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Course Title: HVDC TRANSMISSION (GR20A3094)

Following documents are available in Course File.

S.No. Points Yes No
1 Institute and Department Vision and Mission Statements Y
2 PEO & PO Mapping Y
3 Academic Calendar Y
4 Syllabus Copy Y
5 Course Outcomes Y
6 CO-PO Mapping Y
7 Course Schedule Y
8 Course Unit Schedule Y
9 Guidelines to Study Course and Teaching Strategic Plan Y
10 Lecture Notes (Soft Copy of Notes/PPT/Slides) Y
11 Tutorial/Assignment Sheets with Solution Y
12 Best, Average and Weak Answer Scripts for Each Sessional Exam. N
13 Sessional Question Paper and Scheme of Evaluation (Internal and External) Y
14 Previous University Question Papers N
15 Result Analysis Y
16 Feedback from Students Y
17 Course Exit Survey N
18 CO Attainment for All Mids. N
19 CO-Cognitive Level Mapping Y
20 Remedial Action plan. Y
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Vision of the Institute

To be among the best of the institutions for engineers and technologists
with attitudes, skills and knowledge and to become an epicenter of creative

solutions.

Mission of the Institute

To achieve and impart quality education with an emphasis on practical skills

and social relevance.

Vision of the Department

To impart technical knowledge and skills required to succeed in life,

career and help society to achieve self-sufficiency.

Mission of the Department
e To become an internationally leading department for higher learning.

e To build upon the culture and values of universal science and contemporary

education.

e To be a center of research and education generating knowledge and
technologies which lay groundwork in shaping the future in the fields of
electrical and electronics engineering.

e To develop partnership with industrial, R&D and government agencies and

actively participate in conferences, technical and community activities.
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Program Educational Objectives (B.Tech-EEE)

This programme is meant to prepare our students to professionally thrive and to lead.

During their progression:

PEO-1: Graduates will have a successful technical or professional career, including

supportive and leadership roles on multidisciplinary teams.

PEO-2: Graduates will be able to acquire, use and develop skills as required for

effective professional practices.

PEO-3: Graduates will be able to attain holistic education that is an essential

prerequisite for being a responsible member of society.

PEO-4: Graduates will be engaged in life-long learning, to remain abreast in their

profession and be leaders in our technologically vibrant society.

Program Outcomes (B.Tech-EEE)

a. Ability to apply knowledge of mathematics, science, and engineering.

&

= g@ ™0

Ability to design and conduct experiments, as well as to analyze and interpret
data.

Ability to design a system, component, or process to meet desired needs within
realistic constraints such as economic, environmental, social, political, ethical,
health and safety, manufacturability, and sustainability.

Ability to function on multi-disciplinary teams.

Ability to identify, formulates, and solves engineering problems.

Understanding of professional and ethical responsibility.

Ability to communicate effectively.

. Broad education necessary to understand the impact of engineering solutions in

a global, economic, environmental, and societal context.

Recognition of the need for, and an ability to engage in life-long learning.

. Knowledge of contemporary issues.
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k. Ability to utilize experimental, statistical and computational methods and tools

necessary for engineering practice.

1. Graduates will demonstrate an ability to design electrical and electronic circuits,

power electronics, power systems; electrical machines analyze and interpret data

and also an ability to design digital and analog systems and programming them.

Program Educational Objectives (PEOs) - Program OQutcomes (POs)
Relationship Matrix

POs
PEO 1:
Graduates will have a successful
technical or professional careers,

including supportive and leadership
roles on multidisciplinary teams.
PEO 2:

Graduates will be able to acquire, use
and develop skills as required for
effective professional practices.

PEO 3:

PEOs
Graduates will be able to attain holistic
education that 1is an essential
prerequisite for being a responsible
member of society.

PEO 4:

Graduates will be engaged in life-long
learning, to remain abreast in their
profession and be leaders in our
technologically vibrant society.
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Gokaraju Rangaraju Institute of Engineering and Technology

(Autonomous)
Bachupally, Kukatpally, Hyderabad — 500 090, India
GRIET/DAA/1H/G/22-23 19 July 2022
Academic Calendar
Academic Year 2022-23
111 B.Tech.—First Semester
S. No. EVENT PERIOD ] DURATION

1 \(I:vgrrrll(mencement of First Semester class 08-08-2022
2 |l Spell of Instructions 08-08-2022 to 08-10-2022 | 9 Weeks
3 |l Mid-term Examinations 10-10-2022 to 13-10-2022 | 3 Days
4 |11 Spell of Instructions 14-10-2022 to 12-12-2022 | 9 Weeks
5 Il Mid-term Examinations 13-12-2022 to 15-12-2022 | 3 Days
6 Preparation 16-12-2022 to 22-12-2022 | 1 Week
7 End Semester Examinations 23-12-2022 to 13-01-2023 | 3 Weeks

(Theory/ Practical) Regular/ Supplementary

Commencement of Second Semester,
8 AY 2022-23 16-01-2023

111 B.Tech. — Second Semester
S. No. EVENT PERIOD \ DURATION

1 \Cl:vgrrr;mencement of Second Semester class 16-01-2023
2 |1 Spell of Instructions 16-01-2023 to 16-03-2023 |9 Weeks
3 |l Mid-term Examinations 17-03-2023 to 20-03-2023 |3 Days
4 |Il Spell of Instructions 21-03-2023 to 29-04-2023 | 6 Weeks
5 |Summer Vacation 01-05-2023 to 20-05-2023 | 3 Weeks
6 |l Spell of Instructions Contd 22-05-2023 to 12-06-2023 | 3 Weeks
7 Il Mid-term Examinations 13-06-2023 to 15-06-2023 |3 Days
8  |Preparation 16-06-2023 to 22-06-2023 | 1 Week
g |End Semester Examinations 23-06-2023 to 15-07-2023 | 3 Weeks

(Theory/ Practical) Regular / Supplementary
10 Commencement of IV B.Tech First 17-07-2023

Semester, AY 2023-24

Copy to Principal, All HoDs, CoE

g

Dean Academic Affairs
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Syllabus - HYDC TRANSMISSION

COURSECODE:GR20A3094 LTPC
IV Year | Semester 3003
UNIT-I

HVDC TRANSMISSION:

Introduction, equipment required for HVDC systems, Comparison of AC and DC Transmission,
Limitations of HVDC transmission lines, reliability of HVDC systems, comparison of HVDC link
with EHVAC link, HVDC convertors, HVDC -VSC transmission System: VSC system
components, Control of Active and reactive power, Applications of VSC systems.

UNIT-II

HVDC CONVERTER OPERATION AND ANALYSIS:

Thyristors and their characteristics, silicon rectifier, 6 pulse convertor configuration, ideal
communication process without gate control, DC output voltage , gate control of valves, analysis of
voltage wave forms with overlap angle, analysis of communication circuits , equivalent circuit of
rectifier, Inverter operation with overlap, Equivalent circuit of inverter , complete equivalent circuit
of HVDC link, power factor and reactive power of converters

UNIT-1

HVDC CONVERTER CONTROL.:

AC transmission and its control , necessary of dc link control, rectifier control , inverter control ,
constant beta control, constant gamma control, compounding of rectifiers, current compounding of
inverter , complete HVDC system characteristics , power reversal in DC link, voltage dependent
current order limit(VDCOL), system control hierarchy ,individual phase control, cosine control of
phase delay, linear control phase delay , equidistance pulse control, pulse frequency control ,
constant current control

UNIT-IV

HARMONICS IN HVDC SYSTEM:

Harmonics due to converter, characteristic current harmonics in the 12-pulse converter, harmonic
model and equivalent circuit, design of AC filters, single tune and double tuned high pass filters,
second order filters and C-Type filter, Reactive power considerations of AC filters

UNIT-V

FAULTS ON AC SIDE OF CONVERTER STATION:

3-phase symmetrical fault and asymmetrical faults, commutation failure, DC circuit breaker,
Ground Electrodes for HVDC system: Advantage and problems with ground return, HVDC system
grounding, Resistance of electrodes- Electric current field, resistance of electrodes in uniform earth
and non-uniform earth, distribution of current field between electrodes.

TEXTBOOKS:
1. HVDC transmission by S Kamakshaiah and V Kamaraju, Tata McGraw Hills Publications.

REFERENCE BOOKS:
1. K.R.Padiyar., HVYDC Power Transmission System(English) 2nd edition.
2. Arillaga., High Voltage Direct Transmission, (London)Peter Peregrinus, 1981.
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S.No Course Outcomes
1  |Compare the differences between HVDC and HVAC transmission.
2 | Analyze the rectifier and inverter commutating circuits.
3 Discuss the different control strategies.
4 | Estimate the requirement of HVDC filters.
5 Explain the role of AC system faults on HVDC system.
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COURSE OUTCOME AND PROGRAM OUTCOME MAPPING
P-Outcomes
C-Outcomes alb|c|dle|f|{g|h]i]] |k
1. Compare the differences
between HVDC and HVAC
transmission. H{H[M[M HIH|H H
GR20A3094 HVDC 2 Analyze the rect_ifier.and_
Transmissions |jnverter commutating circuits. HIH|{M[M|H[H|M[H[M|H
3. Discuss the different control
strategies. H| |H|M H M [H H
4. Estimate the requirement of
HVDC filters. HH|M HM|M([H H
5. Explain the role of AC system
faults on HVDC system. H{H|H|M H M [H H
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Academic Year : 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

The Schedule for the whole Course / Subject is:

S N D L Total number of
. No. escription Periods
1 Unit-1: HYDC TRANSMISSION 10

Unit-1l: HYDC CONVERTER
OPERATION AND ANALYSIS

Unit-111: HYDC CONVERTER
CONTROL

Unit-1V: HARMONICS IN HVDC
SYSTEM

Unit-V: FAULTS ON AC SIDE OF
CONVERTER STATION

Total No. of Instructional periods available for the course: ...... 56....... Periods
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SCHEDULE OF INSTRUCTIONS
UNIT PLAN
Academic Year ; 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: Il Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

NO: OF
S.NO | UNIT PERIODS TOPIC/SUBTOPICS

1 I 2 Introduction, equipment required for HVDC systems

2 I 2 Comparison of AC and DC Transmission.
Limitations of HVDC transmission lines, reliability

3 I 2 of HVDC systems, comparison of HVDC link with
EHVAC link

4 | 5 HVDC convertors, HVDC —VSC transmission
System, VSC system components

5 | 5 Control of Active and reactive power, Applications
of VSC systems

No of Instructional Periods required to complete the lesson ....10.... periods
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SCHEDULE OF INSTRUCTIONS

2022 - 23

Name of the Program: B.Tech - EEE

UNIT PLAN

Semester : ]

Year: 111 Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094

Name of the Faculty: J. SRIDEVI

Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

NO: OF
S.NO | UNIT PERIODS TOPIC/SUBTOPICS
1 I 2 Thyristors and their characteristics, silicon rectifier,
6 pulse convertor configuration
ideal communication process without gate control,
2 I 2
DC output voltage
3 I 2 gate control of valves, analysis of voltage wave
forms with overlap angle
analysis of communication circuits , equivalent
4 I 2 o - . ;
circuit of rectifier, Inverter operation with overlap
5 ] 2 Equivalent circuit of inverter
complete equivalent circuit of HVDC link, power
6 I 2 factor and reactive power of converters

No of Instructional Periods required to complete the lesson ....12.... periods
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SCHEDULE OF INSTRUCTIONS

2022 - 23

Name of the Program: B.Tech - EEE

UNIT PLAN

Semester : ]

Year: 111 Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094

Name of the Faculty: J. SRIDEVI

Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

NO: OF
S.NO | UNIT PERIODS TOPIC/SUBTOPICS

1 i 2 AC transmission and its control , necessary of dc
link control

5 i 2 rectifier control , inverter control , constant beta
control, constant gamma control

3 i 9 pompounding of rectifiers, current compoun_dipg of
inverter , complete HVDC system characteristics

4 i 9 power.re\_/ersal in DC link, voltage dependent current
order limit(VDCOL)
system control hierarchy ,individual phase control,

5 Il 2 .
cosine control of phase delay
linear control phase delay , equidistance pulse

6 i 5 control, pulse frequency control , constant current
control

No of Instructional Periods required to complete the lesson ....12.... periods
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SCHEDULE OF INSTRUCTIONS
UNIT PLAN
Academic Year ; 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: Il Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation:. PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

NO: OF
S.NO UNIT PERIODS TOPIC/SUBTOPICS

Harmonics due to converter , characteristic current
harmonics in the 12 pulse converter

harmonic model and equivalent circuit ,design of AC

1 v 2

2 v 2 filters

3 v 2 single tune and double tuned high pass filters
4 v 2 second order filters and C-Type filter

5 Y 9 Reactive power considerations of AC filters

No of Instructional Periods required to complete the lesson ....10.... periods
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SCHEDULE OF INSTRUCTIONS
UNIT PLAN
Academic Year : 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

NO: OF
S.NO UNIT PERIODS TOPIC/SUBTOPICS

1 \Y 2 3-phase symmetrical fault and asymmetrical faults

2 V 2 commutation failure, DC circuit breaker

3 \Y 2 Ground Electrodes for HVDC system

4 v 9 Advantage and problems with ground return, HYDC
system grounding
Resistance of electrodes- Electric current field,

5 V 2 resistance of electrodes in uniform earth and non-
uniform earth

6 v 2 distribution of current field between electrodes.

No of Instructional Periods required to complete the lesson ....12.... periods
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LESSON PLAN

Academic Year 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation:. PROFESSOR.
Department: ELECTRICAL AND ELECTRONICS ENGINEERING
CO No.
NO: OF
S.NO | UNIT PERIOD DATE TOPIC/SUBTOPICS
1 | 5 18-Jan-23 Introduction, equipment required for HVDC 1
systems
2 I 1 20- Jan-23 | Comparison of AC and DC Transmission. 1
Limitations of HVDC transmission lines, 1
3 I 2 25-Jan-23 | reliability of HVDC systems, comparison of
HVDC link with EHVAC link
HVDC convertors, HYDC —VSC 1
4 I 2 27-Jan-23 | transmission System, VSC system
components
Control of Active and reactive power, 1
S ! . 01-Feb-23 Applications of VSC systems
6 I 2 03-Feb-23 | Revision
7 I 1 08-Feb-23 Thy_rl_stors and their characterlst_lcs, 5|_I|con 2
rectifier, 6 pulse convertor configuration
8 I 5 10-Feb-23 ideal communication process without gate 2
control, DC output voltage
9 I 5 15-Feb-23 gate control of_ valves, analysis of voltage 2
wave forms with overlap angle
analysis of communication circuits , 2
10 ] 1 16-Feb-23 | equivalent circuit of rectifier, Inverter
operation with overlap
11 ] 2 22-Feb-23 | Equivalent circuit of inverter 2
12 I 5 24-Feb-23 complete equivalent circuit of HVDC link, 2
power factor and reactive power of converters
13 I 1 27-Feb-23 | Revision
14 i 5 02-Mar-23 AC transmission and its control , necessary of 3

dc link control
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vty
tifi trol, i t trol tant 3
15 i 5 08-Mar-23 | rectifier control, inverter control, constan
beta control, constant gamma control
16 1 10-Mar-23 | Revision
17 2 14-Mar-23 | Revision
18 16-Mar-23 | Mid Exam
19 18-Mar-23 | Mid Exam
compounding of rectifiers, current 3
20 I 2 20-Mar-23 | compounding of inverter, complete HYDC
system characteristics
Mar. power reversal in DC link, voltage dependent 3
21 I ! 22-Mar-23 current order limit (VDCOL)
- - - - 3
99 i 5 27-Mar-23 system cont_rol hierarchy, individual phase
control, cosine control of phase delay
linear control phase delay, equidistance pulse 3
23 I 1 31-Mar-23 | control, pulse frequency control, constant
current control
24 Y 5 04-Apr-23 Harmonics due_to converter, characteristic 4
current harmonics in the 12-pulse converter
harmonic model and equivalent circuit, 4
25 v 2 08-Apr-23 design of AC filters
26 v 2 16-Apr-23 | single tune and double tuned high pass filters 4
27 v 2 18-Apr-23 | Revision 4
28 v 1 21-Apr-23 | second order filters and C-Type filter 4
29 ; 5 24-Apr-23 Reactive power considerations of AC filters 4
30 v 1 27-Apr-23 | Revision 4
Summer Vacation (01-05-2023 to 20-05-2023)
31 v 5 24-May-23 %L)n?se symmetrical fault and asymmetrical 5
32 \Y/ 1 26-May-23 | commutation failure, DC circuit breaker 5
33 \/ 2 02-Jun-23 | Ground Electrodes for HVDC system 5
Advantage and problems with ground return, 5
34 v 2 04-Jun-23 11y /pe system grounding
Resistance of electrodes- Electric current 5
35 \Y 2 08-Jun-23 | field, resistance of electrodes in uniform earth
and non-uniform earth
36 5 10-Jun-23 distribution of current field between
electrodes.
37 1 12-Jun-23 | Revision
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GUIDELINES TO STUDY THE COURSE/SUBJECT

Academic Year ; 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: Il Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation: PROFESSOR.
Department: ELECTRICAL AND ELECTRONICS ENGINEERING
rse Design and Deliver m (CDD):

e The Course syllabus is written into number of learning objectives and outcomes.

e These learning objectives and outcomes will be achieved through lectures,
assessments, assignments, seminars, presentations.

e Every student will be given an assessment plan, criteria for assessment,
scheme of evaluation and grading method.

e The Learning Process will be carried out through assessments of Knowledge,
Skills and Attitude by various methods and the students will be given guidance
to refer to the text books, reference books.

The faculty be able to -

e Understand the principles of Learning

e Develop instructional objectives for a given topic

e Prepare course, unit and lesson plans

e Use appropriate teaching and learning aids like Slides and Paper Presentation.
¢ Plan and deliver lectures effectively.

e Provide the students of availability of the content in the textbooks and Internet.

e Provide feedback to students using various methods of Assessments and tools of
Evaluation

e Actasa guide, advisor, counselor, facilitator, and motivator and not just as a teacher
alone.
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TEACHING STARTEGIC PLAN
Academic Year : 2022 - 23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A

Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: J. SRIDEVI  Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

1. TARGET:
a) Percentage for pass: 100%
b) Percentage of class: 100%

2. COURSE PLAN & CONTENT DELIVERY
» PPT presentation of the Lectures
» Solving exercise programs

» Model questions

3. METHOD OF EVALUATION
1. Continuous Assessment Examinations (CAE-I, CAE-II)
2. Assignments
3. Quiz in Moodle
4. Class tests

5

. Semester/End Examination
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1.9 COMPARISON OF HVDC LINK WITH EHVAC LINK

=

HVDC links technicaliy are superior to EHVAC links and are preferred for interconnection between two
individually controlled AC systems. Table 1.13 shows the superiority of DC link to AC link.

Table 1.13 Comparison'between DC and AC interconnection

thermal capacity of the
equipment

thermal limit of line
conductor

S. No. Characteristics HVDC Link EHVAC Link Criterion for -
Preference
. Power transfer ability High, limited by temper- ~ Lower, limited by nower ~ HVDC Link for higher
" ature rise angle and the reactance power
2. Contro! of power flow Fast, accurate and Slow and difficult HVDC is preferred
bi-directional
3. Frequency disturbance Reduced Communicated between HVDC is preferred
the system
4. System support Excellent, power flow is  Poor, oscillations continue  HVDC is better
quickly modulated for for long iime
damping oscillation
Transient performance Excellent Poor HVDC is preferred
Fault levels Remains unchanged after Get added after the HVDC is better
interconnection interconnection
7.  Power swings Damped quickly Continue for long time HVDC is better
Interconnection Asynchronous Synchronous HVDC is preferred
Frequency conversion Possible Not possible HVDC is preferred
10.  Cascade tripping of AC Avoided Likely HVDC is preferred
systems
1. Spinning reserves of AC  Reduced Not much reduced HVDC is preferred
Network
12.  Transient stability limit Very high, limited, by Less than half of the HVDC is preferred
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Y e b GOKARAJU RANGARAJU
Y8 N0 §¢ INSTITUTE OF ENGINEERING AND TECHNOLOGY
Y% ¢«  Department of Electrical and Electronics Engineering

2y
ASSIGNMENT-I
Academic Year : 2022-23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: Dr J. SRIDEVI Designation: PROFESSOR.

Department: ELECTRICAL AND ELECTRONICS ENGINEERING
This Assignment corresponds to Unit No. / Lesson .................. R

1) Draw the schematic diagram of HVDC Systems and explain each part of the system.
2) How to plan for HYDC Transmission?

3) What is the function of smoothing reactor?

4) Explain Different Types of HVDC Links.



.
,Qc,\\\ 509.

4
NS

%3 g 60

GOKARAJU RANGARAJU

¢ (”i@ ) INSTITUTE OF ENGINEERING AND TECHNOLOGY
%:"’“LL*L Department of Electrical and Electronics Engineering
23y (L

ASSIGNMENT-II

Academic Year ; 2022-23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: Dr J. SRIDEVI Designation: PROFESSOR

Department: ELECTRICAL AND ELECTRONICS ENGINEERING
This Assignment corresponds to Unit No. / Lesson .................. | O

1. What is the effect of source inductance on HVDC System?
2. Explain 6 pulse converters with neat waveforms of HVDC Systems.
3. Explain 6 pulse converters with overlap angle of HVDC Systems.



Y e b GOKARAJU RANGARAJU
Y8 N0 §¢ INSTITUTE OF ENGINEERING AND TECHNOLOGY
Y% ¢«  Department of Electrical and Electronics Engineering

ASSIGNMENT-III

Academic Year ; 2022-23 Semester ; I
Name of the Program: B.Tech - EEE Year: 111 Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: Dr J. SRIDEVI Designation: PROFESSOR

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

This Assignment corresponds to Unit No. / Lesson .................. ...

1. Draw and discuss equivalent circuit of dc link with inverter in Gamma Control Mode.
2. Explain the operation of CEA control technique with a neat diagram.

3. Explain with a neat diagram, the combined control characteristics of Rectifier and Inverter.



Y e b GOKARAJU RANGARAJU
Y8 N0 §¢ INSTITUTE OF ENGINEERING AND TECHNOLOGY
Y% ¢«  Department of Electrical and Electronics Engineering

ASSIGNMENT-IV

Academic Year ; 2022-23 Semester : I
Name of the Program: B.Tech - EEE Year: Il Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: Dr J. SRIDEVI Designation: PROFESSOR

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

This Assignment corresponds to Unit No. / Lesson .................. V..

1. List out the problems associated with the injection of harmonics both on AC and DC side of
HVDC link.

2. Give the detailed description of various types of filter circuits’ configurations along with
impedance characteristics.

3. Discuss the analysis of Double Tuned Filter with neat diagrams.



& b GOKARAJU RANGARAJU
H \ "+~ £ INSTITUTE OF ENGINEERING AND TECHNOLOGY
4% &  Department of Electrical and Electronics Engineering

ASSIGNMENT-V

Academic Year ; 2022-23 Semester : I
Name of the Program: B.Tech - EEE Year: 111 Section: A
Course/Subject: HYDC TRANSMISSION Course Code: GR20A3094
Name of the Faculty: Dr J. SRIDEVI Designation: PROFESSOR

Department: ELECTRICAL AND ELECTRONICS ENGINEERING

This Assignment corresponds to Unit No. / Lesson .................. Vo

1. What are the types of Faults?
2. How much is the resistance value of electrode in uniform earth and non-uniform earth?

3. What are the reasons for DC and AC system faults?
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GOKARAJU RANGARAJU INSTITUTE OF ENGINEERING AND TECHNOLOGY

Department of Electrical and Electronics Engineering

(Autonomous)

Date:
Duration:90 min

Max Marks: 15

MID Exam — I (Descriptive)

Academic Year: 2022-23
vear:11 Subject Name: HVDC Transmission
Semester:11 Subject Code:
Note: Answer any ALL questions. All questions carry equal marks.
Answer ALL questions. All questions carry equal marks
3*5 =15 Marks
Q.No | Questions Marks | CO | BL | PI
1 (a) Explain the various apparatus required for HVDC station [5M] | CO1 | BL3|1.1.2
" | and explain the purpose of  each.
OR OR
(a) Compare the HVDC transmission HVAC transmission with | [5M] | CO1 | BL3 | 1.3.1
reference to following factors: i) Economics ii) Reliability
(a) Explain the 6-pulse Greatz Circuit and derive the [5M] | CO2 | BL3|1.1.2
expressions for average DC voltage with delay angle (a=30°).
OR
(a) Obtain an expression of VVd and draw an equivalent circuit [5M] | CO2 | BL3|1.1.2
diagram of a 3-phase bridge thyristor converter when it is
4. . S
working as a Inverter. Assume the converter is grid controlled
and having overlap angle less than 60°.
5. | (a) What are the applications of HYDC transmission? [5M] | CO1 | BL2|13.1
OR
6. | (a) Explain briefly about different types of HVDC links. [5M] | CO1 | BL2|1.1.2




@ oy ey GOKARAJU RANGARAJU INSTITUTE OF ENGINEERING AND TECHNOLOGY
L g8 (Autonomous)
O’J}f’f,-’);—(:i 3 Department of Electrical and Electronics Engineering
Academic Year: 2022-23 MID Exam — | (Objective) Date:
Year:111 Subject Name: HVDC Transmission Duration: 10 min
Semester:11 Subject Code: Max Marks:5M
Roll No:
Note: Answer ALL questions. All questions carry equal marks.
Answer all Objective Questions. All questions carry equal marks
Q.No | Questions Option | CO | BL | PI
1 HVDC systems are mainly used with large power rating for [ ]| CO1|BL1|13.1
A.interconnection of two systems with different frequencies
B. bulk power transmission over long distances
C. underwater cable transmission
D.for connecting non conventional power
2 | Which factor is consider in HVDC planning [ ] |CO1|BL1|13.1
A. cost
B. technical performance
C. reliability
D. all of the above
3 In the following Corona effect is more in [ ] | CO1|BL1|13.1
A. DC conductor
B. AC conductor
C. Both
D. None
4 | A 12-pulse converter consists of [ ] |CO2 | BL1|13.1
A. two 6-pulse converters in series
B. two 6-pulse converters in parallel
C. aorb
D. aandb
5 | The break-even distance is the distance beyond which [ ] |CO1|BL1|13.1
transmission is economical
A DC
B. AC
C. Both
D. None
6 Modern HVDC systems are pulse converters [ ] 1 CO2|BL1|131
A 6
B. 24
C. 12
D. 3
7 | A bipolar system has conductors and polarities of [ ] |CO2 | BL2|13.1
each conductor is
A. 2, Opposite
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GOKARAJU RANGARAJU INSTITUTE OF ENGINEERING AND TECHNOLOGY

LN A (Autonomous)
JJ’J‘J:j’);—(fL 3 Department of Electrical and Electronics Engineering

B. 2, Same
C. 1, Opposite
D. 1, Same

8 | Graetz circuit output voltage wave form frequency is equal to [ CO2 | BL2|131

times of supply frequency

A 3
B. 1
C. 2
D. 6

9 | Q,RandS are represented as respectively number of commutation [ CO2 |BL2|131
groups, number of parallel valves, number of series valves then
pulse number is equal to
A Q*R*S
B. Q+R+S
C. (Q*R)+S
D. Q+(R*S)

10 | In 12-pulse connections, transformers are connected [ CO2 |BL1|131
A. Both Star/Star
B. Both Delta/Delta
C. Both Star/Delta
D. One Star/Star and Other Star/Delta

BL — Bloom’s Taxonomy Levels
CO — Course Outcomes
Pl — Performance Indicator Code3
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GOKARAJU RANGARAJU INSTITUTE OF ENGINEERING AND TECHNOLOGY

Academic Year: 2022-23

Year:111
Semester:11

(Autonomous)

Department of Electrical and Electronics Engineering

Date:14.06.2023
Duration:90 min

MID Exam — Il (Descriptive)
Subject Name : HVYDC Transmission
Subject Code: GR20A3094

Max Marks: 15

Note: Answer any ALL questions. All questions carry equal marks.
3*5=15

Pl

Marks | CO | BL

Answer ALL questions. All questions carry equal marks

Marks
CO3 | BL3|3.1

[5M]

5

Q.No

3.15

Questions
Explain about Individual Phase Control scheme for firing
OR

angle control employed in a converter.

OR
[5M] | CO3 | BL4

3.2.1

[5M] | CO4 | BL4

diagram.

Explain the operation of CEA control technique with a neat

obtain an

converter system.

What do you understand by “characteristic harmonics” in
analysis,

HVDC system? Using Fourier
expression for nth harmonic voltage on the DC side of the

OR
[BM] | CO4

BL3|3.2.1

impedance

BL3|3.2.1

4, circuits’
characteristics

Give the detailed description of various types of filter
with

configurations
[5M]

along
CO5

CO5

BL4 |3.2.1

Broadly classify the HVDC faults and explain all possible
converter faults with their causes and effects on its operation

[5M]

OR

What are the different types of over voltages due to
disturbances on AC system side? Explain them in detail.




e
¢ g«ﬂ;ﬁ P GOKARAJU RANGARA]JU INSTITUTE OF ENGINEERING AND TECHNOLOGY
4%, S (Autonomous)
”JLJj’);—(:LLLL Department of Electrical and Electronics Engineering
Academic Year: 2022-23 MID Exam — I (Obijective) Date: 14.06.2023
Year:Ill Subject Name : HVDC Transmission Duration: 10 min
Semester:1l Subject Code: GR20A3094 Max Marks:5M
Roll No:
Note: Answer ALL questions. All questions carry equal marks.
Answer all Objective Questions. All questions carry equal marks
Q.No | Questions Option | CO | BL | PI
1 | Characteristic of a converter is the relation between [ ]| CO3|BL1|3.15
A. DC output voltage and Id B. DC power and Id
C. Alpha and Id D. AC voltage and Id
2 If pulse number p, and k is an integer, current harmonics generated on the [ ] |CO3|BL1|3.15
AC side is/are
A. pktl B.pk-l1 C.BothA&B  D. pk
3 | High pass filter have quality factor. [ ] |CO4 |BL1|3.15
A.High B. Low C.Anyone D. None
4 | Converter transformer act as a source of generation of harmonics because [ ] | CO4 | BL2|3.15
of
A. Magnetising current B. Nonlinear nature of B-H curve of iron
core
C. Magnetostiction D. None of the above
5 | Arc back occurs mainly in the mode of operation. [ ] | CO4 | BL2|3.15
A. Inverter B. Rectifier C. Both D. None
6 | Firing angle control in modern HV converters is/are [ ] | CO3|BL1|315
A. IPC B. EPC C. IPC or EPC D. None
7 | A rectifier station is set at a current level of 900A and inverter station at | [ ] | CO3|BL2|3.15
800A. The current margin is
A. -100A B. 50A C. -50A D. 100A
8 | Theresistivity of average land surface is of the order(ohm-meter) [ ] | CO5|BL1|3.15
A. 1to0 1000 B. 50 to 200 C. 1000 D. 1000 to 10,000
9 Fault current level is highest in the following types of faults [ ] |CO5|BL2|3.15
A. Converter internal fault B. DC Line fault
C. Commutation failure D. Lightning stroke on lines
10 | Which of the following fault is self-clearing [ ]| CO5|BL1|3.15
A. DC line Fault B. Multiple Commutation failure
C. Single Commutation failure D. Arc back and Arc through

BL — Bloom’s Taxonomy Levels
CO — Course Outcomes
Pl — Performance Indicator Code3
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HVDC TRANSMISSION SYSTEMS

(Electrical and Electronics Engineering )
Max Marks: 70

Instructions:
1. Question paper comprises of Part-A and Part-B
2. Part-A (for 20 marks) must be answered at one place in the answer book.
3. Part-B (for 50 marks) consists of five questions with internal choice, answer all questions.
4. CO means Course Outcomes. BL means Blooms Taxonomy Levels.

b.

h.

[

PART - A

(Answer ALL questions. All questions carry equal marks)
10 * 2 =20 Marks

What are the applications of HVDC transmission? [2] COl BLI
Where was the first HVDC scheme in India established? [2] COlI BL2
State the main reason for using 12-pulse converters in modern converters. [2] CO2 BLI

In 12-pulse connections, what is the type of transformers connections (in [2] CO2 BL2
star or delta) are preferred.

Write the factors that affects Power transfer in DC line. [2] CO3 BLI

A rectifier station is set at a current level of 900A and inverter station at [2] CO3 BL2
800A, find the current margin.

State the reason for Converter transformer to act as a source of generation of [2] CO4 BLI
harmonics?

In a 12-pulse bridge, if one transformer Y-Y has turns ratio 1:1, whatisthe [2] CO4 BL2
turns ratio of the other transformer Y-A?

What is the range of resistivity of average land surface in (2-m)? (2] CO5 BLI
List the different types of faults and their occurrence. [2] CO5 BL2
PART -B

(Answer ALL questions. All questions carry equal marks)
5*10 =50 Marks

(a) State the advantages of HVDC transmission over EHVAC transmission [10] CO1 BL3

for bulk power transmission.

(b) Explain in detail "Break even distance" for HYDC Transmission
Systems.

OR

Pagel of 3
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3. (a) What are the advantages and disadvantages of homopolar HVDC links [10] COl BL3

over other types of links?

(b) Explain in detail, the economic choice of voltage level selected in DC
transmission system.

4. (a) List some of the assumptions made to develop the equivalent circuitofa  [10]  CO2 BL4

converter.

(b) Write an expression for current ratio of an HVDC link. Also compute its
value for a bipolar DC line of + 400 kV, transmitting a power of
1000MW, when power factor on the AC side voltage of the converter
transformer is = 0.9, assuming that the insulation levels are the same.
Also compute current on the AC and DC side.

OR

5.  (a) Briefly explain about the ¢onverters used in DC transmission. (10 CO2 BL3
(b) Distinguish between CSC (classical HVDC) and VSC-HVDC systems.

6.  (a) State the differences in power control in HVDC and HVAC systems and ~ [10] CO3 BL4
explain the necessity of power control in an HVDC link.

(b) An HVDC link delivers DC power at 250 kV at the inverter when the
AC line voltage to the rectifier is 220 kV and that at the inverter is 210
kV. The current order of the rectifier is 1000 A and that of the inverter is
950 A. Estimate the delay/extinction angle of the rectifier/inverter.

Assume the DC resistance of the line as 20 £2.

OR

(A Explain the necessity of VDCOL control used in HVDC systems. [10] CO3 BL3

8.  (a) What do you understand by characteristic harmonics in HVDC systems?  [10] CO4 BL3
Using Fourier analysis, obtain an expression for n" harmonic voltage on

the DC side of the converter system.

(b) A 12-pulse converter is supplied from two Y-Y and Y-A transformers
with 1:1 and 1: 1.732 ratio. What is the peak AC current on the
secondary side Y and A of the transformer with DC link current 1200 A

with (a) a =0, p=0; (b) a =15°, p=15°.
OR

9.  (a) State the various sources of harmonics.generation in HVDC-VSC [10] CO4 BL3
systems and mention the adverse effects caused by these harmonics.

(b) What are the different types of filters used on the AC side of an HVDC
system? How are they located and arranged?

Page2 of 3



e e

(comoramme ] [ onm ) (o]

10. (a) State the advantages of ground return in HVDC systems. Give a neat [10] CO5 BLA4
sketch of the circuit using metallic return mode in case one of the poles
develops a fault.

(b) Determine the resistance of hemispherical electrode situated in a
non-uniform ficld cach of resistivities p1 = 10 Q-m and p2 = 10 p1.With
Id = 10 A. Also estimate the potential of the earth electrode with respect
to remote carth. Assume upper layer of lower resistivity is up to radius
10 m.
OR

11.  (a) Derive an expression for the voltage rise of a land electrode. Explain [10] CO5 BLA4
how a land electrode is designed for large currents of the order of
1000 A.

(b) What are the effects of ground return currents on the buried objects?
Suggest remedies to minimize them.

Page3 of 3
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Their major usefulness and applications are as follows:

(i) Multiterminal DC grid operation. The polarity of operation of converter does not change with power
flow direction. Hence, the system can be built into blocks of multiterminals of HVDC system. Any
number of HVDC-VSC converters can be connected to a DC bus with fixed polarity. Hence, a mesh
DC system can be built similar to an AC system.

(i1) Highly suitable for cable transmission of electric power. The break-even distance with cable trans-
mission is much less (=50 km) as seen from Fig. 1.9.

(iii) Is a better choice compared to thyristor converter station. The power and voltage ranges of classical and
HVDC-VSC systems are shown in Fig. 1.15.

(iv) For interconnecting nonconventional sources like wind power, etc., to the main grid. Some of the
HVDC-VSC light projects that are under operation or installation are given in Table 1.3.

1b)
Among DC power transmission systems, the Thury system of HVDC transmission as designed by a French
engineer was the first one to be put into operation in Europe, when AC system was in its infancy. It had a
number of series-wound DC machines connected at the both ends of the transmission line and was operated
at constant current. The first commercially successful DC system rated 100 kV, 20 kW was commissioned by
the Gotland scheme in Sweden in 1954. Since then interest in HVDC power transmission has been increasing
and many HVDC projects have been executed throughout the world (Table 1.1 to Table 1.5). Up to 1970,
only mercury-valves were being used in HVDC projects in rectifier and inverter stations. Subsequently,
thyristors and lately IGBTs have been developed and are being used extensively in bridge converters of
HVDC systems. Locations of a few HVDC projects around the world are depicted in Fig. 1.2. The rapid
advance in DC transmission technology has taken place because it has numerous advantages over EHVAC
transmission in transporting bulk power through long-distance transmission lines. It reaps definite economic
benefits when the transmission line length exceeds 500 km. Some advantages of HVDC transmission are

1c)

In case of a six-pulse converter, since the phase difference between successive SCRs is 60°, maximum overlap
angle can go up to 60° (12 < 60°), whereas in a 12-pulse converter, the phase difference is 30° only. Hence, commu-
tation or overlap angle should be less than 30°. In order to maintain stable operation of rectifier, it is preferable to
have both & and u in the range 0 < ¢, 1 < 30°, in which case 4 or 5 valve conduction exists and with 30° < u <
60°, 5 and 6 valve conduction mode takes place, for 60° < 1 <90° 6 and 7 valve conduction takes place.

1d)

In the Fig. 3.24, the 6-pulse converter bridge along with AC side reactors is shown with IGBT valves as
switches. For a 12-pulse connection, two 6-pulse converters, one with ¥ connected transformer secondary
and another with A connected transformer secondary will be feeding similar bridge circuits, and the
two bridges will be connected in series. The single line diagram of the VSC connection is shown in

le)
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1.4 COMPARISON OF AC AND DC TRANSMISSION

The relative merits of the two modes of transmission of AC and DC should be compared based on the
following facts to assess the suitability:

(D
(2)
3)

Economics of transmission
Technical performance
Reliability

1.4.1 Economics of Power Transmission

DC transmission of bulk power over long distances has certain distinct advantages over conventional AC
power transmission such as the following:

(D

@)

In DC transmission, inductance and capacitance of the line has no effect on the power transfer capability
of the line and the line drop. Also, there is no leakage or charging current of the line under steady
conditions. DC has more decided advantages when power is transmitted through cables as there is no
charging current in the cable.

For long distance power transmission over 500 km, the saving in cost is substantial as shown in
Fig. 1.8(a). A DC line requires only 2 conductors whereas an AC line requires 3 conductors in 3-phase
AC systems. The cost of the terminal equipment is more in DC lines than in AC line. Break-even
distance is one at which the cost of the two systems is the same. It is understood from Fig. 1.8(a)
that a DC line is economical for long distances which are greater than the break-even distance. The
break-even distance also varies with the power transmitted over the line as shown in Fig. 1.8(b). Table
1.6 below shows the comparative capability of HVDC systems for power transfer over various distances
with that of an EHVAC system at different voltages.

1.4.2 Technical Performance

DC transmission has some positive features which are not present in AC transmission, but are mainly due to the
fast controllability of power in DC lines through converter control. Following are some technical advantages:

(1) Full control over power transmitted in either direction.



(2) The ability to improve the transient and dynamic stability of AC system when embedded with DC link.

(3) Fast control to limit fault currents in DC lines.

(4) A DC link can be used as an asynchronous tie which can tie down the small variations in system
frequency of different AC systems.

(5) Two large AC systems when interconnected by AC link may sustain instability. But DC link may
dampen the system oscillations due to its inherent short over load capacity.

(6) The choice of high voltage DC transmission system mainly depends on the economic suitability for
a particular application. Primarily economy lies in the fact that DC transmission requires only two
conductors per circuit (bipolar) rather than three conductors required for an AC system. Consequently,
the towers carry less conductor weight in DC system and are smaller in size and hence are less costly.

1.6 RELIABILITY OF HVDC SYSTEMS

A study of the existing HVDC links in the world indicates that the reliability of DC transmission system is
quite good and comparable to that of AC systems. The performance of thyristor valves is much more reliable
than mercury arc valves. Further, developments like direct light triggered thyristor (LTT) and new techniques
of control and protection have improved reliability levels.

Transient Reliability:

This is a factor specifying the performance of HVDC systems during recordable faults on the associated AC
systems. The transient reliability can be defined as the ratio of

_ No. of times HVDC systems performed as designed
- No. of recordable AC faults

Recordable AC system faults are defined as those faults which cause one or more AC bus phase voltages to
drop below 90% of the voltage prior to the fault. It is assumed that the short circuit level after the fault is not
below the minimum specified for satisfactory converter operation.

2b)



The choice of DC transmission voltage for a given power has a direct impact on the total instal-
lation cost. The cost of losses is very important in the evaluation of energy losses cost and the time
horizon for utilisation of the DC system. Hence, to estimate costs of an HVDC system, a life cycle cost
analysis is done. Here a comparison between (i) EHVAC system and Thyristor valve DC system, and
(i) EHV AC system and VSC (IGBT) valves with cable is carried out. For the first one (i), the capital
costs for HVDC converter are higher than that of EHVAC substations. On the other hand, the cost of
transmission for lines, cables land cost, etc., are lower for a DC system. In Fig. 1.8 (c) and (d), the
break-even distance arrived at is larger (>500 km). The break-even distance depends on several factors
such as line or cable, cost of materials, labour costs, etc. Similar comparison is made for VSC based

Cost

Break-even
distance ; AC

DC

Terminal
_____ —_———),——_——— cost

t t } t > (km
200 400 800 800 (km)

——— Distance

3a)

(0 Homopolar Link Homopolar system has two or more conductors with the same polarity, usually
negative, and they always operate with ground return. In the event of fault in one conductor, the whole

converter can be connected to a healthy pole and can carry more than half the power (2-pole) by overloading
but at the expense of increased line loss. However, this is not possible in a bipolar system due to the use of
graded insulation for negative and positive poles. When continuous ground currents are inevitable, homopolar
system is preferable. The additional advantage is lower corona loss and radio interference due to negative
polarity on the lines.
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DC transmission of bulk power over long distances has certain distinct advantages over conventional AC
power transmission such as the following:

(1)

2)

3)

43)

In DC transmission, inductance and capacitance of the line has no effect on the power transfer capability
of the line and the line drop. Also, there is no leakage or charging current of the line under steady
conditions. DC has more decided advantages when power is transmitted through cables as there is no
charging current in the cable.

For long distance power transmission over 500 km, the saving in cost is substantial as shown in
Fig. 1.8(a). A DC line requires only 2 conductors whereas an AC line requires 3 conductors in 3-phase
AC systems. The cost of the terminal equipment is more in DC lines than in AC line. Break-even
distance is one at which the cost of the two systems is the same. It is understood from Fig. 1.8(a)
that a DC line is economical for long distances which are greater than the break-even distance. The
break-even distance also varies with the power transmitted over the line as shown in Fig. 1.8(b). Table
1.6 below shows the comparative capability of HVDC systems for power transfer over various distances
with that of an EHVAC system at different voltages.

The choice of DC transmission voltage for a given power has a direct impact on the total instal-
lation cost. The cost of losses is very important in the evaluation of energy losses cost and the time
horizon for utilisation of the DC system. Hence, to estimate costs of an HVDC system, a life cycle cost
analysis is done. Here a comparison between (i) EHVAC system and Thyristor valve DC system, and
(ii) EHV AC system and VSC (IGBT) valves with cable is carried out. For the first one (i), the capital
costs for HVDC converter are higher than that of EHVAC substations. On the other hand, the cost of
transmission for lines, cables land cost, etc., are lower for a DC system. In Fig. 1.8 (c¢) and (d), the
break-even distance arrived at is larger (>500 km). The break-even distance depends on several factors
such as line or cable, cost of materials, labour costs, etc. Similar comparison is made for VSC based

Cost Total DC
Total AC A cost
cost

Losses

A
Losses _--~
V"
<A DC line cost
“““““““ A
AC line cost y
DC terminal
cost
""""""" LAC terminal
y cost 5

Distance



3.6.8 Equivalent Circuit of the Inverter

Equivalent circuit of the inverter based on the expression

3wl 1,

-V,=V, cosy - ——= (3.33(a)) and
30L 1,

-V,=V, cos f+ e (3.33(b))

Omitting the negative sign of voltage of the inverter

L
V,=V, cos y+ Re,l where R, = - =~ (3.33(c))

The equivalent circuit of the inverter is given in Fig. 3.14.

T

Ly -R,, = 30ldr N Ly ~Rq, = 3aldr
wann = AN LILL] > W\A’ﬂ—
Ig i lg
Vo 008 7 72 Vo 605 B 5
4o COS ¥ A do €OS B >3
Vd VD'
y I
(a) Based on extinction angle ¥ ~ (b) Based on angle of advance j§

3.6.9 Complete Equivalent Circuit of HVDC Link

Combining the equivalent circuit of the rectifier and inverter, the total equivalent circuit of HVDC link is
shown in Fig. 3.15.

R, =3wls/m R Iy —Re, = 3wls/n
ANA— n ANAN
" T

Voo, COS & Vy, Vg, §§ Vao, COS ¥

|

Fig. 3.15 Equivalent circuit of an HVDC link

The expression for the direct current /, can be obtained from the figure above as

1,= W, —V,)/R

or
;- Vio, cOS @ =V, cos B 336
4 R.+R+R, (3.36)

ab)
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3.2 CONDUCTION SEQUENCE IN 6-PULSE CONVERTER
CONFIGURATION

All modern HVDC systems use either 6-pulse or 12-pulse converters. The 3-phase bridge shown in Fig. 3.1
is the only configuration used in HVDC transmission. The bridge configuration provides better utilisation
of converter transformer and a lower peak inverse voltage across the converter valves when compared with
other possible alternatives.

In Fig. 3.1 conducting valves are indicated by thick lines. The bridge indicates that two valves are connected
to each phase (for example, 1, 4 with phase R). In the upper part of the bridge, the anodes of the valves 1, 3,
5 are connected to the phase R, ¥, B respectively. Similarly in the lower half of the bridge, the cathodes of
valves 4, 6, 2 are connected to the phases R, Y, B respectively. The figure indicates that at any time two valves
will be conducting in series (6, 1; 1, 2; 2, 3; 3, 4; 4, 5; 5, 6) simultaneously when the source inductance of

the transformer is neglected. This is not considered a drawback in high voltage applications, particularly with
solid state converter, because it is necessary to connect many thyristor units in series to withstand the voltage
levels being used.

— J’d
+ Ld N + Ly
WL ——————— T 4+
1 3 5 Iy 1 3
R In + = ® 7 ] ® PF % v
E R p
*®, y kY é
A 3 éFﬁ_ RL
L Y Y [T i
4 6 2 B 4f Slr 22r
* - - —
(a) Conducting valves 6,1 (d) Conducting valves 3,4
+ o La
CLLL AT -
1 i/ 3 _f 5 A
-, ) Vol § %m
+ ALy I
.Y Py ¥ . Y
' 4 6 2

A - _
(b) Conducting valves 1,2 (e) Conducting valves 5,4,5
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Table 3.3 Comparison between HVDC-CSC and HVDC-VEC systems
S No. HVDC (CLASSICAL CSC) HVDC-VSC
1 Acts as a constant current source on DC side Constant voltage source on DC side
2 Current on DT side is unidirectional Polarity on DC side is unidirectional
3 Polanty on DC side changes with power flow Dhirection of current changes with the power flow
4 DC reactor maintains constant current DC capacitor maintains constant voltage
5 DC filter capacitance is used on line side of DC smoothing reactor is used on the line side of DC
smoothing reactor filter capacitor
i Line commuted or forced commuted Self-commuted
7 PWM control is very rarely applied PWM control is usually applied
8 CSC and VSC are dual systems C8C and VSC are dual systems
o For given power rating, costs are less COwverall costs are more
10 Cannot feed reactive power into AC system Reactive power control 1s possible
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In AC systems, the power transfer from one system to another depends entirely on the conditions of both the
systems. The active power transmission through an AC link is given by the expression

_ VVgsind

AC 5% (4.1)

where  V, is the sending end voltage
V, is the receiving end voltage
X is the reactance of the AC link

& is the phase angle between the voltages V_and V,
Similarly, the expression for reactive power transmitted from the sending end is

_Vs(Vg =V cos) a
X

g, (4.2)
and reactive power at the receiving end is

_ Vp(Fg =¥y cos 8)
X

2, 4.3)

From the above expressions, it is understood that the active power transmitted depends upon the angle . As
& is related to the demand for transmitted power via the rotating machines (rotors) of both the ends, the AC
systermn adapts automatically. It means that the angle & increases with an increase in load on the AC system as
the rotor gets retarded w.r.t. to the synchronously revolving magnetic field produced by the stator.

The reactive power is only slightly influenced by the angle & but it depends a lot upon the magnitude of the
voltages.

4.3 PRINCIPLES OF CONTROL

The typical HVDC systems of Fig. 1.4 can be conveniently represented by an equivalent circuit (derived in
Chapter 3) as shown in Fig. 3.15. As the mid-point of each terminal station is at earth potential and the upper
and lower halves of the system are symmetrical, therefore only one-half of the circuit needs to be considered
for analysis.

The equivalent circuit representation shown in Fig. 3.15 is sufficient for steady-state analysis of power
transfer. The station on the left-hand side is a rectifier and on the right-hand side is an inverter. Both stations
are assumed to operate at constant delay angles o and § or ¥ respectively. The direct current through the line
is given by the equation (3.36) as

; lecosa— Vrﬂ?; cos(f or ¥)
d” R +RER, (44)

A change of current and therefore power transfer can be achieved by altering any one of the four possible
parameters —



(a) The control angle of the rectifier o

(b) The control angle of the invertor S or ¥

(c) The rectifier-transformer secondary winding voltage by the tap-changer
(d) The inverter-transformer secondary winding voltage by the tap-changer

The cases (c¢) and (d) can be effected by employing tap-changing of the converter transformer to change the
AC voltage.

4.4 NECESSITY OF CONTROL IN CASE OF A DC LINK

From the expression for current through a DC link it can be observed that the denominator has only resis-
tances which are small when compared with the reactance of an AC system. Hence, current is sensitive to
change in voltage resulting in large fluctuations, which can damage the thyristors. Thus, control of current
and hence power, in case of a DC system is a must. The advantages of using control are

1. Current order setting can be quickly and reliably changed depending on the requirement
2. Power reversal can be done easily and quickly
3. Fault current levels are limited to rated values
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4.8 VOLTAGE DEPENDENT CURRENT ORDER LIMIT
(VDCOL)—CHARACTERISTICS OF THE CONVERTER

Mainly due to faults in the AC system on the rectifier or inverter side, the voltage on the DC link is reduced.
Low AC voltage due to faults on the inverter side can result in persistent commutation failure because of an

increase in the overlap angle. In such cases, it is necessary to reduce the DC current in the link to a level that
leads to reduced DC voltage at the rectifier end. Reduction of current also relieves the valves in the inverter
which are overstressed due to continuous overcurrent flow in them.

If the low voltage is due to faults on the rectifier side of the AC system, the inverter has to operate at larger
value of ¥, at very low power factor demanding excessive consumption of VAR which is undesirable.

Thus, it becomes useful to modify the control characteristics to include voltage dependent current order limits
(VDCOL). This is illustrated in Fig. 4.12 which also shows current error characteristics to stabilise the mode
when operating with DC current in the limits /, and /,

1 2

The characteristic CD and DH show the limitation of current due to the reduction in voltage. When the system
voltage drops considerably, the DC current is reduced from /, to /] linearly and maintained at I below the
voltage V The inverter characteristic also follows the rectlﬁer characterlstlc to maintain the cun'ent margin
except for K’ K, which is due to the lower limit imposed on the delay angle of the inverter. VDCOL contains
control unit to reduce the current order.

NVC of Station 1

y‘ ,
a A GEAGof
Slation 2

_,
|
|

\.I

———— Reduced DC valtage

la, o,

Fig. 412 VDCOL characteristics of the converter
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The order of characteristic harmonics is related to the pulse number of the converter configuration and is
defined as the number of nonsimultaneous commutations per cycle of fundamental frequency. A converter
with pulse number p generates characteristic voltage harmonics of the order pk on the DC side, where k is any
integer. The following assumptions are made while analysing characteristic harmonics.

L.

2.
3,
4,

The AC supply voltage is a perfectly balanced system of voltages and contains only fundamental
components.

Direct current is of constant magnitude (L, — ).

Valves conduct sequentially at equal intervals of time.

The commutation reactance of each phase is same.

Consider the 6-phase bridge converter as shown in the Fig. 3.1; current and voltage waveforms are shown in
Fig. 3.9 for delay angle or and commutation angle 4.

The output DC voltage is illustrated in Fig. 3.9(b). Taking time reference at the crossing of the voltage
waveforms (C)), the output DC voltage can be expressed as

Vin= NEVSJ_ cos (mr + %T] for0<wit<o

Vor

Vat¥y) _, N6y

2 ¥

Vin= sin @t for o <ot <o+
V0= 2rg cus(mr - %r] for o + p < ot < %

Using Fourier equations

1 a+2r
A,=— d
o= | s®ade
a
la+2n'
A,== [ f®)cosnode
T
a
a+2r

-1 | r®ysinnode
r o



where o is any angle. The general trigonometric form of Fourier series is
F(o)= %+ Z[Ancnsnﬁ+ B, sinnb] (5.7)
=1

A
where 8= ax and @ is the basic repetition frequency in rad/s; — is the average value of the function f{8) and
A_and B are the rectangular components of the »"* harmonic.

The peak value of the »™ harmonic and its continuous form are

C,=\42+ B2 and C,|9,= A”—jﬂn]

(5.8)
¢,=tan"' (=B [A4)
Using the above equations (5.4) to (5.6), the rms value of the A" harmonic voltage is given by
V, = L{(h -1)? cos? {(h + 1}5} + (h +1)? cos? {{h - J}E}»
) 2 2
/2
~2(h = 1)(h +1) cos {m + 13%} cos {{h - 1)%} cos (2a + ,u]j| (5.9)

Some interesting facts can be seen from the above equation when a = 0 and g = 0 and the expression (5.9)
reduces to

Vo= N2V, [(h*=1) (5.10)

V—"“=ﬁ/{k2—l)= 2/ (5.11)
Vdﬁ

8b) Peak AC current for a=0, u=0 [2M]

Peak AC current for a=15, u=15 [2M]
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Voltage source converters are usually operated with different control schemes that use PWM to control AC
fundamental frequency. From the converter side of the reactor, the voltage-to-ground is a square wave and thus
requires AC filters to remove harmonics. The line side reactor usually removes the high frequency component
in current wave and the DC capacitor high frequency voltage ripples on the DC side. Still depending on type of
converter (6-pulse or 12-pulse), voltage harmonics of 6n+ 1 or 12# + 1(n harmonic number) are generated in the
rectifier side of the converter. Further with PWM and high dv/df switching, high frequency voltage and noise are
generated, the starting harmonic being pf,, where f, fundamental frequency, p = ratio of modulation frequency to
fundamental AC frequency. With p = 9, the harmonics generated will be 9, 17, 19, etc. The amplitude spectrum
of typical harmonics with p =9 and M= 0.5 (Ref. Sec. 3.11.2) of PWM inverter is shown in Fig. 5.15.

In a study carried out on a actual system with a long cable, the effect of switching frequency had larger effect
when it is equal to one of the harmonic frequencies. The current harmonic has the largest magnitude. With
p=9,11, 13, etc., ..., the predominant harmonics were 9, 11 and 13. The capacitance of the cable and that
of the capacitor bank provided reduces the THD (total harmonic distortion) significantly. Further with an
increase in capacitance value, the resonances that occur become damped because the interaction produced by
DC harmonic currents gets reduced.

The studies at a VSC-based HVDC link in Australia (Terranora-Mullunbiby) showed that total harmonic
distortion THD was about 1.5% and TIF 40% respectively (Ref. Sec. 6.3).

The high level of 5* harmonic was not due to converters, as it was present even when converters were
re-energised. Some harmonics are present around once and twice the switching frequency. The 9* harmonic
was present on the DC side due to cable resonance and was filtered off with the 9™ harmonic filter. To

conclude, most harmonics that are present in the VSC system are either due to switching or due to resonance
between capacitor and reactances present. A typical harmonic spectrum is shown in Fig. 5.16.

osd Vin
0.7
0.6
0.5
0.4
0.3+
0.2+

0.1+

] T A
T 1 1T T 1T 1

1 3 o 7 = I T I = 1= T IV A = B

L i

Fig.5.15 Harmonics with sinusoidal PWM P=gandM=0.5
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Filters used in HVDC stations not only absorb harmonics but also provide VAR support for the converters.
Due to this reason, a co-ordinated design between filter performance and reactive power balance is essential.
Following are the various types of AC filters that can be used—

(a) Single tuned filters

(b) Double tuned filters

(c) High-pass filters
(i) Second order filters
(ii) C-type filters

The configuration of these filters and their impedance characteristics as a function of frequency is shown
in Figs. 6.5(a) to (e). Single tuned filters are designed to filter out characteristic harmonics of single
frequency. Double tuned filters are used to filter out two discrete frequencies, instead of using two single

Type Circuit |21 vs. fraquency

Single tuned ]_ L
ﬁ ]
&
2

(a)

Double tuned

C; L %Lz
R @ [l Ry i i
(b) —=f (b)
_|°_ G
Second order
high pass L [] =]
(c)
¢, L
T
High pass LE
‘C' type Cs E UR T '

l (c) and (d}
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L
L R
c L
2
R R,
Ay
(a) Series resonance filter {b) Double-tuned filter (c) High-pass filter
(Single tuned)

tuned filters. The main advantages are (i) only one inductor is subjected to full line impulse voltage and
(ii) power loss at the fundamental frequency is considerably reduced.

High-pass filters of second order are designed to filter out the higher harmonics and the tuning of these filters
is not critical. C-type filters can be used to minimise losses at fundamental frequency as the leg containing
C, in series with L offers low impedance to fundamental frequency. The advantages of high-pass filters are
(i) no sharp tuning is required, (ii) it tolerates relatively large steady state frequency variation, and (iii) it
reduces transient voltage due to large resistance. However, it has higher losses. In Figs. 6.6(a) and (b), an
arrangement in a 1000 MVA/1000 MW HVDC station is shown,

10a)

The following are certain advantages of use of ground return.

1. The ground path has a very low resistance and consequently low power loss in comparison with a
metallic return conductor of economical size and equal length, provided ground electrodes are properly
designed. The resistance of the ground path of DC currents is low because the DC current under
steady state spreads over a very large cross-sectional area in both depth and width, and does not follow
closely the route of the metallic conductor unlike transient AC current. The resistance of this path is
independent of the length of the line as the resistance of the ground is negligible and mostly comprises
ground electrodes at each end.

2. Abipolar line is more economical than a monopolar line with ground return. A bipolar line has twice as
many conductors and can carry twice as much power at slightly higher efficiency than the monopolar
line. Its cost is surely less than twice that of a monopolar line with overhead conductors. Apart from
this, a bipolar line can be built in two stages if the power demand on the line at the initial stages is



less. It can operate in the first stage as a monopolar line with ground return and in the second stage as
a bipolar line without ground current. This saves initial capital investment except the cost of ground
electrodes, which are required for monopolar operation at the first stage.

3. A bipolar line in the second stage can supply almost 50% of its rated power in the event of fault on
one of the poles. Therefore, the reliability of a bipolar DC line is almost equal to that of a double
circuit 3-phase AC line, even though it has only two conductors instead of six. Monopolar, homopolar
and unbalanced HVDC system must have ground electrodes rated for continuous operation. HVDC
transmission systems may have time restrictions during which ground transmission may be used or
on the total number of ampere-hours per year. In case of an outage of a converter pole, the ground
electrodes will automatically carry the load current of the healthy pole, but if there is a restriction in
time or current for ground return, the system may be designed to eliminate ground current by using the
conductor of the faulted pole as the return path.

This operation can be accomplished without interruption of supply by the use of a scheme known as the
metallic return as shown in Fig. 7.1. A metallic return transfer breaker (MRTB) is used.

Pale out of service

o 9 —> o
5T 7/

QF:rzmlte::! converter pole

Ground electrodes d
::J'\ NeutraI{/ \‘* MRTE &
1 | bus | I=0 -
—= 1 = 'l
.&% Iy
.\b
ZF . Surge suppressor b
L'd - o .fd I r_“_.
a - a

Switch positions

Mormal Metallic return
4 Closed Closed
b Open Open
c Closed Open
d Open Closed
MTRB Closed Open

10b)
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In the design of the first commercially operated ground electrode constructed on dry land, it was found that
the best method of passing ground current into the earth was to increase the surface area of the electrode by
the use of coke which is a high conductivity material with low cost per unit volume. The use of coke enables
distribution of current from the entire electrode and effectively increases the electrode area. Even though,
direct burial of carbon electrode with low rate of wastage is possible, but most of the DC transmission
schemes use some form of coke filled for the ground electrode as shown in Fig. 7.10.

Table7.6 Basic requirements for design of land electrodes

1. Current 1250 A maximum
2. Operating time  Bipolar Continuously at 50 A
Monopolar mode 8 hours at 1250 A, followed by 30 days at 1000 A,
followed by 00 days cooling at 50 A
3. Dissipation Maximum 730,000 Ah/year —
4, Lifetime 30 years
5. Polarity Reversible anode-cathode, equal time —
6. Safety Step voltage = 5 + 0.03 p volts/m —
7. Reliahility Consistent with system reliability —

Before designing the ground electrode on land, basic specifications of requirements for typical ground
electrode are listed in the Table 7.6. This information given in the table is applicable to any type of configu-
ration of electrode and is the basic information necessary. However, the safety requirements specified may
differ for sea electrodes.

11b)

Ground return of DC line can adversely affect the neighbouring services of public utilities like gas pipes,
water pipes, rail roads, AC power systems, and telephone lines. Investigations have shown that the detri-
mental effects of ground current can be eliminated or reduced by locating the ground electrodes at sufficient
distances (8 to 50 km) from public utility services.

The most serious problem posed by direct ground current is the electrolytic corrosion of buried metal objects
pertaining to public utility services. Even without ground return currents, corrosion of metal objects occurs
because of local ground currents due to thermo-emfs which are a result of contact of different metals. The
superimposed DC current sometimes may aggravate corrosion depending upon the direction of current. A
typical reaction between an iron anode and the soil is

Fe™ + 20H™ — Fe(OH), (7.42)

These metal ions move in the direction of current in the electrolyte. The formation of doubly ionized ions
releases two electrons which may traverse along the pipe and combine with positive ions at the point where
the current enters, which results in the release of hydrogen given by the reaction

2e+2H" - H, (7.43)



This reaction coats the pipe with a layer of hydrogen that protects it from oxidation and other corrosion.
In the electrolyte, the current leaves the metallic anode and enters at the cathode. The metallic anodes are
corroded and most cathodes are protected from corrosion. However, corrosion does not take place between
two metallic contacts due to conduction by electrons. AC currents of commercial power frequency cause only
about 1% corrosion of that of DC current of equal rms value.
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111 B.Tech Il Sem (EEE) Result Analysis

Academic Year: 2022-23 Total No. of Students Registered: 64
Total No. Total No. of No. of Count of Students with Grade Point
Course of Students Students
Students Passed Failed GP GP GP GP GP GP
appeared (10) €) 8 ) (6) 5)
EAE 64 58 06 00 11 13 7 10 07
PLC 64 60 04 09 16 14 09 06 06
SMI 64 51 13 00 07 12 17 08 07
MPE 40 63 01 02 15 05 08 06 03
HVDCT 24 21 03 00 02 07 08 02 02
PSA Lab 64 58 06 02 14 16 11 11 04
SMI Lab 64 59 05 08 05 20 13 11 02
MINI Proj. 64 58 06 08 24 13 08 04 01
Cloud 64 52 12 00 10 23 16 13 00
Computing
(MOQOCs)
DV 01 01 00 00 00 00 00 01 00
DV Lab 01 01 00 00 00 01 00 00 00
Acrrears Position — 111 year / | Semester
No.of All Pass One Two Three More than Over
students Arrear Arrears Arrears three arrears all %
of
pass
64 46 07 04 01 06 2%

Performance overall Class Three Toppers

ROLL NO. NAME SGP
21245A0201 JAKINAPALLI CHANDHANA 928
20241A0257 SUSANI NEHA 9.30
20241A0223 M GAYATHRI 9.18
20241A0233 PISINI SATHVIKA

Class coordinator
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CT Lab Lab Proj. C \Y \Y
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N GR20A2004  |GR20A3091 [GR20A309]GR20A3093 [GR20A3094 [GR20A3096 [GR20A3097 [GR20A3141 |GR20A60|GR20A30|GR20A30
Course 2 07 65 68
codes
TOTAL 64 64 64 40 24 64 64 64 64 01 01
PASS 58 60 51 39 21 58 59 58 52 01 01
PASS(
%) 90.62%  [93.75% [79.68% [97.5% 87.5% [90.62% [92.18% [90.62% 81.25%(100 (100
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A
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Cognitive Level Mapping
HVDC Transmission

Co’s | Cognitive level learning
1 2 3 4 5 6
1 X
2 X
3 X
4 X
5 X

Cognitive Learning Levels
1-REMEMBER
2-UNDERSTAND
3-APPLY
4-ANALYSE
5-EVALUATE

6-CREATE



