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Course Objectives: This course deals with the EHVAC transmission and modes of propagation.
It also elaborates corona effects, voltage control and travelling wave theory.

MODULE I: Introduction 9 Periods

Necessity of EHV AC transmission — Advantages and problems — Power handling capacity and
line losses- Mechanical considerations — Resistance of conductors — Properties of bundled
conductors — Bundle spacing and bundle radius - Examples.

Line and ground reactive parameters:
Line inductance and capacitances — sequence inductances and capacitances — modes of

propagation — ground return — Examples.

MODULE II: Voltage Gradients of Conductors 10 Periods

Electrostatics — Field of sphere gap — Field of line changes and properties. Charge-potential
relations for multi conductors — Surface voltage gradient on conductors — Distribution of voltage
gradient on sub-conductors of bundle — Examples.

MODULE III: Corona Effects 10 Periods

A: Power loss and audible noise (AN) — Corona loss formulae — Charge voltage diagram —
Generation, characteristics - Limits and measurements of AN — Relation between 1-phase and 3-
phase AN levels — Examples.

B: Radio interference (RI) - Corona pulses generation, Properties, Limits — Frequency spectrum

— Modes of propagation — Excitation function — Measurement of RI, RIV and excitation
functions — Examples.

MODULE 1V: Electro Static Field and Traveling Wave Theory 10 Periods
Electrostatic field: Calculation of electrostatic field of EHVAC lines — Effect on humans,
animals and plants — Electrostatic induction in unenergised circuit of double circuit line —
Electromagnetic interference - Examples.

Traveling wave expression and solution - Source of excitation - Terminal conditions -Open
circuited and short circuited end - Reflection and refraction coefficients - Lumped parameters of
distributed lines - Generalized constants - No load voltage conditions and charging current.

MODULE V: Voltage Control 9 Periods
Power circle diagram and its use — Voltage control using synchronous condensers — Cascade
connection of shunt and series compensation — Sub synchronous resonance in series capacitor —
Compensated lines — Static VAR compensating system.
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TEXT BOOKS

1. R.D. Begamudre, “Extra High Voltage AC Transmission Engineering”, New
Academic Science Ltd., 4™ Edition, 2011.

2 S. Rao “EHVAC and HVDC Transmission & Distribution Engineering”,
Khanna publishers, 2008.

REFERENCES

1. Padiyar.K.R, “FACTS Controllers in Power Transmission and Distribution”,
New Age International Publishers, 2007.

2. Arrillaga.J “High Voltage Direct Current Transmission”, 2" Edition
(London), Peter Peregrines, IEE, 1998.

3. Hingorani H G and Gyugyi. L, “Understanding FACTS: Concepts and Technology
of
Flexible AC Transmission Systems”, New York, IEEE Press, 2000.

4. K.R. Padiyar, “HVDC Power Transmission Systems”, New Age International
(p) Ltd. 2" Revised Edition, 2012.

5. P. Sarma Maruvada, “Corona Performance of High-Voltage Transmission
Lines”, Research Studies Press, 2000.

E - RESOURCES

1. http://www.egr.unlv.edu/~eebag/TRANSMISSION%?20LINES.pdf

2. http://www.radio-electronics.com/

3. https://electricalnotes.wordpress.com/2011/03/23/what-is-corona-effect/

Course Outcomes
At the end of the course, students will be able to

Understand the necessity of EHV AC Transmission.

Describe the voltage gradients of various conductors.

Analyze the power loss & audible noise due to corona.

Examine the electrostatic field in EHV AC lines and travelling waves.

SANE I

Evaluate the voltage control by various compensators.


https://www.google.co.in/search?tbo=p&amp;tbm=bks&amp;q=inauthor%3A%22P.%2BSarma%2BMaruvada%22&amp;source=gbs_metadata_r&amp;cad=6
http://www.egr.unlv.edu/~eebag/TRANSMISSION%20LINES.pdf
http://www.radio-electronics.com/

Bloom’s Revised Taxonomy

There are six levels of cognitive learning according to the revised version of Bloom’s Taxonomy.
Each level is conceptually different. The six levels are remembering, understanding, applying,
analyzing, evaluating, and creating.

Bloom's Taxonomy

Produce new or original work
Design, assemble, construct, conjecture, develap, formulate, author, investigate

Justify a stand or decision
eva | uate appraise, argue, defend, judge, select, support, value, critique, weigh

Draw connections among ideas
difrerentiate, organize, relate, compare, contrast, distinguish, examine,
experiment, question, test

Use information in new situations

execute, implement, solve, use, demonstrate, interpret, operate,
schedule, sketch

Explain ideas or concepts
report, select, translate

Vanderbilt University Center for Teaching

Cognitive level / Kdevel | Meaning

K1 (Remember) Hemembear or recognize a term or a concept.
K2 (Understand) Select an explanation for a statement relatad to the question topic.
K3 (Apply) Select tha correct application of a concept or technigue and apply it

to a given context.

K4 (Analyze) Separate information related to a procedure or technigue into its
constituent pars for better understanding and distinguish betwaan
facts and inferances.

K5 (Evaluate) Maka judgements based on criteria and standards. Detect

(Expart Lavel only) inconsistencies or fallacios within a process or product, determine
whether a process or product has internal consistency, and detect
the effectiveness of a procedura as it is being implemeanted.

KE (Create) Put elaments togather to form a coherant or functional whola. A
(Expart Lavel only) typical applicaticn is to reorganize elements into a new pattem or
structure, devise a procadure for accomplishing some task, or
invent a product.
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

VISION & MISSION

VISION OF THE INSTITUTE

To be a premier center of professional education and research, offering quality

programs in a socio-economic and ethical ambience.

MISSION OF THE INSTITUTE

To impart knowledge of advanced technologies using state-of-the-art
infrastructural facilities.
To inculcate innovation and best practices in education, training and research.

To meet changing socio-economic needs in an ethical ambiance.

VISION OF THE DEPARTMENT

To become a reputed centre for imparting quality education and research in the field

of Electrical and Electronics Engineering with human values, ethics and social

responsibility.

MISSION OF THE DEPARTMENT

To impart quality education and research to undergraduate and postgraduate
students in Electrical and Electronics Engineering.

To produce professionally competent and ethically committed engineers to meet
changing socio-economic needs.

To impart knowledge of advanced technologies for continual improvement in

teaching, learning and research.
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MALLA REDDY ENGINEERING COLLEGE (AUTONOMOUS)
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

COURSE PLAN

Programme /Branch : B.Tech, EEE

(or Specialization)

Class : IV Year, II Semester

Course Code ;70231

Course Title : EHVAC Transmission

Course Type & Hours :  Theory , 48 Hrs.

Course Category & Credits . Professional Elective & 3 Credits

Academic Year : 2020-21

Regulation . MR17

Staff In charge - Dr.T.Rajesh, Professor , Department of EEE,
E-mail: rajeshpradha@ gmail.com

Prerequisites :  Electromagnetic Fields, Power Systems, Transmission and
Distribution

Course Overview

Modern power transmission is utilizing voltages between 345 kV and 1150 kV, A.C. Distances of
transmission line, bulk powers handled, power loss minimization and economic considerations have
increased to such an extent that extra high voltages and ultra-high voltages (EHV and UHV) are necessary.
The problems encountered with such high voltage transmission lines exposed are electrostatic fields near the
lines, audible noise, radio interference, corona losses, carrier and TV interference, high voltage gradients,
heavy bundled conductors, control of voltages at power frequency using shunt reactors, switched capacitors,
overvoltage’s caused by lightning and switching operations, long air gaps with weak insulating properties
for switching surges, ground-return effects, and many more.

This course covers all topics that are considered essential for understanding the operation and design of
EHV ac overhead lines. Theoretical analyses of all problems combined with practical application are dealt
in this course

Course Objective
This course enables the students to:

1. Provide In-depth understanding of different aspects of Extra High Voltage AC
transmission system design and Analysis.

ii. Calculate the value of Line Inductance and Capacitance of EHVAC transmission system.

11i. Understand the concept of Voltage gradients of conductors.

1v. Develop the empirical formula to determine the Corona loss occurring in EHV AC
transmission Line.

V. Determine the interference caused by Corona and to measure its magnitude.

vi. Derive the expression and possible solution for travelling wave and its source of excitation.

vii.  Understand various line compensating system.


mailto:rajeshpradha@gmail.com
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Text Book

TI1.
T2.

R. D. Begdamudre —EHVAC Transmission Engineeringll, New Age International
(p) Ltd. 3™ Edition.

K.R. Padiyar, -HVDC Power Transmission Systems| New Age International (p)
Ltd.2" revised Edition, 2012.

Reference Book

R1.
R2.

R3.

R4.

S. Rao -EHVAC and HVDC Transmission Engg. Practicel Khanna publishers.
Arrillaga.J - High Voltage Direct Current Transmissionl 2™ Edition (London)
peter Peregrines, IEE, 1998.

Padiyar.K.R, - FACTS Controllers in Power Transmission and
Distributionl New Age Int. Publishers, 2007.

Hingorani H G and Gyugyi. L - Understanding FACTS-Concepts and Technology
of Flexible AC Transmission Systemsl New York, IEEE Press, 2000.

E-Learning Resources

a)
b)
c)
d)
e)
f)

https://www.brainkart.com/article/EHVAC-and-HVDC-Transmission-System 12351/
http://alignment.hep.brandeis.edu/Lab/XLine/XLine.html

https://www.electronics-tutorials.ws/accircuits/reactive-power.html
https://www.thierry-corp.com/plasma/knowledge/corona-discharges/

https://electricalnotes.wordpress.com/2011/03/23/what-is-corona-effect/

https://electricalnotes.wordpress.com/2012/02/17/effects-of-high-voltage-transmission-lines-
on-humans-and-plants/

17 Course Outcomes
At the end of the course, students will be able to
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1.

2.

Evaluate: Defermine the resistance, reactive ground parameters and power loss of the line
with reference to EHVAC transmission.

Evaluate: Given the specifications of conductor and electrostatic fields, defermine the voltage
gradients for single and multi-conductor arrangements.

Apply: Calculate the Corona power loss, Audible Noise and Radio Interference levels for
single phase and three phase EHV lines.

Analyze: Calculate the electrostatic field of double circuit EHV AC lines and analyze the
effect of high electrostatic fields on humans, plants, animals and Analyze the travelling wave
expressions and solutions.

Analyze: Analyze the different reactive power compensation schemes like static VAR

compensator, synchronous condensers, shunt and series compensators to control the voltage of
EHVAC transmission system.

Program Outcome

Engineering knowledge: Apply the knowledge of mathematics, science, engineering

PO1 fundamentals, and an engineering specialization to the solution of complex

engineering problems.

PO 2 Problem analysis: Identify, formulate, review research literature and analyze

complex engineering problems reaching substantiated conclusions using first
principles of mathematics, natural sciences, and engineering sciences.


https://www.brainkart.com/article/EHVAC-and-HVDC-Transmission-System_12351/
http://alignment.hep.brandeis.edu/Lab/XLine/XLine.html
https://www.electronics-tutorials.ws/accircuits/reactive-power.html
https://www.thierry-corp.com/plasma/knowledge/corona-discharges/
https://electricalnotes.wordpress.com/2011/03/23/what-is-corona-effect/
https://electricalnotes.wordpress.com/2012/02/17/effects-of-high-voltage-transmission-lines-on-humans-and-plants/
https://electricalnotes.wordpress.com/2012/02/17/effects-of-high-voltage-transmission-lines-on-humans-and-plants/

PO 3

PO 4

PO 5

PO 6

PO 7

PO 8

PO 9

PO 10

PO 11

PO 12

Design/development of solutions: Design solutions for complex engineering
problems and design system components or processes that meet the specified needs
with appropriate consideration for the public health and safety, and the cultural,
societal, and environmental considerations.

Conduct investigations of complex problems: Use research-based knowledge and
research methods including design of experiments, analysis and interpretation of data,
and synthesis of the information to provide valid conclusions.

Modern tool usage: Create, select, and apply appropriate techniques, resources, and
modern engineering and IT tools including prediction and modeling to complex
engineering activities with an understanding of the limitations.

The engineer and society: Apply reasoning informed by the contextual knowledge to
assess societal, health, safety, legal and cultural issues and the consequent
responsibilities relevant to the professional engineering practice.

Environment and sustainability: Understand the impact of the professional
engineering solutions in societal and environmental contexts, and demonstrate the
knowledge of, and need for sustainable development.

Ethics: Apply ethical principles and commit to professional ethics and responsibilities
and norms of the engineering practice.

Individual and team work: Function effectively as an individual and as a member or
leader in diverse teams, and in multidisciplinary settings.

Communication: Communicate effectively on complex engineering activities with
the engineering community and with society at large, such as, being able to
comprehend and write effective reports and design documentation, make effective
presentations, and give and receive clear instructions.

Project management and finance: Demonstrate knowledge and understanding of
the engineering and management principles and apply these to one’s own work, as a
member and leader in a team, to manage projects and in multidisciplinary
environments.

Life-long learning: Recognize the need for, and have the preparation and ability to
engage in independent and life-long learning in the broadest context of technological
change.

19  Programme Specific Outcomes (PSOs)

PSO1

PSO2

PSO3

Apply fundamental knowledge to identify, formulate, design and investigate various
problems of electrical and electronic circuits, power electronics, power systems and
renewable energy systems for specific requirements.

Demonstrate proficiency in use of modern software tools & hardware to engage in life-
long learning and to successfully adapt in multi-disciplinary environments.

Solve ethically and professionally various Electrical Engineering problems in societal
and environmental context and communicate effectively.



20. CO-PO Mapping
(3/2/1 indicates strength of correlation)
Program Outcomes (Pos) PSOs
COs 2 | 3|4 |56 |7 [8|9[10 |11 |12[1]2
1 2 - - - - - - - - - - 2 -
2 2 - - - - - - - - - - 2 -
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. 3 -2 2] -] -] -
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3-Strong, 2-Medium, 1-Weak
21 . Course Outline
UNIT-I LINE AND GROUND REACTIVE PARAMETERS
Hour Description of Portion to be Relevant | Highest | Delivery | Reference
Covered CoO Cognitive | Method | Materials
Nos Level
1 Introduction & Necessity of EHV COl1 K1 Lecture T1L.T2
AC transmission, Advantages ’
2 Power handling capacity and Line COl1 K3 Lecture TLT
losses ’
3 Mechanical considerations of COl1 K2 Lecture T1
transmission line
4 Resistance of conductors, Properties COl1 K3 Lecture
of bundled conductors, Bundle T1,R1
spacing & Bundle radius
5 Problems COl1 K5 Lecture T1
6,7 Line inductance and capacitances COl1 K3 Lecture T1
8 Sequence inductances and CO1 K3 Lecture T1
capacitances
9,10 Modes of propagation, Ground COl1 K4 Lecture T1
return




UNIT-II : VOLTAGE GRADIENTS OF CONDUCTORS

Hour Description of Portion to be | Relevant | Highest | Delivery | Reference
Covered CO Cognitive | Method | Materials
Nos Level
11 Electrostatics Introduction Cco2 K2 Lecture T1,T2
12 Field of sphere gap CO2 K3 Lecture Tl
13 Field of line changes and properties CO2 K3 Lecture T1
14 Problem Solving cO2 K5 Lecture T1
15,16 Charge & potential relations for CcO2 K4 Lecture T1
multi- conductors
17,18 Surface voltage gradient on CcO2 K4 Lecture T1
conductors
19 Problem Solving CcO2 K5 Lecture T1
20 Distribution of voltage gradient on CcO2 K3 Lecture
T1
sub-conductors of bundle
21 Problem Solving CcO2 K5 Lecture T1
UNIT - IIT : CORONA EFFECTS -1
Hour Description of Portion to be Relevant | Highest | Delivery | Reference
Covered CO Cognitive | Method | Materials
Nos Level
22 Power loss and audible noise (AN) CO3 K2 Lecture T1
23 Corona loss formulae & charge CcO3 K2 Lecture Ti
voltage diagram
24.25 Generation, characteristics, limits CO3 K2 Lecture
) Tl
and measurements of AN
26 Relation between 1-phase and 3- CO3 K4 Lecture
T1
phase AN level.
27 Problem Solving CcO3 K5 Lecture Tl
28 Radio interference (RI) CO3 K2 Lecture Tl
29 Corona pulses generation, properties CO3 K2 Lecture Ti
& limits
30 Frequency spectrum & modes of CO3 K3 Lecture T1
propagation
31,32 | Excitation function & CO3 K3 Lecture
measurement of RI, RIV and T1

excitation functions




UNIT -1V: ELECTRO STATIC FIELD AND TRAVELING WAVE THEORY

Hour Description of Portion to be Relevant | Highest | Delivery | Reference
Covered CO Cognitive | Method | Materials
Nos Level
33 Electrostatic field CO4 K2 Lecture Tl
34 Calculation of electrostatic field of CO4 K5 Lecture Ti
EHV/AC lines
35 Effect on humans, animals and CO4 K2 Lecture TIR2
plants ’
36,37 Electrostatic induction in CO4 K3 Lecture
unenergized circuit of double-circuit Tl
line
38 Electromagnetic interference CO4 K2 Lecture T1
39 Traveling wave expression and CO4 K3 Lecture T1
solution
40 Source of excitation & terminal CO4 K2 Lecture Ti
conditions
41 Open circuited and short-circuited CcO4 K3 Lecture
end Reflection and refraction Tl
coefficients
42 Lumped parameters of distributed CO4 K3 Lecture T1
lines & generalized constants
43 No load voltage conditions and CO4 K4 Lecture Tl
charging current.
UNIT - V: VOLTAGE CONTROL
Hour Description of Portion to be Relevant | Highest | Delivery | Reference
Covered CO Cognitive | Method | Materials
Nos Level
44 Long transmission line Model CO5 K4 Lecture T2
45 ABCD Constants CO5 K5 Lecture T2
46 Power circle diagram and its use CO5 K3 Lecture T2
47 Voltage control using synchronous CO5 K2 Lecture R3.R4
condensers ’
48 Cascade connection of shunt and CO5 K2 Lecture R3.R4
series compensation ’
49,50 Sub synchronous resonance in series CO5 K2 Lecture R3.R4
capacitor & compensated lines ’
51,52 | Static VAR compensating system CO5 K2 Lecture T2,R3,R4

TOTAL NO. OF HRS. PLANNED: 52




22. Content Beyond Syllabus

a) Introduction to Grid Management (K1)
b) Protection against Over Voltages in HVAC Transmission System (K1)

23. ASSIGNMENT

Assigsnment No. 1

a) Explain the effect of resistance of the conductor in EHVAC transmission system. (K2)

b) Explain in detail the inductance and capacitance of ground return and derive necessary
expressions. (K2)

¢) Explain field of sphere gap with their properties.(K2)

d) A point charge Q = 10 coulomb (1 uC) is kept on the surface of a conducting sphere of
radius r = 1 cm, which can be considered as a point charge located at the centre of the
sphere. Evaluate the field strength and potential at a distance of 0.5 cm from the surface of
the sphere. Also find the capacitance of the sphere, €r=1 (KS5)

e) Categorize the different expressions for corona loss based on voltage and voltage
gradient.(K4)

Assisnment No. 2

a) Explain in detail the different AN measuring meters with neat diagram. (K2)

b) (i) Obtain electrostatic fields of single circuit 3-phase EHV line. (K3)
(ii) Describe the difference between primary shock current and secondary shock
current.(K2)

c) Discuss the effect of electrostatic field on (i) Human beings (ii)) Animals (iii) Plant life,
(iv) vehicles, (v) Fences (K6)

d) Explain in-detail about power circle diagram and its use. (K2)

e) Explain in-detail about voltage control using synchronous condensers (K2)

Faculty Course Coordinator HOD
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Necessity of Extra High Voltage (EHV) Transmission | Electricity

Modern trend is to use extra high voltage (EHV) and ultra-high voltage (UHV)
for transuussion of huge blocks of power over long distances.

The reasons for adopting of EHV/UHV range for transmission purposes are
given below:

1. Reduction of Electriecal Losses, Increase in Transmission Efficiency,

Ilmprovement of Voltage Regulation and Reduction in Conductor Material
Requirement:

For transmission of given amount of power over a given distance through the
conductors of a given material and at a given power factor as the transmission
voltage increases,

(a) Reduction in the current.
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() Line losses are reducad since line losses are wnversely proportional to the

transmission voltage, . )
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2. Economic considerations have led to the constructicn of power stations of large
capacity and so need of transfer of bulk power over long distances arose.
Transmission of bulk power from generating stations to the load centres is

technically and economically feasible only at voltages in the EHV/UHV range.
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3. Generating stations (Steam-, hydro- and nuclear-power stations) are located in

remote areas (far away from load centres) because of the reasons of economy,

feasibility and from the point of view of safety and environmental conditions.

EHV transmission is, therefore, inevitable for transmission of huge blocks of

power over long distances from these power plants to load centres.

4. Flexibility for Future System Growth:
There is flexibility of future system growth.

S. Increase in Transmission Capacity of the Line:

Power transferred is expressed as:

VsV

P= —---;(-—R— sin & ..(13.1)

P4

where Vg and Vy are the two terminal voltages, d is the load angle and X is the
line reactance.

Thus the power transmission capacity of a transmission line increases with the

increase in transmission voltage. No doubt the cost of transmission line and

terminal equipment also increases with the increase in the transmission voltage

but in general these costs are proportional to the transmission voltage rather than

the square of the transmission voltage. Moreover, there is also a saving in cost

due to reduction in energy losses occurring in transmission lines. As a
consequence, the total cost of transmission decreases with the increase in

transmission voltage, as depicted in Fig. 1.

TIRANSMISSION COSTS

TRANSMISSION
LINE AND

COSTS

COST FOR
ENERGY LOSSES

b y'K‘f'l)N({.\IH':}l. \'{)‘I.'l'.‘\('-lv‘. LEVEL

THANSMISSION VOLTAGE, —
Fig. 13.1

TERMINAL EQUIPMENT
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6. Possibility of Interconnections of Power Systems:

It is practically not possible to have interconnections of two or more power
systems, which is necessary 10 achieve sharing of installed reserves and for
development of integrated systems and grids, without EHV transmission.

®

. TS . ' e
7. Increase of Surge Impedance Loading: (_M.a X Ldadﬂ"? a L‘J)

Load carrving capability of a line is usually expressed in terms of *surge
impedance loading™ (SIL). Surge impedance loading (SIL ) is the power that a line

carries when cach phase is terminated by a load equal to the surge impedance of
the fine.

For a transmission line, the surge impedance is given as 7¢ = VL/C where L and
C are respectively the series inductance and shunt capacitance per unit length,
The surge impedance loading (SIL), for a transmission line is given as
3v? /Z¢ where V is the line-to-neutral voltage.

It is evident that SIL varies as the square of the operating voltage, and, therefore,
with the increase in voltage level, SIL itself increases. Thus power transfer
capability of the line increases with the increase in voltage level.

The suree impedance of a line can be determined from its conductor
configuration. The approximate values of surge impedances for lines with single,
double, triple and quadruple conductors are 400, 300, 280 and 260 ohms
1'cspcctivc1y.
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8. Reduction in Right-Of-Way:
In some countries ‘rights-of-way’ are paid for at a rate proportional to the total

width of the transmission lines. Even in countries where right-of-way is not

directly paid, there are usually strong pressures from the public towards fewer

and fewer transmission lines.

With the passage of time right-of-way becomes either more costly or difficult to
obtain and therefore it is becoming necessary to have fewer transmission lines

operating at EHV/UHV. The worth noting point here is that with the increase in

operating voltage, number of circuits and requirement of land is reduced

considerably.
i e

Advantages of High Voltage Transmission

« The main advantage of high voltage transmission is that large amounts of
electricity can be transmitted at relatively low currents. This is w]fy high
voltage transmission is used in the first place! High currents require thicker
cables since most energy is wasted as heat. Not only is this inefficient, but
it’s expensive; the cable used on transmission lines isn’t cheap, so the
smaller the diameter of the cable, the less expensive it is. By using higher
voltages, less current is needed, and thus smaller conductors can be used,
which economically makes sense.

. Size and volume of conductor required also reduces for transmitting the

same amount of power.

Voltage drop in line (3I°R) reduces and hence voltage regulation of the
line is improved.

Line losses (31?R) gets reduced which results in the increase in transmission
line efficiency.

Volume of the conductor material decreases

Power handling capacity of the line increases as we increase the

transmission voltage. It is proportional to the square of operating voltage.
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. The cost related to tower, insulators and different types of equipment are
proportional to voltage rather than the square of voltage. Thus the net capital
cout of transmission line decreases as voltage increases. Therefore. a large
powet can be transmitted with high voltage transmission lines economically.

+  The total line installation cost of per MW per kin decreases considerably.

- (V) - - . . g -
« Since. SIL = “L SIL itself increases which indicates the power transter

=0

mcrease.
« The interconnection of power systems on a large scale is possible.
+ Reduction in Right of Way.
. No. of circuits and land requirement reduces as voltage increases.
« The operation of EHV AC system is simple. reliable and can be adopted

ecasily.

The lines can be easily tapped and extended.

Disadvantages of High Voltage Transmission

The major problems in this system are as under.

. Corona loss is a big problem at higher voltages. This may further increase in
bad weather conditions.

. It increases radio interference.

. The height of towers and insulation increases with increase in transmission

\(\11:&;.‘&‘.
. The cost of different tvpes of equipment and switchgear required for
sransmission increases with increase in transmission voltage,

. The high voltage lines produce electrostatic eflects which are injurious to

g

human beings and animals
« While high voltage alone isn’t dangerous, transmission  lnes are very
dangerous, considering the amount of electricity flowing through them. The

high vohage allows the electricity to energize the air surrounding the

e
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conductor and causes it to “jump™, so even coming close to them is extremely

risky. This is why it is never a good idea to approach a downed power line,

especially ifit's energized. Because high voltage enables the electricity to arc

through air, transmission lines must be properly insulated to prevent the
electricity from “leaking” onto their pylons.

* Another problem with high voltage transmission is the need for transformers

to step voltage up and down as needed. Transformers are expensive, oil-filled,

and can weigh more than 300-400 tons. Transformers, like conductors. lose

some energy as heat. The oil inside them usually prevents them from
overheating, but sometimes cooling fins and/or external fans are needed to
maintain the transformer’s temperature. To prevent them from becoming
overloaded, both the primary (incoming) and secondary (outgoing) lines must
be protected by circuit breakers. These also protect the transformers from
faults and damaging surges should the line voltage exceed the transformer’s
insulation rating voltage. All in all, this apparatus is expensive and, like

anything else, requires regular maintenance.

Power Handling Capacity:

Power handling capacity (transfer capability) of EHV transmission line solely
depends on the current carrying capacity of conductor used in EHV line.

Transfer Capability refers to the amount of electric power that can be passed
through a transmission network from one place to another.

So, for calculate the power handling capacity of EHV line, first find out current
carrying capacity of that conductor. Current carrying capacity of OH conductor
in EHV line depends upon following;

Cross-sectional area of that conductor

Conductor Material

Surrounding temperature (Ambient temp.) of conductor used in EHV
line

4. Age of the conductor

fad bod e
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Suppose, we have one BHV Tine o 800k V. witl; power fuetorof 0.85 lagping, now
we will ealealate the tanster capability of 800KV EHV line as follows:

P in KW = V3 Vi cos(phi)

P MW (VA XV XX 085)/ 1000
P MW = (V35800 5 1x 0.85)/1000
Pin MW= 1178 x|

Letsay we use “Moose™ ACSR conductor which has tolal cross-sectional area of
5200 Sqmm. Current carrying capacity ol Moose conductor is 667 Amp
(Aluminium Conductors Steel Reinforeed (ACSR ) Manuflacturer) At maxim.
designed Temperature of 65 degree C,

Hlenee power transfer capability of 800kV LIV line is:
Pin MW = 1,178 x 667 A
Pin MW =786 MW

Hence the power transfer eapability of 800kV EHV line with Moose
conductor is 786 MW,

Normally for contingous operation the transmission lines used on various voltage
are designed to carry or transmit maximum power (customer load is unknown) at
the designed maximum: conductor temperature of 65 degree C as follows:

At 132 kV with "Panther! ACSR b MVA
At 220 kV wilh 'Zebra! ACSR =" 200 MVA

At 400 kV with 'Moose' ACSR =500 MVA
owey Load
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Properties of Bundled Conductor:

We can often sec the transmission lines where instead of a single conductor per phase
multiple conductors per phase are being used. A metallic structure called spacers
groups the conductors of a phase. These spaces help to maintain a constant distance
between the conductors throughout their length, avoid clashing of conductors
amongst themselves and also allowing them to be connected in parallel. Each phase
can have two, three, or four conductors. The figures below show bundled
conductors with spacers for the three configurations.
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Each conductor joined by the spacer belongs to the same phase, and we will have
three such group of conductors in a single circuit transmission or six such groups
in double circuit transmission.

A bundle conductor is a conductor made un of two or more sub-
conductors and is used as one phase conductor. For voltages greater

than 220 kV it is preferable to use more than one conductor per phase
which is known as Bundle conductor.

Advantages of Bundled Conductors

I. Bundling of conductors leads to reduction in line inductance.
We know that inductance of a line is given by

L=72x10 "In ( GMD )

G

Where, GMD = Geometric mean distance
GMR = Geometric mean radius
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2. For a single conductor of radius r
GMR =0.7788r
For two conductor bundle as shown in figure

N x
£
/' Nd d
d/
. d g ¥ d A & d
Y ) (¥ A T W

GMR = \/ (0.77887)(d)(d)(0.7788r) = 0.8825+/rd
For three conductor bundle
GMR = \'3/ (0.7788r x d x d)® = 0.92/rd2

For foq;‘ conductor bundle

GMR = /(0.7788r x d x d x +/2d)* = 1.02/rd"

Hence as we increase the number of conductors the GMR increases and hence
L decrease. Now, there are many advantages of reduction in inductance of the
line, such as-

« The maximum power transfer capability of the line increases as

P = ( YoVt ) Sind

X
Where X =wL ...reactance of line

« The voltage regulation of the line is also increased as the reactance of the
line is reduced.

3. On the similar argument for decrease in inductance of line, we can say that
the capacitance of the line increases, as capacitance of line to neutral is given
by '

(' . 2'1'(:‘()
‘n — 8
"\ GMR
Now since we have L decreased and C increased the net SIL of the line also
increases automatically, and hence the power transfer capability too. Hence
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using bundled conductors is an effective way of increasing SIL, i.e. Surge
Impedance Loading,

- The most important advantage of bundled conductors is its ability to
reduce corona discharge. When power is being transferred at very high
voltages using a single conductor, the voltage gradient around it is |

there is a high chance that the corona effect will occur
weather conditions. However,

1igh, and
— especially in bad
using several conductors nearby instead of one
conductor, forming a bundled conductor which leads to a reduction of voltage
gradient and hence the possibility of corona formation.

The increase in critical corona voltage depends upon the following-
 Number of conductors in the group,

» Clearance between them, and

* The distance between the groups forming separate phases.

It has been found out that the optimum spacing between the conductors in a

group is of the order of 8-10 times the diameter of each conductor, irres

pective
of the number of conductors in the bundle.

. Reduction in the formation of corona discharge leads to less power loss and
hence improved transmission efficiency of the line.

. Reduction in communication line interference due to reduction in corona.

- The ampacity i.e. the current carrying capacity of bundled conductors is much

increased in comparison to single large conductor owing to reduced skin
effect.

. As the bundled conductors have more effective surface area exposed to air.

it has better and efficient cooling and hence better performance compared to
a single conductor.
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UNIT - III
Corona Effects

Corona Discharge (also known as the Corona Effect) is an electrical discharge.
caused by the ionization of a fluid such as air surrounding a conductor that is
electrically charged. The corona effect will occur in high voltage systems unless
sufficient care is taken to limit the strength of the surrounding electric field.

Corona discharge can cause an audible hissing or cracking noise as it ionizes the air
around the conductors. This is common in high voltage electric power transmission
lines. The corona effect can also produce a violet glow, production of ozone gas -
around the conductor, radio interference, and electrical power loss.

Corona Effect

The corona effect occurs naturally due to the fact that air is not a perfect insulator —
containing many free electrons and ions under normal conditions. When an electric
field is established in the air between two conductors, the free ions and electrons in
the air will experience a force. Due to this effect, the ions and free electrons get
accelerated and moved in the opposite direction. |

The charged particles during their motion collide with one another and also with slow-
moving uncharged molecules. Thus the number of charged particles increases rapidly.
If the electric field is strong enough, a dielectric breakdown of air wili occur and an
arc will form between the conductors. '

Electric power transmission deals with the bulk transfer of electrical energy, from
generating stations situated many kilometers away from the main consumption centers
or the cities. For this reason, the long-distance transmission conductors are of utmost

necessity for effective power transfer — which in-evidently results in huge losses
across the system. '

Minimizing these energy losses has been a major challenge for power engineers.

Corona discharge can significantly reduce the efficiency of EHV (Extra High
Voltage) lines in power systems. -
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Two factors are important for corona discharge to occur:

1. Alternating electrical potential difference must be supplied across the line.

2. The spacing of the conductors, must be large enough compared to the line
diameter.

line whose spacing is large compared to their diameters, the air surrounding the
conductors (composed of ions) is subjected to dielectric stress.
| At low values of the supply voltage, nothing occurs as the stress is too small to ionize
! the air outside. But when the potential difference increases beyond some threshold
value (known as the critical disruptive voltage), the field strength becomes strong
enough for the air surrounding the conductors to dissociated into ions — making it
conductive. This critical disruptive voltage occurs at approximately 30 kV.

The ionized air results in electric discharge around the conductors (due to the flow of
these ions). This gives rise to a faint luminescent glow, along with the hissing sound
accompanied by the liberation of ozone,

This phenomenon of electric discharge occurring in high voltage transmission lines is
known as the corona effect. If the voltage across the lines continues to increase, the
glow and hissing noise becomes more and more intense — inducing a high power loss
into the system. '

Factors Affecting Corona Loss

* Atmospheric Conditions

We have proved that the voltage gradient for dielectric breakdown of ajr is
directly proportional to the density of air. Hence in a stormy day, due to
continuous air flow, the number of ions present surrounding the conductor is
far more than normal, and hence it’s more likely to have electrical discharge in
transmission lines on such a day, compared to a day with the fairly clear
weather. The system has to be designed considering those extreme situations,
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Condition of Conductors

. This particular phenomenon depends highly on the conductors and its physical
condition. It has an inverse proportionality relationship with the diameter of the
conductors. i.e., with the increase in diameter, the effect of corona on power
system reduces considerably. Also, the presence of dirt or roughness of the
conductor reduces the critical breakdown voltage, making the conductors more
prone to corona losses. Hence in most cities and industrial areas having high

pollution, this factor is of reasonable importance to counter the ill effects it has

on the system.

» Spacing Between Conductors

As already mentioned, for corona to occur in the spacing between the lines
effectively should be much higher compared to its diameter, but if the length
gets increased beyond a certain limit, the dielectric stress on the air reduces,
and consequently, the effect of corona reduces as well. If the spacing is made
too large, then corona for that region of the transmission line might not occur at

all.

Reducing Corona Discharge

Corona discharge always results in power loss. Energy is lost in the form of
light, sound, heat, and chemical reactions. Although these losses are
individually small, over time they can add up to significant power loss in high

voltage networks.

Corona discharge can be reduced by:

« Increasing the conductor size: A larger conductor diameter results in a
decrease in the corona effect,
* Increasing the distance between conductors: Increasing conductor spacing
decreases the corona effect. ,
. U'sing bundled conductors: Bundled conductors increase the effective
~ diameter of the conductor — hence reducing the corona effect
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Using corona rings: The electric field is stronger where there is a sharp
conductor curvature. Because of this corona discharge occurs first at the sharp
points, edges, and corners. Corona rings reduce the corona effect by ‘rounding
out® conductors (i.e. making them less sharp). They are used at the terminals of
very high voltage equipment (such as at the bushings of high
voltage transformers). A corona ring is electrically connected to the high
voltage conductor, encircling the points where the corona effect is most likely
to occur. This encircling significantly reduces the sharpness of the surface of

the condugtor - distributing the charge across a wider area, This in turn reduces
corona discharge.
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CHARGE-VOLTAGE (q-V) DIAGRAVM AND CORONA LOSS
Increase in Effective Radius of Conductor and Coupling Factors

The partial discharge of air around a line conductor is the process of creation and

movement of charged particles and ions in the vicinity of a conductor under the applied
voltage and field.

We shall consider a simplified picture for conditions occurring when first the voltage is

passing through the negative half-cycle and next the pesitive half-cycle, as shown in
figure

Equivalent
Corona Envelope

@ 0O ©

@0 + 1e

@6 e
(a) (b)

which has lost an electron) are attracted towards the 7
electrons drift into lower fields to attach themselves to neutral atoms or molecules
Nitrogen and Oxyegen to form negative ions. Songe recomb

The energy imparted for causing initial ionization byt colli
field.

negative conductor whila the
of
ination could also take place.
sion js supplied by the electric

During the positive half cycle, the negative ions are attracted towards the conductor, but
because of local conditions not all ions drift back to the conductor
left behind and the hysteresis effect gives rise tg the energy loss. F
of the presence of Earged particles, the effective charge of th
electrode system is increased giving
can be interpreted in an alternative m
effectively increased by the conducti

. A space charge is
urthermore, because
€ conductor ground

rise to an increase in cffective capacitance. This

anner by assuming that the conductor diameter is
ng channe! up to a certa;

il extent where the electric
field intensity decreages to a value equal to that required for further

ionization, namely,
the corona-inception gradient, Figure (c)
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EHVAC TRANSMISSION
UNIT-V
NOTES



Unit-V

1.Explain in-detail about power circle diagram and its use.

A circle diagram is a graphical representation of the performance of an electrical machine. It is commonly used to illustrate the performance of

transformers, alternators, synchronous motors, and induction motors.

| Transmission line |

[ABCD Constants | ViZ0 ‘ I
= 1
‘ ’
Receivi Bus
end ' "g bor 2

oThe flow of active and reactive power over a transmission
line can be handled computationally.

oSince circles are convenient to draw, the circle diagrams
are useful to visualize the load flow over a single
ransmission line.

o

o]

Let,

A,B C,D- General network constants.

V.. I, - Sending-end line voltage and current.

Vz, Iz - Receiving-end line voltage and current.

& - Transmission angle (angle between V. and Vy).

P,, P, Sending and receiving-end powers.

Q.. Qg - Sending and receiving-end reactive powers.

WATTS IN, Pt - Power received or absorbed by the load at the

receiving end of the line.

WATTS OUT, Po - Power supplied or produced by the source at

the sending end of the line.

VAR IN, Qj - Reactive power absorbed at the sending or

receiving ends of line, by source or load, i.e. that due to a

capacitive source or an inductive load.

VAR OUT, Qo - Reactive power produced at the sending or

receiving ends of the line by the source or load, i.e. that due to
. an inductive source or a capacitive load.

' o The power circle diagrams for receiving end of a
line is derived from the corresponding voltage phasor
diagram.

oThe derived power circle diagrams have different
centers for the voltage circles, with a common active- and
reactive-power axis.

N

’ oThey can, however, use the same set of opposite
quadrants.

oThus an inductive load demands WATTS IN and VAR
IN, which necessitates WATTS OUT and VAR OUT
from the source.

o A capacitive load absorbs active power and produces
reactive power, which necessitates the production of
active power and the absorption of reactive power by
the source.

oThus, reactive power taken by an inductive load
circuit (VAR IN) is in the +y direction and reactive
power given by a capacitive load circuit (VAR OUT)
is in the —j direction. Similarly, WATTS IN may be
Midered positive and WATTS OUT negative.




Sp = Total Receiving end power

T vV - Sp is in MVA(three phase)
= 5 V'L (f-a)+ T" Z(P-0)| -V, Vg Arein kV (line).

L v
-E VR'Z (ﬁ—a)+ TR' z (ﬂ—d)

L ) L )
f Y
o From the dbove equation, it\is clear that

o The loci for S, would be circle drawn from the tip of
constant phasor as centre.

o Hence the centre of receiving-end circle is located
at the tip of the phasor

A_ ,
= 'E VR-Z (ﬂ -a)
o Hence the horizontal coordinates of the centre..
A,
— V. ZCos (f-a) (MW)
And the vertical coordinates of the centre..

-% V3Zsin(f-a) (MVAR)

oThe radius of the receiving end circle is..
Vi Ve
B
Steps for drawing receiving-end circle diagram:

1) First the centre is located by drawing a phasor(OC) of

X (MVAR)
—— y2 atan angle (B-a).
B
(MW)
Magnitude Z 0
A V2 =/
B ——

7k C«—1—— Centre

2) From the centre C, (MVAR)

the receiving end

circle is drawn
with the
radius..

V. Va
B

(Mw)

4
K7

Magnitude ——
A_,
P




3) The operating point(M)
on the circle is located b
means of the
received

(MVAR)

(MwW)

Magnifude —
A,
— V. “,

B

i N

IMP POINTS:
1) If V,is constant and V, varies,

- Then the Centre of the receiving end circle remains
fixed as centre is -(A*V2/2) at an angle B-a.

- The radius of the circle varies with V, as radius is
V, Vp/2.

2)If the V, is constant and V, varies,

- Then the centre of the receiving end circle moves
along the line OC.

108 It has radius in accordance with V, Vp/2.

Importance of circle diagram:

It provides us with the power output, power factor, speed, slip, torque, efficiency, and copper loss of the induction motor in a graphical
representation. The diagram is also easier to remember and understand compared to the theoretical and mathematical description.




2. Explain in detail sub synchronous resonance problems and counter measures.
5. Explain the phenomena of sub-synchronous resonance and its remedies. (Same Answer)
The SSR Phenomena:

A power system is mainly consisting of an electrical system and mechanical system. These two
systems are coupled at the rotor of the alternator. The electrical system consists of an alternator
and an external transmission line network. The mechanical system consists of one or more
turbines connected in cross compound or tandem. The generator rotor is coupled with the main
turbine shaft while the exciter may either be driven by same shaft or independently driven.

The electrical and mechanical system are mutually coupled such that the mechanical energy is
converted in to electrical energy or the electrical energy converted to mechanical energy. When
a power system is disturbed from its equilibrium state, giving rise to interchange of energies

e between the masses in the mechanical system
e between inductances and the capacitances in the electrical system

e between mechanical and electrical systems, which are coupled through the rotor of the
alternator

The SSR phenomena pertains to the interchange of energy between the electrical and the
mechanical systems which are coupled through the rotor of the alternator. As the energy is
interchanged between these two systems, their frequencies of oscillation are the natural
frequencies of their respective systems. The natural frequencies of oscillation of each system
will from their respective modes of oscillation. For a given electrical system the number of
modes of oscillation will depend upon the number of circuit configuration that can be made
through switching. For a given mechanical system the number of modes are finite and depend
upon the number of masse used.

The natural frequencies of the mechanical system normally range from 0.5 to 55 Hz for a 60 Hz
system, but for the hydro generator sets these are quite low (10 Hz or below).The natural
frequencies of the electrical system are very high for all practical purposes it can be said that the
electrical system natural frequencies are below 60 Hz. Since these various frequencies of
oscillations are below the synchronous frequency (60 Hz) they are termed as Sub synchronous
Oscillations and the phenomena as Sub synchronous Resonance (SSR).

Mainly SSR is the resonance between a series-capacitor-compensated electric system and the
mechanical spring-mass system of a turbine-generator at subsynchronous frequencies, that is, at
frequencies that are less than the synchronous frequency.



4. Develop the A,B,C,D constant expressions for a long distance transmission line.

Long Transmission Line

A power transmission line with its effective length of around 250 ms or above is referred to as
a long transmission line. Calculations related to circuit parameters (ABCD parameters) of such
a power transmission is not that simple, as was the case for a short transmission line or medium
transmission line. The reason being that, the effective circuit length in this case is much higher
than what it was for the former models (long and medium line) and, thus ruling out the

approximations considered there like.
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Fig.1.14: Long line model

a) Ignoring the shunt admittance of the network, like in a small transmission line model.

b) Considering the circuit impedance and admittance to be lumped and concentrated at a point as
was the case for the medium line model.

Rather, for all practical reasons we should consider the circuit impedance and admittance to be
distributed over the entire circuit length as shown in the figure below.

The calculations of circuit parameters for this reason are going to be slightly more rigorous as we
will see here. For accurate modeling to determine circuit parameters let us consider the circuit of

the long transmission line as shown in the diagram below.

AV
s AL A 2Ax I Iy
— —d LYY {WI'—P —
!
Vs Veav| | A 4 Ve
-c——-Ar———bq—-——-—t————-oi
< / ' 4

Fig.1.15: Modeling of long transmission line
Here a line of length / > 250km is supplied with a sending end voltage and current of Vs and
Is respectively, where as the Vr and Ir are the values of voltage and current obtained from the
receiving end. Lets us now consider an element of infinitely small length Ax at a distance x from

the receiving end as shown in the figure 1.15 where.



V = value of voltage just before entering the element Ax.

I = value of current just before entering the element Ax.
V+AV = voltage leaving the element Ax.

I+Al = current leaving the element Ax.

AV = voltage drop across element Ax.

zAx = series impedence of element Ax

yAx = shunt admittance of element Ax

Where Z =zl and Y =y [ are the values of total impedance and admittance of the long
transmission line.
Therefore, the voltage drop across the infinitely small element Ax is given by

AV = IzAx

Now to determine the current Al, we apply KCL to node A.
Al = (V+AV)yAx = V yAx + AV yAx (1)

Since the term AV yAx is the product of 2 infinitely small values, we can ignore it for the sake of
easier calculation.

Therefore, we can write dI/dx=Vy 2)
Now derivating both sides of eqn (1) with respect to X,

&> V/dx* = zdl/dx

Now substituting dI/dx = V y from equation (2)

d*V/dx*=zyV

ord>V/dx*—zyV=0 (3)
The solution of the above second order differential equation is given by.

V=A™ Ay e ¥ )
Derivating equation (4) w.r.to Xx.

dV/dx = V(yz) A1 e — V(yz)Ase (5)

Now comparing equation (1) with equation (5)

av_ oy, -z
I = E = E Ale (6)
Now to go further let us define the characteristic impedance Z. and propagation constant 6 of a

long transmission line as



Z.=(zly) Q 5= (yz)

Then the voltage and current equation can be expressed in terms of characteristic impedance and

propagation constant as

V=A e+ A e™ (7
1= A/ Zc &+ Ar/ Zee ™ (8)
Now at x=0, V= Vg and I= Ir. Substituting these conditions to equation (7) and (8) respectively. Vr = Aj
+ Az ®)
Ir=A1/Zc+ A2/ Z (10)

Solving equation (9) and (10), We get
values of A1 and Az as, Aj = (Vr+
Zclr)/2
And Ay = (VR — Zclr) /2
Now applying another extreme condition at x=I, we have V = Vs and I = Is. Now to
determine Vs and Is we substitute x by / and put the values of A; and A in equation
(7) and (8) we get
Vs = (Vr + Zc IR)e®/2 + (Vr —Zc Ir)e *12 (11)
Is = (VR/Zc + IR)e*2 — (Vi / Zc — Ir)e 12 (12)
By trigonometric and exponential operators we know sinh 8/ =
-2
And cosh 8= (" + ) /2
Therefore, equation(11) and (12) can be re-written as Vs =
Vrecosh 0/ + Zc Ir sinh &/
Is = (VR sinh &/)/Zc + Ircosh 6/
Thus comparing with the general circuit parameters equation, we get the ABCD parameters of a long

transmission line as,

A = cosh 6!/
B =Zc sinh 6!
C =sinh 8//Zc¢

D = cosh dl



5. Explain in-detail about voltage control using synchronous condensers.

A synchronous condenser is a synchronous machine running without mechanical load. By controlling
the field excitation it can be made to either absorb or generate reactive power. With a voltage regulator,
it can automatically made to adjust the reactive power output to maintain a constant terminal voltage. It
is basically an over-excited synchronous motor running on no-load. Synchronous condensers are also
called as synchronous phase modifiers. A synchronous condenser is located near the load end and can
inject or absorb reactive power. And, thus, a synchronous phase modifier improves the voltage profile.

The voltage at the receiving end of a transmission line can be controlled by installing specially designed
synchronous motors called synchronous condensers at the receiving end of the line. The Voltage
Control by Synchronous Condenser supplies leading reactive power (kVAR) to the line depending upon
the excitation of the motor. This wattless leading kVA partly or fully cancels the lagging kVA reactive
power (kVAR) of the line, thus controlling the voltage drop in the line. In this way, voltage at the
receiving end of a transmission line can be kept constant as the load on the, system changes.

For simplicity, consider a short transmission line where the effects of capacitance are neglected.
Therefore, the line has only resistance and inductance. Let V; and V; be the per phase sending end and
receiving end voltages respectively. Let I be the load current at a lagging power factor of cos @».

1.Without synchronous condenser:

Fig.1(i) shows the transmission line with resistance R and inductive reactance X per phase. The load
current 12 can be resolved into two rectangular components viz Ip in phase with V2 and Iq at right
angles to V2 [See Fig.1(ii)] Each component will produce resistive and reactive drops ; the resistive
drops being in phase with and the reactive drops in quadrature leading with the corresponding currents.
The vector addition of these voltage drops to V2 gives the sending end voltage V1.

IgX

Y R

@
Fig. (1)
2.With synchronous condenser:

Now suppose that a synchronous condenser taking a leading current Im is connected at the receiving end
of the line. The vector diagram of the circuit becomes as shown in Fig. 2. Note that since Im and Iq are
in direct opposition and that Im must be greater than Iq, the four drops due to these two currents simplify
to:


http://www.circuitstoday.com/

A

Locus of \
constant V, *

Fig. (2)
(I~ 1) R in phase with I,
(£, — 1,) X in quadrature leading with /,

m

From the vector diagram, the relation between V1 and V2 is given by

OE® = (OA + AB — DE)* + (BC'+ CD)?
Vi = V+ LR~ (U, ~I)XP + (1LX 4 (I, ~ 1) R

From this equation, the value of Im can be calculated to obtain any desired ratio of V1/V2 for a given
load current and power factor.

6. Explain the voltage control of transmission system using Static VAR Compensators.

A static VAR compensator is a parallel combination of controlled reactor (absorbers) and fixed shunt
capacitor (generators) shown in the figure below. The term “static” is used to indicate that SVCs, un like
synchronous condensers, have no moving or rotating parts The thyristor switch assembly in the SVC
controls the reactor. The firing angle of the thyristor controls the voltage across the inductor and thus the
current flowing through the inductor. In this way, the reactive power draw by the inductor can be
controlled.

The SVC is capable of step less adjustment of reactive power over an unlimited range without any time
delay. It improves the system stability and system power factor. Most commonly used SVC scheme are
as follows.

Thyristor controlled reactor (TCR)
Thyristor-switched capacitor (TSC)

Self Reactor (SR)
Thyristor controlled reactor — Fixed capacitor (TCR-FC)

Thyristor-switched capacitor — Thyristor controlled reactor (TSC-TCR)


https://www.eeeguide.com/wp-content/uploads/2018/06/Voltage-Control-by-Synchronous-Condenser-1.jpg
https://www.eeeguide.com/wp-content/uploads/2018/06/Voltage-Control-by-Synchronous-Condenser-1.jpg
https://www.eeeguide.com/wp-content/uploads/2018/06/Voltage-Control-by-Synchronous-Condenser.jpg
https://www.eeeguide.com/wp-content/uploads/2018/06/Voltage-Control-by-Synchronous-Condenser.jpg
https://circuitglobe.com/thyristor-controlled-reactor-and-thyristor-switched-capacitor.html
https://circuitglobe.com/thyristor-controlled-reactor-and-thyristor-switched-capacitor.html
https://www.eeeguide.com/wp-content/uploads/2018/06/Voltage-Control-by-Synchronous-Condenser-3.jpg

Fixed
Capacitor

L

Inductor

Static VAR Compensator

Characteristic of an ideal SVS:

From the viewpoint of power system operation, an SVS is equivalent to ,
shunt capacitor and a shunt inductor, both of which can be adjusted to control voltage
and reactive power at its terminals (or a nearby bus) in a prescribed manner (gee
Figure 11.39).

HVAC bus

L

Figure 11.39 Idealized static var system

Ideally, an SVS should hold constant voltage (assuming that this is the desired
objective), possess unlimited var generation/absorption capability with no active and
reactive power losses and provide instantaneous response. The performance of the
SVS can be visualized on a graph of controlled ac bus voltage (¥) plotted against the
SVS reactive current (/). The V/I characteristic of an ideal SVS is shown in Figure
11.40. It represents the steady-state and quasi steady-state characteristics of the SV§,
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Figure 11.40 V/] characieristic of ideal compensator

Characteristic of a realistic SVS:

We consider an SVS composed of a controllable reactor and a fixed capacitor.
The resulting characteristics are sufficiently general and are applicable to a wide range
of practical SVS configurations.

Figure 11.41 illustrates the derivation of the characteristic of an SVS consisting
of a controllable reactor and a fixed capacitor. The composite characteristic is derived
by adding the individual characteristics of the components. The characteristic shown
in Figure 11.41(a) is representative of the characteristics of practical controllable
reactors.
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Figurc 11.41 Composite characteristics of an 5V5



Power system characteristic:

In order to examine how the SVS performs when applied to a power system,
the characteristics of the SVS and the power system need to be examined together.
The system F/f characteristic may be determined by considering the Thevenin
equivalent circuit as viewed from the bus whose voltage is to be repulated by the
SVS. This is illustrated in Figure 11.42. The Thevenin impedance in Figure 11.42(a)
is predominantly an inductive reactance. The corresponding voltage versus reactive
current characteristic is shown in Figure 11.42(b). The voltage ¥ increases linearly
with capacitive load current and decreases linearly with inductive load current.
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(b) Voltage-reactive current characteristic
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Figure 11.42 Power system voltage versus reactive current characteristic [38]

For each network condition, an equivalent circuit such as that shown in Figure
11.42(a) can be defined. Figures 11.42(c) and (d) show how the network Vi
characteristic is affected by changes in source voltage £, and the system equivalent
reactance Xy, respectively.

6. Shunt and Series Compensation

Voltage level control is accomplished by controlling the generation, absorption and reactive
power flow at all levels in the system.

1. Shunt Capacitors:

Shunt capacitors banks are used to supply reactive power at both transmission and
distribution levels, along lines or sub-stations and loads. Capacitors are either directly
connected to a bus bar or to the tertiary winding of a main transformer. They may be
switched on and off depending on the changes in load having a lagging power factor, the
capacitors supply reactive power.

Shunt capacitors are extensively used in industrial and utility systems at all voltage levels.
By developing higher power density, lower cast improved capacitors and an increase in
energy density by a factor of 100 is possible. These present a constant impedance type of
load and the capacitive power output varies with the square of voltage.

Kvar, Vo= Kvar, Vi[V2/ V]2
Where  Kvar, V1 is output at voltage Vi
Kvar, V2 i1s output at voltage Vo



As the voltage reduces, so does the reactive power output, when it is required the most. This
is called the destabilizing effect of power capacitors. Capacitors can be switched in certain
discrete steps and do no not provide a stepless control. As a reactive power demand increases
voltage falls.

Advantages:

. These are less costly.

. Flexibility of installation and operation.

. Power factor improvement.

. Efficiency of transmission and distribution of power is high.

. Single or multiple banks industrial distribution at low and medium voltage substation.
. Essential elements of SVC & Facts controllers and HVDC transmission.

. Reactive power compensation

NOoO O WN -

Disadvantages:

1. They cannot be overloaded.

2. The reactive power supplied by static capacitors tends to decrease in case of voltage dip on
the bus because KVAR a V2

Problems Associated with shunt capacitors:

e Switching inrush currents at higher frequencies and switching over voltage.

e Harmonic resonance problems.

e Limited overvoltage withstands capacity.

¢ Limited of harmonic current loadings

¢ Possibility of self-excitation of motors when improperly applied as power factor improperly
applied as power factor improvement capacitors switched with motor.

Applications:

e improve power factor

e improve feeder voltage control

2.Series capacitors

It is connected in series to compensate the inductive reactance of line. This reduces the
transfer reactance between the fuses to which the lines is connected. It increases maximum
power that can be transmitted and reduce reactive power loss. The reactive power produced
by the series capacitor increases with increase in power transfer, a series capacitor is self
regulating in this regard.

Under fault conditions, the voltage across the capacitor rises and unlike a shunt capacitor, a
series capacitor experiences many time its rated voltage due to fault currents.

A Zinc oxide varistor in parallel with the capacitor may be adequate to limit this voltage.

For locations with high fault currents a parallel fast acting triggered gap is introduced which
operates for more severe faults. When the spark gap triggers it is followed by closure of the
bypass breaker.

The drainage reactor limits the frequency and magnitude of the current through the
capacitor when the gap sparks.

The schematic diagram of a series capacitor installation is shown in figure.
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Figure 5.3 Series capacitor

Phasor diagram when series capacitor is connected on a line.
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Figure 5.4 Phasor diagram Series capacitor

The voltage drop Across the line is
IR cos #r + I (Xp-X,) sin #r



It is clear from the vector diagram diagram shown in figure that the voltage
drop produced by an inductive load can be reduced particularly when the line has a
high X/R ratio.

In practice X. may be so chosen that the factor (X;-X;) sin®r becomes negative
and numerically equal to R cos #r so that the voltage drop becomes zero. The ratio
X./X. pressed as a percentage is usually referred to as the percentage compensation.

If I i1s the full load current, and X. is the capacitive reactance of the series
capacitor, then the drop across the capacitor is IX; and the VAR rating is I2 X.. The
voltage boost produced by the series capacitor is V= IX, sin #r .

Drawbacks of series capacitor:

1. High over-voltage is produced across the capacitor terminals under short curcuit
conditions. Therefore, very high protective equipment is used. E.g., spark gap.

2. The drop across the capacitor is if Xc, where if is the fault current of the order of 20 times
the full load current under certain circuit conditions. Reactive power supplies capacitor is
proportional to the square of line current and independent of line voltage.

Location:

The location of series capacitors au:
1.Midpoint of the line.

2.Line luminal

3.1/3 or % th point of the line.

Problems associated with series capacitors:

v' Locking of synchronous motor during stating .

v" Hunting of synchronous motor at light load due to high R/x ratio

v' Ferro resonance occurs between transformers and series capacitors which produces
harmonic over voltages.

Advantages:

Series capacitors are used

v" To improve voltage regulation of distribution and industrial feeders

v" To reduce light flicker problems

v' To improve system stability

Applications:

The applications of series capacitors are

v' Voltage rise due to reactive current

v' By passing the capacitor during faults and reinsertion after fault clearing

3.Shunt reactors:

The shunt reactor au used to reduce (or) limit rise due to circuit (or) light load, shunt reactor
absorbs reactive power are usually used for EHV lines longer than and when the far end line



is opened, the large source inductive reactance will cause a rise in voltage at the receiving
end of the line. Ferranti effete will cause a feather rise in receiving end voltage. During heavy
loads some of the reactors may have to be disconnected.

Advantages:

v' Shunt reactors of sufficient size is permanently connected to the line to limit
fundamental. Frequency temporary over voltages

v" To limit switching transients

v" To maintain normal voltage under light load conditions

v" During heavy load conditions, some of the reactors are disconnected by using switching
reactors and circuit breakers.

Location:
Shunt reactors added to maintain normal voltage under light load may be connected to EHV
bus as shown in fig 5.5.

Toweak _ | | )To strong
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Figure 5.5 Shunt reactors connected to EHV bus



Shunt reactors connected to EHV bus:
XRi, XR3 — switchable reactors.
XR2 — permanently connected reactor

shunt reactors connected to the tertiary windings of adjacent transformers as shown
in fig 5.6

To weak
system

To strong
system

Figure 5.6 Shunt reactors connected to tertiary winding of transformers.

In short transmission lines, no need connecting shunt reactors permanently, so
switchable reactors may be connected to EHV bus or tertiary winding of transformers
but in some applications, tapped reactors with on load tap changer is used in fig 5.7

Tapped shunt veaclor,

Figure 5.7 Tapped reactors with on load tap changer

Comparison between series & shunt capacitors:

The voltage boost due to a shunt capacitor is evenly distributed over the transmission line
whereas the change in voltage between the two ends of a series capacitor where it is

connected in sudden. The voltage drop along the line is unaffected.



For the same voltage, the reactive power capacity of a shunt capacitor is greater than that
of a series capacitor.

The shunt capacitor improves the power factor of the load whereas the series capacitor has
little effect on the power factor.

For long transmission lines where the total reactance is high, series capacitors are effective

for improvement of system stability.
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