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DEPARTMENT VISION:

To excel in the domains of electrical and electronics engineering through academic excellence,
research innovation, actively addressing challenges, developing sustainable solutions, and making a
Positive societal impact, with the aim of further strengthening research and promoting holistic
development among students.

DEPARTMENT MISSION:

o Provide quality education and training in electrical and electronics engineering.
o Foster research and innovation in the field.

o Address real-world challenges with sustainable solutions.

o Promote holistic development and ethical values.

o Enhance industry collaborations and practical learning opportunities.

PROGRAM OUTCOMES (POs):

PO1- Engineering Knowledge

PO2- Problem Analysis

PO3- Design/ Development of Solutions

PO4- Conduct Investigation of Complex Problems

PO5-Modern Tool Usage

PO6-The Engineer and Society

PO7-Environment and Sustainability

PO8-Ethics

PO9-Individual and Team Work

PO10-Communication

PO11-Problem Management and Finance

PO12-Lifelong Learning

PROGRAM EDUCATIONAL OBJECTIVES (PEOs)

After few years of graduation, the, graduates of Electrical and Electronics Engineering shall
> PEOL1: To cultivate graduates of the EEE program with a strong foundation in electrical and
electronics engineering principles and practices, equipping them with the knowledge and skills
necessary for successful careers or further studies in the field (Competent Professional)
> PEO2: To develop graduates who can conduct research, innovate, and apply their knowledge
effectively to address real-world challenges in electrical and electronics engineering, contributing to
technological advancements and sustainable solutions (Innovative Engineers)
> PEO3: To foster graduates who demonstrate professionalism, ethical conduct, leadership
qualities, effective communication, and teamwork skills, enabling them to make a Positive societal
impact, engage in lifelong learning, and adapt to the evolving needs of the industry. (Professionally
Ethical and adaptable Leadership)

PROGRAM SPECIFIC OUTCOMES (PSOs)
> PSOL1: Graduates will demonstrate proficiency in applying electrical and electronics
engineering principles and practices to design, analyze, and implement solutions in diverse
application areas.
> PSO2: Graduates will Possess research aptitude, innovation skills, and the ability to address
real-world challenges by developing sustainable solutions in the field of electrical and electronics
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PRE-REQUISITES: Power Systems-I
COURSE EDUCATIONAL OBJECTIVES:

1.  Tostudy about line parameters and constants
To study the performance of transmission lines
To know about overhead line insulators, corona, sag and tension intransmission lines
To study about symmetrical components and different types of faults in power system.
To understand the concept of voltage control, compensation methods
UNIT —1: Transmission line parameters: 9)
Types of Conductors - Calculation of Resistance for Solid Conductors, Bundle Conductors, Skin
effect, Proximity effect, Concept of GMR & GMD- Transposition of Power lines-Calculation of
inductance for single phase and three phase, Single and Double circuit lines, Symmetrical and
asymmetrical conductor configurations with and without transposition. Calculation of Capacitance
for 2 wire and 3 wire systems, effect of ground on Capacitance, Capacitance calculations for
symmetrical and asymmetrical single and three phase, single and double circuit lines, Numerical
Problems
UNIT -2: Performance of transmission lines: 9)
Classification of Transmission Lines-Short, medium and long line and their models representation -
Nominal-T, Nominal-r and A, B, C, D Constants for symmetrical networks, Numerical Problems and
solutions for estimating regulation and efficiency of all types of lines. Ferranti effect and Charging
Current
UNIT -3: Overhead line insulators: 9)
Types of Insulators, String efficiency and Methods for improvement, — Voltage Distribution,
Calculation of String efficiency, Capacitance Grading and Static Shielding., Numerical Problems.
Sag and Tension: Sag and Tension Calculations with equal and unequal heights of towers, Effect of
wind and ice on weight of conductor, Stringing chart, Sag template and its applications Numerical
Problems.
Corona: Corona- factors affecting corona, critical voltages and Power loss due to Corona. Radio
Interference.
UNIT —4: Power System Transients (9)
Types of system transients-Travelling or propagation of surges- attenuation, distortion, reflection
and refraction coefficients- termination of lines with different types of conditions — open
circuited line, short circuited line, T-junction (numerical problems)-Bewley Lattice diagrams
(for all cases mentioned with numerical examples).
UNIT -5: Voltage Control and Power Factor Improvement 9)
Methods of voltage control, shunt and series capacitors / Inductors, tap changing
Transformers, synchronous phase modifiers, power factor improvement methods. Compensation in
Power Systems:  Concepts  of Load compensation Load ability characteristics of overhead lines
— Uncompensated transmission line — Symmetrical line — Radial line with asynchronous load —
Compensation of lines.

(SIENERIN

Total Hours: 45




COURSE OUTCOMES:

On successful completion of the course, students will be able to POs

Analyse the transmission lines and obtain the transmission line | PO1, PO2, P03, PO4
CO1 | parameters and constants

Analyse transmission line performance PO1, PO2, P03, PO4
CO2

Design transmission lines to meet the day-to-day power | PO1, PO2, P03
CO3 | requirements.
Understand and apply Per Unit System for Fault Calculations | PO1, PO2, P03, PO4

CO4
Apply load compensation techniques to control reactive power. | PO1, PO2, P03,PO4
CO5
TEXT BOOKS:

1. C.L. Wadhwa, —Electrical Power Systemsl, New Age International Pub. Co, Third Edition, 2001.

2. D.P. Kothari and 1.J. Nagrath, —Modern Power System Analysisl, Tata Mc Graw Hill Pub.
Co.,New Delhi, Fourth edition, 2011.

3. B.R.Gupta,—Power System Analysis and Designl, S.ChandPublishing.1998.

REFERENCE BOOKS:

1. Chakrabarti, M.L. Soni, P.V. Gupta, U.S. Bhatnagar, —A Text book on Power System
Engineeringl, Dhanpat Rai Publishing Company (P) Ltd, 2008.

2. John J. Grainger & W.D. Stevenson, —Power System Analysisl, Mc Graw Hill
International , 1994.

3. Hadi Sadat, —Power System Analysisl, Tata Mc Graw Hill Pub. Co. 2002.

4. W.D. Stevenson, —Elements of Power system Analysisl, McGraw Hill International
Student Edition.

REFERENCE WEBSITE:
1. https://onlinecourses.nptel.ac.in/noc22 eel7/preview

CO-PO MAPPING:

CO-PO |PO1 [PO2 [PO3 [PO4 [PO5 [PO6 [PO7 [PO8 [PO9 [PO10 PO1L PO12
col |3 3 3 [ 3| - - -1 -1-71-71T+-7-
co2 |3 3 3 [ 3| - - -1 -1-71-71+-7"-
co3 |3 3 3 | - | - -1 -1 -71-7T-71T+-7-
co4 |3 3] 2] 3 B e
cos |3 3| 2 3| - -1 -1-1+-1+-71-7"-
co* |3 326 | 3| - | - |- -1 -1 -1+-7"-
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OBJECTIVES OF POWER SYSTEMS-II:

> To understand the fundamental concepts and parameters of electrical transmission lines.

> To analyze the performance of short, medium, and long transmission lines.

> To study the effects of Ferranti effect, charging current, and transmission line capacitance.

> To understand the construction and performance of overhead line insulators and improve string
efficiency.

> To analyze sag and tension in overhead transmission lines under different conditions.

> To study corona, critical voltages, corona power loss, and radio interference.

> To understand the causes and characteristics of power system transients and surges.

> To analyze surge propagation using Bewley lattice diagrams.

> To study various methods of voltage control and power factor improvement.

> To understand load compensation and reactive power compensation techniques for improving

power system performance.

INTRODUCTION:
Power Systems-I1 deals with the study and analysis of electrical power transmission systems and theif

operating characteristics. The course is organized into five units covering the following major areas:
« Unit-1 — Transmission Line Parameters: Study of transmission line conductors, resistance, inductancg,
capacitance, GMR, GMD, skin effect, proximity effect, and transposition of conductors.
e Unit-11 — Performance of Transmission Lines: Analysis of short, medium, and long transmission linep
using different mathematical models, along with Ferranti effect and charging current.
« Unit-111 — Overhead Line Insulators: Study of types of insulators, voltage distribution, string efficiencyj,
capacitance grading, sag and tension, corona, corona power loss, and radio interference.
« Unit-1V — Power System Transients: Understanding travelling waves and surge propagation, attenuation,

distortion, reflection, refraction, and analysis using Bewley lattice diagrams.

« Unit-V — Voltage Control and Power Factor Improvement: Study of voltage control methods, shunt an

series capacitors and inductors, tap-changing transformers, synchronous phase modifiers, power factot
improvement, and load compensation techniques.
Overall, the course enables students to develop a strong understanding of transmission line analysig,
overhead transmission systems, power system transients, voltage regulation, power factof

improvement, and compensation techniques for efficient and reliable power system operation.
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POWER SYSTEMS-II
UNIT-1: Transmission line Parameters

Types of Conductors — Calculation of Resistance for Solid Conductors, Bundle Conductors,
Skin Effect, Proximity effect, Concept of GMR & GMD - Transposition of Power Lines —
Calculation of inductance for Single phase and three phase, Single and Double circuit lines,
Symmetrical and asymmetrical conductor configurations with and without transposition.
Calculation of Capacitance for 2 wire and 3 wire systems, effect of ground on Capacitance,
Capacitance calculations for symmetrical and asymmetrical single and three phase, single and
double circuit lines, Numerical Problems.

INTRODUCTION TO TRANSMISSION LINE PARAMETERS:

e A Transmission Line has four parameters: Resistance, Inductance, Capacitance, and
Shunt Conductance.

e The Series Resistance is very important in Transmission efficiency evaluation and in
economic studies.

e The Power Transmission capacity of a line is mainly governed by the series inductance.

e Shunt Capacitance causes a charging current to flow in the line and is assumed
importance in medium and long lines.

e Shunt Conductance accounts for leakage currents flowing across the insulators and
ionized pathways in the air.

TYPES OF CONDUCTORS:

A conductor is a material used in transmission lines to carry electrical energy from generating
stations to substations and consumers. The selection of a conductor depends on factors such as
electrical conductivity, tensile strength, weight, cost, and resistance to corrosion.

""""""""""""""""" \’\“”””””””"”"""””””"'
oo e S e e s i e O R R R R S AT A
s -
¢ (R T i o I \\ X A
f | ! NN =. Transmission
1 » \ . &

i 1 e AN / circuit Il
{ 1 Transmission | S TS 5
! | ireui [ > X
' Bundle circuit | L R >

T
| conductors {2 — S
i ' <
' N ; \
i AN
i R
i S

=

1

|

1

1
: i B
[ ¥
' 122% - e "“" ]
H ! \ ! 1% Zp S\
! Crossarms | % f > >3
| | ! MPTS<IN\
I 1 1—f3 a X
1 1 5 X ) <

1

1

1

1

1

1




SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES

(AUTONOMOUS)
(Approved by AICTE, New Delhi & Affiliated to INTUA, Ananthapuramu)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
(NBA Accredited)

o plet,

] ol
| Double -
bundle
conductors

1. Copper Conductors
Copper was the first material widely used in transmission lines because of its excellent

electrical properties.
Construction

o Made of stranded copper wires twisted together.

« Stranding increases flexibility and mechanical strength.
Properties

« Very high electrical conductivity.

« High tensile strength.

e Good resistance to corrosion.

e Heavy in weight.
Advantages

o Low resistance and lower power losses.

« Long service life.

e Good mechanical strength.
Disadvantages

e High cost.

o Heavier than aluminium conductors.

« Requires stronger support structures.
Applications

e Used in underground cables and special applications.

o Rarely used in modern overhead transmission lines due to high cost.
2. AAC (All Aluminium Conductor)
AAC consists entirely of aluminium strands without any reinforcement.
Construction

o Made of several aluminium wires stranded concentrically.
Properties

o Lightweight.

e Good conductivity.
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o Lower tensile strength than copper.
Advantages

« Economical.

o Easy to install because of low weight.

« Good corrosion resistance.
Disadvantages

e Lower mechanical strength.

o Larger sag due to lower tensile strength.

« Not suitable for long spans.
Applications

o Urban distribution systems.

« Short-distance transmission lines.
3. AAAC (All Aluminium Alloy Conductor)
AAAC is made from aluminium-magnesium-silicon alloy.
Construction

« Entire conductor consists of aluminium alloy strands.
Properties

o Better strength than AAC.

e Good conductivity.

« Excellent corrosion resistance.
Advantages

« Higher strength-to-weight ratio.

« Better corrosion resistance.

« Longer service life in coastal regions.
Disadvantages

« Slightly lower conductivity than pure aluminium.

e More expensive than AAC.
Applications

o Coastal areas.

e Industrial and polluted environments.

e Medium transmission distances.
4. ACSR (Aluminium Conductor Steel Reinforced)
ACSR is the most commonly used conductor in overhead transmission systems.
Construction

« A central steel core provides mechanical strength.

e Aluminium strands are wound around the steel core to carry current.
Properties

e High tensile strength.

e Good electrical conductivity.

« Suitable for long spans.
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Advantages

« Can support long distances between towers.

o Lower sag compared to AAC.

« Economical and reliable.
Disadvantages

o Steel core increases weight.

o Steel may corrode in highly corrosive environments.
Applications

o Long-distance overhead transmission lines.

« High-voltage and extra-high-voltage systems.
Example
A typical ACSR conductor may have:

o Steel core: 7 strands

e Aluminium layer: 26 strands
5. ACAR (Aluminium Conductor Alloy Reinforced)
ACAR combines aluminium strands with an aluminium alloy core.
Construction

« Outer layers consist of aluminium strands.

e Inner core consists of aluminium alloy strands.

Properties
o Better conductivity than ACSR.
« Good mechanical strength. ACAR

e Lightweight.

C
Aluminum Wire 1350 %

41350
36201

Advantages
« Higher current carrying capacity.
« Better corrosion resistance than ACSR.
o Lower weight.
Disadvantages
e More expensive than ACSR.
e Less commonly used.
Applications
e Medium and long-distance transmission lines.
e Areas requiring high conductivity and moderate strength.

Aluminum Alloy Wire 6201

6. Bundle Conductors
Bundle conductors consist of two or more sub-conductors per phase separated by spacers.
Construction

« Each phase contains multiple conductors connected electrically in parallel.

e Spacers maintain fixed spacing between sub-conductors.
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Types
e Twin bundle conductor (2 conductors per phase)
e Triple bundle conductor (3 conductors per phase)
e Quad bundle conductor (4 conductors per phase)
Advantages
« Reduces corona loss.
Reduces radio interference.
Increases current carrying capacity.
Reduces inductive reactance.
Improves transmission efficiency.
Disadvantages
o Higher installation cost.
e Requires spacers and additional hardware.
Applications
« Extra High Voltage (EHV) lines (220 kV, 400 kV).
« Ultra High Voltage (UHV) transmission systems.
Note: Among all types, ACSR is the most widely used conductor for overhead transmission
lines because it provides an excellent combination of high conductivity, very high mechanical
strength, medium cost, and suitability for long-distance transmission.
Comparison of Conductors:

Conductor | Conductivity | Mechanical | Weight Cost Typical Use
Type Strength

Copper Very High High High Very High | Underground cables

AAC High Low Low Low Distribution lines

AAAC High Medium Low Medium Coastal areas

ACSR High Very High Medium Medium Long-distance transmission

ACAR Very High High Low High Special transmission

applications
Bundle . . . . .
Conductor Very High Very High High High EHV and UHV transmission

CALCULATION OF RESISTANCE FOR SOLID CONDUCTORS:

e The Resistance of a Solid conductor is calculated using the formula;

pL

R=—

A

Where: R= Resistance of the conductor (€2)

L= Length of the conductor (m)

e For Solid Circular Conductor:

nd?

A=—

4

Where: d=Diameter of the conductor (m)

p(rho)= Resistivity of the conductor material (Q-m)

A= Cross-sectional area of the conductor (m?)




\ SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES

(AUTONOMOUS)
(Approved by AICTE, New Delhi & Affiliated to INTUA, Ananthapuramu)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
(NBA Accredited)

Therefore, the resistance formula becomes:
_4pL
T md?

Factors Affecting Resistance:
1) Length (L): Resistance increases with increase in the Length.
2) Area (A): Resistance decreases with increase in cross-sectional area.
3) Material Resistivity (p): Different materials have different resistivities.
4) Temperature: Resistance of conductors increases with temperature

For Small Change in Temperature, the resistance increases linearly, and the resistance
at a temperature T is given by

Ry = R,(1+ a,.T)

where, Ry = resistance at T°C

R, = resistance at 0°C

a, = temperature co — ef ficient of resistance at 0°C.

By using the above equation, the resistance R, at a temperature T2 C can be found if
the resistance R; at a temperature T, C is known, i.e.,

R, _ T, + 1/o<0
Ry T,+1/
1 T1 + /o(o
for aluminium 1/o<0 =228=T

So above equation can be written as
R, T,+T
R, T, +T

Example:

1. A Solid Cylindrical aluminium conductor 20 km long has an area of 397500 circular
mils. Obtain the conductor resistance at a) 20°C and b)40°C. The Resistivity of
aluminium at 20°C is 2.8x1078 Qm.

Sol: Given data:

Resisitivity of Aluminium p = 2.8x1078 Qm
Length L = 20 km = 20 x 1000m = 20000m

Area = 397500 circular mils [1 circular mils =——— m?]
1973.5x10
397500
= ———— m? =201.418x 1075 m?
1973.5x10°

T,= 20°C,T, = 40°C

a) Resistance R =

pL _ 2.8x 1078 x 20000
A 201.418x 1076

=278Q

b) Resistance at 40°C (R,) = R, (T2+T) =2.78 (228+4°) =3.0042 Q

T,+T 228+20
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CALCULATION OF RESISTANCE FOR BUNDLE CONDUCTORS:

A Bundle conductor consists of two or more sub-conductors connected in parallel and
used as a single phase conductor in high voltage transmission lines. Since the sub-conductors
are connected in parallel, the total resistance of the bundle is reduced.

If a bundle contains ‘n’ identical sub-conductors, each having resisance R,

R L
Ro=1=
Where: R, = Resistance of Bundle conductor

R= Resistance of One conductor

n= Number of Sub-conductors in the bundle.

SKIN EFFECT:

The Tendency of alternating Current to concentrate near the surface of a conductor is
called Skin Effect.

The Direct Current distribution in a conductor is uniform. But the Alternating current
distribution in a conductor is not uniform. The Current density near the surface is more than
near to the center of the conductor.

It is affected by the frequency of the current. If the frequency of current is more, the
current distribution is more non-uniform. This effect is called as Skin Effect.

Consider a solid current carrying conductor and bundled conductor occupy the same
cross sectional area as shown

Solid conductor Bundled conductor

Let R be the resistance of a solid conductor.
Let I be the current through the conductor.
Loss of a solid conductor = I?R

Let ‘n’ be the number of strands.
Resistance of each strand = nR  [Q]

Current through each strand = % Amp
Let us assume half of the conductors (n/2) carry currents of (é + Al ) Amp and other half of

the conductor (n/2) carry current of (% — Al ) Amp.

Total Loss = % [% + AI]2 nR + g [% — AI]2 nR
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R (1)2 + 22 L A2 + (%)2 2L AIZ]

n n n

2
- TR [2 (1)2 +2A 12] = I?R + n?RAI* > I’R
2 n

Thus the effective resistance of A.C will be more than D.C if current distribution is
not uniform.

The Inductance of each strand vary according to its position. The strand near the
Centre are surrounded by a greater magnetic flux and hence larger inductance. Flux linking
the strands decreases as we move towards the outer strand. Therefore the outer strands conduct
more A.C. than the inner strand.

Skin effect is negligible for frequency < 50 Hz and the conductor diameter <1 Cm.

Skin effect depends on the conductor size, frequency, resistivity and permeability of
the conductor material.

PROXIMITY EFFECT:

Proximity effect is the phenomenon in which the alternating magnetic field produced
by current flowing in a nearby conductor causes a non-uniform distribution of current in a
conductor. This results in circulating currents within the conductor and an increase in its
effective resistance.

Consider two conductors carrying alternating currents. The magnetic flux produced by
one conductor links with the neighbouring conductor and affects the current distribution inside
it. As a result, the current density becomes higher in some regions of the conductor and lower
in others instead of remaining uniform. Due to this uneven distribution, the AC resistance of
the conductor becomes greater than its DC resistance.

(I) amp (=I)amp

The proximity effect is generally negligible in overhead transmission lines because the
conductors are spaced far apart. However, it becomes significant in underground cables where
conductors are placed close to each other.
The severity of proximity effect depends upon:

o Distance between conductors

o Size of the conductor

e Frequency of the current

e Resistivity of the conductor material

« Magnetic permeability of the conductor material
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CONCEPT OF GMR & GMD:

1. Geometric Mean Radius (GMR): The Geometric Mean Radius (GMR) is the equivalent
radius of a conductor used in the calculation of inductance in transmission lines. It takes into
account the effect of the magnetic flux inside the conductor.

For a solid conductor of radius r, the GMR s given by:

rl = re '/4=0.7788r
Where:

e (r) = actual radius of the conductor

e (r') =equivalent radius or GMR or Ds
The factor 0.7788 accounts for the internal flux linkage within the conductor.
Importance of GMR

e Used in the calculation of inductance of transmission lines.

o Important for determining the inductive reactance of the line.

e For bundled conductors, GMR helps in calculating the equivalent conductor radius.
2. Geometric Mean Distance (GMD): The Geometric Mean Distance (GMD) is the
equivalent spacing between conductors in a transmission line. It is also called the Mutual
Geometric Mean Distance (MGMD).
For three phase transmission line with conductor spacing’s Dy, Dy, and D.,, the GMD is
given as

(Dgp * Dp * Dca)1/3
Where:
e D, = distance between conductors A and B
e D, =distance between conductors B and C
e D., = distance between conductors C and A
For Equilateral spacing GMD =D
Where (D) is the spacing between any two conductors.
Importance of GMD
e Used in the calculation of inductance and capacitance of transmission lines.
o Represents the average distance between conductors.

e Helps determine transmission line parameters accurately.
GMD)
GMR
— -7 =
=2+ 107In(>) Hm

S

Loop Inductance or Total Inductance =2*L =4 x 10~ 7In (Dﬂ) H/m

N

Therefore, Inductance per phase per meter =L = 2 « 10~ 7In (

_ D 1000
Inductance per phase inmH/km =2 * 1077 In (D—) * To=3 =02 ln( ) mH /km
S

Loop Inductance =2*L = 0.4 In (Dﬂ) mH /km

Reactance per phase in onm/m = 2nrfL = 2nf =2+ 107 7In (Dﬂ) ohm/m

N
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Problem:

1. Find the Loop inductance and reactance per km of a single phase overhead line

consisting of two conductors, each 4.4755cm diameter. The Spacing between conductors
is3m.

Sol: Diameter = 4.4755 cm;
Spacing or Distance between two conductor is D =3 m
Radius(r) = Diameter/2 = 4.4755/2 = 2.23755 cm = 2.23755 * 1072 m

Inductance of conductor/ph, La=2 * 1077In (Dﬂ) =2% 1077In [:%] H/m

N

=2« 10-7zn( D )

0.77881r
=2+ 107 1In| 3 =
0.7788%2.23775% 10~2
=2 1077 % 5.1483 H/m
=1.0296 * 10~° H/m
=1.0296 mH/km
Loop Inductance=2* La =2*1.0296 =2.0592 mH/km
Reactance per kilometre (X) = 2 x50 * 2.0592 « 103> H/km
=0.647 Q/km

TRANSPOSITION OF POWER LINES:
To Avoid the unbalancing effect due to unsymmetrical spacing, interchanging the
position of phase conductors at regular intervals along with the line so that each conductor

occupy other position over an equal distance is called as Transposition of Conductors.
Transposition of conductor’s arrangement is shown in the figure

Transposition makes it possible for each phase conductor to have the same average
inductance. Modern transmission lines are not transposed at regular intervals although an
interchange in the positions of the conductors is made at the switching stations to balance the
inductance.

If the lines are not transposed, the flux linkages and inductance of each phase will not
be the same. Hence voltage drop in the transmission line will not be the same even though
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balanced current flows. And also external flux outside the conductors is not zero, so radio
interference occurs.

If the line is transposed each line will take all the three positions for the one third length
of the line.

Lpo+Lp+Lc
3
Average value of flux linkages A is found by calculating the flux linkages for each

position occupied by the conductor and then finding the average flux linkages.

Flux linkages of conductor A is in position 1, conductor B is in position 2 and conductor
C is in position 3.

1

Ay = 2x10” [IA ln( ) +1, ln( ) + 1, ln( 13)] Wh-turn/m

Flux linkages of conductor A is in position 2, conductor B is in position 3 and conductor
C is in position 1.

)\AZ = 2 x10™ [IA ln( ) + IB In (ng) + IC In (D21)] Wb tum/m

Flux linkages of conductor A is in position 3, conductor B is in position 1 and conductor
C is in position 2.

Az =2x10” [IA ln( ) tigln (D3l) +1gIn (D32 )] Wh-turn/m

Average flux linkages of conductor A,
A1+ Mgz + g3
3

= 2x1077 300 (5) + Igin (m) e in (m)]

= 23107 30 (%) + i (———=) + Us + o)

Dq3.D33.D31

Average value of inductance L =

}\A:

For balanced condltlon,
IA + IB + IC == 0
Ig+1.=-1,

[BIAln( ) +in (012 - Dgl) + (- IA)]

=2x10"7 I In [(D12-D23iD31) /3]
T

2x1077

Therefore, A, =

Inductance of phase A, L, = ?—A
A

3
=2x10~7In [—VD“D“D“] H/m

1"1
=2x107In |22 = 2x1077 in 2]
Dg Dg
Lg = L, =Ly [Inductances are same for Transposed lines]

The quantity 3/D;,D,3 D3, is called the equivalent spacing and is denoted by D,g.
Geometric mean distance of the lines = Mutual GMD = Dy = Dgq = i/D1z- D,3.D3q

For equilateral spacing (Symmetrical lines), Dy, = D
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Practice Problem:
1. Determine the inductance of a 3 phase line, operating at 50Hz and the conductors are
transposed and arranged as shown in the figure. The Conductors diameter is 0.7 cm.

B A C
(o )
Yo 4
2. Calculate the conductance of a 3 phase line operating at 50 Hz and the conductors are
transposed and arranged as shown in the figure. The conductor diameter is 2.3222 cm.

CALCULATION OF INDUCTANCE FOR SINGLE PHASE AND THREE PHASE
LINES:

1. CALCULATION OF SINGLE PHASE LINES:

Consider the cross sections of two solid round conductor of a single-phase line as shown

in the figure.

Let r1, r2 be the radius of phase and neutral conductors. Ph s ki
Let D be the spacing between centre to centre of two conductors.
Let I, be the current carried by the phase conductor. @
Let I, be the current carried by the neutral conductor. o i
Neutral conductor is the return conductor. Therefore the direction of 1 conductor

current flowing in the neutral conductor is opposite to that of

phase conductor.

Currents I; and I, always set up magnetic fields. These
fields surrounding the two conductors always reinforce each
other in the space between them as shown in the figure.

The Two parallel conductors form a rectangular loop of
one turn through which flux is produced by currents in the two

conductors. Since the flux links the loop, the loop possesses inductance.

Inductance of conductor 1 due to internal flux and due to external flux linkage. The flux
beyond D links a net current of zero and does not contribute to the net magnetic flux linkages
in the circuit.

Total flux linkages A; = Ajne + Aext
Kol + Kol fD ax
8 2w T x

ol [1 | (D dx
:i[_+f dx
2n L4  x
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Total inductance of conductor 1, L; = ?
= {Inductance due to internal flux} + {Inductance due to external flux}

1 D
= ﬂ[—+ In—
2w L4 e

4m* 1077 [1 D
= [— + ln—]
4 T1

2T

1
=2x% 1077 [ln l—_ll +In D]
re /4

Letr; = rye /4,1, =2+ 1077 [ln%+ In D] H/m
1

— -7 b

=2x 10 (1nr1,) H/m
Similarly, Inductance of Conductor 2 is

L,=2% 1077 (1n§) H/m

2
Where, r, = 1, e a
If the two conductors are identical then,
rn=r=rAnd
Ll = LZ == L
Inductance per phase per meter length of the line L= 2 x 1077 (ln %) H/m

1
rl =re '/4=0.7788 r
Loop Inductance of conductor=2L =4 * 1077 In (%) +4% 1077 1InD
From the equation, the first term is only a function of the conductor radius. This term is
considered as the inductance due to internal flux and external flux due to conductor 1. The
second term is dependent upon conductor spacing (D). This term is known as the inductance

spacing factor.
2. CALCULATION OF THREE PHASE LINES:

# The three conductors A, Band C of a 3- *'/.5—.\
phase line carrying currents fa, fe and /o "~ka
respectively.
. . d, d,
= Let a1, d2 and o3 be the spacings
between the conductors as shown. A TN
( I d i )
= Let us further assume that the loads are “E v 1 M Ef

balanced ie. la+ e+ lc=0.

» Consider the flux linkages with conductor A.

= There will be flux inkages with conductor A due to its own current and also
due to the mutual inductance effects of s and /c.

*  Flux linkages with conductor A due to its own current

_ Mgla |1, jﬂ A7)
21 4 A

»
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— : U Tn F v 7
* Flux linkages with conductor A due to current /s = - 2 2 j(h A1)
ZK X
dl
. : Wole [ dx
* Flux linkages with conductor A due to current /. = S J’— ..(#i1)
x
d
* Total flux linkages with conductor A is Y, = (@) + (i) + (iii)
_ My ],4 1 ,Jn’.\' W, I;;J’(.' J'(f\
———— — + —— + —
2n | 4 x 27 X
r t 3
u T dx € dx T dx
-Ho (|1, [dx 14+18J“7_-‘+1(,Id_-‘
2n || 4 X x X
(i’. li,

= :l;)t [[l' — log, /-)1‘4 —1Ip log, d; — I~ log, d, + log, e (_1‘4 + Iy + IC):l

(1
As I,+Ig+1. =0, - y, = —9-[(7- log, r) I,-Iglog, dy-1.log, (.:}

b

r

SYMMETRICAL AND ASYMMETRICAL CONDUCTOR CONFIGURATIONS
WITH AND WITHOUT TRANSPOSITION:

i) Symmetrical Spacing:

If the three conductors A, B and C are placed symmetrically at the corners of an
equilateral triangle of side d, then, d=d:=d=d.

Under such conditions, the flux linkages with conductor A become :

W, = E[(I —log, 1 ] l,—1Iglog, d- I, log, d]
Ko [% ~log, 1 ] I, - (I +I.)log, ;-s]

1
= ;—n[(_l:—ln_ i)f + 1, log, r.?:| (v Ig+1.=-1)

1, J
s gﬂ:f* [}1 +log, ] werber-turns/m
. . _ Wy Mo [l . d}
Inductance of conductor 4, L H = + 1o H
HNCANClance o COLAaucior A IA 111 2}'[ 1 __Hi, . 111
_ 4nx10 [l +log, -d} H/m L, = H’}:|:ﬂ-:'~ + 2log (—f:| H/m
2r 4 R o S &

Derived in a similar way, the expressions for inductance are the same for conductors B and C.
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ii) Unsymmetrical Spacing:

When 3-phase line conductors are not equidistant from each other, the conductor

spacing is said to be unsymmetrical.

* Under such conditions, the flux linkages and inductance of each phase are not the

same.

A different inductance in each phase results in unegual voltage drops in the three

phases even if the currents in the conductors are balanced.

» Therefore, the voltage at the receiving end will not be the same for all phases.

* In order that voltage drops are equal in all conductors, we generally interchange the
positions of the conductors at regular intervals along the line so that each conductor
occupies the original position of every other conductor over an equal distance.

= Such an exchange of positions is known as rransposition.

A C B

Position 1

* The phase conductors are designated as A, F and C and the positions occupied are
numbered 1, 2 and 3.

The effect of transposition is that each conductor has the same average inductance.

*  Above Fig. shows a 3-phase transposed line having unsymmetrical spacing.
* Let us assume that each of the three sections i1s 1 m in length, Let us further assume
balanced conditions i.e.,
L+ Li+le= 0.
= Let the line currents be :
L=1(1+j0)
Is=1(=0-5-j0-866)
le=T{-0-5 + 5 (-866)

* As proved above, the total flux linkages per metre length of conductor A is

u
Wy = "::[[-ll -log, "]IA —Iglog, d; —1I.log, n’_,]

+ Putting the values of [, fsand I, we get,

W, = J;lf[ Hi —lﬂgcr)f— I(-0-5-;0-866)log, dy—I(-0-5 +‘;G-866}]0gﬁcf_,]

1
= %ﬁ[%f— Ilog, r+0-571og, d;+j0-866log, d, +0-5Ilog,d, —jU-E{iﬁIlﬂgEﬁ:]

Hol 1 | .
5 ;-L—I—Ilng? r+0-51(log, d, +log,d, )+ j0-866 I(log,d, - log, ffz]]
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= :ln[ I-1Ilog, r+1"log, ,/d:d_; + 7 0-866 [ log, (:‘]
d,

* 057I(log,d,+log d,)=05Tlog dd =Ilog (dd)’ =1log, \.‘rd_:d;

Jd, d, dy
. E@.[l I+ 1log + j 0-866 Ilog —*J

2r | 4 o r o

>

! d,d d

= llo [l + loge b st + 7 0-866 loge (13:|
r 2

2t | 4
Inductance of conductor 4 is
1 ,/ 1, d
1 = Ya_VYa _ Hof- 150 N5, 50.86610g,

. o ld, d

= %Huoge ‘(’ 3 4+70-866 log, 51_1 H/m
d, d
= 10~ ~l-+210g,u+jlv732log a4 H/m
2 ’ r d,

-

7 1y d d
L, = 10° L%nloge S 4 j1.73210g, 5L | Hm
- r 3
g —
L. =10 E+2log‘, - 21 7s’loa,7 H/m
* Inducance of each line conductor = %(L4+ L+L)
J g

Ydvdydy |
: NATES x 10" Hm

L g
B A 2
= [ +2log,

%10~ H/m

* If we compare the formula of inductance of an unsymmetrically spaced transposed line
with that of symmetrically spaced line. we find that inductance of each line conductor in
the two cases will be equal if d'= 3/d, d, d,

* The distance d is known as equivalent equilateral spacing for unsymmetrically transposed

line.
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CALCULATION OF CAPACITANCE FOR 2-WIRE AND 3-WIRE SYSTEMS

1. Capacitance of Single Phase Two-Wire Line:

Consider a single phase overhead transmission line consisting of two parallel
conductors A and B spaced d metres apart in air. Suppose that radius of each conductor
is r metres. Let their respective charge be + Q and — Q coulombs per metre length. The

total p.d. between conductor A and neutral “infinite” plane is

ES oo

V= I,, o (l.\'+I i % dx
‘ 2mNE, 2/ N €y
d

r

O 00 o0 ) Q (1
= 21{90 [10,30 == log, -(——] volts = ﬁ log, - volts
+Q -Q
|
| |
( |
< d >

Similarly, p.d. between conductor B and neutral “infinite” plane is

o =5

M g, . My €,

r

0 [loo 2 =1op 33:|— ~0 log —d~ -olts
eyl *w Tt d| ey e TR

Both these potentials are w.r.t. the same neutral plane. Since the unlike charges

attract each other, the potential difference between the conductors is

5
Vg = 2V, = 20 loga%volts

2 e,
; s B (0] ;
Capacitance. Cp =0OV;= 30 m a F/m
2ne, &7
mE
Cig = Od F/m
log, =
3



. SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES
.

(AUTONOMOUS)
(Approved by AICTE, New Delhi & Affiliated to INTUA, Ananthapuramu)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
(NBA Accredited)

2. Capacitance of 3-phase overhead lines:

In a 3-phase transmission line, the capacitance of each conductor is considered instead
of capacitance from conductor to conductor. Here, again (wo cases arise viz.,

symmeltrical spacing and unsymmetrical spacing.

(i) Symmetrical Spacing

Fig shows the three conductors A, B and C of the 3-phase overhead transmission
line having charges QA , QB and QC per meter length respectively. Let the conductors
be equidistant (d meters) from each other. We shall find the capacitance from line

conductor to neutral in this symmetrically spaced line. Referring to Fig,

Owverall potential difference between conductor A and infinite neutral plane is given by

) L=

10, 0 P
P:: — ‘[*73({1-+J-~73d‘-+j‘7cd1
2 TYE,, 2 e, 2 TLVE,

r d d

1
2me,

1 1 1
[QA log, - + Qg log, = + O log, F:I

1 1 1
— T [Q,; log, -;+ (05 + Op) log, E]

Assuming balanced supply. we have. O, + Oz + Q=0
O+ O = -0,

1 1 1 94 d
vV, = O, log,—— O, log —] = log, — volts
A 21 e, [“"’ g CATEEg| 2mey, T r
- Capacitance of conductor A w.r.t neutral,
o o ) 2w e )
c; - ;/A= o) = F/m=——2 F/m
A = log, —
one, B Ee'r

2w e ,
€% = =~ 90 F/m
log, =

Note that this equation is identical to capacitance to neutral for two-wire line.
Derived in a similar manner, the expressions for capacitance are the same for

conductors B and C.
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(ii) Unsymmetrical spacing.
Fig. shows a 3-phase transposed line having unsymmetrical spacing. Let us assume

balanced conditions i.e. Q. +Qp + Q¢ =0.

B

C

A
Considering all the three sections of the transposed line for phase A,

. ” 1 1 1
Potential of 1st position. ¥V, = E [QA log, =+ Qg log, — 7, + O log, d_zJ
Potential of 2nd position. V, = A O, log g Og log 1, O log 1

2 27t£0 A4 e . B "MTe dl C e d3

: 2 P — 1 1 1 1
Potential of 3rd position. V; = I [QA log, Sk Og log,, a5 + O log, 71)
Average voltage on condutor 4 is

1
Vi = 25+ %+ W)
Bl e el BT lon
T 3x2me, |°*° ,-3 B dyd,d;
As O, + Qg+ O,= 0, therefore, Oy + Qc =-0,
V = log, log
A 6Te |:QA QA e dd d
— O, log dldzds
6re, ¢ °
_ % 5 Oy lo dyd,d;
D

2re, ¢ 47

_ O, loo (dld3d3 )Us

27e, Ce 73
1/3
= O, log (dyd,d5) ¢
27wte, = 7
o, 2 TT €g
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Problems :

1. Determine the capacitance and the charging current per km when the transmission

line of example 2.2 is operating at 132 kV.

Solution: The radius of conductor = 0.4 cm.
The mutual GMD of conductors, D, = 2.015 metres.

2mey

-.  Capacitance per phase per metre = F/metre
2.015 -
In > 10
0.4
107°
= 5018 = 8.928 pF/metre
18 xIn =
0.4

=8.928 x 10712 x 103 F/lkm
=8.928 x 107 ? F/lkkm

132 x 1000
The charging current =" %8928 x 102 x 314

3
= 0.2136 amp/Ekm. Ans.

2. Determine the capacitance and the charging current per km when the

transmission line of example 2.5 operates at 220 kV, dia of conductor = 2.5 cm.

Solution:

Mutual GMD = 6.61 metres

D, =1.25x 102 x 10.965 = 0.3702 metre = D,
1

D, =+/1.25x1072 x 9 = 0.3354 metre

D, = D, D,, D, =30.045965899 = 0.3582 metre

-6
-. Capacitance per km = 10 = 0.019056 pF/km
6.61
18In —
0.3582
220 x 1000
Charging current per km = ———-—jé. x 314 x 0.01905 x 1076

= 0.76 amp/km. Ans.
3. Determine the capacitance and charging current per km of the line of example
2.7 if the line operates at 220 kV, dia = 4.5 cms.

Solution:

D_ = \/2.25 x 1072 x 0.4 = 0.094868 metre

s

-6
. Capacitance per km = L = 0.01246 pF
8.19
18In ———
0.094868
22
The charging current per km = % x 314 x 0.01246 x 105

= 0.497 amp. Ans.



2 Marks Questions:

Define the primary parameters of a transmission line and explain their significance.

Define GMR and GMD.

Write the expression for the inductance of a single-phase two-wire transmission line.

Write the expression for the capacitance of a single-phase two-wire transmission line.

What is transposition of conductors? Why is it necessary in transmission lines?

Define skin effect and mention the factors affecting it.

Define proximity effect and state its effect on transmission line performance.

Differentiate between GMR and GMD.

Explain the effect of conductor spacing on the inductance and capacitance of a

transmission line.

10.What are bundled conductors? State their advantages in high-voltage transmission
lines.

10 Marks Questions:

1. Discuss the following Conductors
a) Solid Conductor  b) Stranded Conductor  ¢) Bundled Conductor

2. Derive the Capacitance equation of 3-phase overhead line with symmetrical and
unsymmetrical spacing.

3. Derive an expression for the inductance per phase of a 3-phase unsymmetrical line.
Calculate the inductance of each conductor in a 3-phase, 3-wire system, when the
conductors are arranged in a horizontal with spacing such that Dgy = 4m; Dyp =
3m; Dgr = 2m. the conductors are transposed and each has a diameter of 2.5 cm.

4. Derive the expression for capacitance of a single phase two-wire line system. Calculate
the capacitance of a 100 km long 3-phase, 50Hz overhead transmission line consisting
of 3 conductors, each of diameter 2 cm and spaced 2.5 m at the corner of an equilateral
triangle.

5. A) Explain the Bundled Conductor with merits and Demerits.

B) Calculate the capacitance of a conductor per phase of a three phase 400 km long
line, with the conductors spaced at the corners of an equilateral triangle of side 4 m and
the diameter of each conductor being 2.5 cm.

6. Derive the inductance of a three-phase transmission line with unsymmetrical spacing
and explain the process of transposition of conductors.

7. Explain the primary parameters of a transmission line—resistance, inductance,
capacitance, and conductance—and discuss the factors affecting each parameter.

REFERENCES:

% C.L. Wadhwa, —Electrical Power Systemsl, New Age International Pub. Co, Third

Edition, 2001.

©oo~No O~ WDNE

“The efficiency of a power transmission system begins with the accurate analysis of its
transmission line parameters.”
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UNIT-2: PERFORMANCE OF TRANSMISSION LINES
Classification of Transmission Lines — Short, medium and long line and their models
representation — Nominal-T, Nominal-n and A, B, C, D Constants for symmetrical networks,
Numerical problems and solutions for estimating regulation and efficiency of all types of lines.
Ferranti effect and charging current.

CLASSIFICATION OF TRANSMISSION LINES - INTRODUCTION

The important considerations in the design and operation of a transmission line are the
determination of voltage drop, line losses and efficiency of transmission. These values are
greatly influenced by the line constants R, L and C of the transmission line. For instance the
voltage drop in the line depends upon the values of above three line constants. Similarly, the
resistance of transmission line conductors is the most important cause of power loss in the line
and determines the transmission efficiency. In this chapter, we shall develop formulas by which
we can calculate voltage regulation, line losses and efficiency of transmission lines. These
formulas are important for two principal reasons. Firstly, they provide an opportunity to
understand the effects of the parameters of the line on bus voltages and the flow of power.
Secondly, they help in developing an overall understanding of what is occurring on electric
power system.

CLASSIFICATION OF OVERHEAD TRANSMISSION LINES

A transmission line has *three constants R, L and C distributed uniformly along the whole
length of the line. The resistance and inductance form the series impedance. The capacitance
existing between conductors for 1-phase line or from a conductor to neutral for a 3-phase line
forms a shunt path throughout the length of the line. Therefore, capacitance effects introduce
complications in transmission line calculations. Depending upon the manner in which
capacitance is taken into account, the overhead transmission lines are classified as :

(1) Short transmission lines. When the length of an overhead transmission line is up
to about 50 km and the line voltage is comparatively low (< 20 kV), it is usually considered as
a short transmission line. Due to smaller length and lower voltage, the capacitance effects are
small and hence can be neglected. Therefore, while studying the performance of a short
transmission line, only resistance and inductance of the line are taken into account.

(i) Medium transmission lines. When the length of an overhead transmission line is
about 50-150 km and the line voltage is moderately high (>20 kV < 100 kV), it is considered
as a medium transmission line. Due to sufficient length and voltage of the line, the capacitance
effects are taken into account. For purposes of calculations, the distributed capacitance of the
line is divided and lumped in the form of condensers shunted across the line at one or more
points.

(i) Long transmission lines. When the length of an overhead transmission line is
more than 150 km and line voltage is very high (> 100 kV), it is considered as a long
transmission line. For the treatment of such a line, the line constants are considered uniformly
distributed over the whole length of the line and rigorous methods are employed for solution.
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It may be emphasized here that exact solution of any transmission line must consider the fact
that the constants of the line are not lumped but are distributed uniformly throughout the length
of the line.

However, reasonable accuracy can be obtained by considering these constants as lumped for
short and medium transmission lines.

Important Terms

While studying the performance of a transmission line, it is desirable to determine its voltage
regulation and transmission efficiency. We shall explain these two terms in turn.

(i) Voltage regulation. When a transmission line is carrying current, there is a voltage drop
in the line due to resistance and inductance of the line. The result is that receiving end voltage
(Vr) of the line is generally less than the sending end voltage (Vs.) This voltage drop (Vs —Vr)

in the line is expressed as a percentage of receiving end voltage V and is called voltage
regulation. The difference in voltage at the receiving end of a transmission line **between
conditions of no load and full load is called voltage regulation and is expressed as a percentage
of the receiving end voltage.

(if) Transmission efficiency. The power obtained at the receiving end of a transmission line is
generally less than the sending end power due to losses in the line resistance.

The ratio of receiving end power to the sending end power of a transmission line is known as
the transmission efficiency of the line

PERFORMANCE OF SINGLE PHASE SHORT TRANSMISSION LINES
As stated earlier, the effects of line capacitance are neglected for a short transmission line.
Therefore, while studying the performance of such a line, only resistance and inductance of the
line are taken into account. The equivalent circuit of a single phase short transmission line is
shown in Fig.
Here, the total line resistance and inductance are shown as concentrated or lumped instead of
being distributed. The circuit is a simple AC. series circuit.
Let, I = load current

R = loop resistance i.e., resistance of both conductors

X, = loop reactance

Vr = receiving end voltage

cos @R = receiving end power factor (lagging)

Vs=sending end voltage

cos @S= sending end power factor
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The *phasor diagram of the line for lagging load power factor is shown in Fig. From the right

angled traingle ODC, we get,

(0Cy’ = (OD)*+(DC)
or vy = (OE+ ED)’+ (DB + BC)’
= (Vg cos O + IR)> + (Vg sin Oy + IX;)”
Vs Z\./(I/}a cos Op +IR)2 + (Vg sin oy +I.X'L)2
. Vs — Vr
(7)) %oage Voltage regulation = — 3. %100
R

e : _ oD Vzcosbp+ IR
@) Sending end p.f.. cos {g oC — 7
(@) Power delivered = VI, cos ¢

Line losses = I’R

Power sent out

% age Transmission efficiency

Viplgcos Op + PR
Power delivered

%X 100

Power sent out
Vi Iz cos ¢p

>— % 100
Ve Ip cos Gp + IR

PERFORMANCE OF THREE-PHASE SHORT TRANSMISSION LINES

For reasons associated with economy, transmission of electric power is done by 3-phase
system. This system may be regarded as consisting of three single phase units, each wire
transmitting one-third of the total power. As a matter of convenience, we generally analyze
3-phase system by considering one phase only. Therefore, expression for regulation,
efficiency etc. derived for a single phase line can also be applied to a 3-phase system. Since
only one phase is considered, phase values of 3-phase system should be taken. Thus, Vs. and
Vr are the phase voltages, whereas R and XL are the resistance S and inductive reactance per

phase respectively.

1, R Xy
m T I H XL
Ve Va D
1 1Y R X,
TOO
Rox | P Newal g |
MW—FTT

Fig (i): shows a Y-connected generator supplying a balanced Y-connected load through a
transmission line. Each conductor has a resistance of R Q and inductive reactance of X Q.

Fig. (if): shows one phase separately. The calculations can now be made in the same way as
for a single phase line.
Effect of L oad power factor on Regulation and Efficiency

The regulation and efficiency of a transmission line depend to a considerable extent upon the

power factor of the load.

1. Effect on regulation.




/ SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES
e

:

(AUTONOMOUS)
(Approved by AICTE, New Delhi & Affiliated to INTUA, Ananthapuramu)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
(NBA Accredited)

The expression for voltage regulation of a short transmission line is given by :
. Y ‘ . TRcos by +1X; sinQp . _
Yoage Voltage regulation = 7 x 100 (for lagging p.f.)
i _ IR cos Op —IX; sin g _
%age Voltage regulation = 7 % 100 (for leading p.f)
The following conclusions can be drawn from the above expressions

i)  When the load power factor is lagging or unity or such leading that I, cos @, >
1X, sin @, then voltage regulation is positive i.e. , receiving end voltage VR will be
less than the sending end voltage VS .

i) Foragiven VR and I, the voltage regulation of the line increases with the decrease in
power factor for lagging loads.

ii) When the load power factor is leading to this extent that /X, sin @, > I cos @g,
then voltage regulation is negative i.e. the receiving end voltage VR is more than the
sending end voltage VS .

iv) Foragiven VR and I, the voltage regulation of the line decreases with the decrease in

power factor for leading loads.

ABCD PARAMETERS:
A major section of power system engineering deals in the transmission of electrical

power from one particular place (e.g. Generating station) to another like substations or
distribution units with maximum efficiency. So it’s of substantial importance for power system
engineers to be thorough with its mathematical modeling. Thus the entire transmission system
can be simplified to a two port network for the sake of easier calculations.

The circuit of a 2 port network is shown in the diagram below. As the name suggests, a
2 port network consists of an input port PQ and an output port RS. Each port has 2 terminals to

Connect itself to the external circuit. Thus it is essentially a 2 port or a 4 terminal circuit,
having Supply end voltage = VS and Supply end current = IS given to the input port P Q.

And there is the Receiving end Voltage = VR and Receiving end current = IR Given to
the output port R S. As shown in the diagram below.

Now the ABCD parameters or the transmission line parameters provide the link
between the supply and receiving end voltages and currents, considering the circuit elements to
be linear in nature.

Thus the relation between the sending and receiving end specifications are given using
ABCD parameters by the equations below.

A1 /AN ] (A — (1)

SN 00 /T ) ] (A —— (2)

Now in order to determine the ABCD parameters of transmission line let us impose the required
circuit conditions in different cases.
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ABCD parameters, when receiving end is open circuited
The receiving end is open circuited meaning receiving end current I = 0. Applying this
condition to

" s Ip .
Transmission v

Vs Line R
Q| 5

Equation (1) we get

Vs=AVp+BO=Vg=AVp+0
Vs
W

Ip=0

Thus its implies that on applying open circuit condition to ABCD parameters, we get parameter
A as the ratio of sending end voltage to the open circuit receiving end voltage. Since dimension
wise A is a ratio of voltage to voltage, A is a dimension less parameter.

Applying the same open circuit condition i.e I = 0 to equation (2)

Ig=CVp+DO0=I5=CVp+0
I
a=o
Vol =0
Thus its implies that on applying open circuit conditions to
ABCD parameters, we get parameter C as the ratio of sending end current to the open circuited

receiving end voltage. Since dimension wise C is a ratio of current to voltage. Its units is mho

Thus C is open circuit conductance and is given by C = ;—S ()
R

ABCD parameters when receiving end is short circuited

Is Ir
P——-» e R
- Transmission Vom o
S Line =
Q S

Receiving end is short circuited meaning receiving end voltage V; = 0 Applying this condition
to equation (1) we get

Ve=AO+BIy=Ve=0+BI4
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Thus its implies that on applying short circuit condition to ABCD parameters, we get parameter
B as the ratio of sending end voltage to the short circuit receiving end current. Since dimension
wise B is a ratio of voltage to current, its unit is Q. Thus B is the short circuit resistance and is
given by

B= = Q)
Applying the same short circuit condition i.e. V; =0 to equation (2) we get

Is=CO+DIp=Ig5g=0+DIp

Thus its implies that on applying short circuit condition to ABCD parameters, we get parameter
D as the ratio of sending end current to the short circuit receiving end current. Since dimension
wise D is a ratio of current to current, it’s a dimension less parameter. .~ The ABCD parameters
of transmission line can be tabulated as:-

Parameter Specification Unit

V.

A= V—S Voltage ratio unit less
R
B = II/—S Short Circuit Resistance (ohm)
R
I
C = V—S Open Circuit Conductance (mho)
R
Is S
D= = Current Ratio unit less
R

SHORT TRANSMISSION LINE
The transmission lines which have length less than 80 km are generally referred as short
transmission lines. For short length, the shunt capacitance of this type of line is neglected and
other parameters like resistance and inductance of these short lines are lumped, hence the

equivalent circuit is represented as given below,
R +jX I,

T T T
QOG0

Q0

|
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Let’s draw the vector diagram for this equivalent circuit, taking receiving end current
I, as reference. The sending end and receiving end voltages make angle with that reference
receiving end current, of @, and @,, respectively. As the shunt capacitance of the line is
neglected, hence sending end current and receiving end current is same, i.e., Is = Ir.

Now if we observe the vector diagram carefully, we will get, Vs is approximately equal to

Vr + Ir.R.cos @, + Ir.X.sin @,. that means,

Vs = Vr + Ir.R.cos @, + Ir.X.sin @, as the it is assumed that @, = @,

As there is no capacitance, during no load condition the current through the line is considered
as zero, hence at no load condition, receiving end voltage is the same as sending end voltage
As per dentition of voltage regulation,

Ve-V,

% regulation = X 100 %

r

I..R.cosp. + L. Xsing,

X100 %
Vi
I.R I.X . :
per unit regulation = COSP, + SINPp = VRCOSPR + Vy SiNg,
r 2
Aet
Vel T =0

Here, V,. and V; are the per unit resistance and reactance of the short transmission line.

Any electrical network generally has two input terminals and two output terminals. If we
consider any complex electrical network in a black box, it will have two input terminals and
output terminals. This network is called two — port network. Two port model of a network
simplifies the network solving technique. Mathematically a two port network can be solved by
2 by 2 matrixes.

A transmission as it is also an electrical network; line can be represented as two port network.
Hence two port network of transmission line can be represented as 2 by 2 matrixes. Here the
concept of ABCD parameters comes. Voltage and currents of the network can represented as,
Vs = AV, + B, ----------- (1)
Is = CV, + DI, ------------ (2
Where A, B, C and D are different constant of the network. If we put Ir = 0 at equation (1), we
get
Hence, A is the voltage impressed at the sending end per volt at the receiving end when
receiving end is open. It is dimension less.
If we put Vr =0 at equation (1), we get

v

B=—
L V=0
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That indicates it is impedance of the transmission line when the receiving terminals are short
circuited. This parameter is referred as transfer impedance.

C is the current in amperes into the sending end per volt on open circuited receiving end. It has
the dimension of admittance.
I

D=—
5

D is the current in amperes into the sending end per amp on short circuited receiving end. It is
dimensionless.
Now from equivalent circuit, it is found that,

Ve=V.+ I,Z and Iy = I, comparing these equations with equation 1 and 2 we get,
A=1,B=27 C=0andD = 1. As we know that the constant A, B, C and D are related for
passive network as
Here, A=1,B=2,C=0and D=1
AD -BC=1.
1.1-72.0=1
So the values calculated are correct for short transmission line. From above equation (1),

Vs = AV, + BI,
When I,. = 0 that means receiving end terminals is open circuited and then from the equation 1,
we get receiving end voltage at no load

Vo=0

and as per definition of voltage regulation,

Vo / A=V,
7% voltage regulation :V—XIOO %

r

Efficiency of Short Transmission Line
The efficiency of short line as simple as efficiency equation of any other electrical equipment,
that means

Power received at receiving end

% efficiency (u) = X 100 %

Power delivered at sending end
Power received at receiving end

Yo X 100 %

" Power received at receiving end + 3[,.2R
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MEDIUM TRANSMISSION LINES

In short transmission line calculations, the effects of the line capacitance are neglected
because such lines have smaller lengths and transmit power at relatively low voltages (< 20 kV).
However, as the length and voltage of the line increase, the capacitance gradually becomes of
greater importance.

Since medium transmission lines have sufficient length (50-150 km) and usually operate at
voltages greater than 20 kV, the effects of capacitance cannot be neglected. Therefore, in order to
obtain reasonable accuracy in medium transmission line calculations, the line capacitance must be
taken into consideration.

The capacitance is uniformly distributed over the entire length of the line. However, in
order to make the calculations simple, the line capacitance is assumed to be lumped or concentrated
in the form of capacitors shunted across the line at one or more points. Such a treatment of localising
the line capacitance gives reasonably accurate results. The most commonly used methods (known
as localised capacitance methods) for the solution of medium transmissions lines are:

(i) End condenser method
(if) Nominal T method
(iii) Nominal 7 method.

Although the above methods are used for obtaining the performance calculations of
medium lines, they can also be used for short lines if their line capacitance is given in a particular
problem.

(i) End Condenser Method ;

In this method, the capacitance of the line is lumped or concentrated at the receiving or load
end as shown in Fig. This method of localising the line capacitance at the load end
overestimates the effects of capacitance. In Fig, one phase of the 3-phase transmission line is
shown as it is more convenient to work in phase instead of line-to-line values.

In

Let, Iz = Load Current per Phase
R = Resistance per phase
X, = Inductive reactance per phase
C = Capacitance per phase
COS @r = Receiving end power factor (lagging)

Vs = sending end voltage per phase
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The *phasor diagram for the circuit is shown in Fig Taking the receiving end voltage V/, as the
reference phasor,
we have. ?R =Vx+j0

Load current. I_j; =1In (cos Oy — 7 sin bg)

Capacitive current., I_c: =7 FR} wC=j2nfC ?R'
The sending end current Is is the phasor sum of load current IR and capacitive current IC
i.e. —  —

¢ I = I, + 1.

T (cosd,—isind ) +i2mFC Py
Tocos @p +ji(—dgsind, 2w fFfCVFL)

= 1. Z =T, (R+jX;)

A i o R 7

o+ To (R +j X))

Thus, the magnitude of sending end voltage VS can be calculated.

: Ve —V;
% Voltage regulation = —=—%£ x 100

R

Power delivered / phase
Power delivered / phase + losses/ phase
Ve Iz cOs & p
= : > > 100
Ve Igcosb, + 1o R

> 100

2% Voltage transimission efficiency =

Limitations

Although end condenser method for the solution of medium lines is simple to work
out calculations, yet it has the following drawbacks:

i) Thereis aconsiderable error (about 10%) in calculations because the distributed
capacitance has been assumed to be lumped or concentrated.
i) This method overestimates the effects of line capacitance

(i) 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 and reactance are lumped on its either side as shown in Fig.
Therefore, in this arrangement, full charging current flows over half the line. In Fig. one phase
of 3-phase transmission line is shown as it is advantageous to work in phase instead of line-to-

line values.
ls RR2 X /2 X /2 In
n—»—’W\/‘—m—T'\/\N TOO—F >
Vg Vg [§
]
). S !'___ ________________ v ___
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Let, Iz = Load Current per Phase
R = Resistance per phase
X, = Inductive reactance per phase
C = Capacitance per phase
COS @r = Receiving end power factor (lagging)
Vs = sending end voltage per phase
Vi, = Voltage across capacitor C

The *phasor diagram for the circuit is shown in Fig. Taking the receiving end voltage VR as
the reference phasor, we have,

Receiving end voltage, ?R = Viy+j0O
Load current. fﬁ; = Ip(cosd—jsind 5)
E

L
—
Or ?S 2
R, © B
Voltage across C, 7’; . VR) + 71; Z/2
= Vg + I (cos g —Jj sin dp) (g” %)

Capacitive current, TC' = joC ﬁ =j2rnfC —171’
Sending end current, T_; = TR' + Tc"
Sending end voltage, e = I_/'; + I % =W+ _5: (% +J TL)

(iii) Nominal & method:

In this method, capacitance of each conductor ( i.e., line to neutral) is divided into
two halves; one half being lumped at the sending end and the other half at the receiving end
as shown in Fig. It is obvious that capacitance at the sending end has no effect on the line
drop. However, its charging current must be added to line current in order to obtain the total
sending end current.
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Ig R I X 1n
Ico Iy T
Vg cr2 cr2 @ Vg
-
L MNeutral l

Let, Iz = Load Current per Phase
R = Resistance per phase
X, = Inductive reactance per phase
C = Capacitance per phase
COS Qg = Receiving end power factor (lagging)
Vs = sending end voltage per phase
The *phasor diagram for the circuit is shown in Fig. Taking the receiving end voltage as the

reference phasor, we have,

= Vp+j0

il sl

Load current,
Charging current at load end is

= I, (cos ¢ —j sin @)

Jo () TV=jrfCT;

oyl

Vs

0
oy
Iez 5
L
|
In o}
. . - T T
Line current, I, = Ix+1q
Sending end voltage. _;. = ?R} + __; 7= FR' + 3 (R+jX;)

Io, = JO(C)Ve=jnfCT,

.. Sending end current. Io = I +1,
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MEDIUM TRANSMISSION LINE:
The transmission line having its effective length more than 80 km but less than 250 km is
generally referred to as a medium transmission line. Due to the line length being considerably
high, admittance Y of the network does play a role in calculating the effective circuit
parameters, unlike in the case of short transmission lines. For this reason the modelling of a
medium length transmission line is done using lumped shunt admittance along with the
lumped impedance in series to the circuit. These lumped parameters of a medium length
transmission line can be represented using two different models, namely.
(i) Nominal IT representation.
(i) Nominal T representation.

Let’s now go into the detailed discussion of these above mentioned models.
(i) Nominal II representation of a medium transmission line

In case of a nominal IT representation, the lumped series impedance is placed at the
middle of the circuit whereas the shunt admittances are at the ends. As we can see from the
diagram of the IT network below, the total lumped shunt admittance is divided into 2 equal
halves, and each half with value Y /2 is placed at both the sending and the receiving end while
the entire circuit impedance is between the two. The shape of the circuit so formed resembles
that of a symbol IT, and for this reason it is known as the nominal IT representation of a medium
transmission line. It is mainly used for determining the general circuit parameters and
performing load flow analysis.

e R¥ IX

—_L—A’ P AMO0LL_Q —=
A
Vs 14,|35 T ZJ—%

Vi Load

As we can see here, Vs and Vy is the supply and receiving end voltages respectively, and I is
the current flowing through the supply end. Iy Is the current flowing through the receiving end
of the circuit.

I, and 15 Are the values of currents flowing through the admittances. And I, is the current
through the impedance Z.

Now applying KCL, at node P, we get

Is=5L+L———(1)
Similarly applying KCL, to node Q, we get
L=15L+I—(2)

Now substituting equation (2) to equation (1)
IS = 11 + 13 + IR

Y Y
Ve + 2 Vi# T3
5Vs+5Ve+1In (3)
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Now by applying KVL to the circuit,
VS = VR + ZIZ

Y
=Vp+ Z(Vp—+ Ip)
Z
Y
- (Zz'f 1) Vg + ZIp —(4)
Now substituting equation (4) to equation (3), we get.

Y
IS :—2—

Y Y
—Z+ W+ ZIgl+—Vp+1
[(Z WVr rJ >Vr+In

. y(%z “DVa+ (%Z X CR

Comparing equation (4) and (5) with the standard ABCD parameter equations
Vs = AVg + Bly
Is = CVgz + DIy
We derive the parameters of a medium transmission line as:

A= (3242 + 1)
B=Z¢2
C= Y(%Z +1)
D= (%Z + 1)

(i) Nominal T Representation of a Medium Transmission Line
In the nominal T model of a medium transmission line the lumped shunt admittance is
placed in the middle, while the net series impedance is divided into two equal halves and and
placed on either side of the shunt admittance. The circuit so formed resembles the symbol
of a capital T, and hence is known as the nominal T network of a medium length transmission
line and is shown in the diagram below.

/ 2
P )y Vi

"

In
—
| 3 [x ﬂ Load
|

Al
/7
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Here also Vs and Vr is the supply and receiving end voltages respectively, and Is is the current
flowing through the supply end. Ir is the current flowing through the receiving end of the circuit.
Let M be a node at the midpoint of the circuit, and the drop at M, be given by V,,.

Applying KVL to the above network we get

Vs VM= Y Vi + Ve - Vi

"L Z/ 2
2(Vg = V,

Or Va «2Vs = Vr) —(6)
YZ -4

And the receiving end current
Z(Vm - Vo)

Ordp=suM=T0) _____ .
o AL

Now substituting Va from equation (6) to (7) we get,

[(2Vs + Vg) 7 YZ+4) - Vg

Or l;( Z/2

Rearranging the above equation:

Vs = (2Z = Vg = Z(2Z - DTg (8)
c 4

Now the sending end current is

Substituting the value of VM to equation (9) we get,

Or Is =Y Ve + (5Z + DI ~——(10)
Again comparing equation (8) and (10) with the standard ABCD parameter equations
Ve = AVy + Blj
Is = CVg + DIy

The parameters of the T network of a medium transmission line are
Y
A=(=Z+1
( > )
Y
B=Z(-Z+1)2
( 2 )
C=Y mho

Y
D=(=Z+1
(GZ+1)
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LONG TRANSMISSION LINES

It is well known that line constants of the transmission line are uniformly distributed over
the entire length of the line. However, reasonable accuracy can be obtained in line calculations
for short and medium lines by considering these constants as lumped. If such an assumption of
lumped constants is applied to long transmission lines (having length excess of about 150 km),
it is found that serious errors are introduced in the performance calculations. Therefore, in
order to obtain fair degree of accuracy in the performance calculations of long lines, the line
constants are considered as uniformly distributed throughout the length of the line. Rigorous
mathematical treatment is required for the solution of such lines. Fig shows the equivalent
circuit of a 3-phase long transmission line on a phase-neutral basis. The whole line length is
divided into n sections, each section having line constants 1 /n th of those for the whole line.
The following points may by noted:

(i) The line constants are uniformly distributed over the entire length of line as is actually
the case.

(ii) The resistance and inductive reactance are the series elements.

(iif) The leakage susceptance (B) and leakage conductance (G) are shunt elements.

(iv) The leakage susceptance is due to the fact that capacitance exists between line and
neutral. The leakage conductance takes into account the energy losses occurring
through leakage over the insulators or due to corona effect between conductors.
Admittance.

| 2 2
=G +B5 .

(v) The leakage current through shunt admittance is maximum at the sending end of the

line and decreases continuously as the receiving end of the circuit is approached at

which point its value is zero.

ANALYSIS OF LONG TRANSMISSION LINE (RIGOROUS METHOD)

| 7 dx I -
I+dl > | Z X i :I
ﬁ_ 1 A mLT F
| 1
i I
H i
i L}
1 1 h=
Vg V+dy ydx WV Ve EF
| -] | -
f | ;
f I
I 1
i I
, S IR N U . WO AR, S

Fig. shows one phase and neutral connection of a 3-phase line with impedance and shunt
admittance of the line uniformly distributed. Consider a small element in the line of length dx
situated at a distance x from the receiving end.
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Let

z = series impedance of the line per unit length
y = shunt admittance of the line per unit length
V = voltage at the end of element towards receiving end
V + dV = voltage at the end of element towards sending end
| + dI = current entering the element dx
| = current leaving the element dx
Then for the small element dx,
zdx = series impedance
y dx = shunt admittance
Obviously, dV = | zdx
% = Iz
Now, the current entering the element is | + dI whereas the current leaving the element is I.
The difference in the currents flows through shunt admittance of the element i.e.,
dl = Current through shunt admittance of element =V ydx

or % =Vy ..(i)
Differentiating eq. (i) w.r.t. x, we get,
2 dl
AV _ . dl_.(py [ —=V y from exp.(n‘)]
d\.z d\' : dY
2
or (:;YIQ/ = YW .. (iii)

The solution of this differential equation is

V = k cosh (x J1_:)+ k, sinh (\\/1_:) .(v)
] ﬂ o ‘ ”
or % = 73 ...(ii)

Differentiating eq. (i) w.r.t. x. we get,

v _ _dl _ [ A _vyh ]
= -0 ——(py E =V y from exp. (ii)
({.\‘2 d_\' ( ‘) d.\‘

2
or ‘:;\12/ = ozl .. (iii)

The solution of this differential equation is

V = k cosh (.\‘ ‘/\_:)+ k, sinh (x _v:) .(iv)
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From equation (i),

Substitute the expression for 17:

i1 ) ) i
ff_ — y [y coshi{ow, yz) + ke sinh(e,yz)]
i

Integrating both sides with respect to @,

I—y [ Ey coshiaw/yz) + ke sinh{w./yz)| de

Using
1 .
/(:L}sh[c:-;r_'_] dia — — sinhi(eax)
1
and
. . 1 )
[mnh[cm:] dao — — coshiax),
. 7
GES V@!
we get
I = —_ [ky sinh(2/3Z) + ks cosh(z,/52)] + C

V=

Since the integration constant is already included in the constants ky and ks, the current equation is written

ds

—

I= \/E [ky sinh(z+/yz) + ks cosh(z/yz)] cee(W)
z

Final General Solutions of Transmission Line Equations

‘ V(z) = ki cosh(vyz) + ko sinh(yz) ‘

1
I(z) = — [ky sinh(vyx) + kg cosh(yz)]

C

where

* 7 = ,/yz = Propagation constant
=

e J.— \/— = Characteristic impedance
Y

Equations (iv) and (v) give the expressions for V and | in the form of unknown constants k1
and K2. The values of k1 and k2 can be found by applying end conditions as under
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At x =0, V=VgandI=1I,
Putting these values in eq. (7v). we have,
Vg = kjcoshO+k,smh 0=k +0

Ve = K
Similarly, putting x = 0. V=VgandI=1I ineq. (v). we have,
m —
— |y : . b 121._-.
I = Vs [klsmho +k, cosh 0]— \z [0 + k:]
k’) — i ¥ §
= J ¥ R

Substituting the values of &; and &, 1n eqs. (7v) and (v). we get.

v

[~ =
Vg cosh (x\f_r_:) + \;? I, sinh (x\/y z)

and I VEVR sinh (x\;’_'_: )+ I cosh (x\/,ﬁ )

The sending end voltage (¥;) and sending end current (I;) are obtained by putting x =/ in the
above equations i.e..

—
= Fgrcosh (I jyw =)+ \I'I-%IR simh (f /v =)

Vs
. _ N
I. = ,H.'-‘; ¥y sinh (I./3 =) + Iy cosh (I /v =)
Noww, iJyv=z = Jlay - i=z==. ¥ =
and | = [y 4 = II'E
W= "..' =7 W=
where ¥ = total shunt admittance of the line
Z = total sernes impedance of the line
Therefore. expressions for ¥, and I become -
- — | —
Vg = Wi cosh YZ + I, ‘-."% sinh Y Z
I, = Vi "."I% sinh ¥ Z + I, cosh YZ
It 1= helpful to expand hvperbolic sine and cosine in terms of their power sernes.
2 >
—— = ¥ ZF
cosh (JF Z = [l—|— 5t T34 —|—]
: _ 5/ :
! — Yz
sinh J¥Z = | JTZz+T2 ",
W Rl 6

FERRANTI EFFECT:

On a long transmission line, when the line is open circuited (or) very lightly
loaded, the voltage at the receiving end is more than the sending end voltage
because of presence of line capacitance in the transmission line. This is known
as “Ferranti Effect”.
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Derivation of Rise in Voltage at the Receiving end (Ferranti Effect):

The voltage rise at the receiving end in the long transmission lines under open circuit
(or) very lightly loaded conditions is due to the emf of self inductance of charging
current being inphase with the impressed voltage at the sending end of the line.

X R
IcX

Es C/2 ! 5= IcR
y v A
@ = o o e e e e o = - - - - E =

(a) (b)
Es = Sending end voltage, E, = Receiving end voltage
I = Charging current
X = Reactance of the line, R = Resistance of the line
IcX = Voltage drop due to line reactance
IcR = Voltage drop due to line resistance

Let us consider half of the total capacitance of the line is assumed to be concentrated
at the receiving end as shown in Fig. 1.36(a).

From the vector diagram 1.36(b) the sending end voltage (Eg) is less than the receiving
end voltage.

.. Rise in voltage = OA — OB = IX.
ELY
We have I = —(—/—
2
) A EN
Hence, the rise in voltage = IoX = o~ msmasesessaens (1)
Where X = 29tfl.; Y = WC = Z2xfc.

Substituting X and Y wvalues in equation (1),

2
Rise in voltage = £ Sl Sie = o) LG

2 2
Rise in voltage = (2n_f)2E,. %volt
We know that 3 < 10% = 2
~LC
1
.9 1010 Pt~
= e
LC = ;10 = 1 AT s TO*2*
9 %10
Where L = Length of the line in km.
C = Capacitance/km/conductor.
I. = Inductance/km/conductor.
E, = Receiving end voltage.

Assuming 50 Hz as frequency

1.11 <1011

~-. Rise in voltage = (27 < 50)2 E, x =

2
0.55 E, I:].(;'.T:I Volt.
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CHARGING CURRENT:

Charging Current in Transmission Lines

In transmission lines, having a length over 100 km, the effect of capacitance to produce

a current called Charging Current.

This current is in quadrature with the voltage and flows through the line even if the
receiving end is open circuited. It has the maximum wvalue at the sending end of the

circuit and goes on decrease towards the receiving end point.

Due to this charging current there will be power loss in the line even though the line

is open circuited.

Power Loss Due to Charging Current

Consider a line of length | kms having a charging current I at the sending end. Consider
a point P at a distance of x kms from the sending end of the line length ‘I’ kms as

shown in the Fig.

The charging current, at this point:

l
I
l ] ul
o I_C(’ =k = x i |
l L 1
I = | 4
If R is the total resistance of the line,
the resistance per unit
Vs Vr
Length = ?
The resistance of the element , £ e e S o T it b S D= = _Sean )
R
dx = — dx
1
Loss occurring in the element dx = I3 ? dx
Total loss in the entire line
l L .2
R I
= [i22dx = [Ly-x2?8 a
1 ! 1
0 0
2 l 2 ( )3 :
- lC R 2 lC R 1— X
= 2 j(l-x) dx = [ ks -
0
0
28 P _ IER
3 3 3
IZR




2 Marks Questions:

1.
2.
3.

o o~

9

Define a short transmission line and state the assumptions made in its analysis.

Define a medium transmission line. Name the methods used for its analysis.

What is a long transmission line? State the condition under which it is considered a long
line.

Define voltage regulation of a transmission line and write its expression.

Define transmission efficiency and write its expression.

What are ABCD (generalized) constants of a transmission line? Write the transmission-
line equations.

7. What is the nominal-T method of analysis of a medium transmission line?
8.

What is the nominal-r method of analysis of a medium transmission line?
Define Ferranti effect. Under what conditions does it occur?

10. What is charging current in a transmission line? Why is it significant?
11. What is meant by surge impedance or characteristic impedance of a transmission line?
12. What is surge impedance loading (SIL)

10 Marks Questions:

1.
2.

Explain the performance equation of short transmission lines.

A single phase overhead transmission line is delivering 600 KVA load at 2KV. Its
resistance and reactance are 0.18 Q and 0.36 Q respectively. Determine the voltage
regulation if the load power factor is (i) 0.8 lagging (ii) 0.8 leading.

Starting from first principles deduce expressions for ABCD constants of a long
transmission line in terms of its parameters. The generalized circuit constants of a
transmission line are:

A =0.93+j0.016 and B=20 +j140

The load at the receiving end is 60 MVA, 50 Hz, 0.8 power factor lagging. The
voltage at the supply end is 220 KV. Calculate the load voltage.

4. Determine the A, B, C, D constants for a three phase 50 Hz transmission line, 250 km
long having the following distributed parameters L = 1.15 x 1073 H/km, C = 7.8 X
107° F /m, R = 0.14 ohms/km. g=0.

5. Explain the Ferranti effect in transmission lines. Discuss its causes and methods of
reduction.

6. Derive the expressions for the charging current of a transmission line and explain its
significance.

7. Explain the performance of short, medium, and long transmission lines with suitable
equivalent circuits.

REFERENCES:

*
A X4

C.L. Wadhwa, —Electrical Power Systemsl, New Age International Pub. Co, Third
Edition, 2001.

“Reliable power transmission depends on the proper design, selection, and performance
of overhead line insulators and conductors under varying electrical and mechanical

stresses.”




Unit-3: Cverhead line insulators

. ']h‘ Q\,C"\\’\th(\ ‘\V\,( (Oh«{ur,[n.n Qhuu\d Lu- SOYPU"‘."C{ on
the poles  ox Yewens in guchy o we g Ahot curvenks
—-J‘\U'\”ﬂ CMAM([D'IS ClO vot :“m 'bg Cay\h {h_‘WBM SUPPUﬂﬁ
- dive temductons et be propesly  inglalid dim St

o oTee wavlatess Pm\lfde VUCessary  ingolatom between
Nive condmctors  and Supports aud thue prevewt auy
Jem!ﬁm()e cumseut 5o Conductors % carth.

Propesties of Tvevlatons:

(1) mah e chamica| Sheujuq in ovdey T Withttand
conductoy doad, wind lead erc.

b ‘Hiﬁb\ C‘\EQHW.(‘J yesistance 'ob- ingo\ates 'W\atIrqu n
pydev o . on‘C' "\e"\kma C\Jﬁ’am% ‘\E earth.

(i) ‘P"a\n Tetoiﬁvc P'&\’“ﬂithvll‘j ot m&U\m{'m Wmﬁ‘:’\oj
ﬁde‘( 'Hml- dtelecl—m &Hemcal—[\ S \Na‘ﬂ '

) The imula{m W\mtﬂ'a( sheuld be Mov - Por gUs
—f‘w‘e r T:Htmr\' im?w\'b\'&( Od/ld _C-Y_o\ck_t;_ ‘D‘“LU';'WME' - _‘Hu
- peywaitv by will (oe iw&ewct

L\J) ’r\‘ﬂ\n atio ‘o Punctﬁfl S\:‘nawaHﬂ % :'rladw oVey .

Scanned with CamScanner



D

'.\_‘f.\SS'_!-1_i‘ v Mak . lg

i he Wt t (mnw\m\‘j UU“" 'VV\nl_Hl'nh '(bT 'm'U[C‘{lJD". A\ o

O Toveelain
—\ :1‘ 1< .P“\AU'“‘(‘ ‘Mj -j,‘-.fna q,[‘ 1\' [’MUL'\ b_mr)l'jo.t}:,«a

N wirabose oF leaolin , eldepar awnd quarty.

R '\‘V’U(L\owu‘(a“j'Sl‘"maw than ﬂ‘“'(“ e Jesg
l“f\lblr. $vew \_,lt'nLl(ij and 1S legs, Cbbﬂ&“' bjj
changes  of ' temperalare, ‘9
S T mot g0 howogenens s glass. Tt shauld be
G laged C{m;u\a mmh_umm\a Process .
o dlso, Feudt camob be cidzclici -ea&1\\j as b s
Mot tmm_c, pavent. : _
Ucoally  Weals ad

= Tewgion beared by o g il 1
excceding 1 mi

dt.zlﬁ's.'ﬁok'- M‘fHﬂ&hmJ‘ benale  Shyesges:

e Thi dlf’-ltc{ﬂt Shro_mDH,, of PDTC{(Q‘“A SL\,uU]cJ ber
[nch ‘HAJIC\QMLM

(SkV & 7 kV tFowr ewwj lnu th&
i glass
o Glass < éhafex -‘fkm"?orcgc@y{ Tl ':Qn'mrle'b’
shapes avd i Propesly boughoned olid’ annasls
gives 'l,u-jL- ve Sistvity and dfeleckic Sreugth of 35KV
Jove one-tanth Inch  thickuess.

Scanned with CamScanner



L, Twe P"'D["’"HJ Make (-

. Pus&fb‘e (;J Ug Sinal.-
(m_ghuctm "‘Jkﬂtfv@j Le © m(J\ plrc.

th, ()Ppm‘eﬁ'w \/u\i‘arfje_.

3 Glats s uite b
s €la Cll l")t\ﬁ’)oaomg—u_c W\ﬂb)l‘nﬁ O_VI(J Covy bJ;}.";Q‘aMrl

k,ﬁ\’uﬁ‘ Compy g ¢ive S(T\’P.S&pg ag CWFCULOA -{;0 P(J-r(r.|aj-w

5 Qs ey bangpatant i € Veny ety G dlebict

any law Cdefecty  dike {:mrpfu\a o aiy etc .

S It hew lﬂU@T_ Coeﬂﬁcfeu@ o;f {Hg'rvw;\_,l C’-KFMQ"W O‘”‘C’

as & Fe8olb, th stvaing  d, 4 ‘{]_m}aeq’ahife dncma?s
axe wiwiwmyged | A

= The 'NLQ:]'D}_( vawback o:_f ?]\qa_g 1S thet mpicose odsmses

Ve'ﬂa G’-ﬂ-&;\:j o kg 50?5'\7:10: and L\Q_J/\CQ (te  Uce is
dimiltd  ®  about  g3ky:

(i) Steabily

— It s o ‘W&&A‘o’q\\j O(U_Uh'uqa mwamfum SJ\I'CL&J

Usually Fovnd  Combingd With  oxidec in

Vqua Profoﬂi'%
Fengile d  bend
owxcl Q@ advant
ab bty towere "l@“ |
Fake ol a, éctq'*‘f»{"‘*”"\ :

= Tt has o mueh (MBLLQX
VLZ &t‘fegs

“ha'ﬂﬁuslj BQ Usec'
Whay e .177&1"\3“&4'54,:'0)') »ll'vm

than  povcelaiy

" }

Scanned with CamScanner



| Vi ' a ['f X

\-‘ --1\ i . . i

‘\') —1\.\['-—-\_.__[.‘

_ Lo of au O\fe-a'\ruho‘ Live Cilf%_d:
T &uccmslt] C‘F‘"’“ &

e o Cconsidevable exlint  OpM the WT”“ JQIGLL”'-"

o} Tuolator.

Incolodors ate
The  wogt ('amM-Wllj U‘Sec‘ .

l© Pin {\”’c' l't’ac,uloiciﬁ

) e ing \O'L_OY s
-3 AL 'tLLC MaW ¢ Suaje&lﬁs 'Hﬂ.l P“/L {‘—de l‘ U . N
h . . ¢ IS Tegy,.
Secuved t the cyoss-avwy)  ON e FOIE'TK’:;, (,O'MAJ-LLE;)
. 7.

on the Uppey end oFf intwlatey for lwa.Hsz

aykd ig

maliﬂ‘a«l

= The  Gondubor pasces 'Hnrv,ualf) Hus groove
bouwd bu the amald wive ol the Sams
as the Conduut fov -

2

= PN ‘dec ;Molaﬁ*fs ave “oced for ransmiciipn ) e
dictsibotion of elechic powey ab \]olh;j,g_g UFE;%SK'V.
- BQTMG\ oFewro-‘{fwa Volfasae of &KV, the Pin Jr‘apv_

t el Lve  loecoms %o ‘ool\ka cw\c\ hewce une Covmadtal.
1WEV le-

Scanned with CamScanner



Camses OFf f]!‘i&’iﬂ[ulur \
g Tuivlelong Qre 'wclu'wfc{ 5 w'.khshunc’ Iooth vee hiangca Qy\('{
p\:‘(h‘"“‘ Stvesgeg L\r(‘\’\‘&-’ Styesses in .Tns.\)\mlbu ale g

b Jding \Jollm)v awc) W\QU_ Cauge 1hy lgveka“ULOh of
fU\S\)l“{OT' | |

o The electvical brealedown of intolelor can oquy @ity

by " flachovey oy Puv;cbre't

- In ””ﬂ-ﬁ‘ﬂ OVey Qv oxe  OCuTe bd—ween H‘m »Q':VUL
conductor and insutelion  pin G carthy and the dischorge
jumps  acyets the QWDO\TS Polltwing shorteet distance.

= dn case of Povcltire,  tHao -df'sclmzfae O U S Trom |
condurtos o Pin thuough th body of the incoletr,

2 When suely byeak dewn  ic involved , the inculator s
inumwblxj o\e\sthaeo\ A o eslcecsive lr\g_q}

- 4 ‘PYQC{J{CG , Subpdient  tlre sy ob— Foqce(m\'\& X3
Provided 1n thy inevloabey s a\oidl Puv\dj:,\m \Dua. tho_
Jing .' Vo\l-«ae :

( Th,q fa@?lho O'f FUV\CWY(' ;C.HQU\EEH 1% '&\ML)-CVEY VOUT‘*ae
s Known o 'So_bcfv L oietoy | ! '

¥ Smb@kd factoy o4 Imu\atﬂu.__ Povctuye Stre waH)
L Flagh ovey \fo\‘taae
o B desioble that b wlie of, Sufety Hactor &
.l,wok&o that  flash pyey \!o{i'mae takes place Eehwe U/UL
s latoy Tebs Fuv\chyec\. '

- Foyv P{m WPE’ 5M0\d§‘x’_€, 'H'u \)oj/\,u O;f' Sa*]{(-}j-‘fﬂf‘w
\s abovt o. |

Scanned with CamScanner



ﬂ s\ la,{]:‘lf '

2 -SUstmfm -l,

5 The cast of F“” ‘“‘d?ﬁ

INCyeoal€s 'Zcuflc”fj as “’-,

T L L L

l:nsulrx 4

Noswwa Vollage

b
nso oty 18 At ecmm‘ca[ Gj fice T
s Ugu"'( P‘M( “

- F01 \\JO‘“ Vo ltage (>33%Y) hewn below -
3 .

Uge SO&ﬁam;m hﬂPe lnSU[aJCO

th _”

Livg (ondu (ko)

AN el

’ G
- kaud Congistt  of o ’Y\OW\L:EK of cheluv\

CG\"IV\QL‘&(} \V\ Sesies bﬂ Wtﬂ—f\ &,m n the ‘EC!’M C')L

o stwma )

o The conduttor te SMFQ_MAQJ ot the b_ottom of the

$H‘“‘G while the othy eud of —CL‘Y"WB is Sewured t
tWe  eyest arwy  of the {‘Dwef |

- Et\ct-\ th_ oF dtS(_ is demwd -ﬁ,-{ Jow Vol\“‘\j(’, S‘\a

NV, The wimbey of ~ diccs’ in  Serves Wovld obmo—u&[j

Aff“’\d Urﬁ‘ﬂ the lr\)nf\C.JV\a Volk—O\?k’. Foy’ g_ea t_.u,or\’—u
\folb&‘]fe ¢ GokV , them Six disce in  Sexjeg - Will be
Provided o the Sty 'La .

Scanned with Camécanner



Advan lﬁf_&. :

D C"‘“\r” Than piny {\d\“r' neolatore ~Sou \fh“ﬁ'J"l L"'Junr' 2z¥\
\

@) Each owil oy dise g f‘\nf‘amol for 6w Vo(["')" Cirky).

D\‘I““"‘C{[bq QP | he ‘v\)orkfua Vollaj*’, Mo 04 drecg car be
(

comet g Seweg

() 93 ‘\V\*d ot dijce (¢ doma -‘:’Jc{’ the whole Ql‘m'ma doe¢
. be
oV )

Vo | L’*‘CQWV\(; \)&elegs LDPQUJS@ the OLO_MQ_DP4 el isc
Peplaced by the Mew ne

tv) Prouides Care'u{h Flenibility b5 thy line. st-m'mcd. S 5=':~
ry &w(ua in OMQ divectiory omd can Fake VP tla poylﬁ‘rm

whave wc\/\&w'(a, dbyegsel are mavuimiby

| : Ce Vo llege (aw
W) T odditiowl -tngulattm Tequived Jor volsed &je °y

cann be easily obtaingd by o\c{diwa desived Mo-off diss.
Q) Suspention -\-x.dpe dneolatmns ave Cj,gwmuj Vsed with

Stee| dvwers . TWe Pm\n‘dfz\s Po.Ubv'a,fs Pm\ﬁ({'?r'dn Fre) \{'3Wﬁuta.

7 Shrain Tneolado;

5 whn ture is a7 e ened ol g duve e, Hhare
,  the: »QJWL i gSUL)J.PQ(IJ

& Cowney (0%) S\oarp CUTVe

ry g Jiy  tewaon,
- 4n ovdey & weleve tHy \-QWUZ D'_{- e'KCF«SQ"V-r: l‘tvanq,
'ShOJt;\ ﬂmoldbvs ase used . '

-3 Fov Low \kl dineg, chackle ingulafoe e Used
ot Shyain  Gueoatoys

Scanned with CamScanner



oL valn 3ngula{ii
\(l.(
I- i t"i\'\\\\f\'\\

¢ onductor

‘*\"' l st ([pet
1

S
-\

< Pole

= AN AW 2 i N N

Stvalh ﬂ-u\sulmﬁzf

- Hov\\eu‘a,"_(w (lel\ Vo”_q;d'e Lyanenad$1OM VUMS:US |
Shvain  junglalys  concisbe off ak assembly of ‘Fmi_lmu
ingulie o chewn in %a The dicee of Skradn
sl s ave Used N~ Vaﬂf@j _F(W '

- When  the tewdion in the Jdiwe s e““"w?]ﬁ'
’ oY MDY E

Wgh, s ap .ima yivey -(pans, fwe

Sb\'wa_g qne Use4 W FwLo\Uef.'

EE %(c IbLgo(mIU\)w'&; | '

- In eq-;l-j days , The S[m“({-c gnsuta{Iers We ve Ugeol"“-ﬂ Stialn
tneolatess. Bot mmw-a- dags they cve &ff"l"e‘*ﬂ‘f Used oy

Jry Voltagqe Aistibubion liweg. Such dnwlatort Cam be 03@'
Qt"H/U'Y in \norig(mkd L ey [n’/{;\ Ve biea _Ppsi[fm._

S Ty tanbe fived b

th pole with o belt oY

v the cyoss qu;-_Fffa | ,_.
Lhne  Shackle Qmoldbr(fg_
Sivted b T pole . G

Pole —=

Scanned with CamScanner



o bl Distribbion_ouey

.\\\1'.l"‘l\'.[(‘|' ( \f".l’\(:lh‘ .[.'.Iluf '

_ ‘f\ ,(.‘ \l\'\a hl{ _"\\](‘r\. l'\‘\\‘ﬂll '".-\ Q\J\n l 0C cownt VG "'n r;‘, n
‘\\l“‘\'\l""\ U-\k \"U'H"" (At «'{mt"‘, ‘-T'V\U\”l"" I Lovime Lr'lﬂ"’Jlﬂ

avetallic vk

Fge Shows  3-dige §in'mzj of 506 peution tsule koS
.‘ Ll.‘ r(\’\(rtt\‘.l’l l-.‘l\‘ L{UY\ O'S' pqcl,‘ (-{l'qc ;(’ {r) L)n‘l'wﬂ(-‘n [7UJD

ave bl dinks

t i e S
ﬁ =TT T
. /r"‘l\ ) C :—_— \}/3 \ & —— \
7 A ‘ A l A I jl
W 1’“‘—? ik —
N ‘/;]\ ?Vzh e rembhe Wy : " \ _—l_i A
il et T, P ’% -:'_HT’:_I; H
’F—\ Y C_ == V/‘z :\ C; ] C V3
B B A \ - | J
= | It | 3 (n)
U) | o | Ut) o .ag .an W in 'g"j'(“j

— I:Olc[q clrsc forme A Ca.Facd-uwre ¢ S s o
o kwowv A4S mmd Capacitance oy Sefly apo
lS . y b ) 1 4 ' .

» 4y theve weve wﬁ&m\ Cﬂ)mil‘amw odove , then
C\l‘ﬁ‘é‘t“j' VODU\d L’)cwa been thwe <Lawu

cu/\A Cmg?.cw-wﬂj.. \fo\tqa, 0.C¥08S -chh “
I in Figliy

Thig

thhyeu 5('\

(‘.L\&'jﬁ*\\ma.
~l the discs | |
vwit woold have been e Sanu Cice V) as thown
w!

\ 4 r.' . , i 1,‘3(‘5
Ial ach PYmc‘bi ce Cach‘bmﬂfe a_(so €
|

v
-5 Howeve*h . datl d:sc add + boured @

v rvmt‘a.\ Filbtin (c
" hw:: vhae 8 K 2 ' as & Vw& Cep ati ko (€ )
eovth - g |

Scanned with CamScanner



* Due hunl e rnr'\lnl»\ to f“f\ﬂ'l:]i'“;] Corvent e W ¢
W same cs of &k
¢ Sany | bia nu:]Lq all  He clcee o{ Sl IWJ al Qlfu,wr_)

A ‘“‘J\"""\ Theye fore \quﬂUr' aryoss Pach dise Wi
be \{il~b(‘\t-;'\f

-\

N‘U;“U"Ifi- The diee mpanest B the Jive Conclucboy
Wil have the 'Y\»m-x\"mum Vo\t“ap . Thas VCPQ’Y"V\,Z P

HS GV will be  amuch ~meve than V, €Y,

_t“\\n\q \ &\kif“‘b\(‘\{'
e

=
Th'( uwny C‘ Uﬂl PO Unbl\&‘ dﬂ, tfl.bu (I(;Tl iﬂ s l.“f |'Ula Q.j_

Inculators s Onderiable and 18 Usuq\‘j ﬂXP'{e’SSEJ

. " D
N texvy of ,Shﬂ'uua E’H{ci@vl(\j'

r

The ¥afio of volbage across the Whole ‘gh"“a i

the prvoduck oF nomber of dise and  the Vo\f@ﬁc
acyots thy disc nearect B the Conduckor 15 Kraww

Qg S{'ffna eh—h—{cfe.b{(j r.e.,

U albage mauoss the St
Shl‘wa &-H"iCi&u\cj . _‘\ﬁ)lhsgr q('ros-_c, ij,
“ ’V ‘ ¥ifal/ ‘T\ 7( VDH"Q.JQ -q QTDSS C“«-‘C %Q(lffsb-'to—

- Momber of Shiugs in the MY

s Th Ca"(\e.n..tif AT nst”‘ffv\ca Elinaeuty the ',MDVE\U"“‘&"YM {5, '
m VOl!- 3 AJ'CL'Y{ EUEGY)_ TM& ‘00-,. S‘.“(Ma gbh—\'((quuj VS CUL
A o.}\ case 40y whtch the Uoltage aoryogs PQCB clt",sc wil[ be
Yex L

eqactly the sams Heucr, Eppovic thould he wade T IMprove
W as close T 1007 a3 possible.

Scanned with CamScanner



AT L—

,ouume ~Ifj "\hg-u\g
Uu- i 8
l_tl’ us ‘SUPPDS(‘ H’iof . ﬁU'Uq((u‘ cl'l('Uif“ “'O‘I 6 2.disc S(‘nw]
e |4 (
Let us Fustlyey Asomp {1, r*ch,laW(’ of cach dise i ¢
Qa

-f 5 \ A c
gomt Prachy T g Se |- "t C"“l"“""t‘”“" €1 is

'LFM‘HlWe e - K.
<

ooy ot

fowers T Voltage 86y JLLLLLIL I 1 14y g1 00 )
Co )T ey 7 | %7
vwt &V Y, and 'y, P Z ==L
\ = “’P"d?"‘“'j B S B A L
At Shoyov . s=—=t | A =
, : < /
! ».‘ Lo eht @ - C :E
% \ 1:__ -—-—_I‘_ =
—\~]3 t%

iy -APP[‘j"WD e ot Node ‘A

AL LT TR

[5..‘
&
lan ]

!

<
c
la)
r

Vi We + v, Wk

v, (14 1<) ~— 0

<
)
fr

- -APP\:j\'V\a kep o vede B
Ig = T + ‘}_
V, WC =V, we 4—@ +\\wc,

Vo e = Vy ¢ + (\’\_‘Wa—)_‘{? Ke

v, =V, +(V|+V),3K

: stand .

W, =RV, R (1+l<5 o

o 2 lasd & g7 v, = l1H-E)
\V, = RV 5 V,(1+\4) (\HL) y

o et = o
Scanned with CamScanner



TSR A |

7
\l, = kv, Y (1K)

\, =V ‘1 \ |:’|7v|"’J

A RRELS ] > @

S

» \’“”'\nf Le'lwvo';q ¢ enelue oy and earth

Vs Vo, Ve
VoV v (R V(‘J”EKH()
Vs oy [24hks ] 206

Ve V) (3K (z4k)

Fyom 4y, ('.b_\ & (5) Wy © ,att #f
VoLV, SNV o
! I +K | § BRER? 0+R)(3+%)
; : L
/. xStTImO EW‘CEP—V]f‘j - qu’E C{(":‘O&S "‘—3 AR
"X VoH‘fL‘E{ acvoss dise aatest
£ Conduttoy
-/ Ltvn'uxo EW'“‘&“‘j - V ;l(']ob
Twip. Points:

() The wax: Voltage a%?mn 'qcyosslm-ciﬁéc wdfé!;l- t the
Conductor. (ie live Conduttor) . _

M) T Volbage acyvess thy gsbnn i equ & quqsg \folhf-

“Y.e Uolf‘t’\sag aCYoss Shuv\? Vo\}qu L)dween 1\:/[_9_1-_,, FayHh = Pl"slmti?-‘f—

Uu,) LML\!O\\:‘\S;C - Vzx \’o\!:ouae acws& Sl—nma

Scanned with CamScanner



L TR .

g A 23 ky OVey Lloc\r‘

P
4

&H
3ﬂ§,0l£\ tors jl- tHhe Ay are

Hivee vt in thy gl viag
ol

' Paci bamee e 3 | |
and TR s o [H © beleen each ingolokyy Pin

_rfu\cl (‘.\ [-LU Cll'qhtlhu(,\'m‘

Ca \
[’Orltcnrp O( racL) mgufnfrax
of

VOHC’\ 1 4 (\pr g " ‘ ,
vy Ly N 7 neulo o7é Ul
) a bblfl( LUT/ _ | |

o Fig Shows o equivalg

r clycul- of Shving m&olcd-ovs
Ld’ Vi, \pand Vp be Hy VhlE

4Je awoes fop,middle avne
pobbom Vb vespect, 1 T
b_ C is ,("ﬂ_p_ geb-

CO“F_"'“WUQ of each Uw't, thon KC

K = : = ol

Se\v - Capatitomre

Vol’ro@df CTRTEI4S 6&1\'&3’\]\: 33 _ jqorkV

V2
. \\ V14t di i At VbR
AL FowneFon A § :ll_l) I’
g \ ¢ )
T-_l = 1‘\ 1 ':: Ke T J?
N \ ) ~A -—
¢+ V| ch A | Y T
U, We = U W L D R T
’ " J ke ”‘Lé_'"l‘ oy
V, eV, (1K) A oy
ﬁ-— —
\ T
= V(1o ; e d2s
)
\
v, = 1U Y ; “?‘_4 ) Lo
~' 3 Iy
At Touckionn B \
\

i
IS :I2+2

3V, Y RWOC
Vy we = V, te F (v

v = V 'l‘ Cvl‘*'vl)K
s y v+t av)e
Vy = vyt |

vg = ,.SL[)_WI

Scanned with CamScanner



hele Ul .

¢y \'of[m].- Al the W (7

\"’ = U, “ V) " V'."

caya V
\' = V4 AV 4037

V - 3:yH2 \’,

lq.or = 346 V)

Vel *‘\‘j r Qe&wss

, L _ 552 kV
{-c«F vt V, s _L‘L_E__ =19
2 4iy

: A% 85
Middle vwit V, - 11ty -'_' "
| a2 LMY

Bottom LtV = (342 V) 1

- ‘.g\_{l‘}( S {2

CievosSs Sbu'm?
I

Voltaqe X18aV

i) Sty Eppicieny -
oy " Y % Vo
Ne o} fngola e e 32

1388 xpe,
3 XY

— 8§'3’"/b

—

Scan'ned with CamScanner



g ; " Cyd
. Upposted
hall Qemwdc IJI \ Tl . ‘.’ ”"- {, " lal I
.1 | & ' ’ 5 " f‘ Clpy |
A £ kA n [l \/ T lp, ( { - ) ' J r""”" Litagf
A\

‘r "lfll-‘illf {1y “u‘ 'I»-';Ir fid
"'P"ltw fn { tel .
\ 1 [ l -,“l'il‘""‘

1 e o o s I8N HH’ l'l‘l.' \‘(.f}.h e Ol

J° 0 g pppeieny
Sh’lllf\ in‘,uqu'"O'fS |.§ q(ﬂ/ﬂ)}rl ;n '{?
U,:-Sk\f Qg V):Hk\}

The ;q\liUl\Qll\Q ﬁﬁ(Uf\‘ o'f

Tt \& c()‘f\ft_h an}

i]\ et K be Hae 3«_%1‘9 0'; ('f.\_[)o, (I'E'CLIJ]((.

betweeln pin omc’ €9y Hn + AétlbL (mrﬂ(fklbfr

Sl C favad 15 +h :c(t— Co_Fqu'L—o.Wr of
cc\(ln .. f‘, 'HULU\ fQPO\u' 5 em btfwec . id.ff.‘_'c{/:”/c2//_.';%’.”-’?”;’.-’,’-‘.é’f’ff:{g-;

s

r 4

pin and carth - Ke . % v
) . O % !(_C jr‘:| \1
! APPHf\Aa kel o Junetam, A E"“‘“f }—‘,<=—-A -T
q T ) $1 % Ke = % N
Iy, =¥ §\‘—“—H—_<—-h 1_.%_,\
W N P il
\/},_LOC = \’\wC+VlK % \(C __I \;3 \
~ 'd\ s
Vv, = N (1EKD 3 |—<—c J S
5 i3
K = V?_ _\}‘ ~ '_}_:_é :.,0‘315_
V) 3 @
B funden R
iy Dprlying kel of
L= Iz +f2_
V, w¢e = N, ¢ (WY ) K
Vy = V4 (i) k
R
Vo = 1802kY . s s SR
1812 = .12 8Y
NV Vg = BT
] e ond easths NithTiz =

Ling Noltage = V3 x 3112 =

Scanned with CamScanner



A 08¢ -’*H{"'ﬂ X leo

Ve

(i Sting x| picivaey - \fn.jijv

0| mco(aﬁo'f

37112 % )00

5
72 x18-1%
_ 628
v v ok ke |
- b o o oUl(fno‘( sVDdte b,
3. the  thave bug- bay  conductors ' 41

meulf fs1s - [-’WL

Qve soppevled by vaite ef po¢| -}‘y P&
' d e msulf’&’“ i

vwal covgislx of & stack o _?- rin p | .
o (=28
o m the top o the other. The \folkf—‘jﬁ q -
[ wil Tt
the doweet  ingole oY ie 2 RV and Haa ™ ac

| b Hhe Stelis
Fuxt uwb & |Ikv. Find the bus o4 VD[HLT "

e in iy
Sel. The QQUN@Q@M}' ciwevib 0 F fngu\at'btj LS hown ]
IE L Fiven that V; =13 qKV Taund Y= WRY. s iplag 7
et S
Le + "k be the aolio of chunt Ce-_raclt'&m :

Cepa u'bonrce of each vw k.

-APple\B kel ok Jumﬁ}m A iQB

e C(ain eqm[j Ae-fwc He ’EDI U'Udrvtj ‘

Cf-‘]v(lfr.vﬂ .

Vv, = V) (3K W L
I el —— <2 g —n

V| _ .\I'z ' '..._——'}'U) f & . r
Q+K3 ke |

Vg = N, + (ViHR ) K 2.

S\)btl’im"ﬁwz 81"1 (15 " e"l“ Qi) “‘We T_t_ ‘
. \’2_

+Vl' k .

. d

Scanned with CamScanner




vz (14 K) =V, (1+K) A%+ W Ced]
‘ 2
:‘h[cH«>+k+ck+vﬂ

K+ K

)
iz (V) = (1% 2,5
-y § . '. :b"
ML EERTI

| ot
solvivig alrove eqn o We PR

K = ol
oy, T A= o kV
Vy = j‘i‘ﬁ L5 o)
\V
s LAY +Nz
fween 1V and earvth e
\/oll"tﬁe be - 1 e
o RPTREN
| | { o lbeye)
Vo Ladad g2 bug ba¥s (e 2 ?
g - fween e o
4 Vo\l—o‘—ne bf-' e g
” quxqg

2\

i AL a aur

Scanned with CamScanner



« Methede ©of jmpwtw{mqﬁéh\'v&a Eflciency -
i =

i te <lear thab Poamﬁm\

—v ¥Fyom Easlley clistussion
. \ : 15
=i tv) butimw e CYos ¢ S t.“lﬂ'v\a o j‘ Svs P‘im‘m’) 1ﬂ§,u\qﬁ)5$

Mot LVwiboYm .

— Maninwwg Voltage appravs ovcvost bl intolatos
wlanvsk W the Mdive Conduckoy citnd Aecreal®s
P'mgvess.i\rglj e B 0hose vy is eached |
= 4p e ool ot hughuect stregged
ivsulatsy  break down (or) $lach bves takes Pplace, the
byesiealtwon bf otley vnits  will bake place N Locceseim

ST vece ssitabre B equalite the Potautia| acvess the
Vamious ULwiks o Hy, 3&7{:«8_ he W imonUe &t-n‘u\a gbﬁc;mg*

Scanned with CamScanner



The Vastous et oo o \‘mrmw 'th‘ma tbt"'("“’“j *he.

) Ry U““\“] Longed Crngs . arnal.:
. U J

N ‘]‘f\( U‘\l.l,\f D{ ‘c‘{hfﬂa Fholl'(l‘qm(j' C'LD.F- b} [ {-

. “ ¢ opal] OJIr,..

of k' e nalic of  chunt c‘oLI)a('tl‘kaf’ L . i

o r:a-rco:(l'f th Sl:an'ma

bhe  Volbege itk
duuung the

b‘d we u"\?

end s upom Has Vq.("”'

= The leeger the Value of .H
“tt"‘flﬂu\j and  mort UNVU‘W) s
7 he Vo lue  of k' can be Olt’cma-?'ftf

Shauw b cmram'l-cufue,
-\ 3\’1 OJ'CLQ) ‘a: ')‘G&MCE LSLU-LULE' Cafﬂt‘.bwtc s '{"’l{ CL(L\I'Q-LQrC

o Cff’mim:Fm’ Frowy ‘rvwez st be mcmﬂﬂcl ’f["“j”f
Crosl ~avm ¢ Sb\ﬂ\)lql be Usec# ‘

~  However, dimitaliony of cogt  and shwﬁth of
Lowey do wet allow the Lte of Very L‘mﬂ @ yogg —amy |

Tn Pﬁchb“rce K=o ts th Lnit thet can -be

achicved by - this mtltod T ad

TDWQ{ ___)W \

\\ 4 Pl J | J "I)

_g\{wv\)(. .
(__*mﬁm ot

-
e L ' \._h_._

) 2_51: ny
:J “EUHL'—H ¥ P ¢
N

] ]--- H—-J— .,,——‘—'ﬂ’/

Scanned with CamScanner




i By adig Ahe 0 colafu

\

" :)p 1L\|'g "'\UU\.N"‘, '\\ﬂl\l\‘('mi. o] f{i\f‘b

L L [nf f"\f[nr Vit

. ~ |
any Lo Ccwhnpcen ‘th-k .-«\(‘L\ ‘mf, (8 f’(lltbf‘)lfmf r‘o,r.n,ul,r.r,‘rp

. ] '
- The ""(Olnf’f‘iﬂ awe "l’lrt\(‘llrull)rr‘ aw.r‘(n-gl”f.r Yoy ats

attembled 0ty ““"“D T o "\Jf\‘d LTS

te r Unit lfmg { hf '"W\\'N'MLLV\'\'.. e C“F &l “"C*J/l”' " ";,r",..:m_,-v"]

rwrsw‘su'u.:(j a.q the ‘vo’(lmm" COWE- 18 groched,

y Since Vb”‘fkaf is 'lf)\femtl.j P"‘OFO';’{I'UVWJ A7 ‘I"U"‘”‘"f
i {1, dittvibe by
+hic mvuthed tende o equ«hu /" Poﬁi"df‘\

AL 7088 tHhe Vwuksg 0 +he S\;’a’iv\a.
thet O ‘ﬁf“—”f

. : dis odyanteqge
5 This mctiod  bas the saciant = . -J‘e‘iufwcl.

awlseT OF i e rent Sized iﬂﬂ-!.foﬂla;_{:bfs o

1) By uswmg a  guaxd mc; | ckatic th‘elc‘tiv\;"j:
v 7 J

-~
U
"

TU knin
I ?otu(ﬁmj acrpss gach vt in @ i

oliced by Veing 4 %«Acwd '“n'v\a
eolu a 8

e\cdﬁ‘cdly conneclzd
th,  bottow

caln be

¥

b Hao ¢ snduc bo¥ ond
. ‘q . LA et ity

Lo Shewn B0 TR g s

S ' [ ) 2 " ;' t_'\

G W ¢
__H_‘%?\./'/\i

gumovxcb‘ma

s

in .SO(&,&

& T ¢
— | “(-./'/_-_3_ J
C

VE PO PP rr bbbl Vi

T‘

—

- ————
Scanned with CamScanner



3 Pf’r)
| m(ilﬂ.lﬂf" ln‘w)
. 'n{-‘mnlu-‘"\ P"‘r

ol |
- T (Jqu* I“Wa (/e rcmr{uel'o'f.
(\u\r’ 1[40 b - tr’\n—i
i bal {im'wdi " 5‘uc|n o :‘j

(mﬁmufrd
T he ‘3‘“‘” g i, s et¢ ane *—’ﬂvd
- capatitentE rmrww\‘ W ok *: i) ete
f\-‘
chum | t . ._libw . aCI‘.wre (k]
). +itng f N
el hayad aU'rfeVLf I
Ly
. ‘ agmp CWarHn _
aecoll 15 that S ‘ ‘Cm‘sc%\) g,
ik _“ll,(' 0 Fa(h Uvut_ 01 gt-n q“&-!

£ Lows L hvough
pge il be OO Pe

e owits.

J(;[UJCX«' GLQJUU bu’ﬁﬂ‘h O\QW&.&

Gy The selfr gapacilanute

\S

SR 2 PR PTIY e

Havee .Sus‘:wnsim '\ﬂqo_\oi}gw

C ol rr\u [amte b’ tWe @wmtbg ¥
~ 1=
inwletoy B earth g olv e While oy dive

b ('u-QLu,Qth ' A -~ -

\\age ( “e.
My Vol\mﬁae avoss eqch ol oJow ox o pev (y\&?@

O?r {—Lu Jlig \/o\H&j g 7 earth Mck

Ay gblma %ﬁh“l(‘.\eﬂ(‘j

HL

b “‘?‘;\Ql') ;)V\J\t' T4 L@JU\% O‘S‘

kel [/UOT\’\ ft’ ’3“(\7
js 0- AC.

v

Sof.  Jn an a i) &tnmz 05 M&O\m\'OTS -waeg Co-\mum{e

evxist Vizo) SE\\**C“-FQUPHMCG vh~ C&CL\ IV\!U\O-%V,

Shuut capatitenre awg (ara\ti\,'cmce ol each LWE

g e a8 ghown  in %1’}.

Scanned with CamScanner



»

Mt jonelion .p ‘

N T _
[‘:c‘ . -T)" Il = _‘l'\'l'

Ry !
i ¢ I\ |
_ \ J W e\l | &
4, We (\;}w;)o-\wc =Viwey oldse VW o - H L : __].)
\ g |
(v, = ISV, = 1V Voot e et Y
oelvy = ¥ | 2 p EE e v
) }] £_7 i\ H i.,.
N J [ '
. -_— f .J
Vg = sVi- T ) TS e | Y
_ ‘q (v 5 Ty G I .
Y <=t
- ° l“l
e jum{ﬂm B ! l

‘
,
. ‘ L
a ’
- L
o1

Vawe + VR0 X W = Uy we & (V) w R0

1 IVg = 115V, Fo0\5V, —>0H

* fi - L—

cobibibubing @Y VT
-\ ASV
) (H-S'Vl—“Vz.\ R F VA i

{3‘25‘\12 = IQ_-S_Vl

o B v 3{.{_

2 T \V
VeV o= (1(—1-—-—'3 ‘
N = ' 122§

,subsﬁ’m‘wa Gy

Scanned with CamScanner



Nrw \'o\\hje be hueen cendut boy and eayth 1

TV
V= Viyy, - U|(|4 \_37-5' y 48 - L.fo__g__.—'-- Yo lHs
‘ 12:214 1227 1327

e aids V - 0.326V . Volis

NLARRY
U) - 12§ y O'.ZZGV - 0.30"] V\Jol}-j
13:2¢ |
Vo \ES.
Vo - 148 5 0-32¢V < 0-z264V Vo
1227 ; o
: V be
[ 3 day A /. © Gu.,
dy The Voltege aCyetd o ailh VRl enpres e
' (AT
Jop vw t . = o
| . 2017
- 20TV oo =
Seeond ";‘WTOF = 23_%\?0 - 03\1 S
= 36-Y1
THird Syom Top - Vgxloo _ 020y V o100
v -

g BEY-;
"\Y\VS

\

iy St Mﬁ g flcieney

= .\j . X [vO

Zx 0:364V

Scanned with CamScanner



5 Goeding_0{ cably,
: The  pweest o ochieyt.

Lni Oy h ) :
A‘-r.\ﬂl'nc o Cablee ‘(0 b ™ e \H’ho&la(‘ﬂ( ",h,.u‘ In lhe
(

Aty n

g
o,

.d\a\.rll'ua 05 fa L,le,
N { Vet t"’.\(“q \‘t\{i'( _qt-‘p‘s

A gin le ¢
Wit (g} at 4w, jie ore

cable hat o wmamnuim
(mchlfhn’ .‘U]'ba(.e’ un

at We mAapvVe h-Opoq,d‘s Ll -ﬁ\fuc\H-, ':i awtg en drﬂml,l'ua
ﬂ\ae '“'\Q-k Catn (oe Ca
enble depruds Lpen Ty 10 <

o The ™Maximuym Volt
5 1Y ptiid & a
leckyo ¢ tatie Styesy at the
conduc oy Suvace i |

~oy i hauin kmqu'emus dielectuic
- oy St\"b{ "\)OYKULL 0:“ Cqblea) e Sht'\ﬁth Ot_ _C‘Jl'\'-(?d:)’i'(
otk be MoYe

% Joas
2 $ @ diete dire °fr Luﬂ\q &t-rma,\‘h 1S - \ged for o Cable,

e is USC\)"’\ O'V\ij WLy H,u_ conductor wheye Stres is akinay
Bul- as We Wove Wmu fyomn the  Conductor, Hy eledhio-

Static gbvess decveases | o the dielectie  will Le Ummgqsan]j
ovey gl:-rma.

5 The uvuulual gbyess duebyibuton ™™ & Cable 14 undesivable ULC;_Y
Fwp 7easond | | |
. 1 i . ' s .A ‘\"ljh;\(
& F‘"“H*j ’ !'V'L&U[Q,{I}-n D'j_ ca“oh;,« HMCW&S 15 -rectulw ‘H
increaser the Calnle s"z,a . |
¢ cecondly, ibmey Jead 5 breakdioy o3 Yueololin -
-3 3V\ O'fM ﬁ ’OUE.YLW -’L-{,U'S CUS‘O\AU&MFKJ‘? ,1% 15 "ﬂ{(‘eg,.mnj
1y have o 'U‘Ml‘B_U"'“U\ Styegy C;LI'Sba'{vaﬂ];n., n _ch‘olvs.
\ ) ’ h
o TWi can be oxcln&e_uwl Etd dy bl ua e thress N Sueh A

‘”"‘*& Hat ite Value 15 'mcwmc\ in Hwe ovto la«jus of cll‘e:lfcf/’u
Thig js Kuson AS avmcbima of Cablet.

e e

Scanned with CamScanner



)

TWe Twp swvaie '\n.\l‘u~||"- f‘f ‘tll-"‘l‘m(fl !-'( foblee aly

\‘\\ Ca IR""‘.“‘\“"‘P. .]‘.- t“l.“
{ (

Wy Titey Cheath ‘Jh\t{hﬂ.l(]

)

by '\L‘-“\'\\\'\' X ]'!.\lkl\n‘J'

v . e ’
The  pyecess o achye uiua LW e mil ((J in e Aleled,

. | y ri/- . .

Strecs l"\, Lg :'uua ;lﬂ«ldf‘!’( of Al bb« yent @ (peacs o

Ko ag (‘t\\'h\cflamr’ jwmr(l’ma',

-y ':]n c(\rc\(i}amm CJ\C\Cll'Wj ,‘ ‘“/'U , El
[\m\oqe-\mwus dielectic |¢ 'ff’l"[ﬂ"f' / ‘Zli)‘
by a composily dieledse . (( ' (:)i")' oo
: o ‘ IAVAN
e . ‘ =1 1
= Th (erPos;{_F, C{te.\e(,bu( Conelets : ' |y
. edi—
ot Vanioug lau.a-o-{'g of 'c{r'b*bcmnb :,_’-___l-d;l :
. ‘ W - A [
dielectuics sn quclh o MMy Hyal i‘-——:—f"—f'?
?E\x\x\m_ Pokumu;]-(j E‘J; of ij _ Cﬁ“’_‘n" Fw
lau»u' s Inveyge(y onFov’vfmu.( T
be ik Aistomce Lvom Ce"h’;—. | T |

.‘L.‘

= Uwudey Sue h condibiont , Tl \Ju.l:wz o} Pohwb\'&i :5‘1(1&1(_14,%
ok C\Vij Poil;\t' oo 'd:’e\et(ﬂic i eonebomt and e |
(W.AgFemJ\emt— o its Ais taunte ’QTUW! Hae CW'E'

- 9n OH/ua \Ub-fcls,’ Hu Aie(ed“’f(‘: etyeis Ny, Cable i
Sewy QVCYij\/uw and ﬂm&fwa fg fcl-g;d owg_ .

_ S o

Scanned with CamScanner



»w

st )@ ;-
\“‘\\\\l‘ \\\1\. \‘)‘\\(“\
.

J Cavy |y ‘-'.,|\\~|nu~| Fyon {

\“)\-." "L\'\t‘\.\\‘-t.\‘ \\‘ t‘\\l' (] |‘l‘\|\\|l|“ rl

du
!-.‘nyl lL“-'r e

v
\1\‘\"‘ LAy any r,

ﬂln'l

oA e \n{.\\! “\-1\\\‘“{\0\\‘, \‘l % . ‘“q N . ¥\ ([“‘f{n.irlll '

\

the Py buvitaes . .
Qb § \ \\mlu\ N e \\u"\ “?hl (I \P') . 'f'v. and ”"

er drleehics Qe wpyke
i ovked at ok ame  wianinuw Strest,
Ly
S | -
\{-\t\ ¢, d, €y
o S,d U*‘:\l : E::,C{J

ra\ﬂ\{lh"‘ diffeeue  aces tHhe inwey Jt\\il"' \¢

\ "'/
V) :dflacu - Lj T

el{l' c‘[)‘

1
@D
g

. <3mm\
J Lq W
V; = w4 \nac;{t { TEL =
. | - o +‘N'
.Sf'Mi]Q"ilj, Poli\dict! atHets Se tomd ‘MJ“ lVQ vd ¥e|
ije'a‘[-"_g) s ‘j\'\len by
d2

2=

"

D

V, Qmat o, loae 4,
2. .

4 ahakh

Tota) Pd between cove awnd eantin D
da y dLane J, ]
El

Vs vav, V8 o Yma E{ locaé %L ‘H)l“"a e
2. y

Scanned with CamScanner



, \ -{ .
Ip th Cable had (l\omoﬂtmﬁm d‘Eh’CﬁUC , than oy Iy, ,

4 an’ssible Pc"blftb,'g \
‘eayimad gheath WOUHI

same sl o} d, D and Gmax
Wi feronce | babusman Cove- sl
have beoy
Vs Imet g coaej‘z |
2
SN il e eed chustd cobte 8§ Uiy
Hove drelecbies of velahive penmithiity
The tonductoy diamebey s 2cm and overal) diaalzy ic g
I Yae Hove dielechuce are Weovked ab e So.ww-.'mfll“mW)
Stess ef- HokV /e, | Pesd H/m g."“bé Uo«(br'wj Uol@O{'ﬂty .Hflllaﬂe‘h{e
What will be Hu velie of Qa{,—( wos!q'c&a vollese Jor a)
uxjmdfc) cable, ag,guwui/\ﬁ Hie  game Condurttor O\JCTu.u
diameley  and, My ML 1) oliele e Sbvess £

Sut) Heve | d- 20m, 4= 2 'd;: E D =%m’

/

2

' 8__‘: S 2_12‘1, &Z =2 ‘}mo\n‘:,"o KV/L.)?

G\ﬁ"c\(d fﬂh‘fl A He VV\Q')U.MNWI SPB’E&S :r) “HQQ Hhvee -

-

diefectict s gamwu, .
Ed= Cod = 85%1

-|0 ::.\ld;' ey Oz g‘%). ,

A= 2-¥em d) - 3'-3‘{tm-

Scanned with CamScanner

5,9 and 3 Feqpeof,



2 '.m'_;.sfbluf' Feale Voll"aaf ’:[D*J e ce bl ®

G 7
| vV - _Imax [d foge '?fl + dylege Cg"‘-’- + d, ey, c?,hS
, 2

A 25 | leqe 22l 4 33ylege
[ e B

26 [ouyer + 0120 + 292)

-y

= 8l %_0% KV !
: cale
wa Volb (ymg) dov
‘S‘Lb—e b\)o\'lﬂma ‘t_?ﬁ
%']--608 - 5—[%‘1 RY
V2

foded (ﬂb,*’, -~
Pe,*rwu'ﬁ';r"o'& Pe ot Vol[—ajg For cedol‘f: |

= Mdm‘afq‘l

Uv\‘a

g

LSyt
SS'Q\{‘;’\\:’
sosefe wo-r\umﬂ Vo \-«53 (y) Sfo-, bl
g - 5% Gy
| v
) _ 392 KWV

—

Scanned with CamScanner



p_—

l
:
-
- A -L-burg e & %‘WA.QZ Pob:u\j;fd &'hvi(mcc *l\:)g,l-weeh i

.-{;\\ l Wl ey -:[\..1[.{\‘ l:l'!-"\\ll ‘\‘]'_'

——

—

_ eviovs dielsely,, |
-~ 9 thag e thod 0f Cable U”\({”"?f a llG‘W\DJ e

\ (WL LJ | thv o
Uted , "‘”l‘ it i divded I ute Vq¥Iovs '41 b {) ple J

Matallic impescheals betwev v the (ove .c“"fl dgad theatt

S The s cheale ane held ab Suibable polutials Wheh ol

\ ehuev . ¢ whal an Ecnqu a'@uﬁﬂj .
Mbvboeen  the cove Pole bal ‘{ P ;“m?bumw I

ThE a4 Mkaﬂmuﬁ jpprove S Vol\-oua o~
ore  Lwiform

C'\ll-fr(ﬁff of cable and Cmset]uet&flj il
Pe towbyal( S\C\oh'v.ld— i obt-ar'md,

- Centrdes a calle o cove d,;lmh,,d’ '

and potey lead Lluath of diamcdey D
goppose that hyo mlivsheaths of
Lancbese diand d, ase insertid int
hernegentous el clsic and ‘inaiibalied
o Some doted potutiale.

< Lot Vi, Mg ke tHae Volkﬂjﬁ \:e}wgm | |
cove and nlgysheath ), I'mterdw% ] ayu; % T : ;
Jlistheathy  fuloysheathy c:\ndc)ufcy | | |
Jead sheath, . o | 5

ey omd ou(;fm’gyg of each nlgysheath, Yherefore
ol Ql’u_a){) tan e .tfﬁu..ﬁic’ llk_q_ o LUTMDTQI\WS

Simﬁ{c_ Coye Coble .

R

Scanned with CamScanner



mumy shege hebwee "
AR mMUm bebweey  cane anel  Julegchoatty | e

Cdtmw = 1\’
lord q
\ (| \ _ /
cimilaaly capmw =V 9
fi}' \Oz]c, f_i’f
\
%zmm =
Cq)—\o?
.L
' WA P Slress
cinte e e lecbvic 1 J/\mwoatuu,ov\g‘ ‘e :
‘A each Jctude-{ e the Same. T, .
‘ .
Yimos P2man ‘—" DVgmax
§r | Vs
Vi _ 2 - —— 5
4, C‘p_ \Ocae"c'j_
d \oq0 oy loae__._
= 3 4 Lot in Sewel,
, o Copall
+ Cqb‘& be haves J\l'l’;’- ""5’5 P;ﬁa e
A5 in
hﬂ—&bo"e all H/w— Potm{ma[s e ilwlg.,m}ﬁw i
% -
g Letueen umciud-oa’ and - e
Vo\l"*‘ai
V= V|+V2+V5 g VitV c(
ol
4 Condudto By 2. <00 and 1+

? sjs G,
(LU_(I

E_a A _c,iuud\e cove cable
' )
thoatl, off djoamelry 1523

MNN-Y °k deowalsy zl1Em

-
o 5 be ogec\ m oo GbkY,

od Yz om oL inET

el _ YV _'llWUle
N by Cove cum\ ﬂl"‘“\swﬁh o B \fw\c J
V. \ " M olraqe
" i Jompers 1 g e, e ]
& ¥
chyees - M

Scanned with CamScanner

@\; Ao vitew shuaks t



Vi = 2'2% Y

\/] = — 3
(a - f"l ‘ Y logr.' )
\ax %‘oa'j
Vv, o - o
1 e ——— B 742
2 man & | _ck res (e 57
— 4
\g, - 904 V
9 . Vs e e 1Y
] 2vaan 5.2
h oo B 2 lge =
T )¢ dy Y2
. s Sawe
Ag Hpp o Styess 10 te ‘“’*Jfé"f& s
T © Famar = Dz
226V, = 22V, = 20\ V3
= \jL_._.- 2.28 v, = MY V)
2412 b
SRR
Vg :—l “2'28 Vl = l ’ ! \ B
2.0\
Vi gV, ¥V =V Voo
AN = 9%
v, 4+ hene Vg U
V) = 537 . tbes kv
3-\12
) e gy = 15 HRY
! V, = koqe Vv = 160 ¥ |
-V
' Livs b inltoyshaath (e weovts Cove) = V=V
Uolhuj.: 67\ Y. w oth :53“1—"9(%%
= g’]-OJ_K\[
Q& kv
V"”"*j" ov) Setond intpvehoatl = V-v -V, - Sg-ﬂ-\b*%—"&‘“H 1% %%

— ==
Scanned with CamScanner




Corona Whn  an O\Hc’ma{n'u\a -Po!imtd'a| ol:\-(;nff'wf’ 15 o pplied
acyoss  two comducl'ou VOhOse SPO‘"“‘ﬂ is Ja-sae as
(omrmed to thuy dnameh’fs theve is mo apparent chonge
n the conditiom o af'mgsplu'nc Qiy SUTYU'Umo‘lMO \[.U, Wireg
I Fhae applied Volh?c ‘5 |°10

-»  Howevey , h)‘f\nh the @P\ied Voll&r exceeds o (’Q‘”‘Uﬂ
Valte | called  Cribical dicsoptive Voltage ,« the  Conduckors ave
svitounded' by o Faiut vilep CG[M_(Q”“] Covona, -

- The PWVIOWMOH o¥ Covovia (¢ Olcwn'\f&lﬂ'?f! L"J . .i

l’IlSSM'B Souvld PTDleL({—,m o OT_OV?E’, PDUOG‘([OSS " and
Jadio Intevierence .
- 5& H’LQ Q?P‘l'(cl Vo“-qae 14 -iﬂCYPaQE’d h—) Lﬁ'o’eq\(clﬁujn \/QLUL{)
o Tlash over will gecyy - l:ehueen Yoo Condutbors dipe 5

byea k. down ot aiy insuletion

Th.( P‘VLLVIOWLLMOH O]L V:olat- ‘glow l’)tsslt/ta fY)mSE' qwd | '

PYDCMLWJY) Of DZO‘M 3’013 N om O\Jeﬂmo\d 't?fansmxSS?m l’Vla.

s known  ag  Covona. ' | ‘[

- ﬂb‘ Hm tovduttore are Polusluc{ au[d sooth | the (orome 3|m
Wl be Uniper) Wahwt— Hie Jm‘o”th k*‘rha_ cmms

0tharwige Hm_nruvh Fomts wl\ oqore.qv lo"ﬂcdrln%er

- m\tb 4{ U&H‘& 4 ,‘H\urg is d H}Qreﬂfé N Hee C&FFEOTM(C of

the two wives. The Positive Wire hag Uniyomm 'a'ltrbd about It
While the 'Vle-omﬁre Corduttor. b S potty B*Iaw

Scanned with CamScanner




Deccvipbion 04 CORON

= v ‘cal 1s
v on ecovomical bagic, mpsi oh the %an&ms.s‘m 'S‘d‘shm .

pves heod .S‘\JS lerm

- Thuve are cevtoin tyee elecbone  which atx Qvadlaky|e

Nty Spate N th([n‘SGrvu o th  eleckrony sy \

vJ
Meay to  Suvface ob' tmiductoy and S0V o} thanyy ay,

Qway from the Surface conductor,

o The electvong maoy t“\u'\?tfu)e—‘{ C&mdutl-oi will move at-
o Faky valkt than that ot elecbyor Qway Fromy bha.
Sorfuce cb— conditbor” becaine  thy ele chuc freld Mizmuy

18 R I - +Vua \SUTb‘QCg 5t— (_mc,{uc,\-oy Tf/m ele e
-}lelq Sntzvml“j R ?Topof’wrcwa '56 Hm o})e-rcdmw Uolir‘lr
ot ths &‘a/LtEM

= Whanevey the -GFE"aﬁf\a Voltage i€ smpre  than 270KV,
the feld intengity - will alio increase <o, that the mobility
of eledron Wil increase.

- The htnlr) -mobllltg E'_\'CCJJTQO m\l[ collidg | with e
oty oy maole W_ﬂ Hh!t‘-l') wil] Oll&lﬂdaa b bty $rom,
these  Avoleeudy .

— The process 18 cminmm omc( al- Cebain mx,Ew the

eledon owolamohz, will, baKes place jre au, ass o il
L4vike \oek,-uueo.r) ‘Hru. 'ruio leu,s

@e \ R o Thwe avc s Otn tanlw [3045

‘ ) aic 'V '\«ahn!—h w:[\ 5& "fTe“h;l al ]"‘Lth’u’
- e SRETYS 4@1— T\M_ Tﬁ\\o&:t[ﬂa U'j" S“'FPJ
o 3R a6 sediced | |

i =]
Scanned with CamScanner




o gder & eliminate ave , the dictanes brebween

fhe two e cane 10 Ccveased :.n o Wor- \iveay mmonuey as
1 he OPMOM’QB V“”Cacab Intieage | $g 'i‘hul" '\'hﬂ| f1e\d intkensiby
Wil be ‘D‘?-&{‘n‘chc)l Lo' be T™akimuwy el e ¢oub-qré

0\)' sy coneluttos  and m\m_‘)&L’ vevo between Yhe
condu Uovs “ ‘

-

— o . \ .
r— > R
————pt

b 'A\ﬂ)ﬁd?fwo Covowna -
Facboxe h 0

The PL‘LMOWLP_VIOV\ Djf' §9Yomo\ \'o odﬁhggtd bxﬁ the 'Phtjsicq,\
stalr DCP H‘U- ‘:Q*TMQSP“/LUG ad voe‘u a< ktd thy  CondiWion
0% the livie. TVUL b‘ml\(ruo,ih? 'cu;e_ the U""G\.dj)m upen which

"‘-7 .

COTOVO O\QF'E ndg -

(i Mmglsg;l/m“eﬁ"-%\s‘: covoua e Forwted ' due . iomsadion) of ¥
somroliig the o, Hhove et e, ot by b
FhﬂQt'm\ statr of obmotPhave. 4n th J_\Jco.rmj e othay,
the numbey of fone ie move than Novme] and ag Such

Covove,  pau¥s ot muueh legs Valtaﬁq 0 Qomr‘)md -
o weoathey.

= S Sl ]

Scanned with CamScanner



an Cenuttoy g The covona e fpect depeade vpon the Shape
| } T lh and ivre
condi im0 The conelutovs 1 ':oUB rj Tdm’

a becaute Uhevenmeg

W\ h;l

t (o b\\'ln (J\\lr NS .LO anTe covon

\"\\\ q\ i‘ p [ 9 W) V l e
L .[ . ) L l “ ”

Suvjace and
hat inye aY
Thwt & styanded conductor be BM-‘O\ golid (mduttoy

' - ovonhQa LhQﬁ
hewce (]qu yise 1o move €

N f‘\f\‘\\\‘.t) \‘.‘le\“ e n ih\» \‘ﬂ\'\l{‘[{(‘ l't,—'y_(

| l'\ 'YYmd\L
AN The 5[’"‘”“3 be tween The conducto?s 1S

VoIy .lon'cje as Compmd 5 theg diamefzs , the re
awy CoYona Cbbcck Jr i becamse
duces the

< duvface ,

Way not be

]
Jmcv dictance be fween Ccmdutt'ofs &

thugs
at the condutto

ele (bvo-stalic qbvegdes

Loxmation.

Q\Ioic\fu\a’ Covyona

(V) Ling Veltage.: The hm vowcua q
a B

| e in HM_ umcltbrm OaL

nemHtj athe Ll‘ﬁ COYUVIOL

Qb— it e dow there & Mo chcw\a
oy .guﬁouwnd\w?, the Ccmdut’ron’s dnd frULvtce

—§o~frw_d HoweveY": l\“‘HfLL Jive. Vo\h\a
' ﬁlec,Ho&tmtc '&veggeg &eveloFeoﬂ GJT'H’“’—

"no COYGV\O\ 15

hay Such o

cmc{utt-of (mcLqu/TNa HfLLh Coﬂm& is Tovmad

Scanned with CamScanner



- wpontant Vevnng

iy caitien] disoply,, Vo i)

3

-+ Tt 1§ i, Y
i
ALy P\'mr'-ﬂou!m\ Vntl,na.- al whirl,

CoOYON®  OC LYS

considey two  concluclong of vadi ¥ em  and -'-["”""k dem
apart % V'S the Phage

. b o - Maukya) poltautial, then
Fote'\ﬂ o ﬁ\o\dfe‘mt_ al l‘ﬂ.ﬂ ' CmCtUl‘l'OV .;urhﬂ\“’ I 3,'1\\0” l;j

- \j =
% '15"-‘035_1 \J-D\hgltm

dn ovder that Covonag 1¢ :‘rmwd the valu of \a’

st be mede 'E-ClUOL\ {o the Bxeakclown étvthﬁ'h of als.

- The Lawakdtrum Sbewal-h o aix at. T4 em pressuxe

wf\d ’cemPem&ne of 25°¢ i< g, ¥V/cwm (maay o

_:2"7-‘\(}}/("1 ("‘m's) and i« dewoted -b‘d\‘a‘

- 5b- V., 18 ‘Hru f\qage - ‘V\MLl"voJ Poﬁm{m.k 1&«1011&& Undes |
Huyce cowndi hlm_f, H'Uu-)

e \}C‘
ca" " ] \oaté—
Whve g, = breokdmon Stresiylly of alv ot Cmef ey

o end 28 ¢

= 20 "\V/cm (woh) (a-() o RV [Cm(%“ms

erien] diroplive Voltsge , Ve =g, 7 loat

Scanned with CamScanner



.Hmar{dlc‘

1hyge

e undey

. \h.l\-\-’r |
" “.-_. oweve Y, rb

‘th§ ﬂul 'ﬂ.v\a

cyop love )
e heve eapvisew (oy .
LAY b

e al thtwm ol H) and

the @ dendtly

s e
LAAYL LAY
| alao rhmat)v(

\ \.I N\
¢ Oy \\“: h\\‘\\ ARN O

the el of lo @i dansity

e
IS divee th [‘u\rmla\m\

e \«luc l“l 3\‘ [,,aidw—{"'{c

al
od aiy g
Crhae e bveakdown \vmt\‘,]\h d {L'\'\Femm of tc
{ ‘ D ﬂ‘\ l\.\Q\(UI\) CU\ i
) A
‘\\T,lﬁ.\“ R
$ 3“ \[ q ¢
le cown \7‘; o W

3.‘!2,5 ,
.
(: an dentr by Jactr =L 542 +
. ' ‘ . g _
Undny  standand _Q@’)dl'{iia_w,‘“’\l value "{

3 g v-1oge 1
Cbl{moJ dmuF{nue 'VDW““)
Cm&'lxtm Oj'

2 fov guvrqw
alto be mac\ bg mijl‘r“?

ve cam rmus.b

- ducto? Thie 8 accomkd 1}9-5
the ceon ,

aakdr i
above edpression b3 ’Wa“‘&“hs {
Ve

L e¥y | ;Do\i.shd -Cm'dyth-;«

= oﬁ%% 0 12— fr"‘ d'”ﬁ Condutthrs .

Sty cmclxci C svductox

a |

5§17 1608 »for

{ ! .‘ N |
ralla ¢ e L

Scanned with CamScanner



i Yusval Cxitica] vy,
\ L LD age .

Tt 16 the 'mmimunkr, f"‘nm
Sp .

Neubval Voltage, aF  wh
(ﬂlou) eppeay  al " Rk

lln“a The live Ccﬁdut}ofs.

:r{ ‘ﬁﬁﬂ LE(’I) gpp‘h“thq[
+the Covona fé\uw doec
\)o\h\‘}t V( ,LU\‘ af o ]m
yeval Critical Vollege .
The Plna&e-muul‘vcd € e

SR v Vol .o]'- Vicue| erwitical Voi e
b ‘?“-’e” byt “F"“"ana Smpinca)  Fomudo wj

Yy = My 30'5'1 I 22 |
Y ( J5v \OB'C_% kv./f"n-ue

where My s

ooty y }xm'?rulqw{[-\j-—}atl-oy lnqvin? o Velut of

10 J0v poliched Conduictors  and 012 5 0.9 for vn-orbh cm_clmim.

) Powes Loge due 5 Covona:

Fovwmiation of ‘Cotome. | 1s aﬂgmjs _QCCOW\TQW'EG\ L,j gy
s whieh i¢  digsipaled m H'LL Fform of \-lrﬂfnt L\Aib,SUUWd aund
chemice] actim . when c\.’gwgu[sﬁvo \Jo\hlsde s excreded , the
 Powe hs,; du% % corona s Given by

\-;1‘12:?— ( _‘F‘i&‘l’i) \I:;j‘_' (v- {{c)lbé‘las_ kkl/l:c‘m/?hq':;e
whave = Supply -S-feciup_mtj in H‘z — * s
V- phase- munbial Voltage (Fm<)
Ve = cl‘LQKUP_thr;‘ 'Vf’\foij'el'(.‘*"-"’"‘sj.'FEf Phove .

Scanned with CamScanner



by

") r \ l\'!."_,“”\v\l_._f ( ;pho&“”r!
- | e 1he adverse "bbr f
Radio “nlm‘r'\r"\ff' ‘
N VAAal . | q{.v‘ | [“7 A |
ON Wite leas \nm\llm A ﬂ | hi([n ’mmj inbrodu
ey . lfn‘blfm () ol
isel emb VO i and telivision
* S ARIRALLR) e : ﬂ\a('o |
o The ¢ovema E N mm\mi“‘“l“m \m;._g,
a0 Ie . Riﬁﬂn\& L :
qece ilVeds L
dascha'fa ( e
Tt s f\nr\'\ﬂw Aume o e \3‘1’0&"\ wa Posrﬁue :j
- ¢ enduc fo? :‘w“‘
Quskm(t hnaukmrl,\u ot Yhe . P s
s at Verrages, “MTT 0
This leads o Covyona | - y
e ’
C‘!‘b\('&! Vo“’.d&ﬂ!_ﬁ. lfu maa,ﬁ\]e ] | B
‘ . ~
f!wb\esm‘ Jov 1&&«0 °1ece1>
fmmsuvecl
:HE\G‘ ,
: Lo e ideved A8 A-
- l[Rm:lio inteyference 1S conside¥e e -J_ﬁmm
. y o am : 55159
" " nicvo Volts pey nudve ot aMy . o
the Hyansmission line ond is stauubw‘cmb y
\/on—uau cd-reouﬁx than 200kV.
’ ‘in\leﬁse\j- as, -

‘Javied

mde 05 RI \e\m\s

esr The- amp\‘ Y
the -}1eﬂuemc_j at whmk Hu mG{'f Y f
’W\ﬂ_aSUTﬂol % LUL e o [DOJACk ea -{_elmglr
g fbu Sefwce_s n I"V\U Y. y b j ‘

l ety Yada

Syequency modulated bfoa\d cas‘ﬁrma mlcwque

obe ove less O\Wc,m \
o> RT is onw of the NeTy, \W\?O'{W chﬁ,ﬂ WM&

desqu\mﬁ e Drantwistion Jive .

——
Scanned with CamScanner



’ o p ‘ . \ _ .
\_“\‘-UL‘L"'I‘\ \ \\\\.!_ D Nlva \\t“‘-'\ ¢ \ 5 COoyOV\

/ <8
_Advanlages.

pue e Covona Tormation, e aiy gomounding  th Conductoy

ab ‘
beconel cm“l‘“{""‘a and heuce Vivtnal diavetir of the
concuetey e Tneveased .l The Incveased diana tiy sedmces

i he elechrostetic Shyesser between the conductors.

an) covong  vecews Lhe éhbﬁh‘. o) Yyansients PTDCLUC@CL
bﬁ ~SU=<3.£_5.- '}

Dis ..-Acleam('o\c‘;_o'ekg ;
D Jet

| . 2 ' - < —Tkls
gy covova ¢ chm?\te\uc\ by o loct of enr Y

affects 1 he ernsmisjsim € e ieney .of-*:hg\iu}g_.

| 3 ' ’ ; cans €
y Dzb‘vu 13 Pﬁbch-lﬁea\ B\d covona ownd _mmd ‘
" | " _ '\,,9 °0§ atn )
1#::35{61(\ O;S”“ Hae Ccmclud‘oa' c\L& T cqamic on
cO |
‘ . - s o by, _ O{OY l_m . (£
(i{{\ The CU'GTEV\{- c:l'zs'cm)r\ \03 The ding du,o_'to C

! ‘\Io\.\”"k‘(}e ‘.5,‘,‘9‘\’

o Mon- S}m&o\'clm\

mon - sinucoidal  and hane e -
| - : : couse \F
! = » " m&

R TR LG ’a L
pccurs 10 the \iv b e
= i, 8 : - & VYUV €

ey I . h'bU'UﬂV\ CoMVY
- ce with %ua D
(ntevferen |

Scanned with CamScanner



oiidivg eq Ui with equ(i)

( 6s2-5Y4)
(o2 -54)°

W= 55»4(_1:;'__‘:;_51

53 °

L\} =l2¢ \(\'\J

bG\‘ }[\ O\Jt’j ‘\C{\(’ '\Vu‘s | '~ - .IF‘W y ‘f‘ \ ,.l - !1.‘.7 y .,Ir:'x(" | .'
The c{r’hbcfe wee  in "\tve\ : - , ,
and the dowect Point

’o&i-ween points of SUFPO'fl:s
oh bhe Conduchoy s Ca”ed 50\3.

Fia(\) SHUU\LS QU Cﬂhch,l(l‘ox S\Jspmdml Lebween two

ec\ul‘e,\!e‘&oﬁboﬂfl'i A auAd RO F ‘rl'u CW‘JUA(L‘O'! \3 Mok - §U$)3
Sh!PCbud bot s allswed 'fIa have o dip

} X

The lswest poinp on the Conducloy 18 0" and .

L

' .Sﬁca*; e

My O A .‘u - RS (n) . (A Reels

ﬂu,:&?‘l@\'wfo Poi‘mbg mauj L\e Mntd

) When, g, Cnduttoy s SU.S,PE."Wle deeen two GU);PO“ES-
at the Samwyg level 11-— {faku H \g\nofe s Cmﬁmmj
Howevey, i "
J‘:;:M, - the s“?f  Very twaly comfwj; with the $pow
3"‘3 Span Cuwve i J\kg A Pakolol.

Scanned with CamScanner



arts Tourgesndio' 'y
tha Condu ot J !
B e teation al oMy point o0
(n

ﬂ{ “Lu ]0\1"(.{ [lhl([

{ « (1
'r)' otks ¥ '.'H;;cd*oh;

-\hk‘_\ _l Q“.‘]'(h‘ ‘ll'

] (Y
aq \\'Lm\(\n I ':)

( r v {1 "‘J‘J/}.
\ 0y " 7 P ‘9*’#‘-'0’; 1 crd
\"”\ ‘1‘“ lT(‘\'RL \\'p\\ com mul O}

thy Jﬂtjﬂn of Hu wive

L c\\»j haout |
R e'g "aqu ’f/ fﬁ,
(O Th tensiom el Sufpcﬂs ya an‘o?!nntlj t »
“L‘ k g s 1 T,
] t [ {ewnsion ot V\J ot m@ F(mrt on t
0"']0’1‘\&. | -

Thus 1y "y tigion ok T .SuFPm(—

Conduttor Soq ava Hnion

o Minimurn,

The  Conducbor” g"‘ﬁ chovld be kept e
tn ovdes to seduce - the Conductor mefivie

2 ot 2 slokice
nd & ovold eirtia pole l'wa'nl' for  svpprcient cl -

) reaiuirc.:’

o bove ¢=bff°'UVL€! Jeve .
= Tt is alto desivelle that tewndion [P the (cndutto? .
- - h0+
chevid be Jdow & owoid the WC’nuJM(aJ. —f-eu‘UT"

19
tonduckey ond 5 peymit +hg Uce of Jess SHWLZ Suppe

o -
- Howeley . lno Conduc oy Fengion amd mindmum 5“‘5 iz VO

Posgible .
— Tt s becouss -Rmo S"\sa wand a\_’mc’kt wive aid

ah fzm'm whm ag ' r JM {zv\mn mwus o~

Jogse. Wit mmb mcfeouseo\ s«} ;

bl |

Scanned with CamScanner



(1)

_;:_rl|| '-i'i.lt AY & al » |

4

( l\'\‘\f'f'] m .
(("T"bl{|r‘n Ltt‘ “‘\p’-l‘l {b]r‘ "'l';,;,rl‘p ' ’,';f,r',‘r-",

.’\ c\hr‘ R Wt . (]‘ e 'l[ﬂ’ .,fr,'u',rr.t [a(,'lf' as,

shown i 75'3 ITH Cor be proved  thalt Jrvest poirt

Wil be oty

“wind tpan .
Let
Jd = deugth o Spay \ B g
W= Wey “ll‘ Y Uwny : I
P wble_usa\;{r) - P /g
ot Conducty, " % AL
| T ot 0
T e Tewsion in iy Condyctyy Oi S -
—

Cowsidey o point P on thy Conduck
¥ -

Taly
Poluk 0 n e - a vxa e lewest

3% 1eb He (o- c-rdw\oirts 0¥  Poiut
. -ASS'UWUVLB Haak H,, cusvelTng is So Smmall
‘ X TVGA JLU\C'\"#] 14 Qa|uq_\ "'3 1},“5 "IOTI%EVL““«'

P-roaedtnm( ‘€., Op=x) H\a two "5'01’@4 qd: on e
Po-»’txoq op 0} the Conduttoy a8 'ULB

PLtﬁ(M«dj.

Coy ‘ﬂu. Meaah{- WX of Cmolu(H'a’ o fn

at 4
'D‘-fL $vorn O 3 ~ e

&y The Tewgion T 6\(17{:43 at O

Scanned with CamScanner



o Joxeed alrevt 1

4 above tw

Hu«\,\'ua the woments ©
poivt 0, Wr Jtl’
Ty =N 'Jf/)
_owa
9= 2
2T

vuu/bt,(ﬂ bg ' ""’U—

The wiomimum euP (“‘3) o vef
A and B

value of ‘U, at erthey o SOFPDTM
die S
At sopport A, =3 Mﬁ

W (Jp)

Scxa p

() R“ut% du'pp()ati e e Umac;u;\ JMJQ 2 )

Cm CLQYL")(SS CO'VLOKM’L,'Dﬁ

o dwn Lu”j auq_; We ca/v_mm .
(S\.LSFP,VLCM_A be “Weevl SUFPOD’tS a_t— l_?Y\ecLUoJ -/l-l.Ud.S
- Fra ghoye o Cmc{mdrmr 8%1:%[@ LeMee,n

two Lopports A and B which al af A;HUW
\.alf.Vl‘.’.h.

I
| -~

)

T dewet point” on the Conduetoy 16 ‘O.

Scanned with CamScanner



Let
1= Span leualh

lq: Dlpb(‘\tblfc‘ i lf\nlt, lmhnm-r]

two v ppoyte

:tl - Distavce '[)‘{ SUFFDY - -+
"R~ "~ T°
Ou.t {DIL\(‘-‘T IQU\'l {l'(- {\)JW O S‘I’[ . _U
i “—— J,-——;"
A, - Distavce o \Surpovf_ e _ 8
ot l'u'ﬂl'm-r (eve | (;0-8) Jvorm © . 'f
— ] Y i fﬂ”,
T= Tewsion 10 e (enductoy. 1T

-

IF W ois the WelgHt pey unit
then

Sqa S, = "O'ﬂlz
2T
2
© aund swa g, = W
| | I
Also J;{,--}- A, = i [ -.___>'L'1) |

k‘ow ' S)_-—Sl = ﬂ. ['X)_P-"' qlz]
S 2T L :
S fe = ot (-0 |

b = N O TH R
2T
_—_______'_'_—“—h-————,_‘._,_
! d_ —_x- - ‘2T "
2 | = —L |
WL >0

A

B

ltua\-h o Coneyst to7

Al-bl: ﬁ#b)fwb
71]‘}'7\) = J
S-S kK

Scanned with CamScanner

5



ok | only ‘
=

Th;_ CLL)OUE' "DCOB’WLa.C. —}o-{ 30\3 C?'ITC
temperalie HWher the CM“

and at mormad
acted by 1t waiq‘nt' only . )
o conductoy WY ke

jected 13 vo(vd Eff‘“’“fﬁ

o However, In ar,maj P'mdﬁ‘ce__,
jCe cooc&n.zf Mo) $:muﬁ,€mouclj Sob

ac te Ue-fhcodfj dcwnu)mds e, AN

a\'

“ e T\u Mefalﬂt" of Iice

4y Same dwedﬁm as ﬂ% wc.ﬁ»kt of Hhe cm«duafoy

~

L s The force dw 1o pind i qswwd b act hovigoisally
B i= ok wight MUJ\ & the P“DJ"-C('D:’ m’b'qce_ o~ the
Conduc toy .
., Hewce the '@Eﬂ—f‘:{v"fcc?' on Hu (ondinctoy 14
Som of hevigoutal and Verbica) ovcer a8 ghawn

"“'11 \ﬁvt{ro-{
N ‘J’—IB.

Scanned with CamScanner



(W4 W)

'10“\‘ mef'ﬂht o} ¢mdutb7 pey vwit ng@d\‘bﬁ is
BN TS, ‘ o

wheve ¢ W= we\'jht o (ownchu[-,.;; pes ouxi‘t lwfg%
condittoy mnatiwal dansity % yo\unm ?eqf uugit- levgth

-—

g bk = \Oeiﬁhf' od ice pev owi b Ju\,o‘H—,
density of ice % Vol OF ice Pev ULfﬁt“l'elA.a\:h

= cl‘&mflrxd od '\‘QE X -:Lfm [(-d+LE)L~ dl]’ﬁ\

P—

. density oF ice x TE(AYED

F Ww = \,olhc{ '“-F—‘_:-‘fct Pe*s’ UN’r \e.u\caH)
- :  { . ,. . 0 .\T
Wwind predevye peY vwb ayea X PYD\')?L,EC\‘ AN ?ev‘wi’%*h

-_—
-

- wind pressuve X [Qvaext] |
When the  Condudter has wind  owd tee J,noAJwaq«hb
th 4ollmina Poinks 'moua be mobed . = -
Gy The Conduckor Sets  1kgel$ N o’ plone ot a0 w%\c\e"

PR Vertia] BN
W
U+U"

Scanned with CamScanner

tan b =



K‘."\ Thy .Q(\a in lhe Cendue boy i ‘(’jl""') LLJ

)
e

g " Wy J
- \ﬂ‘]

' \ ro'lf’f")rr
.{)\,“I(‘:' ‘C ,rr\rr&ﬂm d.bu 'glaut ‘g a o ‘r] o I \,}
' Voo Leratis

-"\\L\}.\\'L'\i A, cu’\ld{.g -8. ‘il) _“’II VC'TM(A-( ¢ 19' f’

n the Pmblem, Al Glank -f&a- it
he obove Sorrmuda .

N ldﬁ‘dﬂ is M clg

calenlats d ‘*b‘-) U-‘“V\a 1

Uk} T“lﬂ ;fea'ﬁ\.(a_( .Saca = SCU_C,Q.

FC"‘ "\LLLH e:

¢ HJ 1"bf’mmb. :S t"ftMﬂP’)
,Saﬁfe’rﬂ {attoy

* Nowtim7 Strese =

SGTE ; o o906 .
F M) Tentio o qging S %

doodi
. — | oo (gy dee Jendy
¥ owpe Jwras ) e ot i O, prse)
y a4 - . 1 N
o+ Sag . $- Wed
| 3T i :

¥ tan B - t/\)h)

— |

W

& erbicad sug e Sco0 o

o Spearfric
3+ Wt of conduc tor PRALE W = Condlilttor adea & (006 Grawthy

Scanned with CamScanner



L e

A 132} AU vanemaccion Wine hae 1hy ['-“fih'i“"l lal s
[

Wl of ( m\il.q‘- “.) GRo ;-tl]“ ™ . | ,.‘.,J H- 0 [ f.lm, AN

oltinal ilwnr’t(\ 2o by r"“”"'} foclor = 2
( (

\

“\:L\{ﬂtl \h.- ‘ul.i‘]l “l“(l\r‘. .])|||\“(-l C'I h.i‘.ﬂlr l “ﬂ: f'r,f"‘.il"f-'f
\ { {
< ‘1:\\‘\‘4 {\ .(\‘]“‘(w(‘ "l i‘[‘u’l.‘w\ l'\rn'rnlﬂ\r’r' *:f-,uf b 2 ' IO et

Aol \,\J[D" (mCl‘-lft'Ov/mm Yun, '»\)_': S”__?__E,, - 0 L8 Ifa

looO

oy Kt'ula TCVI.SI'O'I'), T = U\‘h.Mq,h‘ cihﬂbl.iH') % CGT\&LU"O" asfc, .

soLSehi' factoy

T = Zlooe v ) N RSSUML zi
. atae 1 €M
T= 1556 \(a
‘SPM\ ‘Uﬁu’* l=zeom
Sag, &= WA ;
0 = 96sx e - 37m

TT § X 1550

o conductoy shoold be &UPP(}Y‘&J at- o L\MW 05— o 4 37 =13)m

2,.-75\ .")C‘CL“SWL\'&S.i\m ﬁim L\o“g o &Fqn of 1Sorq B:iﬂupeh ‘Q‘U&(

< >
vppovte. The Con s thpy lﬂu o (o008 Jccw Ko of 2
Thy
- Tt i the Conduetey i g@ooka S\ the Specific

.ﬁ;—’wa o (n
Cﬂ 4 e Cm&lklﬁ)‘f be)lm\ 14 ﬁc] aum v CUIC;‘

Wng F‘“"SS\"‘E IS ‘r)<°5 M[‘ Ci}u:,xhdj the sc«{-}'-
bohat ¢ Y, \lm{ﬁcq JAB‘L & |

Scanned with CamScanner



o). Spaw anj\h

. T 2000 1¢9 )
Wloy Kin Tendt s
h of conclu tfo? Ww J d
oind -lo-ﬂe/m lf"\‘aP g ¥ Volon o-f l"f‘”f'fr"u.rr,‘r
/ lrm(] th W= Sp Gravity apilar " !
- thoy /m ¥ . n o oyedn Y1
: O’J (mw | ¥ ]oO ( /);’/
- 99%2 ¢y \.,":"]r.
m- _'/ j[f ) "_':i
_ 1440 (2 ,
:’:\ﬁ% ka _ ( 'j—[’r -}\',f,","!
‘ 1 "
| o . R/
sty of o e
Total wer'ahl- od 1M -Lu\a . )
._-——-'—"
- wt—= \!b\) ‘f‘lﬂ)w .
_
N T +Clrf
HL,-— 2-Ug ka _ | | J
2 o 3!
Seq S: l»\DtJ _ qu‘xﬂrn) 2. 48 ™
(aj §T & ¥ 2000

This (18 ‘Hvu UQJNU of _C.Iawdi' $6La

awn a_Ma‘p o0 waﬂn 'Hvu Va{{?cd ]

[.5_., = O_T G

fanQ =z WwW
W 198

D= ta;‘(o-%)_—, 27 28

; e
Ve‘[ﬁcd ._QQ‘E = S Cof D
2.yg* Cos 3728

—
=

= 271m

Scanned with CamScanner



A bantwuaioy bive hat & ¢pan of 2ivm bebwe e

e Coveluation P~ e} bee bve clianelis of | 96 cm and

Wt V:ﬂm 0 S6¢ \« ‘\\ I'Jm H Ollimale e ‘\‘J“] e ‘
3t the  Conductter hag  dee Aaad ";‘..t-"") of l\‘”(mt.. H. ‘-"-:’I
s et Gl % -Q\‘k\) ecled o o wamd pressure of 299w

A . ¥ “- "“‘hl\‘ ll'i
o PN L tee] ates o caladale \-\“f fer o 5 \‘c J
s |

N:'h‘]ﬂx( o lec. of ice is OGN IM

| We 6868 ¥
L) SFM\ \.L--\tal'h _\; 278wy Wt-od ('m-\chu\ni/m \cm‘”", ]

4= I27em

Conduttey Aramuky » c{: 1 Sem - dCe Cecrcﬂ"{‘a Fucroust
Wedksn Eusion = 8&9__54'! = L“{o3o kcd ( o COALIMNES \\‘“\
3 2 ha) oS unt 3

Vo lume o} tce Fe‘r wmlag (1‘,{ \oo ¢w)) .,hu&‘l:ln o Conduttoy
L)
= i (d+ ) ve Cw

S
- 'Cﬁ‘\q
— W‘\thl.1€+lo2‘])xhb — IZSQ

"\éﬁ’iﬁ"f‘ of fce pey metve \U\sa\:h 0} (onductor s

by = 00X 1265 = LTaqw = 12 kg

) R

W§“4 Fovce /m lewshﬁm ot Conduckey 1S

¢
: ‘ e \ ] r C.\‘i
3“:1 x (g6 + 2% 1) X \ed Eﬁm }‘N\m-r '.
Tl . .- y C\%\‘N\
s 5 Gw © Bty Ka - %“;*“}“

fteh weight o Condanchors poy wabse Jush oF €

& Wi = \r (w+wi \LN‘%J y

I 7 sk
= \HD‘%T ﬁ-l-l‘\z)Lm\" i )

i

rl

[

J 658 x QY "
“ Sa&a = Wi 2 =2 6‘5 i
8T o Yoo

Scanned with CamScanner



e '-\n'l\ .(\U rp)f - 1
and ‘oM Yesf et Y P

a ? 20 V) ‘
||~__ {l‘-i\")\ 0 ‘ h.‘."] "l e n \ |-‘-]‘ln'\' ‘-l_,\\t'\t'“r
[ . S& 0N |
t \ \'\('n l"\‘\\'.‘\“\j ll“ . { ( \
1 W\ g q . \ . ~dist e
RN et \ 1( e lr‘nu'(:n_ y (ot o I‘“
\ Geow - {L'((U\ QA ¢
\ { toweyd M e . the (00K ‘
| e CleavattE ) o Werght
. Tl LoppoT
lheo kg | md the MW the LY P
N ¢ {-|h~,||\ E
L ‘ '| \ . \\‘I-\‘ ll"lki k‘ g ‘lf‘“‘(“g (‘“’\ t;r
| 'a Y » ol \-L . - Y G )
Ay My ClRay et ‘\-‘) /T\\ {"\tl{' g
R it ba /
\ \ ol (O " - ‘
eVve
o ¢ ¢ len ] '{h i«\ ‘\l ‘\\.‘(l: l B —
Wi s Y ! "‘T
Kol A = Seomy h

A

4

&dfpbrﬁ :
lswoes b Powct

o euded  between two
Fiﬁ chowe the conductod SUJ.chhd ial

A and B ot C\\.v&(\'ﬂ’d'- Jevele
on the ¢ endw Lot | .. -

Vs ' ...\ K
Heve J-Soom. mgj@kcd . T‘H.leeo 7

S, L\:Cjo—go: Gom.

DiH“CYLvuc in ‘1e\!é\' B‘-‘wem‘éoPPﬂ digtonre

Let the Jowest poik o of e cmdlfdéf be at o\bﬂ)
+he SUFFO-K\' ot Jowex Jave | C'i-e_ Luppos

e 1, ea o dopport ek highey Jud

aud ab o Qictance

Cre SUFPnl‘ E,)

O‘oW’D’%(j ) ¥ A, = S0 m  —=0)

e ——

Scanned with CamScanner



nJou)

L" = W (':t,'- A ) Z o' L,’»(f‘\ll.\.fn,w,')J
21 < "'\ ‘)" J
he W Capray (e Hphae
== ( 1) f\ ( ! ) "\‘- [t
W & lb(;()
Go = LS*Senyea)
2% lboo
ox 2 * lboo
Wy-Ay = ©

1-§x 8§00
=

QDIUMB eAPYesLiany C}) ¢ Ciiy We cae-[j ' X = 122w, Ay = 278wm

'XJ—'j‘: 2S¢ M

b I bl
Saq g = WA )5 (220 gy,
2T 2 % lboo

N'sw, cleavauce of the Arwoest \DDth‘“O)‘F‘JW waloy ‘cv:f’
= 30-7 = 23m
; ! lU'LL)CS[” bl'ﬂl_‘\O'
Let. cm]‘o[._Pofn[-' P EE C\f A Qll‘é“&lfif‘c A Fsen U E, 'P
2C0- 122 = 128'mM,

cleasly % = 28o-A) =
‘ | _ Wt
Sag ab- wwiel poit P, Swid T 7
ol e xize)
2 % 1600
Swid = Ti68 M

Cleqw:wut ,oj'—. ’M\d PQM[.'_P ":PKGW\_ \/\)&:Ef \EU&\

- 23+ 16§
"~ 20.68m

Scanned with CamScanner



i

‘[b.I”" | ‘-tf..

{ (RARY

b
t\‘l'.{.,-‘
{\I
Aol
{174 0y
“c'\c

Now)

“;l'--ll.} 4 o | asa

‘l' o (. Copredu e boy \ /.,1 T
r.. r}

Py L|rie
v’\lla[. v il {I

wVe I{I""~| ’lnln'llll-r“.,,
i‘u'[ 'f.r.u'

ol {-..Il‘lf

,!ll XA B
a'l"'liup l,ll-.“n”

llh Lu-l!‘j.h!!lu'
".”.[. "lijl, --‘-'l

AR R Jahn
l-l \ ¥ lrr‘l,t-.n Il H| ; '( s &
| , T FVEEY
’ | e o leannnie Lowbeent, L
."'I"I"‘, fTine i l '.
| J.- |||.l'1“ '[uf mey e 7y

ol L "Llll' 'l|||all ||"“J
le, VI '()/m £

b
o B Srid
2 1 : 'LI " [’ ~
- M N
€ :ll--b
e (e R S '1; —_—

‘he’90-Ho e Som ! d = Hoom

Tr 2000 Ka ) W) - ]‘,-'afm

r & . 1) = '-’ DO M "'—---—-"?G) ' 1

' )
h - §-3, = Wh . \p-x.’*
27T ST

Soc W m a0 (a,-2A)
oT

t D> %2
@) -711) - Bor2>X2oeo . L Sob
\A Hoo

-

Y, -%, = 50om —@

Scanned with CamScanner

.r,hl

M|
1




“om

’:r\lunl" eaete oy gty ble 'd vl Uy oy g 4
kb \

’
.

f\fﬂld Ha e o he l{l_f_ftwl(‘}' of l“"dl‘l'ﬂ'a (“r,r“” "‘ .rnm,“ Hhy I'lfnr'ql

r‘,int .')I o 'H’lr |‘.nll‘m‘]n-,| kllll'nﬁ'n". ""l i '”'lr'lf “:f ‘t.lj)r';f
gn[‘(“"’ WAL e Spany 1, Heovom, Uhowedoge, polnt A g
~ thr (l‘““’ .QI‘F‘[‘ r‘.r ‘r“ K “‘\"

{

||mu’gtmln“ dislauce  pd mid poin P ovom  pwest poift 01
N = Distance pnf A fyom 0 4 ll—g-l"

A = "Ge 4+ 200

' L
Smid = | 1 (260
o x 2000

Swu’cﬂ: 156"7
. 2 ’ b

Now, S”‘ﬂ §, ¢ -
2T 2 % 2000

| -l ! ‘!-. —S ,.4
" yid ot P = 82 i
-Hel'Dhl" D‘f PDML— B akove |

Y— 50-6 — 1§56
= 3&5m
: ! 1 ‘t‘ﬂe,
C)ea'rcmce-"O:}-%‘J—"Pofwb P_ G\‘oovg Wye Ly .
= °|o—2‘5 '
= 55*:1\‘)‘ :
___4

Scanned with CamScanner



, - r( tlo; ‘
] ('.T"ﬂ i ‘W { oVicUAC Loy
1 eld WoY Kk ol - a a

' ('(ﬂan-S ol
f { empend PRI Lena0r)
and (m(jjuan& '

{ \-‘mrrmtmnr -Q"‘d

{ a nel Jam“ I'Ma

(d\nrdU“D

f"ln{ b ed Lo he Uiuf’\')

ngin ¢ hatts .
S SU(‘L\ Coyves Qe CQ”@{' St'fl"\ai ﬂ

. “UGA VL
ey helpdo] while <& i 5

o> se Chavts ave

ovey haad livws.

I
Te mpe yd\re

E;C‘C} -\’E’,{,\/\'Pla;b;, !

| ' - Suppert ‘bm' U'SU{
!\'wm‘x\\j thare ave two %af’“ of Py " V\a '

oy gt ) 4 towed
(") Thy ttandard 07 sk’fmahlr YUV of Jntz_wahqu ow |

0y Ty awa!e or  anchoy oY ﬁn&fm ’ '['owew.‘

> while the gtraight son fowers g Uted For SErasht

i e - uvie
duvi and fno«Mu\ Conditioms 5 the -cwga\e ‘hm_u;gvsl QM q

alt wﬂ\vs, errmm‘vm('s ou»\d Q\T[u's Pminbs whave a Csrcumable
ompunt of Umloa\amrpd pull may be Hhyown He
; Cupports . Thy MBIE Towers e %M‘:Ebwt
——

Scanned with CamScanner



. :-\UJ k{“ ‘\\;Il"-h“h‘ l’\l'n i l :
Aot J "'“;}’. a3 "'H,'-m--l L,

LY

Rl\\m{d‘d Lowens
e 2l \{' { -".“t
- .i' paden o ool le ’n(\(lflnn ,1( “.“ doroey ¢ |4
A A= 5, ’

Bl 'h!llu\'i[, Val ( TAPY .
« “! ¢ { ] oNdag 4 I v .f.i,r,,-
“\e"J AWV 'll \L\(‘lr‘t‘l-n- Mo .I':[.,.r“ | 'jU;f"u ‘f(‘ '

' ( Ly A€ torg

which dickate tlus choice, g0,

Ciy st ‘:(‘r‘ Nl kngy

A O' Ve “(‘-“\V\ﬂfiur‘ 'rbflﬂlj L"' ‘r--{
! c
N |
| \ Y
N T~—2—x
D . | .

Fla S‘\a Te.mfl&ti () Grywv\o\ cavance Line
(2) Eowey "}bﬁfrwa Livie .

BN Th_n A b - &ter < t P\Dt o . Sc\‘a ﬁm?lo_tf_ oV a_
P\'e ce of tva hspare wh pogpe \A)h\'c W esneiste o3 @ '
Ceb O Quyvet  ag ehown in —5—,6 The L,o.”wnj aw 4

vevtical distances. 'a’el:'regamt the Span vLU—“ﬂH'lS aund %35
-resredzvzfj 3

¥ gHT .is the bwen &oh‘na Livg (2) i.e,,-l-’r\is lingg 'E‘r‘ucs
the -.-JDCQ—EOV\ DIL 'H’Ul ‘“.Foo_tfm? 05— *Hu;_ ‘howe'r.

¥ DEF is the ‘j‘fﬂuv\d chearauce. J,M O e ™MNimom
clearemce  of ‘Hﬂ.a_ Ptrwe-f Ccmd,uch;-y —Frvm the ‘3’“’“"15{

This clravamce t5 . %ftrumcﬁ Lol dg_')wc) ov the 0|>9m&n3
UO‘\?QTE’ &J/Ld S ?\veq aC(O'rdAu\?/fZ T ['-l-'QEA(uijLn[H.

Scanned with CamScanner



(lnm:]( "I {)f /\ ( J ,5'._, ,

Lpawn *
‘\'If”’! A\ f u,"*h

y wevld be
curve DEY

» (Ve NRC " "‘“lh “”\' fIIP- ad r’
- .( H"t*
“" (.|‘\\ i |f' 1,‘.[ "lP,:

AV AT T ,f.ﬂ;) of

" I he
[T Is () !} .
¢fan I K , H]r AN '.ﬂ‘ ' -f;nl“ll Af}.‘p ('r’lznc L. \
) ting Ovelind nall (Ve
'f‘nn‘ AR ‘“J IS l) e WY fl'«){'!""l aund d
Arovnd clearant {pre, h¥,
the  anmimany ) ge b ¢elling 051 "
‘ A -(jdlﬂ'\ A J d { 4 .l fors
l\\1 i oblawr "t s Bl (( 01D ar,

)Lm LUI'(’

> {\!C\l](' \‘r“ “-m'{ﬂlf\(? {“-'.‘Ajjcbf 1/‘

attachwmeut 0 Yhe gt

-(yeny point of
L he cT\ ound level
{YGWSPWJ’L‘ %'&MF‘G.I:

ik Suelh a
ay }ncb(otcf

£ +hu soult
Just ‘l—ouclua the

— TE i< theo  cleay cthat
1S Pqu-‘cf UpM a Prodile Map 0
Sueh that the ﬁwvmc\ c:\eu'rcmre dine
profile ac at R theo  pointe q and I’

Squow[-— jcot)t' fum CUt‘S the P'n’oﬁ-lkj will

Position 0f e ‘h)wev_s b’eFTp$ewtzc!r by b
The Cuywe ARc w;([ e present +hu ac(lr«a.J
Positon of the iowe¢t- Cmc\ud—w, ond Lince T8 Yepyes
corredt Gomd  clearaunce, e Condunclo 7 Mowligre aﬂmach,;
the ‘afﬁ‘vwi by yoove than The tahe ameunt

< 4n the Fmtwlaa oy e Sthown 'H'm Pomt& O‘f CGV\&MCHJ%’
Soppost ave Upon the dame (Ooﬂg,m[-oj Joue|, but Hhe Same
precess C*-PP[ z ‘lerum the youte, 16 a Sﬁpy ‘Sh’?‘v?

OVLL GJ/\CJ« {l’l S(nD\_rE Au\d Foglﬁm Oj" +(’l1. CWAU.(*'OY

Wi () O\(WDLU!\ Le 'GEVWSU\,QIC} L.‘ﬂ Yoo CUN& A?Dc ag slﬂmn
\ﬂ é'% _ ’

Scanned with CamScanner



2 Marks Questions:

©ooN R WNRE

What is an insulator? State its function.

List the types of insulators used in overhead lines.
What is a pin insulator?

What is a suspension insulator?

Define string efficiency.

What is capacitance grading?

Define sag and tension.

What are the factors affecting sag?

What is corona?

10. What is corona power l0ss?
10 Marks Questions:

1.
2.

Discuss the formation of Corona on the transmission lines.

A 3-phase, 220 kV, 50 Hz transmission line consists of 1.5 cm radius conductor spaced
2 meters apart in equilateral triangular formation. If the temperature is 40° C and
atmospheric pressure is 76 cm, calculate the corona loss per km of the line. Take my =
0.85.

Explain the methods of improving string efficiency. A single phase overhead line has
two conductors of diameter 1cm with a spacing of 1 meter between centers. If critical
voltage for air is 21.1 kV/cm, for what value of the line voltage will corona commence?
A) Derive the expression for sag and tension of a conductor when the supports are at
the same level.

B) Derive the expression for sag and tension when the supports are at unequal levels.
Explain the phenomenon of corona in transmission lines. Derive the expressions for critical
disruptive voltage and visual critical voltage.

A transmission line has a span of 155m between the two supports the line conductor
has cross sectional area of 1.55cm? and it weighs 100kg/100m. If the breaking stress
of the copper conductor is 4110 kg/cm? . Find the maximum sag for a safety factor of
4. The maximum wind pressure is 90kg/m? of the projected surface?

A) What is string efficiency? Why is it necessary to have high string efficiency? How
can it be achieved?

B) Determine the sag of an overhead line for the following data: span length 160 meters,
conductor diameter 0.95 cm, weight per unit length of the conductor 0.65 kg/meter.
Ultimate stress 4250 kg/cm?, wind pressure 40 kg/cm? of projected area. Factor of
safety 5.

REFERENCES:

R/

0

*

C.L. Wadhwa, —Electrical Power Systemsl, New Age International Pub. Co, Third
Edition, 2001.

“The reliability of overhead power transmission depends on the effective design of

insulators, control of sag and tension, and minimization of corona effects.”
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2 Marks Questions:

What is meant by a travelling wave in a transmission line?

Define power system transients.

What is a surge in a transmission line?

Define surge impedance of a transmission line.

What is meant by surge propagation?

What are reflection and refraction of travelling waves?

What is meant by attenuation and distortion of travelling waves?

What happens to a travelling wave when it reaches an open-circuited end of a
transmission line?

9. What happens to a travelling wave when it reaches a short-circuited end of a
transmission line?

10. What is a Bewley lattice diagram? State its purpose.

11. Define reflection coefficient and refraction coefficient.

12. What are the causes of power system transients?

10 Marks Questions:

1. Derive the coefficient of reflection & refraction of voltage and current waves when the line is
terminated through an inductance.

2. Analyze the reflection and refraction of voltage and current waves for short circuit lines.

3. What is Bewley-Lattice diagram? Explain its utility in the study of travelling waves. Explain
the nature of refracted components of voltage and current at the junction of two lines of surge
impedances Z; and Z,.

4. A B5kV surge travels along a line of surge impedance 500 ohms.

(i) Find the magnitude of the incident current waves. The line is terminated by resistance of 800
ohms.

(i) Find the rate of dissipation of energy and the values of reflected voltage and current waves.
(iii) What if the rate of energy reflection?

(iv) What should be the value of the terminating resistance so that energy in the wave is
completely dissipated, transmitted and reflected power?

5. A) Discuss the traveling waves on a transmission line.

B) Two stations are connected together by an underground cable having a surge impedance of
50 ohms joined to an overhead line with a surge impedance of 400 ohms. If a surge having a
maximum value of 110 kV travels along the cable towards the junction with the overhead line,
determine the value of the reflected and the transmitted wave of voltage and current at the
junction.

6. Explain the attenuation and distortion of travelling waves in transmission lines and discuss their
effects on power system performance.

7. Explain the causes and effects of power system transients and discuss the different types of
electrical surges occurring in transmission systems.

ONoGarWONE

REFERENCES:
% C.L. Wadhwa, —Electrical Power Systemsl, New Age International Pub. Co, Third
Edition, 2001.

“Understanding power system transients and travelling waves is essential for protecting
transmission networks against sudden electrical disturbances and ensuring reliable
power system operation.”




UNIT-5: Voltage Control and Power Factor Improvement

Methods of Voltage control, shunt and series capacitors/Inductors, tap changing transformers,
synchronous phase modifiers, power factor improvement methods. Compensation in power
systems: Concepts of Load Compensation Load ability characteristics of overhead lines —
Uncompensated transmission line — Symmetrical line — Radial line with asynchronous load —
Compensation of lines.

METHODS OF VOLTAGE CONTROL:

In power systems, voltage control is primarily achieved through the management of reactive
power flow. When the reactive power requirement of a load is high, it can lead to voltage drops;
conversely, injecting reactive power into the system can raise the voltage.

Based on the sources, the following methods and devices are used for voltage control:

1. Synchronous Phase Modifiers

This is a fundamental method for controlling system voltage by adjusting reactive power flow. A
synchronous phase modifier is essentially a synchronous machine that acts as a variable
compensator:

o Overexcited: The machine works as a capacitor, generating positive reactive VARS to
support the voltage.

e Underexcited: The machine works as an inductor, absorbing reactive power to lower the
voltage.

2. Shunt and Series Compensation
Compensation is used to maximize the utilization of transmission lines and improve reliability.

e Shunt Capacitors: These are used to generate reactive power at the point of the load,
reducing the net reactive power that must be transmitted over the line (Q — Q"), thereby
supporting the voltage.

« Series Compensation: This involves installing components in series with the transmission
line to alter its electrical characteristics and improve stability and voltage regulation.

3. FACTS (Flexible A.C. Transmission Systems)
FACTS devices represent a modern, advanced approach to power system control, including
voltage stability. Specific devices mentioned for voltage regulation and protection include:

e DSTATCOM (Distribution Static Compensator): Used specifically for voltage
regulation and load compensation at the distribution level.

e DVR (Dynamic Voltage Restorer): Employed to protect sensitive loads from voltage
variations.

e« UPQC (Unified Power Quality Conditioner): A versatile device used for improving
overall power quality, including voltage control.




4. HVDC Transmission Control
In High Voltage Direct Current (HVDC) systems, voltage and power flow are controlled through
the operation of rectifiers and inverters. Methods include:

« Constant Ignition Angle Control: Managing the timing of thyristor firing.

o Constant Extinction Angle Control: Maintaining a specific angle to ensure proper
inverter operation.

o Constant Current Control: Regulating the current to stabilize the system.

5. Other Methods and Considerations

e Tap-Changing Transformers: The sources mention transformers with fixed voltage
ratios and those that can control the bus voltage near the tap side or impedance side.

e Load Shedding: While more of an emergency measure for frequency and voltage stability,
under-frequency relays can automatically disconnect blocks of load to prevent a complete
system shutdown when voltage and frequency drop below safe limits.

o Excitation Systems: The excitation of generators is used to manage their reactive power
output, which in turn improves synchronous stability and aids in voltage control.

SHUNT AND SERIES CAPACITORS/INDUCTORS:

Shunt Reactors are used in long transmission line at the load end. When the line is lightly loaded
as discussed earlier, the line voltage increases due to charging current (i.e., capacitance effect of
line known as Ferranti Effect). The Current taken by the reactors is in phase opposition to the
current due to the line capacitance. The leading current due to line capacitance is thus cancelled
out by the lagging current taken by the reactors.
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In the construction, the shunt reactors are identical with a power transformer, except their cores.
They have similar windings, tanks, bushings, reactors etc. An air gap is provided within the reactor
core to prevent magnetic saturation. Shunt reactors are subjected to overvoltage’s like power
transformers.

Reactive power absorbed by the Reactor,

vz _ V2
QL = —V.IL :X_ = oL VAR/phase
L

Where, L = Inductance of reactor (Henry)
X; = Reactance of reactor = wlL
V = Phase Voltage
The Negative sign indicates negative power supply i.e. reactive power is absorbed.



Shunt Capacitor:

Although the use of shunt capacitors is mainly for power factor correction at the load terminals of
low voltage, small banks of capacitors connected in star/delta are also used on high voltage lines
in sub-stations. Such shunt capacitors supply capacitive current and thus produce continuous
leading KVAR independent of load variations. In Transmission systems, the capacitor banks are
connected to the tertiary delta winding of the sub-station transformers.
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Reactive Power supplied by the shunt capacitors,

2
Qc= V.l = Z— = V2% wC VAR/phase
c

Where, V = Phase Voltage
C = Capacitance Per Phase
Xc = Shunt Capacitive Reactance per phase

A serious disadvantage with the shunt capacitors is that at no load or light load, the receiving end
voltage may considerably exceed the sending end voltage. To overcome this difficulty, the
capacitor bank is provided with fixed and variable elements. With the rise or fall of voltage, the
variable elements may be removed from or added to the bank to decrease or increase the
capacitance. The voltage control obtained by shunt capacitors is not smooth.

Series Capacitors:

When a capacitor with a capacitive reactance X is connected in series with the transmission line.
The effective reactance of the line is reduced from X to(X; — X.). The voltage drop, therefore is
reduced by compensating the inductive reactance of the line. For X; = X, full compensation is
achieved and the circuit becomes resistive. For X, = 0 i.e. when capacitors is removed
compensation is zero. In practice, partial compensation is done for stability reasons.
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As the capacitors are in series with the line, sometime they have to carry large currents due to
overloads or sustained faults. The Overcurrent’s will cause excessive voltage drops across the
capacitors. To protect the capacitors from such abnormal voltages, protective spark gap is provided
across these capacitors.

The series capacitors may be located at the sending end, receiving end or at the center of the line.
Rating of series capacitor,
Qc = I’X. VAR

The Series capacitors control voltage regulation, improve system stability, its use is only limited
to H.V. systems.

TAP CHANGING TRANSFORMERS:

When the movable arm makes contact with lower positions such as 1, the secondary voltage is
minimum, during the period of light inductive load.

When the movable arm contact with higher position such as 5, the secondary voltage is maximum,
during the period of high inductive load.

o 5 o

3
2 Movable arm
1

Primary

Secondary

o
Advantages of Tap changing Transformer:

e During high system load conditions network voltages are kept at highest practical level to
minimize reactive power requirements increase effectiveness of shunt capacitors to
compensated reactive power.

e During high load conditions, it is usually required to lower network voltages avoid under
excited operation of generators.\




e All power transformers on transmission lines are provide with taps for control of secondary
voltage. The tap changing transformers do not control voltage regulating the flow of
reactive VARSs but by changing transformation ration.

There are two type of tap changing transformers:

i.  Off-Load tap changing transformers.

ii.  On-Load(Under-Load) tap changing transformers (OLTC)
i. Off-load tap changing transformers:
The off-load tap changing transformers as shown in figure which requires the disconnection of the
transformer when the tap setting is to be changed. Off-load tap changers are used when it is to be
operated in frequently due to load growth or some seasonal change.

e On-load tap changing transformer is used when changes in transformers ratio to be needed
frequently, and no need to switch off the transformer to change the tap of transformer.

e It is used on power transformers, auto transformers and bulk distribution transformers and
at other points of load service.

e The modern practice is to use on-load tap changing transformer which is shown in figure.

e In the position shown, the voltage is maximum and since the currents divide equally and
flow in opposition through the coil between Q1 and Q2, the resultant flux is zero and hence
minimum impedance.
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On-load tap changing transformers (OLTC):

To reduce the voltage, the following operations are required in sequence:
e Open Q1.
e Move Selector switch S1 to the next contact. Close Q1.
e Open Q2.




e Move selector switch S2 to the next contact. Close Q2.

e Thus, operations are required for one change in tap position. The voltage change between
taps is often 1.25% of the nominal voltage.

System Level Control using Generator Voltage Magnitude Setting:

e Transformers transfer the reactive power from one side to another side by altering the in
phase component of the system voltage. Let us consider the tap changing transformer at
both ends of a line is shown in the figure.

e Lettl, t2 be the functions of nominal transformation ratio i.e., tap ratio/ nominal voltage.

e The actual voltage will be t1V1 and t2V2. Let V1, V2 be the nominal voltage at the ends
of the line. Since, the line has impedance, it is necessary to compensate the voltage drop In
the line so that the voltage at the receiving end is maintained at a desired level.

SYNCHRONOUS PHASE MODIFIERS:

The Synchronous phase modifiers is the synchronous motor running without a
mechanical load. It is connected with the load at receiving the end of the line. The synchronous
phase modifier absorbs or generated the reactive power by varying the excitation of the field
winding. It keeps the voltage constant at any condition of the load and also improves the power
factor.

It is well known that a synchronous motor can be made to take either a lagging or
leading current from the line by alternating its excitation. Idle-running synchronous motor were
first employed in connection with power plants to correct for low power factor of the load, and
thus reduced the current and the power losses in the feeders and generators. The synchronous
machines used for power factor improvement are usually referred to as synchronous condensers
as they are always required to take a leading current. However and idle-running synchronous motor
can be used for voltage regulating purposes by connecting it in parallel with the load at the
receiving end of a line.

Under Excitation: Current lags behind the supply voltage, the motor has a lagging power factor.
Over Excitation: Current leads the supply voltage. The motor power factor is leading.



Advantages:

e Itisaconvenient device for keeping the receiving end voltage constant under any excitation
load conditions.

e It improves the power factor.

e The output can varied smoothly.

Disadvantages:

e Itis costly for its installation.
e Maintenance & operations are not easy.
e Itis difficult to increase its capacity in order to increase demand.

POWER FACTOR IMPROVEMENT METHODS:

Different Methods Used for Power Factor Correction. The following devices and equipment are
used for power factor improvement in an electrical system.

Capacitor Banks: A bank of capacitors can be installed to reduce the reactive power demand
of the load, improving the power factor. The capacitors can be fixed or switched, depending on
the load requirements.

Synchronous Condensers: A synchronous motor operating at no-load and over-excited, can
be used as a synchronous condenser to improve the power factor of the system.

Phase Advancers: Phase advancers are AC exciters connected to the rotor circuit of induction
motors to improve the power factor of the motor.

Static Var Compensators (SVCs): SVCs are solid-state devices that use a thyristor-controlled
reactor (TCR) and a thyristor-switched capacitor (TSC) to provide continuous reactive power
compensation.

Active Power Filters: These filters can correct power factor issues by generating current
components that cancel out harmonic distortion in the system.

Switched Capacitor Banks: A switched capacitor bank uses automatic switching devices to
vary the reactive power demand based on the load requirements, improving the power factor.
Static Synchronous Compensator (STATCOM): A STATCOM is a voltage source converter
that can provide reactive power compensation, harmonic filtering, and voltage regulation.
Hybrid Power Filters: Hybrid power filters combine active and passive filtering techniques to
provide a comprehensive solution for power factor improvement and harmonic distortion
reduction.

The common methods used for power factor correction as follows:

1. Static Capacitor

2. Synchronous Condenser

3. Phase Advancer

4. Capacitor Banks

5. Static VAR Compensator (SVC)
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1. Static Capacitor

We know that most industries and power system loads are inductive, which causes a decrease in
the system power factor due to lagging current. To improve the power factor, static capacitors are
connected in parallel with these devices operated on low power factor.

These static capacitors supply leading current, which balances out the lagging inductive
component of the load current. This effectively eliminates or neutralizes the lagging component of
the load current and corrects the power factor of the load circuit to enhance the overall efficiency.
To enhance system or device efficiency, these capacitors are installed near large inductive loads,
like induction motors and transformers, to improve the load circuit power factor.

Fig: 1

Fig: 3

For example, let’s consider a single-phase inductive load shown in

Figure 1, which is drawing lagging current (1), and the load power factor is Cosf.

Figure 2 shows the load with a capacitor (C) connected in parallel. As a result, a current (Ic) flows
through the capacitor and leads 90° from the supply voltage. In other words, the capacitor provides
leading current, and in a purely capacitive circuit, the current leads the supply voltage by 90°,
which means the voltage lags 90° behind the current. The load current remains (I), and the vector
sum of (1) and (Ic) is (I’) which lags behind the voltage at 6., as shown in Figure 3.

Figure 3 demonstrates that the angle of 62 < 61, implying that Cos6> is less than Cos01 (Cos02 >
Cos01). Therefore, the capacitor improves the load power factor.

It is important to note that after power factor improvement, the circuit current is lower than the
low power factor circuit current. Additionally, the active component of current remains the same
before and after power factor improvement because the capacitor eliminates only the reactive
component of current. Finally, the Active power (in Watts) remains the same before and after
power factor correction.

Advantages:

A capacitor bank offers several advantages over other methods of power factor improvement,
including:

e Low losses in static capacitors
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o No moving parts, therefore requiring low maintenance

« Ability to work in normal conditions (i.e., ordinary atmospheric conditions)

« No requirement for a foundation for installation

o Lightweight, making them easy to install

Disadvantages:

However, there are some drawbacks to using a capacitor bank, which include:

o A shorter lifespan for static capacitor banks (around 8-10 years)

e The need to turn the capacitor bank ON or OFF when there is a change in load, which can cause
switching surges in the system.

« Risk of damage if the rated voltage increases beyond its limit

« Expensive repair costs if the capacitors become damaged.

2. Synchronous Condenser

When a synchronous motor operates at no-load and is over-excited, it is called a synchronous

condenser. When a synchronous motor is over-excited, it provides leading current and works like

a capacitor.

In a synchronous motor, a separate DC source is used to excite the field winding. Therefore, the

input supply only provides current to energize the stator, i.e., the current provided is in-phase with

the supply voltage. So the power factor remains unity.
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The power factor can be adjusted by varying the DC excitation. By increasing the DC excitation,
the power factor varies from lagging to unity and leading power factor. When the DC excitation
increases, the field windings are over-magnetized. The input supply provides a current component
to the stator to compensate for this over-magnetization. This current leads to the supply voltage,
causing a leading power factor or generating reactive power.

An inductive load consumes reactive power, causing a lagging power factor, while a capacitive
load generates reactive power, causing a leading power factor. A synchronous motor can be used
to improve the overall power factor of an electrical system by adjusting the DC excitation. The
synchronous motor used specifically for power factor improvement without any mechanical load
is called a synchronous condenser.
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The synchronous condenser is used in parallel with the load to improve the power factor.
Improving the power factor reduces the extra current drawn from the source that is wasted in the
power lines. Consequently, it helps in the reduction of electricity bills and saves energy.

When a synchronous condenser is connected across the supply voltage (in parallel), it draws
leading current and partially eliminates the reactive component. This way, the power factor is
improved. Generally, synchronous condensers are used to improve the power factor in large
industries.

Advantages:

o Long lifespan (up to 25 years)

o High reliability

o Allows for stepless adjustment of power factor

« Does not generate harmonics or require maintenance for them

o Faults can be easily removed

e s not affected by harmonics

« Requires low maintenance (only periodic bearing greasing is necessary)

Disadvantages:

« High cost (including high maintenance costs), therefore it is mostly used by large power users
o Anauxiliary device is needed for operation as synchronous motors have no self-starting torque
e Produces noise.

3. Phase Advancer

The Phase Advancer is a simple AC exciter that connects to the main shaft of a motor and operates
with the motor’s rotor circuit to improve power factor. It iscommonly used in industries to improve
the power factor of induction motors.

Since the stator windings of an induction motor take lagging current 90° out of phase with voltage,
the power factor of the motor is low. By supplying exciting ampere-turns from an external AC
source, the current does not affect the stator windings, and the power factor of the induction motor
improves. This process is done by the Phase Advancer.

Advantages:
« Sufficiently reduces the lagging kVAR (reactive component of power or reactive power) drawn

by the motor because the exciting ampere turns are supplied at slip frequency (fs).

o The Phase Advancer can be easily used where the use of synchronous motors is unacceptable.
Disadvantage:
e Using a Phase Advancer is not economical for motors below 200 H.P. (about 150kW).

4. Capacitor Banks

The capacitor bank (published as separate & descriptive article) is connected in parallel to the load,
and when the inductive load draws current from the system, the capacitor bank supplies capacitive
reactive power to offset the inductive reactive power. The amount of capacitive reactive power
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needed to improve the power factor depends on the characteristics of the load, such as the
magnitude of the inductance and the phase angle between the voltage and current.

5. Static VAR Compensator (SVC)
We have covered this topic in a separate article describing Static VAR Compensator

(SVC) including a circuit diagram, construction, working principles, and applications. You can
read the article to learn how SVCs are used for power factor improvement.
Static VAR Compensator - SVC
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The following figure shows power factor improvement in a three-phase system by connecting a

capacitor bank in:
1. Delta connection
2. Star Connection

Methods of Power Factor Improvement

L1 3-Ph L1 3-Ph

-Phase -Phase
L2 Load L2 Load
L3 L3

Capacitor Bank Connected in Parallel Capacitor Bank Connected in Parallel
with 3-Phase Load in DELTA Connection with 3-Phase Load in STAR Connection
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COMPENSATION IN POWER SYSTEMS:

Compensation in power systems refers to the intentional addition of reactive power devices
(capacitors or inductors) to a network. It is used to stabilize voltage, improve power factor, reduce
energy losses, and increase the maximum power-transfer capacity of long transmission lines.

The main techniques for compensation are categorized by how devices are connected to the power
grid:

1. Shunt Compensation

Shunt devices are connected in parallel with the transmission line or load.

e Shunt Capacitors: Provide reactive power to the system, primarily used to correct lagging
power factors and boost local voltage levels.

e Shunt Reactors: Absorb excess reactive power. They are essential during light-load or no-
load conditions to prevent the Ferranti effect (where receiving-end voltage dangerously
spikes).

2. Series Compensation
Series devices are connected inline with the transmission system.

e Series Capacitors: Offset the inductive reactance of the transmission line, which

effectively reduces the overall electrical length of the line. This significantly increases the

active power transfer capability Ppq, = 5ok

3. Advanced FACTS Devices
Flexible AC Transmission Systems (FACTS) use high-speed power electronics to dynamically
adjust compensation based on real-time system demands.
e STATCOM (Static Synchronous Compensator): A shunt device that regulates voltage
by dynamically injecting or absorbing reactive power.
e SVC (Static Var Compensator): Regulates voltage using thyristor-controlled reactors
and switched capacitors.
CONCEPT OF LOAD COMPENSATION:
Load compensation is the management of reactive power to improve the quality of supply
especially the voltage and p.f. levels. Here the reactive power is adjusted with respect to
an individual load and the compensating device is connected to the load itself. There are
three main objectives in Load Compensation:
(i) Better voltage profile (i1) p.f. correction (i11) Load balancing.
The voltage profile must remain within = 5% of the rated value for better and efficient
operation of various electrical equipments. We know voltage variation is due to
imbalance in the generation and consumption of reactive power in the system. If the
generated reactive power is more than what is being consumed, voltage levels go up
and vice versa. However, if the two are equal the voltage profile becomes flat.

line




Unfortunately, the reactive power in a system keeps on varying and hence if the
reactive power generation is also simultaneously controlled, a more or less near flat
voltage profile could be maintained.

1. One of the obvious methods would be to have the system of large strength i.e., it
interconnects large size machines and a large number of lines so that the effective
impedance as seen from any point into the network is negligibly small and hence
the voltage profile could be improved. However, this would result in high fault
levels and would require switchgears of relatively large capacity and hence is
uneconomical from view point of improving voltage profile. In fact, the network
should be designed based on active power transfer capability and the reactive
power should be met locally by installing shunt compensating elements
(capacitor and inductors). It is to be noted that these elements do not contribute to
the fault level and yet provide and maintain proper balance between the generated
and consumed reactive power.

2. It is desirable both economically and technically to operate the system at near
unity p.f. Usually p.f. correction means to generate reactive power as close as
possible to the load which requires it rather than generate it at a distance and
transmit it to the load, as this results not only in large conductor size but also in
increased losses. In fact, in order to operate the system at near unity p.f., some of
the electric utilities impose certain penalty on account of operating loads at low p.f.

3. A very important concept of load compensation is load balancing. It is desirable to
operate the three phase system under balanced condition as unbalanced operation
results in flow of negative sequence current in the system and is highly dangerous
especially for the rotating machines.

An ideal load compensator would perform the following functions: (i) It would
provide controllable and variable reactive power almost instantaneously as required by
the load; (ii) It should operate independently in all the three phases; and (iii) It would
maintain constant voltage at its terminals.

Typical loads which require compensation are as follows: arc furnaces, induction furnaces,
steel rolling mills, very large induction motors, arc welders, induction welders etc. These
loads can be further classified as non-linear and those which cause disturbance by being
switched on and off. The non-linear loads such as arc furnace generate harmonics in the
system and hence arc furnace compensators usually have harmonic filters to filter out
these harmonics, so that the voltage remains mostly of fundamental frequency. It is to be
noted that synchronous motors as loads improve the voltage profile and p.f. of the system
as this can be operated as a synchronous capacitor.

It is well known that the approximate p.u. voltage regulation for a series impedance
carrying a load current 1 is given as



AV = IR ¢+1X no

= v CoOS Y v Sin
Where @ the p.f. angle of the load and V is is the load voltage. Here positive sign is for
inductive load and —ve sign for the capacitive load. The load can be made capacitive

effectively by connecting a capacitance across an otherwise inductive load. With this the

can be so adjusted that I—g cos ¢ can be made equal to X sin ¢ and thus change in load voltage

AV can be made equal to zero. Therefore, a purely reactive compensator can eliminate supply
voltage variations caused by changes in both the real and the reactive power of the load. Also,
it is clear from the above expression that with a reactive compensator it is not possible to
achieve simultaneously both the unity p.f and zero voltage regulation.

An alternative way of studying voltage regulation is through the use of short cireunit
capacity of the bus, X : R of the system, the active and reactive load powers. The voltage drop
across the series impedance is given as

P
AV = (R +jX) ( "QJ
v
B RP+XQ+ . XP - RQ
v v
If a 3-phase short circuit iz ereated at the load bus, the short circuit apparent power
EE
S, =EI z
where Z_ =R + jX and [ is the short circuit current.

= AV + jAV, (21.2)

Now R=|Z|cosg, X=|Z|sing,
2 2
z coe § = 3 s g
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Substituting for R, and X and letting E = V, we have
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Usually AV_ iz ignored as this does not affect the voltage magnitude much, rather this
gives phase shift to the voltage.
AV,

Vv

The above equations are not onl

for small changes in P and @ i.e.,

(P eos b+ G sin g ) (21.5)

D':|_

Therefore,

r valid for any value of P and € but these are also valid

g

AV
T’=é (AP cos 0+ AQ sin ) (21.6)
MNormally the real power flow does not affect much the voltage of bus and, therefore,
AL (21.7
Vv = S:_r. E111 D_“_ b
| X X |
and sinee §_ = tan & and the ratio ] is usually more than 4, therefore sin ¢_ = 1, and,
therefore,
AVD AR Al
—— = ——38in = 121.8)
v =8, M=,

This means the per unit change in voltage equals the ratio of change in reactive power
to the short circuit capacity of the bus.

LOADABILITY CHARACTERISTICS OF OVERHEAD LINES:

In order to have proper understanding of the power transfer capability of the lines which iz
affected by voltage levels and line length, a useful concept of line loadability is defined as the
degree of line loading permissible expressed in per cent of SIL for a given thermal or voltage
drop or S.5. stability limits. This concept was first introduced by St. Clair who developed
transmission power transfer capability curves for voltages up to 330 kV and line lengths up to
640 kms. Thesze curves have been useful to power system engineers for quickly estimating the
maximum line loading limits.
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Fig. 21.1 Transmission line loadability curve.
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Figure 21.1 shows the universal loadability curve for uncompensated lines applicable to
all voltage levels. The curve shows the limiting values of power that can be transmitted as a
function of line length. The curve has been drawn taking into account the maximum allowable
voltage drop along the line to be 5% and that the minimuom allowable steady state stability
margin is 30% for which the load angle is about 44°.

Since the ratio X/ R for extra high and ultra high voltages is very high (more than 20),
the resistance of these lines is negligible as compared to its reactance and these lines could be
considered as lossless lines. Therefore, the parameter [ is same for all such lines and, therefore,
the loadability expressed in per unit of SIL iz univerzally applicable to lines of all voltage
clazses. It can be zeen from the figure that lines longer than 480 km. have their loadability less
than SIL and, therefore, their loadahility ean be improved by compensating the lines.

From the Fig. 21.1 it is clear that for short length line the steady state limit loading will
be greater than the thermal loading and hence the loadahbility is determined by the thermal
loading rather than steady state stability loading.

For medium length uncompensated lines voltage levelz are the considerations for line
loadings and for long length uncompensated lines steady state stability limit loading is the
congideration az the loading iz even less than the surge impedance loading.

Az mentioned here, it is not desirable to operate transmission lines cloge to its steady
state stability limit and a margin in the power transfer should be allowed to take care of any
sudden changes in the system. In determining an appropriate margin, the concepts of dynamic
and transient stability are useful. A system iz zaid to be dynamically stable if it recovers its
normal operation after it iz subjected to a small perturbation. The degree of dynamic stability
iz expressed in terms of the rate of damping of transient component of voltages, currents and
the load angles of the synchronous machines. The rate of damping is of main econsideration
and, therefore, small perturbation theory and eigen value analysis is normally used to study
dynamic stability limits of the system.

The analyzis of the system under large perturbation is known as transient state stability
analysis. If a system recovers to its normal operating condition after being subjected to a large
perturbation such as failure of a major component of the system (failure of a large generator,
an important tie-line or a power transformer), the system is said to have achieved transient
stability. The transient stability limit of a system is the maximum amount of power that can
be transmitted prior to cccurrance of the disturbance and still the system recovers to its normal
operating condition after the disturbance. Therefore, it can be concluded that whereas the
steady-state stability limit of a system is a fixed value for a particular system, the transient
stability limit will have different values for different perturbations. For further understanding
of the subject the reader is requested to refer to Chapter 17 of this book.

The second basic requirement in a.c. power transmission is to have proper voltage levels.
An undervoltage operation results in heavy loading, reduction in steady state stability limit of
the system, degradation in the performance of induction motors which forms almost 70% of
the total load on the system.
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A power transformer iz normally operated at the knee-point of its B-H curve due to
economic reagons. If some how the system voltage increases due to Ferranti effect or due to
rejection of load the transformer operates along the saturation region of the B-H curve where
the inductance offered by the winding decreases and keeps on changing depending upon the
dynamic behaviour of increase of system voltage. Saturation of transformers subjected to over
voltages can produce high currents rich in harmonics and in the presence of sufficient
capacitance, there is risk of phenomenon of resonance taking place which may result in further
increase in system voltages which may prove disastrous for the system insulation. This is
known as Ferro-resonance as it is due to the non-linear behaviour of the iron core of the
transformer. In such a situation it may be necessary to disconnect shunt capacitors very quickly
to reduce the chances of occurrences of Ferro-resonance. Over voltage may alzo result in flash
over andfor puncture of the insulation of the system. A small over voltage if allowed to exist on
the system for a long time may not puncture the insulation but it would certainly shorten the
useful life of insulation of the svstem.

Some compensating devices are used to achieve the above mentioned basic requirements
in a.c. transmizsion. Before we do that some characteristics of uncompensated lines will be
studied. In order to maintain continuity in the subject, there may be some repetition from
Chapter 4 of the book.

UNCOMPENSATED TRANSMISSION LINE:

The basic equation deseribing a transmission line is given as

a“v
| = (21.100
o '
dV
and . =1z (21.11)
where v = (r + jul) (g + jul)
and z={r+juL), y =g + jul)

where x is the distance from the sending end. If [ is the length of the line, the solution of the
above equation for a lossless line ie.,
r=0andg=10
Vix) =V _costl - x) p+jZ I_sin il - x) (21.12)
where [i is the phase constant i.e.,
v = o+ jf} and for a loszless system

=10
Since v =(r o+ jul) (g + juC) = - w® LC
r=Jp
2nf _ 2n
T = L = —=—
where i = Y

using equations (21.11) and (21.12) we get

Tix) =1 cos il =x) + j %sin Bl = x) (21.13)

5
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fi iz alzo known as wave number ie., the number of complete waves per unit of line
length.

3% 10*

At 50 Hz the wave length A =

= 6000 kms and i can be expressed as one wave

360 :
length per 6000 kms ie., 360° per 6000 kms or = 8000 = 0.06° per km or 1.0466 = 10~ rad per

km. The quantity [ is the electrical length in radians.

Z_in equation (21.13) is known as the surge impedance or natural impedance. Its value
depends upon the line design. Its value decreases with increase in operating voltage. Also with
vertical configuration, the surge impedance iz lower as compared to horizontal or delta
configuration of the conductors. The usual value of £ lies in the range 200 to 400 chms. Table
21.1 gives various parameters of lines operating at different voltages.

Table 21.1 Line parameters of typical EHV-UHV overhead lines

345 BV 500 kV 765 BV 1100 BV 1500 BV
Characteriatics Hori. Delte | Hori. Delta | Hori. Delia Hori. Delta |Horizontol
r {km 0,04 0.04 00016 0.001 0,001 0.001| 0.0005 0.0005 | 000045
X; km 030 030 0.30 027 027 027 | 0.25 0.25 0.25
o pSkm 358 38 38 43 41 4.1 4 66 4. 66 4.9
Charging 0.45 045 0Le 108 26 256 5.8 5.8 10.8
MVAEm
Plradkm = 10~ 1.05 1.05 1.06 1.06 1.06 1.056 | 1.05 1.05 1.05
Z, in ohm 285 283 287 247 258 267 232 231 225
SIL (MW) 417 420 BT0 1010 | 2270 2280 | 5220 5250 10000
Line current at SIL | 700 700 1000 1170 | 1710 1720 | 2740 2750 JB50

The surge impedance of a line iz defined as the apparent impedance of an infinitely long
line and is given by the ratio of voltage to the current at any point along it. Now an infinite line
can be simulated by terminating any line by its surge impedance. In that case V| =1 Z_ and the
apparent impedance of the line at any point is

Viz) V.ocosU-xfp+ il Z, sin fil - x)
Iix) I cozfil —x)+ j g' sin [ - x)

[

1 Z [eosll - x)p + jsin Bl - x)]
I [eos Bl - x)+ jsin il -x)] ¢
It can be seen that when the line is terminated through Z, the voltage and current
magnitude remain same all along the length. Therefore, the line is said to have flat voltage
profile. The voltages at the two ends are of equal magnitude but displaced in phase by [3,. the
sending end voltage leading the receiving end voltage. For a 450 kms long line at 50 Hz the
angle is 0.06 x 450 = 27"

(21.14)
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V
From equation (21.14) it iz clear that the ratio of T everywhere is a real number £ and

therefore, voltage and current are in phase at all points of the line i.e., power factor is unity at
all points. This also means that at every point of the line, the reactive power generated equals
the reactive power absorbed. Therefore, whereas the natural active power loading of the line is
given by V¥Z_the natural reactive power loading is zero.

One of the major advantages of operating the line corresponding to natural loading is
that because of flat voltage profile, the insulation all along the line is uniformly stressed.

Suppoze the line is open circuited at the receiving end i.e., I = 0. Therefore,

Vix) =V cos pil - x) (21.15)
and lix)=j ;—: gin Ml = x) (21.18)
At x=0Viz)=V, and [Ix)=1
V. =V cosfil | (21.17)
and I =j g—: sin fif
- zl tan Bl (21.18)

Suppose the length of the line iz 100 km cos (0.06 = 100) = cos 6° = 1.0 and therefore no
Ferranti effect is experienced whereas for say 300 km cos (0.06 = 300} = cos 18° = 0.95.

V,
ie., Fr = 1.05 a rise of 5% of voltage at the receiving end. This could be tolerated. However, if
-

the length is 800 km cos 48° = (.66, and F’ = 1.494 a rise of 49.4% in the receiving end voltage

&
as compared to the sending end voltage. Such a high rise in receiving end voltage iz unaccept-
able and some suitable compensating devices must be used to avoid this situation.

In actual practice the receiving end voltage rises more than what is caleulated above as
the sending end voltage will increase with the inerease in charging current due to rise in open
circuit voltage at the sending end generator.

From equation 21.18 under no load condition the sending end current (charging current)
is I =jI_sin il and for 300 km long line it will be I =7 1.05 [ =in 18" =7 (.324 I and this will
lead the sending end voltage by 90°. Here 1.05 is used, as the receiving end voltage under no
load condition will be 1.05 times that under natural loading condition assuming sending end
voltage as 1.0 p.u. every time.

When a line is to be energized, the generator has to supply leading vars to the line and
the reactive power is given by
G =1 (VI (21.19)
Using value of I from equation (21.18), we have @ =- P tan il {21.20)
For 300 km long line
@ =-P tan 18° =~ 0.3256 P,
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i.e.,, the generator should be able to supply so much of leading vars or ahsorb lagging vars.
Under-excited operation of the generator below a certain minimum excitation is not desirable
for two reasons.

() Lower excitation results in reduced internal e.m.f. of the generator and hence re-
duced stability limits.
(12) Lower excitation increases heating of the ends of the stator core.
Therefore, it i the under-excited operation of the alternator rather than voltage rizse

due to Ferranti effect that stringent limit is imposed on the length of uncompensated lines.
Suppose the rating of alternators is P and their maximum reactive power absorption is & i.e.,

the equivalent power factor of the alternators is ms[tan_ I %) leading. Say this p.f. for a typical

system is 0.95 lead, therefore @ = 0.3286 P and if the loading of the generators equals the
surge impedance loading of the line, then P = P_and using equation 21.20, we have

03286 P=-Ptan [l

15.19
(.06

which can be energised by these generators under these conditions or if the p.f. of the alternators
remaing (.95 and the length of the line is known to be say 400 kms, then the total generator
capacity should be

or length of the line will be =303 km. i.e., 303 km is the maximum length of transmission

0.3286 P = P_tan (0.06 » 400)
P=135P,
That iz to charge the line 35% extra generating capacity would be required which is not
desirable and hence instead this situation can be met by having the same generator capacity

p=PF_ but using shunt reactors at the end of the line or at intermediate points of the line
during charging.

SYMMETRICAL LINE:

A symmetrical line is one with identical synchronous machines at both the ends and |V, | =
| V.| and under no load condition these are in phase also indicating that there is no transfer of
power (no load condition) otherwise V, shall lead V', phase lead depending upon the loading.
With regard to such a line following observations are made:

i) If the loading is less than the surge impedance loading of the line, the mid-point
voltage is higher than the terminal voltage as there is a net of excess reactive power generated
by the line.

iti} However, if the loading is greater than the SIL of the line, due to deficit reactive
power on the line the mid-point voltage is lower than the terminal voltages.

(22} If the loading equals SIL of the line, the line has flat voltage profile. The corrective

measures in cases (i) and (i) above can be taken up by connecting suitable compensating
network at suitable locations.
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Assuming the line to be lossless, let us analyse the system when a load of P, + j@, i=
connected. Using equation (21.12) the voltages at the two ends can be correlated as
Fy — gy
v

r

V.=V, cos M+ jZ, =in [& (21.21)

The above equation holds good irrespective of whether the load is synchronous or
asynchronous. Let us assume that the load is synchronous and taking V_ as reference, say V,
leads V_by an angle & known as load angle. Therefore,

V,= |V, | {cos & +j sin &) (2135

Substituting for V, in (21.21), we have
Fr — i

[V, | [eos & + j sin 8] =V cos (W + jZ v =in [
Q. N
=V, cos il + Z_~, sinpl+ jZ, o sin (21.23)

Equating the real and imaginary parts on the two sides, we have

Vcosd=V, cos il + Z, ?{_’- sin [ (21.24)
. o
and V,_ sin 6=2, v sin Bl
V.V,
or P, = zr;T"'m gin & (21.25)

If the length of the line is short sin fl =l =w Lo . [

—
and Z_ sin [l = \II% w JLO . ! = {Lw =X = Total reactance of the line. Equation (21.25),

therefore, reduces to a very well known equation

A

sin & (21.26)

Let V=V, then equation (21.25) becomes

V2 ,
P, = m . 8in B
= si.nl[i!' . 8in &

For certain geometry and operating voltage of the line P, is maximum when & = 90° and
this maximum depends upon the length of the line, the longer the length the smaller is the

L max

maximum value of P, . The ratio for a few lengths iz tabulated here.

4

P
Table 21.2. '“Pm“ as a function of length

=]

Length in km Length in degrees Pp el P
a00 18 3.238
600 a6 1.701
400 54 1.236
1200 T2 1.061
1500 a0 1.00




SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES

(AUTONOMOUS)
(Approved by AICTE, New Delhi & Affiliated to INTUA, Ananthapuramu)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
(NBA Accredited)

RADIAL LINE WITH ASYNCHRONOUS LOAD:

Even when the load iz asynchronous, there is a maximum power that can be transmitted over
a line. This can be calculated as follows for a unity p.f. load. Let uz consider that sending end
source and line form a voltage source with open circnit voltage V, and impedance (R + j&) and
at the receiving end a variable resistive load (unity p.f.) &, is connected. Our objective is to find
out value of &, for which the power transfer is maximum.

R
MNow short circuit current I = and short circuit p.f. cos ¢ = 7

Vo
= F R+ JX
Wy
(R+ R+ jX
L:rﬂi
(R+R)Z+X%

The load current I =

The power delivered = R, =P

dP _
1
[(R+R,P+X)-R.2R+R)=0

The power delivered iz maximum when

or R*+R*2RR +X*-2RR - 2R*=0
or R =Z
Vi Z Vil Z*
Therefore, P = . = -
pretore mix™ (R+Z)2 + X® R?+Z®+2RZ+ X"
. WI.ZF
- 2Z% + 2RZ
_ Wl.Z
- 2EZ+R)
= 21+ cosd, ) (2L.27)
Now V), is the open circuit voltage t.e, ¥V, when I = (.
Therefore, from equation (21.12)
V. =V, cos il
I_f 1'}:1 i o
or 0= oom (21.28)
Similarly, short eircuit current [ is the value of I when V_ =10
Using equation 21.12 again, we have
V.= Z sin i
I v, 21.29
or == 7Z sinpl e
Aszsuming the line to be lossless cos ¢ = 0
Ve
_Wl., W, V. s (21.30)

e 2 Zeos Bl Z, sin pl = Z_sin 20

Equation (2130} represents loci of maximum power for different length of lines at unity
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Let us consider a general load P, + j@, at the receiving end keeping the sending end
voltage fixed. The receiving end current

I = Fy - Jey
ro Vr
Using equation (21.12) and assuming line to be lozzless, we have
Fy - J&y .
V. =V cos il +jZ_ £ VJ E sin il {21.31)

r

For a fixed V, and line length, equation (21.31) is quadratic in V_ and thus will have two

roots. Figure 21.2 shows relation between -~ as a function of normalised loading FL
C

v

=

8 Matural koad

0.9
lead

L 4

|:'IL
P{.-
Fig. 21.2 :—' as a function of normalised loading.
H]

From the figure it is clear that there iz a maximum power that can be transmitted for
each load p.f. and for any loading, there are two different values of V. Normal operation of the
power system is along the upper part of the curve where the receiving end voltage is nearly 1.0
p-u. The load is increased by decreasing the effective resistance of the load up to the maximum
power, the product of load voltage and eurrent increases and the system is stable. Az the
maximum power point is reached, a further reduction in effective load resistance, reduces the
voltage much more than the increase in current and, therefore, there iz an effective reduction
in power transmission. The voltage finally collapses to zero and the system at the receiving
end is effectively short circuited and, therefore, the power transmitted is zero (point 0). From
Fig. 21.2, it i= again clear that power transmitted is zero both at Point A and O. Point A
correzponds to open circuit and O to short eircuit and in either case the power transmitted iz
zero. However, at A the V_is 1.05 p.u. and at O it is zero.

Whereas short length lines are operated without any problem, long length lines cannot
be operated without the use of compensating devices because of (i) Ferranti effect, (i) under-
excited and hence unstable operation of alternators during charging of the line, and (iii)
reduction of power transfer capability of the lines which reduces the margin between the stable
and unstable operation of the system. Therefore, we not study various compensating devices
for compensation of lines.
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COMPENSATION OF LINES:

By compensation of lines iz meant the usze of electrical eirewitzs to modify the electrical

characteristics of the lines such that the eompensated lines will achieve the following ohjectives:

(i) Ferranti effect is minimized =so that a flat voltage profile will exist on the line for all
loading eondition.

iif) Underexcited operation of alternator will be aveoided and an economical means of
reactive power management will be achieved.

(it} The power transfer capability of the system will be enhanced and hence stability
mAarging increase.

In order to assess the effectiveness of a compensated system a performance index in
terms of product of length of line and the power to be transmitted is evaluated. This criterion
is zelected as we know that for longer length lines it is not even possible to load lines to their
natural loadings without compensation.

We know that flat voltage profile on the line can be achieved if the loading of the line
corresponds to itz surge impedance loading. Therefore, to achieve flat voltage profile, the
compensating device should be so chosen that the effective or virtual surge impedance £ of
the line should give wirtual natural loading equal to the actual load. Since in actual practice
the actual load keeps on changing with time, the compensating devices should also vary without
delay so that every time the effective surge impedance matches with the actual loading i.e.,

¥ Vrz
Pr = z:.l = PL

where P, is the actual load. The compensating devices are the suitable connection of capacitors
andfor inductors on to the lines. Compensation when carried out with the sole objective of
modifying the surge impedance of the line, is known as surge impedance compensation or Z,
compensation.

Under-excited operation of the alternator or charging current problem of the line can be
avoided by dividing the line into shorter sections and this is known as compensation by
sectioning. It iz achieved by connecting constant voltage compenszators at intervals along the
line. Since the power transmitted will be same through all sections, the maximum power will
be decided by the smallest section and, therefore, there is increase in power transfer capability
of the system and hence stability limit is increased.

The third aspect of the compensation i.e., to increase power transfer capability of the
system is achieved by inserting capacitor at suitable location in series with the line so that the
net inductive reactance of the line is reduced which is equivalent to reducing the effective
length of the line. This methed of compensation is known as line-length compensation.

In any long length line, all the three types of compensations can be used if required.

Compensators are classified as passive and active compensators. Shunt reactors and
capacitors and series capacitors are the passive compensators and synchronous capacitors and
thyristorized controlled capacitors and reactors are the active eompensators.

Rapid response excitation system used for synchronous machines also acts as strong
compensating system and improves both voltage profile and stability.

Even though compenzators are used at discrete locations along the line, it is useful to
obtain certain relation assuming the effect of compensators as uniformly distributed. The
relations so desired are more or less true for practical system.

We know that,

g o L el _ o 21.32
=\e | juC NEiL¥e (21.32)
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Suppose shunt inductance L, per unit is used as a compensator, the net shunt
susceptance will be

1 . g owl
a . i — C _ o
™ AP LR vy
= -.-iI 1- T 1
w CL,,
= juoCil =y, (21.33)
where T = 1l _ %

WECL,;.% ) Xyak
and y , is known as the degree of shunt compensation.
The modified value of surge impedance will be
| JulL . Z

(3

&

cTNJeCO—y ) (T-v.

(21.34)

However, if shunt capacitance is added, then y, will be negative and hence it can be
concluded that shunt inductance increases the virtual surge impedance of the line and hence
reduces the virtual surge impedance loading of the line and shunt capacitance reduces the
virtual surge impedance.

Let us consider the effect of series compensation on the surge impedance loading.

Suppose C_ is the series capacitance per unit length for series compensation. Therefore,
the series reactance will be

oL - i - ol - i .*j:mf_.
o, jnl

1
- jwl|1-
o [ mELCm]

X
— jmL| 1= e
i

&

= jul(1 - y_) (21.35)
where y_, is known as degree of series compensation. Therefore, virtual surge impedance
Er_ |Jlﬁi.-|:1—'fm.]
=Z_ Ji1-y,,) (21.36)
Taking into consideration both shunt and series compensation simultaneously, we have
| jol’ 11—y
Zi= Al — {(21.37)

_-Illjtm:' cul_.f'.'hﬁ
Therefore, the virtual surge impedance loading

|1_Y1|’i

=F | (21.38)
‘ “ 1- ¥ s

P;
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The wave number [} ig also modified to
B= BT -y, -y ) (21.39)
The equation derived earlier for uncompensated lines are valid for compensated lines

except the equivalent parameters e.g., inductance, capacitance ete., are to be substituted as
obtained in this section.

From equations (21.37) and (21.38) it is clear that for a fixed degree of series compensation,
capacitive shunt compensation decreases the virtual surge impedance loading of the line.
However, inductive shunt compensation inereases the virtual surge impedance and decreases
the virtual surge impedance loading of the line. If inductive shunt compensation is 100% the
virtual surge impedance becomes infinite and the loading zero which implies that a flat voltage
profile exists at zero load and Ferranti effect can be eliminated by the use of shunt reactors.
Howewver, under heavy loading condition, flat voltage profile can be obtained by using shunt
capacitances. Suppose, we want flat voltage profile corresponding to 1.2 P_ without series
compensation, the shunt capacitance compenszation required will be by using eqguation (21.38).

1.2=,1-v,
or l4d=1-7v, or Yo == 044 pou

Flat voltage profile can also be obtained by series compensation for heavy loading
condition. Again using equation (21.38), and assuming shunt compensation to be zero, the
series compensation required for a leading 1.2 P_is

1
Le= \II 1- Y,
1
Or 144 = rl——\]rx}
or T, = 0.306 pou.

Howewver, because of the lumped nature of series capacitors voltage control using series
capacitors is normally not recommended. These are normally useful for improving the stability
limits of the system.

Next we study the effect of distributed compenszation on the line charging reactive power.

Rewriting equation (21.20)
@ =-P_ tan [il

where @_is the leading reactive power supplied by the generator for a radial line and for a
symmetrical line,

&, =~ P tan (/2

However, for compensated lines, these equations become
Q. =~ P_tan (!} - radial line (21.40)
and @ = - P_tan{f\l/2)" — Symmetrical line, (21.41)
From equation (21.39) it is clear that by using inductive shunt compensation and or
series capacitive compensation, the effective length of the line can be reduced and hence (B
becomes small so that tan () = () and tan (pI/2) = (BI/2Y. Substituting values of P" and ()
from equations (21.38) and (21.39) inte equations (21.40) and (21.41), we have

Q= P, [TV Ty -y, ) (2L.42)
¥,
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= Pu: ﬂgil - T:-:.L"r
for a radial line and
Q =P %{1 —Veh ) (21.43)

for a svmmetrical line.

From the above equations, it iz clear that series compensation has no effect on the no
load reactive power requirements of the generator and, therefore, the series compensated line
generates roughly as much line charging reactive power at no load as a completely
uncompengated line (for v, = 0) of the same length. However, if the length of the line is large
and needs series compensation from stability point of view, the generators at the two ends will
have to ahsorb excessive reactive power and, therefore, it is important that shunt compensation
(inductive) must be associated with series compensation.

Let us consider shunt compensation not only uniformaly distributed but regulated as
well which is more or less similar to compensation by sectioning.
Suppoze the line iz operating at its natural loading. From equation (21.25)
P P,
= and if P=P_ &=/
sin &  sin [W < B
i.e., the transmission angle & equals the electrical length of the line. Considering series
compensation to be absent and assuming that the shunt compensation could be regulated
continuously such that P = P at all times then BY = & at all times. Therefore,
F_F’
& Pl
substituting for P’ and [’ from equations (21.38) and (21.39) respectively, we have

E_R: 1-v.., P

=——=—% = constant (21 44)
5 Byl-vmd B

Equation (21.44) shows a linear relation between P and & and the slope is given by

= =

£= Vo~ _ Vnz _ W
B ZR JL/C.wJLCl & X
Power angle relation is given as

{21.45)

z
0

Vi .
= —— 8in &
P X,
z
a
X,
characteristic of the 100% shunt compensated line as shown in Fig. 21.3 {a) since the line with
100% shunt compensation behaves exactly as a series inductance.

Therefore, it's slope at § = 0 is and the P — & straight line is tangent to P — &
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Fig. 21.3 (a) Effect of regulated shunt compensation in power transmission
(b) P — & curves for different v,

Figure 21.3 (a) suggests that if shunt eompensation could be adjusted continuously, the
power transmitted could be infinite.



2 Marks Questions:
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What is meant by voltage control in a power system?

Why is voltage control necessary in a transmission system?
What are the different methods of voltage control?

What is the function of a shunt capacitor in voltage control?
What is the purpose of a shunt reactor in a transmission line?
What is a tap-changing transformer?

What is meant by power factor improvement?

Why is power factor improvement necessary in power systems?
What is a synchronous phase modifier?

What is meant by load compensation?

Differentiate between series compensation and shunt compensation.
What are the advantages of reactive power compensation?

arks Questions:

1.

Explain the necessity of voltage control in power systems and discuss the various
methods of voltage control.

2. Explain the operation of shunt capacitors and shunt reactors for voltage control and
reactive power compensation.

3. Explain the construction, working, and applications of tap-changing transformers for
voltage control.

4. Explain the working of a synchronous phase modifier and discuss its application in
power factor improvement.

5. Explain the different methods of power factor improvement and discuss their
advantages.

6. Explain the concept of load compensation and discuss the different methods of load
compensation.

7. Explain series and shunt compensation techniques used in transmission lines and
compare their applications.

8. Discuss the role of reactive power compensation in improving voltage profile, power
factor, and transmission efficiency.

9. Explain the compensation of overhead transmission lines and discuss the effect of
compensation on system performance.

10. Explain the compensation techniques for uncompensated, symmetrical, and radial
transmission lines with suitable diagrams.
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“Effective voltage control and reactive power compensation are essential for

maintaining a stable voltage profile, improving power factor, and ensuring efficient and

reliable operation of power systems.”




