Mechanical Translational System

input : Force
Qutput : Linear displacement (x) OR Linear velocity (v)

(a) Intertia force

__.., E:x
v
4,—“/1—_‘*-- F

Xy
E=MIS =M
s el at
Force on block M
Disptacement of block M
Velocity of block M

M = Mass of block M

where,

F
X
v

{b) Damping force

where, F = Damper force
X4, X, = Displacement at side 1 and 2 of damper
v,, vV, = Velocity at side 1 and 2

f = Damper constant
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,::x1 Xo
Vi K Vg

(<} Spring force

o g [1] e o
—F
F=K{x;—x,) = KJ(V1 —Vz)cﬂ
where F = Spring force

X3, X, = Compression or expansion of spring
vy, ¥, = Velocity at side 1 and 2
K = Spring constant

2. Mechanical Rotational System
Input : Torque (T)
Output : Angutar displacement (8) OR Anguiar velocity (w)

(a} Inertia torque

String or rod

(b) Damper torque

1 (Dl f 0‘)2
1= e = g =)

{(c) Spring torque

B MADEEng, ¥
— = FAsy
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Analogous System

Electrical equivalent of mechanical system called analogous systemn

1. Mechanical Translation Systems

|
F '
K -2
L
1 -2 .
| M F
oo

IF=F1+F2+F3|

dv
F:ME{+fV+Kjvd{
FamAX 9

T at? dt

2. Mechanical Rotational Systems

&
w
s
\
T.{due to stiffness)
L J
A

T,(due to inertia)

T TTa(due to damping)

IT;‘“&:T1+T2+T3|

dw
T=Jr+fo+ ijqt_-:

2 ’ L
a6  +de e
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3. Electrical Series RLC Systems

lpk

U=m+w+%|

‘V L—+|R+~—~_[|dt‘

[v Lgtg-rﬁ '

Electrical Parallel RLC Systems

dat "R
d’¢ [ do o
L'—.C g "Rartr

Force Voltage Analogy & Force Current Analogy

Series RLE'| ParalleFREC Mechanicat Translation MechapicalRotat:gnal\_-
R MR ~System: -
v I F
e B o 8
R R o o f
I v Linear velocity {v) . |- Angular velccity_\(m__}'
WC s K Ko
) T M i

1.

Control Systems

yodal Method

Number of nodes = Number of displacement.
Take an additional node which is reference node.

Servomotors

OC Servomotors AC Servomotors

'

Armature controlled Field controlled

1. Armature Controlled DC Servo Motors

Ry i = constant

O

O Block diagram
(a) Relating 8, (s) and V (s}

T 9,,,(8)
Va(s) s . KT

- s(R, fr-sLa)_{st + i)

N

:_ Connect the mass or inertia elerment between principle nade and reference
node only.

4. Connectthe spring and damping elements either between the principle
nodes or between the principal node and reference node, depending on
their position.,

5. Obtain the nodal diagram and write the differential equation at each
node.

servomotors
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(b) Relating w.(s) and V_(s)

V,(s) r Ky - ©(s)
R, + styilsdy, + [ %9

—

O Dynamic equations

Dynarmc QQUEUOHS m Fe

trme dqmam
v, (s) Eb(s) Fi 1 (s)+sL | (s)
Eb (S) = SKbem (3) = Kbmm (S}

T =KL
WO =Kl

Tu(s) =
Tu(s) =240, m{s}+sf 6. (s) |
]

9@_-}_'];_”&3 M(S) SJ (l)m(S)"‘tﬂmm(S)

2. Field Controlled DC Servomotor
R

REI La

iy = constant

Input L

O Block diagram
(a) Relating 0,.(s) and V(s)

Ky
S(R; + SLf){SJm +§-n}

V!(S) —

9.(s)

(b} Relating ®.(s) and Vi(s)

vits) l v siisT ity

()

B e

Vils) = Rel st (s)"
T"." (s) = Kili(s)

T(8) = S48 () + 56,0, (5)

Tia(S) = 8400, (8) + fy 0, (s)

Rotor
&
e §

3. Two Phase AC Servomotor

Input
Vel Controf
windings OUtpUI O, m
Reference
windings
W Block diagram
(a} Relating 8_(s) and V. (s).
o{s) e ] 8(s)
s(1+8T5)
(b) Relating o (s}and V (s).
Vels) 70T as)

O Dynamic equations

Tl(S)=sme,,(6) +KV,(s)

T@’('sf) :s HiOrn(5) + 51,0, (s) |

Control Systems o 343
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T, ' -
where, m = —2 (slope of torque speed characteristic)
[&]
K = &
VI:‘.

T = Stalling torque
oy = Noload speed

Generators
1. Separately Excited DC Generator
T i

Input L, Qutput
(e)

; ;

L Block diagram

Q
Vits) Ry + sLp) Ete)

O Dynamic equations

F_ielate_c_i_ eguations in | Corresponding equations
time.domain .|~ . . ihs-domain

Ve =Ry + L S Vis) =Ry () + SL(5)

&= K E(s) = Kgl(s)

where, Kg = Generator constant

2. Separately Excited DC Generator Connected to Load

MADEEASY W Control Systems 345

O Block diagram
Relating V(s) and V(s)

K

Vils) B TsLR +Ry)

Vi(s)

O Dynamic equations

+» Servomechanism is electromechanical system whose input is electrical
voltage and output is mechanical position or its time derivative.

¢ Field control DC servo motor is used for low power applications while
armature control BC servomotor is used for high power applications.

»  ACservomotoris generally used for low power application.

« Torque speed characteristic is linear for AC servomotor whereas, it is
nonlinear for general purpose induction motor.

* For the fast response of the servomotor system, the inertia of the rotor
should be kept to minimum. This is achieved by reducing the diameter
and increasing the length of the rotor.

Tachometer

Tachometer is speed transducer, used as feedback element in control
systerm.

wjs)— Ky ——E,s) (or} o8(s)—=] sK; |——E_/s)

where, sK; = Tachometer constant

Potentiometer

lt1s variable resistive displacement transducer. A pair of potentiometer
act as error detectors in controf system application.
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x(e)——=1 K, [——Eds)

Input = Wiper displacement (x)
Output = Voltage (e,)

Ke = =L = Potentiometer gain

—
FYYY)

—
—
R
> P
."
i X = ? ?
t -~
-y
'L l - % €y
=
T &
b
HEER

nsfer Function

fransfer function

The transfer function of a linear, time-invariant, differential equation system
sdefinec as the ratio of the Laplace transform of the output to the Laplace
-ansform of the input, under the assumption that ail initial conditions are Zero.

Note: ........................................................................................................

+ Asystemis said to be linear if principle of superposition and principle of
homogeneity applies.

+ Adifferential equation is linear if the coefficients are constants or function
only ofindependent variable,

open Loop Transfer Function

Q Transfer function (T.F.)
_Cls)
..F{(s_)
where, (C{s) = Laplace transform of cutput
R(s} = Laplace transform of input
O Impulse response of a system

='_G(S)

Q(t) =c(t)
where, gft) = Impulse response
c(t) = Output to the system

The transfer function of a system is the Laplace transform of its impulse
response.

{losed Loop Transfer Function

R(s) o‘»z‘ — = C(s)
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Q Transfer function

TF Gls)

T 1% G(s)H{s)

Block Diagram Reduction

Eqﬁivalent Block Diagram

Original Block Diagram

A B+C A A C A-B +C
B C% Bt
ol
A A B+ C A A-B+C
X

[ I ——

LG |15
[c.e] 2
AG + AG
£ G,+ G ! B
8
A A G AG-8B
L8]
B
G 0
i.
¢ =&
A A-B AG - BG A AG AG - BG
Bl .
L g
BG

W MADE Eagy

Control Systems

M 249
T
{’#’F‘_’_A - AG b,
I
i
rs

a 3 B
—% & —~
A eN | g
3
L41] A & 5
1+G,Gs
[C:}

L

Rules for Drawing Signal Flow Graph From A Given Block Diagram

" While drawing SFG from a given block diagram, the adjacent summing
points and take-off points (but not a take-off point preceding a summing
point in the direction of SFQG) are represented by a node and the block
transfer function is represented by a line joining the respective nodes.
The direction of signal flow is indicated by an arrow on the line.
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2. Ifin the direction of signal flow, a take-off poi '
_ ' ) -0t point precedes a SUmipe e g i
point then such points are represented by two separate nodes m'“ : bﬁ"o“ sgamn formula
i ransmittance of unity between them. Mha §
S 1
o P=—%FPA
: — A g, kK
Original Biock Diagram Eaqui }
quivalent SFG
3 \J where, P = Overall gain or transfer function
Fi{s) C(s) R(s) o ts) o Cfs) ; P, = Path gain of k" forward path
' A = 1—(sum of loop gains of all individual loops) + {sum of
R(s) 1 Gls) C{:Hg gain products of ali possible combinations of two non-
o 8, 9 touching loops} — (sum of gain products of all possible
combinations of three non-touching loops) + ...
i A, = Value of A obtained by removing all the loops touching
-His) 5 ‘ k" forward path

| MO, L
* Forward pathis a path that can be traced through the graph from the input
node to the output node without touching a node twice.

¢ Pathgain is the product of all branch gain in a path.

+ Theindividualloopis a closed path starting and ending at the same node.
* loopagainisthe product of all branch gains in aloop.

s Nontouching loops are loops which do not have a commaon node.

Sensitivity

‘Sensitivity =

% changé K

Ry(s)

Giyls)

= = X B
L oK/K K AL

Gos) G(3) A
where, OS¢ = Sensitivity of variable A with respect to parameter K

Ry(s) GoglS} Cs) N e
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. T— R -
1. Sensitivity of Overall Transfer Function M(s) With Respect to e Resp_onse AnalySlS
Forward Path Transfer Function G(s) "-Contro'l' System
U For open loop conirol system "
sM mﬂ@_@ﬂ(ﬁ_ﬁ:“ The time response of a control system means as to how a system
Ms) 9G(s, pehaves in accordance with time when a specified input test signal is applied.
O For closed loop control system The time response of a control system is divided in two parts:

(i) Transientresponse
(i) Steady state response
Transient part of time response reveals the nature of response and its

! ] . p -
1+ G(s)H(s)

. 2. Sensitivity of Overali Transfer Function M(s) With Respect to speed, where as steady slate part of time response reveals the accuracy
: Feedback Path Transfer Function H(s} of a controf system.
SH = — —GLS)—H(-S’— | standard Input Test Signals
- 1+ Gs¥H(s)
NORE: . e (a) Step function
Closedloop systemis lesser sensitive to parameter variation. Hence, closed "1
i loop system is better. Ar————
L e e SR [0 =Au(]
0 -t
EmEN t R'E 5
where, u(ty = 0: t<0

(b) Ramp function
rit)

—Slepe A [r{1) = Atu(l) |
0 t

{c) Parabolic function
r{t)

= u(
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{d}Impulse Function

o) B(1) = (1) |
A [S=0.1»0 | subjected to Unit Ramp Input Function

Q Time response expression

O —a ' li(t}:(t——T+Te*”T) ‘
O Error
Timeresponse of a first order control system |i(t) = (1) — () = (T — Te-") ;
Ats) — (s E(s) gif Cle) _ 0 Steady State Error
Gss = IM(T - Te /1) =T
L Transfer Function .
_ Subjected to Unit Impulse input Function
C(sy. .- 1 . ,
R(s)-._:.”_. T U Time response expression

1 _ .
(i) Subjected to Unit Step Input Function o(t) = —e™

Time Response of Second Order Control System

c{t) 4 R mﬁ
s + A LN Cis)
________________ - s(s + 20w
b o R e e A . T (s + 20a)
0.63F--- _ > 1 Unit
! : l 4 Transfer function
b Transient ——i Steady state — CAs) = o On
Q Time response expression R(s) s" +200rs+ o,

|Cm where, @, = Natural freguency of oscillations
£ = Damping ratio

Lo, = Damping factor

O Error

Q Damped frequency
O Steady state error -

®,J1-62

where, , = Damped freguency of oscillations
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Subjected te Unit Step Input Function

B MADE EAsy

O Time response expression
Case-1: { < 1i.e. underdamped oscillations

ot =1- 2 gin '

_:_\/_T—Qsmfmdt + 9)

* Response settles within 2% of the desired value (1 unit) after damping
outthe oscillations in a time 4T (or 4/{e ).

Case-2: { = 0i.e. sustained (undamped) Osciliations

i c(t)=(1~cos w,1) |

Case-3: £ = 1 i.e. critically Damped Oscillations

Let) =[1-e "1+ o 0] |

Case-4: { > 1 i.e. overdamped Oscillations

O Time constant of the response

MADE EASY W

Control Systems

gffect of £ on Time Response

Type of closed poles

Nature of response

System Classification

SNo. | Value of &
1. E=0

2. O<&<

3 £=

4. 1< § <o

Purely imaginary

Complex conjugate

Real, equai
and negative

Reai, unequal
and negative

Oscillations with
constant frequency
and amplitude

Damped oscillation

Critical and pure
exponeantial

Purely exponentiai
slow and shuggish

Undampeg

Underdamped

Criticaily damped

Overdampeq

_—

Pole Locations for Different Cases, for a Second Order System

Complex poles for

O<ga1

Pure imaginary poles fer

=0

* Asincreasesfrom 0to 1 then the frequency of oscillation redyces

*  Forall positive value of &, system are stable.

* Pole away from origin called insignificant pole, and does not affect the
stability of system.
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Some Practical Example of Second Order System
Series ALE Gireuit Paraltle! RLC Circuit | Translatory System Rotationat System
Characteristic equation | Characteristic equation | Chavacteristic equation | Characienstic em
> R 1 s 1 1 s K s K "
s +Ls+LC_O s +E{:~s+ﬁ_0 & +GS+H=O s‘+3s+:.-._-,
1 1
iy, = —=a = = K K
s e o= o= 5
g:EJg E=_ ft Ea—1 g= !
2YL RVC 2Jm N

Transient Response Specifications of Second Order Control System
c{t) 4

2% (Allowable
tolerance)

1. Delay Time (t )

It is the time require for the response to rise from 0 1o 50% of the final
value.

L 1+07¢
oy

ty

2. Rise Time (t,)

ftis the time required for the response to rise from
010 100% (underdamped) — for underdamped system
510 95% (critical damped) — for criticailly damped system
1010 90% (over damped) — for overdamped system
of the final value

Control Systems

3 Peak Time (tp)

it is the time required for the response to rise from zero to peaks of the

time response.

. tp==

: 'nm:_.

Wy

where, n=1,23,...

I

for

4. Settling Time (t,)

1, first overshoot
2, first undershoot

It is the time require for response to rise and reach to the tolerance band

For 2% tolerance band,

For 5% tolerance band,

5. Peak Over Shoot (Mp}

It gives the normalised difference between the steady state cutput to
first peak of the time response.

Note: ... O PO TPTTUUUETUPPTOTTPOIO.
* Thetime period of the oscilation before reaching the steady state.

Toscittation =

Wy

*  Number of oscillation before reaching steady state is
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Types and Order of System R R
S8 ——s—)O_ ..... 1+ G(S) H(S)

» Every Transfer function representing the contrcl system has certain type €
and order.
*» The steady state analysis depends on type of the system. " lim sR(s)
* The type of the system is abtain from open loop transfer function i e €0 = 1 _ ~9'.2.«—)0
G(s) H(s). T T limy G{ﬁ)H_(S)-
*  The number of open loop poles occuring at origin determines the type of
the system. OB e
Lo s EQ_*‘ET;) iiea:y stat:.errordep?nds' ontwo factor:
PI1sTy) ype of input appliedie. R(s).
' (i) Type of system i.e. Gis} H(s).
For P=0 forType-0systern ] e
P=1 for Type-1 system 1. Steady State Error for Different Types of Input

P=n for Type-n system () Step input

» Transient state analysis depends on order of the system.

* The order of system is cbtain from closed loop iransfer function i.e, R(s) = A
s
Gis)
1+ G(s)H(s) _ A
O TR,
» The highest power of characteristic eguation, ie. 1+ G(s)H{s) =0 ek
determines the order of control system. K, = “r% GG
5 — e
Steady State Error where, K = Static position error constant
E . " .
R{s) h ts) l G(s)l - Cis) (i) Ramp input
R(s) = 2
—— 3
i H{s) I |
il A
E(s) = __R(s) K,
1+ G(s)H(s)
: K, = lim sG(s)H(s)
Steady state error, €ss :t“_f)‘l e(t) | (in time-domain) $20 e
: where, K, = Static velocity error constant
=N =S1i£)nosE(S) {in s-domain)
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(iii} Parabolic input

A

R(s) = 4

v

Ka = Jim s2 Gls)HGs).

where, Ka = Static acceleration error constant

2. Steady State Error for Different Types of System.

| Type |Step input | Ramp input | Parabolic input
e e i -
1+K
Type-1 0 A co
K
Type-2 0 0 A
N R K

Where, K is the system gain.

Observation

. 1
(i) . o< K 80, as system gain INCreases, steady state error decreases.

{ii) For Linear Time trvariant (LT1) System, the maximum type numier
IS two. Beyond type-2, the system exhibits non-linear characteristics.

¢ Steady state error is valid only for closed loop stable system’

*  Steady state error are calculated to the closed loop system by using open
loop transfer function.

bility in Ti’me-Domaih

stability
AlLingar Time Invariant {LTI) system is said to be stable if the following
conditions are satisfiad:
(i) 1 the system is excited by a bounded input, the ocutput must be
bcunded.
(i) If ‘nput to the system is zero, the output must be zero, irrespective
of all the initial condition.

Marginal Stable System

A LTl systemis said to be marginal stable if for the bounded input, the
output maintains the constant amplitude and frequency.

Absolute Stable System
System is stable for all the value of system gain {K) from O 10 ce.

(onditional Stable System

Systerr is stable for a certain range of K.
Routh Hurwitz (R-H) Criteriaon

Purpose

1. To find out closed locp system stability.

2. Number of closed loop pole in right side or feft side of the s-plane.

3. Range of K for conditionaily stable system.

4. Value cf K required for marginal stability and thereby, determine the
frequency of oscillations. |

To find a closed loop system stability by using R-H criteria we need
characteristic equation.
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Routh Array

W MADEEjg,

—_—

*«  General " order characteristics equation is
-1 n—2 .. 1 —_
as" +a,8™ !+ astt + +a,_ 8 '+a,=0

» Routh array

SO an

1. Forclosed foép system to be stable, all the ceefficient in the first columr
must be positive and there should not be any missing coefficient in the
first column.
2. If there is any sign change in the first column of the Routh array then
system is unstable.
3. Number of sign changes is equal to number of roots lie in the right side
of the s-plane.
N Ot
*  Magnitude and sign of every term in each row and colurmn depend on first
column element, therefore we always see first column term.

*  Row zero occurs only when all the poles are lo¢ated symmetrical about
origin.

«  The presence of a zero in the first column of the Routh’s tabulation leads
to following conclusions
(i} Equalreal roots with opposite signs.
(i) Pair of conjugate roots onimaginary axis.

Difficulties and Limitations of Routh Array

1. The routh array is applicable to LTI system cnly.

2. ltdetermines poles in LHS or RHS of s-plane but not their exact location.
3. Whenever any cne coefficient is zero in first column then replace zero

by smallest positive constant (e ) and continue the Routh array, finally
substitute € = 0 and check for the sign change.

Control Systems e

WADEEASY =
when routh array ends abruptly, construct an auxiliary equation and
' differentiate it to get new coefficient to complete the routh array.
5. When the system is marginally stable, find the frequency of sustain
oscillations form auxiliary equation. The auxiliary equation should be an
even polynomial of order two only.

4

Root Locus

Root locus is defined as the locus of closed loop poles obtained when
system gain K varied from 0 to e

angle Condition
Angle condition is used for checking whether certaln points lie on root
locus or not and hence, the validity of root locus for closed loop poles.
For a point to lie on root lccus, the angle evaluated at that point must be
an odd multiple of £180° i.e. x(2g + 1)180°.

Magnitude Condition

The magnitude condition is used for finding the system gain K at any
point on root locus.
|G(s)H(s)| = 1

Construction Rules of Root Locus
1. Root locus is symmetrical about real axis.
2. Let F = Number of open loop poles
Z = Number of open loop zeros
It p>z
then (2) The number of branches of root locus = P
() The number of branches terminating at zero = 7
(c) The number of branches terminating at infinity = P -2
3. A pointon real axis is said to be on root focus if, 1o the right side of this
point, the sum of open loop poles and zercs is an odd number.

4 Angle of Asymptotes
O Number of asymptotes =P -2

(2q + 1)180°

where,gq=0,1,2,---
57 ( g )

O Angle of asymptotes =
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5. Centroid
Centroid is the point of intersection of asymptote on the real axis.

TReal part of open Ioop__poles ~ EZReal part of open locp Z2er0g
P-Z

Centroid =

6. Break away point
They are the points where multiple roots of characteristic equation oceuyrg,

Procedure to find out break away point:
(a) Construct characteristic eguationi.e. 1+ G(s}H{s} = 0.
(b) Write K in terms of s.

) Find 3%
ds

{(d) The root of c;—K =0 give break away points.
s

7. Intersection of root locus with imaginary axis
Roots of auxiliary equation atK = K, .., fromrouth array gives intersection
ot root locus with imaginary axis.

8. Angle of departure and arrival
The angle of departure is tangent to the roct locus at the complex poles,

[op =180° + ¢ |

The angle of arrival is tangent to the root locus at the complex zero.

[0 = 180°— 0|

[0=0:— 0]

Sum of all the angles subtended by remaining zeros
Sum of all the angle subtended by poles

f

where, ¢,

N OB
Whenever the system transfer function consist of the poles at origin then

the rootlocus is nothing but angle of asymptotes.

ADEEASY W
MADE.
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pifect of Addition of Pole

Operaling range of K decreasses for system to be stable.
Relative stability reduces.

System becomes more oscillatory.

The break away point shift towards the imaginary axis.
Damping factor decreases and system becomes unstable.
Settling time (T,) and bandwidth increases.

Rise time (T } decreases.

gffect of Addition of Zero

LT

System become stable.

Reiative stability improved.

Range of K for stability increases.

System becomes less oscillatory.

Break away point shif: towards the ieft side of the s-plane.
Damping factor incresses.

Bandwidth decreases.



 industrial controller

Types of Industrial Controller

1. Proportional Controller

@

s(s + 2Em,}

= (s}

o), = oy, '\'/E and

wherg, Kp = Prgportionat gain

Effect

{(iy Natural frequency of oscillation (w, ) increases by JK,.

(i Damping ratio (§) decreases by fi,.

{in) Peak overshoot (M) increases.
(iv) Steady state error reduces.

2. Derivative Controller

s(8 + 2Ew,)

where, Kp = Rate constant

Effect
(i Type and order of the system reduces by one.
(iiy Oscillations has died out, hence transient response improves,

(iti) Not used in isolation.

Control Systems

where,

integral Controller

s(s + 2.’;@,)

K, = Integral scaling

Integral controller is & memory based controller,

Effect:

{i) Itincreases type and order by one.
(i) Makes the system lesser stable.

(iil} Steady state error reduces.
{iv) ltimproves the sieady state response.

4, P-D Controlier

R{s}

Effect:

(:)E. Lo

's_'{s'+ 23;0);])_

(i) Transient response improves.

(il Damping ratio inc-eases.
{iil Peak overshoot decreases.
(iv) Bandwidth increases.

{v) Noise levelincreases.

Cis)

{vi) Improves gain margin, phase margin and rescnant peak.

5. P-1 Controller

R(s)

I'_.jiF%‘ ||

S5 + 28 ay).

Cis)
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Effect
(i
(i)
(iii)
(iv)
v)

Improves steady state response.

Improves type and order of system by one.
Noise level reduces.

Increases error constant.

Bandwidth reduces.

6. PID Controller

It is similar to lead-lag compensator and band reject filter,

Effect
(i)
(i
(it}
(iv)
(v)
{vi)

It improves both steady state as well as transient résponse.

It reduces rise-time.

Itincreases bandwidth.

It increases stability.

If eliminate steady state error between input and output.
It increases type and order of system by one.

mpensator

Comgzensatoer in control systermn are used for improving the performance

Specifications i.e. the transient and steady state response characteristics.

Lead Compensator
R,
—WW—
11 T
ir
i . b
Vis) sC EE Rz Vols)

l J.

Vo(8) a1+ 7s)
Vi(s)  (1+ aTs) _

- R
where, and a.:ﬁ (o< 1)

e Zeroisclosertoorigin thanthe pole.
* Itissimilarto the PD cantroller,

Effect of Lead Compensator

1.

Itimproves the trarsient response.
It increases the margin of stability.
ltincreases the bandwidth.

(Signal) < (Signal)
Noise output Noise input

it helps to increase error constant upto some extent.

It allows to pass high frequencies and low frequencies are attenuated.
Increase the phase shift.




372 A Handbook on Electricai Engg, B MADE EAsy
LAG Compensator '
R1

<
0‘-%——»0
——

S

Vo(s) . 1+ Ts

Vi(s) 1+ BTs
where, na [p= 1 =BrBal g
2

* Poleis closerto origin than the zero.
* Itissimilar to the Plcontroller.

Effect of Lag Compensator

1. Itimproves the steady state response.

2. ltincreases the error constant.

3. ltdecreases the bandwidth.

it reduces the effect of noise.

It reduces the stability margin.

It does not affect the transient response.

System become lesser stable.

it allows to pass low freguencies and attenuates the high frequencies.

O XNO O s

Decreases the phase shift.

Lead-LAG/LAG-Lead Compensator

Fi1
i ___~_| Jv
RE
1
Vi(s) b Vv (s)

J, T |
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e

TVol8) _ T+ Ty8) (14 Tp8)
Mi(s) T 0+ aTys) (1+ BT, 8)

where, [T =RiCy] and [T, =R, C, |
R?.. . R‘I 4 R'Q.
o R+ A, an B _—“RE

effect of lead-lag/lag-lead compensator
Lead-Lag network improves both steady state and transient response
of the system.



Frequency Response
Analysis

Frequency response analysis implies varying @ from zero 1o o and
observing corresponding variation in magnitude and phase angle of the
response.

Frequency Response Analysis for Second Order System

Transfer Function

C(s) _ op
R(s) s°+2tw,.s+ oF

Resonant Frequency

it is defined as, the frequency at which the magnitude has maximum
value.

W, = Wy, \1'1 - 2§2

Resonant Peak

It is maximum value of magnitude cccuring at resonant frequency W,

7

e fi- g2

Phase Angle at Resonant Frequency

'IMr|:

Remember:
* As{approacheszero, w approaches w and M approaches to infinity.
* Foro<f=1/ J2, theresonant frequency always has a value less than o,

and the resonant peak has a value greater than 1.

ﬁnDE EASY W
cut-off Frequency and Bandwidth

Control Systems 375

Gain (dB) 4

3de §]

L1i]

Y b P (Log scale)

f=e—— Band Width ——f
Q Cut-off frequency

T e B )7
o= on[1-2g% + JaT a7 v2]

0O Bandwidth

stability from Frequency Response Plot
Q Phase Margin (P.M.)
| PM. = 180° + ZG(j») H{jw) |
....at gain cross over frequency

0O Gain Margin {G.M.)

X .-+ at phase crossover frequency

Remember: ........... eI ettt e e e e e e et aana e et e e e nanananans

* For stable systems
(i} Gain cross overfrequency < phase cross-over frequency
(i) G.M.and P.M. both are positive

*  For unstable systems
(i} Gaincrossoverfrequency > phase cross-over frequency
{ii) G.M.and PM.both are negative

*  For marginally stable systems
(i) Gaincross overfregquency = Phase cross-over frequency
(i} G.M.and PM.both are zero
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G.M. and P.M. for Second Order System

o5
R(s) s(s+2§mn) Cis)
O Gain cross-over frequency
[.Dgc = (Dn\/—gcz +.\,14C4 +1 ’
O Phase margin
P.M. = tan™ Z_C = 100¢
B NPT

Polar Plot

Itis a plot of absolute values of magnitude and phase angle in degree
of open locp transfer function G(jw) H{jow) versus w drawn on polar

coordinates.

+90"

—270°
+180° -
-180°

90"

+270°

General Shapes of Polar Plot

1. Type-0/Order-1

1

Gls) = 1+ Ts

4 Type-3
Order-3 1 Order.4
5 \ /—Type-o
Order-2 T Order-1
Type-1 1
img
) = oo o = O

Control Systems
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WADEEASY m
MALE
; Type-OIOrder—2

1

G(s) =
(1+ Tys) (1+ Ty8)

3, Type-0/Order-3

1

G = 535 TS 1+ To8)(1+ Too)

4. Type-0/Order-4

1

N

G{s) = o_
(1+ Tys)(1+ Tos}(1+ Ta8)(1+ T,s) k\‘-/ Re
5. Type-1/Order-1
(Img
1
G S) = g w = =
( 5 Re
w=0
6. Type-1/Order-2
+img
1 =
G(s} = ————— bl
(s) s(1+Ts) ﬂ Re
m=10
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7. Type-1/Order-3

1
s(1+ T)(1+ T,8)

G(s) =

8. Type-1/Order-4

;
G(s) =

s(1+ T (1 + Tos)(1+ T3s)

9. Type-2/0Order-2

Gls) = Siz
10. Type-2/Order-3
G e o
s (1+ Ts)
11. Type-2/Order-4
= o T1s1)(i +T,8)

M) = o HC
w=0
Img
m=0 ) = oo
- - 133
$img
({):m
w=0 Re
Aimg
m=0 o = o Re
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12. Type-3/0Order-3
4img
w=0
1 ¥
F () = oo
e ¢ Re
13. Type-3/0Order-4
Img
w=0
1
G(s) =
53(1 + Ts) — -

+ Forstandard transfer function of type-2 and type-3 systems, the polar plot
intersects negative real axis as many times as there are zeros in open loop
transfer function.

Nyquist Stability Criteria

Open loop transfer function

Gl = S22
)
1+ G(s}H(s} = 0
PISCE4) I
s{(s+P)
S(sEP)+K(s+Z,) 0 D

s(sxP)

Nyquist stability criteria states that the number of encirclements about
the critical point (—1 + jO) should be equal to poles of open loop transfer
function G(s) H(s), which are in the right half of s-plane.
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For stability i 2 =20
and (i) N = P
where, P = Number of open loop poles in RHS of s-plang
Z = Number of closed loop poles in RHS of s-plane
N = Number of encirclements about of the point (-1 ,
by G{s) H(s) plot. The positive directign b
encirclernents being anti-clockwiss.
Bode Plot

The variation of magnitude of sinusoidal transfer function expressed s
decibel and the corresponding phase angle in degrees being plotted w -
frequency on a logarithmic scale inrectangular axis. The plot thus obtain .
known as Bode plot,

Procedure to Draw Bode Plot

+ sisreplaced by jw to convert into frequency domain.
* Find magnitude in terms of o and write in terms of dB.

[ Mys = 20log] G(je) H{j0) ||
+ Find the phase angle Z4¢

Magnitude in dB

imaginary paﬁ-t;];
real part . )

z¢ =tan™ (

* With required approximation by varying the frequency minimum i
maximurn, draw the magnitude and phase plot.

auf G(s)H(s) = K
then | [Myg| = 20logK
System gain K shift the magnitude plot either in upward or downware
by “20 logK”.

Q Slope

diM]|
! = dB
Siope dlogmw

WADE EASY W Control Systems
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Hote: ........................................................................................................
o Themagnitude plot should be started at the frequency of 0.1 with cpposite

sign of the slope and it should be passes through 0 dB line and intersect at
w=1whenK=1.

O n poles at origin gives
Slope = ~20n dB/dec
Zp = -80n°
{d n zeros at origin gives
Slope = +20n dB/dec
Zp = +90n°

remember:

+ Theinitial slope o*the magnitude plot is given by the poles or zero located
at origin.

QO Corner frequency

The frequency at wrich slope changes from one level to another
level. Corner frequencies are nothing but a finite poles and finite
zeroes location 1 the form of magnitude.

,
a G(s)H(s) = e
o
Above 55519?5_?@&#{&@9?; :é:o'n dBrdec |
o if G(s)H(s) = (1 + sT)"

“Above corher Tequency 2€}n dsidec | o
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Error
Maximurm error between the exact and asymptotic plot occurs at Corng,
frequency '
Frequency | Error in magnitude plot | Error in phase plot
0.1
— 0dB -5.6°
T
%é 0.96 dB _26.56°
1
= 3dB —45°
T
10
—_ 0dB ~5.6°
T

Remember: .. ... .

*  Theerroris nothing but difference between actual value and asympitoticvalue.

= Erroris maximum at corner frequency.

*  Erroriseven function w.rt. corner frequency.

* 6dB/oct=20dB/dec.

Classification of system

1. Minimum Phase System

A system in which all finite poles and finite zeros are located in left ha!
of s-plane then it is called as minimurm phase system.

2. Non Minimum Phase System

A system in which one or more zeros lies in the right half of s-plane.
remaining all the poles and zeros lies on the left half of s-plane.

3. All Pass System

A systern in which zeros lies on the right halt of s-plane, poles lies on
the left half of s-plane and which are symmetrical about imaginary axis.
For ali pass system magnitude should be 1 and phase angle is -180%

Note: ..

*  Nonminimum system = Minimum phase system * all pass system

¢ LOunps = LOmps T LOarr

WADE EASY H . Control Systems
constant Magnitude Loci {(M-circles)

O Radius of M-circles

constant Phase Angles Loci (N-circles)

O Radius of N-circles

O Centre of N-circles

_ Cen




' state Space Analysis

General Representation of State Model

Q State equation

[>'<=Ax+Bu|

O OQutput equation

|y =Cx+Du|

where, = Velocity vecitor (n x 1

1

State vector (n < 1)

Input vector {m = 1)

Cutput vector {p x 1)

State matrix (n x n)

Input matrix {n x m)

Output matrix {(p x n)
Transmission matrix {p x m)
Number of state varizbles
Number of outputs

Number of inputs

3T 000w c x X
Il

Controllability

where, Q, = Controllability test matrix {n x rnm)

Condition for State Controliability

... (Matrix be non singutar)

Observability

where, Q, = Observability test matrix (n x np)

MADE EASY & Control Systerns 385

condition for State Observability

... {Matrix be non singular}

NOLBL o
¢ IfABis controllable, ATB7 is observable,
» |fACis observable, ATCT is controllable.
¢ Ifinput-output transfer function of a linear time invariant system does not
have pole-zero cancellation, the system can always be represented by
completely controllable and observable state model,

O Transfer function (T.F.)

TFE=C[sI-A]"'B+D

State transition matrix (STM)

Properties of STM

(i) $(0) = lidentity matrix)

(i) o7t = &(-~1)

(i) [(]< = (Kt)

(iv) oty + 15) = 9(t,) o(t,)

(v) o(t, — ;) o(t, — tg) = o(t, — t,)

(vi) $(t) = Ao(t)
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signals

A signal can re defined as a function of one or more independent variable,
7 which conveys information about the behaviour or nature of some
phenomenan.

flementary Signals

Signals gld SVStemS 1. Unit step function

{a) For continuous time -
1

o) = {1 , 1>0

. 0 ; t<O ! %

. o (b) For discrete-time )
CONTENTS 5 :

“introduction to Signals-:.:; w2 ] 020
= N o ' 0 : n<O

NN -

BT EII D . L e -k

e Extension of wire result into increase in resistance while compression of
wire result into decrease inresistance. u{t)

¢ Mathematically %9) 1. average value

’

2 Unit impulse function
(a) For continuous time

o : 1=0
6(0:{0 . t=0

ol
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Properties of the impulse function (b} For discrete-time

8{n]
(i} Impulse function is a continucus function and the area under thig 1
function is equal to one
1, n=0
- nl =
| a(tdt = 1 ol {o . n=0 .
Remember:
(iiy Even function of iime ¢ Thediscrete-time unitimpulse is the first difference of the discrete-time
5(-1) = 8(t) " unitstep
3 = uinj-uln— 1]
1
(i} at) = E& 5(1) ¢ Relationship between unitimpulse and unit step
(iv) Product: -
x(1) &t — t,) = x(ty) 8(t — t,);where, t, is time shift uln} = éﬁ[n—k]
{v} Sampling property :
: *  Sampling property
fx(t)ﬁ(t—to) =x(tg); ty <ty <t, x[n) 8[n - ngl= xin 1 8ln-n.]
L Ol T 0 T
l 3. Rectangular or Gate function Ax(t)
, = da(1) dx(t)
——=x{t)dt = /= A
(V1) i il b
A ~T/2<t<T/2
Relationship between unit impuise and unit step function x(t) = ,
c otherwise -t
— : _T T
:.Z.' i . . ...."'.J;.;'.\. - B 2 2
j_.'ﬁ(t)dt’ andj §{1) = ﬂg%?l 4, Unit Ramp function
i . - 5% .4 . r(‘[)
Remember: ... et i e varnenrarrrecnns)
*» Asthe unit step function is neither continuous nor differentiable att = 0. T
The unitimpuise function is defined as %(t) 2= (1)
Il R Sl . 1
B,() ol
i
A 5. Signum or sgn function ; u(t)
0A 1 Q
—_—t
.............................................................................. -uly
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Note: e

o [uEo=1-u@]

*  Sgnfunctionisnotdefinedatt=0andischosenasQatt=0

6, Sinc and sinc? function
* The sinc and sinc? functions are defined in terms of an inclependent
variable A.

”Sincm):'i%’;&l

* Sinc (A} is equal to zero for A = £n (n = 0), n an integer.

7. Sine integral function
+ Sine integral function is an odd function

¥ si - B 5 7
Si(y) = S”"(a)d _ . - y _ y Y2 B vy’
g e O Y1 ({331 (551 (77T
Remember:

. | Sita)=0,Sim) = 2.0123, Sifoe) = ( 325]

*  Sifunction converges fast and only a few terms in above equation are
needed for a good approximation

Operators

1. Time scaling
For analog signals
Let x(t) be an arbitrary signal, a time scaled version of x{t) is obtained
by replacing 't' by ‘at’ where ‘a’ is scaling factor,
(1) = x{at)

* a>1shows compression of x(1).

* (O« a<1shows expansion of x(t).

For discrete signals

For a discrete time sequence x[n], compression of a signal by factorM
is given by

¢[n] = x{Mn]; M and nboth are integers

MADE EASY H Signals and Systems _ 9%

. Time Shifting
For analog signals
Shifting in time may results in time delay or time advancement,

For a continuous-time signals x(1), time shifting is given as

delay or shift right by 't'.
advance or shift left by 'ty

oty =x{t—1g) -
o) = x{t+ 1) -

For discrete signals
For a discrete time sequence x[n] time shifting is given as

delay or shift right by ng samples.
advance or shift ieft by n, samples.

o[ni=x[n—-ng] -+
¢ln}=x[n+ng] ---

3, Time Reversal

For analog signals
Time reversal x(1) is achieved by rotation of signal 180" about vertical
axis. This operation is also called as folding or reflection about vertical
axis.
For a continuous-time signals x(t), time reversal is given as
@(t) = x(-1)
For discrete signals
For discrete time sequence x[n], time reversal is given as
o[n] = x{-n]
Note: ... . e WY W T ol
s Inpriority order: Shifting > Scaling > Reversal

¢ Thereis no effect of scaling on unit step signal.
*  Thetime scaling on ramp signal will result into magnitude scaling as

rat) _____ ar(t)
Classification of Signals

1. Continuous time and discrete time signals
x{t) 's a continuous-time signal if ‘t’ is a continuous variable. But if 't is
a discrete variable that is x(t) is defined at discrete times, then x(1) is a
discrete-time signal.
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x[n)
x(t) 2
o Y2 T e 12 3 "

(a) Continuous-time {b) Discrete-time

A discrete-time signal x[n] may be obtained by sampiing a continuous-time
signal x{t).

2. Analog and digital signals

If a continuous-time signal x(t) can take on any value in the continuoys
interval (&, b) where 'a' may be —s and ‘b’ may be +ee, then the continuous
time signal x(t) is called an analog signal. If a discrete-time signal x[n}
can take on only a finite number of distinct value, then this signal is
called a digital signal,

3. Real and complex signal

A signal x(t) is a real signal if its value is a real number and a signai x(t)
is a complex signal if its value is a complex number.

4. Deterministic and Random signals
If x(t) can be perfectly known for any time ‘t’ then it is called deterministic
signal. If x(t) can not be exactly determined at any given time then it is
called Random signal.
5. Even and Odd signals
A signal x(t) or x[n] is an even signal
if (-t} = x{1)
X[-n] = x[n]
A signal x(t) or x[n] is referred to as an odd signal
if x(—t) = —x(t)
X[} = —xn]

* The product of two even signals or of two odd signals is an even signal.
* The product of an even signal and an odd signal is an odd signal.

MADE EASY M Signals and Systerns 393

¢. Energy and Power signals

(a) Energy of the signal

E = T Ix(B)F dit

> paniP

N=—sa

E

{b) Average power of a signal

. 1-”2 2
|rn? _[ |x(tl” dt

P= |
Liatadl I 57

P lim_ §|x{n]|2
T Nee2N+1.5

[T+ ] £ =2 AU
+ Anenergy signal has always zero average power.
+  Apowersignal has infinite energy
* Asignal maintain constant amplitude for all time is a power signal.
* Ifany signalis power signal for some time and it is energy signal for some
other time then resultant signal is power signal.
¢ Ast— +eo, ifamplitude tends to o, it is neither energy nor power signal.
*  Allfinite duration and bounded signals are energy signal.
* Energy of a signal is only affected by scaling operation as

E(at) —— —E-g—)—

7. Periodic and Non 'Periodic signals

A continuous time signal x{t} is said to be periodic with period T if there
is a positive non zero value of T for which

X(t+ T} = x(t); Wi
In discrete-time signal, a sequence x{n] is periodic with period N, if
there is a positive integer N for which

xfn+ N} =x[n];, w¥n
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+  Thefundamental period for analog signal is
L
¢ Fordiscrete signal
N 2T herek=0,1,2,3 -
K

¢  The fundamental period T, of x(t) and N of x[n] is the smallest positive
integer for which above equation holds good.

¢ Sum of two continuous-time periodic signals may not be pericdicbutthe
sum of two periodic sequences is always periodic.

For periodic signal x,(t}
+* Average value of the signal

Xavg - ':]:“ﬁ XT(t)dt

* Average signal power

1 T
Pum 7 [yl ot

e Effective or rms value of the signal

N O . e

v If X7, (1) and XT, (t} are two periodic functions with periods T, andT,, then

x(t) = xy,{t) +xq, (1) is periodic with period T if

T =nT,=mT, or [ :

. . ,
where mand n are integers and (_—rl-) is a rotational number.
2

*» The period of x(t} is equal the least common multiple (LCM) of T, and T,,. The
LCM of two integers m and n; is the smallest integer divisible by both m
and n.

MADEEASY =
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Symmetries of periodic function
Half-wave symmetry
A periodic function x(t) is half-wave symmetric if

where, T = Period of signal x{t)

For even half-wave symmaetry

Xp(-t)=x7()

.T) xT(t +T) = Xv(t)

For odd half-wave symmetry

: XT(WT) - - XT(t) .

><ZT(t.) = x7 (1) = '__., X7 (f+——ér.—

) Xp{t+ T) = xT(t)'-




A system is a quantity which maps a set of irput signal to a seg of
output signals. Linear time invariant (LTI} systems are used to represen
signals as linear combinations of basic signals.

Continuous-time and Discrete-time Systems

A continuous time system (CTS) is one in which continuous time inpyt
signals are transformed into continuous time output signals.

€.9. integrator, differentiator, filters etc.

A discrete time system (DTS) is one which transform discrete time
input signal into discrete time output signal.

y[n] = TixIni}

Mareover, a continuous lime signal can be processed by a discrete
time system. On the other hand processing of discrete time signal by a
continuous time system is also possible because discrete time systemng
have several significant advantiages over continuous time systems.

Classification of Systems

1. Linear systems and non linear systems
When system satisfy principal of superposition and homogeneity, it is
called linear system. Else non linear system.
(i) Superposition {(Additivity)
if x,(t) =y, (1)
X5(t) = y,(t)
then x (1) + X,(1)-—y, (1) + y,(1)
{ii) Homogeneity (Scaling)
ax,(t) + bx,(t) — ay,(t) + by, (1)
2. Time-invariant and time varying systems
A system is called time-variant if a time shift in tre input signal causes
the same time-shift in the output signal.
If x{1) — y(t)
then X(t—tg} - y{t = 1,)

MADE EASY B Signals and Systems . SB9F

3 Causal and non causal systems
The output of the causal system at the present time depends on only
the present and/or past value of the input, not on its future values. A
system is called non causal if it is not causal.

N O S i et
«  Allmemory-less systems are causal, but not vice-versa.

+ Causal system are referred as non-anticipative as the systerm output does
not anticipate future values of input.

4 Static and dynamic systems
System is said to be static or memory less if the cutput at any instant
depends on only the input at that instant otherwise, the system is a
dynamic system with memory.

5. Stable and unstable systems
A systemn is bounded input bounded cutput i.e. BIBO stable if for any
bounded input x the corresponding cutput v is also bounded.

Note: ..... e e e D OO
A consequence of the homogeneity of linear system is that a zero input yield
azero output.

Convolution

The convolution integral or the superposition integral, represent a
continuous-time linear time invariant (LT1) system in terms of its response to

“a unit impulse.

Continuous-time LTI system
* Convolution of two functions, x,(t) and x,(t}

O i e
* {ftwo analog signals get convolved:
(i Theresuitant of convolution of two signals will have a width equalto
the sum of the individual width of the two signals being convolved
(ii} Resultant of convolution has extent equal to the sum of the individual
extents of the signals being convolved.
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{iii) The area of resultant convolution is eqhal to the product of the area of
the signals being convolved.

. f f{t) = h(t) = y(t)
then flo} * hiot) = K ylo)
o

Some important result for convolution

oo

| 1(»r)><2.(t- 'c)d'c— 'j xz(*r) '

—en . amen

Special Cases

o0+ 5(1) = [ (%) 8(t — v) v = (0)

(1)

3(t) = 8(t) = T 8(-1).-5-(_} _q) d’z

et

Properties of the convolution integral

¢ Commutative property
[ (D) = x4t % x5{t) = X, (1) * x4{t) ]
+ Distribution property
X0 * Do) + s (O] = xo(0) 55540 + X(0#
¢ Associative property
LX) * (x2(1) * X3(1)) = (x4(1)>

* Derivative of the convolution

W _ D40 1) 2 i) « B

dt . dt
+ Convolution of two delayed functions
If y(t) = x, (1) * x{1)

[ Xl - ) #xalt 2 10) = y (&

* Time scaling property
if y{t) = X, (1) * %, (1)

MADE EASY W Signals and Systems 349:
__ ><1(0ﬁ) *xQ(af) = I%TY(M) {ia=0

piscrete-time LTI system
Vi 3 ik xeln = k1= sl + ol

O, e e

If two discrete signals get convolved:

(i Theresultant of convolution of two signals will have a length equal to the
sum of the individual length of the two signals being convolved minus 1
ie (L, + 1L, = 1)

(ii) Resultant of convolution has extent equal to the sum of the individual
extents of the signals being convolved.

(fii} The sum of sampled values in resultant convelutionis equal to the product
of sum of the individual sampled values of the signals being convolved.



Introduction

It is an approximated process by which an non-standard signal ig
converted into a standard signal. The approximation of a given function by
Fourier series gives a smooth function even when the function being
approximated has discontinuities.

Advantage
¢ We can find spectral width very easily.
* We canfind steady state response very easily due to Periodic inpt,

Convergence of Fourier Series (Dirichlet Condition)
Periodic signal x{t) has a Fourier series representation if it satisfies the
following Dirichlet condition.
* x(1) is absolutely integrable over any period i.e.
[Ix®]dit < oo
TO
* x(t) has a finite number of maxima and minima within any finite interval
of 1.

* X(t) has a finite number of discontinuities within any finite interval of t,
and each of these discontinuties is finite.

Fourier Series Representation of Continuous Time

By using Fourier series, a non-sinusoidal periodic function can be
expressed as an infinite sum of sinusoidal function.
1. Trigonometric Fourier series

Any practical pericdic function of frequency oy, can be expressed as an
infinite sum of sine (or) cosine functions that are integral mutltiples of o,

R COS gt £, sin.

(a

where, @, = Fundamental frequency

a,, a,, b, = Trigonometric Fourier series coefficient

i

ney, = N harmonic of o,
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'
_ it
=7 5
5T
a = ?J'f(t)cosnmot dt
0

27
b, = ij(t)srnnmot at
0

N
* Herea,isthevalue of constant component of the signal (t)
¢  TheFourier coefficienta_and b, are maximum amplitude of n*" harmonic
component,

2. Polar form of trigonometric Fourier series

! "‘Z CnCOS (n @ot —%3 .

[¢]
n=l -

f(t)

where, Co = &,

... Magnitude spectrum

n

... Phase spectrum

Eos

]

—

0]

:I
—_—
W I:P'
Scrrrm—

| ]

0 Do 2wy 3oy
Magnitude spectrum

3. Exponential Fourier series

)
|

= —[f(he el
0
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Exponential Fourier series is compact form of Fourier series

el
—ve frequency -—— —— +ve frequency

—no, | 3wy, 20, P |0 © Dy 3wy %%

Positive and negative frequency indicate different phase of rotation, they
maintain same magnitude but different phase.

Relation between exponential and trigonometric Fourier series
a, =(C.+C)
b, =JC,-C_)

Effect of Symmetry of Fourier Coefficients

1. Odd symmetry

For signals with odd symmetry, the Fourier coefficient aj and a,, are
zero.

[Xx(t) = = x(-1) ]

2. Evensymmetry
x(t)

-T2z | T2

x(tF= x(=t)

For signals with even symmetry, the Fourier coefficient b_ are zero.

MADE EASY H Signals and Systems KO3

3, Half-wave symmetry

Lx(t£T/2)= - x{t)]

For signals with half-wave symmetry, the Fourier series will consist of

odd harmonic terms of sine and

Summa"?

cosine signais.

y |- ¥ Fourier- .- .| Trigonometric Fousfer
Function . Cn - Coefficient. Series -~
F:??:h r oven Generally Complex a; =0 DC term, sine terms and
Lo?loden;i‘_r C.=C; a,=b, =0 cosine terms are present.
ag=0 .
£ Real 20 DC term and cosine
ven {Even in nature) z" - terms are present.
A=
. ag=0 .
odd Irmaginary a8 =0 Only sine terms are
(odd in nature) " present.
b =0
Half wave C,=0; 8,=C) . _ ven | Odd sine and odd cosine -
syrrmetry Forn = even L=0h terrms are present.
Even and Half n = Real & even a, = 0] n=even | Only odd cosine terms
wave symmetry | C . =0:n=even b,=0 are preseni.
Odd and Half C, = Imaginary & odd | a, = 0} n=even | ONly odd sine terms
wave symmefry | C,=0;n=even b,=01" are present,

Parseval's Power Theorem

The average power P, if x(t) has Fourier series coefficient C_ then

Parseval's power tteorem is giv

en by
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Properties of Exponential Form of Fourier Series Coefficients

Contihuous Time Period_ic'Signal

Property Fourier Saries Coefficienty
Linearity Ax(t) + B y(t) AC, + Bd,
Time shifting x{t £ 15} C et
Frequency shifting gt (8} Chum
Conjugation x*(t) C:,
Time reversal x(—t) C.n

Time scaling

x{cet); o = 0 [x(t) is
period with period T/}

G, (No change in
Fourier coefficient

Symmetry of
real signals

o
Multiplication x{t) y{t) 3 Crnlnm
M= —e=
. d .
Differentiation 9t x(t) inawgt,
t .
Integration j_.,, x{t} dt (Finite valued 1
and periodic only if a, = 0} |Ndxg
Periodic Convolution _[T x(T)y(t — T)dt TC d,
C,=C-,

x{t} is real

an|=|C—nIv .{C" = =l C—n
Re{C,} = Re{C_J}
Im {C.} =—Im{C_}

Real and even

x{t} reat and even

C, are real and even

Real and odd

x(t) real and odd

C, are imaginary and odd

introduction

Fourier transform provides a frequency domain description of time domain
signals and is extension of Fourier series to non-periodic signals.

s+ Fourier transform

ETI0]=F@) = [ty e =a

« Inverse Fourier transform

—_a

II.F'.'T '[F(gg}:; f(t) =

Dirichlets Conditions of Fourier Transformation

For existence of Fourier transform
» Fourler transform is defined for all stable signals

* Periodic signals, which are neither absolutely integrable nor square
integral over an infinite interval, can be considered toc have Fourier
transform if impulse functions are permitted in the transform.

* f{t) have a finite number of discontinuities and finite number of maxima
and minima within any finite interval.
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The Properties of Fourier Transform fFourier Transform of Useful Signals
Properties X{f)-form. .| X{w)-form Signal, x{t) - F(f)tform _ F(w)form
Linearity _ ' 1 7
aX, (f) + bX, (f aXs(®)+0X; (@ e™u(1), a>0 -
ax, (1) +bx, (t) o0 2(1) () 2(®) ® a+j2nf a+ jo
Time-scaling ix(i) ml_x(f_ﬂ_) e®u(—t),a>0 1 T
x(at) lal \a (a] \a a— j2nt a—jw
Time-reversal 5(1) 1 1
() X(~f) X{-w) A, Constant AS(f) 2nAS (w)
- ‘ : . T
T;r?te;sth;ft e22mtox (1) 60 () A rect.(t/T) AT sinc(fT) AT smc:[%—}
i : ~alt| 2a 2a
Frequency shift € T2, 4. 2:2 2
o X{f¥1) X{® T wg) af +4an®f a® + o’
X( )e dq ] e—al2 It_ e—-ngf2}‘a \fi e—m2;’43
Difterentiation in time —x(t) <> j2riX (f) E><(t) < joX{®) | & a
ct dt 1 2
, . - d . d Sgn{t) — =
Frequency Differentiation | —j2ntx (1} <> ax(f) —jtx(t) &> ?x(m) Joef jo
w
1 1
Convolution in time u{t —— +0.55(f —+nd
. X{f)H{f) X{w)H(®) v j2nf (0 o ()
x()"h(t) 5(f— )+ 5
. | . (f-%)+3(f+§)
Frequency convolution . 1 . 508 Wyt 5 T [5((0 —wo}+8(w+my)]
b X ()" X5 (£) —[ X% ()" X5 (w)] ,
X1 (1) X5 (1) 2mn , S(f—t)—-8(f+i) | =
t X(1) X(@) sneot | =5, 718(0~00) - 3(w+ )]
integration | x(t)dt j2—n¥+0,5)((0)8(f) ?mx(o)a(m) ] j
Parseval's theorem . , 1 ot
reo X(f) P df — | 1X(o)Pd :
[IESIOLL Jx) Zrd-- X (@) F do mEmm




Introduction

The main drawback of (continuous) Fourier transform is that Fourig,
transform (F.T) can be defined only for stable systems. Where as Laplace
transform (L.T) can be defined for both stable and unstabie systems.

Laplace Transform

Lapface transform of a general signal (1)
+ Bilateral (or two) sided) Laplace transform

F(s) = T f(he-siat

—aa

* Unilateral (or one-sided) Laplace transform

Fls) = tneiar

Inverse Laplace Transform

Relation Between Laplace Transform and Fourier Transform

f(t)e e gt =

* Ato=0,s5=jwthen
Laptace transform become equal to Fourier transform (or) L.T. calculated
onjmaxisisFT.

*  Fourier transform used for signal analysis and Laplace transform used for
designing of the system.

Signals and Systems . 409

gegion of Convergence {ROC)

The range of values of & for which F{s) i.e. J ‘f(t)e”"‘[ < ig define is

—oa

known as ROC.

properties of ROC
{a} ROC does not contain any poles, it is bounded by the poles.

(b) ROC of F(s) contains of strips paralle! to imaginary axis i.e. jo axis.

{c) If f(1} is of finite duration and is absolutely integrable than the ROC
is entire S-plane.

(d) M i) is a right sided and if the line Re(s} = G, isinthe ROC then all
values of S for which Rels} > o, will alsc be in ROC.

ReM M D O T
* Forstability ROC must include imaginary axis (i.e. jo axis)
* Solution of LT.is unique only when the ROC is given

Properties of Laplace Transform
Linearity

f,() LT F (s)with ROC = R,

fa(t) LT, F (s) with ROC = R,

aFi(s) +bF,(8) | ROC =R, NR,

| afi(ty + bR,y —EF

Time-shifting

() —=T 5 F(s) with ROC = R

Frequency shifting
ft) —LT 5 F(s) with ROC = R

SF(s #567.]: ROC = R + Re{S,)

; eﬁf}tf(g} '
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Time-reversal

i) —=s F(s)

| #(~) L1 F(=s)]; ROC = - R

Differentiation in S-domain

f(ty —=T— F(s) ROC = R

VROC =R

(1) =T~ %F (s)

Convolution in Time

1) ="y F(s) with ROC = R,

and h(t) —-T 5 H(s) with ROC = R,

| 1(1) * h(t) —=Ls F(s)H($) |; ROC = R, ~ R,

NS e
L.T. of impulse response is known as system or Transfer function

Frequency integration

Integration in time

Differentiation in time

%’.f(t) LT 6F(s) — 1(0)

MADE EASY H Signals and Systems
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mitial value theorem

f(0) = lim sF(s)

S—reo
final value theorem

flea} = i
(e} SI[’HOSF(S)

O
* Initial value theorem is applicable only for proper La placei.e. denominator
power of function is more than numerator power.
[ ]

Final value theoremis not applicable if poles are conjugate or poles lie in
right side of s-plane.

Characterization of LTI Systems Using Laplace Transform

Causality

ROC associated with the system function for a causal systemis a right-
half plane.

For a system with a rational system function, causatlity of the system is
equivalent to the ROC being the right-half plane to the right of the
rightmost pole.

A system is anticausal if its impulse response hi{t) =0 fort > 0.

Stability

* AnLITisystemis stable if and only if the ROC of its system function H{s)
includes the jm-axis, [i.e. Re{s} = 0].

A causal system with rational system functions H{(s) is stable if and only
if all of the poles of H(s) lie in the left-half of the s-plane-i.e. all of the
poles have negative real parts.
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Laplace Transforms of Elementary Functions
Transform Signal Transform ROG
 pair . :
1 a(t) 1 All's
1
2 u(t) N Refs} > 0
1
3 —u{—t) N Re{s} <0
n-1 1 R {} O
ut = 5] <
4 {n—"1! M s"
i : Rels) < 0
= —t — els} <
. o Y o
4
ot Rels} > -~ a
6 e " u(t) T a {s}
1
7 —e~Mu(—t) Reis} < —a
S+
8 L_1~e‘°“u(t) ! Re{s} > -«
(n=1! {(s+a)
9 _ e "u(-1) ! Rels} < -«
(n -1 (s+a)
10 3t-T) el Alls
s
tut Re{s} > 0
11 [cosmg t]UD) Fr o
12 [sineg t]ult) ©o Re(s) > O
5% + wj
—txl S5+ 0 Rels _
13 [e Cosmot] u(t) 6102 s els}>» -«
. ®g |
14 [e sin mot] u(t) TR mg Re{s} > — o
d"&1) n
15 Un(t) = = s Alls
1
16 u_, {ty =u(t) *--- =) — Re{s}> 0
ntimes S
EEER

ntroduction

s Z-transform is a discrete-time counterpart of Laplace transform.
+ For a discrete-time LT! system with impulse response h[n], the response
y[n] of the system to a complex exponential input of the form z" is
yln] = 2" H(z)

where, H(z) = Transform function of the system

z-transform

Z-transform of a general discrete time signal

i T e

Note: ... P e N

¢ Therange of values of 'z’for which above equation is defined give ROC of
Z-transform.

Region of Convergence (ROC)
ROC is the region of range of values for which the summation

o
¥ Xnlz™" converges.
N=-co
Properties of ROC
*  The ROC of X(z) consists of a circle in the z-plane centered about the origin.
* ROC does not contain any poles, it is bounded by the poles.
+ 1t x[n] is of finite duration then ROC is entire z-plane except possibly
z =0Dandfor z — oo,

* ifx[n] is aright sided sequence and if circle | z| = ais in the ROC then
all finite values of z for which |z| > a will also be in ROC.

* Ifx[n] is a left sided sequence and if circie | z| = ais the ROC then all
finite vatues of z for which | z| < a will atso be in ROC.

!¢ ifx[n] is two sided and if the circle |z| = aisin the ROC, then the ROC

will consist of a ring in the z-plane that includes the circle | z| = a.
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Properties of Z-transform
Linearity

X4 [H]Lﬁ‘@ (Z), ROC = R1

X5 [N] —Z£1s X5 (2), ROC =R,

“ax,[n] + bxofn}—Z1saX,(2) + bX,(z) | ROC = Ry nR,

Time shift

x[n] 27 x(2), ROC =R

:ROC=R

X0 — ol —ZL 520X (z).
Exponential multiplication or scaling in z-domain
x[n) 2T, X(z) with ROC = R
| a"x[n] —%'o X(z/a) |;ROC = lal R
Time reversal
x(N] 4% 5 X(z), then
n] —4y X(zZ'y};ROC = 1/R

Differential in z-domain

Convolution in Time
x[n) —= 5 X(z) with ROC = R,

hin] —ZL 5 H(Z) with ROC = R,

Accumulation

«in] —21 5 X(z), ROC =R

. . ROC = Rz > 1

WADEEASY
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Iunilateral Z-transform
- n=0___°
Left shift
[xin+ 1—2T5 7 x (2) ~ 2% (0) |
Right shift

X2y + x(=-1
x[n — 2]—&% Z72 x (z) + x(=1) + x(=2)

x[n = 1}—21 7

First difference

| XN - xIn—11=(1-2")x(2) |

{onjugation

[ x " fnf=x"(z") |

Initial value theorem

I for n<0

X[O]z zlfl x(z)

Final value theorem

5';1) x{(z}| or

x[m] £ ilm(1 mz

(=] =

Characterization of LTI Systems Using Z-Transform

Causality

+ Adiscrete-time LTI system is causal if and only if the ROC of its system
function is the exterior of a circle, including infinity.

+  Adiscrete-time LTI system with rational system function H{z) is causat if
and only if.
(a) the ROC is the exterior of a circle outside the outermost pole; and
(o) with H(z) expressed as a ratio of polynomials in z, the order of the

numerator cannot be greater than the order of the denominator.

Stability

* AnLTisystemn is stable if and only if the ROC of its system function H{z)
includes the unit circle, |z} = 1.
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e A causal LTI system with rational system function H(z) is stable if gng
only if all of the poles of H(z) lie inside the unit circle i.e., they must ali

have magnitude smaller than 1.

Inverse Z-transform

x[n}= %@x_(z)én—sz

*  Where the symbol (ﬁ denotes integration around a counter clockwise

circular contour centred at the origin with radius a.

Some Common Z - transform Pairs

_ Signal - Transform "ROC
1. 8[n] 1 All 2
1
2. ufn} —— 2] > 1
1
3. —U-n-1 = lz] < 1
All z, except
4. 3n-mj z™ O{ifm>0)or
oo{if M < 0)
n 1
5. a"un] i |z} > |ef
" 1
6. —o"u[-n-1) = 2| <o
az—'i
7. na'un B
o"'uln] (1—(12_1)2 |Zi >lul
.
2 ¥4
8. —nanu[—n —1] ‘(“r_(xz—_1)2 [Zl < ]Otl
1— -1
9. [coswynjufn] [cos mo}f |z} »1
1-{2cosw Jz7'+27%
, [sibew,]z"
10, [sine nju[n 0 z|>1
[ oniuin] 1«~[2COSU00]Z_1+2_2 l2I>
1-[acosm, ]z
11. [a"cosm,njulp o zt>a
[ onlutn] 1-[2acosw,yJz7 ' +a? 272 l2t>
. -1
asin Z
12. [@"sino nun} [ m°] Iz > a
1-[2acose, |2~ +a%z™2

MADE EASY m
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Element Time domain representation Z:domain representation
o xi2]
1. Adder
X} xglni xalz] + xg7]
%N l2]
2. Multiplier x[n) ax[n]

xfz] I> ax[z}

3. Delay element

x[Nf - xn—1]
x{n) [EI x[n—1]

x|z] - z7" % 7]

4. Unit advance
element

x[n]) - x[n+1]

X[z} - z x {2}




A Handbook on
Eiectrical Engineering

gnergy Band
1. Valence band: The band cccupied by the valence electrons or a band
havirg highest occupied band enerqy is called valance band.

2. Conduction band: The band occupied by the conduction electrons or
the band having the lowest unfilled energy is called conduction band.

3. Forbidden energy gap: The separation between conduction band and
valence band is known as forbidden energy gap.

Remember:

* Valence band can never be empty.

*  V/henasubstance has empty conduction band the current conduction is
not possible.

* In order to push an electron from valence band to conduction band,
external energy is required which is equal to the forbidden energy gap.

! - - — CO_NTE.NTS Energy Band Diagram
R ' . Band
- 1. Semiconductor PRYSICS ... - n.. K LSl E(”;\;?Y
“2. Junction Diode CRaracteristics ... ..o oo w1 +  Eishighestenergy for the electron when
3. Bipolar JUNGHOR TFANSISIONS o ivvreovvereresion itis inside the atom. Itis the minimum Conduction
4 T ist B . '.n' Circuits 3 . energy to be given externally to make band
) ransistor Biasing Circulls ................. i R that electron free from atorm. Eq
5. BJT as an Amplifier .._..... C— B N WL ] Eorbidden ene
i 6. Junction Field Effect Trans:stors L e " Eo I? T_hepwgst energy of the electron gap = Eg=Ec-Ev
COT o T e L T R e participating in the current conduction., ¢
' ORI 459 , E
) 7‘. Metal Oxide Semsconductor F|e!d Effect T!‘anS.IStOf ,,,,, I Eg= E.— E,, isthe amount of energy v ——
-:_-.8-. Transistor Hybrid ‘Model e require to break the covalent bond band
9. " Feedback Amphflers ........................ SRR g and make the electron participate in Lomath

the current conduction.
OO
* FElectron volt(eV) is smallest unit of energy.
* 1 eVisdefined as the amount of energy accepted or released by a single
electron when it is moving in the potential difference of 1 V.

1eV = 1.6 x 1072 joule
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=  With increase in the temperature energy gap decreases as

[ (Eg)rex = (Egdox ~ BT |

Weiss constant
2.36 x 107 for Ge
= 3.6 x 10 for Si

where, f3

“Ge | St | GaAs |
(EJox | 0.782eV[1.21 eV [1.56 eV

(Eghsopk | 0726V |1.12eV [1.43 eV

Insulators, Conductors and Semiconductors

Insulator

In insulators, the forbidden energy band is very wide, thus electrons cannot
jump from valence band to conduction band. The resislivity of insulators is
of the order of 107 ohm-maetre.

Conductor

In conductors, there is no forbidden band and the valence band and the
conduction band overlap each other. The total current in conductor is simply
due tc the flow of electrons.

Semiconductor

In semiconductor, the forbidden band is very small. A semiconductor material
is one whose electrical properties lies between insulators and good conductors.
In semiconductors, the conductivities are of the order of 102 mho/metre.

N O e
in germanium the forbidden band is of the order of 0.7 eV while in case of
silicon, the forbidden band is of the order of 1.1 eV.

Serniconductar

F

' }

Pure semiconductor Impure semiconductor

{or) {or)

Intrinsic Extrinsic

[

P-type N-type
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mtrinsic semiconductor

A semiconductor in an extremely pure torm is known as intrinsic
semiconductor. In this type of semiconductor electrons and holes are solely
created Dy thermal excitation.

gxtrinsic semiconductor

In extrinsic semiconductor, a small percentage of trivalent or pentavalent
atoms impurity are added to the pure semiconductor. The process of adding
impurities to pure semiconductor is called doping.

p-type extrinsic semiconductor

when a small amount of trivalent impurity is added to a pure crystal during
the crystal growth, the resulting crystal is called P-type exirinsic
semiconductor. Example of trivalent impurity is Boron, Gaflium or Indium.

N O e L

In P-type semiconductor materials, the majority carriers are holes while the
minority carriers are electrons.

N-type extrinsic semiconductor

When a small ameunt of pentavalent impurity {(Antimony, Phosphorous or
Arsenic) is added to a pure semiconductor crystal during the crystal growth,
the resulting crystal is called as N-type exirinsic semiconductor.

In N-type semiconductor, the electrons are the majority carriers while holes
are minority carriers.

Mass Action Law

it states that at thermal equilibrium the product of concentration of free
electrons and holes is equal to the square of intrinsic concentration at that
temperature i.e.

-
| Ng Po =1y

where, n, = Concentraticn of electron in conduction band

Po
.

!

Concentration of holes in valence band
Intrinsic concentration at given temperature
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Intrinsic concentration

U;?"='A0'T3 e gll

A, = Is a constant

N OB

Intrinsic concentration depends on temperature. As temperature inCreases
the intrinsic concentration increases as T3/2,

Mobility

= |t is drift velocity per unit electric field.

* |t defines how fast the charge travels from cne place tc other and is
given by '

where,

where, v, = drift veiocity E = electric field

Note: ... PR 5 S

Electron’s mobility is always greater than hole mobility in a given material,
Hence electron can travel faster so contribute more current for same electric
field than hole as explained by quantum mechanical physics.

*  Mobility of charge carriers decreases with temperature and varies as

| Woee 777 |
where, mis a constant
m= 1.66Tore- and 2.33forholefor Ge
m=25fore- and 2.7 for hole for Si
+ Mobility also varies with electric field applied as

L

Vim
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NO B
o  Atsmaller electric field mobility is constant.

»  Atvery high electric field product of mobility and electric field becomes
constant and is equal to saturation value of drift velocity.

gemembier:
* cm?N-sec :"'G_é Si GaAs
My 38;00 1300 4600 At T= 300°K
" 1800 | 500 | 300

prift current and conductivity

Drift current I, is defined as the charge flowing per second across any
normat plane of the conductor,

| I, = nAgv, = nNAQuE |
[Drift current density {J)

J="L=n E
= NGRE
But J = 6E ... According to Ohm's law
0
or, = gnu,+gnu,
Inintrinsic semiconductor
n=p=nmn,
Ciotat = O + O

o= q(u, + )]

Conductivity of extrinsic semiconductor

1. Forn-type

where, N, = Donor concentration
1. For p-type
where. N, = Accepter concentration
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REM I @ T oo e e
»  Conductivity of pure semiconductor increases with temperature,

e Conductivity of pure semiconductor at 0°K is zero.

e Conductivity of extrinsic semiconductor decrease with increase i
temperature above normal temperature.

= Conductivity of extrinsic semiconductor initially increases whep
temperature rises from 0°K.

» Conductivity increases with increase in doping temperature.
e  Conductivity of extrinsic semiconductor at 0°Kis zero.

» At Curie temperature conductivity becomes equat to intrinsic conductivity,

Concentration of Charge Carriers

1. Number of electrons in the conduction band

ne = Ne o—(Ec—EF) KT

where, E; = Fermienergy level -
E. = Energy level of lowest
k = Boltzman’s constant
T = Absolute temperature
N = Effective density of states in conduction band
' 2n my kT T4
Ng = 2[“—}72—“7
where, m, = Mass of electron = 9.1 x 1073/kg

h = Plank’s constant = 6.636 x 103" J-s

Number of holes in the valence band

| po = Ny, e~(EF ~EV)/KT \

N, = Effective density of states in valence band
E, = Highestenergy level of valence band

orm, KT TP/
,'\:rv=2[___--—wh:§7 ]5

m, = Mass of hole = 9.1 x 1031 kg

where,

where,
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fermi Level

Fermi level is energy state having probability 1/2 of being occupied ot
an electron if there is no ferbidden band exists.

. Energy of fastest moving electron at 0 K is called fermi energy level.

. Fermidirac function f(E} gives the probability that an available energy
state E will be occupied by an electron at absolute temperature T, under
conditions of thermal equilibrium.,

fermi-Dirac function

4
i) = 1+ glf ~EFMKT

where, E; = Energy of Fermi level in eV.

Fermi Level in Intrinsic Semiconductor

' E-+E kT N
FETR 2 ”N:l

where, E. = Maximum energy of conduction band
E, = Maximum energy of valence band
For m,=myatT=0
. E~+ Ev |
‘Ep = ¢ ; i

+ 1nintrinsic semiconductor Fermi level stays at the centre of ensrgy gap.
guch that Fermi level is independent of temperature.

+ inintrinsic semiconductor the probability of occupancy of charge carrier
is 50%.

Fermi level in N-type extrinsic semiconductor

where, Ny = Concentration of donor ion
Ny = Material constant and can be considered as a

function of temperature
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N OO e H b, = Electron diffusion coefficient
* InN-type semiconductor Fermi-level depends on both temperature anél By = Fiole diffusion coefficient
donor concentration. an ) )
*  At0°KFermilevel coincides with F . dx Flectron concentration gradient
*  Astemperatureincreases Fermi-level moves towards the middle of bang
gap. 9o _ Hole concentration gradient
*  Asdonor concentration increases Fermi level moves towards the £, ax
¢ Normally Fermilevel lies close to E .. tength of diffusion

.................................................................................................................. average distance travelled by charge carriers before recombination.

Fermi level in p-type extrinsic semiconductor _ ‘L= JD1
E. = E, +kTlog, [LVL] where, L=D ffus‘|on length
. N4 D = D ffusion constant of charge carrier
where, N, = Density of states in valence band T = Carrier life time
N, = Concentration of acceptors. KT
: We know, D= pVy and Vp = -
N OO L g

* Inp-type semiconductor Fermilevel £, at 0°K coincides with £,

*  Inp-type semiconductor Fermilevel lies close to valence band. SO,

*  |n p-type semiconductor Fermi level moves away from valence band as where, u = Mobility of charge
temperature increases. VT = Thermal voltage

*  In p-type semiconductor fermi level moves towards valence bandas N, (a) Diffusion length of electron

increases. L
.................................................................................................................. L=

(b) Diffusion length of hole

Diffusion and Diffusion Current

+ The migration of charge carrier frorn higher concentration to lower
concentration or from higher density to lower density is called diffusion.
The current due 1o this diffusion process is called diffusion current.

Remember: ... W, S RN
Biffusion length depends upon:

* Diffusion current flows only in semiconductor. o
* Diffusion constant (D)

+ Diffusion is associated with random motion of charge carriers due 1o

thermal vibrations. *  Carrierlifetime (1)
*  Temperature (T

Diffusion current density due to electrons and holes . .
*  Mobility of charge carrier (u)

o 'tr'qD”(‘&;} . |dp=mal
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Einstein Relation
This gives the relation between diffusicn constant £ and mobility .

D, D ;
o TP oy
Hn Mgy
where, Vr = Volt equivalent ol temperature
KT T
VT SED e
q 11600
-where, k = Bolizman constant
Nt e

Overall Current Density

The conddction of current in semicondoctor materials may occur due to
(i) Drift of charged particles under the effect of applied electric field.
(i) Diffusion of carriers from a region of high charge density to region of
lower charge density.
and it is possible that a potential gradient and a concentration gradient may
exist within a semiconductor.
(a) Total hole current density

U dp
= gb, 2=
{b) Total electron current density
— o
= qDp —
En 9 dx

Continuity equation

i!ﬁDE EASY W
where,
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3p, 8n = Excess carrier concentration
T T, = Carrier life time for electron and holes respectively
Anocther form of this equation is

Remember:
¢ Conductors are PTC of resistivity whereas semiconductors are NTC of
resistivity. _
+ Highly doped semiconductors exhibits metallic property.
* Forintrinsic semiconductors
Carrier concentration « Temperature
Conductivity = {Temp.)*2and
Conductivity = Doping,
*  Forextrinsic semiconductors.
Majority carrier concentratione: doping
Minority carrier concentration < 1/Doping
Minority carrier concentration o< Temperature
Majority carrier concentration is aimost independent of temperature,
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Junction Diode

* Adiode is the second generation semiconductor family.

* It is a single layer, two region, single junction, two terminal unilaterg;
active semiconductor device.

+ A p-nijunction is formed from a piece of semiconductor by diffusing
p-type material to one half side and n-type material to other half side.

¢ The plane dividing the two zones is known as a junction. '

e A region near the junction is without any free charge particies called
depletion region or charged free region or space charge region because
there is no charge available for conduction.

O oo e L
e Depletion layer consists ofimmobile charged particlesi.e.ions only.

e Depletion layer consists of negative ion {Acceptorions} on the p-side and
positive ion {Donar ions) on the n-side.

» Depletion layer opposes majority carriers in crossing the junction.

v, = Contact potential

where,

k = Boltzman's constant (1.38 x 1072% J/K}
g = Electron charge (1.6 x 107" Coulomb}
T = Temperature in Kelvin

N, = Congcentration of accepters on p-side

N, = Concentration of donor on n-side
n, = Intrinsic concentration at given temperature

3 ] 1 - IR T U P O PO PP PP PP FPPPIIS

* Incase of Ge diode typical value of V  is 0.2 Voltand for i diodeitis0.7 V.

e Inunbiased p-n junction diode electric field is maximum at the junction and
decreases on either side of junction and zero outside of the depletion layer
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contact potential in the terms of maximum electric field

V, = —%an

Maximum electric field at junction
w = Width of depletion regicn

where, £ =

remember:

Depletion width increases with reverse and decrease with forward biased.

pepletion Width (w)
« Width of depletion region in unbiased condition is given by

2ev, 1+ ENE
q N, Ny

where, = permitivity of material used for formation p-n
junction dicde
V, = contact potential
g = electron charge (1.6 x 10719 Coulomb)
N, = concentration of acceptors (fem3) on p-side
N, = concentration of donors (/cm?) on n-side
Note

* If we reverse bias the diode by voltage V then in formulae of depletion
width V, is replaced by | v, + V.

* ltisclear that depletion width increases with reserve and decreases with
forward biased.

= .
Jcancentration:

Current Equation of Dicde

Boltzman's equation of diode current

el ]

f = Diode current

I = Diocdereverse current

where,

V = Diode valtage (Positive for forward bias and negative for
reverse bias}
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n = 1 for germanium and 2 for silicon
V. = Thermal voltage
T = Temperature in Kelvin

In forward bias

In reverse bias

Reverse current /| is temperature dependent. it gets double for every 10°¢
rise.

Resistance of Diode
Resistance of dicde can be calculated only when the diode is in forward
bias.

(a) Static resistance (DC resistance): it
any point.

is ratio of vo tage and current at

‘Rpr=—
ne:= 7

{b) Dynamic resistance (AC resistance): It is define as reciprocai of slope,
which is the smallest linear region in the entire non-inear curve.

_ 1 ) _av
AC T Slope

Capacitance of Diode

1. Diffusion capacitance or storage capacitance

When a diode is forward biased, a capacitance cailed diffusion
capacitance or storage capacitance (Cp)is formed due to junction.
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ADEEASY W
MAYE =

G e
o= nVr  nv
where, Cr = Diffusion capacitance

T = Mean iife time of minority carriers on either side or
time constant of diode
N = Recombination of factor, 1 for Ge, 2 for Si
V; = Thermal voltage
I = Forward current

!

H

NO B o e
Diffusion capacitanceis proportional to the forward current and forward current
depends on forward voltage.

2. Transition capacitance or space charge capacitance
ttis also known as depletion capacitance. Itis the capacitance when diode
ig in reverse bias.

O = € & A
Wy
where, Cy = Transition capacitance
w, = Width of depletion layer

Also a, = V (Reverse bias voltage)
S0,

1
where, e 5= Step graded

1 .

iy = Linearly graded

The transition capacitance depends upon the magnitude of the reverse
voltage applied.

* Transition capacitance can be used as variable capacitance for tunning the
frequencies of television and radio channel.

* Maximum value of C.is 40 pF.
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*  Maximumvalue of C,is 0.02 pF. B

* Diffusion capacitance is always greater than transition C
ie.Cy> .

Zener Diode
¢ itisaheavily-doped p-njunction dicde which is operated under reverse
bias condition in the breakdown region.

* Zener current is independent of the supply voltage and only depends:
on external circuit resistance. Therefore Zener diode is known as CONstary
voltage or voltage reference device.

* Atreverse voitages less than 6 V, Zener breakdown predominates whi
at about 8 V, Avalanche breakdown predominates.

* Zener breakdown diodes are negative temperature coefficient of voltage ang
Avalanche breakdown diodes are positive temperature cosfficient of Voliage.
* These are used for voltage regulators.

Schottky Diode

* ltis a metal-semiconductor junction diode without depletion layer.

* InSchottky diode no depletion layer is formed and there will be no holes

_in this diode.
* Cut-in voltage of this diode is 0.3V
* This diode is used at high frequencies.

Photo Diode

* Principle of operation is photo conductive effect
* FPhoto sensitive material used are Cds, Se, Zns.
¢ ltis also called /ight operated switch.

* Ge-photo diode respond to visible light whiie Si-photo diode respondto
infrared tight.

*  Photo sensitive coating is provided at junction only.

*  Compare to normal diode photo diode has larger depletion width obtained
from lower levet of doping.

* Itis always operated under reverse biased condition.

* Compare to normal diode it is 10 times faster, 100 times higher sensitive
but power handling capacity is low.

apac;tancE |
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% Magnitude of photo current increases with increase in intensity of light
L . .
I falling at junction.

. . S oy |
current in choto diocde is given o |

f photo dicde
Vinwr | [ where, I, = shortcircuitcurrentof p

i, = reverse saturation current

=1+ hli-e

vV = voltage applied
V; = thermal voltage

phcto current flows fromnto p.

Phcto current is a minority carrier current.

+ ltdoes not provide gain.

Photo carrent is a diffusion current.

It is used in remote control sensor, in designing of optocouplers and to
read auzio track recorded on rmotion picture film. .

when photo diode is forward biased it behaves as a normal diode and
effect o~ light on curreni is zero.

Tunnel Diode

¢ It is fas est switch.

+ lts respaonse time is of the order of peco second.

+ Itis a p* n* diode having doping level of 1 : 10%

+ Worked on the principie of tunneling effect. ]

+ [t has very narrow depletion layer 100 A to 200 A. |

« ltis used as linear device as well as negative resistance device.
+ Best material is GaAs having highest swing.

« |tis used in designing microwave oscillators, as a refaxation osmlle.\t‘or.
in cesigning of pulse and switching circuits, and as parametric amplifier.

Rectifiers

Ripple factor (y} . _
The amount of AC present in the output of rectifier is called as ripple. The amount
of AC, from the signal contains AC and DC is calculated by ripple facior.

rms value.of A '___E_g;omp'onenq :
- DC-value ’
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Form factor (F) o aMs value of current and voltage
. rmmsvalue - V_ _ Iy
Fe—m—————— o -5 . : L = -5-
T DCvalue © Voo | ¢ Y =NF?-q 2
Crest factor (C) V!ms - Yé@_
. Peak value '
T rras valug | giiciency of half-wave rectifier
Efficiency (1) 1'1 = .ISC. R =5 [ A ]
- AC input power | . + Ripple factor of half wave rectifier
Half Wave Rectifier y=121
s Crest factor of half-wave rectifier
Average value of current and voltage
(a) Ideal case
7 TRE « Form factor of half-wave rectifier
Ipc = .
ApC e and F=158
V. Vi Remember: .
SUC T T ¢+ Maximum efficiency (when R, = R, = 0) ideal case
where, I, = Average value of current 4
Ve = Average value of voltage nN= 3 = 40.6%
I, = Maximum value of current ‘
Vn = Maximum value of voltage » Peakinverse voltage for half wave rectifier [PIV =V
, = Loadresistance
{b) Practical case * Transformer utilization factor (TUF) for half wave rectifier {TUF = 0.286].
foc -~ s . _' .VD(: - ﬁ:ﬁ ¢ Output frequency = Input frequency for half wave rectifier,
T ’ i * Conduction angle for half wave rectifier: 8 =n forideal case
Ia _ V' wﬁﬁsh‘i'ﬁ for practical case
where, R, = Coil resistance V. =cut-involtage of diode ; ¥ =maximum voltage
R, = Diode forward resistance * Ripple frequency (f) for half wave rectifier
R, = Load resistance | fe=f1; £ = inputfrequency
il
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Full Wave Centre Tap Rectifier ' aemember: ............................................................................. e
Ll
al
i Average value of current and voltage + Forbridgetype [PV =V, |.
L 21, o .
Inc = —nm‘ . ideal case . ideal case + TUF =0.812for bridge type.
' ' ' s+ Conduction angle: 8 =2rideal case
RMS value of current and voltage T —
. v Y,
@=2r-—-4sin~ L 0=2m—~4sin" —-
, Vo = Vin . Vi SRR Vin
. ideal case ms = b ideal case for center tap V, — cutin voltage of diode
For practical case /_ is replaced by /7 . ?{emaining parameters are same as full wave centre tap rectifier.
R 7 o EEEE
where, | I = —m | ana
. 85 + R{ + F?L
: |
Efficiency
8 A
n=—% L

n % + Hf-'}“ RL

* Ripple factor (y) = 0.48 for full wave rectifier.

* Form factor (F) = 1.11 for full wave rectifier,
e Crestfactor (C) = fo for full wave rectitier.

R M D Or .

*  mnismaximum when R, =R, =0 - ideal case and 1

max
1'52

* Peakinverse voltage for full wave rectifier (centre tap) is [PIV =2V |

*  Transformer utilization factor {TUF): TUF = 0.693 for full wave centre tap.
Full Wave Bridge Rectifier ]
o |
For full wave rectifier {bridge type) in all the formulas —-22 isreplaced by Ay |
!
and H,is replaced by 2R, T
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Bipolar Junction Transistors

* Atransistior is 3 layer, 3 terminal, 2 junction semiconductor device.

* It consist of either two n-type and one p-type layers of materjal calleg
nprtransistor or two p-type and one n-type materiat called prptransistor

* Intransistor current flows due to both majority as well as minority carrier
that's why called a bipolar device.

s |tis acurrent controlied device.

* iisinput impedance is low and output impedance is high.-

¢ Thermal stability is lesser because of leakage current or reverse
saturation current.

* Intransistor all the major currents are diffusion currents.

* Base currentis recombination current,

* Atransistor represented by two diode connected back to back cannot
work as transistor as there is no bonding between base and collector

e Current conduction in prp transistor is carried out by hale whereas in
npn transistor it is due to electrons.

B
(a) pnp transistor

(a) npn transistor

Transistor Sections

1. Emitter: It is heavily doped as comparison 1o other regions. The main
function of this region is to supply majority charge carrier i.e. either
electrons or holes.

ADE EASY W Analog Electronics 44

2. Base: This section is very lightly doped and very thin as compare to
other section. its main function is to transfer the majority carriers from
emitter to collector.

3. Collector: This sect on is moderately doped and has largest area than
other two regions bacause it collects the charge carries from emitter
and base. There is alarge amount of heat liberation and so it is provided
with large area to dissipate the heat.

BJT Cenfiguration

Input noce o o Cutput node

o L> O
Reference or
common node

Based on the reference node a BJT can be used in 3 configuration as
given in table below:

Configuration Input node | Output node
Cornmon Base (CB} E &
Common Emitter (CE) B C
Common Collector (CC) =3 E

Mode of Operation

Eh"lit_tér-_base Coltectﬁr—_base L . E
. junetion junction - Properties | Application
. . “ery high OFF-switch
Cut-off Reverse bias Reverse bias internal resistance
. N ) Excellent Amplifier
Active Forward bias Reverse bias transistor action
Saturation | Forward bias Forward bias _Very iow . ON-switch
internal resistance
Reverse Very poor AmaRator
[ Reverse bias Forward bias 1 i {Practically
active transistor action not used)
1. Common Base Configuration brp
E /—\C
E = A A v oo Ie e
or [Ig = Igx I | N Rig Output
: . Vee Ve
where, I = Emitter current T Je

IB = Base current Common base pnp transistor
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1. = Collector current
I-s0 = Collector to base leakage current

Current amplification factor (o)
When no signal is applied then the ratio of the collector current to emiite;

current is cailed current amplification factor or current gain.

o - o _gsy

I

O

o of a transistor is a measure of the quality of transistor. Higher is the value of
o better is the transistor as /_approaches /..

Coilector current also be expressed as

| Ic = adg + Igpo

2. Common Emitter Configuration

it
= Output

Signal

Common emitter pap transistor

Base current amplification factor (B}

When no signal is applied, then the ratio of collector current to the base
current is called .

1c B
ﬁ IB . Also 1+ B

Analog Electronics %&3

MADE EASY =

Note: e r b et et e e eaaa e e eee e e e et o e e e e,
e Brangesfrom 20 to 500,

¢ This configuration is used when appreciable current gain as well as voltage
gain is reguired.

Total collector current
[ 1o =Bl + Ioeo | (o) [ I =BIg + (1+B)Icge. |

I = Collecter to emitter leakage current

{ Iceo = 0+ B cao |

where,

3. Common Collector Configuration

y i
Vs Ve
Common emitter pnp transistor
Current amplification factor (v}

When no signal is applied then the ratio of emitter current to the base current
is called vy o the transistor.

Total emitter current

[ 1z = (1 + Mg + (1 + PMcso |

* This configuration has very high input resistance =~ 750 kQ and very low
output resistance.

*  Voltage gainis always less than one so never used for amplification purpose,

* This configuration is used for impedance matching i.e. driving a low
impedance load from a high impedance source.
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Characte ri_gt}cs

CB Configuration

CE Configuration

CC Configuration,

Input resistance Very low (40 £2) Low (50 k(2) ‘Very high (750 ke
Output resistance Very high (1 ML) High {10 k) Low (50 )
Current gain Less than unity High {100) High (100}
Voltage gain Srnall {150) High {500) Less than unity
Leakage current Very small Very large Very large

Applications

For high frequency
applications

For audio frequency
applications

For impedarcs

matching

Phase shift between

input and output o° 180° o°

Input and Output Characteristics of Different Configuration

The collector current 1. is completely determined by the input current 7 and
the V. voltage.

ic
e Saturation Active region
T eelmA
e — E=TomA________
T omA ¥ ‘co
Cut-off region Vgg
Ves

Input characteristics of

Output characteristics of
CB configuration

CB configuration
The curve between /g and Vo for different values of Ve are shown infigure.

!
V, c : . ' =
e | & = Active region- | Zc
- D 1 1 0
S5 1a I E o
= @) + O o
o= : o =
/ B 4 I =
. :
% . :
1
1 —
. - — Iy —rO
i Lo
] Cut-off region Vee

Input characteristics

of CE configuration Qutput characteristics

of CE configuration

The output characteristics are the curve between Ve and I for various
values of /.
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pCLoad Lines

+ DC load line is the locus of all possible operating point at which BJT
rermnains in active region.

I- . . . . ,
+ ltbasecurrent I < £22l then transistor operate in active region.
Breakdown
Vee
FRe | PN
' load : Breakover
! —Jf line ! voltage
Saturation Lt .:
region i Active regiN
Vees ce Vee
IC sat

s If Ig> T then it operates in saturation region.

VC‘C

-V .
+ Collector current I = TCE for above figure.

at saturation, [V, _

¢ Vo= Vecatcutoff whenl,. = 0.
*  Maximum value of current

Ve
Iomax = R

This is the ideal case.
Power dissipatedin a transistor is

[Taking V.= 0 at saturation}

L

Remember:

Power dissipation is maximum in active region and minimum in cutoff region
and saturation region.




~Transistor Biasing Circuits

Biasing is about stabilizing /. and V. so as to ensure that transistor réemaing
in active region for entire range of input signal.

Fixed Bias

I = I"""r{'f,‘C,‘_"‘xCE
fe = =

Vee — Vee

B ) RB .

Emitter feedback bias

*  Collector current 1~

I = Ve ~ Ve
¢ Az + Re
{assuming B to be large:}

Collector-feedback bias (self bias)

or

[Exacti value]

Aaecitia

ADEEASY ®H Analog Electronics

Itage Divider Bias {universal bias)

+ Widely Lsed in linear circuits and is as
Equivalent circuit will be — (thevenine equivalent)

V.,
. where, V= _ﬁ:r?,‘?z Vo
Ry, =Ryl A,
1. = Vee = Vee
“7 Rec+Re
[Assuming B to be large]
I = Vin — Ve

A g)

Bias Stabilization

» Stabilization is about making the Q-point independent of changes in
temperature and changes in transistor pararmeters.

» fI., Vgeand B changes simultaneously then net changein /..

g . . eI
where, G S — Current stability factor.
e = 5§ — Voitage stability factor
dVge
9l

= S, or S” — Amplification stability factor.
oB B _
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Note: ... N

Out of three stability factor S is most significant reason being, it S is within
tolerable limit then other 5" and 5” are guaranteed to remain within tolerable

limit.
s
Practically S should be less than 20.

For Voltage Divider Bias Circuit

current stability factor,

Ideal = 1

B MADE Eagy

—

s < B+ V(A + Re) |
Ry + (B + DR -

* (Condition for effective stabilization

S = (B+1) (_HE".‘F Rr)
U R+ (B )Re

' f1+ =

For Collector Feedback Bias Circuit

By +(1# B)Re

For Fixed Bias Circuit

S=(B+1)| — verylarge — highly unstable.

if

oif

{For voltage divider circuit]

Re << 1 thenS—1

R i
ﬁ§-4<1then8——)1

&

LDE EASY B
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éondition to Avoid Thermal Run Away

s Thermal resistance {@)

where,

(“Ciwattor °KMatt)

?;. = Junction temperature (collector junction}
T, = Ambient temperature in Kelvin.

o = Power dissipated across collector junction.

+ A transistor will be thermally stable if

P
ofg 9P 1,
E ) '“'%‘:“{9_

aFp

37 — Rate at which heat is released.
f

57 Rate at which heat is dissipated.
i

+ For thermal stability ZZL > Ve
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+V,

cC
RC
- s Vi, @ I (“—0 Vv,
Common Emitter Amplifier R —o+v,. | pitage gain .
Output voltage =" sc A= Yout o Ao
“—I HO +vou1 Vm . "’eT "VEE

[Vous =~ Tc | o]

Voltage gain gutput impedance

L tommon Collector Amplifier {or Emitter Follower)
Input impedance - +Vee

_ DC output voltage
| Zin = Ay || Ra |1 BrE |

<
=4
By
14
=
=1
AAAM

Input impedance of base

| 3 yoltage gain
By
N a=You o _Ae 4
L Vin Re +r, -
Output impedance
Input impedance
Swamped Amplifier ) [ Zin =Ry | A2 [1BBe | L
o+ [ . .

Effect of swamping on voltage gain = = Ihput impedance of base .

Rz =R o fhase

' ) ] [ZWMW)ZNBQ+@)EBRE|

’ Vs e =

Output impedance

i
.|||

Input impedance of base

Zin(vase) = BAE +18) |

Voltage gain
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Darlington Amplifier

© Vo

Input impedance of second stage

f Zinzy = BoFAg I

Input impedance of first stage
| Zingy = B BoFe |
AC Thevenin impedance at input

[Am =R 1Rl R, |

Output impedance of first stage

' ., . Ap
!foul(E) =1+ T ’ !

Output impedance of second stage i

Zout(e) = a2 + e 5 14 k)

Inputimpedance of common collector amplifier is highest among CE, (8B
and CC,

* Outputimpedance of common collector is lowest among CE, CB and CC.
*  Darlington pairis known as super B circuit.

* Darlington pairis used where very highinputimpedance and high current
gainis required. i
Voltage gain of CBis highest and currentgain of CCis highest,

CE has highest power gain.

FET is a unipolar and voltage controlled devige.

The terminals drain, gate and source of a FET are identical to collector

base and emitter of a BJT.

+ Since the input function is reverse biased in JFET, the current drawn is
very small and so input impedance is very high.

» Less noisy device due {0 absence of minority carriers.

+ Excellent thermal stability due to absence of leakage current.

» FET is considered as excailent signal chopper because of zero offset

voitage.

Circuit Diagram and Symbol

D Drain

Parameters

Drain current

2
] l In saturation region

Iy = Fee 11750288
D bS8 [ yp .

where, I = Drain current

Ipgs = Maximum value of current when VGS =0
V, = Pirch off voltage

Vias = Gate to source voltage
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Drain resistance

_ AVps

.
T Al

'Vizz = constant

N O L
r ranges from 100 k€2 to 500 ke2.

Transconductance

N O L R

g,,ranges from 0.1 mSto 10 mS.

in saturation region

21 V, 2 -
Om =~ V?SS (1— 'SS}Z*V’V“IDJDS;

p P
Y
Also, Im = gmo-_(1 «-%]
N p.
. 2lpss ,
where, Yo = _—*V | =maximurm value of transconductance
V.
Amplification Factor
n=

Al (o Constant
Note:= . . AR B S H B8 T8 % N0 5 HHSI8 o= 8 NN 58N

« purangesfrom 2.5 to 150.

* Relation betweenp, r and g, is .

REmM MO

if two FETs are connected in parallel having transconductance 9y, and gy, ,

drain resistance fy, and sy, , amplification factor 1, and M, then

MADE EASY H Analog Electronics

A55
Effective transconductance g, = 9m + 9m, -
Effective drain resistance iy =1 ”rdz' .
, . . WyTy, +Ho 5y
Effective amplification factor = —>2—-1.
Hq+Ha
characteristics of JFET
I imay 15 may
+— Ohmi¢ =T Saturation —=}«— Break over
region : Vas =0V I regicn
Ipss fpgsf——-m=--3 g
D Veg=-2V
Vg = =4V
Vs (off) Ves o Ve Vos

Transfer characteristic Drain characteristic

R MM Y

When FET is operated below pinch-off voltage (Vp}, it acts as a voltage variable
resistor.

FET Amplifiers

Common Source Amplifier

&
AAAA
Y¥vy

AC output voltage

Vioo—{¢
. R, Z
Unloaded voltage gain =
LA= 6 Ry | . J_
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Common Drain (CD) Amplifier

AC input voltage

AC output voltage

Unloaded voltage gain

Output impedance

O +VDD

I(Vm =1+ 0,Hg ) Vae l

t. Vou; = GmVas Ay |

[ Zoix

...{as Ag>> 1/g,)

Common Gate (CG) Amplifier

AC input voltage

MADEEASY W Analog Electronics 1y

AC output voltage

Vi = OmVas Ao |

Unloaded voltage gain

Input impedance

Lin = ..
. Gri -
DC on-state resistance
o Vg
 BSon)y = Ty
where, Tosom = DC resistance in saturation region
vpe = DC drain-source voltage

Iy = DC drain current

FET Biasing Circuit

Self bias circuit
Gate to scurce voltage

Ve = —Ip R,
Source resistance
AR, = Vollpss

Voltage divider/Source bias circuit

° Vop

A
R, Rp
Ipss
G
R,
Rg Q ' 1SS ¢min)

Vs
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Drain current

Metal OXIde Semiconductor B
jeld Effect Transistor S

1. = VTh_VGS
o 8

S

Vi = | — 222
where, Vi [91 F?QJVDD

Current source bias circuit « MOSFET s anintegrated device, fabricated by VLS using planner technology.

« |tis a voltage controlled device.

‘s + Inthe MOSFET the plate and semiconductor channel will be working as
the plate of capacitor and SiQ,, as dielectric.

+ The large inputimpedance of MOSFET is due to the SiO,,.

« MOSFET is very sensitive to static electrical noise and static electrical
disturbances.

{085 (max)

Schematic Symbol

/ {558 (min
/ . Gate Terminal

Vas T
e Metal

///////E jr///\m//*'l— Insulator

f - (oxide)

i Collector current Sericonductor
' " . Bubstrate

_ g ee — Ve SR
[ F“E l
Substrate or body terminal

-

g

p-channel Depletion MOSFET
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p-Channel Enhancement MOSFET

o0

>
I—-—-—
G —4

oS5

n-Channel Enhancement MOSFET

S5

Characteristics of MOSFET
For depletion MOSFET characteristics are same as JFET characteristics.

Fofma
TotmA) ok mA) Vos = Ves — V7
Vps = Vgs— Vr
Trlode
—-J-.--—. Saturationregion ——
" region !
Vs = Vi +20
S—Vps = Vas ~ Vr
Vos = Ves = Vr Vgs = Vp+ 1.5
Vs = Vr+ 1.0
Vas = Vr+ 05
=, V,
v VosV) Vs 2 Vg (cutom 08V
Transler characteristic Drain characteristic
of EEMOSFET of E-MOSFET
RemeEem eI e

e Threshold voltage (V,) is defined as the“Minimum gate to source voltage
required for MOSFET turn into ON state”,

»  Forbetter performance of the MOSFET, threshold voltage must be as smalt
as possible. '

¢  The threshold voltage of MOSFET can be graphically obtained from the
transfer characteristics.

*  Threshold voltage V, should be smaller.

MADE EASY B Analog Electronics k6l

parameters

fFor depletion MOSFET
DCrain current,

where, I}

For enhancement type n-channel MOSFET

¢ Vs> V7 for 'ON' or saturation region.
Vs < Vi for "OFF or cut-off region.

where, V7 = Thrashold voltage
o Vog<(V V) — Triode region of operation.
Vs 2 { Vgs— V) — Saturation region of operation.

» For saturation region

[70. = K(Vgs = ¥)? [
*» For p-channel MOSFET

| 15 = K(Vgs + V1 )2 ]

*  MOSFETis Iess noisy as compared to JFET.
*  MOSFET is faster than {FET but BJT is faster than MOSFET.

* When compare to BJT, MOSFET is more suitable for high frequency
appllcatron



Introduction

Transistor Hybrid Model

The A-parameter model of BJT is defined by two-port network as

Vi=shii Li+ by Vs

I, =hyy Iy + hyy Vy

Lo, > b2
i L C T e+
1 2
Network
- 07 _‘40 am
1! 2!
Input impedance h,,/h,
Vi
hyy = }“
T =0
Current gain h,, /h,
I
' hpy = =2
i I1 Vg ={}
Reverse voltage gain h_,/h,
hip = ""l
Va E=0
OCutput Admittance h,,,/h
I,
By = V. _
2in=0

Typical h-paramter Values for Transistors

Ak

Parameters ce | ec . el
By = h 11kQ  |11kQ |216Q
4 . —4
hip=h, 25x107°|; 1 2.9 %10
Py = By 50 —51 -0.98
by = b, 24 pAN | 24 yAN | 0.49 pAv
[l
1h, 40 k€2 40 k2 2.04 MG

MADEEASY M
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Approximated Conversion Formulaes for h-paramters

"~ CEtocc | cEtocH .
h.
hr‘c = h:e hib = 1 ;ife
A h
Pre =1 o= T ape ~ e
—hg,
'hfc =-{1+ hfe) h}b = 1+ h!e
Poe
hoc = has hab = 1 +oh{e
Hybrid Model
L B e
AAAA AAAA !
Yy V¥¥Y -
I i
- i
%@ Sha Ve
I

Current gain

where,

Voltage gain

I, = AC input current

I, = AC output current

V,
V2

'_{

= AC input voltage
= AC output voltage

=h Ry

F o+ (h h, — by hR,

b Ry

- "_ A+ h, R
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Output impedance

72- (R 4 h44)hgs — hyshpy ”wa:-.(ﬁ'_:s + hh, —h, by

Multistage Amplifier

«  Upper cutoff frequency of overall configuration is

(For identical amptifiers in cascade) .

where, n = number of amplifiers in cascade

T

upper cutoff frequency of one amplifier

+ Lower cutoff frequency of overall configuration

where, n=number of identical amplifiers in cascade

Approximate BW of amplifier in cascade is £j.

*  When amplifiers are non-identical then

* Rise time

pasic Feedback Concept

S, * -

Z B
where, A = Open loop gain
B = Feedoack factor
S, = Input signal
S, = Error signal
S, = Feedback signal
Gain with feedback
5 +Af5 for - ve feedback ; = 3 —AAg for +ve feedback

eI DT e

The amount of feedback introduced into ampilifier is often expressed in
dB and is given by

Loop gain or return ratio

[Loop gaim="=AB |

Return difference

+ Difference between unity and lcop gain is called return difference (D).
D ={1+#AB}|

* Dis also called desensitivity.
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Sensitivity gffect of Feedback
In case of negative feedback if, , Reduction in noise
92 Ly change without feedback. -N(ﬁr =N N, = Noise without feedback
ch i 1+ AB N, = Noise with feedback
Zf — % change with feedback. R L—ower cutqff frequency
A dAT A £, = (1 +fA|3] f,, = Lower 3-dB frequency With feedback
A, 1+ Ap | e reduction in sensitivity of amplifier. fy = Lower 3-dB frequency without feedback

. Upper cutoff frequency | iy = f,(1+ AB) |

General Block Diagram of Feedback Network. where, ., = Upper 3-B frequency with feedback.

Feedback Amplifier ' f,, = Upper 3-dB frequency without feedback.

Co T T MO i e e
: A YT + Basic E—— Bandwidth increases with —ve feedback.
Source : el S Arnplifier]__ Sampier | © Vo Ry oDV, o AR .. .. . OSSO oo Y L SECOEreT ST . ... . o PR

i ' Load

E E reedback Topology

E Feedback ! .

! Vit  Amplifier 1. Voltage series topology

Amplifier: R
1. Veltage/Shunt Sampler 1. Series/Voltage Mixer {Comparator)
] ¥
s VO

©—  Basic ﬂ
|- Amplifier Ry

(i Bis dimensionless.
v, (i) Voltage series feedback stabilizes the voltage gain.
o— T 5 v 2 Current series topology
. 4] .
2. Current/Series Sampler 2, Shunt/Current Mixer {Comparator}
=
— (Io— 1) Ez R,
°~| .Basic ,,
: _ﬁwhﬂer s CD ] 1,
(‘(s - fr)
I A . iy
() Unit o™ B is Ohm.

(i) It stabilizes trans-conductance gain of the amplifier.
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3. Voltage shunt topology

(D

Us: I3
]

I

Trars resistance
amplifier Ry

(Is - ‘rf}

() B has unit mho.
(i) it stabilizes the trans-resistance gain of the ampilifier.
4. Current shunt topology

({e—12
F: Current
5 armpiier
(Is— 1
I 8 I 15
i

(i} B bhas no unit.
(i) It stabilizes the current gain of the amplifier.
¢ For different feedback configurations effect on input and output

impedance
~ Feedback | mput Output | Gain | A, R,
Voltage series Voltage Voltage © A 4 }
Current series Voltage Current G, } $
Voltage shunt Current Voltage R, ¥ ¥
Current shunt Current Current A, } 4

¢ Voltage series feedback, is the best asrangement in terms of R andR_.
*  Current shuntis the worst for the same.

MADE EASY W Analog Electronics 469

pemember: ... S SOOI
procedure to Identify the Type of Feedback:
¢ Identify the element responsible for the feedback.
» If feedback element is directly connected to output node, it indicates
voltage sampling otherwise it indicates current sampling.
s Iffeedback etementis directly connected to the input node, itindicates
shunt mixing otherwise it indicates series mixing.



 Operational Amplifiers

Differential Amplifier

* Here,
VUut = A(V1 - V2)
where, V_ = Voltage between
collectors
P
Re
where, A. = Emitter resistance
V) = Noninverting input voltage
V, = Inverting input voltage

DC Analysis of a Differential Amplifier
* Emitter bias current

I = Vee — Vae
2R;

*  Tailcurrent

Ve ~ Vg

Iy =
| A7 A |

AC Analysis of a Different Amplifier
1. Non-inverting input
*  AC emitter current

S
re =1
L%’E

where, = emitter resistance

= AC output voltage is | You = Ic Rp =

2R, ¢

* Voltage gain for noninverting input is

«pE EASY H Analog Electronics 471 .

" Inverting input

¢ AC emitter currentis | Ig =

AC ocutput voltage is

\ L b Vou =fi@m
» Voltage gain for inverting input is My 2',;?%_;_:.

B

o Be
2R,

Differential Voltage gain | Azt

Input impedance | R, = 2BR:

commaon Mode Voltage Gain

WVew_ . ___Aci.. PRo

Ac = I ,
oM Vi oy fo¥ 2Re - 2Rg

Operational Amplifier

An op-Amp is basically a very high gain, direct-coupled amplifier with high
input impedance and low cutput impedance.

Nan inverting input 0— .{.e_v o shiﬂing

Cutput

~ nput | Qe

. Latage
inverting input o—{= ag

— Output

1 Equivalent circuit of an Op-Amp

Dp-amp amplifies the difference between the two input signals applied at
non inverting and inverting input terminals.
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- V, = 0 — Called O/P offset voltage.
Ve 0
I
o
Vo o
T r':: |_.._ + VQ =0
= Ig>
Va P Vo= AV Balanced condition.
vV, o 1 input bias current {I;)
I, +1p
IB m s 1_:_"'""'"—. 2 2
Equivalent circuit of op-amp input offset current
where, —
. . X, = (Fgy — Fgo)
Difference inputvoltage V, =V, -V, [ Zio = (g1 — T5z) |
A = Open loop gain of op-amp O s i e
Output voitage V,=AV, Input offset voltage is the voltage which must be applied between input
A, = Differential input resistance terminals to balance amplifier (V, = 0).
RD — Omput {BSIStance ..................................................................................................................
. ' inear Op-Amp Circuits
Properties of Op-Amp Lin P P
" Parameters deal valug .| meca, vatue: inverting Amplifier
Voltage gain oo 108 Ry
A'l'.l'l'
Input resistance oo 10° Qor1 Ma R
Qutput resistance 0 10 2to 100 2 V.0 ‘,“,l:‘, .
B.w. oo 10° Hz or 1 MHz )
CMRR i 10° or 120 dB ___l;v
Slew rate P B80V/iu sec. .
Non-inverting Ampliifier
Slew rate R,
Forinput V_ sin of
f SR | where, SR = Stewrate
max fnax = Maximum frequency of operation .__[_-_: b4 oV,
Ao = Closed loop gain of OP-AMP.

Bias Currents and Voltage

Ay 2




¥y A Handbook on Electrical Engg.

M MADE Easy

Summing Amplifier

Output voltage

Differential Amplifier

R Ry Ay
= ——2 28 14 22
Vo=~ V’+(FZ3+F?4 Ry |2
VB2 _ Ry
TR~ R,
then, Vo =
N O e
in thi h &—Bi
n this case when R] Ra,

A_=0 - Common mode gain and CMRR = o

Nonlinear Op-Amp circuits

Integrator
C
1;
T o, A
Vo = — i JVid+ Vo) | v o awp

MADE EASY & Analog Electronics
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pifferentiator

dav; v, o
dt

Vb = “'F?C3

Logrithemic Amplifier

v
Vo = -mVrin—
0 Al Tnfoﬁ’

= Recombination factor
= Thermal voltage
I, = Reverse saturation current of diocde

N3
|

Antilog Amptifier

R
AAAA
YY¥Y
Va = *Ioﬁ._an.til‘)g—— Vi O—_DI—
B nvs oV,
where, I, = Reverse saturation current of diode
1 = Recombination factor
V. = Thermal voltage
Schmitt Trigger
+Vee
: Voul
+Vsal
I
W
_Bvsat IBVs.al "
—Vaa
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T—
A.
Vi = o
(Ry + R2)
Al
V. = where V,
CRRTEY SR ( G
Remember:

¢  Thecomplete transfer characteristics of Schmitt trigger shows a hysteress
effect.

+  The width of hysteresis is the difference between the two cross-oye,
voltages V., and V.

Op-Amp as a Multivibrator

Square Wave Generator or Astable Multivibr;tor
Time period of output waveform generated is
{ T =2RC In3 |

{(For R, = R}

Fim B 1+81
7= 2RC mL =]

_ R
(where B= 3 +Fi2}

Monostable Multivibrator
Width of pulse generated at output is

if H2 = R1|
then | £.=RCIn2 |
Note: AR . oovr wvrr. wrm o e v - B ol pn o T vy i oy

*  Astable multivibratoris a square wave generator.
*  Monostable multivibrator is used as pulse stretcher and missing puise
detector,

rge Signal Amplifiers

toad Line Analysis N

for Common Emitter Amplifier ("

where,
— i [ole]
I Qu!escent collector current Ro+ Rz |
Veen = Quiescent collector-emitter PN : DC load line
[ #)
voltage ;

Veeo \ Vee  Vee
Veea * fuafe)

AC load line

Thevenin resistance driving base

[78 =R R ITAS |

AC load resistance seen by collector
| 7c =Rec IR |

Equation of AC load line

I = Ipg + Veea, Vee

e :

.'_'fC

where, I, = DC collector current
Veeo = DC collector emitter voltage
r, = AC resistance seen by collector

AC saturation current

AC cutoff voltage

| Voreuy = Veea # Toalc |

AC output compliance of a CE amplifier
[PP = min Cleg e 2Varad]
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NOTE: L

ACoutput compliance is the maximum unclipped peak to peak ac voltage that

anamplifier can produce.

For Emitter Follower Amplifier

Effective ac load resistance

re=Re || Ry |

AC saturation current

VCEG

Io(sary = dco +

AC cut-off voltage

| Veeiou = Veeo + fco'e |

AC output compliance of an emitter follower

| PP =min. (Rlgare, 2Vera) |

For Common Base Amplifier

AC load resistance of CB amplifier

|rc =R IR
N OO
AC load line and ac output compliance of CB amplifier are same as that of CE
amplifier.

For Swamped Amplifier

AC saturation current

IC(sat)-—— {c@ + ————"—-.r =)
: c Tre

AC cut-off voltage

Veeeuy = VeeatJoalre +1e) |

AC output compliance of a swamped amplifier

{ spEEASY ®m
0
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-' for maximum AC output compliance

| fcarc = Veea |- mem. (CE stage)

| Tcore = Vees | ooeoe. {CC stage)

....... (Swamped)

power Amplifiers
1is a large signal amplifier which has greater AC output voltage and greater
1G output current hence it can provide greater AC output power to load.

conversion Efficiency
tis the ability of power amplifier to convert DC power into AC power:

n= a6 o 1069%

Harmonic Distortion
The harmonic distortion means the presence of the freguency components
nthe waveform, which are not present in the input signal.

if Io=1,+ B, + B, cosmt + B, cos2ot + - - - + 5, cosnwt

=
18]
Here, fundamental frequency component has an amplitude B, and i

harmonic component has an amplitude of B,,
Thus, total harmonic distortion is

then % D, = x100% ; where, n=1,2, 3, andsoon

24y D2 x 100

= D2 A DE %D
(lassification of Power Amplifier

(tass-A Operation

v Transistor operates in active region at all times.
* Collector current flows for 360° of the AC cycle.

Unloaded voltage gain of CE amplifier

~_fc

re o
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Loaded voltage gain

Av =5
ry.

Current gain of the transistor

- lb':

Current gain
i = AC collector current

5
-
o
m
»
f

Power gain

Load power

where, F, = AC load power
V, = RMS load voltage
Ve = Peak-to-peak toad voltage
A, = Load resistance

Transistor power Dissipation

[Poa = Veeo Foa']
Fpo = Quiescent power dissipation
Quiescent collector-emitter voltage
Quiescent collector current

where,

l"""C‘.‘E‘v:f."}
1 oo

Total DC power supplied to an amplifier
| P = Voo X4

Maximum AC load power

Pl

where, PP = Maximum unclipped value of Voo

Analog Electronics 58%
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Stage efficiency
7= ————Ptgﬁ-ax) x 100%
s AR
where, 1 = Stage efficiency
Fs = DCinput power
ReMEMDEr:

»  Class-Aamplifier produces least distortion in the output among all power
amplifier.
* Powerdrainis present,.

¢  The maximum efficiency of class-A amplifier is 25%,

Class-B Operation

+ Collector current flows for only 180° of the AC cycle.
«  Crpoint is located approximately at cutoff on both the DC and AC load
lines.

Collector-emitter voltage at Q-point

- "'_-’ceo =“g‘g‘

AC load power of a class B push-pull amplifier

Remember: ...
*  Output signal is half sinusoidal.
*  Quiescent power dissipation/power drain is almost zero.

*  The maximum efficiency of class-B amplifier is 78.5%,

Class AB Operation

© »  Operating point is located between the limits of class-A and class-B.
-+ Collector current flows for more than haif sinuscidal but not fully sinusoidat.
: ¢ Distortion in class-AB ampiifier is more than class-A but less than

class-B.
+ Power drain is more than class-B but less than class-A.
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Class C Operation
e itis operated either in deep saturation or in deep cut-off region.
e The collector current flows for less than 90° of the AC cycle.

Tuned Amplifier

T +Vee
‘L L A

-

where, i = Inductance ; C=Capacitance

AC load power class C amplifier

Remember:
+ It has highest conversion efficiency among all power amplifiers.
s Qutputis heavily distorted. _
e Itis usedin tuned power amplifiers and radio frequency amplifier.
e  The maximum efficiency of class-C amplifier is 87.5%.

{1 ave: Shapmg Circuit:sm

oscillators

garkhausen criterion

Oscillator Types

The oscillators are positive feedback amplifier in which the part of output is
leedback te the input via feedback circuit.

. v, A i
The gain, 2 =
° V. T 1-AB
Feedback
'y‘; =0 (Noise) Circuit
AB =1 or 12£0°=.360°

s The magnitude of loop gain A must be atleast 1.
+ The total phase shift of the loop gain A must be equal to 0° or 360°.

LC oscillator

i Crystal oscillatcr

Radio frequency
Radio frequency

. Freguency " Waveform
. ofosgcillation . . generated
RC oscillator Audio frequency | Sinusaidal

Square wave

Triangular wave

sawtooth wave etc.

‘?RC Phase shift Oscilltor

1RC phase shift oscillator using BJT

7 e

D
FYYYY
Yevy

el

T
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* Frequency of oscillation is

:ﬁeiﬂ Bridge Oscillator

1 . Frequency of oscillation
H’C v‘4K +6 211:F!’C 4K +8 T ;
where, | K = ERQ_ F 2n\JR3R,CCs. Ry
- . If Fl-;a = 94 — R C1
Note: N and C1 = C2 =
¢ Fortransistor to work as oscillator . . R, Eé 1C2
then Y 'WT]
h, (4K+23+2K—9) 2rRC =
Remember: ..
h 44,5,

fe {min) =

RC Phase Shift Oscillator using FET
¢ Frequency of Oscillation

LC Oscillator

1

TN | colpitt’s Oscillator

+ Frequency of oscillation

PR M

c.C, Y.
2m L ! ’éw-]
-_ “J (C,+CQ

'C
and Qrﬁﬂc = C_ 5
5

RC Phase Shift Oscillator using Op-Amp Hartley Oscillator
* Feedback factor * Ifinplace of C,, C,thereis L, and L, and inplace of L there is Cthen it

becomes Hartiey Oscillator.
E‘:_ : EL: _ l 9 Ve
' Vc: e 2 i -
' - = Rc
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+ Frequency of oscillation for Hartley Oscillator is

1

T 2n O + Lp)

and

gnRC =2 —

Ly

=

Clapp Oscillator

= fin Colpitt oscillator circuit inductor is replaced by a variable capagitg,
{C5) then frequency of oscillation becomes

3

2n.JLCq

Crystal Oscillator

* liis electrical equivalent circuit is

» Seriesresonance frequency

* Parallel resonance frequency

Note:

c, ) e, .G
: i >>1 e
it happens if ( C and | C c,
Anode
A =
° 2mAfLC t
: CCy b Cathode
Where, Ceq'_ (C + CO)

Time period of output signal

where,

Toward + v,

R = Feedback resistance

5 #— UTP
Capacitor ° //\\\ / :
P i y —— LTP
—ovom E +Vsat : E Il
Dutputo
- —Vaat -
T
e {1+ B
T =2RCIN| —

B = Feedback fraction

Analog Electronics 587

MO
» Linear oscillator generates sinewaves utilizing resonance phenonmenon.

» Non linear oscillators or function generators generate square-wave,
triangular wave, pulses etc. waveforms, They uses function blocks as
multivibrators.

+ Relaxation oscillator and UJT asciliator are non-linear oscillator.

*  Theoscillators which uses a tunnel diode or UJT posseses a current voltage
characteristic curve of negative slope within some range of operation are
known as negative resistance oscillator.

»  Wein's Bridge oscillator is a variable frequency oscillator.

Linear Wave Shaping Circuits

High Pass RC Circuit
Pulse response of high pass R.C circuit

c Vo
o——|}————o ;
v Eg R v,
O QO
T LY Y ) T J//_ t
(V- V") is called tilt or sag
% 100%
Sag or tilt will be obtained ifRC>> 1
* Hinputis a square wave of time period T then
- f gy 1 1
% tilt =~ x 100 f = f=—
¥ b= JOU where, Lfp S AC and T
Low Pass RC Circuit
R |
V, c v,
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e Risetime |t = 222 (rise from 10% to 90%)
" .
where, | fy = L
LY T exRe

555 Timer

The 555 is a timing circuit that can produce accurate and highly stable time
delays or oscillation.

555 Timer Pin Configuration

Ground E ~

Trigger Iz : _ 17
: IC -
- 555

Output E ' 6
Rest E |

Monostable Multivibrator

EI Control voltage

O +V.o
P
Ra 2 Reset
c - .
,,gm, 0 Output
. GND

T =RC In(3)=1.1RC |

The main applications of monostable multivibrator are pulse width modulator,
linear ramp generator, frequency divider, pulse strechter etc,

MADE EASY ®

Analog Electronics HB9
Astable Multivibrator
¢ Vo
r = ] I
A Voo Reset

Discharge

i
@
AAAA
yrry

‘Thresholid 585 ——o Cutput

“Trigger *

T =vin(2)

o=

¢ Charging time constan®, [TC =0.693(Ry + Ag)C |

* Discharging time constant, | Tp =0.693 RgC |

+  Total time,

+ Duty cycle,

Ot
The main applications of astable are square-wave generator, voltage control
oscilltor, FSK generator, free running oscillator etc.

Remember: ....
*  Duty cycle {D) > 50%. (Because T >T,)

* By placing a diode parallet to Rgand making R, + R, = R, we get square
wave output of duty cycle 50%.
HERN
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Number System and Codes

Introduction

A digital system is a combination of devices designed to manipulate
physical qJantities or information that are represented in digital form, i.e.
they can take on only discrete values. Examples of digital system are digita!
computer, calculator, telephone ete.

Advantages of Digital Techniques

Size and cost is less.

Power dissipation is less.

Digital circuits are less affected by noise.
Accuracy and precision are greater.

OB wNn

Informetion sterage is easy.
Digital Number System

Many number systems are used in digital technology. The most common
are the binary, octal, decimal and hexadecimal system.

Note:

Number Representation

{(Np) =d,_,4 Opo---di-o-didy o diyd,-oody Y el

ntegrat Poruon

Fraciion Portion

Radix
point

where N = number

b = base orradix

* d, ,d,_,..d..d, d,represents integral portion of number (N),,.

d ,d_,...d,...d__ represents fraction portion of number and between
these two there is a radical sign.
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* Inpositional weightage system, the position of each digit of a number has
some positional weightage. .
, Unweighted number system e In non-p?sst|onal'wetghtége system, ? digit of a number does notindicate
. - . any significance in a position and weight.
* ltis non positional weightage system.
* Ex: Gray code, Excess 3-code etc.

Weighted number system
* Itis a positional weightage system.
N * Ex:Binary, octal, hexadecimal, BCD, 2421 etc.

: . Codes
 Nymber System | Base (b) | - _Digits
Binary ' N o1 Binary Coded Decimal Code (BCD)
Cctal 8 0,1,2,3,4,5,6, 7 i ¢ Eachdigit of a decimal number is represented by binary equivalent.
Decimal tY 0.1,2,3.2.5,6.7,8,9 | . In 4-bit binary formats
Hexadecimal 16 0,1,2,3,4,5.6,7,8 9 Total number of possible representation = 24 = 16
A B CDEF ; Valid BCD codes = 10

Invatid BCD codes =6
in 8-bit binary formats

e Pree

* Inbinary number system, a group of "Four bits” is known as “Nibbie"

and group of "Eight bits” is known as “Byte". Valid BCD codes = 100

4 bits = 1 Nibble invalid BCD codes = 256 — 100 = 156

: Therefore, :

| 8 bits = 1 Byte Excess-3 code

! ] e Itis a 4-bit code.

-Decimal | - Hexadecimal . |-+ ‘Buary * ltcan be derived from BCD code by adding “3” to each coded number.
o 0 0000 + |tis a “seif-complementing code”.
g 1 @001
2 2 6010 - Gray code
3 3 0011 * Also called “minimum change code” or “unit distance code” in which
4 4 ‘o100 only one bit in the code group changes when going from one step to the
5 5 4101 - next.
6 6 .. 0110”7 ' * Gray code is a minimum error code.
;' ; ?;;; ! Binary-to-Gray conversion:
o ' . L5 |+ 'MSB’inthe gray code is same as corresponding digit in binary number.
10 A 1010- e Starting from "Left to Right”, add each adjacent pair of binary digits to
11 B 101 1 . get next and gray code digit. (Discard the carry if generated).
2 - c 11007 ! Gray-to-Binary conversion:
13 D 1101 . e “MSB” of Binary is same as that of gray code .
:'z - E ) :j:? : ; * Add each binary digit to the generated gray digit in the next adjacent
: b Tl i position (discard the carry if generated).
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Remember: ... OOV
* Inself-complemented code, the sum of weightage = 9.
® Thelargest numberthat can be represented by using N-bits is (2N _. Ty

Conversion of Number System

(a) Decimal Number System to Other Number System Conversion
To convert decimal to any other base 'r’ divide integer part and multiply
fractional part with r’.
{b} Other Number System to Decimal Number System Conversion
Any ‘I' base number can be converted to decimal equivalent by
multiplying each digit by its positionatl weightage and summing the
products.
e, xy % Yi¥a), = (0 )y
G @12+, T x Oxy Ty, 0B
{c) Octal to Binary
Each digit is represented with 3 hit binary equivalent.
(d) Hexadecimal to Binary
Each digitis represented with 4 bit binary equivalent.
(e} Octal to Hexadecimal

(1) First convert octal to binary and then binary to Hexadecimal.

(i) From Hexadecimal to octal conversion first convert Hexadecimal to
binary and then binary to octal number.

introduction

« Logic gates are most fundamental digital circuit that can be constructed
from ciodes, transistors and resistors connected in such a way that the
circuit output is the result of a basic logic operation performed on the
inputs.

+ The Boolean '0" and ‘1’ represents the "logic ievel”.

. Logic ot
False = 7} True -
COFF T} ON
CLow 7. High .
| o o i A
- Open switch {“;ié:‘nsed switch

s A “Truth table” is a means of describing how a logic circuits output
depends on the logic levels present at circuits input.

O,
The number of input combinations will equals to 2V for an”N-input”truth
table.

+ The lcgic Gates can be classified as
(a) Basic Gate: NOT, AND, OR.
(b) Universal Gate: NAND, NCR.
{c) Special Purpose Gates: EX-OR and EX-NOR. They are used in
arithmetic circuit, comparators, code conversion, parity generators
and parity checkers etc.

NOT Gate

It is also referred as “inversion” or "complementation”.
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Symbol and Truth Table

)o——I>o— — oy-=x

{OR)

o——-yIP> 5 y_F

Switching Circuit

Transistor Circuit

_ - .""Vo{:.*'*.‘l "

Ground =~

When even number of NOT Gates ar

€ connected in series then it acts
iike Buffer Circuit.

A M’ v =A
When even number of NOT Gates are con

nected with feedback then it
acts like a “Bistable multivibrator”

-1tis also a basic memory element.

[>0-2

Digital Electronics ‘597

4 when odd number of NOT Gates are connacted with feedback, then it
] acts like an astable muitivibrator (AMV) or square-wave generalor or
clock generator or ring oscillator.

0 1 0 v,

+ All inverter take some time to get the response 'Y’, this time is called
propagation delay time (tpd).
For an Astable Multivibrator (AMV)

Time period of Square Wave Generated by AMV:

Number of inverters (NOT Gates)
Propagation delay time of each inverter

I

where n

b

T = Time period of a square wave generated by AMV or
Ring oscillator

H

AND Gate

Symbol, Truth Table and Switching Circuit

in AND operation
¢ ENABLEINPUT = Logic’l’
» DISABLEINPUT = Logic’®V
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Transistor circuit: oR Gate

symbol, Truth Table and Switching Circuit

Y=A+B

D

REMIEIMIBIEES i

in OR operation
¢ ENABLEINPUT = Logic'(Y
s DISABLE INPUT = Logic'1’

Diode circuit diagram:

' "“Vcc .
i o
: g
D, !
Ao—pGF— »
Y = AB
D
5 2 L > Y=A+ B
o——k}—— = ; Re =
| I
Remember: .. =
-

in AND gate operation, any unused inputs {Floating inputs) may be
connected as:

Diode Circuit Diagram
Logic’1 for TTL circuit

Logic'0'for ECL circuit D,
*  ANDgateis also known as detector logic i A A
: Y=A+DB
Bo——Dt——
D,
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NAND Gate

Symbol, Truth Table and Switching Circuit

. ilpputs. | Outpuyt:
o A B Y=AB T &A
A Y = AB 0 0 1
Bg:D © G- 1 B v
1] 0 1 J B
1 1 o _| 1
Remember: ...
in NAND operation
* ENABLEINPUT = Logic’Y’
L J

DISABLE INPUT = Lagic'0’

C {0} OFF | OFF | 1
¢ 1] oFF | ON 1
1} 0 -ON OFF | 1
] 1] ON. | ON 0

NOR Gate

Symbol, Truth Table and Switching Circuit

A Y ={A + B)
B:i

jADE EASY W Digital Electronics

semember:
in NOR operation

ENABLE INPUT = Logic'0’

DISABLE INPUT = Logic’1’

+<\';cc
-
2R
5 ¥ =(A1B)
J . -
alo OFF | 1
A B 011 OFF ON
T, L 0
1o} on OFF | o
1] 1] on ON o
EXOR Gate

itis also called “stair case switch”.

Ssymbol and Truth Table

A Y=A@B
B j:

O Boolean function of 2-input EXOR operation
Y= A®B=AB+AB

Remember:

¢ ltacts as“odd number of 1's detector in the input”,

*  Itis mostly used in"parity generation and detection”.
* Whenboththeinputs are same, then output becomes LOW or Logic’0’
*  When boththe inputs are different, then output becomes HIGH or Logic't'.
*  InEXOR operation

(i) ForBUFFERCIRCUIT = Logic'0’

(i} For INVERSION CIRCUIT = Logic*1’
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AeA=0 A®0=A
A@A=1 A®1=A

s ABDADAD.... upto n terms = 0, when n = even
= A, whenn =odd
EXNOR Gate

* it acts as "even number of 1's detector”.
* {tis also called “Gate of equivalence” or "coincidence logic”.

Symbol and Truth Table

. et A B IY=AeB
B::j:»mo ) 0 1

0 1 | 0

1 0 .0

. ; =

Q Boolean function of 2-input EXNOR operation

|[Y=A@B=A®B=(AB+AB)=AB+AB

Remember:

*  When both the inputs are sarme, then output becomes HIGH or Logic1.

*  When both the inputs are different, then output becomes LOW or Logic0'.

* InEXNORoperation
(i) For BUFFER CIRCUIT = Logic'T’
{ii) ForINVERSION CIRCUIT = Logic'0’

Note:FX'aE AR SN Selfn B SESRE-ES8 Snmne_ .9
ACA=1T A®I=A
AGE=0 A®O=A
® AGOAGAG —— upto n terms = 1, when n = even
= A, when n = odd
AeB=AE®BandA®B=A®B
* |AeB=A®BandAGB=-A®B

MADEEASY W Digital Electronics
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Alternative Symbols of Gates

| Bubbled —OR gate = NAND gate |

e e WAL
A = fo | P

| Bubbled — NAND gate

OR gate |

Ao—d™™\"=AB 4 Y=A+B
eI > =l |

[ Bubbie ~ NOR gate = AND gate |

A Y=A+B pge Y = AB
B::D T Bo— ) °

| Bubbled — AND gate = NOR gate |

8 o) o

NAND and NOR Gate as Universal Gate

Il




'Reduction Techniques

Boolean AlgebraicLaws

Commutative Law

|A+B=B+A|and |A-B=B-A]

Associative Law

[A+(B+C)=(A+B}+C=A+B+C|

and |A-(B-C)=(A-BJC=ABC|

Distributive Law

[AB+C)=AB+AC|.

[(A+B)(C+D)=AC+ AD+BC+BD |

Boolean AlgebraicTheorems

AND-Operation Theorem

[A-A=A][ADB=C]

[Ai=A] [A-A=0]

Involution Theorem

(AY=A=A |

OR-Operation Theorem

[A+A=A][A+0=A]

[A+1=A] [A+A=1

MADE EASY W
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pDe Morgan’s Theorem

(Ar As-As - A=A +Ay+Ag+ ..+ A,

I (A1 +.;A2 + Aa + -"+.A3n)-=__ Eh‘] . ;!‘ig - 53.- ';_'Kn ]

Transposition Theorem

[(A+BJ(A+C)=A~+BC|

Distribution Theorem

Consensus Theorem

Used to eliminate redundant term.
it is applicable only when if a boolean function,

BN

Contains 3-variables

Each variable used 2-times

Cnly one variable is in complemented or uncomplemented form.
Then the related terms to that complemented or uncomplemented
variable is the answer.

Ex: AB+AC+BC=AB+AC

Boolean Algebraic Theorems

Theorem Mo. Theorem

t (A+B)-(A+B)= A
AB+AC=(A+C)(A+B)
{(A+B)(A+C)=AC+AB
AB+AC+BC=AB+AC

(A+BIA+C)B+C)={A+B)(A+0C)
ABC..=A+B+C+..
A+B+C+..=A-B-C..

R e

Duality Theorem

“Dual expression” is equivalent to write a negative logic of the given
boolean retation. For this we,

L 4
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1. Change each OR sign by an AND sign and vice-versa.
2. Complement any ‘0’ or ‘1" appearing in expression.
3. Keep literals as it is.

IO e e e

+ |Ifadual of an expression results the expression itself thenitis called “self
dual expression”.

*  For N-variables, maximum possible Self-Dual Function = (2)2n_1 =212

e With N-variables, maximum possible distinct logic functions = 22"

Complementary Theorem

For obtaining complement expression we

1. Change each OR sign by AND sign and vice-versa.
2. Complement any ‘0’ or ‘1" appearing in expression.
3. Complement the individual literals.

Boolean Function Representation

Canonical Form

All the terms contains each literal.
Ex.: F(A,B,C)= ABC+ABC+ABC

Standard Form
All the term do not have each literails.

Ex.: F(AB,C)= A+BC+ABC

Minterms and Maxterms

» n-binary variables have 2" possible combinations and each of these
possible combination is called "Minterm or Standard Product form”.
s “Maxterm” is the complement of corresponding "Minterm” i.e.

- with don't care conditions remain same.

r_VlADE EASY M Digital Electronics 507

ReductionTechniques

SOP {Sum of Product)

In SOP form each product term is known as min term. SOP form is used
when output is logic 1.
e.g. ABC +ABC+ ABC

I

M term

POS {Product of SUM)

In POS form each product terrm called as max term. PCS form is used
when output is O logic 'O’

eg (A+B+CO)+(A+B+C)- (A+B+C)
Maxﬁerm
N O B

*  AND-ORLogic=NAND-NAND Logic and is used in SOP,
* OR-AND Logic=NOR-NOR Logic and is used in POS,

Dual

Dual expression is used to convert positive logic into negative logic or
vice-versa.
Procedure
1. AND logic «— OR
2. 1«5 0

3. Keep variable as it is.

*  Twotime dual results in same expression.
* Positive logic AND = Negative logic OR and vice-versa.

Complement
1. AND «—— OR
2 1 e« 20

3. Complement each variable.
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ReMI I BT o e

n
e With'n'variables maximum possible logical expressions are 22,

. . . . 2"t
e With'n’variables maximum possible self dual expressions are 2

Venn Diagram

>

E._.!/ ,". .

Here, the AND operation is considered as an intersection and the OR
operation is considred as a union.

K-Map

Complete Simplification Rules (K-Map}

e Construct the K-map and place 1's in the celis corresponding to the 1's
in the truth table. Place O's in the remaining cells.

e Examine the map for adjacent 1's ard loop those 1's which are not
adjacent to any other 1's. These are called isolated 1's.

* Next, look for those 1's which are adjacent to only one other 1. Loop any
pair containing such a 1.

= Loop any octet even it contains some 1's that have already been looped.

* | oop any quad that contains one or mere 1's which have not already
been looped, making sure to use the —inimum number of loops.

o | oop any pairs necessary to include any 1's that have not yet been
looped, making sure to use the minimum number of joops.

Form the OR sum of all the terms genzrated by each loop.
+ |nann-variable Karnaugh-map there zre 2" cells.

Don’t Care Condition

* Some logic circuit can be designec so that there are certain input
condition for which there is no specified output levels, usually because
these conditions will never occur.

MADE EASY W Digital Electronics
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« S0, a circuit designer is free to make the output for any “don't care”
condition either a ‘0’ or ‘1’ in order to produce the simplest output

expression,

Implicant
Each individual min-term in canonical SOP form is called implicant.

Prime Implicant
Prime implicant is an implicant, which is obtained by combining maximum
possible adjacent cell in K-map.

Essential Prime Implicant
An essential prime implicant is a prime implicant in which one or more
min term are unigue i.e. which is obtain by combining only cne way in
K-map.

Digital Number Representation
* inunsigned magnitude representation with 'n’ bits, the possible integer
values are (0 —- (27— 1)].
+ Exira bit - sign bit — MSB
if MSB = 0 — +ve number
if MGB = 1 = ~ve number
* In a sign magnitude representation the range of number.

T =D tox @) |

— {r— 1)'s compliment

Compliment: For base 'r —

——= r's compliment

Binlary Qctal Decimal Hexadecimal

| !
{ Voo P b ¥
1's 2's 7's 8s s i0s F's 16's

1. Todetermine (r — 1)’'s compliment, the given number is subtracted from
the maximum possible number in given base.

2. To determine r's compliment, first write {r — 1)'s compliment then add 1
to the LSB (Least Significant Bit).
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* In T's complement representation, the positive number are representeg
similar to positive number in sign magnitude, but for representing
negative number, first to write positive number and then take 174
complement of that.

O Range of 1's complement number

|- - Do+ -1

O Range of 2's complement representation number

[-2""to+ (2" - 1) |

Binary Arithmetic

¢  When both number have same sign then we add only magnitudes ang
use the sign as MSB.
1’s complement addition

+  When the numbers have different sign, keep one number agitis and 17
complement the other then we add magnitude only.

s |f carry is present
1. add carryto L.SB
2. sign of the result is sign of the uncomplemented number.
e |f carry is not present
1. take 1's complement the result.
2. sign of the resull is sign of the complemented number.
2’s complement addition
In 2's compliment addition if any carry is present, then discard it.

O e e,
* in2's compliment there is only one way to represent 0,

s 25 compliment of the 2's complimented nurnber is equal to the number
itself.

* In2'scompliment representation to extend the number of bits MSB bit is
is always copied.

Digital logic circuits are classified as:
(a) Combinational circuit
(b) Sequertial circuit

ent output depends on present
wéll as grevious output -

2. No feedback is present. 2. Feedback is present.

3. No memory E::s'*;-';bresent. 3 Due to feedback, mer_‘r;or_y"is'-'pr'és'ént '
' 14, Example: B

4. Example: : - =
5 Flip-flop, counter, register. -

' Comparator, half adder,

" tuit-adder. half subtractor,
fll-subtrastor, multiplexer, '
demiuitiplexer encoder, decoder,

Combinational Circuits

fa) Arithmetic Circuit

Half Adder (H.A}

Alogic circuit for the addition of two one-bit numbers is referred to as an
“HALF ADDER (H.A)".

Symbol and Truth table:

A SUmMS=ASB Inputs Qutputs
P D——o AT B | Sum(S) [Carry(©)
B 6o o0 0
o 1 1 0
1] 0 1 0
Carry C = AB 1 i -0 1

Logical expression:

Sum | Sz

Carry



B A Handbook on Efectrical Engeg. B MADE EASY
Remember: ...

* Total number of NAND-gates required to implement half adder =5
* Total number of NOR-gates required to implement half adder = 5

¢ Toimplement the half adder circuit by minimum number of logic gates (i
we have all gates except EXOR and EXNOR) is“3”

*  Total number of MUX required to implement half adder = 3.

Full Adder {F.A.)

It performs the arithmetic sum of the three input bits i.e. addend bit
augend hit and carry bit.

Logical expression:

Sum, [S=A@Ba&C|]

Carry, [C=AB+BC+CA=AB+C(A®B)]

Remember: ... .

* AFA canbeimplemented by two H.A. and one OR-gate

¢ Total number of NAND-gate/NOR-gate required to implement a FA i
equals to 9"

¢  Total number of MUX required to implement full adder = 7.

Half Subtractor (H.5)
Logical expression:

Difference, [2 =AB+AB=A® B]

Borrow,
Remember: ...
*  Total number of NAND/NOR gates required to implement the H.Sis equals
to 57

*  Total number of MUX required to implement half subtractor = 3.

Full Subtractor {F.S)

Itis a circuit which performs a subtraction between two bits taking into
accountthat a "1’ may have been borrowed by a lower significant stage.

MADE EASY H Digital Electronics B3

Logical expression:
Difference, [D=A & B &C]|

gemember:
+  Afull subtractor can be implementéd with two half subtractor and one OR
Gate.

+  Numberof NAND/NOR gates required to implement the full subtractoris
equal to'y’

¢ Inparallel addernfulladderor{(n-1)FA . and 1 HA}or{{(2n— 1) H.A. and
(n - 1) or Gate} are required to add two n-bit numbers.

¢ Total number of MUX required to implement full subtractor = 7.

' (hp)Non Arithmetic Circuits

~Multiplexer

' Multiplexer is a combinational circuit which have many data input and
 single output depending on select or control input, one of the input line is
ransfer to the output, hence it is known as “many to one circuit” or “universal
! jogic circuit” or “data selector circuit”. :
+ The selection of a particular input fine is controlied by a set of select
rolines.

's There are 2" input lines where 'n’ is the number select line.

;4:1MUX

4

|

| @ 0%

g g |y o— °

i = = M :

g I o— Output
; S ho— s s

I

Selection ling

Y =output=5, Sels

* Thesize of the MUX is specified by the 2" of its input line and the single
outputline.
* MUXcontains AND gate followed by an OR-gate.
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2:1 MUX '
1y @——
oy F—ov [Y=58 +3)
I, o—

L

T¢ be Imblemented MUX | Réquired niimber of MUX
4:1 3
161 4+1=5
64:1 16+ 4+ 1= 21
84 : 1 8+1=9
266 - 1 82444+ 1=37

REM M
*  Toimplement 2": 1 MUX by using 2: 1 MUX, the total number of 2: 1 MUX
required is (2" - 1).
» MUXis an Universal Logic gate.

Demultiplexer (DEMUX)

e it receives information on a single line and transmits it on one of 2"
possible output lines.

* A“Decoder” with an enable input can function as a "Demultipiexer™.

1:2 Demux

.  —

1:2 = P

B pEMUX " | Do =SEandD,=SE"
input o

s

S (Select ling}

T

MADE EASY W Digital Electronics s
1:4 DEMUX
| op, | Selcitines] outpus
Eom] 1:4 2D S | So {DsiDef Dy Do
DEMUX L. op, 0 o |olo|olE
_ b, 0 t fojolE]|oO
l l 1 0 O1EID|O
S, S 1 1 EJO}O O

DQ =§1§0E,D1 =§1SQ E,Dz :S1§OE,D3:S1SOE

Remember:

s Other name of demultiplexer are*one to many circuit” or “data distributor

circuit”,

* Number of selectiine is log,n (where nis number of output line).

Higher Order DEMUX Using Lower Order DEMUX:

Given gE@UX To be !@ﬁ]e_menteﬁjhu)(

‘12 14
t: 16 '
1 :$4'
1: 165
Decoder

+ Decoder is a combinational circuit that is use to convert binary to other
codes such as

{a) Binary to octal
(b) Binary to decimal
() Binaryto hexadecimal

“* Indecoder, depending on binary data applied, one of the output line will

become logic 1.
* A'Decoder” has many inputs and many outputs line.

* ltis a combinational circuit that converts binary information from n input

lines to a maximum 27 unigque output lines,

+ | the n-bit decoded information has unused or don't care combinations,

the decodszr output will have less than 2" ocutputs.
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~Bib”
—
O Total number of output lines '

: Eode Convertears

8CD to Excess-3 code
+ Letinput variables of BCD code is A, B, C. D and output variables of

where n = Jotal number of input lines i
4D g excess-31s W, X, Y, Z.
2 x ecoder .
« Required truth table: (BCD + 0011 = excess-3-code)
axa P04 X X111 I BORY
Decoder " opy, 0 00Lo 1 11 A B ¢ D Xy Lz
B—n b0, 00 1110 1 1 ¢ 0. 00 . I S
i o R
i " o o 1 1 1 0
E {enabie) 0 1 D 0 ’ . 1 :
Nt 6 1 o 1 0o ]
. . 0 1 1 0. 0 [T S
¢  2x4-Decoder may acts like 1:4 DE MUX and Vice-versa. 0 4 .vpelyt o 1 g
* Decoder and Demux circuits are almost same. 1.0 0 G ) 0 1. st
* Decoder contains AND-gates or NAND-gates. o001 LI 0

Higher Order Decoder Using Lower Order Decoder:

'2__:-;- ENOT Gate
118217

Encoder

¢ Encoder is used to convert other codes to binary such as
(a) Octalto binary
(b) Hexadecimal to binary

{c) Decimal to binary T T S ' Gray code
{(d) Decimaito BCD Equivalent logical gate diagram:
* In encoder one of the input line is high and corresponding binary is | Bye— ¢ Gy
available at the cutput. T
Bye— Gy

* In priority encoder any number of inputs can be high but based on
priority highest priority input corresponding binary is avaiiable at the
output.

o
Boe— o)) DG,




B MADEEAsy

518 A Handbook on Efectrical Engy.

Gray to Binary Converter

By = Gs

B, =B; ®G,
B, =B, ® G,

BO--;BJ‘@GO

Magnitude Comparator

X (A < B)
A —_— .
. Comparator Y {A =B)
0 | Z{A>B)
Truth table:
o} .0 0 1 .0
0 i | 1 o 0
1 o 0 0. _ 1
1 1 0 R 0
Output expression] AB  |AB+AB=Ae B | AB
HEEN

Flip-Flops

+ Flip-flop is a basic memory element.

s It can store "one bit of information”.

« Aflip-flop has 2 cutputs, which are always complementary to each other.
» Aflip-flop has 2 stable state hence it is known as bi-stable multivibrator.

» A simpiest form of flip-flop is called “latch”. It can be constructed with
two cross coupied NAND gates or NOR gates.

Triggering

Triggering is used to initiate the operation of latches or flip-fiops.
(i} Level trigger: Input signal affects the flip-flop only when the clock
is at logic *1” or logic ‘0.
(i) Edge trigger: Input signal affects the flip-fiop only if they are present
at the positive or negative going edge of the clock pulse.
Setup Time

Itis minimum time required to keep input at proper level before applying
clock.

Hold Time

Hold time is minimum time required to keep input at same level after
applying clock.

* Ifset-uptime and hold time is not properly given, the output may goto
meta stable state.

(locked S-R Flip-Flop

Re——]

CLK J—I\

Pulses

9]
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Truth table

—= HOLD state
0 |—= RESET state

v

s

0 1 |— SET state

1 invalid |~ FORBIDDEN state

* §,andR_denotes the inputs and Q,, the output during the bit time ',
e ‘Q_ . denotes the cutput Q after CLK passes, i.e. in bittime (n + 1).

n+1

Characteristic table

s LR b Q

0 o | o o a

0 o | 1 | 1
R 0 o

0 1] o [
(i e o 1 ,
P ST A LA J LI

: o | x

1 1 3 x tnvalid

Characteristics equation

-Qn+.i=8+ﬁ0n

RemMemMber:
Disadvantage of SR flip-flop is invalid state will present when both inputs
are 1 or high.To avoid this J-K flip-flop is used.

J-K Flip-Flop

JK-FF is called an universal FF because the FFs like D-FFs, SR-FF and
T-FF can be derived from it.

s =JQand R=KQ

Logic diagram
J ‘——} $=Ja

CLK

Ke [_Dv_

MADE EASY n Bigital Electronics 1 1

Truth table

_ —= HOLD state

G ' —= RESET state
1. 1 | SET state
= Y Q, —= TOGGLE state

Characteristic table

P

Characteristic equation

(=98,

Race Around Condition

* The Race around condition will cccur when
B J=K=1
(i) toarry < tpW
(it} Flip-flop is level triggered.

* Forthe duration “t_ " of the clock pulse, the output Q will osciliate back

and forth between 0 and 1. At the end of the clock pulse, the value “Q”
is uncertain. This sifvation is referred as “race around condition”.

* To avoid this, we should maintained

[fow < toarry < T
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Master-Slave J-K Flip-Flop
To avoid race around condition master slave FF is used.

m MADE EAsy

Master FF Slave FF
Input Ouput
K Qpr—e

Clock E

e In master slave flip-flop master is applied with input clock and slave is
applied with inverted clock. Due to this when master output is changing
slave output remains in previous state.

« In master slave fiip-flop, output will changes only when slave outpu
change.

e QCutput of master can change many times but, slave output can change
only 1 time so master FF act as level trigger and slave FF act as edge
trigger. Therefore there is no “race around condition” at the output of the

slave.
D-Flip-Flop
It is a FF with a delay equal to exactly one cycle of CLK.
De =
Q
CPe
Q

Graphical diagram

D: D andK zﬁ‘

1
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Truth table and characteristic table

U
U R R )
1 1|1 1 1 1

“ruth Table

characteristic equation

Itis also known as”Transparent Latch”because Q, |, | =

Toggle Flip-Flop (T-FF)
+ The T-FF is a single input version of the J-K FF.

+ T-FF can be obtained from a J-K FF if J and K tied together as in figure
shown below.

+ Thedesignation ‘T’, comes from the ability of the FF to "toggle” or “change
state”.

Te )
} . J

CP
.}

Graphical symbol of T-FF

To J Qr—o
cP—1>
K Qr—o
J=K=T
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Truth table and characteristic table

ol o | o
‘o 1 1

= HOLD state -_'_'“1 ______ o |- T
——— Toggle state 1 {1 4 0

Truth Table Characteristic Table

Characteristic equation

’QHMZTOH"'TC_)n:T@On

Conversion of Flip-Flops

1% other FFs - | Ctaisther : to s&g#%sg;;?
JU=S&K=R ©=5+Mq, T=53,+RQ,
: =D |U=D&K=B |D=uG,+KQ, T=;}6;;xan |

Excitation Table of Flip-Flops

shift Registers (SRs}

+ Registers are used to store group of bits.

+ inregister to store N-bit, it requires N flip-flop,

+ In shift register each CLK pulse shifts the contents of register one-bit
position to the RIGHT or LEFT.

+ The "serial input” determinas what goes into the left most FF during the
shift.

» Depending upon input and cutput registers can be classified into 4 types.:
(a) SISO: Serial In Serial Cut
(b} SIPQ: Serial In Parallel Cut
(c) PISO: Parallel In Seriat Cut
(d) PIPO: Parallel In Parailal Out

SISO {Serial In Serial Out)

4-bit Right-Shift S1SO Register

* Inright shift SISO register, LSB data is applied at the MSB FF(D-FF).

+ In'n’bitregister, to enter 'n’ bit data, it requires ' clock pulses in serial form.

« If 'n’ bit data is stored in SISO register then output is taken serially for
this it required (n — 1} clock pulse.

+ SISO register is used to provide 'n’ clock puise delay to the input data.

* If'T"is the time period of clock pulse, then delay provided by SISO is nT.

4-bit Left-Shift S1SO Register
* In this above SISO register MSB data is appiied to the LSB FF(D-FF).
* Toenter the 'n’ bit data in serial form we required 'n’ clock pulse.

1 ¢ To exit or getting cutput of 'n’ bit data as serially we reguired (n — 1)

clock pulse.

SIPO (Serial In Parallel Qut)

* For 'n’ bit- serial input data to be stored the number of CLK pulse
required = n.

* For 'n’ bit-paralie! output data to be stored the number of CLK pulse
required = O {there is no need of CLK pulse).
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PISO (Parallel In Serial Qut)

= Tostore parallel in data, if we store 'n’ bit then the number of CLK bulse
required = 1 CLK pulse.

* Tostore serial out data if we store 'n’ bit then the number of CLK pulge
required = {n — 1).

Nt

To convert temporal code into spacial code, we use SIPO register. Where
as to convert spacial code inta temporal code we use PISO register.

PIPO (Parallel In Paralle} Out)

* For paralletin data, the number of CLK pulse required = 1 CLK pulse,
* For parallel cut data, the number of CLK pulse required = 0 CLK pulse.

B MADEEAgy

Remember: ...
*  AllSRsare JK-FFs.
*  "PIPO” registeris a storage register made up with D-FFs.
*  "PIPO"registerisnota SR.
*  Auniversal register can perform
{i) Shiftleft/Shiftright
{tiy Parallelin/Serialin
{iii) Parallel out/Serial outin a single register.
* f'n'shift left operation perform then data will be muitiply by 2" times,
*  f'n’shiftright operation perform then data will be divided by 2" times.

Time delay
A SISO SRs may be used to introduce time delay “At” in digital signals

N = Number of FFs
T = Time period of CLK pulse
fo = CLKfrequency

¢ The amount of delay can be controlled by the "f_" or number of FFs in
the SR.

where,

N O .
In terms of Speed: PIPO > PISO > SIPO > SISO

introduction

+ Itis a sequential circuit forming by the cascading of FFs.
« Counter are basically used for

(i) Counting of the number of clock puises applied

(iiy Fregdency division

(i} Timers

{iv) Frequency measurement

{v} Waveform generation

| » Counters are classifed as:

{)  Asyrchronous counter
(i} Synchronous counter

REMEIMI O

e If N=total number of states and’n’= number of FFs then

nz3.32log,oN I or l n?_fogz N ‘

e |f N=2", then we get BINARY COUNTER.
e |fN < 2", then we get NON-BINARY COUNTER.

MOD number
¢ The “MCD-number” indicates the number of states in counting sequence.

e For n-FFs, counter will have 2" different states and then this Counter is
said to be “MO1D-2" Counter”.

_»  MOD number indicates the frequency division factor obtained from the

Last FF.
* It would be capable of counting upto (2™ - 1) before returning to zero
siate.
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NOTE: .. Disadvantage of Ripple Counter:

*  In"MOD-N Counter’ ifapplied input frequency is“f’, then output frequency Decoding error is present due to propagation deiay of FFs i.e. odFry

is f/N. Up/Down Counter

* I two counters are cascaded with MOD-M followed by MOD-N, then AN “Un/D c ter . direction d i nth
number of overall states of combined counter is (M x N) and counter is \ nl : pf‘t own Lounter: can countin any direction depending upo ©
control input.

called"MOD-MN" counter. L
.................................................................................................................. For determination of Up/Down Counter:

Asynchronous (Series) Counter

UP Counter

o Q
Binary Ripple Counter e oilgs’ a: Down Conntit
{+ve) edge S Q Down Counter
1% —1dg Qp {+ve) edge e UP Counter
> FF,
1K, @, . Non-Binary Ripple Counter
(LSB) { Decade Counter or Mod-10 Counter

CLK Pulse

* Inripple counter with n-FFs there are 2" possible states.
*  With n-FFs the maximum count that can be counted oy this counter is
(2" —1).

f ;
» Ifinput frequency is ‘' then output frequency is E !

. - CLK Pul
e Itis also known as 2" : 1 scalar divider. ,requenﬁfi i
For proper operation of the ripple counter:

__ i i

Tork 2 Nigyrey '
£ AN B * Used states = 10 and unused states = 6

CIK &~

: N ioder) * For down counter, Mod Nurber = 2" — N.

¢ Output frequency of MOD-10 counter = f/10.
¢ Clearand preset is used in non binary ripple counter.
* (learis used to reset counter without clock.

Maximum CLK frequency:

fCLK;f;-'I:'f\E
*+  Preset is used to set counter.

I When decade counter counts from 0to 9 then it is known as BCD courter.
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Synchronous (Parallel) Counters

Ring Counter
Itis SISO shift register.

L Dy Qf——D, O, D, O,F——Dy Q
v > o »3
Qg4 : Q, o, Qg
MSB-FF LSB-FF
oLk T LM
RememMI N, e

*  Ring counter is a non-self starting counter.

*  With’'n'FFs, there are n-states present in ring counter.

s With'n'FFs, maximum count possible in ring counteris (2"~ 7).

* Decoding is very easy in Ring counter, because there is no aid of extra
circuit.

in a 4-bit ring counter:
Used states = 4
Unused states = 24 -4 = 12

* Inaring counter if CLK frequency is “f” the FFs output frequency is "f/N"
(where N = Number of states = modulus of the counter}.

Twisted-Ring Counter

Also known as Johnson Counter or Switch Tail Ring Counter

l—'m-3 Qur— D, Q=
L L
Q, Q
MSB-FF
cLg S LMifL.

MADE EASY = Digital Electronics 531

Remember: . ... e B
*  With'n'FFsthere are’2n’states in this counter,
e  Wijth'n'FFs the maximum count by this counter is (2" - 1),
e Innormal”lohnson Counter”with'n'FFs and the input frequency is'f'then
output frequency of FFsis“f/2n”
*  Ina“Counter”if a feedback connection is used the number of possible
states will decreases.

AEC

Input

O Cilock freguency

REIMIEIM I B . e e e

»  Total delay of this counter is much lower than an asynchronous counter
with same number of FFs.

total d_al;?_y-_-:':_FFtpd(FF) + Loaran gm)

Synchronous-Parallel Carry Counter

It is the “"Fastest Counter”.
Clock frequency:

3 Apaesr) + lpdiAND gate)
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Digita'lCSFam“y : | . _. " power dissipation:

I. Potave) = loc X'Vécw mw

3. Figure of Merit (FOM)

A group of compatible ICs with the same logic ievels and supply voltages I FEOM =1 % P » ] picoJoules
for performing various logic functions have been fabricated using a specific - - e
circuit configuration, is called “logic family™. For the best operation of ICs, figure of merit {FOM) should be as small

as possible.

Characteristics of Logic Families
4. Fan-in and Fan-out

The maximum number of inputs which can be applied to a logic gate is
known as fan-in. On the other hand, fan out of a logic gate is the nurmber
of gates that can be driven by it.

1. Propagation Time Delay {t )

This is the average transition delay time for the signalto propagate from
input to output when signal changes its value. This determines how fast
the logic system can operate.

3 flon) - (loo
Fan out n(m Or 11| whichever is minimum

Delay time: S Ulp Iy
T = to e | o NOT@I ..
ca - High fan-cut is advantages because it reduces the need for additional
where  tg, = Delay time in going form LOW logic to HIGH logic drivers to drive more gates.

ey = Delay time in going form HIGH logic to LOW lagic
5. Noise-Margin

*  The delay times are measured between the 509% points on the | It is the property ofa logic circuit to withstand unwanted noise voltage
P €inputand at input or the maximum value of noise signal that a system can reject

output transitions,
with performance unaiffected.

*  InBJT, due to reverse recovery time. } Voltages

Remember:

*  InFET l torn < topp ] due to large capacitance formed. Vopf—=mmge-
............................................................................................................ 1 State noise margin At = V) — Vg,
2. Power Dissipation (Py) Vin |---- ]"
* ltis the amount of power dissipated in an IC. Vi -0
* ltis determined by the current “lec” which draws from the V. supply. JO State noise margin A0 = Vy - Vo,
Collector current: e
,T _n |CCH T ICCL“ ol—
where. .., = current value when all input Hl TRy
CoH puts are HIGH. R T .
| High'state N.M. = Vs = Vo irienin |

lo = current value when ail inputs are LOW.

5 = Vounsx) |
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Bipolar Logic Families

Resistor Transistor Logic (RTL)

Vep =36V

%6409

Y={A+B+(
’ "]

* RTL provides wired AND logic.

Diode Coupled Transistor Logic (DCTL)

Voo =36V

640 2

Y={A+B+C)
* Q

: 0

1

* DCTL provides wired AND logic.
* It suffers from "current Hogging”.

W MADE EASY

1
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Diode Transistor Logic (DTL)

Vcc=5V

ARAA

- ol
=2 kO
-

AAAA

VVVy
[}
F
=

oY = (ABCY

Ao— K}— 4P Dy D P
P Q
Bo—fJ}——t L
5k 2
q’
Co—F— T

¢ [DTL provides wired AND logic.
High Threshold Logic {HTL)

Voo = 15
-
Z3kn
- e
L -
EE‘PSkQ
=
E:‘I2kQ
Ao——I]
B o——f—14
Co—tft— :
L -
-

.“}-«

HTL. circuits has excellent noise margin and largest voltage swing.
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Transistor Transistor Logic (TTL) ! Emitter Coupled Logic (ECL)
$

Ve =56V
270 0

?VCC = 0V

ZR
v ke FE
R |
V.= 52V Ernitter Follower

» ECL is a non saturated logic.
1 » ltis the fastest logic among the all hence called “current mode logic™.

89 TTL gate with totem-pole ocutput +* ltprovides wired ‘OR’ logic.

- » It uses negative power supply to avoid noise and glitches.
~+ Any floating input in ECL is considered as logic ‘0'.

* TTL circuits are classified as: _ A . 5
iy Tristate logic (high impedance logic) Integrated Injection Logic (liL or I°L)
(i) Totem pole logic (active pull-up)

(i} Open collector logic (passive pull-up)

* Tristate logic is used in bus oriented system. Currant o
. . . . Q
_ e Totem pole logic does not provide wired logic. source
: * The advatange of active pull-up over passive pull-up is, reduced power
dissipation and increased speed of operation, AO—
v * Any floating input TTL is consider as logic 1", '
Current g
sQuUrce
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MOS Logic Family
*»  MOS digital ICs use enhancement MOSFETs exclusively.

Voo

|

; * Because of the symmetrical construction of source (S) and drain (D), the
3 MOS transistor can be operated as a bilateral device.

N-Channel MOS (NMOS)

e Jtis faster than PMOS.
¢  NMOS conducts whenever input is HIGH. A @ B O @

oY = (A + B) (A + B)

Symbol
| ol
| Drain =
I D NOR by NMOS
. Gate = ] Substrate G@ p-channel MOS (PMOS)
4 5 {1+ Alsocalled "Puli-Up Network”,
Source ¢+ PMOS uses FETs having heavily doped P-channel.

{+ PMOS conducts whenever input is LOW.
Different Logic Gates by NMOS

Symbol
Prrain D]
i Yoo
T e Gate Substrate G

I
Aclive toad c——lf

i} , Source S

Itis always | . .
in ON state *-n-mw=-—--{----* - - AB Different logic gates by PMOS
Y =A
“Vaa Voo

\ Active load
; U
<5 |t is always
v is ON state

= GND =
inverter by NMQS NAND by NMOS

i Inverter by PMOS NAND by NMOS
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Sui

-Vaa Voo

NOR by PMOS

Complementary MOS (CMOS)
Different logic gates by NMOS

NOR by CMOS

VDD

oY = (A1 B)

—

« Lower power dissipation.

v Excellent noise immunity.

+ High packing densiy.

v Wide range of supply voltages.
+ High speed.

lomparison of Various Logic Families




' DACs and ADCs

Digital to Analog Converter (DAC)

Specification of DAC

1.

4.

Resolution
Resoluijon of DAC is change in analog voltage corresponding to LSB bit
increment at the input.

Resolution = A
2" —1
where, V, = Reference voltage corresponding to logic 1
n = Number of bit

Analog Output Voltage
Resolution x Decimal equivalent of binary data.
Analog output voltage of an N-bit straight binary DAC

] K [2N“1 bN—1 + 2N_2bN___2+ [EETET R + 22 bz + 21 b1 :l"bo]

Proportionality factor.

1: if the n'" bit of digital input is "1".

Q. if the nth bit of digital input is ‘0"

Full scale output (Vg) voliage is maximum output of DAC

where, K=
o)

n

Il

Vg = Resolution * Maximum decimal
V,

= — T (2" -1
20 =1 )
Vis = v,
% Resolution
. Resolution
% Resolution = ——————x 100
s
% Resolution = % 100

Error/Accuracy
Maximum error acceptable in ADC/DAC is 1 LSB bit which is equal 1o

resoiution.

|

Remember:

MADEEASY H
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weighted-Resistor DAC

1 r___: =)
—Q 0O EMSBE
Q 1 E E > .
00 ! :I ]
01 ¢ -
t—oo0 :' : Vo= —l;x Re
o1 |
L oo sl
V(ef.
__I_. = Digitally controlled
= = eleclronic switches
QOutput voltage:
R B . _
Vg = 2NL1F‘ = (ON W+ 2M 2V o + 20+ 20y).
Proportionality factor:
HF
LT I

input current to OP-AMP:

Hesistance:

* Theresistance values are weighted in accordance with the binary weight.
*  Here”OP-AMP"is employed as a“summing amplifier”,
*  OP-AMPis used in negative feedback mode towork as a“current to voltage
converter”.
*  For N-bit DAC
(i} Number of different levels = 2N
(it Number of steps = 2N _1
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R-2R Ladder DAC by Using Non-inverting OP-AMP Cutput voltage:
Re For 3-bit DAC

‘I"V‘V‘V . B . B

: R v,

o= (35 (5 Juave vovi s

T For N-bit DAC

IRV, Nt -R

V, = ek x[ 2"b} x[ F]

. Output current:

1L g T | ’

extra —oV,,

additional ’

resistor

3-bit (b, b, b,) R-2R ladder DAC

Gain of OP-AMP :
(%)

c= 14 28

Vref. RI .

where V

et = Reference voltage or Input voltage
Vo = Cutput voltage
Output analog voltage:

R-2R Ladder DAC by Using Inverting OP-AMP

if

extra Re
additional resistor T AAAA

. 2R s
T s X T 59 T 8 AT T 118 __I__
= = = i/ 161

=5 Extra
0V, (input} :=2R,‘ additional
“ Y U resistor
3-bit (b, b, b,) R-2R ladder DAC I
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Output voitage:
P g Types of ADCs are
for 4-bit DAC
_ _ {a) Countertype
Vo _;’;“ﬁ% [bo +_2b1. 4;'4'132 +8b,] (b) Successive approximation resistor type (SAR}
LED . : o ; {c) Flash type
For N-bit DAC {d) Dual slope type
oo NSt e Counter type ADC
Vo = —wv";i’}-':_x Y, 2'by x(_ RF] @ 7P
i 28 =3 VR Start
: Analog Input 1
Forward current : : Va © T R
E S Binarys, e
S . S B ! L bounter
I -.V"[ff_ X[Z 2}b']x% e B
:Li=e
NoOt e
*  ON-OFF Switches {5, 5., S,, $,) are at the same potential.

*  Wealways consider the bit as MSB, where the input reference voltageor
supply to be given, v

*  Thebit stream (b, b, b, by), has MSB=b, and LSB=b,. 'f
.................................................................................................................. - Number Of Clock putse requ"-ed for n-bit conversion = 27— 1

rek

Analog to Digital Converter *  Maximum conversion time = (2N - 1) T _, .
5 + Counter type ADC also known as ‘ramp type’ ADC.
Specifications of ADC + Inthis ADC, conversion time depends on input analog voltage.
1. Voltage Range {b) SAR type ADC
Voltagerange =V ~V . Analog Input
2. Resolution Vao
Resolution = Y.’Er.lg_‘?_ Comparator MSB LSB
2['1 _ 1 ;
% Resolution = __1_ » 100
2" -1
3. Dynamic range | > \. " DAC
red o ) .

Dynamic range = (1.8 + 6n) dB
+ Number of ciock pulse required for n-bit conversion = n.

*  Maximum conversicn time =n* T,
* InSAR ADC, conversion time is independent of input analog voltage.
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DA
(d) Dual slope integrating type ADC

 integrator

G,

Cormparator

Vg

s
AAAR
¥y

Bt By By
—

Ce

MN-bit
binary cutput

Total number of clock pulse required = 2" + N~ 2n+ 1.

n
AAAA
yyy

Digital ¢ Itis most accurate ADC therefore mostly used in digital voltmeter.
| . - :

B Qutpus * itis slowest ADC.

' 3
" Priority Encoder (2° %3}

YYyy

s
JAAA
YYYYy

X
ARAA
Yyy

T

Frery
4!' WS

I - EiF :

Resolution = 1V

4V, Resolution = 1V

e Forn bit conversion flash type ADC requires
(i) 2"-1comparalors
(i) 2" resistors

(i) One 2" x n priority encoder
e ltis the fastest ADC among alil.
7‘ e |tis also known as parallel comparaltor type ADC.
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Electrical Materials

. Crystal Structure
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DieleCtI'ICPmperties -
of Insulating Materials -

Insulators

The insulating material is a substance which prevents the leakage of
electric current in unwanted directions. In other words, when the main
function of nonconducting materials is to provide electrical insulation
they are called insulators.

Dielectrics
Dielectrics is a nonconducting materials which can be polarized in the
presence of electric field. In other words materials which form charged
dipole instantanecusly under the influence of electric field are known as

dielectrics i.e. they have ability to store energy when external electric
field is applied. The dielectrics are of two types i.e. polar and non-polar.

Dielectrics Parameter

1. Permittivity (e}

The term permittivity or dielectric constant is the measurement of
electrostatic energy store within it and therefore depends on the rmaterial.

where, IS

i3

Relative permittivity
€, = Permittivity of vacuum
€, = 8.854 x 10 ? Farad meter!

r

I}

*  Unitof permittivity is farad meter',
* Relative permittivity of vacuum is equal to 1.

* e isadimension less quantity for construction of condenser the relative
permittivity should be as high as possible

*  Materials used for capacitor (ceramic) have higher dielectric constant than
polymer,
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2. Dipole Moment
Two charge of equal magnitude but opposite in polarity placed distance
d apart constitute a dipole moment.

»  Dipole momentis avector quantity and pointing from the negative charge

to the positive charge.
¢ 1 Debye = 3.33 x 107¢ Coulomb - meter

3. Polarization
The electric dipole moment per unit volumne is called as polarization.

Coulomb /m?

Where, N = Number of dipoles per unit volume.
In many dielectric materials the polarization vector is proportional to the

electric field E, as
and [F= e (& —E]

E = Electric fieid intensity
%o = Electrical susceptibility

Where,

O BT e e e
X is @ measure of the ability of the material to become polarized.

_ Bound charge density
Xe = Free charge density

4. Polarizability

The elemental dipole moment is proportional to electric field strength E,

that acts on the particle so that,
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Where, o = Polarizability, Farad-m?
E = Electric field intensity, V/m
p = Dipole moment, Coulomb-m

H

— €o Xe : Eé (er _1)

7N N

5. Eiectric Flux Density

for isotropic materials.

Remember: ..
* Inisotropic materials 2 is independent of the direction.
* Hectricflux density when an electric field is applied.

D=gy E+P

¢ The stored energy per unit volume in a dielectric medium due to
polarization.

Mechanism of Polarization

1. Electronic polarization

The efectronic polarizability of a molecule can be define as the dipole
moment induced per unit field strength resuiting only from shift of the
electron clouds relative to nuclei.

Where, o, = Electronic polarizability
IOFe-Q. = 4% &, .Rs.l
Where, R = Radius of atom
:\:_',Cx. . 'EO (Ef “1
o, = :
e N

.= 14 47N Fia_._] ..for rare gases
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2. lonic polarization

When in a molecule some of the atoms have excess positive and negative
charges resulting from ionic character of the bonds, an electric figid will
tend to shift positive ions relative 1 nuciei.

Where = ionic polarizability
N OB oot e e e
1
- oy =— XU,
10

» lonic polarization isindependent of temperature.

3. Orientational polarization
When an internal fieid is applied to a mo1ecule carrying a permanent
dipole moment, the external fielg will tend to align the dipole along the
direction of external field by applying a iorque.

p2
Py = E__E-_
3KT
Where, N = Number of permanent dipoles
P, = Permanent dipole moment

E = Applied external electric field intensity
K = Boltzman constant
T = Temperature in Kelvin
Orientationat polarizability
P2

SKT KT | .. Curie law

Total polarization of a polygamic gas

E: Pe. +-E>:' + Pb;l

P=N + + —Pg—)E
= Nj oo + o0+ s
T (NP2 )
EO Xp = N((I.E +&,)+[ SKD ];’

1

MADE EASY M Electrical Materials
SpnXe
NPe  (Orientati
Stope = P (Oner_nau?_nal
3K Polarizability}
Nia, + oc}.)I
l-
T
Plot of eg xg V8 1T
N O, L L
L2

Orientational polarization is dependent on temperature and frequency,
»  QOrientational polarization is applied only to polar dielectrics.

4. Interfacial Polarization or Space charge polarization

This type of polarization occurs due te accumulation of charges at the
interfacing in a multiphase material.

Si P

doA o+
INERER]

l—v—l
Depletion
region

Net polarization

P= .P-.é:_%: P' +P0 + Psl

interfacial polarization

Where, P, =

Internal Field in Solids and liquids

The internal field

E;=E.,y +—FP
{ _e__xt _EU:-

Where, P = Dipole moment per unit volume

« = Internal field constant
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- Y. €. P are positive quantity. Thus

For cubic lattice Y= 1/3 and internai field is called Lorentz's internal field ang

given by

%{Lﬁréhtz‘s} = ‘E@q "F e

Types of Dielectric Materials

1. Elemental Solid Dielectrics

These are the materials consisting of single type of atoms. Such materials

contains neither ions nor permanent dipoles.

- Na
A=)

| 1 SRS ALLTY _Nﬂe.' h:;'

Remember: . e
*  Inelemental solid dielectric only electronic polarization exhibit,
*  Diamond, sulphur, germanium etc. are example of elemental dielectric

materials.

2. lonic Nonpolar Solid Dielectrics

These solids contains more than one type of atoms, but no permanent
dipoies. In ionic crystals the total polarization is electronic and ionic in

nature.

3. Polar Solid

In these solids molecules possess permanent dipole moments. The
totail polarization has all the three components, i.e., ionic, etectronic and

orientational polarization.
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clausius-Maosotti relation

Na, _ & -1

e, € +2

where N = Number of molecules per unit volume
o = Electronic polarizability

=3

Maxwell's relation for index of refraction

(assuming s = o

i where e . = Dielectric constant at optical frequencies
n = Refractive index
u = Magnetic permeahility of material

Ho = Magnetic permeability of vacuums

in Clausius-Mosotti relations, for gases at low pressure
e, =1 o €,+2=3

T

Nee, . - .
=g —f=

Debye’s generalization of Clausius-Mosotti relation
s Polarizability per kilogram molecule
T Bee+2 p

|
:' where  m = Molar polarizability
N, = Avogadro's number

= 6.023 x 1026
_; o = Polarizability which includes effect of orientational
; polarization
M = Molecular weight of material, kg
p = Density, kg/m?

* Maxwell’s relation for opticat frequencies or Lorentz-Lorentz equation
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* Condition for spontaneous polarization

where, N = Number of molecules per unit volume, m—
o = Polarizability, Farad-m?
v = Internal field constant

Curie-Weiss Law

where, C = Curie constant .
6 = Characteristic temperature which is usually a few degree
smaller than the ferroelectric Curie temperature 6;.
T = Temperature

N O e L

Above temperature 6, the spontaneous polarization vanishes and the materiaj
becomes piezoelectric from ferroelectric.

Classification of Dielectric Material Based on the Dielectric
Behaviorin the Presence of Electric Field

1. Piezoelectric Material

Piezo electric materials are those which get polarized when they are
subjected to mechanical stress. Piezo electric material also get strained
when subjected 1o electrical stress.

Example:

Quartz crystal, BaTiQ, crystal, BaTiO, ceramic modified lead zirconate
titanae ceramic, Rochelle salt.

Piezoelectricity :
* Direct Effect: The application of stress to a crystal produces a strain
which results in a net polarization.

* |nverse Effect: The application of an electric field produces a strain
whose sign depends on the field direction
+ These are both linear effects. Such materials obey the following equations:

T
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T=cCS '
S—sT ...(i)
P=dT -.(1i)

« A stress T results in a strain S in a material and ¢ is an elastic stiffness
constant; s is reverse of c. The stress T will produce a polarization; d is
{ called piezoelectric strain constant.
» The dielectric displacement, in the presence of stress.

D=eE+dT (i)
and the inverse effect is given by the relation
S =sT+dE (V)

; 2. Ferroelectric Material

A ferroelectric material is one which exhibits an electric dipole moment
and is said to be spontaneously polarised even in the absence of an
electric field. Ferrcelectric shows a hysteresis in polarization.

Example:
Rochelle salt, KDP, Barium titanate, sodium nitrite, lead titanate.

s  Thedirection of polarization can be reversed by applying an external field
in reverse direction of spontaneous polarization.

+  Curie weiss law only applicable for ferroelectric material.

3. Pyroelectric Material

Pyroelectric material are those which exhibits spontaneous polarization in
: the absence of external efectric field and changes its polarization on heating.

where, AP = Change of polarization
A = Pyroelectric constant
AT = Change intemperature

Exampie:
| Tourmaline and polyvinylidene fluoride.

4. Anti-ferroelectric Material

These are materials in which the dipole moment are aligned in anti-
parallel direction therefore net spontaneous polarization is zero.
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parallel direction therefore net spontaneocus polarization is zero.
Example:
ADP, Lead Zirconate, Sodium Nibate.

Remember: ... ...
*  Altferroelectric can be piezoelectric and pyroelectric )
*  All pyroelectric are piezo electric
¢ All piezoelectric are not pyroelectric
*  All pyroelectric are not Ferroelectric.

c Breakdown

Dielectric Breakdown of Gases
¢« Average velocity of the charge carrier in a gas

where 1 = Mobility of the charge carrier
E = Applied electric field

Condition of lonization

where V, = lonization potential
A = Mean free path
« Electron ionization coefficient {Townsend breakdown process)

1 v ;
L gtVi/ERY
7L :
where, o = Townsend’s first ionization coefficient
or ionization coefficient of electrons

o =

at constant temperature

where, n, = Number of electrons striking the anode per second
* Secondary ionization coefficient

A=
R i
where, n = Total humber of electrons arriving at the anode
Ny, = Number of primary photoelectrons per second emitted
from cathode
d = Distance between anode and cathode
vy = Townsend’s second ionization coefficient
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NOteD o where E, = Critical field at which the breakdown occurs
The avalanche breakdown develops over relatively long period of time over v = Optical frequency of lattice

n_ = The index of refraction for infinite wave length
; = Dielectric constant

m = Effective mass of electron

e = Electron charge

Dielectric Breakdown of Liquids

* Break down due to liquid globules + Power loss

* Colloidal theory h = Plank's constant
. e }
_Ef"?e_::_','_;;sE? > KL ! Thermal breakdown
e+2e” .+ Heat generated per unit volume in unit time
where r = Radius of insuiating particle : :
e = Permittivity of insulating material | watts/cm?®
€’ = Permittivity of oil : :
E = Field strength _ : where E = Uniform electric field
k = Boltzmann's constant i = Frequency of applied voltage
T = Absolute temperature ; 5 = Loss angle
* Bubble theory e, = Relative permittivity
. For direct voftage
' Power dissipated per volume is given by
where E, = Electric field in a gas bubble which is immersed in a i 3
liquid Watts/m
€ = Permittivity of liquid ‘i : ' _ .
. 1. . ) : = istivity of the insulation, ohm-m
Eq = Electric field in the liquid in absence of the bubbie : jicre e = HESllVings
i

: =50 Viem where e tand = Loss factor of the dielectric at a temperature

b . - | e’tan & = Loss factor of the dielectric at the initial temperature
-_ | where E = Critical field at which the globule looses its stability : T .

g €, = Permittivity of the liquid medium : o = Coefficient depending on the properties concerned

¢ = Pressure due to surface tension, dyne/cm

R = Radius of globule
EEms

Dielectric Breakdown of Solids
| * Theory of Von Hippel

Vim




Magnetic Field

L 2

Force on a current Element

dF = ¥{d7 xB)) |

Current element

)‘/449
)74
VA

o -
J A7 dF (inward} B
W

where, B = Flux density, Wb/m?
dF = Force on conductoar, Newtons
di = Differential length of current carrying conductor, metres
I = Currentin conductor

For linear conductor of length 1 in a uniform field B
B KT < B)

Biot savart law
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where, gB = Magnetic flux density produced by a current carrying
element
¥ = Radius vector
» Flux density produced by a infinitely long current carrying wire at a
distance R

P !
Bp = 2nR

+ Torque on a current carrying loop
| T=BINA sina |

\‘/ Axis of rotation

o ) 1_C
\ % af Axis of
b N 5 ratation ~._ A B
¥\ kY '
F A \d B,

where, A = Area of the loop = Id
o = Angie between normal to the plane of the loop and
direction B
N = Numbker of loops

Torque

Magnetic Parameters

1. Permeability
In magnetic field the relationship between twa principal quantities i.e.
magnetic field intensity (H) and magnetic flux density (B} is given by

Where, i = Permeability of the material or medium measured in
henry/meter
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K, = Permeability of free space
= 4m x 1077 HM
Y. = relative permeability

Whers,

2. Magnetic Dipole Moment

The magnetic field reduces by a small current loop is called magnetic
dipole. The magnetic dipole moment is defined as the product of the
area of the loop to the magnitude of the circulating current

2

Ampere-m

* HRisavector quantity.

*  Forapermanent barmagnet the dipole moment is defined as the product
of pole strength and distance between them,

3. Magnetization
Magnetization is defined as the total magnetic dipole moment per unit

volume,
; Ampere/m
Where, N = Number of magnetic dipoles per unit volume.
Pm, = Elementary dipole moment
4. Magnetic Flux Density
PEETE

where H = Magnetic field intensity

Note:

The above equation is valid for the materials in which factor’M’is constant orin
homogeneous magneticfield.

* Magnetic flux density when a magnetic field is applied
5 :

B MADE EASy

i
|
|
|

MADEEASY = Electrical Materials

» Magnetization

M=
« Magnetic susceptibility

Remember:
* Fordiamagnetic materials x,_ is negative
¢  Forparamagnetic materials %, is small and positive
* Forferromagnetic materials x_ is large and positive

Types of Magnetic Materials (Depending upon susceptibility)

1. Diamagnetic materials
Do not have permanent dipole moment

Such material get magnetize in the opposite direction of applied magnetic
field,

Remember: ...

*  Forperfect diamagnetic material, [ ¥, =

* ingeneral, ,, comes out to the order of -107% to 1075,

Magnetic susceptibility

2. Paramagnetic material

These maiterials have positive but very smalil of Susceptibility.
Spontaneous magnetization for paramagnetic material is zero

Magnetic susceptibility
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Curie law
Magnetic susceptibility

_C
Xm = T

where C = Curie constant
T = Temperature

Example: MnSO,, FeSO,, FeCl,.

3. Ferromagnetic Material

These are the material which get spentaneously magnetize even in the
absence of external fieid. .

These materials are characterized the parallef alignment of the dipoles
in a single direction.

These material have very large and positive value of susceptibility.
The magnetic field inside the ferromagnetic material, when the effect of
internal field is considered

v = internal or molecuiar field constant

Y™ = Measure of tendency of environment to align a particular
dipole parallel to the magnetisation already existing

where,

Curie weiss law
Magnetic susceptibility

where 8 is Paramagnetic curie temperature. Above this temperature the
ferromagnetic material behaves as a paramagnetic material.

Example: Fe, CO, Ni etc.

Antiferromagnetic Material

These materials have positive but small vaiue of susceptibility the
magnetic moment of adjacent atoms are align in the opposition direction
8o that the net magnetic momemnt of the specimen become zero even in
the presence of field.

MADE EASY H
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Curie weiss law

Magnetic susceptibility

x"r"_T+0n

where, 0_ = Need temperature
Example: MNnC, MnO,, NiQ, Cr,Q,.

Ferrimagnetic Material

In this material the adiacent atoms are align in the opposite direction
but the moments are not equal and therefore there is a net magnetic
moment along a paricutar direction.

Ferrimagnetic materials are alsc known as ferrites. For example, hard
ferrites, soft ferrites rectangular loop ferrites and microwave ferrites.

Magnetostriction

3*

Magnetostriction is an effect that describes a change in dimension when
a ferromagnetic material is exposed to magnetic field. it is of three

types.
Longitudinal magnetostriction
Which is change length in the direction of magnetization.

Transverse magnetostriction
Change in dimension, perpendicular to magnetization direction.

Volume magnetostriction
Change in volurme result from the above two effects.

Villari effect

This effect is inverse of magnetostriction when material is subjected to
mechanical stress, the magnetic properties of material changes.

Types of Magnetic Materials

1.

Soft Magnetic Materials

Soft magnetic are easy to magnetize and easy to demagnetize. The
direction of magnetization can be altered easily by applying an external
field in the reverse direction.
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s Soft magnetic have high permeability and low coercive force.
s Softmagnetic material having small hystereses losses, lower retentivity,

*  Soft magnetic material are used as the core of the transformer, electric
machines and magnetic memary.

2. Hard Magnetic Materials

These magnetic materials are hard to magnetize and hard to demagnetize,
These materials retain high value of residual flux density and coercive
force. These materials are also called as permanent magnetic materials.

* hard magnetic materials having large hystereses loss, higher residual
magnetism.

*  hard magnetic materials having high curie temperature

*  hard magnetic materials are used in measuring instrument transducers
and picture tube, '

Remem B er: e e
*  Permanent magnet-High retentivity and high coercivity.
* Electromagnets-High retentivity and low coercivity.

*  Transformers-Least possible area of Hysteresis.

. Electrical Conductivity

v

A very important electrical property of a material is its resistivity.

Fi
R=p.—

Electrical resistivity is reciprocat of electrical conductivity and denotes
by ©

Where, R = Resistance of conductor, 2
p = Resistivity of the material, 2-m
! = Length of conductor, m
A = Area of cross section, m?
¢ = Conductivity of material € *-m~1.
Ohm'’s Law
' 2 :
J=oE = ~ Alm® . Point form
J = current density, A/m?
o = conductivity of material, Q~*-m~"

E = Applied electric field, v/m
1 = current, A

- Joule’s Law

Volume density of heat developed per second

coEZ = JE | Watts / m?®

Remember:

This is the energy which the electrons transfer to the lattice in the collision
process and is converted into heat.

Mobility and Conductivity
It is the magnitude of the average drift velocity per unit field.
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also (&=

Mobility and conductivity have the relation

s=ney,

Whers, n = Number of elecirons per uni: volume,
7, = collision time, sec
e = charge of electron
m = mass of electron
¥, = mobility of electron, m? volt' sec™

Drift Velocity of Electron

This velocity is associated with the electric field and is called drit velocity
(Vo)

' et B
V=87 = E
_ d m Hy

m/sec

Mean Free Path {d)

It is average distance travelled by electron before the collision takes
place

Where, V = Average electron velocity

Velocity of an electron

=
Vo=

E. = Fermienergy

At absolute zero, all energy levels below a certain value E_ are filled, and all
those above E_ being empty: E, is the Fermi level of electron,

Refaxation time (1)

Itis defined as, the time at which the drift velocity of electrons reduces
to 37% of its initial vaiue after the removal of the field.

W _MADE EAsy |MADEEASY =

!
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Ve

0.37 vy = %1

t=0
electric
field removed

N OO L e e
For isotropic materials, the mean time of collision is the same as the relaxation
time.

Mean free path at Fermi level:

Thermal conductivity

¢ Flux of thermal energy

£ ] Watts/m?
where, K = Thermal conductivity, Waits/m°C

dT
ax = Temperature gradient, °C/m

*  Thermat conductivity

-.:Q =

L 1 Watt/mK

where n = Number of conduction electrons per m?
T = Temperature
K = Boltzmann's constant
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Super Conductors
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In the state of super conductivity materiat exhibit zero resistivity and
perfect diamagnetism.

Super conductivity appears at low temperature and in a magnetic iower
than a particular level.

Example: Hg, Pb, Zn, PbAu, PbTL,, ZrC, Cus

Transition temperature (T )
The critical temperature (T,) is the temperature at which there is change

of state from normal to super cenducting and vice-versa is known as
transition temperature.

Meissner’s Effect
Magnetic susceptipility in a super conductor is negative. This is referred
10 as perfect diamagnetism. This phenomenon is called Meissner effect.

Flux lines in a sphere under different conditions of temperature
and field

MNormal sate

Superconductivity

condition
7 ~
it‘ \I MNormal State
1
AN i

T<Te, H>Hg

Critical Field (H.)
It is possible to destroy superconductivity by the application of
sufficiently strong magnetic field.

|

| MADEEASY W
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where, H, = Critical field at absoclute zero temperature
H. = Critical field at any temperature T
T, = Transition temperature

He
MNMormat

. L Superconducting ~ State
° state

T

Silsbee’s Rule

In a long superconductor wire of radius R, the superconductivity may
be destroyed when a current 7 exceeds the critical current value I,

Factors Affecting the Super Conductivity

1. Frequency effect
When frequency increases above 1012 Hz (infrared region); materiai loses
its super conductivity.

' 2. Entropy effect

Increase in entropy results in, change in state from super conducting to
normal.

. 3. Isotope Effect

TS £ ae et et o=

It has been observed that the critical temperature of a super conductor
varies with isotopic mass as

where M is the mass of isotope
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Types of Super Conductors

Type-I
* ltis an ideal super conductor; also called soft super conductor,
*  Theircritical field and transition temperature vaiues are low.
¢ They exhibits almost complete Meissner effect and Silsbee’s ryle.
* Thechange in state from normal to super conducting is abrupt,
Example: Th, Pd, Pb, V, Hg etc.
Type-i
* ltisanon-ideal super conductor; also called hard super conductor
* Their critical field and transition temperature values are high.
. They exhibits incomplete Meissner effect and Silsbee’s rule.
* The change in state from normal o super conducting is gradual.
Example: Nb,Sn.

emiconductor Materials

conductivity of metal

Where, = density of conductor electron

1T = Felaxation time

Conductivity of Semiconductor

The current flowing through a pure semiconductor is carried by two kinds
‘ of carriers, ie. electrons and holes.
' Conductivity of a intrinsic semiconductor

née?j:_g +-'-'-r_'|nean:,.i

g =

Relaxation times for electrons and holes respectively.
Effective mass of electrons and holes respectively.
= Number of conduction electrons and holes
respectively.

i Where, T, Ty,

mg, My,

'« Current density

where, V, = Drift veloaty

| Mobility

: Mobility of electron

. Mobility of Hole
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e LA - Py
concentration of holes in the n-type semiconductor Hail Coefficient

T R,=f -1 _ 1

Apn = N—‘ "TRBRJ en, en,

' D
where, n. = intringic concentration Where, E = Applied electric field
B = Applied magnetic field

Np = concentration of donor atom

J = Current density in the
centration of holes in the p-type semiconductor y

Con _ If the conductivity is measured together with the Hall coefficient, the
_ ne. ] mobility can be determined from
Ogpy = —’q—
A | i = oRy
N, = Concentration of acceptor atom ;
where, a ( Remember: ...
Hall Effect ; ¢ For n-type semiconductor Hall voltage (V,)) and Hall coefficient (R;) is
If a specimen (metal or semiconductor) carrying a current-lis placed in negative. ‘ o )
a transverse magnetic field B, an electric field E is induced in the direction * For _P'type semiconductor Hall voltage (V,) and Hall coefficient (R, ) is
erpendicular to both | and B. This phenomenon, known as Hall effect,is positive.
Ssed to determine whether a semiconductor is n-or p-type and to find the * Hall voltage is large for semiconductor than metal, since V, = R, i.e.
carrier concentration. Also, by simultaneously measuring the conductivity ! v o 1
s, the mobility i can be calculated. H™ 6"
N . _ SR . NN, SN NS
|
| Einstein Relation (Electrical Mobility Equation)
!
i KTY o b kT
! Dy =] —1ny| D, =1 —Ju,
where D, , D, = Diffusion constant for holes and electron
Hall Voitage respectively
Vi mg}" Dy
where, w = Width of the specimen
p = the charge density

mMEENR
Hall Angle
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Complex Permittivity

When an alternating field is applied to a dielectric, the relative dielectric
constant become a complex quantity whose value is given by

L ] s
€ =5 —I&

Where, e’ real part of dietectric constant

imaginary part of die ectric constant

Remember:

*  When a time varying electric field is applied to a dielectric material, the
response is not entirely instantaneous

D=e”E

*  Theimaginary partis responsible for energy loss in the material.
*  The real part represents the relative permittivity

Debye Equations

It gives the variation of both the inphase and out of phase component of
e as a function of angular frequency @ with relaxation time t

€ — ..

1+ @12

_,_*_:._(es ey ) T

Where, e, = dielectric constant at infinite frequency
€, = dielectric constant under static field

T = relaxation time

Dielectric losses

The absorption of electric energy by the dielectric material subjected to
an alternating electric field is known as the dielectric losses. This resulis in
dissipation of the electrical energy as heat in a material.

MADEEASY ® Electrical Materials 581.

N O
Dielectric loss occurs due to two reason
1) Oscillation of the ion

Energy absorbed per m?

Dielectric loss tangent
It represents how lossy the material is for electrical AC signals.

M

tand = ot

’

r

Loss Factor

Lossy Capacitor
Equivalent circuits

* ___# vo_er
& =& — & |

=C < :: Rs Cs
=P T RPE; = o—WW—lo
For paralle! circuit
1
Rp = — =~
oGy
where Cy = capacitance
eph
c,= 22
d
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For series circuit T impedance at series resonance frequency
Zdo-wy =Ps.

Ry

s = Y
1+ (0CeRp) Parallel resonance frequency

pnany KN flien B
Py G

=1+(mcpﬂp)2

c,

®’Cp R?
Loss tangent + Impedance at parallel resonance frequency
For series circuit - T
tand = o C_ R, ' R§+ ("’D ST )
o A s
For parallel circuit b = —== S
, 6} = G- . PR ’ Hs'
tand = SR
[LI NPT 71
. _ Z_Im_:m 'Luzws
Quartz :
MO . oot e
Quartz is a piezoelectric material, used for high frequency osciliation Quartz crystal can be modelled as an electrica network with a low impedance
j (series} and a high impedance (parallel).
RS
i 1 1 1]
=C, < .
Ls é
:
“[‘CS Quartz Electrodes .
T' crystel
z = 1
m :
* Q-factor

» Series resonance frequency

0y = e




Unit_CeII

The smallest unit of crystal structure which completely defined the
behaviour of a crystal.

Number of atoms per unit cell

ﬂ :_paSNA.
M

Edge of unit cell

where, a

M = Atomic weight of element
Density of metal
L = Avogadro's number = 6.023 x 1022

Z'O
4

*  Unitcelliscubicin shape.

* Unitcellisrepeated to form a crystal. So most im portant characteristic of
crystal is periodicity of unit cell inside the crystal.

Simple Cubic {(SC)

* Distance between adjacent atom

where, r = Radius of an atom
a = Edge length of cube
* FEffective number of atom in a unit cell
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« Atomic packing fraction

Volume occupied atoms
APF =
Volume of the cell

= O 523 |

'O)'E‘e‘l

Example: Polonium
¢« Coordination number of simple cubic is 6.

Body Centered Cubic {BC(C)

I

s\

DL ‘3/
fo——a

* The distance between adjacent atom

dgee = 2r = £.a-
» Effective number of atom in unit cell
SBCC B

* Atomic packing fraction

Example: Cr, Li, Na, K, Fe
* The coordination number of body centered cubic is 8.

Face Centered Cubic (FCC)
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+« The distance between adjacent atom

Oeoe = 29 = —= |
Foe =21 5

+ Effective number of atom in a unit cell

= Atomic packing fraction

342

Example: Fe, Al, Cu, Au, Ca, Ph

s The coordination number of face centered cubic is 12.

Miller Index

Cell edge length

" Intercept by plane

| A Handbook on
Electrical Engineering

Electromagnetic Theory
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. Transmission Eies...................
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Vector Calculus

s Tofind direction i,, use right hand screw rule.

*  (Cross product of two vector is always a vector.

Vector Analysis . AxE = BxA)

Vector algebra

1. Addition

(iii) Scalar triple product

Ax(BxC) = BA{Cx A -C.(AxB)

. =TS o 4. A vector multiplied/divided by a scalar
e Itfoliowcommutativelaw: | A+B=B+A

(iy S-V =itincreases the magnitude by S unit

A+B = B+A

* |talsoobey associate law: (A +_§)+E =A+(8+0) v
.................................................................................................................. (ii) S = it decreases the magnitude by S unit
2. Subtraction A
.. - - iiliy = = it does not exist
A-B = A+(-B) (i) B
—ve sign shows reversal of direction | 5. Differentiation of vectors
5 I A=A § g ;
N OB oo e e e, It A=AL+TA A
dA = dA i +dA i +dA, i
s |t does not follow cumulative law : DA At yly +dALL
But follow associative law. 1 For cylindrical and spherical coordinate system:
................................................................................................................. ; = - :".:' i -
L i dA =dA i +dA, i +dA_ i
3. Multiplication A ! - dAf e TH R z 1z
. ' i ——— g T -
(i) Scalar or Dot product s and dA = dA, i+ dAg iy + dA, 3,
A.B = IAlIBicose “ B i
B O . e e e , EEEN

. AB = BA r

* Dot product of vector is a scalar,

{ii) Vector or cross product
AxB = |A||B]|sinei,

Where, i, = unit vector in the direction of perpendicular to A and B




@o_réijnat'e;systemx andf |
‘Transformation

Coordinate System

Cartesian Coordinate system {x, y, 2)

In Cartesian or rectangular coordinate system, the three ceordinaie axis
mutually at right angles to each other.

z
ST i
; ! '

g ? y-zplane | —ea < X oo
Xx-z plane | x=0 !

i a o<y <o
1

R —co < Z < oo

Remember: ..
* i,iandiare mutually perpendicular unit vectors drawn at point (x, v, 2).

ixi=i, o i Xi=io5 DX =i

i =iocd =id=
Pcio=i i =i-i=0
:‘xx:‘x=f‘x£y=£zxiz={)

1. Position vector

A vector drawn from the origin to an arbitrary point P (x, v, 2) is called
the position vector of point P.

|7 = xi, +vyi,+2i,

Remember: ..o
* The purpose of position vector is, to locate a general point from origin.

* |t'sdirectionis always away from origin.

2. Displacement vector

[dit = dxi, + dyi, + dzi,

o7} = Jicb)? + (ady)? +(dz)?
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3. Unit vector

Xiy + Yy + 73,

)=

4. Differential vector
{i} Differential length
cxi, dyi,, dzi,
(ii) Differential normal surface areas
dS =dyi xdzi =dydzi
Similarly;  dS =dzdxi, = dx dy i,
(iti} Differential volume
[ av

n

dxdydz |

5. Projection of a vector
Dot product of vector in given direction is projection of vector in that
direction.

let K:sz'x+Ayfy+Azfz

Projection of A on ag direction

| OB

Cylindrical Coordinate System (r, ¢, z)

in this system any point (r, §, z) is represented by the intersection of
three mutually orthogonal surfaces. The surface being circular cylinder
of radius r = constant, a plane ¢ = constant {(made by shifting xz plane
by angle ¢ from y = O plane) and z = constant plane.

z=constant=c¢ 1

O <r<oe
OD<d<2n
oo < 2 < oo

r=constant= a
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> i, and {, are the mutuaily perpendicular unit vector drawn at a point

P{r, &, 2).

1. Position vector of an arbitrary point P{r, ¢, z}

T=Té +2Zi, ‘

2. Displacement vector

di = dri, ¥ rdei, + dzi,

a7l = J@r)? +(rde)? + (dz)?
(i) Differential length elements
dri,, rdéi,, dzi,
(ii) Differential normal surface areas
dS =rd¢ dzi = drdz i = rd¢ dri,
(iii} Differential volume
dV = rdr-d¢ - dz

Spherical coordinate systems (r, 6, ¢)

@ =constant 4Z

=u
(a o pB)
r = constant Ogrees
=a O<o<r
G<d<2n

¢ = constant =

ir. ig and i, are the mutually perpendicular unit vectors drawn at a point
P(r, 0, ¢}

1. Position vector of an arbitrary point P

2, Displacement vector

Fi +1deiy +7sinodd i, |

|0 = Vian? + (rde)? + (rsinede)

MADE EASY N
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(i) Differential length elements

dr i, rde ig, r Sin® do i,

(ii) Differential normal surface areas

dS = r?sin@ de dd i = rsin@ dr dg ig =rdr d8 i,

(iii) Differential volume

dV = r2 sin@ dr db d¢

Relationships Between Different Sets of Coordinates

Cartesian Cylindrical Spherical
Y. Z r.¢, z r,o, ¢
Cartesian X =T COsd X =r sinBcosd
X, ¥, 2 = y =rsind ¥y =rsin@sing
z=2 Z=rcosg
Cylindrical | r = {x? +y? re =1, sing
r o,z o=tan'L - 0=
X
Z=7z Z=rcoso
Spherical | r=-yx?+y?2 +2° |1, =il +2°
2 2
MXE 4
e b 0 =tan! NXHY 6 =tan™' e —
z z
! & =tan™' b b=0¢
. X

* In above table r_ s for cylindrical coordinate system and r for spherical
i coordinate systern.

Special Deriv

atives

Del (V) operator
Del is differential operator, which is a vector and can be given by

(i) In Cartesian coordinate systemn
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(i) In cylindrical coordinate system ' —
- I, A dS
- ' ' Div A=V A= lim =*—-—
Vo2, .10, , 8, | v as0 AV
ar T roe ¢ 9z e ,
(iii} | herical ) where, A = vector quantity
n spheri i ; e
o cal coordinate system i AV = infinitesimal volume
v=2;,19,; 1 8 S = closed surface
V=3t i 5e% t rema ag S
in8 o _ dS = infinitesimal area
Gradient of a Scalar field (i) In Cartesian coordinate system

* Gradientis an operation performed on a scalar function which results
a vector function.

aA ® aAy aAZ
= + + —
ax ay oz

Il

v.

* Themagnitude of this vector function represents the rate of change

of scalar quantity w.r.t. various coordinates, (ii) In cylindrical coordinate system

* The glirection represents the direction in which this rate of change is VA= 1"8_(r A+ laA.? oA,
maximum. roor r od dz
A-VV = (iii) In spherical coordinate system
; . = A= {re- —(5in0O . et
where, Vis said to the scalar potential of A V-A 2 .or (r= - A t rsin® 30 FS‘ AB) + rsin® o
(i} In Cartesian coordinate system . Note
ﬁvz _ai, ;t_ EX; ¥ 9}; + ¢ Divergence ofavectorisa scalar.
L T oy ez ? e  Concept of divergence s valid at a point only
(ii} In cylindrical coordinate system * Divergence of scalar is not possible

Praoperties of d'ivergence of a vector field
- . : : () V- (A+B)=V-A+V-B
(iii} In spherical coordinate system (i) V-(VAY=VV-A+ A" \vaY]

v OV 1ev. Aaik Curl of a vector field
a‘-' F o F e b o The rate of change of a vector field is also known as curl which means
Note: ... . circular rotation. Curl of a vector is another vector.
....................................... Curl of a vector A

e | s @Ac;&,d“

Divergence of a Vector . V x. A = Iémo CAS

The divergence of a vector field A at a point P is the net outward flux of
A per unit volurme as the volume about the point tends to zero.

where, AS infinitesmal area

AC = periphery
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NOT@: oo Remember: ...

* Asthedivergence of a vector is associated with a pointinspace, the cur!

of a vector is also associated with a point in space. Divergence of Curlis alwvays zero |.e. [{7 (Vx K)] =0

* Curlof a vector must have same axis of rotation.
BRI RSP e Curlof gradientisalways zeroie. | Vx(V-A)|=0.
Properties of the Curl 0 ’ [ ]
(a) Vx(A+B)=VxA+VxB e Avector A is solenoidal if its divergence is zero.

b)) Vx(VAI=VVXA+VVxA =
s Avector A isirrotational ifits curl is zero.

Important identities involving Curl curlis alsok duct
. oknownascr roduct.
@v-(vxa=o b L —— " e N . W ... 00T

(b) Vx(VA)=0 ' Laplacian (V?)
(i) Curlin rectangular coordinate . Laplacian cperation can be performed both on scalar and vector function.
= : = : 1. Laplacian of Scalar
i i, i ; _
- v, | Laplacian V = V2V = y.vV
C__urf A=VxA= _8_ _i : _8_ } s A scalar field V is said ic be harmonic in a given region if its Laplacian
: ax  dy- _az _ ‘ vanishes in that region.
(ii) Curl in cylindrical coordinate (i) In Cartesian coordinate system
Y] o ~ D
i s V g_.'aXE N Y 2. . a 2"
. . I Y Z

(ii) In Cylindricail coordinate system

13(rdv)}: 133V 9%V

| N EEETET K
I . : rarl ar ) 2 dq)zfdzz

(iii) In Spherical coordinate system

. : 1 af.avYy 1 8 . .oV 1 32V
[T ) e
! V_ Zar ar P Zaine a8 Smgae +r?sin29 I6°

I 2. Laplacian of vector
+ The Laplacian of vector A is

1 VAzZV(V-A)-VxVxA
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Remember:

The Laplacian of a scalar field Vis the divergence of the gradient of v
Laplacian of a scalar results in a scalar

Divergence Theorem

“The volume integral of the divergence of vector field A is taken aver
any volume V is eqgual to the surface integral of A taken over the closed

surface (total outward flux of the vector through the surface) surrounding
the volume V.”

(v-

<‘-—-|
J>1
'*""9'-

Stoke’sTheorem

“The circulation of vector field A around a closed path L is equal to the

surface integral of the Curl of A aver the open surface S bounded by L
provided A and V x A are continuous on 8.7

js(f:" x A)-dS = $A - df
_ >

{ source of Charges

1. Point Charge
if charge is put at a point only **Q

2. Line charge density
It is charge per unit iength.

dQ M
FL C/im . T
dL L
Q= [pdliC : L
L +

3. Surface charge density
i is the charge per unit area

+ 4+ ++
+ 4+

4, Volume charge density
It is the charge per unii volume

o
Q= [ffyevav |C

where, p,, pgand py areline charge, surface charge and volume charge
density respectively.
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Coulomb’s Law

The force acting between two point charges is directly Rroportional tg
the products of charges and inversely proportional to the square of the
distance between them

Q, R x Q,
F o O;:%QQE Newton
Fak S8 Q0 Q5

R? 4n ey R?
:

Where, K = =9 x 10%in S.. system

am e,

* |f two same positive charge are placed then they experience a repulsive

force.
- *Q, R, F Rz +Q, .
Fyam---
85 =
Rq2
& =
Note:

* Linearforces are another property of Coulomb force i.e. nF=nQ, Q,
* Coulomb's force Obeys law of superposition.

*  Coulomb's forces are called mutual and linear force,

Electric Field Intensity

The electric field intensity or electric field strength (E) is the force per
unit charge when placed in an slectric field

Newton/C

i
4

Electromagnetic Theory

60t

MADE EASY ®

glectric field due to continuous charge distribution

(i} Line charge

(i1} Surface charge

(iii) Volume charge

prdl
3 41_1: EOZ'F{Q r

E=

J_ pgd'S a
S4n ey R?

E=

J‘ pydV
v

P EE— = |

4EEQR2‘_1’

Electric field intensity due to infinitely long line charge

where, PL

Electric field intensity due to infinite charge shee
= _Ps f
L 2&, "
where, p, = Surface charge density, C/m?
if sheet is on xy plane z = z,,
P forzs
: or z> 2z
2 Eo I2 [s]
E= | |

Pk A= |

PL

a,

Charge per unitiength
Line charge density C/m

t
1

oL
Line charge

t

Remember: . ...
* Ina parallel plate capacitor, the electric field existing between the two

plates having equal and opposite charges
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Electric field intensity due to uniformly charged sphere

7 o<r<a
3E° Q! N
E= 3: o )
> RE . -
5 Po b rza
e

Where p, = Volume charge density
a = Radius of sphere

1l

Electric/Displacement Flux Density

The electric flux density is always tangential to electric flux lines. Electric
flux lines originates from a positive charge and ends on a negative
charge.

_Flux
Unit area

Q
dpr®

i
H

D=

i |and

47{.60 rz

Ot
l

EoE

where, D = Eleciric flux density C/m2

M
I

Electric field intensity V/m

Electrical permittivity of medium

m
I

o = Free space permitiivity

8.854 x 10-12 F/m = (L)xm*’ F/m
36n

e, = Relative permiltivity or Dielectric constant of medium
. = 1(Forair (or) free space)

, > 1{For rest of the material)
Nt

Electric field £ depends upon the medium where as D isindependent of the
medium.

MADE EASY Electromagnetic Theory 603

Gauss’s Law

Gauss taw states that flux leaving any closed surface is equal to the
charge enclosed by that surface.

V= Sf’sf}."dg =Q= JV pv-GV'|  Gauss law in integral form

—

py = V-D | . Gauss law in differential or point form Maxwell’s

first equation.

[ [ L 3 = T PPN UOTE PP PP
» The Gauss law is applicable for time varying as well as static fields.
* Theequation is valid irrespective of the shape of closed surface area’s’

Electrical Energy Density

It is total electrical per unit volume

2 o
W, =—€eE =—=DE}Jm3

N =
B

Total electrical energy stored

1 2 1
W, = —CV* =—QV =
e DT o Q

02
C

N —

Energy Density in Electrostatic Field

Electrostatic energy density

O dWe 1=
W.=—&==D.E=
E dv... 2 N 2

Total electrostatic energy
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Electric Potential

B MADE EASY

Potential difference

E
A
B
(a) {b)
Movement of a test charge
in an electric field
B
w ~
Vag =21 1y = Yhe . _fE.gi
where, V.g = Potential difference between the poinis A& B

W,g = Work done by the field in moving a test charge q from

AtoB
d! = Infinitesimal length of segments

Remember:
=  Thenegative sign in above equation indicates that the work is being done

by an external agent,
* IfV,,is negative, there is a loss in potential energy in moving charge Q
from A to B i.e. the field does the work.

v :__ "

Potential at a distance r from the point charge

where, V() =
r = distance of point P from point charge
i N ©8
dme,r
For static electric field
$E-di=0| ; [VXE=0

Remember:

The potential at any point is the potential difference between that pointanda
chosen point (or reference point) at which the potential is zero.

JEVO—
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Relation between electric field Intensity vector and potential at a point

Poisson’s and Laplace Equation

vy = PV

|

....Poisson’s equation

For charge free regionp., =0

....L.aplace equation

* InPoisson's equation the potential or electric field can be found due to
specified volume charge distribution in the given region.

* [n Laplace eguation the potential or electric field can be found in the
charge free region.

Remember: .

* BothPoissen’sand Laplace equation are second order three dimensional
non linear differential equations,

* Poisson’s equation is valid in the region where some charge is present,
where as Laplace equation is valid for charge free region.

*  Atleasttwo boundary conditions must be known to calculate two arbitrary
constants of integration when the two equations are solved.

Electric Dipole

An electric dipole is formed when two peint charges of equal magnitude
but opposite sign are separated by small distance

Direction of dipole moment is frarm negative charge to positive charge.

Dipole moment

Electric field intensity due to electric dipole z /P/ iy
= = Od—s—(Z cosBi +5iN0k) | _....of, ;
dre, 1 1{
= 2 [t
- B ] ] < i _——— 0 b
..-__Ta_(a‘cos'_ﬂ i+ sif} i lg
L L
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Conductor
A perfect conductor (G = «=) cannot contain an electrostatic field within it
Inside a conductor

|[E=0,p,=0,V,, =0
where, V= Potential difference between points a and b in the conductor.

Power
Joule's law
P=[E.-Jdv
where, J = Current density, A/m? _
Continuity Equation
Vo=
dt

d
*  Forsteady current % =

* Forlosslessregionp, =0;V - J=0.

Boundary Conditions

Dielectric-Dietectric Boundary Condition

4 o,
E1
@ & o SfEn |on
E‘II D1t
/_Pd_'_”_ E2 E2n
@2 DZn
D2 @ Sz
E2t
D2I

Eq1=En + Ein

and |E»=Eor + Ean

where, Ei E» = Fieldsin media 1 and 2 respectively

Ei.Ea = Tangential and normal components of E
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Tangential component relation

%)
Ew=Ez |or e " e
Nermal component relation
| D1n - Dén B ps ]

where, e, & €, = Permittivity of dielectric 1 and 2
p. = Free charge density placed deliberately at the boundary

Remember: ... .. .
e The tangential component of E is continuous while that of D is
discontinuous at boundary.

¢  Thenormal component of D is continuous while thatof E is discontinuous
at boundary.

If no free charges exists at the interface

D =Baon 1 or |-‘“51 Ein wEé_Ean--

tang, &,

Conductor-Dielectric Boundary Conditions.

Boundary
Boundary

RemM eI e e aaaaaas
e SinceE =-VVv= 0, there can be no potential difference between any two
points in the conductor (i.e. a conductor is an equipotential body).

e  Anelectric field E must be external to the conductor and must be normal
toits sutface. '

Di=cEi=0] and [Da= cEn=p, |
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MagnetBStatIC FiEId Magnetic field intensity due to straight current carrying filamentary
conductor
(i} Finite length AB
Biot-Savart’s Law H= %(_COS o, — COS oy ).a¢
TC .
The Biot-Savart's law states that the differantial : . T p -
magnetic field intensity dH produced at a P ; (ii) Semi-infinite length
. . ) d? ® : .
Pomt P, by./ the differential current element.IdI A ] dH (inward) . H= I a
is proportional to the product Id? and the sine 7 4np ¢
of the angle 0 between the element and the .
.. - . . (iii) Infinite length
line joining P to the element and is inversely propoertional to the square

of the distance R between P and the element. I O P

ﬁ . a H (inward)
Idisina _ 2mp *
dH ec —»~R2—— Al/m
a, =a,xa, |
dH _ Idixa, IdIxR’ ' where, g, is unit vector along the line current and a is unit vector along
T 4nRE 4“_||§I3 the perpendicular line from the line current to the field point.
Idixa | Ampere’s Circuit Law
H 4) SARRS | Am . .
_ The closed line integral of static magnetic field intensity H, integrated
where, &, = unit vector pointing from the different element of ' over any closed curve ‘C’ ig always equal to total current enclosed within
current to the point of interast. : the closed curve 'C".
Magnetic Field Intensity for Distributed Current Source : i’iﬁl’ Al = Lo | A
(i) Line current ——
.' ffJH -dl = f J-dS3 | ... Ampere's circuit law in the integral form
» The Curl of static magnetic field intensity H at any pointin the electromagnetic
(i) Surface current region is equal to volume current density j present at that point.
g ¢ K- dS xa, -
' _Is' AmRg .. Ampere's circuit law in point form of differentiat form
Where' K — Surface current denSIty :. ......................................................................................................
(i) Volume current : *  VxH =} isthealso known as Maxwell's third equation.

*  Ampere's circuit lawis applicable irrespective of shape of the closed curve'C’

e The magnetostattc field is not conservativeas VxH=Jz 0.
where, J = volume current density C e e e e e eee oe et e ettt e e reeeaee s ert e ae e et e han e e eee s
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Magnetic Field Intensity Due to infinite Line Current

I

df

<
Il

=1 a
znp 8

Magnetic Field Intensity Due to Infinite Sheet of Current

3

>
o
o©

W
=2

|

Zz

/Z
/

= Unit normal

K = uniform current density

]

2.
H=4 =

.

=Kya, z>0

Ky _'ax £ <. 0 1

Magnetic Flux Density

5L nol

_Wb!mQ

where, U, = permeability of free space.

Magnetic flux through a

surface S

r=fB.dS

Wb

B MADE EASY

———

R eI O T

+  Anisolated magnetic charge does not exist. Thus the total flux through a
closed surface in a magnetic field must be zero.

Maxwell’s fourth

§8-d93=0

equation:

!

|

i
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! MagneticEnergy Density (W )}

The magnetic energy density represents magnetic energy stored at a
point in the electro magnetic region and gives total magnetic energy per
unit volume of the given configuration.

1 =2
Wm‘-"EMH =

Magnetic Energy

RemMeEm B er: e
The magnetic energy density depends upon
(i) Magnetic field due to given current distribution in the configuration.
(i) Permeability of the magnetic medium.

Magnetic Scalar and Vector Potentials
The magnetic potential could be scalar V, or vector A

Magnetic scalar potential (V)
The magnetic scalar potential is only defined in a region where J = 0.

For fine current

of — | Whb/m

For surface current

For volume current
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Remember: ... e

M MADEEAsy

Importantidentities which mustalways hold for any scalar field Vand vector field A .

[Vx(¥W)=0]and| V.- (vxA)=0]|

Forces Due to Magnetic Field
Force on a Charged Particle
(i) Magnetic force

£, = Qlix é)J Newton
u = Velocity of moving charge Q
B = Magnetic field

(ii) Electric force

Q = electric charge

where,

where, E = electric field intensity

Lorentz force equation
For a moving charge Q in the presence of both electric and magnetic fields

Force on a Current Element

Force on a current carrying conductor
The magnetic field is defined as the force per unit current element.

where 7d7 = Current element of current carrying conductor

MagneticTorque and Magnetic Moment

o Axis of rotation

-
D~ 1°C ¢

Axis of
ratation

es}

¥
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Magnetic Torque

T =BISsina |
S = area of the loop

Magnetic Dipole Moment

Magnetic Boundary Conditions

where,

O

Boundary

/

Normal component relation

Remember: .. .

* The tangential component of H is continuous while that of B is
discontinuous at boundary.

e The normal component of B is continuous while that of H is discontinuous

at boundary.

“tan®,
tan®,
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Moving loop in static magnetic field
(i) Motional electric field

| Ma cwell’s Equations

_F, . =
d ] Em = —Q"— =UX B
Introduction where, F_ = Force on charge moving with uniform Velocity u, in &
* Stationary charges — Electrostatic field magnetic field
* Steady currents — Magnetostatic field (ii) Motional emf or flux-cutting emf

+ Time-varying currents — Electromagnetic field (or waves) - — _ o
Vemf = @Em -dif = &(GXB} ar ‘
J ik _

Faraday’s Law

e Theinduced emf(V ). inany closed circuitis equalto thetimerateof | Moving loop in time-varying field _
change of the magnetic flux kinkage by the circuit —
i Vot = §E - = —[ 2248+ §(uxB)- of
vV :_%x*Ng}i i ernd . 3
arnf di dt il L ) L
where, A = fluxlinkage . P 2B .
N = number of turns in the circuit VxE= -——5{_ + V¥V x (UXB) 1
y = fluxthrough each turn
* The negative sign shows that the induced voitage acts insuchawayas | Displacement Current

to oppose the flux producing it. .
i P 7 Displacement current density

Transformer and motiona!l Electromotive Forces i R
! :j' _ 92
Stationary loop in time-varying magnetic field T
(i) Transformer emf
Increasing B(1) Maxwell’s Equationsin Final Forms

Maxwell’s equation for static electric and magnetic fields

“Difterentiaty . . " N
Vemt = fﬁE_:idl w:waf B.dS E( {or Point form} | 9 N SR
- . = | V.O=p, c_[zﬁ-dg:jp\,dv Gauss's law
1 5 v LA |
- + R - o Nonexistence of
- , . ' ‘ . Incuced B % B.0 5 dE—o _ -
(ii) Maxwell’s equation for time-varying field : magnetic manapole
THE_O E.di=0 Conservative of
VxE 98 VHE= q:) - electrostatic lield
x == — — —_ e — —_ — .
' at Uxi=1 |$H-di=[3.d§| Ampere'staw
L )

N O O

Time varying electric field E is not conservative (V x E # 0}
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Maxwell’s equation for time-varying field

Diffetential Form Integral Form Remarks
V-D=p, $D-dS = [p,av Gauss's faw
S W
— . Norexistence of
V.B=0 g')B‘dE“:O ) e )
: isolated magnetic charge
= aB = = o= .=
VHE = iz E-di=--~}B-dS Faraday's law
BT 3{’ m£ Y
=i+ 22 <5|',|:| d~='|' 1+92 |48 Ampere's circuit law
at L S t

Time-Varying Potentials

- IA
E=-vv-22
Vo

Lorentz condition for potentiais

R
V- A=-pe’l
me

Time Harmonic Field

* Atime harmonic field is one that varies periodically or sinusoidally with
time,

* Phasor form of vector Ais A_ (X, Y, z)

[A=R.{Ae™]

Maxwell’'s equation for time harmonic field

i, Beint Form - Ui integFal For
V.Os =p,. $Bs 05 = [p..av
V-Bs=0 $Bs-aS=0

V xEs = —jolls @Es-d?=—jmj§s-d§

V % Hg = Js + jeoDs (ﬁﬁsvd}'=_|-(35+.u)53}-d§

Electromagnetic Wave
Propagation _.

Introduction

Waves are means of transporting energy or information. Some examples
of EM waves are radio waves, TV signals, radar beams and light rays.

Remember:
Characteristics of EM medium:

(a8) Freespace:c=0,¢ = € L= Mg

{b) Pesfect dielectric: =0, and j1 can have any value,
(c) Gooddielectrics:c~0,& =¢ € o L=HH Oro << e,
(d} Perfectconducting: 6 =<, € and K can have any value,

Wave propagation in Lossy Dielectrics

A lossy dielectric is a medium in which an EM wave, as it propagates,
loses power owing to imperfect dielectric. A lossy dielectricis a partially
conducting medium.

Vector wave equation or vector Helmholtz’s equation
(i} For E-fieid

(ii) For H-field

where,

where, o

Alttenuation constant (Neper/m)
Phase constant (rad/m)

=
fl




b18 A Handbook on Electrical Engg. B MADE EASY

Field equation of EM wave in s-domain
Eg(z) = Ege” el —F2) g
Hs(z) =
Field equation of EM wave in time domain
E(z, t) = Eje ™ cos{ot - Bz) a,
Hiz. t) = Hye™™ cos(mt - Bz) a,

—-0Z (et — Pz)
Hye ™% e : a,

Intrinsic impedance (1)

It is the ratio of electric field intensity to the corresponding magnetic
field intensity for an electromagnetic wave.

E
ﬂ—-gg

It is found to be independent of the location of measurement.
* |t is a complex quantity

where,

nzinlej&"l

For general/Lossy medium

where, |n| =

Phase Velocity

Um = ! m/s
B~ wave number Jﬁr <,
where, u = wave velocity
C = Freaspace velocity

MADE EASY ® Electromagnetic Theory 619
_2r
also, |3 Y
where, A = Wavelength

Loss tangent/Dissipation factor

Itis the ratio of conduction current density to the displacement current

density and given by
-

3 = lossangle

el .o
|dp| we

Note: .
ifo,is intrinsic ancle then the loss tangent is given by tan20,..

For Complex Permittivity

r

T o
e = —-je”’"=¢|1~—
° 1e = [ Twe |
e’ =¢€

= real component of complex permittivity
e” = of® = imaginary component of permittivity
Loss tangent

where,

tanﬁ_ £ '_ - il
T

Plane Waves in Free Space
In free space

0, B = WHoSo = 9‘

» oL =
R
- u = =C A=-—
JHoE0 B
. My = Lﬁ 377Q =120n

where i, = direction of wave propagation
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PlaneWaves in Lossless Dielectrics/Perfect Dielectric
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In lossless dielectric
g << (1<

[620, e=ege,, n=pon,

* a=0 pB= wjue
T .
B Jre’ B
. M= \/E oo—n\F 120n {Ho
< (= =8

* EandHareintime phase with each other

Plane waves in Good Conductors

in good conductor
O > e

mucr

- o = = Kfj.lﬁ
. y = @_ &0_ _2n
B Vuo’
. n = 1/%445&
1]
Skin Depth

The skin depth is a measure of the depth to which the amplitude of an
EM wave will reduce to 36.8% of initial value.

| meter

B MADEEASY

v
|
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ReMemMI s

»  The skin depth is useful in calculating the ac resistance due to skin effect.

1
8 o e,

* NG

*  The perfect dielectric medium behaves like a perfect transmitter of EM
wave.

* The perfect conducting medium behaves like a perfect reflector of EM
wave.

Poynting’s Theorem

The theorem states that “the net power flowing out of a given volume V
is equal to the sum of the Ohmic losses and the time rate of decrease in
the energy stored with in volume \V.”

_(ﬁ (ExH) ds_af-[[ “G-E +;;.:H ]dv +J JbE dV

1
Ohm:c Power

: Haie of decmase in enprgy - dissipated -

" stored in elegkic and
magnetic fields

Ti::laiPower lzaving
T the'viotuma

Poynting Vector

Poynting vector represents the following parameter associated with the

EM wave.

(i) Power density associated in EM wave in Watt/m2

(i) The power flow for the given EM wave and this is the direction of unit
vector normal to the plane containing E x<H, according to right hand

systern. So th.s is also the direction of propagation of EM wave.

Instantaneous and Average Power Density
(i) Instantaneous power density

4, | Watt/m?
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(i) Average power density

where,

-P;avg = IS Pavgdﬂ)t

Bavg = ‘;‘He{éx F' *'}.

Watt / m?

(iii) Average power density in lossless medium

o 1E 2 - 1 2 . - 1 ~ )
Pavg.x E»ﬁz—az = E“O - HV aZ : ‘2_E)( Hy az Wattfm
Bavs = EM8 54— b2 & = EymeHimed, | Watt/m?
Pavg = = Ay = NMmsdz = EymsHims82

it

Normal Incidence
Medium - 1 {a,, It,, €4}
Incident wave
E. H,

E,. H,

Reflected wave

Reflection Coefficient

Medium - 2 (o,, 1, =5)
E. H,

Transmitted wave

it is the ratio of electric field of reflected wave 1o the electric field of

incident wave

B Me-m
Ei My +my

*  Reflection coefficient is a complex quantity and can be written as

I = |[je®

Transmission Coefficient (T}

It is defined as the ratio of transmitted electric field to the incident electric

field

Standing Wave Ratio
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*  Total power reflected =P =T2

reflected
* Total power transmitted =P, . =(1- [}

Oblique Incidence
Med (1) incident
Mo €1 wave
Refiected
wave
8,18,
T 77 777 ISP T
G
Med (2) - A
Mo =2 ‘“—/\\ d
8, Transmitted
N, (or}
“ Refracied wave

Snell’s Law

where, M = Cyn, g, = Cyfe, M2 = Cyps g, =Cle,
are the refractive indices of the media.
Snell’'s law for EM wave is

sing;"

where 6, = critical angle for total interr al refiection

MADE EASY = Electromagnetic Theory H25

N O B i e e e

6_is the minimum angle of incidence at which total internal reflection just

Condition for total internal reflections
(@) n,>n,
(k) 8,26_or8 > sin' |2
S|

(C) T=0 E:}FZ(T_1):_1

Brewster's Angle (8)

This is the angle of incidence for which complete transmission of EM

WAVE OCCUrs.
e

tanly = |4 = —%

LY €y Ny

Note: ... OO OO TP

When a circularly or elliptically polarized wave is incident at Brewster's angle
then the reflected and transmitted wave is linearly polarized. Therefore this
angleis also known as polarization angle.

Polarization

This is the orientation electric vector at a fixed position in space with
respect to time.

Linear Polarization
Condition: (¢ =0° or 180°)

E, = Ex(; cosmt and E, Ey, cos(ot + )

1. Parallel polarization
E, = Ex, cOsot and E,

il
)

2. Perpendicular polarization

E, = 0and Ey = Ey0 cosot
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Circular Polarization TransmiSSionLines o :
Condition: (¢ = +90°) and (E,, = E,_ =Ep) o ) h
E, = E,, cosot and E_ = E, cos(ot+ ¢)==£E, sinmt .
e v = Eyo COS(OL+¢) ¢ Introduction
Nt These are the structures used for transmitting EM power from source or
*  If¢=+90°therotationis in clockwise direction than the wave is said to be generator {o the load.
left hand circularly polarized. R L o
*  If¢=-90°the rotationis in anti-clockwise direction than the wave is said
to be right hand circularly polarized.
.................................................................................................................. c G
Elliptical Polarization
o
iti M = L2/ E #* E % g H i H i i
Conit o Ry o vo) (Electrical equivalent circuit of transmission ling in distributed from I

E, = E, coswt and E, = E,, cos(wt + ¢} = +E, sinwt length of line) :_.

Voltage and Current in Transmission Line

o L ] . i N B .
*  If$p=+90° the rotationis in clockwise direction than the wave is said to be V= Ve?® 4+ Ve
incident wave  Reflected wave

standing wave

left hand elliptically polarized.
* [f$=-90°therotationisin anti-clockwise direction than the wave is said

to beright hand elliptically polarized. - —ZJ—[V+e_"’Z el ]
............................................................................................................. a
where, V, " and V,,~ are wave amplitudes
T ] b
and Z, = characteristic impedance

Characteristic Impedance (Z;) _
Characteristic impedance (Z,) of the line is the ratio of the positively
traveling voltage wave to the current wave at any point on the line

Propagation Constant

| y=e#ip= JREOL)(G * wG): | m™
where, v = propagation constant
o = Attenuation constant
B = phase constant
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Lossless Transmission Line

A transmission line is said to be lossless if the conductors of the line are
perfect and the dielectric medium separating ther is loss less.

[R=6=0] : [y=jdc

@ 1.

B_cC | -

Distortionless Transmission Line

A distortioniess Iine is one in which the attenuation constant acis frequency
independent while the phase constant B is linearly dependent on
frequency.

R_G
Tz

| o= VRC | and [B = @/iC |

e

+

Input Impedance, Standing Wave Ratio and Power

o § FE
i !
v v Zy) i
. ' +
VQCD Vo | ! EZ.EI v,
_ : -
'_E_"'Zin _'é__""
1] )
. H
T T
] i
Z =0 1 Z=1
=]k
Il

]
<

i MADE EASY } MADE EASY =

i
H
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Input Impedance

... lossy medium

5. -Z 2.+ Zy t_an-h-'?l_
T T 70+ Zotanhyt

... lossless medium

Zin = ZO[

Z, + jZgtanhfi
Zo + JZ, tanh i

Voltage reflection coefficient

‘The voltage refiection coefficient at any point on the line is the ratio of
the reflected voltage wave to that of the incident wave.

4 -7
-z + Z,

Current reflection coefficient
The current reflection coefficient at any point on the line is the negative
of the voltage reflection coefficient at that pointi.e. — r.

Standing wave ratio

It is the ratio of maximum voltage of standing wave to the minimum
voltage of standing wave.

Average input power

Behaviour of Transmission Line due to Variation in Load
Impedance (Z))
(i) Short circuited line (Z, = 0)
|' Zin = Zge = Jzﬂtan i ’

[Ty =-1], [S=o]

(i) Open circuited line (Z, = =)
I Zir1 = ch = “'jzo COtﬁI I

II“L=1|,
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Characteristicimpedance (Z,) is geometric mean of short circuited and open
circuited line input impedance.

(i) Matched line (Z, = Z,)

- [f=0] : (5=

Behaviour of transmission line due to variation in length of line’r
(i) Infinitely long line {7 = =) |
(ii) Forlength (i =A)
[ Lin =4,
(iii) For length £ = M2 (half wave line)

(iv) For length I = A/4 {quarter wave line)
b F= M4 o]

| Zy Z,

Z.

H

(v) Foriength = A/8

Remember:

The magnitude of Z_ for A/8 line and 7 = = length line are always equal but
phase is different hence Z, for /= A/8 and ! = == are not equal.

A Handbook on
Electrical Engineering
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Microprocessor is a programmable integrating device has computing,

storing, retrieving and decision making capability.

¢ Computer with microprocessor as its CPU is known as microcomputer,

*  Microcomputer on asingfe chipis known as microcontroller.

History of Microprocessor

_Micropracessor | Word length | " Memory capacity
Inte004 (PMOS) 4-bit_ 640 B
Inte) BODA 8-bit 16 kB
Intel 8080 (NMOS) 8-bit 64 kB
Intel 8085 (NMOS) 8-bit 64 kKB
Intel 8086 (HMOS) " 16-bit -  AMB
Infel 8088 8/16-hit T MB
Intel 80186 - _16-bit 1MB
intel 80286 | 16D 16 ) real, 4 GB virtual
Intel 80386 -+ - 32-bit |4 GB reat, 4'GB viftuat -
Intel. 80486 - 32-bit -4 GB reak:84 TB virtual
F’enisum-it &4-bit - - - B4
T ZBoo 8-bit

Table 1.1 : A brief review of various microprocessors

Computer language

1.

2.

3.

Mnemonic

A combination of letters to suggest the operation of an instruction.

Program

A set of instruction written in a specific sequence for the computer to
accomplish a given task.

Machine language

A computer uses binary digits for its operation.

MADE EASY ™ Microprocessors 633

4. Assembly language
In this language programs are written as English like word.

5. Low level language
Machine specific languages are known as low leve! language e.g. Machine
language, Assembly language.

6. Righ level language
High level language are general purpose language which are machine
independent language.

Assembler
It is a computer program that translates an assembly language program
from mnemonics to the binary machine code of a computer.

Remember: ...
* Highlevel language programming requires a translator like a compiler or
aninterpreter to translate the program written in a high level language to
binary form.
* Interpreterreads one line at a time, converts it into object code, executes
and thenreads the nextline but compiler reads whole program at a time
and convertitinto the object code and then execute.

Bit: A binary digit, 0 or 1

Nibbkie: A group of four bits

Byte: A group of eight bits

Word: A group of byte the computer recognizes and processor at a
time.
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{v) Low order address bus (AD, — AD,) is multipiexed with data bus in
order to reduce the number of pins.

{vi) Tc de-multiplex address from data, ALE (Address Latch Enable)
sigral is used. '
There are two types of architecture depending upon storage of program ALE = 1, Address transfer to bus

and data in memory ALE = 0, data transfer to bus.
(i) Yon Neumann architecture of computers : Intel 80385 Intel 8086

(ii) Harvard architecture of computer : TMS 32010, Intel 8051, iniel's
Pentium etc.

Architecture of 3085

(vii) Cisadvantage of multiplexing is that speed will be reduced.
{viii) The-e are 5 hardware interrupts available for 8085.
(ix) 8085 has 74 basic instructions with 246 Opcodes.

Pin outs of 8085

Sr. No. Signals Pins
P la] N
f,.:gj;,?;’? z:;:;s . 1. Power supply signals Ve, Vag
75V, oo 2. Clock signals Xy Xz CLK OUT
ﬁ 12 T40T20 3. Reset signals RESETIN, RESET QUT
T ri X, % Vec Vss _ TRAP, Restart interrupts (RST 7.5,
SR 40} ] Vee i { Sib : 4 Interrupt si
_ . gnals
<z se[ 7 rowo . saD 4 A REST 6.5 and RST 5.5), INTR, INTA
RESETOUT[ |3 3a[ ] Hioa High-arder Address bus {(Ag — Ayg)
s00 [ |4 37 | CLK{QUT) Address Bus 3 Address busiedidatEibns Multiplexed address/data bus (AD, — AD;)
sio[ |5 36l | RESETIN Uso' g Py Ea ] Address latch enable (ALE}, Input output/
Rar[ & 35 JREADY  promary | o] 6 Status signals and memory (IO/M), Status signals (S, and S,),
- : initizled RSTES 8 control signals i T
RST7E[ |7 341 ] 1om pd O E— Read (RD), Write (WR), READY
RsT65[ | & a3 |5 BSTSS 2 7 Serial i i
—] = i o 75 z erial inputfoutput signals HOLD, HLDA
rReT55] g a2 RE —_ ] Ag . -
— o . SID, {Serial input data), SOD (Serial
wNTR{ |10 [ _JWR Muliiplexed 8. DMA request signals
NTA [ 11 BOBS A 30 ) ae READY 35 8085 A AddrassiData output data)
o HoLo 39|
AD 12 29 = —_ i3] AD,
o, E" 's 48 % N RESETIN 26 30 I Address bus (A, - A,,)
1 1 . 5 I I o
AD; [ 14 A - . 8, s Higher order 8 bitof 16 bit address. The address bus is always unidirectional.
- External TNTA 1 Control
AD, [T 15 .26 | ] Ay signal { —-—— 2K s, and .
Ao, [ 15 250 A acknowlsdo- | DA 38 Z: o | Statss Multiplexed address/data bus (AD, - AD.}
AD; []47. 21 ] Ay _ " RO It is a bidirectional bus. The data bus is multiplexed with lower order
AD {8 23] A [T W address bus.
Al |: i 22 ______| Ay El P?
Vs |20 . 2 A LAY R Control and status signal
ouT OUT A
@ 8085 Pinout ®) (i) RD (Read) : When the signal is low on this pin, the microprocessor
Key features of 8085 performs memory reading or I/O reading operation.

(i) It is a 8-bit processor.

(i) It has 8 data bus lines, which is the bit capacity of the microprocessor.
(iii) It has total 16 address hines with addressing capacity of 64 kB.
{iv) The crystal frequency of processor is 8 MHz and the clock frequency is

3.07 MHz (= 3 MHz), which is approximately half the crystal frequency.

(i) WR (Write) : When the signal is low on this pin, the microprocessor
performs memory writing or 1/O writing operation.

(ili) 10/M : This status signal is used to give information of operation to
be performed with memory or /O device.
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10/M RD WR Diascription
o] 0 1 Memory read (MEMR?
o 1 0 Memory write (MEMW,
1 0 1 0 Read (IOR)
1 1 0 IO Write (IOW)

S, and 5, : These two status signal used to indicate the status of the operation.

S, Sy Microprocessor operation

) O Halt {No operation}

o 1 Write operation

1 Q Read operation

- : Qpcodt_a fetch (reading
instruction)

Power supply and frequency signals
Ve @ Power supply pin of +5V
X, and X, : A crystal is connected across these pins. The frequency is
internally divided by two.
CLK (out) : This pin, there will be synchronization between the different
peripherals and microprocessor.

Serial HO Port
(i) SID (Serial Input Data) : This pin is used for receiving the data into
microprocessor serially.
(ii) SOD (Serial output data) : This pin is used for sending the data
from the microprocessor serially.
Externally initiated signals
1. Hardware interrupts
- TRAP,RST-7.5, RST-6.5, RST-5.5, INTR are called Hardware interrupts.
Itis also used to accepts external interrupts to providzs acknowledgment
(Ack) to the external device.

ReMemM D e

It is used to interface with the siow peripheral devices (Memory or /O
devices) to the microprocessor.
3. Reset

{a) RESETIN :tis an active low signal, when this signal gets activated
and microprocessor is reset.

{b) RESET OUT : This signal is used to reset the other peripheral devices.

MADEEASY B Microprocessors ;-.-'g,-:-;g_

4. HOLD and HLDA
{@) HOLD : A peripkeral like DMA controller sends the HOLD request to
the microprocesscr through this pin to leave the data bus which
where also used by microprocessor.
(o) HLDA : HOLD acknowledge

Internal Architecture of 8085 Microprocessor
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The architecture is divided into following blocks:

1. Arithmetic and Logical Unit (ALU)

The ALU performs arithmetical and logical operations. it includes
() Accumulator : it is a 8 bit programmable register. All the arithmetic
and logical operations performed with contents of accurmulator and
the results are store in accumulator only.
(b) Temporary Register : it is an 8 bit non-programmable register used
to hold data during an arithmetics and logic operation.
(c) Arithmetic and logic circuits : This unit performs the actual numerical
and logicai operation.
(d) Flags : The flags generally reflect the status of arithmetic or logical
operation.
D, D, D D, Dy D, Dy Dy
[siz [=Jacl x[r]xlcyl
« Carry flag (CY): If an arithmetic operation resulis in a carry, the CY flag
is set otherwise il is reset.
* Parity flag (P):
= If the result has an even number of 1's, the flag is set.
= If the result has an odd number of 1's the flag is reset,

» Auxiliary Carfy (AC): In an arithmetic operation.
= If carry is generated by bit D, and passed to D, flag is set.
= Otherwise it is reset.
» Zero Flag (Z):
= Zero flag is set to 1, when the result is zero.
= Otherwise it is reset.
« Sign Flag {S):
= Sign flag is set if bit D, of the resultis 1.
= Otherwise it is reset.
RemM M D Or:
*  Among the five flags, the AC flags is used internally for BCD arithmetic;
the instruction set does notinclude any conditional Jump instruction based
on the ACflag.
* “x'inthe flag register indicate the unused flip-flops.
¢ Thevalues of D,, D, and D, bits should be taken as ‘0’in programs while
using PSWinstruction.
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2. Register array

The architecture of 8085 consist of following registers.
(a) Temporary registers:
(i Temporary data register : Itis also called as operand reglster {8-bit}).
It provides operands to the ALU.
(i) Temporary registers (W and Z) : This registers are not avatlable to
the user.

Remember:

W and Z registers are used by 8085 for swap instruction,

(b) General purpose registers :
The 8085 microprocessor consists 6 general purpose registersie. B, C,
D, E, H, and L. of 8 bits each. These registers are available to the user.
Remember:

*  The general purpose registers put together is catled scratch and memory.
*  The valid register pairs available are BC, DE and HL to store 16-bit of data.

+  The HL register pair functions as default data pointer. if used as memory
pointer it holds the address of a 16 bit address ata memory location.

«  Accumulator can also be used along with status register to form a 16 bit
programmable register called program status word (PSW).

{c) Special purpose registers
There are two 16-bit special purpose register i.e. program counter (PC)
and stack pointer (SP).

() Program counter : [ is a 16 bit register used to hold memory
addresses.

(i) Stack pointer : It is a 16 bit register used as a memory pointer.
ReMEMIDeY:
+  When the microprocessor is reset, the PC sets to zero.

»  Stack grows from bottom to top following lastin first out {LIFO} structure
and the SP contents keep decreasmg as stack grows.

3. Increment and Decrement Latch

Itis used for increment or decrement of 16 bit address, always increment
and decrement by ‘1",
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4. Timing and control unit
It controls all internal and external ci-cuits in the microgrocessbr system,
Remember: .

The microprocessor uses a quartz crystal {LC or RC circuits) to determine the
clock frequency, so that other timing and control signals are developed.

5. Instruction Register and Decoder

It is the part of ALU and not Assessibie to the user.

(a) Instruction register :— The instruction register holds the opcode of
the instruction that is decoded and executed.

(b) Instruction decoder : — The output of instruction register connected
to the decoder. The decoder decodes the instruction and establishes
the sequence of events to follow.

6. Interrupt Control Unit

The interrupt control units job is 10 service the interrupt and after
compieting the interrupt service routine return back the control to the
main program where it was interrupted.

ln_s_t-rﬁctidi;*_Seténd "
Data Formats

Timing Diagram

Instruction cycle

The CPU fetches one instruction from the memory at a time and executes
it. One instruction cycle can consists of 1-6 machine cycle.
N O,

Machine Cycle
The time required by the microprocessor to complete the operation of
accessing memory or IfQ device is called as a machine cycle. One machine
cycle can consists of 3-6 T-states.
N O,
* Aninstruction cycle consists of several machine cycles.

* Different types of machine cycles are opcode fetch (4T-6T), memory read
(3T}, memory write (3T), VO read(3T), VO write (3T), INTR Acknowledge
and BUS Idle(3T).

T-State

Microprocessor perform an operation in a specific time period i e. specific
clock cycles. Each clock cycle is called as T-state.

IC (Instruction cycle)

nioyvalio

MC, MC, MC, MC, MC,

R ERR

T, T, Ty T, Ty T,
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Classification of Instructions Set of 8085 Microprocessor

instructions set
}

Bas{ad on Baied on Basid on
Length of wordsize addressing modes operations
* One-byte . Dirtct . Dataitransfer
* Two-byte * Register * Arithmetic
= Three-byte « Register indirect * Logical
+ imrmediate * Branch control
= Implicit/implide = Stack, ¥O and machine control

An instruction is a binary Pattern designed inside a microprocessor to
perform a specific function. '

Based on Length of Word Size

1. One-Byte Instructions: The one-byte instructions specify the operation
to be performed and who is going to perform it. These instructions,
required one or single memory location.

2. Two-Byte Instructions: The Two-byte instruction uses first byte to specify
the operation i.e. opcode and second byte to specify the operand. These
instructions required two successive memaory locations in the memaory,

3. Three-Byte instructions: First byte stores opcode, second byte stores
lower order 8-bit of 16-bit operand or address and third byte stores
higher crder 8-bit of 16-bit operand or address.

Based on Addressing Modes

1. Register addressing mode: In register addrassing mode the source
and the destination are general purpose registers.

2. Immediate addressing mode: In immediate addressing mode the data
(8/16 bit) is specified in the instruction itself.

3. Direct addressing mode: In direct addressing mode 16 bit address of
the cperand is given within the instruction itself.

4. Indirect addressing mode: In indirect addressing mode the instructions
reference the memory through a register pair, i.e. the memory address
where the operand is located is spacified by the contents of a register
pair.

5. Implicit addressing mode: The implicit mode of addressing does not
require any operand. The data is specified within the opcode itself.

RPN PTON SR P IC— y  |
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Based on Operations

Abbreviations used in the description of the instruction set:

R = Register Rs = Register source
Rd = Register destination M = Memory
Rp = Register pair () = Contents of

S = Sign flag
AC = Auxiliary carry flag
CY = Carryflag

XX = Random information
Z = Zerotlag
P = Parity flag

Data Transfer instruction

MOV : Move - Copy from Source to Destination

Opcode QOperand Bytes M-Cycles T-States
MOV Rd/m, RsiM 1 1/2 AT/77
Dascription:

This instruction copies the contents of the source register into the
destination register; the contents of the source register are not altered.

MVI : Move Immediate 8-Bit

Opcode QOperand Bytes M-Cycles T-States
MVI R/M, 8-bit data 2 2/3 7TNOT
Description

The 8-bit data are stored in the destination register or memaory.

LXI : Load Register Pair Immediate

Opcode Operand Bytes M-Cycles T-States
LXi Rp, 16-bit data 3 3 10T
Description:
The instruction loads 16-bit data in the register pair designated in the
operand.
Coe 3 1] L] 2) 1 L 2t R DO P PP PP,

The reverse order in entering the code of 16-bit data. Thisistheon ly instruction
that can directly load a 16-bit address in the stack pointer register.

LDA : Load Accumulator Direct

Opcode Operand Bytes M-Cycles T-States
LDA 16-bit 3 4 13T
address
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Description:

‘Fhe contents of a memory location, specified by a 16-bit address in the
operand, are copied to the accumulator. The contents of the source are
not altered.

5TA : Store Accumulator Direct

Opcode Operand Bytes M-Cycles T-States
STA 16-bit address 3 4 13T

Pescription:
The contents of the accumulator are copied to a mernory location specified

by the cperand.
LHLD : Load H and L Registers Direct
Opcoede Operand Bytes M-Cycles T-States
LHLD 16-bit address 3 5 16T
Description:

The instruction copies the contents of the memory location pointed our
by the 16-bit address in register L and copies the contents of the next
memory location in register H.

SHLD : Store H and L Registers Direct

Opcode Operand Bytes M-Cycles T-States
SHLD 16-bit address 3 5 16T
Description;

The contents of register L are stored in the memory location specified
by the 16-bit address in the operand, and the contents of H register are
stored in the next memory location by incrementing the operand. The
contents of registers HL are not altered.

LDAX : Load Accumulator Indirect

Opcode Operand Bytes M-Cycles T-States
LDAX B/D Rp 1 2 7T

Description:

The contents of the designated register pair point to a memory location.
This instruction copies the contents of that memory location into the
accumulator.

Flags:
No flags are affected.
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STAX : Store Accumulator Indirect

Opcode QOperand Bytes M-Cycles T-States
STAX B/D Rp 1 2 7T

Description:

The contents of the accumulator are copied into the memory location
specified by the contents of the operand (register pair).

Flags:
No flags are affected.
XCHG : Exchange H and L with D and E
Opcode Operand Bytes M-Cycles T-States
XCHG None 1 1 4T
Description:

The contents of register H are exchanged with the contents of register
3, and the contents of register L are exchanged with the contents of
register £,

Arithmetic Instructions

ADD : Add Register to Accumulator

Opcode Operand Bytes M-Cycles T-States
ADD R/M 1 1/2 4T/ T
Description:

The contents of the operand (register or memory) are added to the
contents of the accumulator and the result is stored in the accumulator.

ADC : Add Register to Accumulator with Carry

Opcode Operand Bytes M-Cycles T-States
ADC R/vt 1 1/2 AT/7T

Description:

The contents of the operand (register or memory) and the Carry flag are
added 1o the contents of the accumulator and the result is placed in the
accurnulator.

ACl : Add Immediate to Accumulator with Carry

Opcode Operand Bytes M-Cycles T-States
ACH 8-bit data 2 2 7
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Description:

The 8-bit data {(operand) and the Carry flag are added to the contents of
the accumulator, and the result is stored in the accumulator.

ADI : Add lmmediate to Accumulator

Opcode Operand Bytes M-Cycles T-States
ADH 8-bit data 2 2 T
Description:

The 8-bit data {(operand) are added to the contents of the accumulator
and the resultis placed in the accumulator. '

Flags:
All flags are modified to reflect the resuit of the addition.

SBE : Subtract Source and Borrow from Accumulator

Opcode Operand Bytes M-Cycles T-States
SBB R/M 1 1/2 ATHT
Description:

The contents of the operand (register or memory) and the Borrow flag
are subtracted from the contents of the accumulator and the results are
placed in the accumulator.
SUB : Subtract Register or Memory from Accumulator
Opcode Operand Bytes M-Cycles
SUB R/M 1 1/2
Description:

T-States
AT/7T

The contents of the register or the memory location specified by the
operand are subtracted from the contents of the accumulator, and the
results are placed in the accumulator.

SBI : Subtract Immediate with Borrow

Opcode Operand Bytes M-Cycles T-States
SBI 8-bit data 2 2 T
Description:

The 8-bit data (operand) and the borrow are subtracted from the contents
of the accumulator, and the results are placed in the accumulator.

SUIl : Subtract Immediate from Accumulator

Opcode Operand Bytes M-Cycles T-States
SuUl 8-bit data 2 2 rdl
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Description:

The 8-bit data (the operand) are subtracted from the contents of the
accumulator, and the results are placed in the accumulator.

INR : Increment Contents of Register/Memory by 1

Opcode Qperand Bytes M-Cycles T-States
INR R/M 1 1/3 AT10T
Description:

The contents of the designated register/memory are incremenied by 1
and the results are stored in the same place.

DCR : Decrement Source by 1

Opcode Operand Bytes M-Cycles T-States
DCR R/M i 1/3 4THOT
Description:

The contents of the designated register/memory is decremented by 1
and the results are stored in the same place.

N O Y oo oo et e e et
In INR and DCR operation except carry all flags are affected.

INX : Increment Register Pair by 1

Opcode Operand Bytes M-Cycles T-States
INX Rp 1 1 6T
Description:

The contents of the specified register pair are incremented by 1. The
instruction views the contents of the two registers as a 16-bit number.

DCX : Decrement Register Pair by 1

Opcode QOperand Bytes M-Cycles T-States
DCX Bp 1 1 6T
Descriptior:

The con-ents of the specified register pair are decremented by 1. This
instruction views the contents of the two registers as a 16-bit number.

Flags:
No fiags are affected.
DAA : Decimal Adjust Accumulator

Operand Bytes M-Cycles T-States
None 1 1 AT

Opcode
DAA
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Description:
1. ifthe value of the low-order four bits (D, — D) in the accumulator is
greater than 9 or it AC flag is set, the instruction adds 6(06) to the
low-order four bits,

2. Ifthe value of the high-order four bits (D, — D,} inthe accumulator is
greater than 9 or if the Carry flag is set, the instruction adds 6(60) o
the high-order four bits.

Flags:
S, Z, AC, P, CY flags are altered 1o reflect the results of the operation,
DAD : Add Register Pair to H and L Registers

Opcode Operand Bytes M-Cycles T-States
DAD Rp 1 3 10T
Description;

The 16-bit contents of the specified register pair are added to the contents
of the HL register and the sum is saved in the HL register. The contents
of the source register pair are not alterad.

Flags:

if the result is larger than 16-bits the CY fiag is set. No other flags are
atfected.

After the execution of the instruction, the contents of the stack pointer register
are not altered,

Logical Instructions

ANA : Logical AND with Accumulator

Opcode Operand Bytes M-Cycles T-States
ANA R/t 1 1/2 aTirT
Description:

The contents of the accumulator are logically ANDed with the contents

of the operand (register or memory), and the result is placed in the
accumuiator.

ANI : AND Immecdiate with Accumulator

Opcode Operand Bytes M-Cycies T-States
ANE 8-bit data 2 2 7T
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Description:

The contents of the accurrulator are logically ANDed with the 8-bit data
{operand) and the results are piaced in the accumulator.

ORA : Logically OR with Accumulator

Opcode Operand Bytes M-Cycles T-States
ORA R/M 1 1/2 aT1/7T
Description:

The contents of the accumrulator are logically ORed with the contents of
the operand {register of mamory).

ORI : Logically OR Immediate

Opcode Operand Bytes M-Cycles T-States
ORI 8-bit data 2 2 7T

Description:

The contents of the accurnulator are togically ORed with the 8-bit data in
the operand and the results are placed in the accumulator.

XRA : Exclusive OR with Accumulator

Opcode Operand Bytes M-Cycles T-States
XRA R/M 1 1/2 AT/7T
Description:

The contents of the operand (register or memory) are Exclusive ORed
with the contents of the accumulator.

XRI : Exclusive OR Iimmediate with Accumulator

Opcode Operand Bytes M-Cycles T-States
xRl 8-bit data 2 2 réi
Description:

The 8-bit data (operand) are Exclusive ORed with the contents of the
accumulator, and the restits are placed in the accurmulator.

Flags:

Z. 5, P are altered to reflect the results of the operation. CY and AC are
reset.

CMA : Complement Accumulator

Opcode Gperand Bytes M-Cycles T-States
CMA None 1 1 4T
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Description:

The contents of the accumulator are complemented,
Flags:

No flags are affected.
CMP : Compare with Accumulator

Cpcode Operand Bytes M-Cycles T-States

CMP R/M 1 1/2 aT{7T

Description:
* The contents of the operand (register or memory) are compared with the

contents of the accumulator. Both contents are preserved and the
comparison is shown by setting the flags as follows:

= I (A) < (R/M) : Carry flag is set and Zero fiag is reset.
= Ilf (A} = (R/M}: Zero tlag is set and Carry flag is reset.
= {f{A) = (R/M) : Carry and Zerc flags are reset.
* The comparison of two bytes is performed by subtracting the contents

of the operand from the contents of the accumulator; however, neither
contents are modified.

Flags:

¢« S, P AC are also modified in addition to Z and CY to reflect the results
of the operation.

CPl : Compare immediate with Accumulator
Opcode Operand Bytes M-Cycles T-States
CPI 8-bit 2 2 7T
Description: '
* The second byte (8-bit data) is compared with the contents of the
accumulator.

= {f (A} < Data : Carry flag is set and Zero flag is reset.
= [f (A) = Data : Zero flag is set and Carry flag is reset.
= [|f{A) > Data: Carry and Zero flags are reset.

* The comparison of two bytes is performed by subtracting the data byte
from the contents of the accumulator; however, neither contents are
modified.

Flags:

S, P, AC are also modified in addition o Z and CY to reflect the result of
the operation.
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CMC : Complement Carry

QOpcode Operand Bytes M-Cycles T-States
CMC None 1 1 4T

Description:

The Carry flag is complemented,
Flags:

The Carry flag is modified, no other flags are affected.
STC :SetCarry

Opcode Cperand Bytes M-Cycles T-States
STC None 1 1 47

BDescription:

The Ca-ry flag is set.
Flags:

No other flags are affected.
RLC : Rotate Accumulator Left

Opcode QOperand Bytes M-Cycles T-States
RLC None 1 1 AT

Description:

Each binary bit of the accumulator is rotated left by one position. Bit D,
is placed in the position of D, as well as in the Carry flag.

Flags:
CY is modified according to bit D,. S, Z, P, AC are not affected.

RAL : Rotate Accumulator Left through Carry

Cpcode Operand Bytes M-Cycles T-States
RAL None 1 1 4T
Description:
Each binary bit of the accumulater is rotated left by one position through

the Carry flag. Bit D, is placed in the bit in the Carry flag and the Carry
flag is placed in the least significant position Dy,

Flags:
CY is modified according to bit D,. S, Z, AC, P are not affected.
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RRC : Rotate Accumulator Right

Opcode Operand Bytes M-Cycles T-States
RRC None 1 1 4T

Description:

Eagh binary pit of the accumulator is rotated right by one position. Bit
D, is placed in the position of D, as well as in the Carry flag.

Flags:
CY is modified according to bit D,. S, Z, P, AC are not affected.

RAR : Rotate Accumulator Right through Carry .
Opcode Operand Bytes M-Cycles T-States
RAR None 1 1 a7
Description: |
Each binary bit of the accumutator is rotated right by one position through
the (?arry flag. Bit D, is placed in the Carry flag and the bit in the Carry
flag is placed in the most significant position D,
Flags:

LY Is modified according to bit D,. S, Z, P, AC are not affected,

Branch Control Instructions

JMP : Jump Unconditionally
Opcode Operand Bytes M-Cycles T-States
JMP 16-bit 3 3 107
Description:
This instruction is equivalent to a 1-byte unconditional Jump

instrgc?tion,The program sequence is iransferred to the memory location
specified by the 16-bit address.

2CHL : Load Program Counter with HL Contents

Opcode Operand Bytes M-Cycles T-States
PCHL None 1 1 6T
Jescription:

The contents of registers H and L are copied into the program counter.
‘tag:
Noc flags are affected.

MADE EASY W

CALL : Unconditional Subroutine Call
Opcede Operand Bytes M-Cycles T-States
CALL 16-bit 3 5 187
address :

Microprocessors 6553

Description:

The program sequence is transferred to the address gpecified by the
operand. Before the transfer, the address of the nextinstruction to CALL

{the contents of the program counter) is pushed on the stack.
Flags:
No flags are affected.

RET : Return from Subroutine Unconditionally
Opcode Operand Bytes M-Cycles T-States
RET MNone 1 &) 10T
Description:
The program sequence is transferred from the subroutine to the calling
program. The instruction is equivalent to POP program counter.
Flags:
No flags are affected.
XTHL : Exchange H and L with Top of Stack
Opcods Operand Bytes M-Cycles T-States
ATHL None 1 5 16T
Description:
The contents of the L register are exchanged with the stack location

pointed out by the contents of the stack pointer register. The contents of
the H register are exchanged with the next stack location (SP + 1}.

Flags:
No flags are affected.

Stack, 1/O and Machine Control Instructions

NOP : No Operation

Opcode Operand Bytes M-Cycles T-States
NOP None 1 1 4T

Description:
No operation is performed.
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oMMENTSS
The instruction is used tofill in time delays or to delete and insertinstructions
Whlle troubleshooting.

1T Halt and Enter Wait State

Opcode Cperand Bytes M-Cycles T-States
HLT None 1 2 or more 4T or more

escription:

The microprocessor finishes executing the current instruction and halts
any further execution.

e e SIREECUG.. ... S ..
NOP and HLT bot are same as no operation. However, when NOP is executed
thF—’ pCis increased by 1 time where as for HLT PC remains the same.

uSH : Push Register Pair onto Stack

opcode Operand Bytes M-Cycles T-States
PUSH Rp 1 3 2T

gscription:
The contents of the register pair designated in the operand are copied
into the stack in the following sequence. The stack pointer reqister is
decremented and the contents of the high-order register (B, D, H, A) are
copied into that location. The stack pointer register is decremented again
and the contents of the low-order register (C, E, L, flags) are copied o
that location.

ags-
No flags are modified.

p : Pop off Stack to Register Pair

D
Opcode Operand Bytes M-Cycles T-States
POP Rp 1 3 10T
escription:

The contents of the memory location pointed out by the stack pointer
register are copies to the iow-order register (such as C, E, L and flags)
of the operand. The stack pointer is incremented by 1 and the contents
of that memory location are copied to the high-order register (B, D, H, A}
of the operand. The stack pointer register is again incremented by 1.
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Flags:
No flags are modified.
N OB O o e

The contents of the source, stack locations, are not altered after the POP
instruction.

RSTn : Restart

Opcode Operand Bytes M-Cycles T-States

RSTr None 1 3 12T
Description:

This instruction is equivalent to 1-byte CALL instruction.
Flags:

No flags are affected.
SPHL : Copy H and L Registers to the Stack Pointer

Qpcode Operand Bytes M-Cycles T-States

SPHL None 1 1 531
Description:

The instruction loads the contents of the H and L registers into the stack
pointer register.

Flags:
No flags are affected.

e This instruction performs the same function as MOV A, M except this
instruction uses tre contents of BC or DE as memory pointers.

e This instruction is used in conjunction with CALL or conditional call
instructions.

IN : Input Data to Accumulator from a Port with 8- blt Address

Opcode Operand Bytes M-Cycles T-States
IN 8-bit port 2 3 107
address

Description:

. The contents of the input port designated in the operand are read and
loaded into the accumulator.

Flags:
No flags are affected.
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JUT : Output Data from Accumulator to a Port with 8-Bit Address ? Description:
Opcode Operand Bytes M-Cycles T-States This is 2 multipurpose instruction used to read the status of interrupts
OUT  &-bit port address 2 3 10T . 7.5, 8.5, 5.5 and to read serial data input bit.
lescription: D Dg Dg By D D, D, Do
The contents of the accumuilator are copied into the output port specified SID {17 | 16 | I5 | Bl [ 75 | 65} 55
by the operand. 1 ] \_ﬁl
. Serial input
'ags: data bit (nterrupts
No flags are affected. : . m;fl;egi if
Interrupts —-— L |Nterrupts
1 : Enable Interrupts pending if enable
bit =1 flip-flop is set
Opcode ~ Operand Bytes M-Cycles T-States ! pif biItD= 1
El None 1 1 a7 Flags
escription:

No flags are affected.

The interrupt Enable flip-flop is set and all interrupts are enabled. SIM : Set Interrupt Mask

ags: Opcode Operand Bytes M-Cycles T-States
No flags are affected. SIM None 1 1 47

O NS, Description:
After a system reset or the acknowledgment of an interrupt, the interrupt This is a multipurpose instruction and used to implement the 8085
Enable flip-flop is reset, thus disabling the interrupts. This instruction is necessary interrupts {RST 7.5, 6.5 and 5.5} and serial data output.

to enable the interrupts (except TRAP). B D 5 D D D D D
................................................................................................................ 7 8 5 4 3 2 1 0

| : Disable Interrupts | sop | spE | xxx | k7.5 | MsE [ m7.5| me.5| ms.5]
Opcode QOperand Bytes M-Cycles T-States J,
Dl None 1 T —
. ! ;' bl Resot RST 7.5 Masks Interrupts
2scription: d"‘at';"' fiip-flop if D, = 1 if bits = 1
The Interrupt Enable fiip-flop is reset and all the interrupts except the Serial data enable  Mask set enable
TRAP (8085) are disabled. | = Enable ifDg=1
ags: 0 = Disable
9s: = S0D (Serial Output Data): Bit D, of the accumulator is latched into
No flags are affected. the SOD output line and made available to a serial peripheral if bit
MMIME@NTS: Dg=1.
This Instruction is commonly used when the execution of a code sequence = SDE (Serial Data Enable): if this bit = 1, enables the serial output.
cannot beinterrupted. To implement serial output, this bit needs to be enabled.

XXX:Don't care
M : Read Interrupt Mask R7.5 (Reset RST 7.5): If this bit = 1, RST 7.5 flip-flop is reset. This
Opcode Operand Bytes M-Cycles T-States is an additional contro! to reset RST 7.5.

()
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= MSE (Mask Set Enable): If this bit is high, it enables the functions
of bits D, Dy, B, Thisis amaster control over all the interrupt masking
bits. If this bit is low, bits D,, D, and D, do not have any effect on
the masks.

= M7.5: D,

0, RST 7.5 is enabled.
1, RST 7.5 is masked or disabled
= M8B.5: D, = 0, RST 6.5 s correct.
1, RST 6.5 is masked or disabled.
= M6.5: D, = 0, RST 5.5 is enabled.

= 1, RST 5.5 is masked or disabled.

It

il

(e Y 11711 -11 1 -7

This instruction does not affect TRAP interrupt.

Counter and Time Delays

»

Counters are used primarily to keep track of events.

Time deiays are important in setting up reasonably accurate timing
between two events.

Time delay can be intfroduced using a loop and total delay = time to
execute instructions outside loop + time 1o execute lcop instructions.

Tp =Tp + TL.)'\l

where T, = Total delay
T, = Time to execute instructions outside loop.
T , = Time to execute loop instructions.
Normally T, is very small and neglected in most of the cases.

The accuracy of time delay depends on the accuracy of the system’s
clock.

Intel 8254 is a programmable timer chip that can be interfaced with
microprecessor and programmed 1o provide with considerable accuracy.

R emier:

* Datacopy instructions do not affect the flags.

*  Operand PSW {Program Status Word) represents the contents of the
accumulator and the flag register; the accumulator is high-order register
and the flags are low-order register.

s Addand subtract are performed in relation to contents of the accumulator,
however the increment or decrement operation can be performed in any
register.
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Out of all instructions PUSH, CALL, RET, RSTn, INX, DCX, SPHL and PCHL
uses 6 T-states for fetch machine cycle.

DAD instruction uses bus idle machine cycle.

In logical AND, AC s set and carry is reset.

In other logical operation AC and carry both are reset and all other flags
are changed according to result.

NOT operation does not affect any flags.

JMP: Instruction is a type of immediate addressing.

Conditional jump instructions allow the microprocessor to make decision,
based on certain conditions indicated by the flags.

INX and DCX does not affect any of the flags.

Compare instruction work like subtraction but content of accumulator
and register does not change.

Stackis a set of memory focations used to store binary information (byte)
temporarily during execution of a program.

stack and stack pointer are two different things.
Subroutine is also a program written outside main program.

CALL and RET instructions are used for execution of subroutine and after
execution, return to main program.



* When aninterrupt is acknowledged the microprocessor perform following

tasks:

1. Microprocessor jumps a vectored location at page OCH whére a
subroutine (interrupt service routine) is written.

2. Before jumping microprocessor saves the content of the program
counter on the stack.

3. Jtautomatically resets the interrupt enable flip-flop.

* Interrupt which can be masked or stopped are maskable intérrupt
otherwise non-maskable interrupt. To mask and demask maskable
interrupt of 8085 has to instruction i.e. El and D).

* Interruptthose vectored location is fixed are known as vectored interrupt
otherwise non-vectored interrupt.

Hardware Interrupts

The 8085 microprocessor has five interrupt signals that can be used to
interrupt a program exscution.

Nori vectored| - Ma

INTA:
Itis the active fow interrupt acknowledgment signal which is only used
with INTR. '

Note:

Trick : Since it is a RST - 4.5,

So,

(4.5 X 8)4 = (36),, Hewxadegimal | (34) =~ (0024},
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Software Interrupt

There are 8 software interrupts which are used either in instructions or
alongwith INTR interrupt. They are defined as RSTnwheren > Cto 7.

Softwara interrupt (RSTn) Vectored address
RSTO 0000 H
RST 1 0008 H
RST 2 0010 H
RST 3 0018 H
R3ST 4 0020 H
RST5 0028 H
RST 6 0030 H
RST 7 0038 H
Remember: ...

TRAP s also called RST 4.5 interrupt,
Ininterrupts priority orderis

TRAP > RS5T 7.5 >R5T6.5 > RSF5.5>INTR
Hold has higher priority than TRAP.

RIM and SIM instructions are not only used for interrupt process but also
used for serial I/O process,

8259Ais a programmablz interrupt controller and is used to implement
and extend the capability of the 8085 interrupt. It manages 8 interrupt
requests.



Interfacing with
Microprocessor

Interfacing

IfO Ko Microprocessor K> Mermory

Interfacing circuits or /O ports
Designing logic circuits and writing program to make the processor
communicated either with memory or /O is known as interfacing.
The logic circuits used are known as interfacing circuits or IO ports.

Characteristics of Memory

Capacity

Memory capacity depends upon the amount of data that can be stored.

Memory size = 2*xD

where A — Address lines
D Datalines

Number of chips required

where,

=3
il

Number of chips required
; = Available capacity
, = Memory to be designed

< =<
o

If initial address and memory size is given then formulae for last address

last address = {Initial address in hexadecimal +
hexadecimal equivalent of memory size - (1),,]

If memory range is given then formulae for calculating memory size

Memory size = [{last address),, — (Initial address),+ (1), ] byte
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REMMIMI B o o e et s
e 8085 microprocessor internally divide the crystal oscillator frequency by2
so crystal oscillator frequency is always 2 times the microprocessor
frequency of aperation.
¢  Data bus reflects the bit of microprocessor.
e Address bus reflects maximum memory that can be interfaced to
MICroprocessor.

Interfacing with I/O Ports
There are two ways by which /O port can be connected 1o the microprocessor:

1. Memory mapped I/O scheme
2. /O mapped I/O scheme

Comparison between Memory Mapped 1/O and 1/0 Mapped I/O Scheme

Characteristic Memory-mapped VO /O Mapped IO
* Device Address 16-bit 8-bit
« Contral signals for MEMR / MEMW IOR / IOW
Input/Cutput
« Instruction avaitable Memory-related instructions IN and CUT

such as LDA,; STA; LDAX;
STAX; MOV M, R; ADD M,
SUB M; ANA M; etc.

+ Data Transfer Between any register and Only between IO and the
11Q accumulator.
» Maximurm number The memory map {64 K} is The I/O map is indepen-
of inputioutput devices | shared between O devices dent of the memary map;
possible and system memory. 266 input devices and

256 aulput devices can -
be connected.

+ Execution speed i3 T-states (STA, LDA) 10 T-states
7 T-states (MOV M.R)
« Hardware requirements| More hardware is needed Less-hardware is needed
to decode 16-bit address. to decode B-bit address.
« Other features Arithrnetic or logical ope- Not available

rations can be directly
performed with /O data.

Interfacing Devices

intel 8155 : Programmable Peripheral Interface
The 8155 includes 256 bytes of RD/WR memory i.e. RAM, 3 /O ports
and a 16-bit timer.
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ormatof 8155 Timer

LsBTimer=| T; | 7o | T5 | 7, T 1 7. | T Ta

MSB Timer=| M, | M, [T (T, | Thy [To | T | T2
Where, M, M, Modes
0 0 ModeC = Singlesquarewavs cycle
0 1 Meodet = Squarewave
1 0 Mode2 =2 Singie pulse after terminal count
1 1 Mede3 = Puise every terminal count

tel 8255 : Programmable Peripheral Interface/Adopter

The 8285 is widely used prograrmmable parallel /O device. It can oe program
to transfer data under various conditions from 1O to interrupt 0.
Operating modes of 8255

1. Mode 0 = Simple input/output

2. Mode 1 = Strob input/output

3. Mode 2 = Bidirectiona! port

itel 8251 : Programmable Communication Interface

Intel 8251 is alse known as universal synchronous/asynchronous receiver/
transmitter (USART) used to transmit serial data.

itel 8253 : Programmable Interval Timer

The programmable counterfinterval time is used in rea! time application
of timing and counting such as BCD/binary counting, generation of time
delay etc.

The 8253 uses NMOS technology and operates any of the following six
modes:

Mode 0 = Interrupt on terminal count

Mode 1 = Programmable one shot

Mode 2 = Rate generator

Mode 3 = Square wave generator

Mode 4 = Software trigger strobe

Mode 5 = Hardware trigger strobe

DO AW~

tel 8257 : Progammable DMA Controller

in DMA data transfer scheme, data are directly transferred from an 1/Q
device to RAM or from RAM to an I/O device thus it is capable of
performing three operations i.e. read, write and verify.
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Intel 8259 : Progammable Interrupt Controller
The programmable interrupt controller is used when several /O devices
transfer data using interrupt and they are to be connected to the same
intarrupt level of the microprocessor. '

Intel 8272 : Floppy Disk Controller
The function of floppy disk controller is to interface a floppy disk system
10 a microprocessor.

Intel 8275 : Progammable CRT Controller
The Intel 8275 is a single chip device. Its function is to interface CRT
raster scan display with the microcornputer.

intel 8279 : Progammable Keyboard/Display Interface

The Intel 8279 is a programmable to keyboard imerfacing device. It has
two sections namely keyboard section and display section. The function
of keyboard section is to interface the keyboard and the function of the

display section is to drive alphanumeric displays or indicator lights.
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Communication System

A communication system is used to transfer or exchange the information
between two points.

Basic Elements of Communication System

Transmitter

_________________________________

_________________________________

| [ Repeater | | Chanriel

mit) 4—%-L|'ransd ucer DemodulatorJ‘:f
""""""" Receiver
. BasiCS cooovvoeeaveies . S 667 ' Communication system basically consists transmitter, channel and
UWETURENE W A Y e
2. Fourier Sertes, Ener'gy and SIgNals ..o . 869 1. Transducer: Itis a device which converts one form of energy to another
— | - ' form. The input transducer convert the message signal into atime varying
5 _}f!';n_alog Modulation - .. i WO 671 electrical signal. '

o _ _ 2. Modulator: it is used to perform the modulation.

L;';'F?;ulse Modulation : ; : 3. Channel: it is a physical medium that carries the electrical signal. Itis
. _ used for connection between transmitter and receiver.

i, .Digital Carrier Modulation | | _ 4. Repeaters: These produce a fresh copy of transmitted signals.

5. Demodulator; It performs reverse operation of modulator i.e. it converts

i. Random Variables AND NOISE .. oorvrvevveeee oo 689 high frequency signal ta low frequency signal.

Modulation

Modulation is a process that causes a shift in the range of frequencies
in a signal.
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Need of Modulation

1. To decrease the length of transmitting and receiving antenna.

2. The low frequencies are attenuated fast and therefore low frequency
signal can not be transmitted over a large distance. By transiating the
low frequency component to high frequency component, long distance
communication is then possible.

. By varying the signal power which is being transmitted, required signal
to noise ratio (S/N) can then be obtained.

b Frequency division multiplexing (FDM) is possible and therefore large
number of signals can then be transmitted with different carrier
frequencies over a common communication channel.

* Message signalis moduiating signal and it modulates carrier signal.

* Inmodulation some properties of carrier signal are varied in accordance
with the message signal.

iase Band Signal

The message signal generated from the information source is called
\ase band signal. Base band signal has significant frequency component
ear to zero or low frequencies.

‘and Pass Signal

It is a signal baving significant frequencies component for range of
equencies away from zero frequency or low frequency.

pectrum

Itis frequency domain representation of a signal.

andwidth

It is defined as band of group of frequencies for which amplitude of
gnal is not zero.

* Carrier frequencyis much higher than message signal frequency.
¢ Noise mainly added to signal in the channel.

~and Signals

Fourier Series, Energy

Fourier Series

Fourier Representation of Periodic Function

f{t) = ag +2 3. [a, cos negt + by, sin nwgt}

n=1
where f(t) = Periodic function
= 2T—n = Fundamental frequency
8]
T, = Fundamental period of function (1}
_ Talf2 -
ag == I fdt |...... mean value of function
:: Tq'.—To-"z
1 EYE _ o
a, == [. f(1)-cos negtdt
C o To g
g K2z .
b= == (1) - sinneogt dt
o Tgt.e’f.;ilz i
Complex Exponential Fourier Series
-~ N==os’ o
Where,
4 e T
Cn =5 f H)-exp(=ineo) dt | forn 20, 2 1, 2 2.,
- 0 1512 S
Remember:

Fourier series is used to represent a periodic signat where as Fourier transform
is used to represent a non-periodic signal.
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For distortionless transmission

[y =kg(t —ty) |

where y(t) = Cutpu?
gft) = Input
k = Gain

t, = Time delay
Transfer function required for distertionless transmission

rH(m) = kgTIold

Paley-Wiener criterion

The necessary and sufficient condition for amplitude response

|H{w)| to be realizable

J —-——~—~—m lH(ﬂ;)ldm < oo
1+ ®

—ta

Energy contained in a given signal f(t)

E= T f2(t)dt

—m

FParseval's theorems

T T 2 o
" x L Fll:go

Energy spectral density

Gelo) = [F(@)f |, JHz

it is the energy contained in the signal per unit bandw:dth

Auto correlation function (ACF)

R(t) = T f(1) - f(t'; 1)dm

o

~ AnalogModulation

Amplitude Modulation

Amplitude of the carrier signal (high frequency) is varied with the
amplituce of modulating signal keeping frequency and the phase of the
carrier fixed.

Single Tone Modulation (Sinusoidal Signal)
+ Modulating Signal
v () = V_ cosa_t
where, o
W

m

Modulating frequency

H

Amplitude of modulating signal
» Carrier Signal
v (1) = V_cosm t
where, @, = Carrier frequency
v, = Amplitude of carrier signal

Remember: ...
s 0. >>w,
e f, =50Hz-15kHz ; f.=535kHz - 1605 Hz
* AMbroadcastrangeis 535 MHz- 1605 MHz.

Amplitude-Modulated {(AM)} Signal
Vaull) = [V, + K,V cosw t]lcosa_t

or Vau(t) = V [1 +m, coswm, tlcosam_t
L ! i Ve
where, m,. = Modulation index

Depth of modulation

Percentage modulation

. = Constant of propertionality, and depends upon circuit
from where AM signal has been generated

P
1]
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v,
*  Unless specified take K, = 1then m, :7'“.

c
* Practically 0 < m_ < 1, generally take value of m_ = 0.451t00.6.

* Ifm_ = 0thenunmodulated signal.
ifm_ = 1 then 100% modulated signal.

Representation of Various AM Signal

1. AM-DSB/FC
It is a standard signal

Vo) = V. -coset + 1ma\e’C [cos(m, + )t + cos{w, - 0, )]

[ —— 2 — e
Free carrier Upper side band Lower side band
Amplitude
Vo frmem oo - .~ Frequency response
o . of band pass filter
4 LSB “ USBE
= myVe|----------- A R o,
t’ ‘\ m
W, — Wy [N @, + Wy,

Spectrum of AM-DSB/FC sigal

Important Points:

* AM-DSB/FC signal represents standard AM signal which requires
maximum ameunt of power and maximum bandwidth for its transmission.

= Such systemis used for broadcast purpose since its circuit configuration
is simplest.

¢ Carrier carries no information. USB and LSB carry equalinformation since
hoth have same frequency component with reference to the centre
frequency w,.

» For the transmission of such signal, a band pass filter is used, having
centre frequency of w_ and a bandwidth of 2 « .

* For the transmission of such signal, a band pass filler is use, having
centre frequency of w_ and a bandwidth of 2 .
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* Total power required for transmission of AM-DSB/FC
PTotai =P

. . 2
. m
Pt — PG{1 + a ]

where, P. = Carrier power
FPuss = Upper side band power
P gs = Lower side band power

carrier + Prsg *+ Pusa

If carrier is modulated by several modulating signals then over all modulation index:

ez, 2 7
m, = \/mal Mgy - My,

2. AM-DSB/SC

1
V() = 5 M V, [cos(w, + o)t + cos(w, — w,, i}

3. AM-SSB/FC
' ] usB
Vo) = V.- cosem t+ >Ma Ve [cos(e, x o)t]
LsB

4. AM-SSB/SC

;
V() = 2Ma V, [cos(@. £ om )]

Different AM System: AtK_ = 1

- BwW SNR
mz
AM-DSB/FC | P, 1+—§=—] - 2w, =3 Mir. Max,
2z
m
AM-DSB/SC| P, x = Pe 20, 67% ! Low
mZ 2
Am-sserrc | P (1 ) R w, 16% ; High
2 k3
AM-SSB/SC| P, x % P, [1 + 541] W, 83% Max. Min,
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s AM-DSB/FC system is the best from the circuit configuration point of view.,
It has least complexity in the circuit but requires maximum bandwidth as
well as maximuim power.

*  AM-SSB/SCsystem is the worst from the circuit complexity point of view,
It has maximum complexity in the circuit but power and bandwidth
requirement are minimum.

*  AM-DSB/FC system are used for broadcast purpose whereas AM-558/5C
system is used for point to point communication.

+ Transmission Efficiency

_ Useful power

Total power
M= ; x 100%
Case-1: AM-DSB/FC
2
n=—"a_,100%
2+ m

If m,=1 thenn=33%.
Case-2: AM-DSB/SC
n = 100%

» Percentage power savings

' Power saved.
Total power:

% Power saving =

Case-1: AM-DSB/SC

"

% Power saving = (1- ) = ———
o . 250 ma

Case-2: AM-55B/SC
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O, o ot e e

» For full carrier system the transmission efficiency depends upon
modulation index {m_).

s Forfull carrier systerm the maximum efficiency is only 33% for maximum
modulation index of unity.

e For suppressed carrier system the transmission efficiency is always
independent of modulation index and is always 100%.

Multi Tone Modulation (Non Sinusocidal)

Representation of Various AM-Signal
1. AM-DSB/FC

Standard signai
in time domain

w0 = (A 1) J(e + )]

in frequency domain

Vi(w) = %[{F(m_ ©g) +Flw+ o)} +::A {860 — wg) + 5_(""_’ +mc)}]

2. AM-DSB/SC

Standard signal
in time domain

v(t) = f(t) s

In frequency domam '

important Points:

+ insuppressed carrier signal, the free carrier is absent.

« Modutation represents frequency translation. Therefore original cpeotrum
centered about zero frequency if translated to frequency spectrum
centerad at e, .

» Using modulation any low pass signal is modulated to band pass signal.

» Negative frequencies in the original spectrum have no physical meaning.
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These are represented since

{a) The frequency spectrum of any signal is always an even function of
o and therefore negative and positive frequencies occurs in pair.

{(b) Any negative frequency can be made a positive frequency by
frequency transiation or using modulation.

AM Modulators and Demodulators

+  Product medulation is used for generation of AM waves using non
linear devices.

v Switching modulator is also used for generation of AM waves.

» Balanced modulator and ring modulators are used for generation of DSB-
5C waves. |

»  S55B wave is generated using analog multiplier and band pass filter.

»  Filter method and phase shift methods are also used for generation of
SSB wave.

v+  Enveloped Detector
It is used for detection of AM wave.

™ T

r(t) - C R m(t}

l :

r(t}is received signat and my(t) is message signatl and for better reception
RC must be selected such as

AARA
vy

1 1
— << RC<<x—
k o

where, @ is bandwidth of message signal (in Hz).

N OO L e s
*  Demodulation of DSB-SC and 558 waves is dane using coherent carrier
signal at receiver,
+*  Envelope detector can also be used to recover message by passing received
VSB signal throughiit.
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Angle Modulation

Phase modulation (FM)

Angle Modulation

Frequency modulation (FM}

Phase Modulation (PM)

In phase modulation the phase of the carrier is varied in accordance
with instantaneous value of the amplitude of the modulating signal keeping
the amplitude and frequency of the carrier fixed.

General Expression
Vemlt) = Acos[aw t + K, (D]
where, (1) = Modulating signal

Kp = Phase sensitivity or phase deviation

Frequency Modulation (FM)

In frequency medulation the frequency of the carrier is varied in
accordance with the instantaneous value of the amplitude of modulating
signal keeping amplitude and phase of the carrier fixed.

General Expression

'f;/m(t)' = A'_cgéjé_f[mct +-f<;_',']’-'f(t)dt]

where, f(t) = Modulating signal
K, = Frequency sensitivity
If f(h) = V ,cosmt
then  [Venl) = Acoslot + mesinag] |
where, m; = K, Jm Modulation index
wm
OO

*  ApurePMsignal or a pure FM signal cannot be obtained since the phase
change orthe frequency change are inter-related.

*  InPMthe modulation index is directly proportional to the amplitude of
the modulating signal where as the modulating index in the FM depends
upon the amplitude as well as the frequency of modulating signal.
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Total Power Required for FM Signal
Veul® = Acos| et + K, [t ]

2
e
2

Frequency Deviation

(5=, 6n Jradisec
o o]

& represents total bandwidth require for the transmission of FM signal.

N O

*  Bandwidth require for FM signalis always more than the bandwidth require
for the AM signal.

* o _control the spacing between two successive sideband.
» The modulation index (my) controls the number of significant sidebands.

FM Standards

RemM M D e :

* Carrier frequency = 88 MHz — 108 MHZ
*  Maximum frequency deviation = 275 kHz
* Intermediate frequency (L.F) fi = 10.7 MHz

Bandwidth
Practical bandwidth required is given by Carson’'s rute

| BW: 220, (m¢ + 1) |rad/sec.
or [BW. = 2(5 + o) | radfsec,
Case-1: Marrow band FM (NBFM)

Case-2: Wide band FM (WBFM)

MADE EASY @&
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itis used in FM radio broadcast.

O . e e e e

*  Same bandwidth required for AM-DSB system.
* NBFMused in mobile radio.

R O

¢  The modulation index determines the number of sidebands. Components
have significant amplitudes.

* In FM, the total transmitted power always remains constant, but with
increased depth of modulation, the required bandwidth, is increased.

+ Deviation ratio is the shift in carrier frequency from its resting point
compared to the amplitude of the modulating voltage,

+  Adeviationratio of 5 is the maximum allowed in commercially broadcast

Angle Modulators and Demodulators

e FM wave can be generated using VCO caused direct method.

s M wave can be generated using varactor diode.

e FM and PM both can be generated using reactance tubes.

¢ Another method is first generate narrow band FM then pass through it
frequency multiplier.

¢ Demodulation is normally done using PLL.

Remember: ...

TheFM system requires larger bandwidth and therefore the information is transmitted
through larger number of frequency components or larger number of sidebands.
Thereforethe quality of recovered signal using FM systemis much better as compare
tothat using AM system. Therefore FM system s Hi-Fi system and therefore has the
ability to repreduce same quality of signal which was actually transmitted.

Superheterodyne receiver

(i) Sensitivity: it is the minimum 5|gnal that should be present at input of
a receiver to get standard output. It depends on gain of the receiver.
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(i) Selectivity: It is the ability of a receiver to reject the urwanted

frequency component.

(iit) Fidelity: It is the ability of the receiver to reproduce all the frequency

component at the output of the receiver.

Intermediate frequency

where, f, = Local oscillator frequency

.r

S

desired signal frequency

Image frequency

Itis undesired frequency and to be rejected.

where,

Ifsi=2fr”"fs l
fi = .fs + 2

f,;, = image signal frequency

* Image Signal Rejection

‘ a= 1+ Q7 p?

where, o,, = 20log o

(44

Quality factor

0
I

Iftwo tuned circuit are connected in cascade then o, = v S
Theimage signal rejection represents the ratio of desired signal amplitude
to the amplitude of undesired signal.

For any good radio receiver the parameter o must have high value,

PulseModuIation

Pulse Analog Modulation

1. Pulse ampiitude modulation (PAM): The amplitude of puise is varied
in accordance with the height of the modulating signal keeping the width
and the position of the pulse constant.

2. Pulse width modulation (PWM): The width of the pulses is varied in
accordance with the height of moduiating signal keeping amplitude and
position of pulse constant.

3. Pulse position modulation (PPM): The position or the location of the
puises is varied in accordance with the height of the modulating signal
keeping the amplitude and the width of the puises constant,

Speed control of DC motoris done using PL/m.
PWMis generated using 555 timerin monostable multivibrator mode.

PPM is generated using 555 timer by using PWM as a trigger signal in
monostable multivibrator mode.

Comparison of various pulse modulation signals

|- Circuit Complexity ewe| sNR

PAM Minirnum ~2e, | Minimum

PWM | ~ 10w, }

PPM Maximum ~1/4. | Maximum
where I, = Rise time of each pulse

Note:

*  PPMismost effective pulse analog modulator scheme in forms of SNR.
*  5SNRshould high, itis an advantage.
.

The aperture effect occurs only when flat topped sampling is used, This
error voltage is acceptable since the generation of flat top samptling is
least compiex.
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Time Division Multiplexing {TDM)

1. In TDM entire time interval into smaller time slots and corresponds to
each time slot, the sample from a specified signal is transmitted over a
common communication channeal.

2. Acommon sampling frequency is use for transmission of various signal.

W

Simplex circuit and less costly.

4. Used for discrete signals such as pulse modulated signals or pulse
code modulated signals (PCM}.

Frequency Division Multiplexing (FDM)

1. InFDM entire frequency band available is divided into smaller frequency
bands and corresponding to each frequency band the signals are
transmitted with different carrier frequencies at all times.

2. A separate transmitter is require for the transmission of each signal.

3. Complex circuit and therefore more costly.

4. FDM system is used for continucus signals such as AM and FM signals.

Pulse Digital Modulation

Sampling Theorem

In order to recover the original modulating signal from its sampled version the
signal must be having a sampling frequency of greater than or equal to twice
of highest modulating frequency component contain in the given signal i.e.

| fy = 2%, ] |0 2 20y

where, f, = Sampling rate
The Nyquist rate of sampling represents the minimum rate sampling so that
the original signal can be recovered from its sampled version.

fsiminy = fsuyquisy = 2fn | Samples/sec

where, f,, = Maximum modulating frequency compcnent

Pulse Code Modulation {PCM}

1. The signal to noise ratio of PCM signal is very high.

2. Only two level signal and therefore the noise can always be minimise by
passing the PCM signal through a limiter circuit.

3. For detecting the PCM signal a threshold level is fixed and incorning
voltage is detected on the basis of whether the incoming voltage is
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more than or less than this threshold tevel. The detection does not depend
upon the absolute value of the voltage receive but depends only upon
the relative voltage receive with reference to the threshold value.

4. Very lcw probability of error. Error in the detection takes'place only when
{a) The noise exceeds the threshold value.

(b) The signal is detected at the time instant where the nose exceeds
the threshold value.

The PCM signal cannot be transmitted through antenna since the sampling is
done at a rate comparable to highest modulating frequency component.
Therefore the PCM signal is transmitted through a transmission line or co-axial
cable and therefore the range transmission is limited.

« Quantization levels

where, n = Number of bits/fsample
L = Number of guantization levels

* Step size

2V, 2V
TL T o
where, V_ = Maximum amplitude of sinusoidal signal

* Quantization Noise

5

82
N, = ——
9 12
« Signal to Noise Ratio (SNR)
—— = f = =P .
Ng. 2. 2. . |»

* Bit rate

where f, = Number of samples per sec.
s Min-bandwidth

BWnin = ERb(min) =nf,
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The bit coading parameter'n'is adjusted depending upon.

*  Availability of B W, of transmission.

* Required value of the signal to noise ratio.

* The complexity of circuit which we can afford for the transmission of
given signal.

Delta Modutation

As the bit coding parameter increases the number of guartization feve! of
the quantizer will increase. Therefore design of the quantizer becomes more
complex.

The use of quantizer is avoided in the delta modulation system. It has much
simpler circuit and SNR of the delta modulation system is comparabie to
the PCM system since both are digital modulation system,

Error Signal

LA = f) =t |

where, f(t) = Present sample value of the input signal

f(1)

Latest approximation to f(t)

Remember: ...

fs {DM sygfem N fs |PCM systent .

f, =Sampling Frequency

BV_V_!DM';ystem = BWIPCM system

Noise in DM system
1. Granular noise
2. Slope overload noise
(a) To minimize granular noise:
(i) Stepsize ‘§ should be decreased to limit the range of transmission.

(i) Sampiing frequency increased, § ~ 3to4times of f_.
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(b) To avoid slope overioad noise

&7,
[6f5221tfm/3q ) .Amax‘—_é';?;:

To avoid or minimize slope overload noise, the above mention condition
must be satisfied and it is controlled by solving 4 parameters.

(i) Maximum amplituce of the modulating signal.

(ii) Frequency of the rrodulating signal.

{iii) Step size '8,

(iv) The sampling frequancy f,.

If these conditions are specified, still the slope overload noise will always
occur. To minimise the slope overload noise under this condition a detta
modulator with variable step size is used. Such delta modulator is then called,
adaptive delta modulator (ADM).

Adaptive Delta Modulation (ADM)

* In adaptive deita moduiation, step size is chosen in accordance with
message signal sampled value to overcome slope overload error and
hunting.

* if message is varying at a high rate then step size is high and if message
is varying slowly the step size is small.

* Incase of ADM and DM bandwidth required is almost same.

* ThePCMand DM signal cannot be transmitted through antenna, since the
sampling is done at the rate f, or Af, therefore such signals are then
transmitted through a transmission line so that the range of transmission
is limited.

*  To transmit such signals through antenna, a high frequency carrier is
modulated using the PCM or DM signals as the maodulating signals,
therefore alow pass signal is converted to a band pass signal and is then
transmitted through antenna for long distance communication.



‘Digital Carrier Modula_tion- |

In digital carrier modulation system, the modulating signal is digita
which is the output of PCM or DM system and carrier signal is high
frequency sinusoidal carrier.

In digital carrier modulation system one of the properties of the carrier,

namely amplitude, frequency or the phase is varied at a time with the

binary modulating signat.

1. Amplitude shift keying: The generation of ASK signal is simplest,
is amplitude dependent, maximum noise is introduced and therefore
ASK system has lowest signal to noise ratio.
= ASK signal uses ON-OFF signaling.

» In ASK probability of error (P_) is high.
= The ASK system is used for telegraphy.

2. Frequency shift keying: The circuit configuration of FSK sysiem is

most complex, requires large bandwidth for its transmission but
has relatively high S/N ratio.

=  FSK signal uses NRZ signaling.

®* Incase of FSK, P, is less.

»  Multiplexing is difficult.

=  Usedin MODEM.

3. Phase shift keying: The PSK system has relatively high SNR, relatively

complex circuit, require lesser bandwidth as compare to FSK system.
= PSK signal uses NRZ signaling.
= This system has lowest probability of error

» The PSKin its madified form is used for satellite communication
or for the mobile communication.

= Comparison between ASK, PSK, FSK

Parameter ASK PSK FSK
T,z 1 @
— AT — AT ‘o
E > 2 E'=2E
SEIERE
2.7 T T
P aimim erfc ||£ erfc\[ZE erfc el
n ;
2 2 2
BW = < o, — ) s 2
T, Ty S T,
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Binary Phase Shift Keying (BPSK)

Wavefcrm b(t) is a NRZ (non-return-to-zero} binary waveform
Transmitted Signal

| VBF’SK(t) = b(t)“‘2ps CcCSs (J)Ot l

Signal power

1V for Logic level 1
—1 V for Logic level O
Received signal

where, P_
o(t)

1l

[ Vopsi (1) = b{(1)y/2P cos(aqt +8) |
where, 8 = Phase shift corresponding to time delay 8/wy
Phase shift depends on the length of the path from transmutter to receiver
Power spectral density of the BPSK signal

G iy PeTo Jsin (=) T L [sinm(t+i)T, 2
oesc(0 = S R (- 0) T w1 +10)Ts
T, = Bitduration

Energy contained in a bit duration

where,

Bandwidth

BW = —
=

where, n = Number of input

Rem e e

+ Differential phése—shift keying (DPSK) and differential encoded PSK
(D=PSK) are madifications of BPSK.

e DPSKavoids the need to provide the synchronous carrier required at the
demodulator for detecting a BPSK signal.

Quadrature Phase Shift Keying (QPSK)

Four quadrature signals

Vi (1) = /2P cos[mot+(2m+ 1)%]' .. m=0,1,2,3
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+ Bandwidth
2
o e T R
PN e =
M-ARY PSK

| | Vin(t) = 2P cos(wgt + o) |...m =0, 1,2, .(M= 1)
« Phase Angle

il
={2m+1)—
( )M

Binary Frequency Shift Keying
| Versk (1) = /2P, coslat + d(ht] |

where, d{t) = 1 for icgic tevels 1 of data wavatorm
= -1 for {ogic levels O of data waveform
Q = Constant offset from nominal carrier frequency
N O
i BWigrsii) = 2 X BWgps)
Minimum Shift Keying

e Transmitted signal

V;fsx {t}.f_\: | ; {b (z) sin 2n ( 4;} ]} cos mat + {bQ(I) 08 2;:(4{,._]} - mOt

« Mostimportant and useful feature of MSK is its phase contlnwty

IJ" $in eyt - sin w tdt =

+« FProbability of error in the detection of any signal.

a
. Pe[mih) erfC[“"—‘—,—unEf )

where, erfc(u} = Complementary error function
a = Threshold level

Randomn Variables
and Noise

Theory of Random Signals and Process

1.

If p(x} is the probability density function

' ]: p_('x)dx a1

)

Cumulative distribution function (CDF)

o()ax . xsx

1] g

P(X} =

Avg. or do value of signal/mean

-_X;_‘—-.__E(x)"—z_.nj =T xp{x)dx

DC power contained in the given signal

Totai power contained in the given signal/mean square value

AC power contained in the signal/variance

where, o, = Standard deivation
RMS voitage




690

A Handbeok on Electrical Engg.

B MADE EASY

Noise

where

a a
R
R {Noise less)
{Noaisy)
G{f)
b b

Power spectral density of thermal noise

Noise power

G0 Thermal noise or
@ = Go Johnson's noise or
White noise
f
[ G() = 2kRT |
k = Boltzmann constant

1.38 x 1022 J/°K

Ng = T G(f)df = T OkRTdf = oo

T —em )

The thermal noise requires infinite amount of power for its generation

and infinite amount of BW for its transmission.

Band limited thermal noise.

G
2kRT
: l ;
—af Af
| G(f) = 2kRT | W/Hz ... —Af < | < Af

L aAf

Ng mJ‘ G(f)df = 4kRTAfF W

Af

Vims = YN = VAKRTAT | v

MADEEASY W Communication Systems 69i

Noise Figure of a Communication System

« The noise figure of any communication system is a measure of total
noise power contributed by that communication system.

For an ideal communication systerm or for a noise-less system the noise
figure has a minimum value of unit.

L

_ Input SNR
" Output SNR
N

=3

where, A = Power gain

N, = System noise power

N, = Input noise power

Tm = Equivalent noise temperature

T, = Rocmlemperature
Fieq = Equivalent input noise resistance

R, = Sourceresistance
+ Noise figure of cascaded Communication Systems

»  Higherthe value of noise figure, higher is the contribution of the noise by
that system.

¢  The noise figure of any system does not depend upon signal power at the
input. Therefore the noise figure remain same irrespective of the variation
in the input signal power.
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