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INSULATORS AND CABLES



What is an electric insulator

* An electrical insulator is a material whose internal electric
charges do not flow freely, and therefore make it nearly
impossible to conduct an electric current under the influence of
an electric field. This contrasts with other
materials, semiconductors and conductors, which conduct
electric current more easily. The property that distinguishes an

insulator 1s its resistivity; insulators have higher resistivity than
cemiconductore or conductors



* A perfect insulator does not exist, but some materials
such as glass, paper and Teflon, which have high
resistivity, are very good electrical insulators.

* Insulators are used in electrical equipment to support
and separate electrical conductors without allowing
current through themselves

 [nsulators for overhead line provide insulation to power



Characteristics of solid insulatot

* It must be mechanically strong enough to carry tension and
weight of conductors.

* It must have very high dielectric strength to withstand the
voltage stresses in High Voltage system.

* It must possesses high Insulation Resistance to prevent leakage
current to the earth.

* The insulating material must be free from unwanted
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It should not be porous.
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» There must not be any entrance on the surface of electrical
insulator so that the moisture or gases can enter in it.

* There physical as well as electrical properties must be less
effected by changing temperature

* Withstand flashover phenomenon



Some terms

* dielectric strength has the following meanings: Of an insulating material,
the maximum electric field that a pure materialcan withstand under ideal
conditions without breaking down (i.e., without experiencing failure of its
insulating properties).

Compressive strength is the maximum compressive stress that, under a
gradually applied load, a given solid material can sustain without fracture.
Compressive strength 1s calculated by dividing the maximum load by the
original cross-sectional area of a specimen 1n a compression test.



Insulators materials

Porcelain Insulator

Porcelain in most commonly used material for over head
insulator in present days. The porcelain i1s aluminium silicate.
The aluminium silicate 1s mixed with plastic kaolin, feldspar
and quartz to obtain final hard and glazed porcelain insulator
material. The surface of the insulator should be glazed enough
so that water should not be traced on it. Porcelain also should
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* Properties of Porcelain Insulator

Property Value(Approximate)

Dielectric Strength 60 KV / cm

Compressive Strength 70,000 Kg / cm?
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Glass Insulator

* Now days glass insulator has become popular in
transmission and distribution system. Annealed tough
glass is used for insulating purpose. Glass insulator has
numbers of advantages over conventional porcelain
insulator.
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'Advantages of Glass Insulator

* 1. It has very high dielectric strength compared to porcelain.
o 2. Its resistivity 1s also very high.
» 3. It has low coefficient of thermal expansion.

* 4. It has higher tensile strength compared to porcelain
insulator.

* 5. As it 1s transparent in nature the 1s not heated up in sunlight
as porcelain.

o A The imnuritieec and air hvithhle can bhe cacily detected 1incide
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Disadvantages of Glass Insulator

* 1. Moisture can easily condensed on glass surface and
hence air dust will be deposited on the wed glass
surface which will provide path to the leakage current
of the system.

* 2. For higher voltage glass can not be cast in irregular
shapes since due to irregular cooling internal cooling
internal strains are caused.
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Properties of Glass Insulator

* Property Value(Approximate)

L

Dielectric Strength

140 KV / cm
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Polymer Insulator

* In a polymer insulator has two parts, one is glass
fiber reinforced epoxy resin rod shaped core and other
1s silicone rubber or EPDM (Ethylene Propylene
Diene Monomer) made weather sheds. Rod shaped
core 1s covered by weather sheds. Weather sheds
protect the insulator core from outside environment.

Ac 1t 1c made nf tvn narte roore annd vweathear chadce
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Advantages of Polymer Insulator

1. [t is very light weight compared to porcelain and glass
insulator.

2. As the composite insulator is flexible the chance of
breakage becomes minimum.

3. Because of lighter in weight and smaller in size, this
insulator has lower installation cost.

4. It has higher tensile strength compared to porcelain
insulator.

5. Its performance is better particularly in polluted areas.
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Disadvantages of Polymer Insulator

* 1. Moisture may enter in the core if there is any
unwanted gap between core and weather sheds. This
may cause electrical failure of the insulator.

* 2. Over crimping in end fittings may result to cracks
in the core which leads to mechanical failure of
polymer insulator.
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| TYPES OF INSULATORS

There are several types of insulators but the
most commonly used are :
1) Pin Insulator
2) Suspension Insulator
3) Strain Insulator and
1) Shackle inculator



PIN INSULATOR




» A pin insulator consists of a nonconducting material such as
porcelain, glass, plastic, polymer, or wood.

» As the name suggests, the pin type insulator is secured to the
cross-arm on the pole.

» There is a groove on the upper end of the insulator for
housing the conductor.

» The conductor passes through this groove and is bound by
the annealed wire of the same material as the conductor.

» Pin type insulators are used for transmission and distribution
of electric power at voltages upto 33 kV.



(i)

(i)






» For high voltages (>33 kV), it is a usual practice to use
suspension type insulators consist of a number of porcelain
discs connected in series by metal links in the form of a
string.

» The conductor is suspended at the bottom end of this
string while the other end of the string is secured to the
cross-arm of the tower.

» Each unit or disc is designed for low voltage, say n kV.

» The number of discs in series would obviously depend






STRAIN IN INSULATOR




» When there is a dead end of the line or there is corner or
sharp curve, the line is subjected to greater tension.

» In order to relieve the line of excessive tension, strain
insulators are used.

» For low voltage lines (< 11 kV), shackle insulators are used as
strain insulators.

» However, for high voltage transmission lines, strain insulator
consists of an assembly of suspension insulators as shown in
Figure.
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Efficiency of string

* efficiency=Voltage across the string

(n xVoltage across disc nearest to conductor)

* Where n = number of discs in the strin






> In early days, the shackle insulators were used as
strain insulators.

» But now a days, they are frequently used for low
voltage distribution lines.

» Such insulators can be used either in a horizontal
position or in a vertical position.

» They can be directly fixed to the pole with a bolt or
to the cross arm.
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Causes of Insulator Failure

* There are different causes due to which failure of
insulation in electrical power system may occur

1- Cracking of Insulator

* The porcelain insulator mainly consists of three different
materials. The main porcelain body, steel fitting arrangement
and cement to fix the steel part with porcelain. Due to changing
climate conditions, these different materials in the insulator
expand and contract in different rate. These unequal expansion
and contraction of porcelain, steel and cement are the chief
cause of cracking of insulator.
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2 Pbrositv in The Insulation Materials

* If the porcelain insulator 1s manufactured at low
temperatures, 1t will make it porous, and due to this reason
it will absorb moisture from air thus its insulation will
decrease and leakage current will start to tflow through the
insulator which will lead to insulator failure.

3-Improper Glazing on Insulator Surface

o If the surface of porcelain insulator 1s not properly glazed,
moisture can stick over it. This moisture along with

denocited dunet on the inenlator enrface nrodiicec a
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‘44- Flash Over Across Insulator

» If flash over occurs, the insulator may be over heated
which may ultimately results into shuttering of it.

5- Mechanical Stresses on Insulator

» If an 1nsulator has any weak portion due to manufacturing
defect, it may break from that weak portion when
mechanical stress 1s applied on it by its conductor. These
are the main causes of insulator failure. Now we will
discuss the different insulator test procedures to ensure
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Insulator Testin g
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the electrical insulator must undergo the following tests
1. Flashover tests of insulator,
2. Performance tests and

3. Routine tests
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Flashover Test

There are mainly 4 types of flashover test performed on an insulator

Power Frequency Dry Flashover Test of Insulator

» 1. First the 1insulator to be tested 1s mounted in the manner in which
would be used practically.

* 2. Then terminals of variable power frequency voltage source are
connected to the both electrodes of the insulator.

* 3. Now the power frequency voltage 1s applied and gradually
mmcreased uo to the snecified value This specified value 18 below th



COn_tﬁ;. .

Power Frequency Wet Flashover Test or Rain Test of Insulator

* 1. In this test also the insulator to be tested 1s mounted 1in the manner
in which it would be used practically.

* 2. Then terminals of variable power frequency voltage source are
connected to the both electrodes of the insulator.

* 3. After that the insulator is sprayed with water at an angle of 45° in
such a manner that its precipitation should not be more 5.08 mm per
minute. The resistance of the water used for spraying must be
between 9 kQ 10 11 kQ per cm? at normal atmospheric pressure and
temperature. In this way we create artificial raining condition.

* 4. Now the power fr equency voltdge is applied and gradually

1“r\‘-r\r\nr\r'l R E = “I'\ "L\f\ {\“f\n“ 1/'\ "n -




Cont...

Power Frequency Flashover Voltage test of Insulator

® 1. The insulator 1s kept in similar manner of previous test.

* 2. In this test the applied voltage 1s gradually increased in similar t
that of previous tests.

» 3. But in that case the voltage when the surroundings air breaks do
1s noted.



Impulse Frequency Flashover Voltage Test of Insulator

* The overhead outdoor insulator must be capable of sustaining high
voltage surges caused by lightning etc. So this must be tested again
the high voltage surges.

* 1. The insulator 1s kept in similar manner of previous test.

2. Then several hundred thousands Hz very high impulse voltage
generator 1s connected to the insulator.

3. Such a voltage 1s applied to the insulator and the spark over volt
1s noted.

The ratin of thic noted valtaoe tos the valtaoce readinoe caoallected froam
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Performance Test of Insulator

Now we will discuss performance test of insulator one by one-
Temperature Cycle Test of Insulator

1. The 1insulator 1s first heated 1in water at 70°C for one hour.

2. Then this insulator immediately cooled in water at 7°C for anoth
one hour.

3. This cycle 1s repeated for three times.

* 4. After completion of these three temperature cycles, the insulator

dried and the glazing of insulator 1s thoroughly observed.
After this test there should not be any damaged or deterioration 1in t

ola7e of the inanlatar crirface



Porosity Test of Insulator

* 1. The insulator is first broken into pieces.

* 2. Then These broken pieces of insulator are immersed in a 0.5 %

alcohol solution of fuchsine dye under pressure of about 140.7 kg /
for 24 hours.

* 3. After that the sample are removed and examine.
The presence of a slight porosity 1n the material 1s indicated by a de
penetration of the dye into it.

Mechanical Strength Test of Insulator
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Routine Test of Insulator

* Each of the insulator must undergo the following routine test before
they are recommended for using at site.

Proof Load Test of Insulator

* In proof load test of insulator, a load of 20% 1n excess of specified
maximum working load is applied for about one minute to each of
insulator.

Corrosion Test of Insulator

* In corrosion test of insulator,
1. The insulator with its galvanized or steel fittings is suspended int



Arcing horns

* "Arcing horns" are projecting conductors used to protect
insulators on high voltage electric power transmission systems
from damage during flashover. Overvoltages on transmission
lines, due to atmospheric electricity, lightning strikes, or
electrical faults, can cause arcs across insulators that can
damage them



Arcing horns






The transmission line

» Physical connection between two locations through
two conductors.

» The type of propagation used is TEM.

Two-wire line




Transmission line parameters

1. Dimensional parameters: length, thickness, spacing and
thickness of insulator.

2. Material parameters: conductivity, permittivities and
permeabilities.

3. Electrical parameters: R,L,C & G.

R- series resistance of the line in ohms per unit length(Q/m).
L- series inductance of the line in henrys per unit length(H/m).
C- Shunt capacitance of the line in farads per unit length(F/m).



Calculation of Line parameters

a) Resistance per unit length
v' For dc current flow the surface current density is uniform

v’ For ac current flow the surface current density depends c
skin depth.

v’ Series resistance is the small volume on the surface whe
surface current exists. And conductor is assumed to ha\
infinite thickness.

A



a) Resistance per unit length(R) cont...

E.(x) = E,(0)e™ ¢ 7% = E,(0)e~*%¢#/* = E,(0)e~(1 />
1 1
a = f =/ nfuo, d=-=

a /nfuo

The current density in the conductor is
jZ(x) = aCEZ(x) = O'CEZ(O)e-(lﬁws - l
an element of current dl = f(x)wdx -
eon e wo.SE.(0)

V=

rx=oo - — rx:oo

P pr—— /o =



a) Resistance per unit length(R) cont

E.0)  EQO)1+)) (45 _1 ( 1 5. )
I — wdo.E,(00 wdo, w\do, 0o,

 The real part represents the series surface resistance which
independent of dimension it is a property of conductor.

y

* Imaginary part represents the series inductance of low
conductor which is negligible for high frequencies and in go
conductors.

e The series resistance of the conductor per unit length
obtained by doubling the resistance of a single conductor.



b) Inductance per unit length(L)

* Inductance of a conductor is ratio of flux
linkage to the current flow.

* Current can be calculated by using Ampere’s
law and flux linkage from flux density.

I = Hw
S s
d= By=Bis glldt ——— ) [ —— o




c) Capacitance per unit length(C)

» Capacitance C=Q/V
* Two conductors form an capacitor with
surface charge density each of Q/W.

g Q

we

d
V:jEdl:Qd/wg



d) Conductance per unit length(G)

* |Inverse of parallel resistance of the line.
1%

E=—
= T )
J =oF //
|
of )
I=JS =0FES = ﬂ dim.o ‘ \/ w
d I .

V =IR
7



Line parameters

Two-wire line (Fig. (14.5a)). Coaxial line (Fig. (14.5d)). Parallel plate line (Fig. (14.
4 = radius of conductor, a = radius of inner conductor, @ = width of plates,
d = distance between centers b = inner radius of outer d = distance between plate
of conductors. conductor. ]
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Transmission line equations

l[ . B lhdl

= il - 7 ¢ ’ Z =RAl+ jwLA
4
Vi Gall| <Al Wiy Y =GAl+ jwCA
— 1+Al s
— AI 71: Al :: Al S ———

* Line equations are derived by assuming large number of short
segments.

* The total series impedance of the line segment is Z
* The total parallel line admittance of the line segmentis Y
* By applying Kirchhoff’s voltage and current law

AV (1)

o 2 W e cwmm A . - . A il = -



Transmission line equations cont...

* By using the taylor expansion for V(/+Al) abou

[. V(I+Al)=V(]). % =—V()[R+ jwLAl]

* By combining the two differential equations

d N

ar 7V =0 '

el y=a+ jB=(R+ jwL)(G+ jwC
— 21 =0

dl=



Transmission line equations cont...

* The characteristic quantities of the line are propagatic
constant and line impedance.

* The characteristic line impedance of the transmission line

ratio of forward propagating voltage and forwal
propagating current. _ v

IF
* Assuming only the forward propagating wave exi:

substitute the solution of voltage and current in first ord

differential equation ttken I|rLe chara}/ctenstlc impedance is
Ly =
’ 4 G+ wC




Transmission line equations cont...

* The characteristic impedance of a line is independent
location on the line and depends only on lir
parameters.

* Characteristic impedance is a complex valued quantit
Whereas the lumped parameters of the line are in p
unit length units.

* Wavelength and Phase velocity for any propagatir

wave is
A= 2772‘[171]



Time-domain transmission line equation

V(I +AL1) -V (1) =~I(,1)RAl - LAI ‘”g’”
[
I(l+ALt)—1(,t)=-V(,1)GAl—CAl dva(’l’ )
t
dv(l,t) _ _I0.HR-L dl(l,1)
dl
dlgz’t) =-V({1,1)G-C avi.1)

A2V (1 +) A2V (1 +) ANt 4%



Types of transmission lines

1. Lossless transmission line (a=0).

2. Infinite long transmission line (No reflection
from load).

3. Distortion-less transmission line (a,z
independent of frequency)

4. Low resistive transmission line (R=0).



1. Lossless transmission line

* R=0 and G=0 we leads to a=0.

* Lineis made of pure conductor.

* Practically not existing only approximated line exist.

* The field components propagate along line with
speed dictated by L and C.

vy = jf = jw~NLClrad/m]

F 8 |
Zy = \/;[QJ



2. Infinite long transmission line

* Only forward propagation wave exists.
 Line can be a loss line or lossless line.

Vih=V*e™
I(DH=1¢e"



3. Distortion less transmission line

This is line whose impact on propagation wave is independent
of frequncy.

* General lossy line with attenuation constant, phase velocity
and characteristic impedance independent of frequency.

* For a distortion less the line parameters must be designed so
that R/L=G/C.

7/=R1/%—I—jw\/LC
/C
c = R zz'\/RG



4. Low resistance transmission line

* R=0.
 These lines are made of pure conductors.

* The conducting nature of the line guides the wave but all the
propagation parameters are effected by dielectric alone.

* These equations can holds for any line therefore by knowing
one parameters remaining can be measured.

y = jwJ LC 1+_i
jwC

[ <« 7



The field approach to transmission lines




Finite Transmission Lines

* A finite line connected between the generator and load as
shown in figure.

* For the analysis of line a reference point is needed on the line.

e The analysis till now are in terms of /, which is valid if
generator is reference point and all analysis can be modified
to z by considering load as a reference point.

V) =V'en +V e il 8
1(1):1+€—ﬂ +1e™ [(D)=1"e"+1 "

__HOF (O)—




1. The Load Reflection Coefficient

 Load Reflection coefficient is ratio of reflected voltage (bac
propagated) to the incident voltage (forward propagated).

* Reflection coefficient can be calculated using characterist
impedance and load impedance. Non-zero reflection coefficier
represents mismatch of load impedance with line impedance.

|7
Z() - R

I+ 4
z =V _V©O

4 1(0)

Y27+ 4 E— | oad Reflection coefficient i<



2. Line Impedance and generalized

Reflection Coefficient

* Line impedance of line is important to connect a line
to other in between generator and load.

* When a stub is connected to a line then the line
impedance at that point acts as input impedance for
the stub.

* Line impedance is ratio of line voltage to line current
by taking load as reference point.



2. Line Impedance and generalized
Reflection Coefficient cont...

* Input line impedance: the impedance at the input
or generator side.

* Line impedance: impedance at any point on the line

Z,coshyz+Z,smh yz

Z(z)=Z%, [Q]

Z,coshyz+Z, sinh 7

Z; +Z(,tanh;z[Q]

' Z,+Z, tanhyz

* The generalized reflection coefficient is the

okl sk as i T g dilS s Sty a i ain W Sy vageodaleg T e

Z(z)=2,




3. The Lossless, Terminated Transmissior
Line

* R=0 and G=0 we leads to a=0.
V(z)=V* (e +T,e )
V™ o -
I(z)=—(&" =Lg
(2) Z()( )
Z, coshfz+ jZ,sinh fz
Z,coshfz+ jZ, sinh 5z
Z, + jZ,tanh fz
Z,+ jZ, tanh f3z

Z(2)=Z2, [€2]

Z(z)=Z, [€2]



3. The Lossless, Terminated Transmissic
Line cont...

* Because of phase variation of reflection coefficient it
varies from maximum(+1) to minimum(-1) along the

line.

 Therefore the line voltage and current also varies
from maximum to minimum along the line.

V(z) =V e (1+T(2))

Vv

I1(z) = 235 (1—T'(z2
(z) Z()c ( (2))




3. The Lossless, Terminated Transmissic
Line cont...

* The ratio between the maximum and minimum
voltage (or current) is called standing wave

ratio.
SWR = Vmax = [max = l+|r(~)|
vmin Imin l—’F(Z)’
SWR -1
IC(2)| =
SWR +1

V.,,ax=!V*!<1+|r(z>|)=\v*\( s )

SWR +1



3. The Lossless, Terminated Transmissio
Line cont...

* The larger the SWR, the larger the maximum voltage
and the lower the minimum voltage on the line.

* |f SWR=1, the reflection coefficient is zero. In this,
the magnitude of the voltage on the line does not
vary. The phase varies. v, =v,.=V'|

* If SWR is infinite, the magnitude of reflection
coefficients equals to 1 that is the load either short



3. The Lossless, Terminated Transmissic
Line cont...

* A number of particular loads are as follow:
Matched load: Z; =0T =0
Short-circuited load: Z, =0;I", =-1
Opencircuitload: 7 — oo =+1

- W o

Resistive |load: Z, =R, + jO;-1<T, <+



4. Lossless matched transmission line

*The line voltage and current have only forwar
propagating wave.

*No standing wave in the line and all power on lin
transferred to load.

ZL :Zo
I =0
Z(2)=2,

- v 4 Ny 2



5. Lossless shorted transmission line

* The line impedance is purely imaginary and
varies from —infinite to infinite.

e Load reflection coefficient is -1.

e Standing wave ratio is infinite.
Z, =0
T, =-1
SWR =0
Z(2) = jZ,tan(fz)

4+ 137 ,4 — 17 =\



5. Lossless shorted transmission line cont

Line impedance properties

It is zero at the load and at any value Bz = nm, n = 1, 2. In terms of wavelengtl
the line impedance is zero atz = nA/2,2 =0, 1,2,....

The line impedance is purely imaginary and alternates between positive an
negative values, as shown in Figure 14.20. The impedance is positive (inductive
for nA/2 < z < mA/2 + A/4 and negative (capacitive) between nA/2 +1/4 < z -
nA/2 +A/2,n = 0,1,2,.... The line impedance changes from +00 to —00 :
2z =nA/2 + A/4.

A shorted transmission line behaves as an inductor or a capacitor, dependin
on the location on the line. A capacitance or an inductance may be designed b
simply cutting a line of appropriate length. In this sense, shorted transmissio
lines are viewed as circuit elements.



5. Lossless shorted transmission line cont.
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6. Lossless open transmission line
* The line impedance is purely imaginary an
varies from —infinite to infinite.

* Load reflection coefficient is +1.
e Standing wave ratio is infinite.

Z, =

[, =+1

SWR =
Z(z)=—-jZ,cot(fz)



6. Lossless open transmission line cont..

Line impedance properties

(1) It =+1,SWR = o0.

(2) The line impedance is infinite at the load and at any value fz = nn, n =
1,2,.... In terms of wavelength, the line impedance is infinite at z = ni/2,
n=0,1,2,.... The line impedance is zero atz = A/4 +nA/2,n = 0, 1, 2,....

(3) The line impedance is purely imaginary and alternates between positive and
negative values, as shown in Figure 14.21. The impedance is negative (capaci-
tive) for #A/2 < z < nA/2 + A/4 and positive (inductive) between nA/2 4+ A/4 <
z<nA/2+M2,n=0,1,2,.... The line impedance changes from +00 to —00
atz = nA/2.

(4) An open transmission line behaves as an inductor or a capacitor, depending on
the location on the line. A capacitance or an inductance may be designed by
simply cutting a line of appropriate length. Open transmission lines may also
be viewed ac circuit elements



6. Lossless open transmission line cont..

FIGURE 14.21 Line impedance on an open transmission line.



7. Lossless resistively loaded transmissic
line 2, =R + 0

RL - Z()
R, +Z,

Z()=Z R, cos(fz) + jZ,sin(fz) _ 7 R.+jZ, tan(fz)
" Z,cos(Bz)+ jR,sin(fz)  ° Z,+ jR, tan(Sz)

[yi=

* The reflection coefficient is real and can be positive

or negative depending relative magnitude of load
and intrinsic impedance.

 Therefore the reflection coefficient phase on the

lirmAa 1ce nitharN Ar 109N Aacarane



7. Lossless resistively loaded transmissio
line cont...

e Case 1:R>Zo

* Reflection coefficient is always positive with
phase of 0 degrees.

= R, -Z, =‘FL|ej0
R, +Z,
V() =V*e”(1+T,e**)
V+

1 O LR | < O S e g



7. Lossless resistively loaded transmissic
line cont...

* The locations of voltage minima and maxima

are as follow. R IO ¢ 257!
4
A A nA
T = 3 -2t D+ == n=0,12,
Zo=Ro R1>Zy |RL




7. Lossless resistively loaded transmissio
line cont...

e Case 2:Ri<Zo

* Reflection coefficient is always negative with
phase of -180 degrees.

r = R, -2, _ ’rLle_j,,
R, +Z,
V(Z) = V+e.iﬁ:(l+ l—‘Le—.i(_2ﬂ:+;r))
V+

I(7) = — /% (1 =T e/ 2F*7)y



7. Lossless resistively loaded transmissic
line cont...

* The locations of voltage minima and maxima

are as follow. @n+DA

B = ] 2n+Drz =
4

A A nA
T =5 - QDT+ ==~ n=0,12,..

T

Zo=Ro Ri1<Zy L|




7. Lossless resistively loaded transmissic
line cont...

* The properties of line impedance are as follow:

The line impedance can be complex as can be seen from Eq. (14.129), but it
always real at locations of voltage maxima and voltage minima for any lossle
line. The impedance at voltage maxima is Z,,, = ZoSWR, whereas at volta
minima (current maxima), it is Zni, = Zo/SWR.

For Ry, > Zy, the first voltage maximum occurs at the load (z = 0) and the fir
voltage minimum at a distance A/4 from the load. All conditions on the lis
repeat at intervals of A/2.

™™ ™ ~y -1 F o N : Y - . (TR | . | ™ = NG -



Power relations on a general transmissic
line

* The power at any location on the line can be calculated |
assuming the input at that location.

* Power at any location is due to both forward and backwa

propagating waves. V(zo)=V*(e™ +T,e™)
V+
I(Zo): 7

0

(e%'u . I‘Le_?’:u )

2520
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Power relations on a general transmissic
line cont...

* The power entering this section of transmissio
lineis  p=_Ref.r)

}):0 - ‘V+‘— (e2a:.0 _|FL|26—2Q:O)COS(9:O)
2|Z,|

il
2|Z,|

load

(1 _IFle)COS(gz())




Power relations on a general transmissic

line cont...
* |f only the forward propagating wave exist:

Vo (:0) :Voe‘/:()’IO(ZO) :v_e}:()

0

il

P'(z0) = e’ "° cos@.,)

0

* |f only the backward propagation wave exist:

rv
-720
=L TR

V (z0)=T,V"e ", I'(20)= -

0

P'(z0) __w

cos(@.
27, 5C0)



Resonant transmission line circuits

Because of inductive and capacitive nature of the line
impedance section of line segments can form various resonant

circuits.

Lossy and lossless series and parallel resonant circuits can be
formed by using transmission line segments.

At resonant frequency the transmission line segments have
only real impedance.

= L.d = 1L

C

) —



Resonant transmission line circuits cont..

* The resonant circuit can be formed by using eithe
open circuit line or short circuit line.

* The selection of line segments type depends on th
application where it is used, practically the coaxi:
type resonators are used with open circuit an
parallel plate are used with short circuit.

* |n resonant circuits if the resonant frequency is give
then the length of the line sections has to b
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Resonant transmission line circuits cont..

* Parallel resonant circuit using transmission line.

* The resonant condition can be calculated using

admittance. .
Z, = JZy tan(Bd,)

Z,, = jZytan(f,d,)

1 1
+ =0
Z

Z., ‘o
in2 . Resonant conditic

Z, tan(pd)+Zy, tan(f,d,) =0

inl

7\ — o




Resonant transmission line circuits cont..

* Series resonant circuit using transmission line.

* The resonant condition can be calculated using
admittance.
Zi = JLy tan(ﬂldl)
Z,, = JZy, tan(f,d,)
Z.i+Z:s =)

inl i

Z, tan(fd,)+Z,, tan(B,d,)=0

. Resonant conditic

O—— N



MECHANICAL DESIGN OF OYERHEAD
LINES



8,1 INTRODUCTION

Electric power can be transmitted or distributed
either by means of underground cables or by
overhead lines.

The underground cables are rarely used for
power transmission due to two main reasons.

Firstly, power is generally transmitted over long
distances to load centers. Obviously, the installatio.
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8,1 INTRODUCTION

An overhead line Is subjected to uncertain
weather conditions and other external
interferences.

This calls for the use of proper mechanical
factors of safety in order to ensure the
continuity of operation in the line. In
general, the strength of the line should be



8,1 MAIN COMPONENTS OF OVERHEAD LINES

In general, the main components of an overhead line ar

Conductors which carry electric power from the sendii
end station to the receiving end station.

cfJorts which may be poles or towers and keep the
conductors at a suitable level above the ground.

Insulators which are attached to supports and insulate
the conductors from the ground.

Cross arms which provide support to the insulators.
Miscellaneous items such as phase plates danger
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8.2 CONDUCTOR MIATERIAL

The conductor material used for transmission
and distribution of electric power should have
the following properties :

high electrical conductivity.

high tensile strength in order to withstand
mechanical stresses.

low cost so that it can be used for long



COMMONLY USED CONDUCTOR MATERIALS,

The most commonly used conductor materials
for overhead lines are

Copper

aluminium

steel-cored aluminium

galvanized steel

cadmium copper.



8.3 LINE SUPPORTS

The supporting structures for overhead line
conductors are various types of poles and
towers called line supports. In general, the line
supports should have the following properties :

High mechanical strength to withstand the
weight of conductors and wind loads etc.

without the loss of mechanical strength.
Cheap in cost and economical to maintain.



8,3 LINE SUPPORTS

The line supports used for transmission anc
distribution of electric power are of various
types including

wooden poles

steel poles

R.C.C. poles



8,3 LINE SUPPORTS

The choice of supporting structure for a particular
case depends upon the

line span
X-sectional area
line voltage
Cost
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8.4 INSULATORS

The overhead line conductors should be
supported on the poles or towers in such a wa
that currents from conductors do not flow to
earth through supports i.e., line conductors mu
be properly insulated from supports. This is
achieved by securing line conductors to
supports with the help of insulators. The
InNsulators provide necessarv insulation betwee



8.4 INSULATORS

In general, the insulators should have the following
desirable properties :

High mechanical strength in order to withstand
conductor load, wind load etc.

High electrical resistance of insulator material in
order to avoid leakage currents to earth.

High relative permittivity of insulator material in
order that dielectric strength is high.

1 The insulator material should be non-norous. free



8.2 TYPES OF INSULATORS

The successful operation of an overhead line
depends to a considerable extent upon the
proper selection of insulators. There are
several types of insulators but the most
commonly used are

pin type
suspension type
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8.10 CORONA

When an alternating potential difference is applied
across two conductors whose spacing is large as
compared to their diameters, there is no apparent
change in the condition of atmospheric air surrounding
the wires if the applied voltage is low. However, whe
the applied voltage exceeds a certain value, called
critical disruptive voltage ,the conductors are
surrounded by a faint violet glow called corona.

The phenomenon of corona is accompanied by a hiss



8.10 CORONA

If the applied voltage is increased to breakdown
value, a flash-over will occur between the conductor
due to the breakdown of air insulation.

The phenomenon of violet glow, hissing noise an
production of ozone gas in an overhead
transmission line is known as corona.

If the conductors are polished and smooth, the
corona glow will be uniform throughout the length of
the condiictore otherwice the rotiah nointe will



THEORY OF CORONA FORMATION

Some ionised particles (i.e.,free electrons and
+ve ions) and neutral molecules always prese
In air

When p.d. is applied between the conductors,
potential gradient is set up in the air which will
have maximum value at the conductor surface
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THEORY OF CORONA FORMATION

When the potential gradient at the conductor
surface reaches about 30 KV per cm (max.
value), the velocity acquired by the free
electrons is sufficient to strike a neutral
molecule with enough force to dislodge one or
more electrons from it. This produces another
lon and one or more free electrons, which is tu
are accelerated until they collide with other
neutral molecules. thus nroducina other ions.
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8,11 FACTORS AFFECTING CORONA

The phenomenon of corona is affected by the physical state of
the atmosphere as well as by the conditions of the line. The
following are the factors upon which corona depends :

Atmosphere: As corona is formed due to ionization of air
surrounding the conductors, therefore, it is affected by the
physical state of atmosphere. In the stormy weather, the
number of ions is more than normal and as such corona
occurs at much less voltage as compared with fair weather.

Conductor condition: The corona effect depends upon the
shape and conditions of the conductors. The rough and
irregular surface will give rise to more corona because

rimmsinannnace nf thea crirfana Aamramene tha vinliin A¥F



8,11 FACTORS AFFECTING CORONA

Spacing between conductors: If the spacing
between the conductors is made very large as
compared to their diameters, there may not be an
corona effect. It is because larger distance betwee
conductors reduces the electro-static stresses at tr
conductor surface, thus avoiding corona formation.

Line voltage: The line voltage greatly affects
corona. If it is low, there is no change in the
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8.13 ADVANTAGES AND DISADVANTAGES OF
CORONA

Corona has many advantages and disadvantages. In the
correct design of a high voltage overhead line, a balance
should be struck between the advantages and
disadvantages.

Advantages

Due to corona formation, the air surrounding the
conductor becomes conducting and hence virtual
diameter of the conductor is increased. The

Rttt 2 v sl Ll iin onm s rend s s s L A o [ R et e el



8.13 ADVANTAGES AND DISADVANTAGES OF
CORONA

Disadvantage

Corona is accompanied by a loss of energy.
This affects the transmission efficiency of the
line.

Ozone is produced by corona and may cause
corrosion of the conductor due to chemical
action.

The current drawn by the line due to corona |



8,14METHODS OF REDUCING CORONA EFFECT

The corona effects can be reduced by the following
methods :

By increasing conductor size, the voltage at which
corona occurs is raised and hence corona effects are
considerably reduced. This is one of the reasons that
ACSR conductors which have a larger cross-section:
area are used in transmission lines.

By increasing the spacing between conductors, the
voltage at which corona occurs is raised and hence
corona effects can be eliminated. However, spacing
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STRUCTURE OF POWER SYSTEM



Introduction

* An electrical power system consists of generation,
transmission and distribution.

® The transmission systems supply bulk power and the
distribution systems transfer electric power to the
ultimate consumers.

* The generation of the electric energy 1s nothing but the
conversion of one form energy into electrical energy.

* Electrical energy 1s generated in hydro, thermal and
nuclear nower <tations



Generating station @ 6.6 kV, 10.5 kV, 11 kV, 138 kV and 15.75 kV

0000, Step up transformer

Sending end substation 11 kK\V/220 kV or 132 kV or 110 kV or
“OVTVVVT 400 kV or 765 kV

Primary Transmiss.on

0000000, Step down transformer
Receiving station 220 kV/33 kV or 66 kV
sooo

Secondary transmission

\R000000 Step down transformer
Secondary substation TS50~ 33 kV/11 kV or 6.6 kV
¢ l Primary distribution
Big consumers

0000000/ pDistribution step down transformer

TOoo 11 kV/400 V for 3¢ and 230 V for 1%
—_—

Distribution station



Components of an electric powersystem:——

Generators: A device used to convert one form of energy into electric
energy.

Transformer: Transfer power or energy from one circuit to other withc
the change of frequency.(to increase or decrease the voltage level)

Transmission lines: Transfer power from one location to another

Control Equipment: Used for protection purpose

Primary Transmission: 110kV, 132kV or 220kV or 400kV or 7635kV, hi,
voltage transmission, 3 phase 3-wire system.

Secondary transmission: 3 phase 3-wire system, 33kV or 66kV feede
are used

Primarv dictribution: R nhace R_wire cvetem 11KV ar 6 ALV R nhace



Generators: -~ —

» Generator 1s a device which converts mechanical

energy 1nto electrical energy. Generating voltages are
normally 6.6 kV,10.5 kV or 11 kV.

* This generating voltage can be step up to 110 kV/132
kV/220kV at the generating(indoor or outdoor) to
reduce the current 1n transmission line and to reduce
transmission losses.

* Generators produce real power (MV) and reactive
power (MVAR).



"

-

Transformers:

* It 1s a static device which transfers power or energy
from one circuit to another circuit without change of
frequency.

» The main function of transformers 1s step up voltages
from lower generation levels to the higher generation
voltage levels and also step down voltages from
higher transmission voltage levels to lower
distribution levels.

* When we are increasing the transmission voltage,
~1irrent flovwino thronioh the ctirrent flovwino thronioh



Control Equipment
* Circuit Breaker (CB): Circuit breakers are used for opening or
closing a circuit normal and abnormal (fault) condition.

» Different types of circuit breaker are oil circuit breaker, air-blast
circuit breaker, vacuum circuit breaker, SF6 circuit breaker.

* During fault conditions relay will give command to the circuit
breaker to operate.

* Isolators: Isolators are placed in substations to isolate the part of
system during maintenance.

* It can operate only during no-load condition. Isolated switches



Contd...

» Busbar: Busbars are used to connect number of lines
operating at the same voltage electrically.

* It 1s made up of copper or aluminium. Different types
of busbar arrangements are —single busbar
arrangement, single bus bar with sectionalisation,
double bus bar arrangements, ring bus bar scheme etc.



Transmission System —

» It supplies only large blocks of power to bulk power stati
or very big consumers.

It interconnects the neighbouring generating stations in tc
power pool 1.e, interconnection of two or more generati
stations.

* Tolerance of transmission line voltage 1s £5 to £ 10% due
the variation of loads.

Primary Transmission

» If the generated power 1s transmitted through transmissi
line without stepping up the generated voltage, the ki
current and power loss would be very high.

s G el b R Iram NS A 2 e i I, X

- N . Ve o PILRCS | O [ Ehmtem 50 \ S I A o, e L e



Contd...

* The high voltage transmission lines transmit power from
sending end substation to the receiving end substation.

* Primary transmission voltages are 110KV, 132 KV or 220KV
Or 400KV or 760K V.1t uses 3phase, and 3wire system.

Secondary Transmission

* At the receiving end substation, the voltage 1s stepped down to
a value of 66 or 33 or 22 KV using step down transformers.

e The <cecondarv tranemis<ion line forme the link between the



Distribution System — =

The component of an electrical power system connecting all the
consumers in an area to the bulk power sources or transmission lir
1s called a distribution system.

* A distribution station distributes power to domestic, commercial a
relatively small consumers.

* Distribution transformers are normally installed on poles or on
plinth mounted or near the consumers

Primary Distribution

» At the secondary substations, the voltage is stepped down to 11 K
or 6.6 KV using step down transformers.



Secondary Distribution

At the distribution substation the voltage 1s stepped down
to 400V (for 3phase) or 230V (for 1 phase) using step
down transformers.

» The distribution lines are drawn along the roads and
service connections to the consumers are tapped off from

the distributors.
* It uses 3 phase, 4 wire system.
* Single phase loads are connected between one phase wire
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Conclusion: —

The basic structure of power system and its various components ,
their role are discussed.
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TRANSMISSION LINES

A transmission line is used for the transmission of electrical power from
generating substation to the various distribution units. It transmits the wave of
voltage and current from one end to another. The transmission line is made up
of a conductor having a uniform cross-section along the line. Air act as an

insulating or dielectric medium between the conductors.



1. Overhead transmission lines

e Short transmission lines
* Medium transmission lines

* Long transmission lines

2. Underground cables




OVERHEAD POWER LINE

An overhead power line is a structure used in electric power transmission and
distribution to transmit electrical energy along large distances. It consists of
one or more conductors (commonly multiples of three) suspended by towers or
poles. Since most of the insulation is provided by air, overhead power lines are
generally the lowest-cost method of power transmission for large quantities of
electric energy.




Short transmission lines

* Line voltage is less than 20KV
 Length of transmission line 1s up to abo

 Capacitance effect are small or negligible




MEDIUM TRANSMISSION LINES

* Line voltage 1s moderately high.

* It 1s greater than 20KV but less than
100K V.

* Length of lines is about 50 Km to
150Km.

* Capacitance 1s significant.




LONG TRANSMISSION LINES |

)

1% © *Line voltage is very high (>100KV).
* Length of an overhead line is more than 150Km.

* Line constants are considered uniformly
distributed over the whole length of the line.




Cheaper to install
and maintain than
underground
cables

Quicker to fix ADVANTAGES

They have large

whenever fault OF OVERHEAD BT
e TRANSMISSION tr a\n.snnﬁsmn
Cvelops. LINES capacity.
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NOMINAL “T” METHOD

Nominal “T” Method : In this method, the whole line capacitance is assumed to
be concentrated at the middle point of the line and half the line resistance & reactance
are lumped on its either side as shown in fig. There fore in this arrangement full
charging current flows over half the line. In fig one phase of 3 phase transmission line

is shown as it 1s advantageous to work in phase instead of line to line values

19



NOMINAL “T” MODEL OF A TRANSMISSION LINE

Here,

Series impedance of the line Z =R + jX
Shunt admittance of the line Y = jwc
Receiving end voltage =V,

Receiving end current = [,

Current in the capacitor = I

Sending end voltage =V,

Sending end current = I,

Sending end voltage and current can be obtained by application of KVL and KCL. to the circuit
shown below

13
Current in the capacitor can be given as,



NOMINAL “T” MODEL OF A TRANSMISSION LINE

By Kirchoff’s current law at node a, By Kirchoff’s voltage law

/[YV +(1 +ZY)1 I
-5 Sl 2.0

14



equation of sending end voltage v, and current i, can be written in the matrix form as
Also,

=16 2]

Hence. the ABCD constant of the nominal T-circuit
model of a medium line are

15



EQUATION OF NOMINAL “T” METHOD

Tacking the receiving end voltage Vi as the
Receving end Current per phase reference phasor we have
Receiving end voltage per phase Receiving end voltage, Vi = Vg + JO
X; = Inductive Reactance per phase Recerving end Current, Iy = Ig(COSQp — jSinQg)
R = Resistance per phase : ; o » Z
Line loss of receiving end, = [~
(= Capacitance per Phase

: . . Z

, Voltage of capacitor, Vy = Vi + Iy =
— el o . haee - 2

Z = Impedance per Phase

V,= Voltage of capacitor Current of Capacitor, I = jwCV,

Vs= Sending end Voltage per phase Sending end Current. Is = I + I¢

Is= Sending end Current per phase Line loss sending end. = [ =

COSOz= Recerving end power factor (Lagging)
o e ) . Sending end Voltage, Vs
COS0s= Sending end Power factor (Lagging)




NOMINAL “PI” MODEL OF A MEDIUM TRANSMISSION LINE

In the nominal pi model of a medium transmission line, the series
impedance of the line is concentrated at the centre and half of each
capacitance 1s placed at the centre of the line. The nominal Pi model

of the line is shown in the diagram below

Nominal Pi model of a medium line.




Equation of Nominal “[|[” Method

In this circuit,

Vab =V,

By KCL at node a,

Voltage at the sending end

J

Vo = Vea = Vap + 21 =V + 2 (1 +5 %)

Y
V. = (1 + T)Vr + 21,



\\
A\

EQUATION OF NOMINAL “[|” METHOD

By ohm’s law

ls=1+1.4 =1 +YV +Y
5 - ca = *v 2; y)

19



Also,

l_14 B1[%
|IS|=|(: DHI,-

Hence, the ABCD constants for nominal pi-circuit model of a medium line are

ZY ZY
A=D=1+—4 B=Z C:Y(1+T

Phasor diagram of nominal pi model

20



The phasor diagram of a nominal pi-circuit is shown in the figure below.

It is also drawn for a lagging power factor of the load. In the phasor diagram the quantities
shown are as follows;

OA =V, - receiving end voltage. It is taken as reference phasor.

OB =1, - load current lagging V, by an angle @..

BE = I, — current in receiving-end capacitance. It leads V, by 90°.

The line current I is the phasor sum of I_and I ;. It is shown by OE in the diagram.

AC =R - voltage drop in the resistance of the line. It is parallel to L.

CD =IX -inductive voltage drop in the line. It is perpendicular to 1.

AD =1Z — voltage drop in the line impedance.

OD = V_ - sending—end voltage to neutral. It is phasor sum of V_and IZ.

The current taken by the capacitance at the sending end is I ;. It leads the sending-end
voltage V, by 90

OF = I, — the sending—end current. It is the phasor sum of I and 1 ;.

@s — phase angle between V_and I, at the sending end, and cos@s will give the sending-end
power factor.

21



MATH & SOLUTION

Line current , I, = Ip+ Iy = (2624 - 196.8) + ] 14.3

Example 10:13

A 3-phase, S0H, 150 km line has a resistance , inductive reactance
and capacitive shunt adminance of 0.1Q , 0 .5Q and 3%
107° S per km per phase. If the line delivers 50 MW at 110 kV and V; s _R’ + l_l: 7 = VR. s H' (R+jX)

0.8 pf lagging . determine the sending and voltage and current

Assume a nominal w circuit for the line 63,508 +(262.4 - j 182.5)(15 +j75)

= 262.4— j 182.5

S08+3936 + 519,680 - 2737.5 + 13,687
Total resistance /phase, R=01x150=15Q

=81,131+j16,942.5=82,881 <1147'V

Total reactance/phase, Xp= 05x150=7510N

Capacitive admittance/phase, Y= 3 x 10~° X 150 = 45 x 10~ 8 ~Line to line sending end voltage = 82,881 x /3 = 1,43,550 V

Receiving end voltage/phase, Vg =110 x 107/ /3 = 63,508V

= 143.55 kV

50 x10*

Load current . Ip = — = 328 A

\.! 110 % 10° x0.8
08 0.8 ;5in@y =06 9 ' . ;
e . Charging current at the sending end is

, 45 %1077
l'aking receiving end voltage as the reference phasore , we have , lea=) Vs Y /2=(81,131 +j16,9425) ] ———
Vg = Vg + JO = 63508V - ~381 41825

Load current , Ip = Ig(cos Og-jsin@g) = 328 (0.8+j0.6)

l Sending in current, /¢ = I, t IT' = (262.4 - j182.5) + (-3.81 + j 18.25)
262.4 -j196.8

Charging Current at the Load end 1s =258.6 ] 164.25=3064 <-32.4 A

45 x10

Iee= Vaj L=63508 x W =j14.3 ~ Sending end current =306.4 A




UNDERGROUND TRANSMISSION LINES

Undergrounding is the replacement of overhead cables providing electrical
power or telecommunications, with underground cables. This is typically
performed for aesthetic purposes, but also serves the additional significant
purpose of making the power lines less susceptible to outages during high wind
thunderstorms or heavy snow or ice storms. Undergrounding can increase the
initial costs of electric power transmission and distribution but may decrease
operational costs over the lifetime of the cables.

23
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CLASSIFICATION OF UNDERGROUND CABLES

U BY VOLTAGE

* LT cables: Low-tension cables with a maximum capacity of 1000 V

* HT Cables: High-tension cables with a maximum of 11KV

® ST cables: Super-tension cables with a rating of between 22 KV and 33 KV

* EHT cables: Extra high-tension cables with a rating of between 33 KV and 66 KV
* Extra super voltage cables: with maximum voltage ratings beyond 132 KV

U BY CONSTRUCTION

* Belted cables: Maximum voltage of 11KVA

* Screened cables: Maximum voltage of 66 KVA be
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ADVANTAGES OF UNDERGROUND CABLES

* Low chances of developing faults.

* Low maintenance cost.

* Not influenced by environmental conditions.

* More durable in comparison to overhead transmission lines.
* Underground cables are more safer fore mankind.

* Requires a narrow band of length to install.

25



N |
O DISADVANTAGES OF UNDERGROUND CABLES

W )
./
o~

10 ()

* Very expensive. It costs four times the overhead lines.

* Repairing of underground cables is not easy and it takes more time
to repair than overhead lines.

* Maintenance cost is also very high.
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