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Vision of the Institution

* Todevelop into a reputed Institution at National and International level in Engineering,

1 Technology and Management by generation and dissemination of knowledge through
intellectual, cultural and ethical efforts with human values.

¢ To foster Scientific temper in promoting the world class professional and technical
expertise.

Mission of the.Institution

e To create state-of-the-art infrastructure facilities for optimization of knowledge

. acquisition.

* To nurture the students holistically and make them competent to excel in the global
scenario.

e To promote R&D and consultancy through strong industry-institute interaction to address
the societal problems.

Name of the Faculty: D v-C- ~, {)f,ux: Designation: Tvr'f risov

Program me & Regulation : Q 18 Academic Year: 2.022 -2

Course Code: A17231 Course Name: COMPUTER METHODS IN POWER SYSTEMS
Credits: 03

‘//J
Denartment: EEFE Yearjﬁ— Semester(u-f

Vision of the Department

e To become a reputed department in the impartation of professional and technical

expertise in the field of Electrical and Electronics Engineering.

Mission of the Department

e Imparting Quality Technical Education by provision of state-of-the-art laboratories.

e Preparing the students to think innovatively and find effective solutions to address
engineering and societal problems with a multi-disciplinary approach maintaining
continuous industry interaction

e Encouraging team work and preparing the students for lifelong learning with ethical
responsibility for a successful professional career.
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Programme Educational Qutcomes (PEOs)

PEO1: Equip graduates with a sound foundation in mathematics, science and engineering fundamentals,
necessary to build a prospective career.

PEOQ2: Graduates will excel in giving solutions to real-time problems through technical expertise and
operational skill set in the field of Electrical Engineering.

PEQ3: Graduates will act with integrity in catering the need-based requirements blended with ethics and

Programme Outcomes (POs)

Engineering Graduates will be able to:

1. Engineering knowledge: Apply the knowledge of mathematics, science, engineering fundamentals, and an
engineering specialization to the solution of complex engineering problems.

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.
3. 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. >

4, 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.

5. 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.
6. 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.
7. 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.

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

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

10. 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.

11. 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.

| 12. 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.
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Program Specific Outcomes (PSOs)

PSO1: Conceptualize electrical and electronics systems, employ control strate gies for power
electronics related applications to prioritize societal requirements.

PSO 2: Apply the appropriate techniques and modern engineering hardware and software tools in
electrical engineering to engage inmulti-disciplinary environments
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Assessment Plan
Test/Examination Units/ Topics COs Proposed Maximum
Covered covered Date Marks
1 Assignment | Unit-1,Unit-2 CO1,C02,C | 6/2/2020 a
and Unit-3 03
(Half)
2 |MidI Unit-1,Unit-2 C01,C02,C 25/09/2020 20
and Unit-3 03
(Half)
3 | Assignment IT Unit- C03,C04,C 9/4/2020 5
3(Half),Unit-4 | O5
and Unit-5
4 | MidII Unit- C03,C04,C 01/03/2021 20
3(Half),Unit-4 05
and Unit-5
Direct Assessment Indirect Assessment
(Internal Examination & External (Course End Survey)
Examination)
2.25 2.83
1\ Y-
Course Faculty Course Co-Ordinator HOD
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B.Tech IT & II1 Year Revised Academic Calendar for the Academic Year 2020-21

i

Commencement of Class Work

FIRST SE
MRISEER 17.07.2020
FROM TO DURATION

[ Spell of Instructions (Online) 17.07.2020 | 09.10.2020 | 12 WEEKS
Mid -IT & End Semester Examinations
of Previcus Semestor - 14.10.2020 _12.1 1.2020 | 5 WEEKS
gmt'ca‘l Exnmneiions o Lrepio 16.11.2020 | 21.11.2020 | 1 WEEK

emester
IS{E“S“’“ S0 L 23.11202 | 05.12.2020 | 2 WEEKS

emester

| Petiermedt Examimtions of 02.12.2020 | 05.12.2020 |4 DAYS

Previous Semester
I'Mid Examinations of 07.12.2020 | 15.12.2020 | 1 WEEK

Current Semester
Practical Classes of Current Semester 16.12.2020 | 19.12.2020 | 4 DAYS
II Spell of Instructions (Online) 21.12.2020 | 20.02.2021 |9 WEEKS
Practical Examinations 24.02.2021 | .03.03.2021 | 1 WEEK
II Mid & End Semester Examinations | 05.03.2021 | 22.03.2021 | 2 WEEKS
Betterment Examinations 24.03.2021 | 27.03.2021 | 4 DAYS

Commencement of Class Work
SECOND SEMESTER 20.03.2021

I Spell of Instructions 30.03.2021 | 22.05.2021 | 8 WEEKS
I Mid Examinations 24.05.2021 | 29.05.2021 | 1 WEEK
II Spell of Instructions 31.05.202 1| 24.07.2021 | 8 WEEKS
II Mid Examinations 26.07.2021 31.07.2021 | 1 WEEK
Practical Examinations 02.08.2021 | 07.08.2021 | 1 WEEK
Betterment Examinations ' 09.08.2021 12.08.2021 14 DAYS

End Semester Examinations 13.08.2021 | 28.08.2021 | 2 WEEKS
P avam R fmr T —F

COE DEAN EXAMS. ° DIRECTOR
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COMPUTER METHODS IN POWER SYSTEMS

Prerequisites: Power Systems-I, Power Systems -Il, Electrical Circuit Theory and Mathematics
Course Objectives: Upon completion of the course students will be able to
e formulate Y-bus and Z-bus matrices
*  apply computer methods for analysis of any general power transmission system
*  conduct investigations of short circuits of any general power transmission system
*  analyze stability of power system
Course Outcome:
CO1:  Demonstrate the knowledge and ability to develop Y-bus and Z-bus matrices.
CO2:  Know the importance of load flow studies and its importance.
CO3:  Analyze various types of faults in power systems,
CO4:  Assess Steady state stability in power systems.
CO5: Determine the transient state stability.

UNIT I: POWER SYSTEM NETWORK MATRICES

Graph Theory: Definitions, Bus Incidence Matrix, Y-bus formation by Singular Transformation Methods and Direct Inspection methods,
Numerical Problems.

FORMATION OF Z-BUS: Partial network, Algorithm for the Modification of Z-bus Matrix for addition element for the following cases: Addition of
element from a new bus to reference, Addition of element from a new bus to an old bus, Addition of element between an old bus to reference
and Addition of element between two old busses (Numerical Problems). Modification of Z-bus for the changes in network (Problems).

.mllT Il: POWER FLOW STUDIES
Necessity of Power Flow Studies — Data for Power Flow Studies - Derivation of Static load flow equations, classification of Buses and their
relevance to Power Flow.LOAD FLOW SOLUTION USING GAUSS SEIDEL METHOD: Acceleration Factor, Load flow solution without and with
P-V buses, Algorithm and Flowchart. Numerical Load flow Solution for Simple Power Systems (Max. 3-Buses): Determination of Bus Voltages,
Injected Active and Reactive Powers (Sample One Iteration only) and finding Line Flows/Losses for the given Bus Voltages.
NEWTON RAPHSON METHOD IN RECTANGULAR AND POLAR CO-ORDINATES FORM: Load Flow Solution without and with PV Busses-
Derivation of Jacobian Elements, Algorithm and Flowchart (Max. 3-Buses)
DECOUPLED AND FAST DECOUPLED METHODS: Comparison of Different Methods — DC load Flow.

UNIT Il SHORT CIRCUIT ANALYSIS

PER-UNIT SYSTEM OF REPRESENTATION: Per-Unit equivalent reactance network of a three phase Power System, Numerical
Problems.Needs and assumptions for short circuit analysis

SYMMETRICAL FAULT ANALYSIS: Short Circuit Current and MVA Calculations, Fault levels, Application of Series Reactors, Numerical
Problems.

SYMMETRICAL COMPONENT THEORY: Symmetrical Component Transformation, Positive, Negative and Zero sequence components;
Voltages, Currents and Impedances.Sequence Networks: Positive, Negative and Zero sequence Networks, Numerical Problems.
UNSYMMETRICAL FAULT ANALYSIS: LG, LL, LLG faults without and with fault impedance, Numerical Problems.

UNIT IV STEADY STATE STABILITY ANALYSIS
‘ementary concepts of Steady State, Dynamic and Transient Stabilities. Description of Steady State Stability Power Limit, Transfer Reactance,
—aynchronizing Power Coefficient, Power Angle Curve and Determination of Steady State stability and methods to improve steady state stability.

UNITV TRANSIENT STABILITY ANALYSIS

Derivation of Swing Equation. Determination of Transient Stability by Equal Area Criterion, Application of Equal Area Criterion, Case study -
sudden loss of parallel lines, Critical Clearing Angle Calculation- Solution of Swing Equation: Point-by-Point Method. Methods to improve
Stability - Application of Auto Reclosing and Fast Operating Circuit Breakers.

TEXT BOOKS:
1. Power System Analysis, Dr.N.V.Ramana, Pearson Education India, 2011.
2. Computer methods in power system analysis, Stagg and EL-Abiad, Mc-Graw hill, 1987
3. Modern Power System Analysis — by |.J.Nagrath&D.P Kothari, Tata McGraw-Hill Publishing Company, 4" edition.

REFERENCE BOOKS:

Power System Analysis, A. Nagoorkani, RBA Publications, 3 edition

Power System Analysis and Stability, S.S. Vadhera, Khanna Publications

Power System Analysis, Hadi Saadat, Tata McGraw Hill, 2002.

Power System Analysis by J.J. Grainger and W.D. Stevenson, McGraw Hill, 2016

Computer techniques and models in power systems, By K.Uma Rao, |.K.International, 2010
Computer Techniques in Power System Analysis by M.A.Pai, TMH Publications,1979
Power System Analysis, Grainger and Stevenson, Tata McGraw Hill.
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Course Name: Computer Methods in Power Systems

Course Objectives

e Formulate Y-bus and Z-bus matrices
e Apply computer methods for analysis of any general power transmission system
e Conduct investigations of short circuits of any general power transmission system

e Analyze stability of power system

Course Outcome

Col Demonstrate the knowledge and ability to develop Y-bus and Z-bus matrices.
CO2 Know the importance of load flow studies and its importance.

CO3 Analyze various types of faults in power systems.

CO4 Assess Steady state stability in power systems.

CO5 Determine the transient state stability.




COMPUTER METHODS IN POWER SYSTEMS

Course Outcomes: At the end of the course the student will be able to:

COl Compute Y-bus and Z-bus matrices
CO2 Apply the concepts of load flow studies in power systems.
CO3 | Analyze faults using for unit system
CO4 | Examine steady state stability of power system.
CO5 | Investigate transient stability of power system.
ProgramMatrix
Program Outcomes(POs) PSOs
COs DomainSpecific POs DomainIndependent Pos
PO1 | PO2 [ PO3 | PO4| PO5| PO6| PO7 | PO8| PO9| PO10| PO11| PO12 | PSOI1 | PSO2
coLl- 3 3 2 2 2 - - - - . - 2 2 -
coz2| 3 3 3 3 2 - - = 2 - 2 2 2 =
co3| 3 3 3 3 2 2 - - - - 2 3 -
Co4| 3 3 3 3 B - 5 = : = 2 2 3 -
CO3| 3 3 3 3 2 - - - - - 2 3 -
3 T 28 [ 28 | 2 = = = = - 2 26 5
COs - POs and COs - PSOs Justification
COs POs Level Description
co1 PO1 3 Highly correlated as graph theory and formation of network matrices
explains knowledge of mathematics and engineering fundamentals.
col PO2 3 Highly correlated as computation of network matrices analyzes
complexity of power systems engineering problem.
col PO3 2 Medium correlated as network matrix are used to design the power
system to meet the specific needs of the society
cot1 PO4 2 Medium correlated as network matrix forms the base to analysis the
structure of power system
co1 PO5 5 Medium correlated as conventional mathematical tools used for
prediction and modeling of complex power systems
Medium correlated as the fundamentals of graph theory and network
CO1 PO12 2 matrix need for life-long learning in the broadest context of
technological change
Medium correlated as graph theory and network matrix employ
Cco1 PSO1 2 control strategies for power electronics related applications to power
systems. [
Highly correlated as concept of load flow requires the knowledge of
CO2 PO1 3 mathematics, and an engineering specialization to the solution of
complex power systems problems
Highly correlated as load flow studies analyze complex engineering
CO2 PO2 3 problems reaching substantiated conclusions using engineering
sciences
CO2 PO3 3 High.ly correlated as lo:_ad flow studies used to design solutions for the
specified needs of public




CcO2

PO4

Highly correlated as load flow studies uses research-based knowledge
and research methods including analysis and interpretation of data

CcOo2

POS

Medium correlated to use modern engineering and IT tools for the
solution of load flow studies.

co2

PO12

Medium correlated as the load flow studies need for life-long learning
in the broadest context of technological change

co2

PSO1

Medium correlated as load flow studies employ control strategies for
power electronics related applications to power systems.

CO3

PO1

Highly correlated as per unit analysis requires the knowledge of
mathematics, and an engineering spemallzatlon to the solution of
complex power systems problems

COo3

PO2

Highly correlated as per unit analysis and fault analysis, analyze
complex engineering problems using first principles of mathematics,
and engineering sciences

CO3

PO3

Highly correlated as per unit analysis and fault analysis required for
complex engineering problems that meet the specified needs with
appropriate consideration for the public and environmental
considerations.

CO3

PO4

Highly correlated as per unit analysis and fault analysis uses research-
based knowledge and research methods including analysis and
interpretation of data to provide valid conclusions

CO3

POS5

Medium correlated to use modern engineering and IT tools for per
unit calculation and fault analysis.

CO3

PO12

Medium correlated as the per unit need for life-long learning in the
broadest context of technological change

CO3

PSO1

Highly correlated as per unit analyze employ control strategies for
power electronics related applications to power systems.

CO4

PO1

Highly correlated as steady state stability requires the knowledge of
mathematics, and an engineering specialization to the solution of
complex power systems problems

CO4

PO2

Highly correlated as steady state stability analyze complex
engineering problems using first principles of mathematics, and
engineering sciences

CO4

PO3

Highly correlated as steady state stability required for complex
engineering problems that meet the specified needs with appropriate
consideration for the public and environmental considerations.

CO4

PO4

Highly correlated as steady state stability uses research-based
knowledge and research methods including analysis and
interpretation of data to provide valid conclusions

CO4

POS5

Medium correlated to use modern engineering and IT tools for steady
state stability. '

CO4

PO12

Medium correlated as the steady state stability for life-long learning
in the broadest context of technological change

CO4

PSO1

Highly correlated as transient stability employ control strategies for
power electronics related applications to power systems.

CO5

PO1

Highly correlated as transient stability requires the knowledge of
mathematics, and an engineering specialization to the solution of
complex power systems problems




Highly correlated as transient stability analyze complex engineering

CO5 PO2 problems using first principles of mathematics, and engineering
sciences
Highly correlated as transient stability required for complex
CO5 PO3 engineering problems that meet the specified needs with appropriate
consideration for the public and environmental considerations.
Highly correlated as transient stability uses research-based
CO5 PO4 knowledge and research methods including analysis and
interpretation of data to provide valid conclusions
Medium correlated to use modern engineering and IT tools for
04 s transient stability
CO5 POI12 Medium correlated as the transient stability for life-long learning in
the broadest context of technological change
CO5 PSO1 Highly correlated as transient stability employ control strategies for

power electronics related applications to power systems.
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Lesson Plan Schedule
(Regulation R- 15)

Year/ Sem: 'E[' ) 1
Course Name: COMPUTER METHODS IN POWER SYSTEMS

Course Code: 02

SNO | Lecture Hour | Teaching Topics to be covered Books no./Page
Aids No.
required
Unit-1: Power System Network Matrices
1 1 BB Definitions in Graph Theory TB1- (27 to 30)
2 1 BB Bus Incidence Matrix TB1- (31 to 48)
3 1 LCD Y-bus formation by Singular TBI1- (31 to 48)
Transformation
4 1 BB Numerical Problems in Singular TB1- (31 to 48)
Transformation
5 1 BB Methods and Direct Inspection TBI1- (31 to 48)
methods, Numerical Problems
6 [ LCD Partial network, Algorithm for the RB4- (4.2 to
Modification of Z-bus Matrix 4.9)
7 1 BB Addition of element from anew busto | RB4- (4.2 to
reference 4.9)
8 ) BB Addition of element from anew busto | RB4- (4.2 to
an old bus 4.9)
9 ) LCD Addition of element between an old RB4- (4.2 to
bus to reference 4.9)
10 1 BB Addition of element between two old RB4- (4.2 to
busses 4.9)
11 1 BB Numerical Problems for Z-Bus TBI1- (79 to 91)
formation
12 1 LCD Modification of Z-bus for the changes | TBI1- (27 to 30)
in network (Problems)
Unit-II: POWER FLOW STUDIES
13 BB Necessity of Power Flow Studies and | TB1- (27 to 30)
1 Data requirements for Power Flow
Studies
14 1 LCD Derivation of Static load flow TB1- (31 to 48)
equations
15 l BB classification of Buses and their TB1- (31 to 48)
relevance to Power Flow
16 BB Acceleration Factor and Load flow TB1- (31 to 48)

solution without and with P-V buses
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in Gauss Seidel method

17 LCD Algorithm and Flowchart for GS TBI1- (31 to 48)
method

18 Numerical load flow solution for RB4- (4.2 to
simple power systems (Max. 3-Buses) 4.9)

19 BB Determination of bus voltages, RB4- (4.2 to
injected active and reactive powers 4.9)
(sample one iteration only) and
finding line flows/losses for the given
bus voltages.

20 BB Derivation of Jacobian Elements and RB4- (4.2 to
load flow solution without and with pv 4.9)
busses using NR method

21 LCD Algorithm and Flowchart of NR RB4- (4.2 to
method 4.9)

22 BB Decoupled and fast decoupled RB4- (4.2 to
methods load flows 4.9)

23 BB Comparison of Different Methods TBI1- (79 to 91)

24 LED DC load Flow TBI1- (27 to 30)

Unit-1II: SHORT CIRCUIT ANALYSIS

25 BB Per-Unit equivalent reactance network | TB1- (27 to 30)
of a three phase Power System,

26 LCD Needs and assumptions for short TB1- (31 to 48)
circuit analysis

27 BB Numerical Problems TB1- (31 to 48)

28 BB Short Circuit Current and MVA TB1- (31 to 48)
Calculations and application of Series
Reactors in fault level

29 LCD Numerical Problems TB1- (31 to 48)

30 Symmetrical Component RB4- (4.2 to
Transformation of Positive, Negative 4.9)
and Zero sequence Voltages, Currents
and Impedances

31 BB Positive, Negative and Zero sequence RB4- (4.2 to
Networks formation 4.9)

- 0 Numerical Problems RB4;.(94;'2 o

33 LCD LG faults without and with fault RB4- (4.2 to
impedance 4.9)

34 BB LL faults without and with fault RB4- (4.2 to
impedance 4.9)

35 BB LLG faults without and with fault TB1- (79 to 91)
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impedance
36 1 LCD Numerical Problems TB1- (27 to 30)
| Unit- IV: STEADY STATE STABILITY ANALYSIS
;‘ 37 | BB Elementary concepts of steady state TB1- (27 to 30)
| stability
| 38 I LCD Basics of dynamic and transient TB1- (31 to 48)
' stabilities
39 1 BB Description of steady state stability TB1- (31 to 48)
power limit
40 1 BB Transfer reactance of single machine | TB1- (31 to 48)
to infinite bus
41 1 LCD Synchronizing power coefficient TBI1- (31 to 48)
g 1 e Rotor angle stability RB4; gz o
- 1 b Voltage and frequency stability RB4:1 S;z o
44 LCD : : RB4- (4.2 to
1 Swing equation 4.9)
45 1 m Two finite machine analysis RBtf (;;2 o
46 BB RB4- (4.2 to
1 Power angle curve 4.9)
47 1 LCD Determination of steady state stability | TB1- (79 to 91)
48 1 BB Methods to improve steady state TB1- (27 to 30)
stability
Unit- V: TRANSIENT STABILITY ANALYSIS
49 1 BB Derivation of Swing Equation TB1- (27 to 30)
50 1 LCD Determination of transient stability TB1- (31 to 48)
51 1 BB Equal area criterion to find transient TB1- (31 to 48)
stability
52 1 BB Application of equal area criterion TB1- (31 to 48)
53 1 BB Case study sudden loss of parallel TB1- (31 to 48)
lines
. 54 1 LCD Transient fault clearing before critical RB4- (4.2 to
angle 4.9)
1| 39 1 KB Critical clearing angle calculation RB&Z (;2 e
7 1 o8 Solution of swing equation RB4:‘ g;z i
Y 1 - Point-by-point method. RBA; (;32 0
58 1 LCD Methods to improve stability RB4- (4.2 to
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4.9)
59 1 BB Application of auto reclosing circuit TB1- (79 to 91)
breakers
60 1 BB Fast operating circuit breakers TBI1- (27 to 30)

A) TEXT BOOKS

s B

= 2

. Power System Analysis, Dr.N.V.Ramana, Pearson Education India, 2011.

Computer methods in power system analysis, Stagg and EL-Abiad, Mc-Graw hill, 1987
Modern Power System Analysis — by 1.J.Nagrath & D.P.Kothari, Tata McGraw-Hill
Publishing Company, 4th edition.

REFERENCES:

Power System Analysis, A.Nagoorkani, RBA Publications, 3rd edition

Power System Analysis and Stability, S.S. Vadhera, Khanna Publications

Power Sytem Analysis, Hadi Saadat, Tata McGraw Hill,2002.

Power System Analysis by J.J. Grainger and W.D. Stevenson, McGraw Hill,2016
Computer techniques and models in power systems, By K.Uma Rao, I.K.International,
2010

Computer Techniques in Power System Analysis by M.A.Pai, TMH Publications, 1979
Power System Analysis, Grainger and Stevenson, Tata McGraw Hill.

\
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- Lecture BB - Black Board
- Assignment LCD - Liquid Crystal Display
- Text Books MD - Model Demo
- References FV - Field Visit
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Course Delivery Plan & Record of class work

Unit-I
S Proposed Topics To Be Covered Teachin Execution
No DATE HOURS g Aids DATE HOURS
used
1 | 18-07-2020 1 Definitions in Graph Theory | LCD 18-07-2020 1
2 | 22-07-2020 1 Bus Incidence Matrix BB 22-07-2020 1
3 | 25-07-2020 1 Y-bus formation by BB 25-07-2020 1
Singular Transformation
4 | 27-07-2020 ) Numerical Problems in BB 27-07-2020 I
Singular Transformation
5 | 28-07-2020 Methods and Direct LCD 28-07-2020
1 Inspection methods, 1
Numerical Problems
6 | 29-07-2020 Partial network, Algorithm LCD 29-07-2020
1 for the Modification of Z- 1
bus Matrix
7 03-08-2020 1 Addition of element from a BB 03-08-2020 1
new bus to reference
8 | 05-08-2020 1 Addition of element from a BB 05-08-2020 1
new bus to an old bus
9 10-08-2020 Addition of element BB 10-08-2020
1 between an old bus to 1
reference
10 | 12-08-2020 1 Addition of element LCD 12-08-2020 1
between two old busses
11 | 17-08-2020 { Numerical Problems for Z- BB 17-08-2020 1
Bus formation
12 | 19-08-2020 Modification of Z-bus for LCD 19-08-2020
1 the changes in network 1
(Problems) |

Justification for deviation (if Any)
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Vidya Jyothi Institute of Technology

(Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)
Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

Unit-11
S No Proposed Topics To Be Covered Tea Execution
DATE HO chin DATE HOUR
URS g S
Aids
used
13 | 24-08-2020 Necessity of Power Flow Studies LCD | 24-08-2020
1 | and Data requirements for Power 1
Flow Studies
14 | 24-08-2020 | Derivation of Static load flow BB | 24-08-2020 1
equations
15 | 26-08-2020 1 classification of Buses and their BB | 26-08-2020 1
relevance to Power Flow
16 | 29-08-2019 Acceleration Factor and Load flow | BB | 29-08-2019
1 | solution without and with P-V 1
buses in Gauss Seidel method
17 | 02-09-2020 i Algorithm and Flowchart for GS LCD | 02-09-2020 1
method
18 | 05-09-2020 Numerical load flow solution for LCD | 05-09-2020
1 | simple power systems (Max. 3- 1
Buses)
19 | 07-09-2020 Determination of bus voltages, BB | 07-09-2020
injected active and reactive powers
1 | (sample one iteration only) and 1
finding line flows/losses for the
given bus voltages.
20 | 09-09-2020 Derivation of Jacobian Elements BB | 09-09-2020
1 | and load flow solution without and 1
with pv busses using NR method
21 14-09-2020 1 Algorithm and Flowchart of NR BB | 14-09-2020 1
method
22 | 16-09-2020 1 Decoupled and fast decoupled LCD | 16-09-2020 1
methods load flows
23 19-09-2020 1 | Comparison of Different Methods BB | 19-09-2020 1
24 | 21-09-2020 1 | DC load Flow LCD | 21-09-2020

Justification for deviation (if Any)
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\g{/@ (An Autonomous Institution)

2 (Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)

Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

Unit-III
S Proposed Topics To Be Covered | Teaching Execution
No DATE HOURS Aids DATE HOURS
used
25 | 23-09-2020 Per-Unit equivalent LCD 23-09-2020
I reactance network of a 1
three phase Power
System,
26 | 26-09-2020 1 Needs and assumptions BB 26-09-2020 1
for short circuit analysis
27 | 28-09-2020 | Numerical Problems BB 28-09-2020 1
28 | 30-09-2020 Short Circuit Current and BB 30-09-2020
MVA Calculations and
1 o : 1
application of Series
Reactors in fault level
29 | 03-10-2020 1 Numerical Problems LCD 03-10-2020 1
30 | 05-10-2020 Symmetrical Component LCD 05-10-2020
Transformation of
1 Positive, Negative and 1
Zero sequence Voltages,
Currents and Impedances
31 | 23-11-2020 Positive, Negative and BB 23-11-2020
1 Zero sequence Networks 1
formation
32 | 25-11-2020 1 Numerical Problems BB 25-11-2020 1
33 | 28-11-2020 1 LG faults without and BB 28-11-2020 I
with fault impedance
34 | 02-12-2020 1 LL faults without and LCD 02-12-2020 1
with fault impedance
35 | 19-12-2020 ) LLG faults without and BB 19-12-2020 1
with fault impedance
36 | 21-12-2020 1 Numerical Problems LCD 21-12-2020 I
|
Justification for deviation (if Any)
NI
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Unit-IV

Vidya Jyothi Institute of Technology

(Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)
Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

Proposed Topics To Be Covered | Teaching Execution
DATE | HOURS Aidsused | DATE | HOURS
37 | 28-12-2020 1 Elementary concepts of LCD 28-12-2020 1
steady state stability
38 | 30-12-2020 I Basics of dynamic and BB 30-12-2020 1
transient stabilities
39 | 31-12-2020 Description of steady BB 31-12-2020
1 state stability power 1
limit
40 | 02-01-2021 Transfer reactance of BB 02-01-2021
1 single machine to 1
infinite bus
41 | 04-01-2021 1 Synchronizing power LCD 04-01-2021 1
coefficient
42 | 06-01-2021 1 Rotor angle stability LCD 06-01-2021 1
43 | 07-01-2021 1 Voltage and frequency BB 07-01-2021 |
stability
44 | 09-01-2021 1 Swing equation BB 09-01-2021 1
45 11-01-2021 1 Two finite machine BB 11-01-2021 1
analysis
46 | 18-01-2021 1 Power angle curve LCD 18-01-2021 1
47 | 20-01-2021 Determination of steady BB 20-01-2021
1 sy |
state stability
48 | 21-01-2021 i Methods to improve LCD 21-01-2021 1
steady state stability
Justification for deviation (if Any)
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Unit-V

Vidya Jyothi Institute of Technology

(Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)
Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

Proposed Topics To Be Covered | Teaching Execution

No DATE | HOURS Aidsused | DATE | HOURS

49 | 23-01-2021 1 Derivation of Swing LCD 23-01-2021
Equation

50 | 25-01-2021 1 Determination of BB 25-01-2021
transient stability

51 | 25-01-2021 1 Equal area criterion to BB 25-01-2021
find transient stability

52 | 27-01-2021 1 Application of equal area BB 27-01-2021
criterion

53 | 28-01-2021 1 Case study sudden loss LCD 28-01-2021
of parallel lines

54 | 30-01-2021 1 Transient fault clearing LCD 30-01-2021
before critical angle

55 | 01-02-2021 1 Critical clearing angle BB 01-02-2021
calculation

56 | 02-02-2021 1 Solution of swing BB 02-02-2021
equation

57 | 03-02-2021 1 Point-by-point method. BB 03-02-2021

58 | 04-02-2021 1 Methods to improve LCD 04-02-2021
stability

59 | 05-02-2021 1 Application of auto BB 05-02-2021
reclosing circuit breakers

60 | 06-02-2021 ) Fast operating circuit LCD 06-02-2021
breakers

Justification for deviation (if Any)
Ty
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Department of Electrical and Electronics Engineering

Name List of III-A Section

S. No. ROLL No. | NAME OF THE STUDENT
1 18911A0201 | Anirudh Soni
2 18911A0202 | Bandi Aditya
3 18911A0204 | Bhukya Pranay Naik
4 18911A0208 | Dangeti Tarun
5 18911A0210 | Desham Akhil Reddy
6 18911A0211 | Dev Kumar Jaiswal
7 18911A0213 | Gangi Sharadha
8 18911A0214 | Ganthi Sahithi
9 18911A0216 | Janga Charanya
10 18911A0218 | K S Keshava Rao
11 18911A0219 | Kamasani Shyam Kumar
12 18911A0223 | Kondoju Prasanna
13 18911A0225 | Mandiga Naveen
14 18911A0227 | Mohammed Abdul Kareem
15 18911A0230 | Mudelli Chandra Vamshi Reddy
16 18911A0231 | Mushanolla Shivani
17 18911A0237 | Nikhil Bansal
18 18911A0238 | P Venkata Sandeep Reddy
19 18911A0240 | Parvataneni Jaya Sindhu Sai
20 18911A0242 | Reddy Sai Sushma Tanguturi
21 18911A0245 | Sidduluri Vanaja
22 18911A0246 | Sivaraju Naga Sri Gowri
23 18911A0247 | Subburu Sai Kumar
24 18911A0248 | Tammali Akhil Kumar
25 18911A0249 | Thaviti Reddy Sunil Chandra
26 18911A0250 | Thota Nikhitha
2 18911A0252 | Vishnumolakala Deva Harsha
28 18911A0257 | Chelakalapelly Sanjay
29 18911A0259 | Chukka Akanksha
30 18911A0260 | Daravath Linga
31 18911A0262 | E Haritha
32 18911A0263 | Gaini Sai Kiran
33 18911A0267 | Inala Sai Ram
34 18911A0268 | Janak Urmisha Reddy
35 18911A0270 | Kamepalli Likhith Sai Chandra
36 18911A0272 | Koppula Prashanth Reddy
37 18911A0275 | Kurukuntla Venu Sagar




S. No. ROLL No. | NAME OF THE STUDENT
38 18911A0277 | Manne Shivakumar
39 18911A0282 | Munugala Vineetha
40 18911A0285 | P Juhitha Reddy
41 18911A0287 | Pasuladi Manisha
42 18911A0292 | Pothula Sai Pranavi
43 18911A0295 | Rajesh Janampeta
44 18911A0299 | Seetharampally Aravind Reddy
45 18911A02A0 | Shubham Maroo
46 18911A02A3 | Toorpu Pratyusha
47 19915A0201 | A Saikishore Reddy
48 19915A0202 | Arva Arun Kumar
49 19915A0204 | Badepally Sai Ganesh
50 19915A0207 | Gurrala Shashikumar
51 19915A0208 | Kona Sai Kumar
D2 19915A0210 | Kuna Ramya
53 19915A0211 | Lakum Keshini
54 19915A0212 | M Ashrita
55 19915A0214 | Mangali Sai Kumar
56 19915A0216 | Merugu Pavan Kumar
57 19915A0217 | Motapalukula Vamshi Krishna
58 19915A0218 | Nathi Ram Kiran
59 19915A0220 | Pathuri Anjani Reddy
60 19915A0221 | Polaji Sanjay
61 19915A0223 | Putta Priyanka
62 19915A0226 | Vangala Sai Ganesh Reddy
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Department of Electrical and Electronics Engineering

Name List of ITI-B Section

S. No. ROLL No. | NAME OF THE STUDENT
1 18911A0203 | Bandi Praneeth
2 18911A0205 | Chakravadhanula Sirish Dhaveji
3 18911A0206 | Chandankare Divya
4 18911A0209 | Dasi Geethika
5 18911A0212 | Enigala Gunateja
6 18911A0215 | Guguloth Ramdas
7 18911A0220 | Kareti Pavankumar
8 18911A0221 | Khwaja Sohail Ahmed
9 18911A0224 | Mabbu Saimani Tharun
10 18911A0226 | Matam Vignesh
11 18911A0228 | Mohammed Ahmed Baig
12 18911A0232 | Naidu Mohannaga Vamsi
13 18911A0234 | Nama Lakshmi
14 18911A0241 | Rachamalla Manasa
15 18911A0243 | Sabavat Sachin
16 18911A0254 | Belley Mahesh
17 18911A0255 | Boda Sowjanya
18 18911A0256 | Chava Naga Vardhan
19 18911A0258 | Chintapalli Samara Simha Reddy
20 18911A0261 | Dharmasagaram Sumanth Kumar
21 18911A0264 | Gali Brahma Reddy
20, 18911A0265 | Goundla Sriilekha
23 18911A0266 | Gudupally Ashwith Reddy
24 18911A0269 | K Tejal
25 18911A0271 | Karre Mounika
26 18911A0273 | Korivi Narsing Sai Kiran
27 18911A0278 | Md Muzammil Hussain
28 18911A0281 | Mudavath Naresh
29 18911A0283 | N Shishir Reddy
30 18911A0284 | Nandyala Swetha
31 18911A0286 | P Micheal Joseph
32 18911A0288 | Patlolla Supriya
33 18911A0289 | Peddolla Dinesh Karthik
34 18911A0290 | Pogaku Varalakshmi
35 18911A0291 | Pothiganti Mounika Reddy
36 18911A0293 | Puntikura Rohini
37 18911A0294 | R Akshay Kumar




S. No. ROLL No. | NAME OF THE STUDENT
38 18911A0298 | Samhitha Sampath
39 18911A02A1 | Siddavaram Sravan
40 18911A02A4 | Vaddepelly Rohith
41 18911A02A5 | Vorusu Vamshi
42 18911A02A6 | Yalagala Hari Krishna
43 18915A0216 | K Praneeth
44 19915A0203 | B Manjula
45 19915A0205 | C Kalyan Sagar
46 19915A0206 | Md Musthafa Maveeya Maaza
47 19915A0209 | Katam Harshavardhan
48 19915A0213 | M Rajesh
49 19915A0215 | M Shiva Vara Prasad
50 19915A0219 | N Somashekar
51 19915A0222 | P Santosh
52 19915A0224 | S Jashwanth Kumar
53 19915A0225 | V Rajeshkumar Reddy
54 19915A0227 | Veeraboina Sandeep
55 17911A0204 | Arrola Shashikanth
36 17911A0217 | Gopa Vigneshwar
57 17911A0223 | Kotte Venkat Akhil
58 17911A0250 Marepally Rajavardhan Reddy
59 17911A0292 | P.Laxman
60 17911A0293 | Pendyala Balaji
61 16911A0263 | G Akhilesh
62 16911A0223 B.Sireesha
63 17911A0251 | Amgoth Shirisha
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Vidya Jyothi Institute of Technology

(An Autonomous Institution) _
(Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)
Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

ASSIGNMENT -1 (AY 2020-2021 )

COURSE NAME CMPS Year & Semester: ITI/II
S.No. Questions COs POs B.L
1 CO1 1,2,3,7&12 1.8
What is primitive network?
2 | What is formula to find Ybus using smgular Co1 | 1,23,7&12 2
transformation method? _ :
3 | Explain the necessity of power flow studies ? |CO2 | 1,2,3,7&12 1
Compare G-S method and NR method? CO2 | 1,23,7&12 1
O 5 | Define per unit value and What is the need of | CO3 | 1,2,3,7&12 's2
symmetrical components?




Vidya Jyothi Institute of Technology

{An Autonomous Institution)
(Accredited by NAAC & NBA, Approved by AICTE New Delhi & Permanently Affiliated to JNTUH)
Aziz Nagar Gate, C.B. Post, Hyderabad-500 075

ASSIGNMENT - II (AY -2020-2021 )
COURSE NAME:CMPS Year & Semester: III/II
S.No. Questions COs POs B.L
1 | What is the need of fault analysis? CO3 | 1,23,7&12 2
2 | Define the synchronizing Co-efficient ? . CO4 | 1,23,7&12 2
3 CO4 1,2,3,7&12 2

What are the methods to improve stability of
power system?

[

4 | Define critical clearing angle and critical COo5 | 1,2,3,7&12
clearing time ?

5 | Define swing equation and swing curve ? CO5 | 1,2,3,7&12 —%2
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(Aziz Nagar, C.B.Post, Hyderabad -500075)

Vidya Jyothi Institute of Technology (Autonomous)

{Accredited by NAAC & NBA, Approved By A LC.TE., New Delhi, Permanently Affiliated 10 INTU, Hyderabad)

Il Year B.Tech II Semester 1st Mid Exam

Branch: EEE Duration: 90Min
Sub: COMPUTER METHODS IN POWER SYSTEMS Marks: 20
Date: 15.06.2021 Session:
Course Outcomes:
1 Deduce Y-bus and Z-bus matrices of the power system
2 Evaluate load flow solutions using computer methods
3 Compare various types of short circuits in power system
4 Apply knowledge of mathematics to analyze steady state and transient stability
Bloom's Level:
Remember 1
Understand Il
Apply 111
Analyze v
Evaluate Vv
Create V1
o Course i
PART-A (3Qx2M =6Marks) Outcoiies B{c‘n:;mls Marks
eVe
ANSWER ALL THE QUESTIONS CcO PO
1.)  |Define the terms, i) Branch ii) tree with examples? 1 1,2,3 I 2
[OR]
i) What are the two methods of forming Ybus matrix 1 1,2.3 I 2
2.0) What is acceleration factor? 2 .23 11 2
[OR]
. v i) What is the Necessity of Power Flow Studies? 2 1,2,3 11 2
3.0) How to find the per unit value of the actua value? 3 1,23 111 2
[OR]
i) |Outline the need of fault analysis? 31 1.23 2
Course
PART-B (5+5+4= 14 Marks) i Btmmls Marks
eve
ANSWER ALL THE QUESTIONS cO PO
i) Derive _the -:?xprcssmn for bus admittance matrices by singular 1 123 " 3
transformation method
b) |Define is bus incidence matrix 1 1,23 Il 2
[OR]
Find the Y-bus of the power system given below
' Element | Positive sequence reactance
1-2 (1) 0.2
1-2(2) 0.3 5
o i 1:3 05 1 1,2,3 m 5
2-3 0.6
2-4 0.3
3-4 04
5.i.a) |Write the voltage equation of PQ bus 1,23 11 2
b) |Compare GS, NR, Decoupled power flow methods 123 I 3
[OR]
ii. Explain GS method load flow with neat flowchart 2 1,2,3 11 5
6.i) |What are the advantages of per unit system 3 1,2,3 I 4

[OR]




% Vidya Jyothi Institute of Technology (Autonomous)

9 (Accredited by NAAC & NBA, Approved By A.I.C.T.E., New Delhi, Permanently Affiliated to JNTU, Hyderabad)
= (Aziz Nagar, C.B.Post, Hyderabad -500075)

II & III B.Tech II Semester MID II Examination, August/Sep-2021

Subject: COMPUTER METHODS IN POWER SYSTEMS Branch: EEE
Time: 90 Minutes Max Marks: 20

Note: This question paper contains two Parts A and B.
Part A is compulsory which carries 6 Marks.

Part B consists of 3 questions. Answer all the questions.

Bloom's Level:

Remember I
Understand II
Apply 11
Analyze v
. Evaluate \Y
Create VI
PART-A (3Qx2M =6Marks) Outcomes | Bjoom's
ANSWER ALL THE QUESTIONS CO PO Level | Marks
1.y | Write the expressions for unbalanced voltages in terms of
symmetrical components? . 124 % 2
' [OR]
ii) List different types of unsymmetrical fault 3 1,2,4 i 2
2.) [What is the significance of synchronizing power 3 123 - 2
coefficients? i
[OR]
ii) Define inertia constant 4 1,2,3 11 2
3.0) |Define Transient stability 4 1,2,3 il 2
[OR]
i)  |What is auto re-closing in circuit breaker 4 |- 133 111 2
PART-B (4+5+5= 14 Marks) Outcomes | gjoom's
ANSWER ALL THE QUESTIONS co | PO Level | Marks
4. a) |The line current in three phase supply are 12+j24A, 16-j2A,
and -4-j6A. The phase sequence is ‘abc’. Calculate the 3 1,23 v 4
sequence components of currents
[OR]
b) |Derive LG fault current equation for the power system 3 123 v 4
without fault impedance =
5.i)  |What is power system stability? Define stability limit of the 4 123 m 5
system
[OR]
ii. |Explain the methods to improve steady state stability of f 123 - s
power system
6.i) |What is equal area criterion? Explain how it can be used to 4 123 1 5
study stability 5
[OR]
ii) Expla.in the point by point method of detcrmining swing 4 123 I 5
equation
***VJIT{A)***
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Subject Code:A26220
III B.Tech 1I Semester Regular Examination August/September- 2021
Subject: Computer Methods in Power Systems Branch : EEE
Time: 3 Hours Max. Marks:75
Bloom's Level.:
Remember 151
Understand L2
Apply L3
Analyze L4
Evaluate L5
Create L6
Bloom's
ANSWER ANY FIVE QUESTIONS 5QX15M =75 M Level Marks
1 Define the following terms with suitable example = Li sM
Z 2 A)Tree  B)Branch C) Link D) Co-Tree v. Basic loop
_lyy | Derive the Bus Admittance matrix by singular transforamtion method. L6 10M
_ |Derive the formula for Z bus using building algorithm for the addition of link L6 e
e with mutual coupling to other elements.
32) Compare Gauss- Seidel (G-S) method and Newton Raphson(N-R) methods. LS ™
|Discuss the algorithm for Newton Raphson(N-R) method using recatangular 12 M
/b} coordinates when PV buses are absent. )
}/ Derive load flow algorithm using Gauss -Seidel method with flow chart and L6 M
~ |discuss advantages of the method. '
_ |Determine an expression for the fault current for a line-to-line fault at an
29 |yunloaded generator. = L ™
The line currents in a 3 phase supply to an un balanced load are respectively
) Ja=10+j20; b= 12-j10; Ic=-3 - j5 Amp. phase sequence is abc. Determine L3 M
the sequence components of currents.
What is short circuit MVA rating of a Bus? Give physical significance of it and
6 a) |explain the role of series reactors in power system. L1 &M
Three generators are rated as follows: Generator 1:100 MVA, 33 kV, and
b reactance 10%, Generator 2:150 MVA, 32 kV, reactance 8% and Generator 13 M
) 13110 MVA, 30 KV, reactance 12%. Determine the reactance of the generators
corresponding to Base values of 200 MVA and 35 kV
Explain about steady state stability power limit and synchronizing power
7a) co-efficient. L2 sM
b) |What is meant by power angle curve and write its significance? L1 ™
Explain determination of transient stability by equal area criterion and write 2 =
y N A : L3 15M
application of equal area criterion.
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Innovative Teaching Methods 2019-20

Title of Innovative method/activity : Simulation based teaching and learning
Name of the faculty : Dr. C. N. Ravi

Designation : Professor

Course Name : Computer Methods Power Systems

Objectives of method: Simulation is used to observe the load flow in graphical and numerical,
to assess the performance of an existing system or predict the performance of a planned system,
comparing alternative solutions and designs.

Topic Covered through activity: Load flow solution using Gauss Seidel method

Description of method: Power Flow studies, commonly known as load flow is important part of
power system analysis. They are necessary for planning, economic scheduling, and control of an
existing system as well a planning its future expansion. The problem consists of determining the
magnitudes and phase angle of voltages at each bus and active and reactive power flow in each
line. In solving a power flow problem, the system is assumed to be operating under balanced
conditions and single phase model is used. Four quantities are associated with each bus. These
are voltage magnitude |V|, phase angle d , real power P and reactive power Q. The system buses
are generally classified into three types

Slack Bus (Swing Bus): is taken as reference bus where the magnitude and phase angle of the
voltages are specified.

Load Bus (PQ Bus): at this bus active and reactive powers are specified. The magnitude and
phase angles of the bus voltages are to be determined.

Generator Bus (PV Bus): They are also known as voltage controlled bus. At these buses, real
power and voltage magnitude are specified. The limits on the values of the reactive power are
also specified. The phase angles of the voltages and reactive power are to be determined.

Gauss Seidel (GS) method is standard method to find the power flow in the power system.
For solution of GS method the following equations are solved iteratively.




Voltage equation,

o~
I

1 P _J'Q i}
= == | Ya Wi
Y. v g k Yk

u
k#1

Real and reactive power are calculated using the following equations,

P, = Y|Vl Vil Yyl cos(6y, —3; +8;)

k=1

Q; = — X IVill Vicl| Y| sin(0y, — 8; + )

k=1
Current flow in the transmission line is, Li=yi(Vi-Vj)
Complex power flow in the line is, Sij= Vi I

Power Loss, Stij=Sjj- Sji

Simulation software: “PowerWorld” Simulator is freeware software. This simulator is an
interactive power system simulation package designed to simulate high voltage power system
operation.

A three bus test case is simulation using the Gauss Seidel method and the power flows are given
in the figure 1. The power flow is satisfies all the constraints and all meters are shown in blue
colour.

44444

1508MwW AGCOFF 59M
1348Mvar AVRON 19 Mvar
59 MW

-17 Mvar

Bus 3
Home Area

S AvRon
Figure 1: Power flow for the load is 280 MW in bus-2.

Figure 2 shows the power flow for the load increased to 380 MW in bus-2. Now the transmission
line connected to bus 1 and bus-2 is reached its 95% loading capacity and the meters are shown
in orange colour. This indicates the power flow is reached its near maximum limit in the
particular transmission line and needs an attention.




< { 1.00 pu
380 MW
100 Mvar
2843 MW
-35FMvar

AGCOFF  91MW

1505MW

30 Mvar
163fMvar  AVR ON 0 Mvar
92 MW 42 MW
-25 Mvar 13 Mvar

Bus 3 1.00 pu

Home Area

100 MW
50 Mvar
150 MW AGC ON

38§ Mvar AVR ON
Figure 2: Power flow for the load is 380 MW in bus-2.

In figure 3 the transmission line reached its maximum limit and colour is changed to red. This
red colour alerts and need attention either to trip or load shedding.

146 MW
35 Mvar -24 Mvar,

| 1.00 pu
390 MV
100 Mvar

-37Mva r

150fMW  AGCOFF  34MW > M P
var | - var

166§Mvar  AVRON 0 Mvar
96 MW 5 MW

-26 Mvar 4 Mvar

Home Area Bus 3 1.00 pu

100 MW
50 Mvar
150 MW AGC ON

38fMvar AVR ON

Figure 3: Power flow for the load is 390 MW in bus-2

Outcome: Students are able to understand the practical aspects and need of power flow study.
Types of buses, electrical parameters (|V|, & , P and Q) associated with each bus are understand
by the them. Effect of change in load or generation in the power system is visualized and

interpreted by the students.

For review contact: ravicn(@vjit.ac.in
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Course End Survey Analysis

III/ITY ear/Sem (Academic Year 2020 -2021 )
ITI/11 Substantially Moderate Low Total Attainment
High
CMPS 91 23 14 128 2.59
3 2 1 Assessment TOTAL
Co1 920 20 16 2.42 128
cO2 95 20 11 2.66 128
CO3 94 22 10 2.66 128
CO4 89 26 11 2.61 128
CO5 88 28 10 2.61 128
91.2 232 11.6 2.59
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2 No of students registered for the exam 128
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8 End exam result analysis (pass percentage 70% to 80%) 23
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Unit -1

Syllabus

UNIT I: POWER SYSTEM NETWORK MATRICES

Graph Theory: Definitions, Bus Incidence Matrix, Y-bus formation by Singular Transformation Methods and Direct Inspection methods,
Numerical Problems.

FORMATION OF Z-BUS: Partial network, Algorithm for the Modification of Z-bus Matrix for addition element for the following cases: Addition of
element from a new bus to reference, Addition of element from a new bus to an old bus, Addition of element between an old bus to reference
and Addition of element between two old busses (Numerical Problems). Modification of Z-bus for the changes in network (Problems).

Graph Theory T2: Page-28

A graph is a mathematical structure consisting of a set of points called VERTICES or
NODES and a set of LINES or BRANCH linking some pair of vertices. If the direction of
the branch is given then it is said to be oriented graph. For finding network matrices in
power system oriented graphs are required.

Network (power system) components are replaced by single line called elements and their
terminals are called nodes, which describe the geometrical structure. A graph is the
geometrical interconnection of the elements of a power system. A sub graph is any
subset of elements of the graph.

Tree

A connected sub-graph containing all nodes of a graph but no closed path is called tree.
The elements of a tree are called branches. Number of branches in a tree is b.

b=n - 1 = where, n is the number of nodes in the graph
Co-Tree

The complement of the tree of a graph is called Co-Tree. The elements of the connected
graph that are not included in the tree are called links and form the Co-Tree. The
number of link is /.

[ = e — b =» where, e is number of elements in the graph
Basic loop

If a link is added to the tree, a loop will be formed. The loop which has only one link is
called basic loop

Cut-Set

A cut-set is a set of elements that, if removed, divides a connected graph into two
connected sub-graphs. Independent cut-sets are called basic cut-sets. The number of
basic cut-sets is equal to number of branches.

Consider the power system shown below, which consists of 3 generators, 3 transmission
lines and one transformer. For this connected line diagram and a graph is given in the
figure (b) and (c) respectively.
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In the below diagram red colour lines are branches forms the Tree of the above power
system. The green lines are links forms the Co-Tree. There are 4 branches and 3 links.
Total 7 elements, 5 nodes.

T2: Page-29
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For the below graph the element node incidence matrix is formulated, the number row of
the matrix is equal to number of elements of the graph and number of column is equal
to number of nodes in the graph. For the below graph number of row=7 and column=5.
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The value of the matrix cell is 1 when the corresponding element in node is the starting
point, -1 when the corresponding element in the node is end point. Bases on this the
entries are shown in the below figure.

In the incidence matrix, the reference node column O’ is removed to get bus incidence
matrix, which is denoted by ‘A’ and given below.

. bus

\ ) 2) (35 (1)
'... — ™

1 —1 ‘

2 -1

3 ‘ | 1

1 = 1 ‘ —1 1

5 \ 1| —1

6 1 ‘ —1

S Y

For the same power system, the impedance values of the elements are given in the below
table, Find the admittance matrix?

S.N. Elements From-To buses Impedance
1 el (G1) 0-1 jO.6
2 e2 (G2) 0-2 jO.5
3 e3 (G3) 0-4 jO.5
4 e4 (TL1) 4-3 j0.2
S eS (TL2) 2-3 j0.3
6 e6 (TFR) 1-2 jO.1
7 e7 (TL3) 2-4 j0.4

For this table, Incidence Matrix (A) is formulated and given below,

[Y]ous=[A]T[y][A] T2: Page-44




row = Num. of element = 7
column = Num. of node/bus = 5

ololoJo)

©/0]0JO

The first column of the incidence matrix is corresponds to reference node ‘0O’. and
highlighted by red colour. Bus incidence matrix is derived by excluding the reference
node ‘O’ and given below.

Bus Incidence Matrix

OGO OO

Primitive impedance matrix is the matrix which is square matrix has a size equal to
number of elements of the graph. Impedance of each element forms the diagonal element
of the primitive impedance matrix. Primitive means it is not connected and considered as
an individual. Here the number of element is 7 and hence the matrix size is 7x7, whose
values are given below.

Primitive impedance matrix

[j0.6 0 0 0 0 0 0 ]
0 jo5 0 0 0 0 0
0O 0 jo5 0 0 0 0
z=] 0 0 0 jo2 0O 0 O
0O 0 0 0 jo3 0 0
o 0 0 0 0 jor o0
0 0 0 0 0 0 ;o4




The inverse of the primitive impedance matrix is the primitive admittance matrix as
given below and value of the matrix is as follows,

Primitive admittance matrix, [y] =[z]!

[1/j0.6 0 0 0 0 0 0 |
0 1/j05 0 0 0 0 0
0 0 1/j05 0 0 0 0
[yl=| O 0 0 1/j02 0 0 0
0 0 0 0 1/j03 0 0
0 0 0 0 0 1/j01 0
0 0 0 0 0 0 1/j0.4]
[—j1.67 O 0 0 0 0 0 |
0 —-j2 0 0 0 0 0
0 0 —-j2 0 0 0 0
[yl=| © 0 0 -5 0 0 0
0 0 0 0 -j333 0 0
0 0 0 0 0 -j10 0
0 0 0 0 0 0 -j2.5]

Singular Transformation Method (Analytical Method)

Singular transformation method is one method to find the admittance (Y) bus matrix.
This is best method when the impedance of the elements has mutual coupling effect. The
formula to find the Y-bus is given below,

[YIous=[A]T[y][A]

The values of bus incidence matrix and primitive admittance matrix are substituted below,
T r -

-1 0 0 O] [-j167 O 0 0 0 0 0 -1 0 0 0]
0 -1 0 0 0 -j2 0 0 0 0 0 0 -1 0 0
0 0 0 -1 0 0 —-j2 0 0 0 0 0 0 0 -1
[Ylous=| 0 0 -1 1] x[ 0 0 0 —j5 0 0 0 [x]0 0 -1 1
0 1 -1 0 0 0 0 0 -j333 0 0 0 1 -1 0
1 -1 0 O 0 0 0 0 0 -j10 0 1 -1 0 0
0 1 0 -1] | o0 0 0 0 0 0 -j25] [0 1 0 -1]

After the bus incidence matrix transpose the matrices becomes,



[Y]bus =

—j167 0 0 0 0 0 0 -1 0 0
0 -2 0 0 0 0 0 0 -1 0
10 0 0 0 1 0 _
0 0 -2 0 0 0 0 0 0 0
0 -1 0 0 1 -1 1
x| 0 0 0 -j5 0 0 0 |xlo 0 -1
0 0 0 -1 -1 0 0 _
0 0 0 0 -j333 0 0 0 1 -1
0 0 -1 1 0 0 -1 ,
0 0 0 0 0 -jl0 0 1 -1 0
0 0 0 0 0 0 -j25/]0 1 0

First two matrix are reduced into one matrix by multiplying row of the fire matrix with the
column of second matrix,

10 0 0

_ _ 0 -1 0 0
167 0 0 0 0 -jl0 0

0 2 0 0 333 j10 05| |00 0 -

[Y]ous = J ST 2000 0 -1 1
0 0 0 j5 j333 0 0

0 0 2 -5 0 0 2.5 0 -0

Je = e 1 -1 0 0

0 1 0 -1

Similarly, the resultant two matrix are multiplied and Y-bus is derived below.

—j11.67 10 0 0
j10 —j17.33  j3.33  j2.5
[Y]bus =
0 j333  —j833 5
0 j2.5 5 —j9.5

This [Y]bus is the admittance matrix of the given power system.

Find the admittance matrix of the power system given below

Table 3.4 Impedances for sample network
Self Af wtual

Element Bus code I'mpedance Bus code Impedance
number P—q Zpgipa r—§ Zpg.re

1 1-2(1) 0.6

2 1-3 0.5 1-2:1) 0.1

3 3—4 0.5

4 1-2(2) 0.4 1-2(1) 0.2

5 24 0.2




(1)

@____ (2)
1 -1 0 0
I 0 -1 0
Bus Incidence Matrix, A=|0 0 1 -1
I -1 0 O
0o 1 0 -1

Primitive - Self Impedance
[j06 0 0 0

0 jo5 0 0

0 0 jo5 0

0 0 0 jo4

o 0 0 0

[)-

S o o o o

2

First Mutual Impedance between element 1 and element 2
jo.6 jo.1 0 0 0
jo.1 jos 0 0 0

[zl=l 0 0 jos5 o0 0

0 0 0 jo4 O

0 0 0 0 0.2]

Second Mutual Impedance between element 1 and element 4
jo.6 jo1 0 o2 O
jo.r jos 0 0 0

[z=] 0 0 jo5 0 0

jo.2 0 0 jo4 O
0 0 0 0 jO.2]

Primitive admittance matrix

vl = [z]!




[jo.6 jOo.1 0 jo2 O
jo.1 jos 0 0 0
[ylzimv|]| O 0 jo5 0 0
jo2 0 0 jo4 0
| 0 0 0 0 j02

From this consider the sub-matrix
06 0.1 0.2

M=|0.1 05 0 | and find the inverse of this matrix
02 0 04

Inverse of M = LAdjoint (M)

[m]

kkhkkhkkhkkhkkhkhkkhkkkik Steps to ﬁnd Inverse Of Matr]'X kkhkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkik

Consider a 3x3 matrix
ap a2 a3
A= az1 422 423
az; a32 ass

Its cofactor matrix is

4 Qg2 423 _ |21 @23 4 21 G22
azz2 0433 a1 433 asy as2
C— Q12 413 i ailr a3 a1 a2
= Bk — 3
aszz Q33 as; Qa33 asi asz
+ @12  ais . a1 413 i a1; a2
| (G222 QAsz3 Qs 0423 azy azs |
| @22 a3 _|@12 a3 |2 Big
32 (a33 asa (33 Ag2 Q23
adj(A) _ CT | _ agy 33 Y aj;  aig - aj;  aig
@31 as33 as;  as3 ag a3
s asy U2 _{au 42 Ljen o412
[ @31 432 ag1 a3z Q1 22 |
1 )
Inverse of A = A-1 = —AdjlA
A"

e e e R e e e e e e e e e e e e e e e S e e e e R e e e R R e e e R R e e e e e



For the considered sub-matrix
06 0.1 02

M={01 05 0
02 0 04

Determinate of M = | M| = 0.6x(0.5x0.4 — 0)-0.1x(0.1x0.4 — 0)+0.2x(0-0.2x0.5)

IM| = 0.096

Inverse of M = LAdjoint (M)

[M]

208 -0417 -1.04
M-1 = |—0417 208  0.208
-1.04 0.208  3.02

Update this sub-matrix first, second row and column into first, second row and column
of the Primitive admittance matrix [y], and third row and column of sub-matrix into
fourth row and column of the Primitive admittance matrix [y]. The third row and column
of the [y] is zeros except the diagonal and hence the reciprocal of this element 1/0.5 is
considered. The fifth row and column of the [y] is zeros except the diagonal and hence
the reciprocal of this element 1/0.2 is considered. The substitute [y] matrix is given
below,

Primitive admittance matrix

208 -0417 0 -1.04 0 |
~0.417 2.08 0 0208 0
[y] = 0 0 1/05 0 0
-1.04  0.208 0 3.02 0
0 0 0 0 1/02

After the reciprocal the final [y] is given below,

208 -0417 0 —-1.04 0
~0417 208 0 0208 0
y] = 0 0 2 0 0
-1.04 0208 0 3.02 0
0 0 0 0 5]

Formula of Bus admittance matrix is given below,
[Ylous = [A]"[y][A]

The values of bus incidence matrix [A] and primitive admittance [y] is substituted and
given below,



1 -1 0 O[] 208 -0417 0 -1.04 01 -1 0 ©
1 0 -1 0||-0417 208 0 0208 Ofl1 0 -1 0
[Y]=|0 0 1 -1 0 0 2 0 0l0 0o 1 -1
1 =1 0 0 -1.04 0208 0 302 Of1 -1 0 O
0o 1 0 -1]| 0 0 0 0 5[0 1 0 -1
) J 208 -0417 0 -1.04 01 -1 0 0
1 1 0 1 0
—-0417 208 0 0208 Of1 O -1 0
-1 0 0 -1 1
[Y]= 0 0 2 0 0f0 0o 1 -1
0 -1 1 0 0
-1.04 0208 0 302 Of|1 -1 0 O
0 0 -1 0 -1
- 10 0 0 0 5[0 1 0 -1
~ 1 -1 0 0
0623 1871 0 2.188 0]
1 0 -1 0
-1.04 0209 0 -198 5
[Y]= 0 0 1 -1
0417 -2.08 2 -0208 0
1 =1 0 0
0 0o -2 0 -5
- 0o 1 0 -1]

[ 4682 -2811 —1.871 0
-2811 802 -0209 -5
-1.871 —-0209 408 -2

0 -5 -2 7

[Y]=

In the above matrix operator 4§’ is not included for simplicity. Now it has to include and it
will -j’ for admittance and hence the final bus admittance matrix is

4682 -2811 -1.871 O

o |—2.811 802 -0.209 -5
[Y]=—jx

-1.871 —-0.209 4.08 -2

0 -5 -2 7

P3) Compute the bus admittance matrix for the power system shown below by using
singular transformation method

O E——C

j0.1 j0.2

j0.25 i0.2

Solution:



S.N. Elements From-To buses Impedance
1 el (G1) 0-1 jO.1
2 e2 (G2) 0-2 jO.2
3 e3 (G3) 0-3 jO0.3
4 e4 (TL1) 1-2 j0.4
S e5 (TL2) 2-3 j0.2
6 e6 (TL3) 3-1 j0.25

Bus Incidence Matrix, A (6 rows, 3 columns)

-1 0 O]

0 -1 0

0 0 -1
A=

1 -1 0

0 1 -1

-1 0 1]

Primitive impedance matrix, [z] (6 rows, 6 columns)

01 0 0 0 0 0
0O 02 0 0 0 0
o 0o 03 0 0 0
L= 0 0 04 0 0
O 0 0 0 02 0
0 0 0 0 0 025
Primitive admittance matrix, [y]=[z]!
[1/0.1 0 0 0 0 0 |
0 1/02 0 0 0 0
. 0 0 1/03 0 0 0
=== 0 0  1/04 0 0
0 0 0 0 102 0
.0 0 0 0 0 1/0.25
10 0 0 0 0 0 |
o 5 0 0 0 0
|0 0 33 0 0 0
== 0 0 25 0 o
o 0 0 0 5 0
o 0 0 0 0 4

In singuI:ar transformation method,
[Ylous = [A]T[y][A]



-1 0 0 10 0 0 0 0 0 -1 0 O
0O -1 0 0 5 0 0 0 0 0O -1 0
10 0 -1 0 0 333 0 0 0 0O 0 -1
[Y]bus:_]x X X
1 -1 0 0 0 0 2.5 0 0 1 -1 0
0o 1 -1 0 0 0 0 5 0 o 1 -1
-1 0 1] |0 0 0 0 0 4 | |-1 0 1|
10 0 0 0 0 0] [-1
0 5 0 0 0 0 0
-1 0 0 1 0 -1
) 0 0 333 0 0 0 0
Yl,=—-jx{0 -1 0 -1 1 0 |x X
0 0 0 2.5 0 0 1
O 0 -1 0 -1 1
0 0 0 0 5 0 0
| 0 0 0 0 0 4 | | -1
-1 0 0]
0O -1 0
-10 O 0 25 0 -4
) 0O 0 -1
Yl,,.=—-jx| 0 =5 0 -25 5 0 |x | Lo
0 0 -333 0 -5 4
0 1 -1
-1 0 1|
165 -25 -4
[Y],, =-jx|-25 125 -5
—4 -5 1233
P4) Form Yuus for the given network
Element Positive sequence
reactance
1-2 0.2
1-2 0.3
1-3 0.5
2-3 0.6
2-4 0.3
3-4 0.4
Solution:
Element Element Positive sequence
Number reactance
el 1-2 0.2
e2 1-2 0.3
e3 1-3 0.5




e4 2-3 0.6
ed 2-4 0.3
eb 3-4 0.4

Bus Incidence Matrix, A (6 rows, 4 columns)

-1 0
-1 0
0 -1
I -1
1 0
0 1

Primitive impedance matrix, [z] (6 rows, 6 columns)

(02 0

0 03
.10 0
[z]=jx 0 0
0 0

0 0

0
0
0.5
0
0
0

0 O
0 O
0 O
06 O
0 03
0 O

0
0
0
0
0

0.4

Primitive admittance matrix, [y]|=[z]"!

[1/02 0
0 1/03
.10 0
[y]=—jx 0 0
0 0
0 0
5 0
0 333
.10 0
[y]=—jx 0 0
0 0
0 0

0

S O O NN O O
p—
(o)
3

In singular transformation method,

[Ylous = [A]"[y][A]

o O o o o o




1 -1 0 0 5 0 0 0 0 0 1 -10 0
1 -1 0 0 0 333 0 0 0 0 1 -10 0
1 0 -10 0 0 2 0 0 0 1 0 -10
[Y]bus = —jX X X
0 1 -1 0 0 0 167 0 0 0 1 -10
0O 1 0 -1 0 0 0 0 333 0 0 1 0 -1
o 0o 1 -1/ [0 0 0 0 0 250 0 1 -]
5 0 0 0 0 o]t -1t 0 0]
1 1 1 0 0 0 0 333 0 0 0 0 1 -10 0
-1 -1 0 1 0 0 0 2 0 0 0 1 0 -10
[Y]bus = _-] X X X
0O 0 -1 -1 0 1 0 0 0 167 0 0 0 1 -10
0O 0 0 0 -1 -1 0 0 0 0 333 0 0O 1 0 -1
0 0 0 0 0 250 0 1 -1
1 -1 0 0 ]
5 333 2 0 0 0 1 -10 0
-5 =333 0 1.67 3.33 0 1 0 -10
(Y1,.,=—J
0 0 -2 -167 0 2.5 0O 1 -10
0 0 0 0 -333 -25/|0 1 0O -1
o 0 1 -1
1033 -833 -2 0
~|-833 1333 -1.67 -3.33
[Y]bux = _.] X

-2 =167 617 =25
0 -333 -25 5383

Derive the expression for bus admittance matrices by singular transformation
method (bus admittance and impedance matrix) T2: Page-43

The bus admittance matrix Yous can be derived from the bus incidence matrix — A. The
performance equation of the primitive network

i+j=[v]xv
The above equation is pre-multiplied by transpose of bus incidence matrix - At, then
Ali+ A j=Aly]xv (1)

Since the matrix A shows the incidence of elements to buses, A'i is a vector in which
each element is the algebraic sum of the current through the network elements
terminating at a bus. In accordance with Kirchhoff’s law, the algebraic sum of the
currents at a bus is zero. Then

Ai=0 2)



Similarly, A'j gives the algebraic sum of the source currents at each bus and equals the
vector of impressed bus currents, therefore

Ipus=A'j (3)

Substituting equation (2) and (3) into equation (1), yields
Isus = A'[y]xv 4)

Power into the network (FBus)’l_ZBUs and the sum of the power in the primitive network is

(}*)’\_z. The power in the primitive and interconnected networks must be equal. Hence
(I" sus) Eus = (}*)t\_’ (5)
Taking the conjugate transpose of the equation (3)
(I sus) =(G ) A"
Since A is a real matrix, A* = A

and

(FBUS)t = (T)'A (6)

Substituting equation (6) into equation (5)

() AEsus =(j )'v

Since this equation is valid for all values of } , it follows that

AEBUS =v (7)

Substituting equation (7) into equation (4),
;BUS =A [y]x AEBUS (8)

Since the performance equation of the network is

Ius = YBUSEBUS (9)

It follows from the equation (8) and (9), that
Yoys = A’ [)’]A (10)

The bus impedance matrix can be obtained from

Zyys = Yyps = (A’ [)’]Ayl (11)



Impedance Matrix

Zvus Mmatrix size = Number of bus = 3

Number of element = 5

Number of steps = number of element = 5

To add elements, Number of Types = 4

1.

Zy is added from a new bus to the reference bus (i.e. a new branch is added and
the dimension of Zgus goes up by one). This is type-I modification.

. Zp is added from a new bus to an old bus (i.e., a new branch is added and the

dimension of Zgus goes up by one). This is type-2 modification.

. Zp connects an old bus to the reference bus (i.e., a new loop is formed but the

dimension of Zgus does not change). This is type-3 modification.

. Zp connects two old buses (i.e., new loop is formed but the dimension of Zgus does

not change). This is type-4 modification.

. Zp connects two new buses (Zpus remains unaffected in this case). This situation

can be avoided by suitable numbering of buses and from now on wards will be
ignored

Find the Impedance bus for the given below power system network?

Step-1: (element el) =» Type -1: branch impedance Z, connects New bus to reference bus



1

Z

bus

=[0.2]

Step-2: (element e2)=>Type-2: branch impedance Z, connects New bus to old bus

1 2

oz vo

Zbus =
0.2 0.2+0.8 02 1.0

Step-3: (element e3)=» Type-3: branch impedance Zy, connects old bus to reference bus

e3
1 2
02 0.2+0.2 02 02 02
Z,,=(102 1.0—1.0 /|=|02 .0
02 10 %.0+04| |02 10 M4
new Z XZ
Ziy =2~ 13Z *
33
zrer =02 92X02_ 449
zrew =z DX s o, 02X10_ 445
33
=z
Z, xZ 1.0x1.
zi =z,- 27 % g - 10X 556

33



[0.171 0.057
10,057 0.286

Step-4: (element e4) =» Type 2: branch impedance Z, connects New bus to old bus

0.171 0.0574—0.037 0.171 0.057 0.057

Z,  =|0.057 0.286— 0.28 =10.057 0.286 0.286
< Jv. ~

0.057 0.286\6286 +0.4 0.057 0.286 0.686

Step-5: (element e5) = Type-4: branch impedance Z, connects Between two old buses

0.171 0.057 0.0574— 0.057 - 0.171

—— A

, | |oos7 0786 0.2861—»0.286-0.057

s = || 0,057 0286 0.6861—0.686—0.057
0.057-0.171 0.286-0.057 0.686—0.057 Z.,

Zw=2Z, +(Zy+Z, —2xZ;)=04+(0.686+0.171-2x0.057) =1.143

0171 0057 0057 —0.114
, | 0057 ©0286)6:286>0.229
s 0,057 0.86%86\9.629

~0.114 0229 0.629 1.143

Z,x2Z,

new __ _
le _le Z
44



-0.114x-0.114

Z' =0.171- =0.159
1.143
Z,xZ ~0.114x0.22
zrev =z D15X 2 _( o57 Z0114x0229 o0
Z, 1.143
g —g ZuwxZi g5y ZO114X0629 0
: Z, 1.143

new __ rznew
ZZI _ZIZ

Z,,xZ 0.229x0.229

Z;Zew =Zz2— 42 = 0286 - T = 0240

44

Z,,xZ 0.229 % 0.629

Z;Sew =ZZS_ 43 = 0286 - T = 0156

44
new __ rznew
Z31 - Zl3
new __ rznew
Z32 - 223

Zu*Zis _ o gne. 0:629%0629 _ o
143

44 1.

new __ _
Z33 _Z33

0.159 0.080 0.119
= jx|0.080 0.240 0.156
0.119 0.156 0.339

Z

bus

2) Obtain the Impedance bus for the following network

1 2
21

0.20

@ 0.50 @ 0.50
0.20 3 0.20

Reference bus r.

Solution:
Number of elements = 5 = number of steps = 5
Number of bus = 3 = Zpys size is 3x3

Elements are numbered as follows,



0.20

ed es
0.50 = 0.50

0.20 3 0.20

el

5

Reference bus r.

Step 1: (element el) = Type -1: branch impedance Z» connects New bus to reference bus

1
—-

el
@ 0.50

Reference bus

bus [0 5]
Step-2: (element e2)=>Type-2: branch impedance Z, connects New bus to old bus
1 e2 2
* 50—
0.20

0.50

L

eference bus r.

05 05 05
Zius 5+02 05 07

Step-3: (element e3)=>Type-2: branch impedance Z, connects New bus to old bus

1 2
0 ——»
0.20
e3
0.50
0.20 3

Reference bus r.



0.5—65+—0.5 0.5 0.5 0.5
Z, = 0.5%—»0.5 =105 0.7 05
05 05 05+02| |05 05 07

Step-4: (element e4)=>Type-4: branch impedance Z, connects Between two old buses

1 2
0.20
e4
0.50
0.20 3 0.20
Reference bus r.
0.5 05— 05+*»0.5-05 05 05 0.5 0
o Y
0.5 0.7 0.5+ 0.5-0.7 05 07 05 -02
Zhusz - A =
0.5 0.5—I 0.7+ 0.7-0.5 05 05 07 02
05-05 05-0.7 07-05 Z, 0 -02 02 Z,

Z2,=2,+(Zy+Z,,—-2x2,)=02+(0.7+0.7-2x0.5)=0.6

05 05 05 0
|05 07 05 -02
105 05 07 02
0 -02 02 06

Reduce the matrix size by one

new Z X Z
Z :le_%
44
0x0
2 =0.5— OX L =05
ya 7 0x0
Z5" =2 n—% =02 0X4 ~02
44 ’
Z,,xZ
ZlnSew =Z”_M =0.5-0=0.5

44

05 05 05 0
, _|05 07 05 -02
105 05 07+ 0.2

0 -02 03\‘0.6



new __ rznew
ZZl - ZlZ

| Z,,xZ ~0.2x-0.2
ze :zzz—% =0.7- % =0.633
44 .

Z,,xZ,, =O.5—_0'2X0'2:O.566
0.6

new __ =24
ZZS _223

44
new __ rznew
ZSI - ZIS
new __ rznew
ZSZ - ZZS

ZyxZys _ o5 02x02

=0.633

Zy" =Zy5
44
05 0.5 0.5
Z,.=105 0.633 0.566
0.5 0.566 0.633

Step-5: (element e5)=» Type-3: branch impedance Zy, connects old bus to reference bus

1 2
LA

0.20

e5

% 0.50 @ 0.50
020 3 0.0 vz

0.5 0.5 0.5 0.5 EE—

1|05 0.633_0.566 | 0.633  —
b 105 0.566 O 0.566 e
0.5 0633 0566 0.633+0.5 l l l

Reference bus r.

[05 05  05—0.5
0.5 0.633 0.566\ 0.633
0.5 0.566 0.633 \0.566
10.5 0.633 0.566 1.133

Zhus =

Reduce the matrix size by one

new Z,,xZ
Z\" =2, 142 A
44
zrer =0.5-99X05 _ 599

Z5" =7, Z—M oL =0.5 ——0'5 x0.633

44

=0.220



Z,,%Zyy _ )« 0.5x0.566

Zln;W :ZIS_ 05 - W = 0250

44

05 05 05 05
, _|05 0.633-0:566>0.633
105 0.5 6}6\33\9.566

0.5 0.633 0.566 1.133

new __ rznew
ZZI - ZIZ

Z,,xZ 0.633x0.633

Z;Zew :ZZ2_ 42 = 0633 - T = 0279

44

Z, xZ 0.633x0.566

Z;;w =ZZ3_ 43 = 0566 - T = 0249

44
new __ new
Z31 = Z13
new __ new
Z32 = 223

Z.,xZ 0.566x 0.566

Z;;W :Z33— 43 = 0633 - T = 0350

44

0.279 0.220 0.250
=jx[0.220 0.279 0.249
0.250 0.249 0.350

Z

bus



Unit - II

Syllabus

UNIT Il: POWER FLOW STUDIES

Necessity of Power Flow Studies — Data for Power Flow Studies — Derivation of Static load flow equations, classification of Buses and their
relevance to Power Flow. LOAD FLOW SOLUTION USING GAUSS SEIDEL METHOD: Acceleration Factor, Load flow solution without and
with P-V buses, Algorithm and Flowchart. Numerical Load flow Solution for Simple Power Systems (Max. 3-Buses): Determination of Bus
Voltages, Injected Active and Reactive Powers (Sample One lteration only) and finding Line Flows/Losses for the given Bus Voltages.

NEWTON RAPHSON METHOD IN RECTANGULAR AND POLAR CO-ORDINATES FORM: Load Flow Solution without and with PV Busses-
Derivation of Jacobian Elements, Algorithm and Flowchart (Max. 3-Buses)

DECOUPLED AND FAST DECOUPLED METHODS: Comparison of Different Methods — DC load Flow.

What is the Necessity of Power Flow Studies?

Power flow studies are necessary for planning, economical operation, scheduling and exchange
of power between utilities. It is also required for stability analysis, contingency analysis and state
estimation.

The result of power flow studies gives the bus voltage magnitude and phase angle, real and
reactive power injection at all the buses and line loss.

1. Load flow study is the steady state analysis of power system network.
2. Load flow study determines the operating state of the system for a given loading.
3. Load flow solves a set of simultaneous non linear algebraic power equations for the two

unknown variables (| V| and 46 ) at each node in a system.
4. To solve non linear algebraic equations it is important to have fast, efficient and accurate

numerical algorithms.
5. The output of the load flow analysis is the voltage and phase angle, real and reactive
power (both sides in each line), line losses and slack bus power

Bus Classification

A bus is node has incoming and outgoing feeders. It is associated with four parameters; they are
Voltage magnitude | V|, phase angle 6, real power P and reactive power Q.

Bus tvpe Specified To find
yp quantity quantity
Slack bus [V, 5 P,Q
Generator bus P, | V]| Q, 6
Load bus P, Q |V], 6

Basic steps for Power flow studies

1) Find Ywus for the given power system
2) Make initial estimate for voltage
3) Find the equations for |V|, §, Pand Q

4) Find the error mismatch and stop when the error value is within tolerance


https://www.electrical4u.com/voltage-or-electric-potential-difference/

Bus loading equation

Yin

Yio

Net injected current [, into the bus i can be written as:

L=yoVitya(Vi=V)+ 9V - Vo) + ... ¥ 9,(V, —

L= (3o + ¥+ Yige Yix) Vi = Vi = 312 Voo %1sVa
Let us define
Yi=yo+tyutyet. ..t
Yy =
Yo =i

T =M
L=YVi+ Y, Vi + YoVt ..+ BV,

i el 4

or L=Y. V. + zYika
bt

The real and reactive power injected at bus i is
B~i@=W*1

Ii= l)l_;}Ql
V.

1

From eqns (7.9) and (7.10) we get

509 _*}Qi =¥V + zYka
Vi k=1
kzi

V)



Calculation of net Injected power

n
PI = JQ; = }7”‘}: + Yika
=1
i

*

ol

1

P —j@ = Vl* Y, V. + ;Yikvk
=¥

k#i

Leet Yi= |Yal|8s > Yae™ Vil [ Bic Vi:WJ&

V= IVISS L Vs IV

5 n
P —j@Q = Vil 1Yl [8i + 3 ¥yl V][ Vic [ Bite + 8u = 85
k=]

k=i

P,—j@Q; = |V;|® | Y;|cos 6; +j|V;|? | Y| sin B +Z|Yik||Vi||Vk|cosfeik + 08, —9;)
k=1
k#z

+7 X 1Yl Vil Vil sin®y + 8 — &)
k=1
k#i

Separating real and imaginary part of eqn. (7.14)

P, = |V,|? | Y;|cos 6 +Z|Yik||v'.||vk|305(etk +8y —8;)

k=1
ki

P, = 3| Vil| Vil| Yix| cos(0y - 8; +8y)
k=1
and

-Q: = | V|2 | Yy|sin 65 + > |V || Vil| Vic|sin(®@y, + 8y — 8;)
ka1
kai

n

Q. = = X | Vil Vil| Y| sin(®yc - ; +8y)
k=1



V| BUSES

CONSIDERATION OF P-
P_sr.h eduled

For P-@ buses, the real and reactive powers P, and Qi'q“h*"d“h"d are known. Starting with
initial values of the voltages, set of voltage equations can be solved iteratively. For the voltage-
controlled buses (P- | V| buses), where P5Peddled gnq | Vi | are specified, first eqn. (7.16) is solved

for @ P*ie.

QP 1= =Y VAP VilP | Vil sin(By — 87 +8,°) (7.17)
k=1

Then set of voltage equations are solved. However, at P-| V| buses, since | V;| is specified,
only the imaginary part of V;P* ! is retained and its real part is selected in order to satisfy.

(e{’”)z +(fi"”)2 = V| +(718)

o | =

eP 1= {IViIQ—(fi"”)Q} ..(7.19)

Where
eP*1 = real part of V;P*!

fP*1=imagining part of V,P*!

Using Gauss Seidel method, determine the phasor values of the voltages at bus 2 and 3.
Take base MVA=100.

slack bus
1 - 3
Bus code Impedance
i —k Zy
1-2 0.02 + j0.04
9l
1-3 0.01 +,0.03
2-3 0.0125 + j0.025
Generation Load
Bus code Assumed Mw MVAr Mw MVAr
i bus voltage
1 1.05+ 0.0 - - 0 0
(slack bus)
2 1+j0.0 50 30 305.6 140.2
3 1+,0.0 0.0 0.0 138.6 45.2

Step 1:



305.6 1402

-— = 3.056 pu; g = —— = 1402
PL2= 00 PG QL= 0 ==
1386 452
= —°%° _ 1386 pu; = 2 ann
PLs= 700 PG QLs = 45 =

Convert all the generation in per-unit values.

50 30
, = —— = 0.50 pu; , = —— = 0.30 pu
Pe= 100 p Qe = 100 i

Compute net-injected power at bus 2 and 3.
Py, =P, — P, = (0.5 - 3.056) =5-2.556 pu
Qy = Qg — Q5 = (0.3 — 1.402) §-1.102 pu
Py=P,;— P 3=0-1.386=-1.386 pu

Q= Qy — @3 =0 —0.452 = —0.452 pu

Step 2: Y-Bus Formation
1 1

s =Yy = —— = = (10 - j20
Y= n = 7 = 002 + j0.04 (0=~ j2d)
1 1
- = - = (10 - 130
Y13 = Va1 Z..  (001+ jO03) ( J30)
1 1 = (16 - j32)

Y TIm T T (00125 + j0.025)

Yll =y +y3=010 —J20) + (10 —730) = (20 —j50)
Yoo =21 + Y3 = Y12 + Y23 = (26 — j52)
Y33 =13 + ¥o3 = (26 — j62)

Y, = 5385|-682°:  Y,,= 5813|-634°

Y, = 67.23| —672°

Y1y =—y1p = - (10— j20) =—10 + j20 = 22.36 | 116.6°
Y=Yy

Yig = ¥ay=—yyg=— {10 —580)= 3162 1084°

You = Yo = -90.=— (16 —j32)= 5597 [1166°




53.85|-682° 2236(1166° 31.62|108.4°

Yrus = | [22.36|116.6° ||58.13|-634° | [35.77|116.6°

31.62(1084° 35.77|1166° 67.23|-67.2°

Step 3: Voltage calculation

P, - j@.
Vot b= YL - J?z ~ Yo, V; - You V5
22 (V(P‘)
|\ 2
po_
VS(p D= L _%3,‘ - Y31V1 - YSQVz(pH)
Yas (V(P-‘)
3

V2{13 = (0.983005 |-1.8°

1.0011|-2.06°

W]
—
-
S’
I

2) Find the bus voltages at the end of first iteration using GS method. Take base
MVA as 100.

O, ()

0.02 +j 0.04
——>

0.01 +j0.03 0.0125 +j 0.025 256.6 MW
V| = 1.05 L0 s AL D1 +) 0. 110.2 Mvar

@)

138.6 MW

45.2 Mvar

Step 1:

PL, =256.6 MW / 100 MVA = 2.566 PU
QL2 =110.2 MVAR / 100 MVA =1.102 PU



PL; =138.6 / 100 = 1.386 PU
QL3 =45.2 / 100 = 0.452 PU

P2 = PGz - PLp = -2.566 PU
Q2=0QG2- QL2 =-1.102 PU
P3 = PGs - PLs = -1.386 PU
Q3= QGs—- QLs = -0.452 PU

Step 2:

Diagonal Elements

Y11 =(1/(0.02+0.041))+(1/(0.01+0.03i)) = 20-50i = 53.8516__-68.2332
Y22 = (1/(0.02+0.041))+(1/(0.0125+0.025i)) = 26-52i = 58.1378_-63.4671
Y33 =(1/(0.01+0.03i))+(1/(0.0125+0.025i)) = 26-62i = 67.2309__-67.2831

Off - Diagonal Elements

Y12 =-1/(0.02+0.04i) = -10+20i = 22.3607116.6242
Y13 =-1/(0.01+0.03i) = -10+30i = 31.6228108.4899
Y23 =-1/(0.0125+0.025i) = -16+32i = 35.7771L.116.6242

53.8516£—68.2332  22.3607.£116.6242  31.6228./108.4899 |

Y, =| 22.3607/£116.6242 58.1378£—-63.4671 35.7771/£116.6242

bus

Step 3: Finding bus voltages

Zeroth iteration

Vi=1.05L0

V20=1+j0=1.0 L0 = Assumed value
V30=1+j0=1.0 LO = Assumed value

First iteration

V2l=7?

Vl_ 1 |:P2]Q2

Y,| )

= ~Y,V -Y. VO}
2 2171 2373
Y,

| 31.6228/108.4899  35.7771/116.6242  67.2309/ —67.2831



. 1 [-2.566+j1.102

V, = —22.3607.£116.6242 % (1.05) —35.771£116.6242 x (1)}
58.13784£—-63.4671 1.0

=0.9825-j0.031 = 0.983_-1.808

1P —7
V31 = : o]*QS - Y31V1 - Y32V21
Yo (V)
33 3
- ! ~1.386+ 04521 _ 5} 628./108.4899 x (1.05) — 35.7771.£116.6242 x (0.983/ -1.808)
°67.2309/ —-67.2831 (1.0)

=1.0-j0.0353 = 1.0 L-2.022
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Gauss Seidel Method Flowchart ¢

Read bus data and
line data, tolerance ¢

v

Convert all the electrical quantity into per
unit for the common base

v
Compute Y-bus

v

Assume flat voltage start [V| = 1.0, 6=0 for
unknown voltage quantity

v

Iteration count N=0

v

> Bus count B=0

No
If Load (PQ) bus
S
No

For PV bus, find Q

@ = = Y IVill Vil | Y| sin(@y, - 8; +35,)

Find Voltage vector

A 4

1 | B -j@: <
Vi= o[22l Vv

Irii ‘Vl k=1
k#i
\A > Increment bus count B=B+1

v
No
Yes
Find error voltage between present and previous iteration

If |errorma] < €
0
Yes

Find slack bus power, line losses

S

Increment iteration
count N=N+1




What is Acceleration Factor?

An acceleration factor is a value that can be used to speed up the convergence and
reduce the number of required alteration in a Gauss Seidel method of power flow
analysis. It is denoted by a and the value is from 1.2 to 2.0.

k+1 Y7k k+l _ yyk
‘/i Acceleratal _‘/l +a(‘/l ‘/1 )

How to handle Load flow solution without and with P-V buses?

Q = = DIVl Viel Y| sin(®y — 8; +8y0)

k=1



NEWTON RAPHSON (NR) METHOD

P, = ZlVi”VkHYiklcos(eik = 8; + Oy)

k=1

Q = = | Vil Vil | Vil sin(65 — & +8,0)
k=1

| AP ]

MJ(IJ)

n

B )
AQ.P

| AQy” |

In the above equation, bus-1 is assumed to be the slack bus.

Eqgn. (7.52) can be written is short form i.e.,

ap| |J, J,
AQ| T |dy

Ad
AlV]

P P2 (p 3 Pg p) 3 Pg (p) P P-g (p) - AG ®
e R )
95, 8, ENA | Val )
[a}:,n ]ual k 5 P ® | aP, ]('” ; E}I;' Tp)
00, 95, a| Vs R |V, Asi{,)
(p) (p) (p) (o) A|V2I{p}
0, 1" (9@, )" [ 9@y | (9@ "
852 aﬁn aI“’72| alvnl
: © : (p) : ® E ®)
99, 1" (0@, )" (3R |" (29 |" || gy o
\ 95, 2, ) |lalVy A

«(1:51)

...(7.52)

.(7.53)
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v

Read bus data and
line data, tolerance ¢

v

Convert all the electrical quantity into per
unit for the common base

v

Compute Y-bus

v

Assume flat voltage start [V| = 1.0, 6=0 for
unknown voltage quantity

v

Iteration count N=0

v
For load buses calculate AP, AQ

Increment iteration
count N=N+1

For Generator bus calculate AP

v

Calculate Jacobian sub matrix elements
J1,J2,J3, and J4

Solve the below equation to find A5, A[V|

As| [, 2, [ap
i 7)1
v

Calculate new 6= 6+ A, |V|= [V|+ A|V|
error = max(AP, AQ)

o ——

Yes

Find slack bus power, line losses and print the result

(D

NEWTON RAPHSON (NR) Method Flowchart




7.13 DECOUPLED LOAD FLOW SOLUTION

Transmission lines of power systems have a very low R/X ratio. For such system, real power
mismatch AP are less sensitive to changes in the voltage magnitude and are very sensitive to
changes in phase angle AS. Similarly, reactive power mismatch AQ is less sensitive to changes
in angle and are very much sensitive on changes in voltage magnitude. Therefore, 1t 1s reasonable
to set elements <J, and <J; of the Jacobain matrix to zero. Therefore, eqn. (7.53) reduces to

AP| [J, o as _
AQIT 0 J AV (7.54)
or AP = J,.AS 5755
AQ=J, A|V] ...(7.56)

For voltage controlled buses, the voltage magnitudes are known. Therefore, if m buses of
the system are voltage controlled, -/, is of the order (n — 1) X (n — 1) and J, is of the order
n—1-m)x(n—1-m).

Now the diagonal elements of .J; are

aP. Z )
L= Y |Vi[| Vil Vil sin(8; - 8; +3y) (.57
95; k=1
k#i

off-diagonal elements of J, are
P,

~ = I Vill Vil [ Yie| sin(@yyc = &; +8y) -(7.58)
35k k=i
The diagonal elements of J, are
aQi ; - ;
==2|Vj||Yy|sin 6; “Z|Vk||Yik|5m(91k - 5; +8y) --(7.59)
a V]_l k=1
k#i
o6 =—|V,|| Y |sin(B;, — §; +8y) (7.60)
al Vkl 1 ik ik 1 k ki s "

The terms APi(p) and AQi(p) are the difference between the scheduled and calculated values

at bus i known as power residuals, given by

P — scheduled (p)

APi P= R - I)i(calculated} -(761)
(p) — yscheduled (p)

AQi B Qi - Qi (calculated) ‘(762)

The new estimates for bus voltage magnitudes and angles are,
[ 2= | |+ | |9 ..(7.63)
Si(p +) = Si(pJ e ASL(P) ...(7.64)



7.14 DECOUPLED LOAD FLOW ALGORITHM

Step-1: Read system data
Step-2: Form Yyyg matrix

Step-3: For load buses p3heduled 5pq @scheduled aye gpecified. Voltage magnitudes and phase

angles are set equal to the slack bus values, or | V;| = 1.0, |§,] = 0.0 radian.

For voltage controlled buses, where | V| and Pt gre specified, phase angles are set equal
to the slack bus angle, i.e. 8{”=0.0 radian.

Step-4: For load buses, P.l(p) and Q.fp" are calculated using eqns. (7.50) and (7.51) and
APi{p) and AQi(p} are calculated from eqns. (7.61) and (7.62).

Step-5: For voltage controlled buses, Pi(m and APi(P) are computed using eqns. (7.50) and (7.61)

respectively.

Step-6: Compute elements of J, and </, using equations (7.57) — (7.60).

Step-7: Solve equations (7.55) and (7.56) for computing A3 and A| V.

Step-8: Compute new voltage magnmitudes and phase angles using eqns. (7.63) and (7.64).

Step-9: Check for convergence, 1.e. if

max|APi‘p)| <e and

max | AQ'?| <e ., solution has converged go to Step-10, otherwise, go to step-4.

Step-10: Print output results.
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v

Read bus data and
line data, tolerance ¢

v

Convert all the electrical quantity into per
unit for the common base

v

Compute Y-bus

v

Assume flat voltage start [V| = 1.0, 6=0 for
unknown voltage quantity

v

Iteration count N=0

v
For load buses calculate AP, AQ

Increment iteration
count N=N+1

For Generator bus calculate AP

v

Calculate Jacobian sub matrix elements
J 1, and J4

Solve the below equation to find AS, A|V]
AP = J,.AS
AQ=dJ,A|V]
v

Calculate new 6= 6+ AS, |V|= |V[]+ A[V]
error = max(AP, AQ)

o T ——

Yes

Find slack bus power, line losses and print the result

(D

Decoupled Method Flowchart




Using Decoupled method, determine the phasor values of the voltages at bus 2 and 3. Take
base MVA=100.

slack bus
s By 3
Bus code Impedance
i =k Zy
1-2 0.02 + j0.04
& 1-3 0.01 + j0.03
2-3 0.0125 + j0.025
Generation Load
Bus code Assumed MW MVAr Mw MVAr
i bus voltage
1 1.05}+ j0.0 - . 0 0
(slack bus)
2 1+j00 50 30 305.6 140.2
3 1+/0.0 0.0 0.0 138.6 45.2
Step 1
305.6 1402
PL, = = 3.056 pu; L, = —— = 1402 pu
2~ 100 P QL2 = To0 s
1386 452
PL.= —— = 1386 pu; Ly = = 0452 pu
5= 100 P QLs = 100 B

Convert all the generation in per-unit values.

50 30
;= — = 050 pu; , = — = 0.30 pu
Pe= 100 p Qe = 100 B

Compute net-injected power at bus 2 and 3.
Py =P, — P, = (0.5 - 3.056) ={-2.556 pu
Q2 = Qg — Q15 = (0.3 — 1.402) §-1.102 pu

P3:Pg3—PL3:0—1.386:—1.386]311
Qs = Qg3 — Qs =0 —0.452 = -0.452 pu

Step 2: Y-Bus Formation

1 1
= Yo = - = (10 - j20
Yiz =Y Z,, 002+ j0.04 ( 120)




1 1
Z,, (0.01+ j003)

Fig S ¥ = = (10 - 530)

1 1
Z,. (00125 + j0.025)

Vo3 = Vg2 = = (16 - j32)

Yll =y +y3=010 —J20) + (10 —730) = (20 —j50)
Yoo =21 + Y3 = Y12 + Y23 = (26 — j52)

Y33 =13 + ¥o3 = (26 — j62)

Y, = 5385|-682°:  Y,,= 5813|-634°

Y, = 67.23| —672°

Yo =—y19 =- (10— j20) =10 + j20 = 22.36 | 116.6°
Y=Yy

Yig = ¥ay=—yyg=— {10 —580)= 3162 1084°

You = Yo = -90.=— (16 —j32)= 5597 [1166°

53.85|-682° 2236|1166° 31.62|1084"°

Ypus = | |22.36|116.6° ||58.13|-634° | |35.77|116.6°

31.62(1084° 35.77|1166° 67.23|-67.2°

Step 3:

From eqns. (7.50) and (7.51)

Py= | Vo| | V] | Ya;|cos(0g; — 8y + 81) +| Vo | ?| Yoy | co86ss
+ | Vo] [ Vs | Y3 | cos(By5 — 8, + &)

Py = | V5| | V1| Ya | cos(B3; — 85 + &) +| V| [V, | Y|
cos(0gy — 83 + 89) + | Vy|?| Y3 cos0s,

Qo =—|Va| | V1] | Yoy | sin(By; — 85 + &) —| V3 |?| Vs |
sin Oy — | V|| Vs | Yo | sin(By3 — 8, + 85)

Q@3 =—| V3| [ V1| |Ya|sin(B3 — 83 + &) —| V3| | Va] | Yaal
sin(Bgy — 85 + 8y) —| V3| ?| Ysy | sinly,



oP. . :
2 = | V| | V4] | Yoy |sin(@yy — 8y + 8y) +| Vo | | V3| | Yag|sin(Bgg — 85 + 85)

Y
oP. .
8?2 =—|Vy| [ V3] | Yo3|sIn(Bg5 — 05 + 83)
3
dP. .
88—3 =—| V3| | Vo] | Yo [sIn(B35 — &3 + y)
9
P, | |
5. | V3| [ V1] | Y51 |sin(83; — 83 + &) +| V3| | Vo | Y52 |sin(B35 — 85 + &)
3
% =—|V.| Y- i o5, + O 21Vl |LX. ' Vol | Yoo si O, + 0O
AV, =—| Vi| | Yoy |sin(Oy; — 8y + &) — 2| V5| | Yoy [81n0yy —| V5 | Y3 sin(Bg5 — 8, + 85)
9
Q. .
3|—VZ| = —| V| | Yo3 | sin(0y3 — &, + 83)
0Q )
BI_éT = —| V3| | Y55 | sin(035 — &3 + &)
0Q, . . )
AV | =—|Vi| | Y31 |sin(B3; — 83 + 81) —| V| | Y3a| sin(B39 — 83 + 82) — 2| V5| | Y33]|smBsg
3
Data
| Yy | = 58.13, 84y = —1.106 rad = —63.4°
| Yaa| = 67.23, 5, = —1.173 rad = —67.2°
| Yy | = 22.36, 0,, = 116.6° = 2.034 rad
| Yoy | = 35.77, 8,3 = 116.6° = 2.034 rad
| Yar| = 31.62, 65, = 108.4° = 1.892 rad
| V] =1.05,8, =0.0rad, | V,|?=1.0, 8,9 =0.0 rad
| V3| @ =10, 8,9=0.0rad
P, | .
%, | Vol | Vil | Yo |sin(Oyy — 8y + &) +| Vo | | V3| | Yo3|sin(0g3 — &g + 85)
2
dP.

&TQ = 1.05 x 22.36 sin (116.6°) + 35.77 sin (116.6°) = 52.97
2

dP, :
oL == | Val | Va| | Yos| sin(8y, = 8, + 39
3



aP,

= —35.77 sin. (116.6°) = —31.98

= 1.05 x 31.62 sin (108.4°) + 35.77 sin (116.6°) = 63.48

= —1.05 x 22.36 sin (116.6°) — 2 X 58.13 X sin (—63.4°) —35.77 X sin (116.6°)
=-21 + 103.95 — 31.98 = 50.97
= -1.05 X 31.62 X sin (108.4°) — 35.77 X sin (116.6°) — 2 X 67.23 X sin (—67.2°)

=-31.50 — 31.98 + 123.95 = 60.47

—35.77 sin (116.6°) = —31.98

1l

[ 5297 -3198
| -3198 6348 |

[ 5097 -3198 ]

|-3198 6047 |

For this problem -/, and </, as computed above, assumed constant throughtout the iterative
process

Pyt = 1.05 x 22.36 cos (116.6°) + 58.13 cos (—63.4°) + 35.77 cos (116.6°)
PRy =050
P, =1.05 X 31.62 cos (108.4°) + 35.77 cos (116.6°) + 67.23 cos (-67.2°)
Pé(oc}a“ =-0.44
Q)
QS =10

R5a) = —1.05 x 31.62 sin (108.4°) — 35,77 sin (116.6°) — 67.23 x sin (—67.2°)

—1.05 x 22.36 sin (116.6°) — 58.13 sin (—63.4°) — 35.77 sin (116.6°)

0
Qian) =—1.503
Poyoen) = —2.556



QZ{:'ch} =-1.102
Qﬁ(sch) =-0.452

APZEU) = Pogen) — Pg((oc)a” =-2.556 — (—0.5) = —-2.056
AE 3{0’ = Psech) — Rq{?cln =—-1.386 — (-0.44) = 0.946
AQQO) = Qﬂ(snh) = in?gan =-1.102 — (—]) =-0.102

AQD = Qyuuy— @8y =—0.452 — (-1.503) = 1.051

AP® | [ 5297 -31.98]| As®
AP® | |-3198 6348]| A5
AsY | [ 5297 -3198]" [-2056
A8 | |-3198 6348] |-0946

A8 =-0.0687 radian = —3.936°

A8Y =-0.0495 radian = —2.837°

Similarly
AQY | | 5097 -3198||A|V,|@
QO | [-3198 6047 | A|V,[©
AV, @] [ 5097 -3198]" [-0.102
" AV,[© -3198 6047 1051

Al V,|@ =0.01332

A V4@ =0.0244
8P = 8 + ASYY = —0.0687 radian = —3.936°
8L = 59 4 A8 = -0.0495 radian = -2.837°

| V| W= |V,|Q+A|V,|9=1.0+0.01332 = 1.01332
|Va| V= | V5| Q+A|V,|©9=1.0+ 0.0244 = 1.0244



7.15 FAST DECOUPLED LOAD FLOW

The diagonal elements of J; described by eqn. (7.57) may be written as:

oP, - : : : :

5. 2 VA TVA [ Yl sin®y — & + 89 — | Vi|* | Vi sin @ ...(7.65)
i k=1

Using eqns. (7.65) and (7.51), we get

LA L

oP. ,
L@ 1V ZB__

861 Q]. | ].| n

where B;; = | Y;;| sin 6; is the imaginary part of the diagonal elements of the bus admittance

matrix. In a practical power system, B, >> @, and hence we may neglect @,. Further simplification
is obtained by assuming | V;|% = | V;|, which gives,
op,
d3,
Under normal operating conditions, 8, — 8, is quite small. Therefore, 8, — 8, + §, = 6, and
eqn. (7.58) reduces to

=~ | V| B; -(7.67)

i

. =1Vl %l Ba
Assuming | V| = 1.0
o,

Similarly, the diagonal elements of /; as given by eqn. (7.59) may be written as:

J _ n .
a|%| =—|Vi| | Ys|sin 85— Y |Vi| | Vi| | Yyl sin(@y —8; + &)  ...(7.69)

k=1

Using eqns. (7.69) and (7.51), we get,

Q, ;
AV =—| Vil | Yji|sin 6; + @,
06,
L = 2 B + . -e- 7-’_0
Again B, >> @, @, may be neglected.
0@,
— =—| V| B sl 11
alx/:_l | 1.| n ( )

Assuming 0y, — §; + & = Jy., eqn. (7.60) can be written as:

Q,
ol Vil

=—| Vil B T



Therefore, eqns. (7.55) and (7.56) take the following form:

AL - A3 (173
Vi
AQ
— =_B"” A8 al Tk
V] e

B’ and B” are the imaginary part of the bus admittance matrix Ypyg. B and B” are constant-
matrices and they need to be inverted once. The decoupled and fast decoupled power flow
solutions requires more interations than the coupled NR method but requires less computing
time per iteration.

S.No G.S N.R FDLF
1 Require large number | Require less number | Require more number
of iterations to reach | of iterations to reach | of iterations than N.R
convergence convergence. method
2 Computation time per | Computation time per | Computation time per
iteration 1s less iteration 1s more iteration is less
3 It has linear It has quadratic
convergence convergence
characteristics characteristics
+ The number of The number of [ The number of
iterations required for | iterations are | iterations are does not
convergence increases | independent of the | dependent of the size
with size of the size of the system of the system
system
5 Less memory | More memory Less memory
requirements requirements. requirements than
N.R.method.




DC load Flow

DC power flow is a commonly used tool for contingency analysis. Recently, due to its
simplicity and robustness, it also becomes increasingly used for the real-time dispatch
and techno-economic analysis of power systems. It is a simplification of a full power flow
looking only at active power.

Direct Current Load Flow (DCLF) gives estimations of lines power flows on AC
power systems. DCLF looks only at active power flows and neglects reactive
power flows. This method is non-iterative and absolutely convergent but less
accurate than AC Load Flow (ACLF) solutions. DCLF is used wherever repetitive
and fast load flow estimations are required.

In DCLF, nonlinear model of the AC system is simplified to a linear form
through these assumptions

e Line resistances (active power losses) are negligible 1.e. R < X.

e Voltage angle differences are assumed to be small ie. sin(0) = 0 and
cos(f) = 1.

e Magnitudes of bus voltages are set to 1.0 per unit (flat voltage profile).

e Tap settings are ignored.

Based on the above assumptions, voltage angles and active power injections are
the variables of DCLF. Active power injections are known in advance. Therefore
for each bus i in the system, (A.5) is converted to

Pi=) By(6i—6) (A7)

in which Bj; is the reciprocal of the reactance between bus i and bus j. As
mentioned earlier, Bj; is the imaginary part of Y.
As a result, active power flow through transmission line i, between buses s and
r, can be calculated from (A.8).
1
Pri =——(0; — 6,) (A-8)
XLi
where X;; is the reactance of line i.
DC power flow equations in the matrix form and the corresponding matrix
relation for flows through branches are represented in (A.9) and (A.10).

0=[B]"'P (A.9)
PL = (bxA)0 (A.10)



where

P N x 1 vector of bus active power injections for buses 1, ..., N
B N x N admittance matrix with R = 0
0 N x 1 vector of bus voltage angles for buses 1, ..., N

P;, M x 1 vector of branch flows (M is the number of branches)

b M x M matrix (b is equal to the susceptance of line k and non-diagonal
elements are zero)

A M x N bus-branch incidence matrix

Each diagonal element of B (i.e. B;;) is the sum of the reciprocal of the lines
reactances connected to bus i. The off-diagonal element (i.e. B;) is the negative
sum of the reciprocal of the lines reactances between bus i and bus j.

A is a connection matrix in which g;; is 1, if a line exists from bus i to bus j;
otherwise zero. Moreover, for the starting and the ending buses, the elements are
1 and —1, respectively.

Example A.1 A simple example is used to illustrate the points discussed above.
A three-bus system is considered. This system is shown in Fig. A.1, with the
details given in Tables A.1 and A.2.

With base apparent power equal to 100 MVA, B and P are calculated as
follows

23.2435 —17.3611 —5.8824 Unknown
B=|-173611 28.2307 -108696| P = 0.53
—5.8824 —10.8696 16.7519 -0.9

As bus 1 is considered as slack,' the first row of P and the first row and column
of B are disregarded. 0, and 03 are then calculated using (A.9) as follows.

P 2

Fig. A.1 Three-bus system
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Table A.1 Loads and generations

Bus number Bus type Pp (MW) Qp (MVAr) Pg (MW)
1 Slack 0 0 Unknown
2 PV 10 5 63

3 PQ 90 30 0

Table A.2 Branches

Line number From bus To bus X (p.u.) Rating (MVA)
1 1 2 0.0576 250
2 2 3 0.092 250
3 1 3 017 150
0, B 28.2307 —10.8696 A 0.53 B —0.0025 Rz — —0.1460°
~ | —10.8696 16.7519 ~g9| = | —oossa | | —3.1730°

A and b are then calculated as

1 -1 0 17.3611 0 0
A=10 1 =1 b= 0 10.8696 0
1 0 -1 0 0 5.8824

Therefore, the transmission flows are calculated using (A.10) as follows

Pry
P> | =BaseMVA xb x A x 0
Pp3
17.3611 0 0 1 -1 0 0
=100 % 0 10.8696 0 x 0 1 —=1]x [-0.0025
0 0 5.8824 1 0 -1 —0.0554
4.4243
= | 57.4243 | MW
32.3757
Comparison of DC and AC power flow
S. No AC power flow DC power flow
1 Real (P) and reactive power (Q) is Only real power (P) is calculated
calculated
9 Resistance and reactance are Resistance is neglected and only reactance is
considered considered
3 Iterative procedure gives the real | Matrix operation gives the real power and no
and reactive power iterative process
Takes more time for the
4 . Compute fast to get real power
calculation
Non linear model Linear model




Unit - III

Syllabus

UNIT Il SHORT CIRCUIT ANALYSIS

PER-UNIT SYSTEM OF REPRESENTATION: Per-Unit equivalent reactance network of a three phase Power System, Numerical Problems.
Needs and assumptions for short circuit analysis

SYMMETRICAL FAULT ANALYSIS: Short Circuit Current and MVA Calculations, Fault levels, Application of Series Reactors, Numerical
Problems.

SYMMETRICAL COMPONENT THEORY: Symmetrical Component Transformation, Positive, Negative and Zero sequence components:
Voltages, Currents and Impedances. Sequence Networks: Positive, Negative and Zero sequence Networks, Numerical Problems.
UNSYMMETRICAL FAULT ANALYSIS: LG, LL, LLG faults without and with fault impedance, Numerical Problems.

What is the Necessity of Per-Unit?

The various component of power system like alternator, motors and transformers, etc.., have
their voltage, power, current and impedance rating in KV, KVA, KA and ohm respectively. Hence,
for analysis purpose the base value is chosen for voltage, power, current and impedance. All the
voltage, power, current and impedance ratings of the components are expressed as a % or per
unit of the base value.

Explain the importance of Per Unit System?

What is the Per Unit System? Why it is required in power system calculation?

What are the advantages of Per Unit System?

Formulas Used:

. Actual Value
Per Unit value = —
Base Value
1. Base MVA,
2. Base KV,
Base KV)*
3. Base Value of Impedance, Z, =¥
Base MVA
Base MVA
4. Base Value of Current, [,=————
Base KV

For change of base:

2
pr—— X( old base KV j y (new base MVAJ

b P4 new base KV old base MVA

New base KV on HT side = base KV on LT side x (HT rating of transform erJ

LT rating of transform er

New base KV on LT side =base KV on HT side x ( LT rating of transform erJ

HT rating of transform er

Algorithm:



1) Get base MVA and base KV values

2) Get actual impedance value in ohms

3) Calculate the base Impedance value using the formula

4) Calculate the Per Unit value of the Impedance of power system components

5) Display the Result

Exercise Problems

1) A 3 phase generator with rating 1000KVA, 33KV has its armature resistance and
synchronous reactance as 20 ohm/ph and 70 ohm/ph. calculate the Per Unit
Impedance Value of the generator.

Manual Calculation

Base Impedance, Z, =M
Base MVA
MVA base=1000KVA = 1 MVA
Base KV = 33KV
_ (33
1
Z, = 1089 ohms
Zactual = R+jX = (20+j70) ohms
Z

— Actual

u
"oz

Z,

Base
20+ 370
"~ 71089
Zpu = 0.0184 + j 0.0643 pu

Exercise Problem

2) Calculate the Per Unit reactance value of the given transmission line of length 64km
having the reactance of 0.5 ohm/km. Take Base MVA = 300 and Base KV=230.

Solution:

Zvase = (KVbase)2 /| MVApase = 2302 / 300 = 176.333 ohms
Zactual = 64 x jO.5 = j32 ohms

Zpu = Zactual | Zpase = (0+j32) / 176.333 = 0 + j 0.1815 pu



Exercise Problem

3) A 300 MVA, 20 KV, 3 phase generator has a sub transient reactance of 20%. The
generator supplies 2 synchronous motors through a 64 km transmission line having
transformers both ends. In this T; is 3 phase transformer and T, is made of 3 single
phase transformer of rating 100 MVA, 127 / 13.2 KV, 10% reactance. Series reactance of
the transmission line is 0.5 ohm/km. select the generator rating as base values.

200 MVA
3x 100 MVA 132KV fi/
300 MVA 350 MVA 127132 KV 20% =

20KV 20/230 KV 10 % 4@
20 % 10 %
O—3t :
s s -
; A i/ i/ A 1221\12;14\(

20 %

Solution:
Base Mega Volt Ampere, MVAp new = 300 MVA
Base Kilo Volt, KVp new = 20 KV

Reactance of Generator G

p.u reactance of generator = 20 % = 0.2 pu

Reactance of Transformer T;

2
pr—— X( old base KV j y (new base MVAJ

e T new base KV old base MVA

Xpu, old = 10% = 0.1 Pu
KVb, 01a=20 KV
MVAy, =350 MVA

The new pu reactance Of T1 = Xpu, old * (I{\/b7 old / Kvb, new)2 * (MVAb’ new / MVAby old)
= 0.1 * (20/20)2 * (300/350) = 0.0857 pu

Reactance of Transmission Line

Reactance perkm =j0.5Q
Total reactance = 64*j0.5=j32Q
Zactuar=j32 Q



MVAb, new = 300 MVA

New base KV on HT side = base KV on LT side x (HT rating of transform erJ

LT rating of transform er

New base KV on HT side of T; = Base KV on LT side * (HT voltage rating of T, / LT voltage rating of T1)
=20 * (230/20) = 230 KV

KV, new = 230KV

MVAp, new = 300 MVA

Base impedance, Zp = (KVy)2 / MVA, =2302 / 300 = 176.33 Q

Per Unit reactance of Transmission Line=(Zactua1/Z»)=(32 / 176.33) = 0.1815 pu

Reactance of Transformer T>

Kvb, new — 230KV
MVAb, new — 300 MVA

Voltage ratio of line voltage of 3 phase transformer bank = (V3 * 127)/13.2=220/13.2 KV

MVA, o1a= 3 x 100 = 300 MVA
KV, o1a = 220KV
xpu, old =10% =0.1 pu

New pPu reactance of T; = Xpu, old *(Kvb, old / Kvb, new)2 * (MVAb, new / MVAb, old)

= 0.1 *(220/230)2 * (300/300)
= 0.0915 pu

Reactance of M;

New base KV on LT side =base KV on HT side x ( LT rating of transform er]

HT rating of transform er

New base KV on LT side =230 x g
220

New base KV, KVp, new=13.8 KV
MVAp, new=300 MVA

KVy, 01a=13.2 KV

MVAb, 01a=200 MVA



Xpu, old = 20% = 0.2 pu
pu reactance of M1 = Xpu, o1d *(KVb, o1a / KVb, new)? * (MVAb, new / MVAp, o1a)
= 0.2*(13.2/13.8)2 * (300/200) = 0.2745 pu

Reactance of M-
KVb, new=13.8 KV
MVAp, new=300 MVA
KVb, 01a=13.2 KV

MVAb, o¢=100 MVA

Xpu, old = 20% = 0.2 pu

pu l'eactance Of M2 = Xpu, old *(Kvb, old/ Kvb’ new)z * (MVAb, new / MVAb, old)
= 0.2%(13.2/13.8)2 * (300/100) = 0.549 pu

Exercise Problem

4) Calculate the Per Unit values for the given single line diagram of the power system. Take
base MVA as 100 and base KV as 220 in 50 ohm line. The ratings of the generator, motor

and transformers are given below:

T2

T1 ?(
PP TS
% %

s oA

||*’E<Q_j

Generator: 40 MVA, 25 KV, X” = 20%

Synchronous motor: 50 MVA, 11 KV, X” = 30%

Y-Y Transformer: 40 MVA, 33 / 220 KV, X=15%

Y-A Transformer: 30 MVA, 11 / 220KV (A / Y), X=15%

Solution:
Base Mega Volt Ampere, MVApnew = 100 MVA

Base Kilo Volt, KVp new = 220 KV

Reactance of Transmission line




Base impedance, Zp = (KVbnew)2 / MVApnew = 2202 / 100 = 484 Q
ZActua1 = 50 Q
pu reactance = (Actual Reactance / Base impedance) = 50 / 484 = 0.1033 pu

Reactance of Transformer T
New base KV on LT side of T: = Base KV on HT side * (LT rating / HT rating)
=220 * (33 / 220) = 33 KV

KVp,new = 33 KV

MVAp,new = 100 MVA

MVAy, oia= 40 MVA,

KVb, oa = 33 KV,

Xpu, o1a=15% = 0.15 pu

pu reactance = Xpu, old * (KVb, old / KV, new)? * (MVAb, new / MVAb, o1d)
= 0.15%(33/33)2 * (100 / 40) = 0.375 pu

Reactance of Generator G
KVp,new = 33 KV

MVAp new = 100 MVA

MVAy, o1a= 40 MVA,

KV, o1a = 25 KV,

Xpu, 01a=20% = 0.2 pu

New pu reactance = Xpy, old * (KVb, old / KVb, new)?2 * (MVAb, new / MVAb, o1d)
=0.2*(25/33)2 * (100/40) = 0.287 pu

Reactance of Transformer T>

Base KV on LT side = Base KV on HT side * ( LT rating / HT rating)
=2207*(11/220) = 11 KV

KVpnew = 11 KV
MVAp,new = 100 MVA
MVAy, o1la= 30 MVA,
KVp, oa= 11 KV,

Xpu, o1a=15% = 0.15 pu

pu reactance = Xpy, old * (KVb, old / KV, new)2 * (MVAb, new / MVA, o1d )
=0.15*(11/11)2 * (100/30) = 0.5 pu

Reactance of Synchronous Motor




KVpnew = 11 KV
MVAp new = 100 MVA
MVAb, o1a= 50 MVA,
KV, oa= 11 KV,

Xpu, 01a=30% = 0.3 pu

pu reactance Xpunew = Xpu, old * (Kvb, old / KVy, new)2 * (MVAIJ, new / MVA,, old)
- 0.3* (11/11)2 * (100/50) = 0.6 pu

SYMMETRICAL FAULT ANALYSIS

What is fault in power system?

Fault is a defect and not able to provide supply to the healthy loads. It happens due to partial or
full damage of insulation. This fault creates abnormal voltage and current in the power system.
This will harm the healthy devices connected in the power system and hence it has to be avoided
or protected. There are two types of fault

1) Open circuit fault
2) Short circuit fault

Open Circuit Faults

These faults occur due to the failure of one or more conductors. The figure below illustrates the
open circuit faults for single, two and three phases (or conductors) open condition.

The most common causes of these faults include joint failures of cables and overhead lines, and
failure of one or more phase of circuit breaker and also due to melting of a fuse or conductor in
one or more phases. Open circuit faults are also called as series faults

Open-circuit Faults
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(a). Single-phase open-circuit (a). Two-phase open-circuit

(a). Three-phase open-circuit

Consider that a transmission line is working with a balanced load before the occurrence of open
circuit fault. If one of the phase gets melted, the actual loading of the alternator is reduced and
this cause to raise the acceleration of the alternator, thereby it runs at a speed slightly greater
than synchronous speed. This over speed causes over voltages in other transmission lines.



Thus, single and two phase open conditions can produce the unbalance of the power system
voltages and currents that causes great damage to the equipments.

Causes
Broken conductor and malfunctioning of circuit breaker in one or more phases.
Effects

e Abnormal operation of the system

e Danger to the personnel as well as animals

o Exceeding the voltages beyond normal values in certain parts of the network, which
further leads to insulation failures and developing of short circuit faults.

Although open circuit faults can be tolerated for longer periods than short circuit faults, these
must be removed as early as possible to reduce the greater damage.

Short Circuit Faults

A short circuit can be defined as an abnormal connection of very low impedance between two
points of different potential, whether made intentionally or accidentally.

These are the most common and severe kind of faults, resulting in the flow of abnormal high
currents through the equipment or transmission lines. If these faults are allowed to persist even
for a short period, it leads to the extensive damage to the equipment.

Short circuit faults are also called as shunt faults. These faults are caused due to the insulation
failure between phase conductors or between earth and phase conductors or both.

The various possible short circuit fault conditions include three phase to earth, three phase clear
of earth, phase to phase, single phase to earth, two phase to earth and phase to phase plus
single phase to earth as shown in figure.

The three phase fault clear of earth and three phase fault to earth are balanced or symmetrical
short circuit faults while other remaining faults are unsymmetrical faults

Short-circuit Faults

(a). Three-phase clear of earth (b). Three-phase-to-earth

l EEECTIONICS

(c). Phase-to-phase
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(d). SingleTphase—to-earth (e). Two-phase-to-earth
: FEcTReoNC S BIVE)
(f). Phase-to-phase plus
single-phase-to-earth
Causes

These may be due to internal or external effects

Internal effects include breakdown of transmission lines or equipment, aging of
insulation, deterioration of insulation in generator, transformer and other electrical
equipments, improper installations and inadequate design.

External effects include overloading of equipments, insulation failure due to lighting
surges and mechanical damage by public.

Effects

Arcing faults can lead to fire and explosion in equipments such as transformers and
circuit breakers.

Abnormal currents cause the equipments to get overheated, which further leads to
reduction of life span of their insulation.

The operating voltages of the system can go below or above their acceptance values that
creates harmful effect to the service rendered by the power system.

The power flow is severely restricted or even completely blocked as long as the short
circuit fault persists.

Symmetrical and Unsymmetrical Faults

As discussed above that faults are mainly classified into open and short circuit faults and again
these can be symmetrical or unsymmetrical faults.

Symmetrical Faults

Symmetrical fault is also called as balanced fault. This fault occurs when all the three phases
are simultaneously short circuited.

These faults rarely occur in practice as compared with unsymmetrical faults. Two kinds of
symmetrical faults include line to line to line (L-L-L) and line to line to line to ground (L-L-L-G) as
shown in figure below.
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(a). Three-phase-to-earth (L-L-L-G) (b). Three-phase-fault (L-L-L)

A rough occurrence of symmetrical faults is in the range of 2 to 5% of the total system faults.
However, if these faults occur, they cause a very severe damage to the equipments even though
the system remains in balanced condition.

The analysis of these faults is required for selecting the rupturing capacity of the circuit
breakers, choosing set-phase relays and other protective switchgear. These faults are analyzed
on per phase basis using bus impedance matrix or Thevenins’s theorem.

Unsymmetrical Faults

The most common faults that occur in the power system network are unsymmetrical faults. This
kind of fault gives rise to unsymmetrical fault currents (having different magnitudes with
unequal phase displacement). These faults are also called as unbalanced faults as it causes
unbalanced currents in the system.

Up to the above discussion, unsymmetrical faults include both open circuit faults (single and
two phase open condition) and short circuit faults (excluding L-L-L-G and L-L-L).

The figure below shows the three types of symmetrical faults occurred due to the short circuit
conditions, namely phase or line to ground (L-G) fault, phase to phase (L-L) fault and double line
to ground (L-L-G) fault.

Y
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(a). Single-phase-to-earth  (b). Phase-to-phase  (e). Two-phase-to-earth
(LG fault) (L-L) (L-L-G)


https://www.electronicshub.org/wp-content/uploads/2015/11/Symmetrical-Faults.jpg
https://www.electronicshub.org/wp-content/uploads/2015/11/Unsymmetrical-Faults.jpg

A single line-to-ground (LG) fault is one of the most common faults and experiences show that
70-80 percent of the faults that occur in power system are of this type. This forms a short circuit
path between the line and ground. These are very less severe faults compared to other faults.

A line to line fault occur when a live conductor get in contact with other live conductor. Heavy
winds are the major cause for this fault during which swinging of overhead conductors may
touch together. These are less severe faults and its occurrence range may be between 15-20%.

In double line to ground faults, two lines come into the contact with each other as well as with
ground. These are severe faults and the occurrence these faults is about 10% when compared
with total system faults.

Unsymmetrical faults are analyzed using methods of unsymmetrical components in order to
determine the voltage and currents in all parts of the system. The analysis of these faults is more
difficult compared to symmetrical faults.

This analysis is necessary for determining the size of a circuit breaker for largest short circuit
current. The greater current usually occurs for either L-G or L-L fault.

Protection Devices against Faults

When the fault occurs in any part of the system, it must be cleared in a very short period in
order to avoid greater damage to equipments and personnel and also to avoid interruption of
power to the customers.

The fault clearing system uses various protection devices such as relays and circuit breakers to
detect and clear the fault. Some of these fault clearing or faults limiting devices are given below.

Fuse

It opens the circuit whenever a fault exists in the system. It consists of a thin copper wire
enclosed in a glass or a casing with two metallic contacts. The high fault current rises the
temperature of the wire and hence it melts. A fuse necessitates the manual replacement of wire
each time when it blows.
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Low current Fuse Rewire able Fuse HRC Fuse

Circuit Breaker

It is the most common protection device that can make or break the circuit either manually or
through remote control under normal operating conditions.

There are several types of circuit breakers available depending on the operating voltage,
including air brake, oil, vacuum and SF6 circuit breakers.
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Miniature Circuit Breaker

Protective Relays

These are the fault detecting devices. These devices detect the fault and initiate the operation of
the circuit breaker so as to isolate the faulty circuit. A relay consists of a magnetic coil and
contacts (NC and NO). The fault current energizes the coil and this causes to produce the field,
thereby the contacts get operated.
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Relay Photo

Some of the types of protective relays include

Electro Magnetic relays
Impedance relays
Directional relays

Pilot relays

Differential relays

What is fault analysis?

Short circuit study is one of the basic power system analysis problems. It is also known as fault
analysis. When a fault occurs in a power system, bus voltages reduce and large current flows in
the lines. This may cause damage to the equipments. Hence faulty section should be isolated
from the rest of the network immediately on the occurrence of a fault. To isolate the faulty
section relay and circuit breakers are used.



The calculation of currents in network elements for different types of faults occurring at different
locations is called SHORT CIRCUIT STUDY. The results obtained from the short circuit study are
used to find the relay settings and the circuit breaker ratings which are essential for power
system protection

What is Short Circuit Analysis?

Short circuit analysis essentially consists of determining the steady state solution of a linear
network with balanced three phase excitation. Such an analysis provides currents and voltages
in a power system during the faulted condition. This information is needed to determine the
required interrupting capacity of the circuit breakers and to design proper relaying system

What is the Need for short circuit analysis?

A Short Circuit Analysis will help to ensure that personnel and equipment are protected by
establishing proper interrupting ratings of protective devices (circuit breaker and fuses). To
design the protective scheme and for settings of the relay and circuit breaker short circuit
analysis is important.

The purpose of short circuit analysis of power systems is to assess the vulnerability of the
system to abnormal conditions resulting from a partial or complete breakdown of the power
system.

What are the assumptions in short circuit analysis?

As it is usual in most short circuit studies, some basic assumptions are made to facilitate the
computational task of fault analysis. These basic assumptions are as follows

(i) All load currents are negligible

(ii) All generated voltages are equal in phase and magnitude to the positive sequence pre-fault
voltage. i.e 1.0 pu and angle 0°

(iii) The networks are balanced except at the fault points.
(iv) All shunt admittances (line charging susceptance, etc.) are negligible

(v) System resistance is neglected
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Symmetrical Faults

Symmetrical (L-L-L) fault occurs infrequently, as for example, when a line, which has been made
safe for maintenance and/or repairs by clamping all the three phases to earth, is accidently
made alive or when, due to slow fault clearance, an earth fault spreads across to the other two
phases or when a mechanical excavator cuts quickly through a whole cable. It is an important
type of fault in that it results in an easy calculation and generally, a pessimistic answer.

The analysis of symmetrical (L-L-L) faults includes the determination of the voltage at any point
(or bus) in the power system network, the current in any branch and value of reactance
necessary to limit the fault current to any desired value. Such calculations provide the necessary
data for selection of circuit breakers and design of protective scheme.

The circuit breaker MVA breaking capacity is based on 3-phase fault MVA. Since the circuit
breakers are manufactured in preferred standard sizes, e.g., 250, 500, 750 MVA, high precision
is not required in calculations of 3-phase fault level at a point in a power system. Moreover, the
system impedances are also never known accurately.

It is customary to perform the short circuit analysis under the following simplifying
assumptions:

1. Load currents are considered negligible as compared to fault currents.

2. Shunt elements in the transformer model that account for magnetizing current and core loss
are neglected. The transformer is represented by a reactance in series, as transformer resistance
is quite low in comparison with its reactance.

3. Shunt capacitances of the transmission lines are neglected.

4. System resistance is neglected and only inductive reactance of the system is taken into
account. This assumption cannot be applied in case overhead lines or underground cables of



considerable length are included in the network. A transmission line is represented by series
reactance (and resistance).

5. The emfs of all the generators are assumed to be equal to 1 £0° per unit. This means that the
system voltage is at its nominal value and the system is operating on no load at the time of
occurrence of fault. The selection of zero phase for one source is arbitrary and convenient.
Assuming that all sources are in phase and of the same magnitude is equivalent to neglecting
pre-fault load current. When desirable, the load current can be taken into account, at a later
stage by superposition.

6. The effect of dc component is accounted for by using correction factors. The correction or
multiplying factor for determination of breaking capacity of a circuit breaker depends on the
speed of the circuit breaker. For example, a two-cycle circuit breaker might require a factor 1.4
whereas with an eight-cycle breaker a factor 1.0 would be sufficient.

Generator reactances are normally taken as their subtransient values in order to depict the most
pessimistic condition. However, if transient current is to be determined, then transient
reactances should be used.

For simple systems, calculations can be made by network reduction technique, which will be
discussed here. However, for modern complex systems, ac network analyzers or digital
computers are used for fault calculations.

Network Reduction Technique:

Because of the balanced nature of fault and the system, any condition which applies to one
phase applies equally to the remaining two phases. Thus the problem is reduced itself to a single
phase problem involving a single supply source acting through the equivalent network
impedance up to the fault. The equivalent network impedance up to the fault can be obtained by
network reduction that involves series- parallel combinations and star/delta or delta/star
conversion of reactances.

Various steps involved in the short circuit calculations are given below:

1. Make out a single line diagram of the complete network indicating on each component, its
rating, voltage, resistance and reactance.

2. Choose a common base kVA (or MVA) and convert all the resistances and reactances in per
unit values as referred to common base kVA (or MVA).

3. From the single line diagram draw a single line reactance (or impedance) diagram showing one
phase and neutral. In this diagram write down the reactances (or impedances) of the elements in
per unit values, determined under step 2.

4. Reduce the reactance (or impedance) diagram, by network reduction technique keeping the
identity of the fault point intact. Find the reactance of the system as seen from the fault point
(Thevenin reactance).
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Introduction

The electrical power system normally operates in a balanced three-phase sinusoidal steady-state
mode. However, there are certain situations that can cause unbalanced operations. The most
severe of these would be a fault or short circuit. Examples may include a tree in contact with a
conductor, a lightning strike, or downed power line.

In 1918, Dr. C. L. Fortescue wrote a paper entitled “Method of Symmetrical Coordinates
Applied to the Solution of Polyphase Networks.” In the paper Dr. Fortescue described how
arbitrary unbalanced 3-phase voltages (or currents) could be transformed into 3 sets of balanced
3-phase components, Fig I.1. He called these components “symmetrical components.” In the
paper it is shown that unbalanced problems can be solved by the resolution of the currents and
voltages into certain symmetrical relations.

\

Balanced System Unbalancad System
Fig L.1

By the method of symmetrical coordinates, a set of unbalanced voltages (or currents) may be
resolved into systems of balanced voltages (or currents) equal in number to the number of phases
involved. The symmetrical component method reduces the complexity in solving for electrical
quantities during power system disturbances. These sequence components are known as
positive, negative and zero-sequence components, Fig 1.2

Va2

Va0
Vco

Vb2

Ve2
Vb1 Pozative Seguence Negative Sequence Zero SEqUence

Fig 1.2
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The purpose of this paper is to explain symmetrical components and review complex algebra in
order to manipulate the components. Knowledge of symmetrical components is important in
performing mathematical calculations and understanding system faults. It is also valuable in
analyzing faults and how they apply to relay operations.

1. Complex Numbers

The method of symmetrical components uses the commonly used mathematical solutions applied
in ordinary alternating current problems. A working knowledge of the fundamentals of algebra
of complex numbers is essential. Consequently this subject will be reviewed first.

Any complex number, such as a + jb, may be represented by a single point p, plotted on a

Cartesian coordinates, in which a is the abscissa on the x axis of real quantities and b the
ordinate on the y axis of imaginary quantities. This is illustrated in Fig. 1.1

y

Fig. 1.1

Referring to Fig. 1.1, let r represent the length of the line connecting the point p to the origin
and @ the angle measured from the x-axis to the line r. It can be observed that

a=r-cosé (1.1
b=r-sinf (1.2)

2. Properties of Phasors

A vector is a mathematical quantity that has both a magnitude and direction. Many quantities in
the power industry are vector quantities. The term phasor is used within the steady state
alternating linear system. It is used to avoid confusion with spatial vectors: the angular position
of the phasor represents position in time, not space. In this document, phasors will be used to
document various ac voltages, currents and impedances.

A phasor quantity or phasor, provides information about not only the magnitude but also the
direction or angle of the quantity. When using a compass and giving directions to a house, from
a given location, a distance and direction must be provided. For example one could say that a
house is 10 miles at an angle of 75 degrees (rotated in a clockwise direction from North) from
where I am standing. Just as we don’t say the other house is -10 miles away, the magnitude of
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the phasor is always a positive, or rather the absolute value of the “length of the phasor.”
Therefore giving directions in the opposite direction, one could say that a second house is 10
miles at an angle of 255 degrees. The quantity could be a potential, current, watts, etc.

Phasors are written in polar form as

Y =|y|«6 (2.1)
= |Y|cos€+ j|Y|sin0 2.2)

where Y is the phasor, Y| is the amplitude, magnitude or absolute value and €is the phase angle

or argument. Polar numbers are written with the magnitude followed by the £ symbol to

indicate angle, followed by the phase angle expressed in degrees. For example Z =110£90°.
This would be read as 110 at an angle of 90 degrees. The rectangular form is easily produced by

applying Eq. (2.2)

The phasor can be represented graphically as we have demonstrated in Fig. 1.1, with the real
components coinciding with the x axis.

When multiplying two phasors it is best to have the phasor written in the polar form. The
magnitudes are multiplied together and the phase angles are added together. Division, which is
the inverse of multiplication, can be accomplished in a similar manner. In division the
magnitudes are divided and the phase angle in the denominator is subtracted from the phase
angle in the numerator.

Example 2.1
Multiply A-B where A=5435and B =3245°.
Solution
A-B=5/35"3,45"=(5-3)£(35° +45°)
=154£80°
Example 2.2

Solve % where C =15/35°and D =3./50°.

Solution
€D (1) s _s50r)
D 3250 |3

=5/-15°

Symmetrical Components Page 3



3. The j and a operator

Recall the operator j. In polar form, j =1£90°. Multiplying by j has the effect of rotating a
phasor 90° without affecting the magnitude.

Table 3.1 - Properties of the vector j

1=1.0+ 0.0 P =1£270° =~
Jj =1£90° - j=1£-90°
j?=1£180" =-1 j=+-1
Example 3.1
Compute jR where R =10£60°.
Solution
JR =1290° (10£60°)
=10£150°

Notice that multiplication by the j operator rotated the Phasor R by 907, but did not change the
magnitude. Refer to Fig. 3.1

R

60°

(a) R

150°
60°

(d) jR
Fig. 3.1. j effects

Symmetrical Components Page 4



In a similar manner the a operator is defined as unit vector at an angle of 120°, written as
a =1£120". The operator az, is also a unit vector at an angle of 240°, written a’ =1.240" .

Example 3.2
Compute aR where R =10£60°.
Solution
aR =1/120°(10£607)
=10£180°
60°
(@) A
180° 60°
a‘
(b) jR
Fig. 3.2. a effects
Table 3.2 - Properties of the vector a
1=1.0+ j0.0 l+a*> =1£-60°
a=12120° a-a’*=j\3
. 53228: 1£0° @’ ~a=-j3
a= B 1—a=~32£-30°
1+a”"+a=0 1 2_\/54300
a+a*=-1 4=
14+a=1£60°
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4. The three-phase System and the relationship of the /3

In a Wye connected system the voltage measured from line to line equals the square root

of three, /3, times the voltage from line to neutral. See Fig. 4.1 and Eq. (4.1). The line
current equals the phase current, see Eq. (4.2)

Fig. 4.1

Vv, =3V, (4.1)
1, =1, (4.2)

In a Delta connected system the voltage measured from line to line equals the phase
voltage. See Fig. 4.2 and Eq. (4.3). The line current will equal the square root of three,

\/5 , times the phase current, see Eq. (4.4)

Fig. 4.2

=V, 4.3)
1,=431, (44)
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The power equation, for a three phase system, is

S=3v,1, (4.52)
P =43V, I, cosy (4.5b)
0 =+/3V,, 1, siny (4.5¢)

where S is the apparent power or complex power in volt-amperes (VA). P is the real
power in Watts (W, kW, MW). Q is the reactive power in VARS (Vars, kVars, MVars).

5. The per-unit System

5.1 Introduction

In many engineering situations it is useful to scale, or normalize, dimensioned quantities.
This is commonly done in power system analysis. The standard method used is referred
to as the per-unit system. Historically, this was done to simplify numerical calculations
that were made by hand. Although this advantage is eliminated by the calculator, other
advantages remain.

® Device parameters tend to fall into a relatively narrow range, making erroneous
values conspicuous.

® Using this method all quantities are expressed as ratios of some base value or
values.

® The per-unit equivalent impedance of any transformer is the same when referred
to either the primary or the secondary side.

® The per-unit impedance of a transformer in a three-phase system is the same
regardless of the type of winding connections (wye-delta, delta-wye, wye-wye, or
delta-delta).

® The per-unit method is independent of voltage changes and phase shifts through
transformers where the base voltages in the winding are proportional to the
number of turns in the windings.

® Manufactures usually specify the impedance of equipment in per-unit or percent
on the base of its nameplate rating of power (usually kVA) and voltage (V or kV).

The per-unit system is simply a scaling method. The basic per-unit scaling equation is

per — unit = actual _value 5.1)
base _value

The base value always has the same units as the actual value, forcing the per-unit value to
be dimensionless. The base value is always a real number, whereas the actual value may
be complex. The subscript pu will indicate a per-unit value. The subscript base will
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indicate a base value, and no subscript will indicate an actual value such as Amperes,
Ohms, or Volts.

Per-unit quantities are similar to percent quantities. The ratio in percent is 100 times the
ratio in per-unit. For example, a voltage of 70kV on a base of 100kV would be 70% of
the base voltage. This is equal to 100 times the per unit value of 0.7 derived above.

The first step in using per-unit is to select the base(s) for the system.

Spase = power base, in VA. Although in principle S, may be selected arbitrarily, in
practice it is typically chosen to be 100 MVA.

Viase = voltage base in V. Although in principle V. is also arbitrary, in practice Vg, is
equal to the nominal line-to-line voltage. The term nominal means the value at which the
system was designed to operate under normal balanced conditions.

From Eq. (4.5a) it follows that the base power equation for a three-phase system is:

S3<I>haxe = \/gvbase Ihaxe (5 2)

Solving for current:

3dbase

1, =
e \/gvbctse

Because Si3ppase can be written as kVA or MV A and voltage is usually expressed in kilo-
volts, or kV, current can be written as:

KVA, e amperes (5.3)

I, =—F7F""~
e \/gkvbttse
Solving for base impedance:

base = —IiV A ohms (5.4a)

or

—Lbse _ ohms (5.4b)
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Given the base values, and the actual values: V = IZ, then dividing by the base we are
able to calculate the pu values

vV Iz
Viee L2

base base™ base

=V =1 7

pu — T pu™pu

After the base values have been selected or calculated, then the per-unit impedance
values for system components can be calculated using Eq. (5.4b)

=2 [ MV | 70 (5.52)
Zbase kaase
or
kVA,
=| ——2— |- Z(Q 5.5b
‘ (1000.kv,,§wj € (-3b)

It is also a common practice to express per-unit values as percentages (i.e. 1 pu = 100%).
(Transformer impedances are typically given in % at the transformer MV A rating.) The
conversion is simple

percent _value
100

per —unit =

Then Eq. (5.5a) can be written as

07 — IOOMVAb;se Z(Q) _ kVAmeZ(Q) 5.6)
kaase 1 Otha‘ve

It is frequently necessary, particularly for impedance values, to convert from one (old)
base to another (new) base. The conversion is accomplished by two successive
application of Eq. (5.1), producing:

old
Znew — Zold Zbase
pu pu 7 new

base

Substituting for Z and Z;" and re-arranging the new impedance in per-unit equals:

ase base

2
kVA™“ \ kv,
Znew — Zold ase base 57

pu pu (kVAold ]( kVnewj ( )

base base

In most cases the turns ratio of the transformer is equivalent to the system voltages, and
the equipment rated voltages are the same as the system voltages. This means that the
voltage-squared ratio is unity. Then Eq. (5.7) reduces to
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new __ old M VA":;Z
ZP” - ZP” (MVAild (5.8)

base

We can quickly change from one impedance value in ohms, to another impedance value
in ohms by dividing by the old base voltage and multiplying by the new base voltage in
ohms. This is shown in Eq. (5.9)
N\ 2
Znew — Zold .(kvbase j (59)

ohm ohm T xsold
k Vbase

Example 5.1
A system has Spae = 100 MV A, calculate the base current for

a) Vpase = 230 kV

b) Viase = 525 kV
Then using this value, calculate the actual line current and phase voltage
where/ =4.95  ,and V =0.5  atboth 230 kV and 525 kV.

pu’

Solution

‘A
Using Eq. (5.3) 1,,, =%amperes
base

2 1 ~1000x100
base \/3)(230

_1000x100
e J3%525

amperes =251A

b) I amperes =110.0A

From Eq. (5.1)

Iactual = Ipu ’ Ibase (59)
Vacrual = Vpu ’ Vbase (510)
At 230 kV
o)1, =(495)(2514)=12424
d Vv, =(05)(230kV)=115kV
At 525 kV
e) I, =(4.95) (110.04)=544A
f)y V.. =(0.5) (525kV)=263kV
Page 10
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Example 5.2
A 900 MV A 525/241.5 autotransformer has a nameplate impedance of 10.14%
a) Determine the impedance in ohms, referenced to the 525 kV side.
b) Determine the impedance in ohms, referenced to the 241.5 kV side

Solution
First convert from % to pu.
Z%
Zpu = =0.1014
100

Arranging Eq. (5.5a) and solving for Z,cqa gives

2
zZQ)=2, A/I;V& ; therefore

base

525°
a) Ze,q,y =0.1014% 900

=31.05Q

2
B) Zyyy sy =0.1014x 2413

=06.57Q

A check can be made to see if the high-side impedance to the low-side impedance
equals the turns ratio squared.

2
31.05 =4.726 [Ej =4.726
6.57 241.5

5.1 Application of per-unit

Appling this to relay settings, a practical example can be shown in calculation of the
settings for a relay on a transmission line. For distance relays a common setting for zone
1 is 85% of the line impedance. Zone 2 should be set not less than 125% of the line, with
care to not over reach the zone 1 of the next line section. If this does then zone 2 will
need to be coordinated with the next line section zone 2.

Referring to Fig. 5.1 the line impedance for the 161 kV line is Z =59.3481? ohms.
Using the above criteria of 85% for zone 1 and 125 % for zone 2 the relays would be set
at

For zone 1
Z,(£2) =85%(59.31£81%)
Z,(2)=50.4£81°
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For zone 2 161 kY la |Z| = 59.3 @ 81° ohms
Z,(Q)=125%(59.31£81%) 15Ky [ Q NG X
Z,(Q)=74.1£81° X
_3
|Z| = 34.8 @ 81° ohms 208 ='6_796
200MVA 161/115kV
Fig 5.1

For the relays on the 115 kV side of the transformer, the impedance of the transformer
needs to be calculated. From example 5.2 we see that

1152
Z, 5w =0.06796 x 200

= 4.494Q

Next the line impedance needs referenced to the 115 kV side of the transformer. Using

equation 5.9
N2
Znew — Zold .(kvbase j (59)

ohm ohm kvb{;[i
Substituting, the line impedance equals

2
ZIS — 59 3. (%) =30.30hms

ohm

Adding this to the transformer, the impedance setting for the relays on the 115 kV side of
the transformer is Z =34.8.£82°

Using the same criteria for zone 1 and zone 2 reach.

For zone 1
Z,(2) =85%(34.8£82°)
Z,(2)=29.6£81°

For zone 2
Z,()=125%(34.8£81%)
Z,(Q)=43.5481°

Given these values, one can easily see that by ignoring the base values of the voltages the
relay settings would not be adequate. For example if the 161 kV settings were applied to
the 115 kV relays, zone 1 would over reach the remote terminal. Conversely, if the 115
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kV settings were applied to the 161 kV relays zone 2 would not reach past the remote
terminal and would thus not protect the full line.

la

161kV  —y

o S—A\\\H T
M5kV  — g Jo |Z| = 59.3 @ 81° ohms
X
Z1=50.4 @ 81° ohms
_3 Z2 =741 @ 81° ohms

7| =348 @ 82° oh
12l @ 82" ohms 2% = 6.796

Z1=296 @82°ohms  00MVA 161/115kV
72=435 @ 82° ohms

Fig.5.2

5.2 Calculating actual values from per-unit

In the following sections we will discuss symmetrical faults. The analysis of the faults
uses the per-unit. A impedance and voltage of the system is express in per-unit. Then
the fault current and fault voltage is solved and that value will be given in per unit. Next
we need to convert from per-unit to actual amps and volts by using the base values.
Using the above equations it is easy to prove the following equations.

The MVA for a three phase fault is given as
MVA

MVA,,, =-—— e (5.10)
o ZFaultPU
Or
MVAFault = ﬂ for a 100 MVABase (511 a)
ZFaulr
1
4 . 5.12
Fault _ Current ZFauh P U ( )
Or
; _ 100,000 si2

Fault _ Current (ZFaulr PU) . '\/g(kVBaSe )

5.3 Converting per-unit

Before using the per-unit impedance of a transformer from a manufacture nameplate you
must first convert it to a per-unit value of your system. Typically the three-phase power
base of 100MVA is used. This is done by first converting the per unit impedance to an

actual impedance (in ohms) at 525kV and then converting the actual impedance to a per-
unit impedance on the new base. Repeat, this time converting the per unit impedance to
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an actual impedance (in ohms) at 241.5kV and then converting the actual impedance to a
per-unit impedance on the new base.

In the problem 3 at the end of this document, the transformer nameplate data is for a ratio
of 525/241.5kV or 2.174, whereas BPA’s ASPEN model uses nominal voltages of 525kV
and 230kV for a ratio of 2.283. Because BPA used a transformer ratio in ASPEN model
that was different than the transformer nameplate values, we have a discrepancy in the
per-unit impedance values that we obtained. The problem arises because when a
transformer is applied to the BPA system the transformer tap used will often be different
than the one used in the nameplate calculations.

What is the correct way to convert the per-unit impedance to the BPA base?

Because the actual impedance of the transformer will vary when different taps are used,
the most accurate way to model the impedance would be to actually measure the
impedance with the transformer on the tap that will normally be used on the BPA system.
This impedance would then be converted to a per-unit value on the BPA model base.
Since this isn’t normally possible, a close approximation can be made by assuming that
the per-unit impedance given on the nameplate will remain the same for the different tap
positions of the transformer. Find the transformer tap position that most closely matches
the ratio of the ASPEN model (2.283 for a 525/230kV transformer), then convert the
nameplate per-unit impedance to an actual value based on either the high- or low-side
voltage given for that tap position. This actual impedance is then converted to a per-unit
value on the BPA model base, using the high-side BPA voltage base if the high-side
voltage was used for the conversion to actual impedance, or using the low-side BPA
voltage base if the low-side voltage was used for the conversion to actual impedance.
See problem 4.

6. Sequence Networks

Refer to the basic three-phase system as shown in Fig. 6.1. There are four conductors to
be considered: a, b, ¢ and neutral n.

Network A c T c Network B

an
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The phase voltages, V,, for the balanced 3® case with a phase sequence abc are

V, =V, =V,Z0° (6.1a)
V,, =V, =V, £-120° (6.1b)
V, =V, =V, £+120° =V, £ -240° (6.1c)

The phase-phase voltages, V,, , are written as

=V, =V, =V, £30° (6.2a)
V, =V, -V =V, /£ —90° (6.2b)
V., =V -V, =V, £150° (6.2¢)

Equation (6.1) and (6.2) can be shown in phasor form in Fig. 6.2.

\

Fig. 6.2
There are two balanced configurations of impedance connections within a power system.
For the wye case, as shown in Fig. 4.1, and with an impedance connection of ZZ¥ , the
current can be calculated as

Ve
ZY

14
I,=— £0° - 6.3
=7 4 (6.3)

Where ¥ is between —90”and +90°. For W greater than zero degrees the load would be
inductive (/,lags V, ). For y less than zero degrees the load would be capacitive

(I,leads V).
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The phase currents in the balanced three-phase case are

I,=1,20° -y (6.42)
I,=1,£-120"~y (6.4b)
I, =1,£-240° -y (6.4¢)

See Fig. 6.2. for the phasor representation of the currents.

7. Symmetrical Components Systems

The electrical power system operates in a balanced three-phase sinusoidal operation.
When a tree contacts a line, a lightning bolt strikes a conductor or two conductors swing
into each other we call this a fault, or a fault on the line. When this occurs the system
goes from a balanced condition to an unbalanced condition. In order to properly set the
protective relays, it is necessary to calculate currents and voltages in the system under
such unbalanced operating conditions.

In Dr. C. L. Fortescue’s paper he described how symmetrical components can transform
an unbalanced condition into symmetrical components, compute the system response by
straight forward circuit analysis on simple circuit models, and transform the results back
into original phase variables. When a short circuit fault occurs the result can be a set of
unbalanced voltages and currents. The theory of symmetrical components resolves any
set of unbalanced voltages or currents into three sets of symmetrical balanced phasors.
These are known as positive, negative and zero-sequence components. Fig. 7.1 shows
balanced and unbalanced systems.

Balanced System Unbalanced Syslem

Fig. 7.1
Consider the symmetrical system of phasors in Fig. 7.2. Being balanced, the phasors
have equal amplitudes and are displaced 120° relative to each other. By the definition of

symmetrical components, Vi always lags Va by a fixed angle of 120° and always has
the same magnitude as V.. Similarly V. leads V. by 120°. It follows then that

Val = Val (713)
v, =(1£240°)V, =a’V, (7.1b)
V., =01£120°)V, =aV, (7.1¢)
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Where the subscript (1) designates the positive-sequence component. The system of
phasors is called positive-sequence because the order of the sequence of their maxima
occur abc.

Similarly, in the negative and zero-sequence components, we deduce

V,=V, (7.2a)
V,, =(1L120°)V , =aV,, (7.2b)
V., =(1£240°)V , =a’V,, (7.2¢)
V.=V, (7.3a)
V.=V, (7.3b)
Vo =Vao (7.3¢)

Where the subscript (2) designates the negative-sequence component and subscript (0)
designates zero-sequence components. For the negative-sequence phasors the order of
sequence of the maxima occur cha, which is opposite to that of the positive-sequence.
The maxima of the instantaneous values for zero-sequence occur simultaneously.

Va0

Vc0

Vb2

Ve2
Vb1 Positive Sequence Negative Sequence Zero Sequence

Fig.7.2

In all three systems of the symmetrical components, the subscripts denote the
components in the different phases. The total voltage of any phase is then equal to the
sum of the corresponding components of the different sequences in that phase. It is now
possible to write our symmetrical components in terms of three, namely, those referred to
the a phase (refer to section 3 for a refresher on the a operator).

V.=V.,+V, +V, (7.4a)
V,=V,+V,+V,, (7.4b)
V.=V,+V, +V, (7.4¢)
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We may further simplify the notation as follows; define

Vo=V
‘/1 = Val
V,=V,

Substituting their equivalent values
V.=V,+V +V,
V, =V, +a’V,+aV,
V.=V, +aV,+a’V,

(7.52)
(7.5b)
(7.5¢)

(7.6a)
(7.6b)
(7.6¢)

These equations may be manipulated to solve for V,;, V;,and V, interms of V_, V,, and

V

Vo=V, 4V, +V))
V=5, +av, + )
Vo= +a, +av)

It follows then that the phase currents are

I,=I1,+1+1I,
I,=1,+a’l +al,
I =1,+al +a’l,

The sequence currents are given by

IO :é(la +Ih +Ic)
I, =§(1a tal, +a’l)
I, =§(1a +d’l, +al,)

(7.7a)
(7.7b)

(7.7¢)

(7.8a)
(7.8b)
(7.8¢)

(7.92)
(7.9b)

(7.9¢)

The unbalanced system is therefore defined in terms of three balanced systems. Eq. (7.6)
may be used to convert phase voltages (or currents) to symmetrical component voltages

(or currents) and vice versa [Eq. (7.7)].
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Example 7.1
Given V, =54£53°,V, =7£-164°, V. =7/105°, find the symmetrical
components. The phase components are shown in the phasor form in Fig. 7.3

Ve

Va

105°

Vb Unbalanced condition

Fig. 7.3
Solution
Using Eq. (7.7a)
Solve for the zero-sequence component:

Vo :%(Va+Vb+‘/c)

a

= %(5453" +7£—164° +7.2105°)

=3.5£122°

From Eq. (7.3b) and (7.3¢)
V,, =3.5£122°

V., =3.5£122°

Solve for the positive-sequence component:
V, = %(V +aV, +d’V,)

=%(5453" +(1£1207 - 7.2~ 164° )+ (1.£240° - 721057 )

=5.0£-10°

From Egq. (7.1b) and (7.1¢)
V,, =5.0£-130°
V,=5.0£110°

Solve for the negative-sequence component:

Vv, = %(V +a’V, +aV.)
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= %(5453” + (122407 - 72 -164°)+ (121207 - 7£105°))

=1.9£92°

From Eq. (7.2b) and (7.2¢)
V,, =1.9£-148°
V,=19£-28

The sequence components can be shown in phasor form in Fig. 7.4.

Va0
Va2 Vb0
Vcl
A)\A Ve2 \

Vb2
Negative Sequence Zero Sequence

Vet

FPozllive Seguence
Vb1

Fig. 7.4

Using Eq. (7.6) the phase voltages can be reconstructed from the sequence components.

Example 7.2
Given V, =3.5£122°, V,=5.0£-10", V, =1.9£92°, find the phase sequence

components. Shown in the phasor form in Fig. 7.4
Solution
Using Eq. (7.6)

Solve for the A-phase sequence component:

V.=V, +V, +V,
=3.5/£122°+5.0£-10" +1.9£92°
=5.0£53°

Solve for the B-phase sequence component:

V, =V, +a’V,+aV,
=3.5£122° +5.0£-130° +1.9£ - 148°
=7.0£-164°
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Solve for the C-phase sequence component:

V.=V, +aV,+a’V,
=3.52122° +5.0£110° +1.9£ - 28"
=17.0£105°

This returns the original values given in Example 5.2.

This can be shown in phasor form in Fig. 7.5.

Va2

Va1

Vb2

Fig. 7.5

Notice in Fig. 7.5 that by adding up the phasors from Fig. 7.4, that the original phase, Fig.
7.3 quantities are reconstructed.

8. Balanced and Unbalanced Fault analysis

Let’s tie it together. Symmetrical components are used extensively for fault study
calculations. In these calculations the positive, negative and zero-sequence impedance
networks are either given by the manufacturer or are calculated by the user using base
voltages and base power for their system. Each of the sequence networks are then
connected together in various ways to calculate fault currents and voltages depending
upon the type of fault.
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Given a system, represented in Fig. 8.1, we can construct general sequence equivalent
circuits for the system. Such circuits are indicated in Fig. 8.2.

Fig. 8.1

The positive-sequence impedance system data for this example in per-unit is shown in
Fig. 8.2.

| jo.1 |

 —

Posilive sequence

fault

Fig. 8.2

Assuming the negative-sequence equals the positive-sequence, then the negative-
sequence is shown in Fig 8.3

| j0.1 |

I

j0.25
Ref. ] Ref.

MNeqative sequence

The zero-sequence impedance is greater then the positive and for our purpose is assumed
to be three times greater. Also because of the wye-delta transformer, zero-sequence from
the generator will not pass through the transformer. This will be shown in section 10.2.
Zero-sequence is shown in Fig 8.4

Symmetrical Components Page 22



The Thevenin equivalents for each circuit is reduced and shown in Fig. 8.5

| j0.3 |

 —

Ref 1019

ZErD Sequence

fault

Fig. 8.4

j0.175 7 j0.175 T -

j I j 1> 0

— — [ v Y ] 7y
+ + +
140"6) Vi V2 Vo
O O -o
Positvie Seguence Network Neqative Sequence Network Zero Sequence Metwork
Fig. 8.5

Each of the individual sequence may be considered independently. Since each of the
sequence networks involves symmetrical currents, voltages and impedances in the three
phases, each of the sequence networks may be solved by the single-phase method. After
converting the power system to the sequence networks, the next step is to determine the
type of fault desired and the connection of the impedance sequence network for that fault.
The network connections are listed in Table 8.1

Table 8.1 - Network Connection
Three-phase fault - The positive-sequence impedance
network is only used in three-phase faults. Fig. 8.3
Single Line-to-Ground fault - The positive, negative
and zero-sequence impedance networks are connected
in series. Fig. 8.5
Line-to-line fault - The positive and negative-sequence
impedance networks are connected in parallel. Fig. 8.7
Double Line-to-Ground fault - All three impedance
networks are connected in parallel. Fig. 8.9
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The system shown in Fig. 8.1 and simplified to the sequence network in Fig. 8.5 and will
be used throughout this section.

Example 8.1
Given Z, =0.199290° pu, Z, =0.175£90° pu ,

Z, =0.175£90° pu , compute the fault current and

voltages for a Three-phase fault. Note that the

sequence impedances are in per-unit. This means that

the solution for current and voltage will be in per-unit.
Solution

The sequence networks are interconnected, and shown

Note that for a three phase fault, there are no negative 7z _
or zero-sequence voltages. I
V,=V,=0
1,=1,=0
The current I, is the voltage drop across Z,
Lk
Zl
100
' j0.175
=—j5.71 vV

The phase current is converted from the sequence
value using Eq. (7.8).

1,=0-j5.71+0=5.71£-90° pu
1, =0+a’(—j5.71) + a(0) =5.71£150° pu
I, =0+a(—j5.71)+a’*(0)=5.71£30° pu

Calculating the voltage drop, the sequence voltages are

V,=V,=0

V,=1£0° - Z1,

V, =1-j0.175(- j5.71)=0.0
=0.0pu
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The phase voltages are converted from the sequence value using Eq. (7.6).

V,=0.0+0.0+0.0=0.0pu

V, =0.0+a*(0.0) + a(0.0) = 0.0 pu

V. =0.0+a(0.0)+a*(0.0) = 0.0 pu
The per-unit value for the current and voltage
would now be converted to actual values using
Eq. (5.9) and Eq. (5.10) and knowing the base

power and voltage for the given system. See
example 5.1 for a reference.

The currents and voltages can be shown in phasor
form.

Example 8.2
Given Z, =0.199290° pu, Z, =0.175£90° pu ,

Z, =0.175£90° pu , compute the fault current and
voltages for a Single line-to-ground fault. Note that
the sequence impedances are in per-unit. This
means that the results for current and voltage will
be in per-unit.

Solution
The sequence networks are interconnected in series,
as shown.

Because the sequence currents are in series, and
using ohms law.
Iy=1,=1,
_ i
(Zy+Z,+7Z,)

0

Ib

'
Vb[Vva

yla

B 1£0°
*(j0.199 + j0.175+ j0.175) B
. Vo
=—j1.82pu
The phase currents are converted from the sequence
value using Eq. (7.8). Substituting I, =1, =1, into
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Eq. (7.8) gives

I, =1,+1,+1,=3],

1,=1,+a’l,+al,=0

I, =1,+al,+a’l,=0
Refer to Table 3.2: (1 ta+a’ = 0)

Note that 7, =31,. This is the quantity that the relay “see’s” for a Single Line-to-
Ground fault.

Substituting 1, =—j1.82pu

1, =310=3(—/1.82)
=—j5.46 pu

Calculating the voltage drop, the sequence voltages are

Vo =-2,1,
Vi=V-2]1
V,=-2,1,

Ve
Substituting in the impedance and current from above

V, =—j0.199(—j1.82) = —0.362
V, =1-j0.175(~ j1.82)=0.681
V, =—j0.175(- j1.82)=-0.319 va

The phase voltages are converted from the sequence value using
Eq. (7.6).

Vb
V., =-0.362+0.681-0.319=0 Vi
V, =-0.362+a’(0.681) + a(—0.319) =1.022£238’ pu
V. =-0.362+a(0.681) +a*(-0.319) =1.022£122° pu

The per-unit value for the current and voltage would now be converted to actual
values using Eq. (5.9) and Eq. (5.10) and knowing the base power and voltage for
the given system. See example 5.1 for a reference.

The currents and voltages can be shown in phasor form.
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Example 8.3 70
Given Z, =0.199290° pu, Z, =0.175£90° pu , o b
Z, =0.175£90° pu , compute the fault current and
voltages for a Line-to-Line fault. Note that the Vo
sequence impedances are in per-unit. This means that
the solution for current and voltage will be in per-
unit.

Solution
The sequence networks are interconnected, as shown.

Because the sequence currents sum to one node, it
follows that

I, =~I,
The current I, is the voltage drop across Z, in series
with Z,
I, = 4 _
Z1 + 22 Vi
B 1£0°
' j0.175+ j0.175
=—j2.86 pu
I, =+j2.86 pu
1,=0

The phase current is converted from the sequence value using Eq. (7.8).

I,=0-j2.86+ j2.86=0pu
I, =0+a’(—j2.86) + a(j2.86) =—4.95 pu
I, =0+a(—j2.86)+a’(j2.86) = 4.95 pu

Calculating the voltage drop, and referring to Fig. 8.7, the sequence voltages are

Vi=V,

V,=-2,1,
=—(j1.75)(j2.86)
=0.5pu

V,=0

Symmetrical Components Page 27



The phase voltages are converted from the sequence value using Eq. (7.6).

V,=0.0+05+05=1.0pu
V, =0.0+a’(0.5) +a(0.5)=-0.5pu
V. =0.0+a(0.5)+a*(0.5)=-0.5pu

Ve I

The per-unit value for the current and -
voltage would now be converted to actual

values using Eq. (5.9) and Eq. (5.10) and

knowing the base power and voltage for the

given system. See example 5.1 for a

reference.

The currents and voltages can be shown in phasor form.

Vb I

Example 8.4

Given Z, =0.199.£90° pu, Z, =0.175£90° pu , Z, = 0.175290° pu , compute the

fault current and voltages for a Double Line-to-Ground fault. Note that the
sequence impedances are in per-unit. This means that the solution for current and
voltage will be in per-unit.

Solution
The sequence networks are interconnected, as Zo _
shown in Fig. 8.9 _mﬁi
N
Because the sequence currents sum to one node, _
it follows that Vo
I, =—(1,+1,) B °
Zl ;
BN
The current I, is the voltage drop across Z, in <
series with the parallel combination of Z, and _
1£0° 4

Vi

zl{

Substituting in V, =1£0°, and Z,, Z,, and Z,,

then solving for [,

Z2yZ,

Zy+7,

|
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I, =—j3.73pu
ZZ

I, =—"—1,
Z,+Z2,)
=+;1.75
I, = Z 1
Z,+Z2,)
=+,1.99

The phase current is converted from the sequence value using Eq. (7.8).

I, =j1.75- j3.73+ j1.99 = 0pu
1, = j1.75+a* (- j3.73) + a(j1.99) = 5.60.£152.1° pu
I = j1.75+a(-j3.73) + a*(j1.99) = 5.60.£27.9° pu

Calculating the voltage drop, and referring to Fig. 8.9, the sequence voltages are

Vo=V =V,

Vo =21,
=—(j1.75)(j0.199)
=0.348pu

The phase voltages are converted from the sequence value using Eq. (7.6).

V,=0.348 +0.348 + 0.348 =1.044 pu
V, =0.348 + a’(0.348) + a(0.348) = 0 pu
V. =0.348 +a(0.348) + a*(0.348) = O pu

Refer to Table 3.2: (I+a+a>=0) A"
The per-unit value for the current and voltage would b "
now be converted to actual values using Eq. (5.9) and
Eq. (5.10) and knowing the base power and voltage \
for the given system. See example 5.1 for a
reference. va

The currents and voltages can be shown in phasor
form.
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9. Oscillograms and Phasors

Attached are four faults that were inputted into a relay and then captured using the relay
software.

Three-phase fault. Compare to example (8.1)

IAIB IC

T TTTTTTT T T T T T T T T I T ITITT

VA VB VC

1 2 3 4 5 6 7 8 9 10 11
Cycles
Fig 9.1a
90
135 45
180 180
225 315
270 270
Phase Voltages and Currents Sequence Components
Fig 9.1b Fig9.1c
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Single Line-to-Ground fault. Compare to example (8.2)

1A 1B IC VA VB VC
5000 -
2500 +
6] o
9 0 4
< -
-2500
-5000 —E
50 f
o i
>
e 0
s
-50
—IIIiIIIIIIIIIIIIIIIIIIIiIIIIilllliIIIIIIIIIIIIIIiIIII
1 2 3 4 5 6 7 8 9 10 11
Cycles
g0
135 45
180 180
225 - 315
e
210 770
Phase Voltages and Currents Sequence Components
Fig 9.2b Fig 9.2¢c
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10. Addition Symmetrical Components considerations

10.1 Symmetrical Components into a Relay

Using a directional ground distance relay it will be demonstrated how sequential
components are used in the line protection. To determine the direction of a fault, a
directional relay requires a reference against which the line current can be compared.
This reference is known as the polarizing quantity. Zero-sequence line current can be
referenced to either zero-sequence current or zero-sequence voltage, or both may be used.
The zero-sequence line current is obtained by summing the three-phase currents. See
Fig. 10.1

|
o

From Eq. (7.9)

(1,+1,+1,)=3I,=1, (10.1)
This is known as the residual current or simply 3/ .

The zero-sequence voltage at or near the bus can be used for directional polarization.
The polarizing zero-sequence voltage is obtained by adding an auxiliary potential
transformer to the secondary voltage. The auxiliary transformer is wired as a broken-
delta and the secondary inputted to the relay. See Fig 10.2
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Vi waner V, AUXP.T.

N
JE I
oL

Fig 10.2

From Eq. (7.7a) the zero-sequence voltage equals

Vozé(Va+Vh +V) (10.2a)

W, =(V,+V, +V.) (10.2a)

Example 10.1
Using the values obtained from example 8.2, calculate 3V .
Solution
V.=0
V, =1.022£238° pu
V. =1.022£122° pu

3V, =0+1.022£238" +1.022£122°
=1.08£180° pu

The zero-sequence voltage is 1.08£180” pu . By connecting the value in the reverse
gives — 3V, which equals 1.08£0° pu . Plotting this, we can show in phasor form what

the relay see’s, Ia lagging — 3V, by the line angle. In this case resistance is neglected,
therefore Ia lags by 90°. (see Fig 10.3).
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Vc

3V, -3V
4’ """"""""""""" Va »
Vb
v la
Fig 10.3

10.2 Symmetrical Components through a Transformer

This section will look at current flow through a wye-delta transformer bank. It will be
shown in the next chapter that for faults that include ground that zero-sequence quantities
will be generated. It can be shown using symmetrical components that zero-sequence
components cannot pass through delta-wye transformer banks. If zero-sequence is
flowing on the wye side, the currents will be reflected to the other side, but circulate
within the delta. Fig 10.4 The current on the left side is

1
Ia :_(IA_IB)
n

la-lp la
—_—

JEN

Ei
T

Fig 10.4
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From equation 7.2 we have

I,=1,,+1,+1, (10.3 a)
Iy=1p+1,+1,, (10.3b)

Substituting on the right side of the equation 8.1 gives
U, =1)=U, 1)+ U, =15+, —14,) (10.4)
The zero-sequence currents are in-phase, therefore equation 10.3 simplifies to
(= 1) =y = L)+ Ly = 1)) (10.5)

Where (I,,—1,,)=+/31,,230° and (I, —1,,) =/31,,2—30°

1 = L3130 + (31,2 -30)
n

NG

1 =3 1,230 +1,,2-30%) (10.6)
n

In a balanced system where there is no negative or zero-sequence current then equation
10.6 reduces to
V3

I, =—(1,430%) (10.7)
n

As can be seen the current will shift by 30° when transferring through a transformer

connected delta-wye. The same can be prove when looking at the voltages.

Now consider the connection in Fig 10.5.

la y n:1 . —_—
nl,
§ %T
I [
— —
g T”Ih
Y
3 lo
I a) A
Tnl‘
Y g %
[

I,=n(I,-1)
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Substituting equation 7.2 and reducing gives

(I, —1.)= g —1o0)+ Uy =Io)+,— 1) (10.8)
1, =n(\31,,£-30%)+(N31,.,£30°)
I =n3(1,,£-30° +1,,£30%) (10.9)

As seen from the prior example equation 10.9 will reduce to
I, =n3(1,2-30%)
if there is no negative or zero-sequence current, which is the case for a balanced system.

By inspection of the equations above for ANSI standard connected delta-wye transformer
banks if the positive-sequence current on one side leads the positive current on the other
side by 30°, the negative-sequence current correspondingly will lag by 30°. Similarly if
the positive-sequence current lags in passing through the bank, the negative-sequence
quantities will lead 30°.

The direction of the phase shifts between the delta-connected winding and the wye-
connected winding depends on the winding connections of the transformer.

The winding configurations of a transformer will determine whether or not zero-sequence
currents can be transformed between windings. Because zero-sequence currents do not
add up to zero at a neutral point, they cannot flow in a neutral without a neutral conductor
or a ground connection. If the neutral has a neutral conductor or if it is grounded, the
zero-sequence currents from the phases will add together to equal 310 at the neutral point
and then flow through the neutral conductor or ground to make a complete path.

Following are some different transformer winding configurations and their effect on zero-
sequence currents

1. Transformers with at least two grounded wye windings

When a transformer has at least two grounded-wye windings, zero-sequence
current can be transformed between the grounded-wye windings. The 10 currents
will add up to 310 in the neutral and return through ground or the neutral
conductor. The IO currents will be transformed into the secondary windings and
flow in the secondary circuit. Any impedance between the transformer neutral
points and ground must be represented in the zero-sequence network as three
times its value to correctly account for the zero-sequence voltage drop across it.

Below on the left is a three-phase diagram of a grounded-wye, grounded-wye
transformer connection with its zero-sequence network model on the right.
Notice the resistance in the neutral of the secondary winding is modeled by 3R in
the zero-sequence network model.
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Reference Bus

2. Transformers with a grounded-wye winding and a delta winding

When a transformer has a grounded-wye winding and a delta winding, zero-
sequence currents will be able to flow through the grounded-wye winding of the
transformer. The zero-sequence currents will be transformed into the delta
winding where they will circulate in the delta without leaving the terminals of the
transformer. Because the zero-sequence current in each phase of the delta
winding is equal and in phase, current does not need to enter or exit the delta
winding. Below on the left is a three-phase diagram of a grounded-wye-delta
transformer connection with its zero-sequence network model on the right.

Z
f 0

®

Reference Bus
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3. Autotransformers with a grounded neutral

Autotransformers can transform zero-sequence currents between the primary and
secondary windings if the neutral is grounded. Zero-sequence current will flow
through both windings and the neutral ground connection. Below on the left is a
three-phase diagram of a grounded neutral autotransformer with its zero-sequence
network model on the right.

n
1y b, P Zs
° Y Y o
I, | I
| |1
| " ||
pl — 1ls
| | |
| ||
| | || Reference Bus
| N

4. Autotransformers with a delta tertiary

If an autotransformer has a delta tertiary, zero-sequence current can flow through
either the primary or secondary winding even if the other winding is open
circuited in the same manner that zero-sequence current can flow in a grounded-
wye-delta transformer. If the ground is removed from the neutral, zero-sequence
current can still flow between the primary and secondary windings, although there
will not be any transformation of currents between the primary and secondary
windings—only between the partial winding between the primary and secondary
terminals and the delta tertiary. This is not a normal condition though, so it will
not be analyzed here.

Note that when modeling three-winding transformers the impedance needs to be
broken into the impedance of the individual windings.

|

,' P Zro Zso

| [ A A
pl

'l Zxo

|

| T

Reference Bus
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5. Other transformers

Other transformer configurations, such as ungrounded wye-ungrounded wye,
grounded wye-ungrounded wye, ungrounded wye-delta, and delta-delta will not
allow zero-sequence currents to flow and will have an open path in the zero-
sequence network model. Some of these configurations are shown below with
their zero-sequence network models.

Grounded wye-

[l
|
[l
ungroundsd wys P: : @
| | =
11
|

Reference Bus

®

|| |
,l ()

Delta-Ungroundad Wye : : :

N

| |

1 |

1 @\

\/ /

Ty
"‘ I p Zo S
,'1 T ~— — o
l
Delta-Delta Il BE
[l |
Py L
||' p
L 1!
! I
J

Reference Bus

Reference Bus

In the preceding transformer connection diagrams the values of 10 at the terminals of the
primary and secondary windings will be equal on a per-unit basis. They will also have
the same per-unit values within the wye and delta windings; however, the per-unit values
of current within the windings of an autotransformer are somewhat more difficult to
determine because part of the winding carries both primary and secondary currents. If
the magnitude of current within the winding of an autotransformer needs to be known, it
can be determined by equating the ampere turns of the primary winding to those of the
secondary winding and solving. If a tertiary is involved, it will need to be included in the
equation also.
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Magnitude of transformer zero-sequence impedance

The zero-sequence impedance of a single-phase transformer is equal to the positive-
sequence impedance. When three single-phase units are connected as a three-phase unit
in a configuration that will transform zero-sequence currents (grounded wye-grounded
wye, grounded wye-delta, etc.), the zero-sequence impedance of the three-phase unit will
normally be equal to the positive-sequence impedance.

In transformers built as three-phase units, i.e. with a three-phase core, in a configuration
capable of transforming zero-sequence currents, the zero-sequence impedance will be the
same as the positive-sequence impedance if the transformer core is of the shell type. If
the core is of the core type, the zero-sequence impedance will be different than the
positive-sequence impedance. This is because the zero-sequence excitation flux does not
sum to zero where the three legs of the core come together and is forced to travel outside
of the iron core, through the oil or the transformer tank where the magnetic permeability
is much less than the iron core. This results in a low impedance (high conductance) in
the magnetizing branch of the transformer model. The larger zero-sequence magnetizing
current results in a lower apparent zero-sequence impedance. Using a lower value of
zero-sequence impedance in the transformer zero-sequence model is sufficient for most
fault studies, but to obtain a highly accurate zero-sequence model of a three-phase core-
form transformer, the magnetizing branch can not be neglected.

11. System Modeling
11.1 System Modeling: Transmission Lines

Transmission lines are represented on a one-line diagram as a simple line connecting
busses or other circuit elements such as generators, transformers etc.

Transmission lines are also represented by a simple line on impedance diagrams, but the
diagram will include the impedance of the line, in either ohm or per-unit values.
Sometimes the resistive element of the impedance is omitted because it is small
compared to the reactive element.

Here is an example of how a transmission line would be represented on an impedance
diagram with impedances shown in ohms:

— Y Y+ ANA—o
j24.30 210

In a balanced three-phase system the impedance of the lines and loads are the same, and
the source voltages are equal in magnitude. We can calculate the single-phase current,
but must take into account the voltage drop across the mutual impedance caused by the
other phase currents. From Fig 11.1, the voltage drop in A-phase is
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Fig 11.1

V=2, +Z1,+Z,1, (11.1a)

For the case of a balanced three-phase current (/, +1.) =—1,. Thefore:
V.=(2,-2,)1, (11.1b)

Dividing by I shows the positive-sequence impedance of the line equals the self
impedance minus the mutual impedance.

Za1=%=(zs—zm) (11.2)

A0

The negative-sequence current encounters a negative-sequence impedance which is equal
to the positive-sequence impedance

Vs

Z, =-4A
IA

a2

=(z,-2,) (11.3)

For the zero-sequence impedance, because I,o, Irp and Ly are in phase with each other,
Lyo=1p=1¢
then zero-sequence voltage drop is given in equation 11.4

Vo=Zd+Z Iy +Z 1o=2Z,,+(Z,+2Z,), (11.4a)
Vi =(Zs+22,)1,, (11.4b)

Dividing each side by I5o give the zero-sequence impedance:

Zyy=t20_(z,-2,) (11.5)
IAO
The result gives the zero-sequence impedance as function of the self and mutual
impedance of the line. The zero-sequence impedance is always larger than the positive-
sequence because we are adding two times the mutual impedance to the self impedance,
instead of subtracting the mutual impedance from the self impedance.
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11.2 System Modeling: Subtransient, Transient, and Synchronous Reactance of
Synchronous Generators

A synchronous generator is modeled by an internal voltage source in series with an
internal impedance.
Below is a typical one-line diagram symbol for a generator.

or Q)

The circle represents the internal voltage source. The symbol to the left of the circle
indicates that the three phases of the generator are wye-connected and grounded through
a reactance. The symbol for a synchronous motor is the same as a synchronous generator.

A typical impedance diagram representation of a synchronous generator is shown in Fig.
11.2.

% R

1D<—<—>

Fig. 11.2

When modeling the impedance of a synchronous generator (or motor), the resistive
component is usually omitted because it is small compared to the reactive component.

When a fault is applied to a power system supplied by a synchronous generator, the initial
current supplied by the generator will start at a larger value, and over a period of several
cycles it will decrease from its initial value to a steady state value.

The initial value of current is called the subtransient current or the initial symmetrical rms
current. Subtransient current decreases rapidly during the first few cycles after a fault is
initiated, but its value is defined as the maximum value that occurs at fault inception.

After the first few cycles of subtransient current, the current will continue to decrease for
several cycles, but at a slower rate. This current is called the transient current. Although,
like the subtransient current, it is continually changing, the transient current is defined as

its maximum value, which occurs after the first few cycles of subtransient current.

After several cycles of transient current, the current will reach a final steady state value.
This is called the steady state current or the synchronous current.
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The reason why the current supplied by the synchronous generator is changing after a
fault is because the increased current through the armature of the generator creates a flux
that counteracts the flux produced by the rotor. This results in a reduced flux through the
armature and therefore a reduced generated voltage. However, because the decrease in
flux takes time, the generator voltage will be initially higher and decrease over time.

We account for the changing generator voltage in our model by using different values of
reactance in series with the internal generator voltage.

We use three values of reactance to model the generator during the period after fault
inception: the subtransient reactance (Xd’’) is used during the initial few cycles; the
transient reactance (Xd’) is used for the period following the initial few cycles until a
steady state value is reached; the synchronous reactance (Xd) is used for the steady state
period.

The impedance diagrams for a synchronous generator (or motor) during the subtransient,
transient, and synchronous periods are shown in Fig. 11.3.

Xd” Xd’

Xd
7YY\ ? 7YY\ ? ~ .
Vi Vi * T
Vi
) Vo ‘o |
Subtransient Transient Synchronous

Fig. 11.3

The reactance of synchronous motors are the same as for synchronous generators. If the
line to a synchronous motor develops a three-phase fault, the motor will no longer receive
electrical energy from the system, but its field remains energized and the inertia of its
rotor and connected load will keep the rotor turning for some time. The motor is then
acting like a generator and contributes current to the fault
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11.3 System Modeling: Transformers

Transformers are represented in one-line diagrams by several symbols. Below

de— 3t
>L AL

The first is a two-winding transformer connected delta- grounded wye, and the
second is a three-winding transformer connected grounded wye-delta-grounded
wye.

An impedance model of a practical two-winding transformer is shown in Fig. 11.4.

r1 x1 X2 r2
—AA\N Y Y Y Y\ AN—e
_ D —_—

.1 o

a:

0<_S_>
@
()

O 4+ K —>

Fig. 11.4

In the model, a:1 represents the winding ratio of the ideal transformer shown by
the two coupled coils, BL in parallel with G represents the magnetizing
susceptance and conductance which make up the magnetizing branch, IE
represents the excitation current, r1 and x1 represent the leakage impedance of
winding 1,r2 and x2 represent the leakage impedance of winding 2, V1 and I1
represents the primary voltage and current respectively, and V2 and 12 represent
the secondary voltage and current respectively.

Because normal fault and load currents are very much larger than the
magnetizing current, IE, we can omit the magnetizing branch from our model.
We can also omit the ideal transformer if we refer the leakage impedances to
either the primary- or secondary-side of the transformer. The leakage
impedance of one side of the transformer can be referred to the other side of the
transformer by multiplying it by the square of the turns ratio. Below is the
simplified impedance diagram with the magnetizing branch removed and the
leakage impedance of the secondary winding referred to the primary side of the
transformer.
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Our impedance model can be further simplified by letting
Rl=rl+a’r’
Xl=xl+a’x’

o«

When using this simplified model, any impedances and voltages connected to the
secondary side of the circuit must now be referred to the primary side.

As an example, the following transformer model will be converted to the simplified
impedance model. The magnetizing branch and the leakage resistances have been omitted
to simplify the problem.

j50.00 j6.00
Y Y ®
—_— —_—
11 12
Vi V2
l 8.33:1 l
° °

The secondary-side impedance is multiplied by the square of the turns ratio before being

transferred to the primary side.
j6.0 * 8.332 =j416.3Q
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This is added to the high side to get an impedance of j5S0Q2 + j416.3Q2 = j466.3Q2

The simplified model is shown in Fig. 11.5
j466.3

— YY\_,

A >
11

V1 aTVz
|

o«

Fig. 11.5
11.4 Some additional points — DC Offset

In a transmission network, the sudden occurrence of a short circuit will result in a
sinusoidal current that is initially larger and decreases due to the changing air gap flux in
the synchronous generators. We’ve seen that this is modeled by subtransient, transient,
and synchronous reactances in our generator model. In a circuit containing resistance and
inductance (RL circuit), such as in a transmission network, the sudden occurrence of a
short circuit will also result in DC offset in the current that occurs after a fault is applied.
Consider the RL circuit below:

VinaxSin(? t+f )

If the switch is closed at time t=0, the voltage around the circuit is
Vmaxsin(ot+@) = Ri + Ldi/dt

Solving this differential equation for the instantaneous current, 1, gives
i = Vmax [sin(wt+@-0) — e-Rt/Lsin(-0)] / | Z |

Where |Z|=V(R2 + (oL)2 and 6 = tan-1(wL/R)
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The important thing to note from the solution is that there is a sinusoidal component that
represents the steady-state solution for the current (Vmax sin(ot+¢-0) / | Z | )and a
exponentially decaying component (-Vmax e-Rt/Lsin(@-0) / | Z | ).

Some points to note about the exponentially decaying—or DC offset—component:

The initial value of the DC offset is determined by what point in the cycle the voltage
waveform is at when the fault occurs (the value of ¢) and will range from O up to the
value of the steady state component.

The dc component will decrease with a time constant of L/R. The larger the ratio of
inductance to resistance in the circuit, the larger the time constant, and the slower the dc
component will decay.

Three time constants after the switch is closed, the dc offset will have decayed to 5% of
its initial value.

DC offset is an important consideration in sizing breakers.

Most modern microprocessor-based relays are immune to DC offset because after the
analog signals are converted to digital signals, they can be mathematically filtered to
remove the DC component. Therefore the DC component doesn’t need to be considered
in the relay settings.

Some electromechanical relays are immune to DC offset, and some aren’t. Clapper and
plunger type units are generally not immune, and DC offset will have to be allowed for in
the relay settings (one guideline is to set pickup at 160% of the desired ac pickup
current). Cylinder type units, used in distance relays, are immune to DC offset.

The different values of the AC fault current should be considered in the relay settings.
The subtransient fault current should be used in setting instantaneous current elements,
whereas the synchronous fault current should be used in current elements with long time
delays.
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Problems
Problem 1

BPA’s system model uses a three-phase power base of I0OMVA. The line-to-line
voltage base is 525kV for the 500 system, 230kV for the 230 system, and 115kV for the
115 system.

a) An undervoltage relay on the 115 system is set to pick up at 0.85 pu (per unit) of the
phase-to-ground voltage. What is the phase-to-ground voltage that the undervoltage relay
will pick up at?

b) A three-phase fault on the 500 system results in a fault current of 2750A. What is the
per unit value of this current?

¢) What is the base impedance for the 500 system?
d) What is the base impedance for the 230 system?

e) What is the base impedance for the 115 system?

Problem 2

From our example 5.2, the percent impedance of a 525/241.5kV autotransformer is
10.14% based on its nameplate value of 900MVA. Suppose we need to model this
transformer in BPA’s ASPEN model which uses a I00MV A power base. What would

the per-unit impedance be?

Problem 3

From our example in 5.2, convert the per-unit impedance to a per-unit value in a three-
phase power base of 100MVA.

a) First convert the per unit impedance to an actual impedance (in ohms) at 525kV and
then convert the actual impedance to a per-unit impedance on the new base.

b) Repeat, this time converting the per unit impedance to an actual impedance (in ohms)
at 241.5kV and then converting the actual impedance to a per-unit impedance on the new
base

Problem 4

Convert the per-unit impedance of the transformer in the example to a per-unit value in
the BPA model with a three-phase power base of I00MV A by first converting the per
unit impedance to an actual impedance (in ohms) at 230 kV and then converting the
actual impedance to a per-unit impedance on the new base.
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Problem 5

j50.00 j6.00
. Y M ~ N
T — > —_—
11
L

12
V1 =66.4kV @ 0° } {
l 8.33:1

Using the transformer model convert from ohms to per-unit.
The voltage base for the primary side will be 115kV, and the voltage base for the
secondary side will be 13.8kV. The power base for both sides is I00OMVA.

g 500

P t—S—>» 9

Problem 6

Below is a one line diagram of a partial power system.

The two generators are identical, each rated 13.8kV and SOMVA with a subtransient
reactance of X4~ = 15%. The two generators are tied to a common bus which is
connected to a transmission line with a delta-grounded wye transformer rated at
150MVA, 13.8kV/115kV and an impedance of 9.7%. The transmission line is 30 miles
long and has an impedance of 5.43 + j22.5Q. At the end of the transmission line is a
grounded wye-grounded wye transformer, rated 225MVA, 115kV/230kV with an
impedance of 7.4% that connects the line to a 230kV bus. The remaining power system
connected to the 230kV bus is not shown.

o (o——

LJ
M
wJ
M

Fr() >4 AL

From the above information, draw the impedance diagram with impedances shown in
their per-unit values. Use voltage bases of 13.8kV, 115kV, and 230kV for the
corresponding parts of the system, and use a power base of 100MVA for the whole
system.

Problem 7

From the impedance diagram, determine the per-unit and ampere values of subtransient
current in each generator and at the fault for a three-phase fault applied on the 230kV bus
with both generators operating at 1.0pu voltage.
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The generators can be combined into their Thevenin equivalent as shown below.

j0.0647 0.04106 j0.1701 j0.03289

}'

3-phase
" fault

Problem 8
From the one line diagram of a partial power system that we used in problem 6.

From the above information, we drew the positive-sequence impedance diagram using
subtransient impedances for the generators and with impedances shown in their per-unit
values. Normally the positive-sequence network is drawn with the reference bus (which
is the neutral point) shown at the top instead of the bottom.

The negative-sequence reactance of the generators is equal to their positive-sequence
subtransient reactance. Draw the positive and negative-sequence networks for the power
system with impedances shown in their per-unit values.

Problem 9

Each generator has a zero-sequence reactance of 5% and is grounded through a reactance
of 2Q). The transmission line has a zero-sequence impedance of 12.9 + j75.9Q. The
grounded wye-grounded wye transformer has a zero-sequence reactance of 4.8%.

Draw the zero-sequence impedance diagram.
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Solutions
Problem 1

a) VpeLg=VagpLrL/ \/3
V pLc = 115kV /3 = 66.4kV

Z PU = ZA / ZB
Zp="7pu*7Zg

Zx = 0.85%66.4kV
Za = 56.4kV

b) IB = PB3<D / \/3*VBL-L
Iy = 100x10° / V3#525x10°
I=110.0 A

IPU = IA / IB
Ipy=2750 A/ 110 A
IPU =250 pu

¢) Zg=Vgri2/Pgio
Zs = (525x10%)* / 100x10°
Zs = 2756.25Q

d) Z = Vg1 / Pg3o
Zs = (230x10%?/ 100x10°
Zy =529.0Q

€) Zg=VgrL12/Pgio
Zs = (115x10%*?% 100x10°
Zp = 132.25Q

Problem 2

2
Zpu new — Zpu old >l<(\/BL—L old / VBL—L new) * (PB3(D new / PB3(I> old)

Zpuoa =10.14 /100 =0.1014
VBL-Lold =3525kV,  Pg3ooid = 900MVA
VBLLnew = 525kV, PB3o new =100MVA

Zou new = 0.1014 #(525kV / 525kV)* * (100MVA / 900MVA)
Zounew = 0.1014 *1% (100 / 900)
Zounew=0.01127 pu
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Problem 3

ZPU = ZA/ZB
Za="7py* Zg

Zs=VerL /P o

a)

b)

Using the high-side voltage:
Z 8 ola = 525,000 / 900x10°
7 5 ola = 306.25Q

Zx=0.1014 * 306.25
Z,=31.05Q

Converting to the 100MVA base:

2
ZB new — \Y% BL-L new / PB3(I> new

75 new = 525,000 / 100x10°
78 new = 2756.25Q

ZPU new — ZA / ZB new
Zpy new = 31.05Q / 2756.25Q

Zpy new = 0.01127 pu

Using the low-side voltage:
Zg ola = 241,5007 / 900x 10°
75 o1a = 64.80Q

ZA=0.1014 * 64.80
ZA=6.57Q

Converting to the 100MVA base:

ZB new — A" BL-L new 2 /P B3® new
75 new = 230,000% / 100x10°
75 new = 529.0Q

ZPU new = ZA / ZB new
Zpy new = 6.57Q / 529.0Q2
Zpy new = 0.01242 pu
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Problem 4

Repeat problem 3 assuming the transformer has a tap with a ratio of 525 /230 kV and
using the low side voltage.

Problem 5
Answer:
The base impedance of the secondary side is Zg =V gr.12/ P B30

Zp = (13.8%10%)2 / 100%10°
Zs = 1.904Q

The per-unit impedance of the secondary leakage reactance is

X2=j6.0/1.094 =j3.151 pu
The per-unit value of the load resistance is Ry, =50/ 1.904 = 26.26 pu

The base impedance of the primary side is Zg =V g1/ P B30

Zp = (115%10%)2 / 100%10°
Zs = 132.25Q

The per-unit impedance of the primary leakage reactance is
X1=j50.0/132.25 =j0.3781 pu

The total per-unit impedance of our model can be obtained by simply adding together the
per-unit values of the primary and secondary impedances.

X =X1 + X2 =j0.3781 +j3.151 =j3.529 pu

j3.529 pu
.—fW\_.—
—
11 pu
V1=1.0@ 0° pu V § 26.26 pu

oI —Pp
04—-8 e
c
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Problem 6
Answer:

Converting the impedances to per-unit on a I00MV A base using
Zpu new — Zpu old *(VBL-Lold / VBL-L new)2 * (PB30 new / PB3o ola)

Each generator subtransient reactance is X4~ =j0.15 * (13.8kV / 13.8kV)2 * (100MVA /
50MVA)
X4 =30.30 pu

The 13.8kV / 115kV transformer impedance is X = 0.097 * (13.8kV / 13.81<V)2 *
(1I100MVA /150MVA)
X =j0.06467 pu

The base impedance for the 115kV line is Zg =V grL.12/ P B30

Zg = (115x10%)*/ 100x10° = 132.25Q

The per-unit impedance of the 115kV transmission line is (5.43+j22.5) / 132.25 =
0.04106+j0.1701 pu

The 115kV /230kV transformer impedance is X = 0.074 * (115kV / 115kV)? *
(100MVA /225MVA)
X =30.03289 pu

The impedance diagram with the per-unit values of the impedances is shown below.

° AN YY) ° Y'Y\ o
j0.0647 0.04106  j0.1701 j0.03289
3-phase

fault
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Problem 7
Answer:

The fault current is

Ir=1.0/(0.04106 +jO.15 + j0.0647 + jO.1701 + j0.03289)
I[r=1.0/(0.04106 + j0.41769)

IF=2.382 @ -84.4° pu

At the generators, the total fault current is I pgr = 2.382 * Iy
Ig = P g3 / V3%V gL = 100x10° / V3*13.8x10° = 4184 A
IrgT = 2.382 * 4184 = 9966 A

Each generator contributes half of this current

Irg =9966 /2 =4983 A

At the fault, the total fault current is Ir = 2.382 * I

Ig = P 3o / V3%V g1 = 100x10° / V3*230x10° = 251.0 A
Ip = 2.382 ¥ 251.0=597.9 A

Problem 8

Reference Bus

j0.0647 0.04106  j0.1701 j0.03289 +

Reference Bus

j0.15

j0.0647 0.04106

j0.1701 j0.03289 y *
. AN °
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Problem 9
Answer:

The zero-sequence reactance of each generator is 5%, or 0.05pu on a 13.8kV, 5S0MVA
base. Converting this to a I00OMV A base gives

Zou new =j0.05 * (100 / 50) =j0.10 pu

Each generator is grounded through a reactance of 2Q. The base impedance at 13.8kV,
100MVA is ZB = (13.8x103)2 / (100x106) = 1.9044Q. The per-unit impedance of each
grounding reactor is Zpu =j2.0 / 1.9044 = j1.05pu. The grounding reactances will need
to be multiplied by three for the zero-sequence network, giving a value of 3 * j1.05 =
j3.15pu.

Because a value is not given for the zero-sequence impedance of the delta-grounded wye
transformer, it can be assumed that the zero-sequence impedance is the same as the
positive-sequence impedance.

The zero-sequence impedance of the transmission line is 12.9 + j75.9Q. The base
impedance at 115kV, 100MVA is Zg = (115x103)*/ (100x10% = 132.25Q. Converting
the zero-sequence line impedance to a per-unit value gives Zyo = (12.9 +j75.9) / 132.25 =
0.0975 +j0.574pu.

The zero-sequence impedance of the grounded wye-grounded wye transformer is 4.8%,
or j0.048pu on a base of 115kV, 225MVA. Converting to a 115kV, 100MVA base gives

Zpu new =j0.048 * (100 / 225) =j0.0213 pu

The zero-sequence network is shown below. Notice the interruption in the path caused
by the delta-wye transformer.

Reference Bus

Vo
j0.0647 0.0975  j0.574 j0.0213 vt
VAN * vV AN . \AAS

Here is a simplified version of the zero-sequence network with the two generator
branches combined into an equivalent branch.

Symmetrical Components Page 58



Reference Bus

j0.0647 0.0975  j0.574 j0.0213 vt
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Three Phase System

Appendix

S=~3V,I,, P=A3V,I,cos®, Q=+3V,I,sin®

Per-Unit

First step in using per-unit is to select the base(s) for the system.

Sbase = Power base, in VA
Vbase = voltage base in V

actual _value

per —unit =
base _value
v = IZ
Vbase I baseZ base
kVA

base

1, =———bue
" \/gk Vbase

amperes

MVA
MVAFault = —
Z,.  PU

Fault

2
KV, 000 L in kv
T kVA

base

2

= M (for a 100 MV A base)
100

base

A)

Z,, Z

base

new

ohm ohm

Sbase = 100 MVA
Vbase = Nominal voltage rated line-
to-line

percent _value

er—unit =
P 100
Vpu = Ipu Zpu
100kVA

base

amperes =251A

base

B \/3(230)Vbase

Ex: 230kV base, I0OMVA base |

I Base

i Ep——
Fault _ Current
Z.  PU

Fault

2

pose = WVose s (in MVA)
© MVA

base

pu

(%j -Z(Q) (in MVA)

base

o J0OMVA,

kV?

base

Z(Q)

(percent in MVA)

Z"r =z (ﬂJ (new impedance reflective through a transformer)

kV old

base

2
zZ"™ =772 (Ej =1.8ohms
230

ohm

Ex: 115kV line impedance on the 115kV side of a 230/115kV transformer]
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Symmetrical Components

a Operator

a=1/£120°

a’® =1£240°

a’ =1
Va=Yoth+h, VOZl(Va+Vb+‘/c)
V, =V, +a’V,+aV, 13
V.=V, +aV, +a’V, 4 :§(Va+aVb+a2VC)

v, :%(‘/a—i_azvb—i_a‘/c)

Ia:IO+Il+12 IOZl(lct+Ib+Ic)
I,=1,+a’l +al, 13
I.=1,+al,+d’l, I :g(la +al,+a’l.)

I, :%(Ia +a’l, +al)

31,=(I,+1,+1 ) (residual currents or sum of the three phase currents)
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Three-Phase fault

MVA
MVAFault = pase
ZFault pl/l
E
I, ===
Zl
1,=1,=0

;_y (L) 100kvA
A 1 Zl \/g-kV

B _aZIA
p=al,
E =1-12Z2
E,=E, =0

One-line to ground fault

3-MVA

MVAFaulr = Base
Z,+7Z,+Z,pu

I,=1,=1,= !

Z+7Z,+7,

I,=1,+1+1,=3I,

I,=1=0

E =1-17Z,

Ez ——1222

E,=-1,Z,

Z — I
&
VU
ZI
— [
k
1207 Vi

1£0°
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Line-Line fault, or Phase-to-phase fault

11:—12: 1 :L
Z,+7Z, 27,
1,=0
1,=0
I,=1,+a’l +al,=a’l, +al,=a’l, +al,
/ _(az—a)E
Yz +z,

I.=-I, when Z =27,

E =1-12Z2
E,=-1,Z,=E,
E, =0

Double Line-Line fault, or Two phase to Ground fault

1
I =

Loz + s
IL+1,=—1,

— Zl,

P Z,+7Z,

— 2,1,

° Z,+7Z,
E =1-12Z,
E,=-1,Z,=E,
E,—1,Z,=E,

1£0°

1£0°
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