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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

* 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.

® To promote R&D and consultancy through strong industry-institute interaction to address
the societal problem:s.

Name of the Faculty: Dr.A.Srujana

Designation: H.O.D Professor

Programme & Regulation: _ B.Tech & R15

Academic Year: 2020-2021 Course Code: A17230

Course Name; Power System Operation and Control Credits: 3

——

Vision of the Department

To become reputed department in the field of Electrical and Electronics Engineering to
impart quality technical education and research with human values by providing excellent
state of the art learning facilities,

Mission of the Department

M1: Imparting Quality Technical Education by providing the state-of-the-art laboratories
with effective industry interaction

M2: Preparing the students to work innovatively and effectively to find solutions for
engineering problems with multi-disciplinary approach by inculcating research culture.
M3: Preparing the students for lifelong learning, team work skills with ethical responsibility

for their successful professional career.
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Programme Educational Outcomes (PEQOs)

PEO1: To provide the students with a sound foundation in the mathematics, science and engineering
fundamentals necessary to become employable.

PEO2: Graduates are able to apply their technical knowledge, to take up higher responsibilities in industry,
academics and create innovative ideas in the field of Electrical and Electronics Engineering.

PEO3: To equip graduates with the communication skills, leadership qualities and team work with multi
disciplinary approach and zeal to provide solutions for engineering problems.

PEO4: To inculcate ethical values and aptitude for lifelong learning needed for a successful professional career
of the graduates.

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: Design, analysis of different electrical systems with suitable modeling and sustainable control.

PSO2 : Ability to become a global Engineer with entrepreneurial practices and a good research
aptitude for higher education
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B.Tech IT & Il Year Revised Academic Calendar for the Academic Year 2020-21

Commencement of Class Work
17.07.2020

DURATION

FIRST SEMESTER

| FROM |
—‘H—%

7.07.2020

I Spell of Instructions (Online) | 09102020 | 12 WEEKS

of Previous Semester

Practical Examinations of Previous
Semester

16.11.2020 | 21.11.2020 1 WEEK

Revision of Syllabi of Current
Semester

05.12.2020

|
P |
Mid -IT & End Semester Examinations ] 14.10.2020 | 12.11.2020 | 5 WEEKS
! 2 WEEKS
I

Bett(?nnent Examinations of [ 02 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. 7090 ’ 19.12.2020 (4 DAYS
_L

*L

1T Spell of Instructions (Online) 2.2020 | 20.02.2021 |9 WEEKS
=
1 WEEK 4

05.03.2021 !22.03.2(}21 {EWEEKS

03.03.2021

.Practical Examinations ! 24.02.2021

] [T Mid & End Semester Examinations

Betterment Examinations | 24.032021 | 27.03.2021 4 DAYS
i Commencement of Class Work
SECOND SEMESTER 30.03.2021
I Spell of Instructions TSD 03.2021 J 22.05.2021 ‘ 8 WEEKS

II Spell of Instructions ( 52021 | 24.07.202] ] 8 WEEKS
‘ | ‘!‘

IT Mid Examinations ’ 26.07.2021 | 31.07.2021 | | WEEK

Proet St lf 02.08.2021 ‘mns.. 021 'IWEEK

Practical Examinations

I Mid Examinations ‘ 24.05.202 ‘ 29.05.2021 ‘ 1 WEEK J
i

Betterment Examinations ) 09.08.2021 ' 12.08.2021 {4 DAYS
End Semester Examinations ‘ 13.08.2021 | 28.08.2021 / 2 WEEKS {
mw, - el - '_(S_____ _;,ci;lf'-b

COE DEAN EXAMS. DIRECTOR



SYLLABUS(R15)

'UNIT

TOPIC

Unit - I

Economic Operation of Power Systems-1

Optimal operation of Generators in Thermal Power Stations, - heat rate Curve
- Cost Curve -Incremental fuel and Production costs, input-output
characteristics, Optimum generation allocation with line losses neglected
Optimum generation allocation including the effect of transmission line losses
— Loss coefficients, General transmission line loss formula

Unit - I

Hydro Thermal Scheduling

Optimal scheduling of Hydrothermal System: Hydroelectric power plant
models, scheduling problems-Short term hydrothermal scheduling
problem.

Unit - III

Modelling of Turbine, Generator and Automatic Controllers

Modelling of Governor: Mathematical Modelling of Speed Governing System —
Derivation of small signal transfer function.

Modelling of Turbine: First order Turbine model, Block Diagram representation
of Steam Turbines and Approximate Linear Models.

Modelling of Generator (Steady State and Transient Models): Description of
Simplified Network

Model of a Synchronous Machine (Classical Model), Description of Swing
Equation (No Derivation) and State-Space II-Order Mathematical Model of
Synchronous Machine.

Modelling of Excitation System: Fundamental Characteristics of an Excitation
system, Transfer function, Block Diagram Representation of IEEE Type-1
Model

Unit - IV

Single Area Load Frequency Control

Necessity of keeping frequency constant. Definitions of Control area - Single
area control - Block diagram representation of an isolated power system -
Steady state analysis — Dynamic response —Uncontrolled case.

Two-Area Load Frequency Control
Load frequency control of 2-area system — uncontrolled case and controlled
case, tie-line bias Control

Load Frequency Controllers

Proportional plus Integral control of single area and its block diagram
representation, steady state response - Load Frequency Control and Economic
dispatch control.

Unit -V

Reactive Power Control

Overview of Reactive Power control — Reactive Power compensation in
transmission systems — advantages and disadvantages of different types of
compensating equipment for transmission systems; load compensation -
Specifications of load compensator, Uncompensated and compensated
transmission lines: shunt and Series Compensation. J
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TEXT BOOKS

A) Power system operation and control, Dr.K. Uma Rao, wiley india Pvt.Ltd

B} Power systems Analysis, Operation and control, Abjith Chakrabarti, Sunitha Halder, PHI Publications
A) REFERENCES:

B) Power System Analysis and Design by J.Duncan Glover and M.S.Sarma., THOMPSON, 3rd Edition.

C) Power system operation and control in power systems, GR.Chadrasekar Reddy, A.srinivasulu

D) Operation and control in power systems, PSR Murthy, BS publications

E) Power systems stability and control, Prabha Kundur, the McGraw-hill companies.

F) Power system analysis, C.L. Wadhwa, Newage International.

G) Modem Power system Analysis, l.J.Nagarath & D.P. Kothari Tata McGraw-hill Publishing Company Ltd.
H) Power system Analysis, Grainger and Stevenson, Tata McGraw Hill.
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Facuity I/C oD
L - Lecture BB - Black Board
A - Assignment LCD - Liquid Crystal Display
T - Text Books MD - Model Demo
R - References FV - Field Visit
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Course Objectives

To understand importance of economic load dispatch
To understand real time power control and operation

To know the importance of frequency control
To analyze different methods to control reactive power

Course Outcomes (COs)

CO1 | Understand economic operation of power systems.

CO2 | Analyze and compute optimal loading of generators for a particular load demand.
CO3 | Develop mathematical models of turbines and governors.

CO4 | Address load frequency problem.

COs | Explain how series and shunt compensation helps in reactive power control.
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COs Mapping with POs & PSOs

A17230 POWER SYSTEM OPERATION & CONTROL
PO1 | PO2 | PO3 | PO4 | PO5 | PO6 | PO7 | POS | PO9 | PO10 | PO11 [ POI12

C413.1 3 3 1 2 2 1 1 - I 1 1 2
C413.2 3 3 1 2 2 1 1 - [ I 1 2
C413.3 3 3 1 2 2 1 1 - 1 1 1 2
C4134 3 3 1 2 2 1 1 - 1 1 1 2
C413.5 3 3 1 2 2 1 1 1 1 | 2

3 3 1 2 2 1 1 - 1 1 1 2

Assessment Plan

S.No. | Test/Examination | Units/ Topics COs covered Proposed Maximum
Covered Date Marks
1 Assignment [ Unit 1,Unit CO1,CO2&CO3 | 7/12/2020 5
2,Unit 3(Half)
2 Mid I Unit 1,Unit CO1,CO02&CO0O3 | 7/12/2020 20
2,Unit 3(Half)
3 Assignment I1 Unit C0O3,C04&CO5 5/3/2020 5
3(Half),Unit
4,Unit 5
4 Mid II Unit C0O3,C04&CO5 5/3/2020 20
3(Half),Unit
4,Unit 5
Direct Assessment Indirect Assessment
(Internal Examination & External (Course End Survey)
Examination)
Q19 L)
\ ‘ :
i .:'.?.‘-Q.'_"..;?--' \} _h 00 !_l ! jl*-f;’-'@_
& i .1 |
Course Faculty Course C€~Ord1nator "HOD
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
Lesson Plan Schedule
(Regulation R-15)
Name of the Facuity: Dr.A.Srujana Year/ Sem: IV/l

Course Name: Power System Operation and Control
Course Code: A17230

SNO | Lecture Hour | Teaching Topics to be covered Books
Aids no./Page
required No.
Unit-1: Economic Operation of Power Systems

l L1 PPT Introduction Tl

2 L2 PPT Introduction to PSOC Tl

3 L3 PPRT Power system operating Tl
constraints and its necessity

- L4 PPT Derivation of inequality Tl
constraints and equality
constraint

5 L5 PPT Performance curves of thermal Tl
power plant

6 L6,L7 PPT Economic load dispatch by T
neglecting losses

7 L8,L9 PPT Flow chart and algorithm for ELD Tl
by neglecting losses

8 L10,L11 PPT Problems based on ELD by TI
neglecting losses

9 L12,L13 PPT Problems based on ELD by Tl
neglecting losses

10 L14,L15 PPT Economic load dispatch by Tl
considering losses - derivation

11 Li6,L17 PPT Economic load dispatch by Tl
considering losses — flow chart

12 L18,L19 PPT Derivation of b-coefficients and Tl
problems

13 L20,L21 PPT Problems based on ELD by Tl
considering losses

14 122,123 PPT Problems based on b -coefficients Tl

Unit-II: Hydro Thermal Scheduling

15 124,25 PPT Hydel power generation and Tl
hydrothermal coordination

16 L26,27 PPT Hydro power plant models and T1
types

17 L28,29 PPT Short -range hydrothermal Tl
coordination

18 L30 PPT Kirchmayers method Tl
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19 131,32 PPT Problems with penalty factor Tl

20 L33,34 PPT Problems T1

21 L35,36 PPT Problems Tl

Unit-III: Modeling of Turbine, Generator and Automatic Controllers

22 L37 i 2l Introduction to load frequency Tl
control and necessity of constant
frequency

23 L38 PPT Flyball speed governing system Tl

24 L39 PPT Turbine speed governing system Tl
parts and working

25 L40 PPT Block diagram derivation of speed L]
governing system

26 L41 PPT Types of turbines and their Tl
modelling

27 L42 PPT Cross compound reheat modelling 11

28 L43 PPT Modelling of generator Tl

29 L44 PPT Modeling of synchronous machine Tl

30 L45 PPT Generator — load model Tl
explanation

31 L46 PRT Generator - load model block Tl
diagram derivation

32 L47 Problems ]

Unit- IV: Single Area Load Frequency Control, Two Area Load Frequency Control, Load
Frequency Controllers

33 L48 PPT Concept of control area and Tl
introduction to single area load
frequency control

34 L49 PETF Steady state response of an T
Isolated power system for
uncontrolled case

35 L50 PPT Steady state response of an Tl
Isolated power system for
uncontrolled case

36 L51 PPT Dynamic response of an Tl
Isolated power system

37 L52 PRT Problems based on an Isolated Tl
power system

38 L53 PPT Problems based on an Isolated Tl
power system

39 L54 PPT Problems based on an Isolated Tl
power system

40 L55 PPT PI controller of an Isolated TI
power system

41 L54 PPT Steady state response of PI Tl

controller of SLFC
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42 L53 PPT LFC and EDC control Tl
43 L54 PPT LFC and EDC control 14
44 L55 PPT Tie line bias control concepts and i
basic equations
45 L56 PPT Two area Load frequency T1
controller block diagram
derivation
46 L57 PPT Steady state response of 2- area Tl
LFC
47 L58 PPT Problems based on two area LFC Tl
48 L.59 PPT Problems based on two area LFC Tl
49 L60 PPT Dynamic response of 2- area LFC; Tl
state space model of two area load
. frequency controller
Unit- V: Reactive power Compensation L61
I 50 L62 BB Review of reactive power control, T2

Reactive Power compensation in
transmission systems
51 L63 LCD Advantages and disadvantages of T2
different types of compensating
equipment for transmission
systems
52 Lo4 BB load compensation, T2
Specifications of load
compensator, Uncompensated
and compensated transmission
lines
53 L65 BB Shunt Compensation, Series T2
Compensation, Examples of
‘ shunt and series compensating
devices
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TEXT BOOKS

A) Power system operation and control, Dr.K. Uma Rao, wiley india Pvt.Ltd

B) Power systems Analysis, Operation and control, Abjith Chakrabarti, Sunitha Halder, PHI Publications
A) REFERENCES:

B) Power System Analysis and Design by J.Duncan Glover and M.S.Sarma., THOMPSON, 3rd Edition.

C) Power system operation and control in power systems, GR.Chadrasekar Reddy, A.srinivasulu

D) Operation and control in power systems, PSR Murthy, BS publications

E) Power systems stability and control, Prabha Kundur, the McGraw-hill companies.

F) Power system analysis, C.L. Wadhwa, Newage International.

G) Modem Power system Analysis, l.J.Nagarath & D.P. Kothari Tata McGraw-hill Publishing Com pany Ltd.
H) Power system Analysis, Grainger and Stevenson, Tata McGraw Hill.

A

\
|

| w8

o
Faculty I/C HOD
L - Lecture BB - Black Board
A - Assignment LCD - Liquid Crystal Display
T - Text Books MD - Model Demo
R - References FV - Field Visit
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Course Delivery Plan & Record of class work
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Unit-I
S No Proposed Topics To Be Covered Teaching Execution
DATE | HOURS Aids used | DATE | HOURS
1 | 2]3)bo 1 Introduction to PSOC PPT  |[al#ls0 1
5 S 1 Power system operating PPT R 1
22320 constraints and its necessity A 2\3\29
3 1 Derivation of inequality PPT 1
NE l.‘{—]')o consga,}nis and equality ag:[.l;;lm
constrain
4 1 Performance curves of thermal PPT 1
'25] 4ho power plant O}_Q\ﬂ'—\'}c
5 : 1 Economic load dispatch by PPT 1
S l 3‘ 20 neglecting losses ‘_?,[ ‘8\10
6 . 1 Flow chart and algorithm for ELD PPT 1
H \3\?’3 by neglecting losses A\g km
0 1 Problems based on ELD by PPT 1
5 ] 8 lm neglecting losses 5%\20
8 1 Problems based on ELD by PPT 1
| 9\ 9-\}0 neglecting losses \2\ 3 \ 7o
9 1 Economic load dispatch by PPT 1
GRS considering losses - derivation 3 \g \"-’U
10 LS 1 Economic load dispatch by PPT . 1
11{\3\"'0 considering losses — flow chart s \”c
11 \ 1 Derivation of b-coefficients and PPT 1
S "\3 \ 1 problems g\\\%\w
12 1 Problems based on ELD by PPT 1
. lq \1:0 considering losses ‘}ol\w
13 [2]q|%¢ 1 Problems based on b -coefficients PPT _&\lﬁ\‘w 1

Justification for deviation (if Any) .

Coutse faculty
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Unit-I1
S No Proposed Topics To Be Covered | Teaching Execution
DATE HOURS Aids DATE HOURS
used
i i Hydel power generation PPT i
5 ] q\ o0 and hydrothermal 5 \ aleo
L coordination
2 1 Hydro power plant models PPT 1
lQh\w and types [g\q\w
3 1 Long term hydrothermal PPT 1
& 3.\0(\'20 coordination Q,B\""l \'1)0
4 Q_’ﬁ\ﬁ,\qﬂ - 1 Kirchmayers method PPT [24] "—\lw : 1
5 1 Problems with penalty PPT 1
-,qucabo ; factor & \101‘20
6 |5)vo\o0] 1 Problems PPT Qu {ulo 1
7 lasWloe| . 1 [Problems PPT [as|ulso]. 1
Justification for deviation (if Any)
L ,.f:mkw 3
Aue to Tq’““w&g
i;f\-’ A e
Coupse faculty HOD

|
i
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Unit-ITX
S No Proposed Topics To Be Covered Teaching Execution
DATE | HOURS Aids used DATE HOURS
i i Introduction to load PPT 1
frequency control and
necessity of constant
BD\ D—\ 20 frequenc};r "2\ 2 \ w0
2 ) 1 Flyball speed governing PPT 1
PRILPAR L system &\|p 20
3 1 1 Turbine speed governing PPT : 1
QLIL\\Q]'JO system parts and working J&\ {20
4 - 1 Block diagram derivation of PPT 1
9.’3119-110 speed governing system 28 \lec
5 N 1 Types of turbines and their PPT 1
-‘ 20|12} 20 modelling 20 \m,] 20
6 A 1 Cross compound reheat PPT b 1
1] 29 modelling aal kLY
7 |5 | 2y 1 Modelling of generator PPT =\ 1
8 e 1 Modeling of synchronous PPT N 1
ll] l\ 2 machine 6\1\%
9 & 1 Generator — load model PPT 1
12\1)2) explanation H—h\ )
10 I 1 Generator - load model block PPT i 1
18| 119( diagram derivation u l" lm
11 [1gl\n] 1 Problems T I e e
Justification for deviation (if Any)

Cours

o

-

' =

aculty

K i
{ <i_:"\'"
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Unit-IV
S Neo Proposed Topics To Be Covered Teaching Execution
DATE | HOURS Aids DATE | HOURS
used
1 i Concept of control area and introduction to PPT t%l 1\2«1 1
l 3\‘ \ 24 single area load frequency control
2 1 Steady state response of an Isolated power PPT 1
| "(\ t\z-‘\ system for uncontrolled case \L“‘\M
3 : 1 Steady state response of an Isolated power PPT 1
Q'OM 2\ system for controlled case &Um'}‘
4 1 Dynamic response of an Isolated power PPT 1
Q 5] ‘\‘1'\ system '&5}1\9—1
5 |afh\o 1 Problems based on an Isolated power system PPT as iy 1
§ i sz0 1 Problems based on an Isolated power system PPT | o1\ 1
T kel e il Problems based on an Isolated power system PPT 22 ) 2 1
8 | aloly 1 PI controller of an Isolated power system PPT 2121 24 1
9 T 1 Steady state response of PI controller of PPT i 1
Qoo SLFC 22 \m
10 [ 2y.40 1 LFC and EDC control PPT 212\ 1
TEERR 1 LFC and EDC control PPT ?3{ T 1
12 = 1 Tie line bias control concepts and basic PPT ; 1
1310 9 equations * 1"1 4
13 i 1 Two area Load frequency controller block PPT 1
}-—t\a«\ 2 diagram derivation ‘ﬂ °’| il
14 |5, 1 Steady state response of 2- area LFC PPT 5 |5 o 1
15 | gValy 1 Problems based on two area LFC PPT 6?‘3’] 24 1
16 | gl2] oy 1 Problems based on two area LFC PPT 612) 94 1
17 Yo, 1 Dynamic response of 2- area LFC; state PPT 1
- 1 ) space model of two area load frequency f \ 1 2
controller
Justification for deviation (if Any)
1 |}
.' '.
R I\
j‘ TS
Course faculty 'HOD
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Unit-V
S No Proposed Topies To Be Covered Teaching Execution
DATE | HOURS Aids used | DATE | HOURS
1 1 Review of reactive power control, BB 1
9 ] ﬂlﬂ Reactive Power compensation in 2 1»[21
transmission systems
2 1 Advantages and disadvantages of BB 1
different types of compensatin
lD\w\H equipment for transmii)ssion F lDl 2’] *
systems
3 1 load compensation, BB 1
16 ] A M Specifications of load ke ]Q’I 2
compensator, Uncompensated -
and compensated transmission
lines
4 1 Shunt Compensation, Series BB 1

ta-af>

Compensation, Examples of
shunt and series compensating
devices

132

Justification for deviation (if Any)

1':\ -f\\— ;
Course faculty

.3—\._ =

HOD
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Syllabus Covered As Per Course Delivery Plan

Details/Duration First 4 Weeks Second 4 Weeks Third 4 Weeks End Of Semester

Percentage of 1 unit 2.5 unit 3.5 units 4 units

Syllabus covered |
1 1

Signature of HOD e 10

L= \I
with date A I =Y

Signature of staff k@p« 3\
with date %’0 W‘;\\@\ 4 N @\ﬁ\
\ [ @ '
P g

Signature of
Auditor with date




VIDYA JYOTHI INSTITUTE OF TECHNOLOGY
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

2020-21 IV YEAR | SEM SECTION 8A

S.NO | ROLL NO. NAME OF THE STUDENT
1 17911A0203 |AASHISH KUMAR
2 17911A0208 [BALGURI AJAY
3 17911A0209 [BANDAGONDA SIRI
4 17911A0212 |BHUPATHI SOUMYA
5 17911A0214 |BYRI SAIKIRAN
6 17911A0215 [D PRATHIBHA
7 17911A0219 [HASTEPURAM NAMRITHA REDDY
8 17911A0222 |[KANAPURAM MOUNIKA
o9 17911A0224 [LOKESH KUMAR LOHIA
. 10 17911A0226 (M SHIVA KRISHNA
11 17911A0231 [NAKKALA CHANDANA
12 17911A0236 |POGALLA GOUTHAMI
13 ° [ 17911A0238 [SAMALETI HIMA BINDU
14 17911A0239 |SANKULA SRAVYA
15 17911A0249 [YERUVA SAITEJA
16 17911A0252 |BEJJANKI LAVANYA
17 17911A0253 |BINGI NARESH
18 17911A0254 |BODA VAMSHI
19 17911A0255 |CHALLAPUR SUSMITHA GOUD
20 17911A0258 |CHINTHAPANTI PRIYANKA
21 17911A0260 IDOMMETI RADHA KEERTHI
22 17911A0262 |G ANANTHARAMULU
23 17911A0263 |GATTU THARUN KUMAR
R 17911A0264 |GAYATRI DHARAMKAR
. 25 17911A0265 |GOPAL JHA
26 17911A0266 |J YESHASWINI
27 17911A0267 |[JADALA MADHULATHA
28 ~ | 17911A0268 [JUVERIYA SAMREEN
29 17911A0269 |KAIRAM KONDA PRANATHI
30 17911A0272 |[KATLA SANNITH KUMAR
31 17911A0274 |KOLANI PRANAV]
32 17911A0276 |[KOOTURU NALINI
33 17911A0281 |[M SRIMANNARAYANA
34 17911A0284 IMARAM MANEESH REDDY
35 17911A0287 [MUPPANA SUDHEER
36 17911A0289 [P PRIYANKA
37 17911A0290 |PAPANI MANIKANTA
38 17911A0295 [SANJAY S
39 17911A0299 |THOKALI RAJESH
40 17911A02A1 |[VANKUDOTH SHEKAR
41 18915A0201 [AKULA NARESH CHANDRA




42 18915A0203 |[BARMAVATH BHARATH

43 18915A0205 [CHINTHAM ANUSHA

44 18915A0208 IDANAM NAVEEN

45 18915A0210 |DIKONDA NACHIKETHAN
46 18915A0211 [GADDAMEEDI VINAYKUMAR
47 18915A0212 [GAJJELA YELLA REDDY

48 18915A0215 |K JHANSI RANI

49 18915A0217 |[K.NITISHA SREELATHA

50 18915A0219 |KANCHU SAI KOUSHIK

51 18915A0223 |KOMMU NAVEEN

52 18915A0224 [KUNTA SRIKANTH

53 18915A0226 IMOHD FAYAZ AHMED

54 18915A0227 [NAMU SAI VISHNU

55 18915A0228 |P MOUNIKA

56 - | 18915A0229 [P NARSIMHA NAYAK

57 18915A0231 |[PADAMATI SAIKIRAN

58 18915A0233 |[POOLA RAVALIKA

59 18915A0235 |PUNEKAR RATNAPRABHA
60 18915A0236 |SAMEER SAHANI

61 18915A0237 |[SHAIK FEROZ

62 18915A0238 [SINGIREDDY SAMPATH KUMAR
63 18915A0239 |TELUGU BALARAJU

64 18915A0240 [THAGARAM SAGAR KUMAR




VIDYA JYOTHI INSTITUTE OF TECHNOLOGY
DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

2020-21 IV YEAR | SEV SECTION B

S.NO | ROLL NO. NAME OF THE STUDENT
1 17911A0201 A JOSHNA
2 17911A0202 A SAI CHARAN
3 17911A0205 B KRISHNA CHAITANYA
4 17911A0206 B VISHAL PAWAR
5 17911A0216 DUBBA ANIL SAI
6 17911A0218 GUDIPUDI NAVYA SRI
7 17911A0220 JIVILIKAPALLI PRAVEEN KUMAR
8 17911A022] KAMSALI MANOJ
9 17911A0225 MANCHALI KRISHNA YADAV
' 10 17911A0227 MEKANABOINA MANOJ
11 17911A0228 METLUGARI DAYAKAR
12 17911A0230 N ANIL KUMAR
13 17911A0232 NEMMANI RUTHVIK VARMA
14 17911A0233 NITTA DIMBADHARA RAO
15 17911A0234 PEDAPAGA CAREY ISRAEL
16 17911A0237 S SRINEEJA
17 [7911A0240 SUREDDY NAVITHA REDDY
18 17911A024] THAGARAM SAI SIDDARDHA
19 17911A0242 THALLAPELLI SAI PRANAY
20 17911A0243 U JYOTHI
21 17911A0244 VADLA SWETHA
22 17911A0245 VANGA RAKESH
23 17911A0247 VUMMENTHALA SAI PRANAY REDDY
24 17911A0248 Y SAIRAGHUNATH
*25 17911A256 CH. RAVITEJA
26 17911A257 CH. SAI ESHWAR REDDY
27 17911A259 D. MALLIKARJUN
28 17911A261 D. SAI KUMAR
29 17911A0270 KAKULARAM RAHUL
30 17911A0271 KAPPALA SRINIVAS
31 17911A0275 KONKA MANI CHAITANYA
32 17911A0277 KOTA NIREEKSHAN NISHI
33 17911A0279 M GIRISH
34 17911A0280 M SNEHA
35 17911A0282 MADIREGAMA BHANU GUPTA
36 17911A0286 MOHAMMED FEROZ
37 ‘17911A0288 NOOLA SAI KUMAR
38 17911A0291 PAPANNA RATNA TEJA
39 17911A0294 SANGISHETTY VINAY
' 40 17911A0296 SANKURI JITENDRA
41 17911A0297 SEELAM KRISHNASRI
42 17911A0298 SHANKARI KARTHIK




43 17911A02A0 UNDADI SHIVA KUMAR

44 17911A02A2 ALLU SRIPRIYA REDDY

45 18915A0204 BHUKYA HARIKA

46 18915A0206 D N V TARUN NIRANJAN

47 18915A0207 DAMERASHETTI VINAY

48 18915A0209 DHARAVATH VENKATESH NAIK
49 18915A0213 GURRAM ANIL KUMAR

50 ‘18915A0220 KATHI ABHISHEK

51 18915A0221 KESARI ARAVIND REDDY

52 18915A0222 KOMMARAJULA VENUMADHAY
53 18915A0225 MAILARAM VIKAS

54 18915A0230 PABBATHI MANI KRISHNA

55 [18915A0232 PARIPELLI YASHWANTH KUMAR
56 18915A0234 PRANAY ALLURI

57 18915A0241 THOKATI HAVEELA

58 18915A0242 TOKAPUR AVINASH

59 16911A0206 BELLEY SATISH

60 16911A0239 NIKHIL ISAAC M

61 16911A0242 D RISHIKESH

62 16911A0289 R SHIVA CHARAN

63 16911A0217 K PRAVEEN KUMAR REDDY Re-17/7/20
64 16911A0232 MATTA SHIVA  Re- (30/7/2020)
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Vidya Jyothi Institute of Technology (Autonomous)

(Accredited by NAAC & NBA, Approved By ALC.TE,, New Delhi, Permanently Affiliated to JNTU, Hyderabad)

Bloom's Level:

B.Tech IV B.Tech I Semester I Mid Examination ,December-2020
SUBJECT NAME:POWER SYSTEM OPERATION AND CONTROL
Time: 1 Hour

Note: This question paper contains six questions .Answer any three

Remember L1
Understand L2
Apply L3
Analyze L4
Evaluate L5
Create L6

BRANCH: EEE
Max. Marks: 20

ANSWER ANY FIVE QUESTIONS

5QX15M = 75M

Course Outcomes

CcO

PO

Bloom's
Level

Marks

a)Explain the terms i)
Heat Rate Curve it)input-
output characteristics b)Derive the
condition for optimal load scheduling in a power system
considering transmission losses.

13,12

L3

™

[OR]

The incremental costs for two generating plants are

1C,=0.1P,+20 Rupees/MWhour

1C,=0.1P;+15 Rupees/M Whour

Where P, and P, are in MW.The loss coefficients (Bmn) expressed
in MW" unit are B, =0.001,B,,=0.0024,B,,=B,,=-
0.0005.Compute the economical generation scheduling

corresponding to the lagrangian multiplier A=25 Rs/MW hr and the
corresponding system load that can be met with

1,2,3

L3

™

[OR]

315

Explain in detail Hydro Electric Power plant model

l

1,12

L2

™

[OR]

Explain the mathematical modeling of a fundamental Hydro
thermal system

1,12

L2

™

With a neat diagram explain the operation of a speed governing
system

1,4,12

L2

6M

[OR]

Sketch the blockdiagram of speed governing system and discuss on
its representation.

14,12

L2

6M




&= Vidya Jyothi Institute of Technology (Autonomous) .

(Accredited by NAAC & NBA, Approved By A.LC.T.E., New Delhi, Permanently Affiliated to JNTU, Hvderabad)
(Aziz Nagar, C.B.Post, Hyderabad -300075)

IV B.Tech I Semester I Mid Examination, February-2021

Subject Name: POWER SYSTEM OPERATION AND CONTROL BRANCH:EEE
Time:90 mins Max Marks: 20

Note: This question paper contains six questions. Answer any three questions.

| Bloom’s L.evel:

Remember 1101
Understand | L2
Apply L3
Analyze L4
Evaluate . L5
Create L6
Bloom’s -I
ANSWER ALL THE QUESTIONS Tivdl CcoO PO | Marks
eve
Draw the Block Diagram Representation of IEEE
1.a) | Type-1 Excitation system and derive its transfer L1 cO2 PO3 6M
function
[OR]
by Derive' the mathematical modeling of Speed L1 Co2 PO3 6M
governing system ,
Obtain the steady state response of the uncontrolled |
load frequency control of a single area.
Two Synchronous generators operate in parallel and
supply a total load of 400MW. The capacities of the
. machines are 200MW and 500MW and both have » 5 ™M
2.2) generator droop characteristics of 4% from no load L3 co3 PO2
to full load , calculate the load taken by each
machine, assuming free Governor action also find
the system frequency at this load
[OR]
Give a typical block diagram for a two area system -
.b)- interconnected by a tie line and explain each block. L4 CO3 PO2 M
Explain reasons for variation for voltage in power N o
3.a) |systems and suggest methods to improve voltage L6 CO4 PO3 ™
profile.
| [OR]
b) With neat diagrams discuss series and shunt L6 CO4 PO3 M
compensation.

**:’:VJIT(A)***
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Vidya Jyothi Institute of Technology (Autonomous)

(Accredited by NAAC & NBA, Approved By A LC. T.E., New Delhi, Permanently Affiliated to INTU, Hyderabad)

R15

Bloom's Level:

B.Tech IV Year I Semester Regular Examination, NOVEMBER-2020
SUBJECT: POWER SYSTEM OPERATION & CONTROL
Time: 2 Hours

Note: This question paper contains EIGHT questions and answer any FIVe questions. Each question carries 15 marks

BRANCH: EEE

Max. Marks: 75

Subject Code: A17230

Remember L1
Understand L2
Apply L3
Analyze L4
Evaluate L3
Create L6
=) Course Qutcomes | Bloom's
ANSWER ANY FIVE QUESTIONS 50QX15M = 75M co 0 Level Marks
A constanl load of 400MW is supplied by two 210M W generators 1 and 2,
for which the fuel cost characteristics are given as below:
C, =0.05pG,+20pG, +30 RS./hr
C;=0.06pG,,+ 5pG,+40 RS./h
IR I e o : : 1 13,02 | 12 15M
The real power generation of units pG, and pG, are in MW.Determine
a) The most economical load sharing between the generators.
b) The saving in Rs./day thereby obtained compared to the equal load
sharing between two generators.
Derive the transmission loss fonnula for a system consisting of n-generating
2 plants supplying several loads inter connected th rough transmission 1 1,4 L3 15M
networks. Stale any assuin ptions made.
3 Obtain the condltlon for economic generation of steain and hydro plants for 5 14,12 L2 15M
short term sclieduling.
a) Write the advantages of operation of* liydrotlienral comb inations.
4 b) What are the methods of shori term hyd ro-thermal coordination? ) 1,4,12 L3 7M,8M
5 With a_neat diagram explain briefly different parts of turbine speed 3 14.12 L2 15M
governing system.
6 Draw and discuss lire IEEE Type -1 model of an excitation system. 3 1,4,12 L3 15M
7 E-xplam clearly about proportional plus mtlegral LFC w:‘th a block 4 14,12 L2 15M
diagram and show that frequency change in steady state is zero.
Explain clearly what you mean by compensation of lines and discuss briefly
8 : : 5 1,4 L2 15M
different methods of compensation.

ﬁ*#vJI'I‘(A)***




Vidya Jyothi Institute of Technology
(An Autonomous Institution)

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

ASSIGNMENT -1 (AY —2020-2021)
COURSE NAME:POWER SYSTEM OPERATION AND CONTROL

Year & Semester: IV/Isem

S.No. Questions COs POs B.L
1 1 PO1,PO2,PO3,P0O4, (L2)

a)Explain input-output characteristics of PO5,P0O6,PO7,POI,

thermal power stations

b)Explain cost curve and incremental heat rate
curve of thermal stations
2 1 PO1,PO2,PO3,P04, | L4

Explain the various factors that affect optimum PO5,P0O6,PO7,PO9
operation to be considered in allocating
generators of different power stations

3 Explain various uses of general loss formula 1 PO1,PO2,PO3,PO4, | L4
and state the assumptions made for the PO5,PO6,PO7,POY
Calculations of Bmn coefficients

B Obtain the condition for optimum operation of a | 2 PO1,PO2,PO3,PO4, | L4
power system with ‘n’ plants when losses PO5,PO6,PO7,PO9
considered

5 2 PO1,PO2,PO3,PO4, | L5

Derive Mathematical Formulation for Hydro PO5,P0O6,PO7,PO9

thermal scheduling




Vidya Jyothi Institute of Technology

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

ASSIGNMENT - Il (AY - 2020-2021)
COURSE NAME:POWER SYSTEM OPERATION AND CONTROL

Year & Semester: IV/Isem

S.No. Questions COs POs B.L
1 3 PO1,PO2,PO3,P04, | L4
a) Derive the transfer function of speed PO5,PO6,PO7,PO9

governing system.

b) Explain turbine model with block diagram
2 3 PO1,PO2,PO3,PO4, | L5
Explain the necessity of maintaining a constant PO5,PO6,PO7,PO9
frequency in power system operation

3 Explain the concept of control area in a load 4 PO1,PO2,PO3,PO4, | .2
control problem and control area error PO5,P0O6,PO7,PO9

4 4 PO1,PO2,PO3,PO4, | L4
Obtain the block diagram of two area system PO5,PO6,PO7,PO9

5 5 POI,PO2,PO3,PO4, | L4

Explain briefly about the shunt and series PO5,PO6,PO7.PO9

compensation of transmission systems




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

CONTENT BEYOND SYLLABUS

S.No. Date Topics Covered Details Of The Resource Mapping With
Person POs, PSOs

1 Proportional plus PO1, POz, P03

O ("B \q’ O integral control of two —_ Tou, P05 o6
area system

2 FACTS Devices in Pot, Poy/Po 3,

'S \q \ 2. (| Reactive Power = Pou, P 5, POL,
Compensation

3 Automatic Voltage 3 o, PO3/T03,

) l i 13’1 Regulators fou , P05 P06
TUTORIAL CLASSES
S.No. Date Period Topices Covered Related COs

1 1 Economic load dispatch by considering 1
22\9 ‘ 20 losses - derivation

2 1 Long term hydrothermal coordination 2

A2 \‘ 12] 20 £

3 1 Flyball speed governing system
wiao s T

4 1 Concept of control area and 4

introduction to single area load

L'l\‘}l L0 frequency control

5 1 shunt and series compensation of 5
(& l)’l 20 1 transmission systems
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(An Autonomous Institution) .

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

Vidya Jyothi Institute of Technology

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

DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

BATCH 2020 - 2021

Course End Survey Analysis

Year/Sem (Academic Year 2020 -2021 )

Year/Sem Substantially Moderate Low Total Attainment
High
Course Name | Flo ¢
YSoc e o~ 2K 0 |85 Q 44
3 2 1 Assessment TOTAL
Co1 (03B 290 0 128 NE- T
CO2 a\_ BE © 12€ . 320
CO3 S 4-2 1@) 123 Q.6
CO4 HRE] av] 0 X Q-3
COs o3 25 /& 12¥ Ao BC oL




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

DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Batch 2015-2074
COURSE CLOSURE REPORT
S.No Parameters Section A SEC B=SEC
Course Name (o) C
Allotted Faculty  dR A . S d\ oMo .
1 Quality of I/II-mid question papers(As per Blooms Taxonomy
or not) submitted to the exam section

2 No of students registered for the exam £y E5

3 No of students appeared for the exam ot e
. 4 No of students passed Z\ .' Lo

5 Pass percentage L6 Y. 9.9 Y.

6 End exam result analysis (pass percentage > 90%) ODe— B

7 End exam result analysis (pass percentage 80% to 90%) [O

38 End exam result analysis (pass percentage 70% to 80%) ! g

9 End exam result analysis (pass percentage 60% to 70%) 93

10 End exam result analysis (pass percentage <60%) 09

Ity




o

®

M) o powty plclty ate  conneded  fopctux by o hoatmity
Ure  and lood & ok pouty Mok \d) - Whea (gomu s
A dey :
hesuvendaf, fuad owt clhovoedentty oS Tk 0 l%’“%

%2; o o Pt - Picd te O d eunion oy
Oy

- A~dd, 45, B0
%Q.,g P I s 1PhyHY Py nromw oy Py 2100 00w
d.Pc,” '
dt, £ 0019 Pyt
P, )
th,— %l\ P\
B trl"-ga' + 0+0)
.de VAL
dPC 88 P = & (ood) 002 P
d Po,
JY * ?_‘Pl LGN
| ~002P,

Pl g . Y. smw:
DUy




)D-a-

pos By RS cpo)(e>5
p s 3900

e rn5et 8
PD y P}""PD_FPL e &D 5o
el

b 338906

£
Cokr Al o 4B
e ; t5-s o1 Pt

) —0:02-P

3g -0 08P, LD*\PN’"?" U

=0

cor —\y) A 30
=2l

o, > 30o0n) 000

Q;::D ';rp_'_\ P{ A+ l&
\ =002 Py . ')

P\ v k= d O b5 M

06

by ";l‘i)\om\.}\jw

(&) wat ook ooty on tyden  Longhodng 9
® T o dwo W

® =iy torutrann

@ tnaselly arring




o Powste Gumund (Py) s By Genuvabon v,) @

CE S R P T mnm

PL >~ Povur fisw Mo m‘ghmqu htienn

(" I

1 T et
3 3 | |
B p’f

| n
~ w1 tsodend by ot0 fland-
TR e floeg e dwo Porky Tt ed ben Ofpobing
fovee R
: IERDEEEVIR RSV
P uon®
R o=y 15 o

Pt = N3 g touldp)
Roehive  poustr Lot @, 2\ Bging
Bt TG 5 an g $)
iwﬂ eondhend g
) Vodege et P ooy &) Top tliry
%) Teonpiypon \'oe tewy W) $post eopouwidy Conffos




) 1 Hhose Ags conttyouns
" u hu Umik o207 .
Broio < Uy 2 W ram
P = GenuncoctedL\L
) flar ool (&) =it Thowd  odudagy e dn Had R

o— 5" ~\40
fropuneyy  boy o (bt o4 T 27,

D) Pty v Ry deppires et \BY o bent Sohd
pucs TI# +— Top tedimy SO gL &4
Two Wiy T(L 024 £
U] ‘f‘i(imhﬂim‘mblng lo%g + “hormed  topakility O kR M-
be wmoltdedeed I wenge Q8 £ CPeo
5) Qe og{)ouey Confeut- L~ fpoay  Caflod
ot i Gunecaditn \P) qenextetse/ by SO i °

ho 7 @inihun @

= 1'nd B Coefdy vencty \@m m,g oeHA ¢ e kT

o _,\

Qm)

unty ebogs yung




. Wt : .
P CM ~ | Sj(ll B I @
R LG S
¥ Chdwn \ |
Qognr #:M tpoe| Custandk 1 ptll by WPt tohuipy
\ﬁq\K | N

TU Gnaek povdry  roveh FReTIL ] it pibef

o e ; 3 MRS [
® Qo e bputien. Packre ST

3 i
e A Loed E&g} BoORpPied byt =9

L oo0dy v s
. -
"‘(Q\“(\ SL: Q{j\ L\A‘Qiq}l}r '_.___(D
W;;thjm o
.fg/{-r Tow o G#-Wﬁ\f& tPl S WE\P) foould IR ond—
S . gy pueunt thou Id ke,
Pl e lods
3. T Voost oogur O "
Lonplact "
et B olBBy - W 3, &
b eudenquiees (500

o o L] ‘@ :

7, 2% torg, Tl 882

iﬂlﬁvﬂwb +3 1121 Yoo
wo Ty (T,




goo Oy s b (teas 434 00, Fecda (2p)euesd 3 | m_)

freawcile  nwal  Ameginary  pad xS

To otdy lj:wl WIS ¢ I ke, (5 (togeq H kCU\(Ttﬂ 'O 'HN"-@E)
P8y}
Mow  rognisHud 2

[L‘L L LO(.Q; &\I,l LO&%\ +0C&u.[T>,\deg)L+ CNf[?“ﬁn@;

‘}’"r:, LS B s
j\, Bk ‘) . (dp\lig-i%ﬂ‘ L Lol Ty T UDM*)[@W; P
V’HWO “nod

N o wed, 102
Co o) L SU O BN RV P 1 T T T 0s)

P g\%\llixﬁbk%l 3} by xmﬂg&

Pz 3309,
g—-l P ?1 o PL
ety T g,
Wb 9 (1 bo ® . ®
‘,\_
B \'L%lﬁbx “»”‘DWL T
(24 @~ 05
Plog o Teamgnt ¥'on e ‘ )J
P~ %0(51\7- b\— Q;D('l}.-;,ﬁ" *%QO[QUCQ;GGQL()[ Py
%\ Y20 Ay
\ %ﬁl Lﬁ)ffpg‘ ’5\11\53*(‘,0‘@ ,C{}f‘iﬁq_
e (D~02)

m&‘ )R> %@




@ ?ﬁgﬂﬂﬁjh. &lﬂw o Hhwarol PonlT

® APLG\ i Tk D\PQX&L{ Ve B s @
=t

ﬁ © b

L”J - mMmin o4
m
wn &GP ey fov o Pl

i)

d ) Vo QPD"‘?L. s Pog "“PD'“?LZD

20 Pﬂq\' ngp PL -—0

N =700 & J,sw\x P =1 Powetr L86 | Py 7P%>éfmmj‘

T hoa <tonit 160 d fipodh

VUM Py 5 ook el Py

= Q Mo~ T 0.

UL ;
rodharadntesl  oppTALh- foc Whimu,  FrAaO™)

{_'; ¢ =GPyt © A t E Pcﬂrfpp PL)

P2k

(‘ LW& muu—T]YUU” Mt wal,w
PL ?JFC Poay T =~ Pm)

R D) GerunaitN  SLeneryy &
whdity B opETrowm \ et

air (Q"L - Ak AQIPLL

Ay A0y - d Wy~



Ao . 0 lSve cod ! B T8 Neeerety M?j%w

+ ? \ ”
e B gl ! AP(‘M)

5 Por &W :
def Lo ~l LN ((hfﬂ(‘:)
oy Q‘lp(‘ﬁ !
L dle, \ AR
& dy | dfe
ff‘%tf AL [ (e Ily 7 prrolify o
2 Pyt dﬂ@u & cgpc)t.,') ¥
? .
T B 7, \
SAYY
LR RObuA Jrcw;gl}_L 2D . fotdereral w@
Lz

“‘ A= P i ™ /\ ':‘E[Q'X L
Re & ™ fnceack 0ol Bl SRigghv-
m\ \

T e @@'Ten ey PR, )

" %m] v &

{) v XE,“ DW[S';*L&- D-P\ P:LPDQ )
ks

g PAI L%, Big, ﬁ'ﬂk

T
\ : N
s Wﬁ®&pt_ e o cﬂP{D\A\ {D@K
NSRS .



tob Al el in kA) @ |

5
e g‘}_\“_ \ 1 W5 gPL
dfen O Moy
W w0 o o &by Py AT Pos
"&_i 3 heat AU P
by, :
A~ wdan Puy
/ Ty
(=~ S A Bty
® o |
N j 2
Ao S8 By By - BT
Rl

A~A & oy Ny ’AF%&%W{?MK: b$+g{&?[9b7-; 1.

(o A= Rk P —bF
t?('q\ - A \A"}(.‘& k. “e

-

A 28l

9
-
Ze
}
o

Pt MJ\
A A -

—

o?bz‘%’*@/%i
0 piod forl ted ool arcer g e il

Mot o oy HSRALG

0%
PR A L o

R b] '}"\Ol
| W O Y. (LJOT o I

L)
Eul

?ﬁ %Q[)\i}fﬂ«u}



i/ PPy = A0V
¢ = 0 PP 4 25 P \L) X1 o)
Lo'x (9Pt 33 Pork81) % ko)

AU 5.020 PSS 4l . o _
. 04 o 8 . 020 Py BB
Ly P d Po, Fo

9302 P~ 00200, = .04

| ( Pﬁ L(Oi‘;

{ Q;;__rf—\- ulDUB':F'

P' - I\DQ‘{)—‘

oy N R
o LRy = \ONCY - B

) it I
POV U LY AR T S

g
d%ﬂ é‘t"'lp\"“cbg i de, o 02 Pf‘gl;
AU

%L - fd,_'*_":, . 0.2 h 405 > Q2P B
W~ QAP
O*Q\P\"Pq_\‘?_\?}“
p - L4n5 § 107 5
0, 55% F L€y SUSYF T
= 01 9. WS

L | Py B2 P L)

!
0z Qe

W in (O ~ o ! % \N-ﬁLMU\W



> ]
® syin ckous  auburohic voldg  Aropunuy (k.

|
P L
o) t@? _
O oy~

‘ s @rld windiey

Creunt h 1;

Vo ok \ppldaye  Fesywlokee LHUR) gy
oMWY K pofiuds oF dewnima) Asldege Av) T
(oo Oy 1L pabowosdly  keed it P
bootHed + TN DRyl e wucnbing e g
ofdy oxfuROIN ard Gepg)  goagiog Gooet 0 H

® (Ip ot wotder Whith fraly  delvns i o lfag
e to e Quacadieg fuld Ui,

R, Lnkollen . Th %ﬂwwj iy clogely
okt do e wel poww pedanea in Jo e puenol
Adweoe  yedse nerrol ety (ool hong +o )
RROVCOERT N Nt ooy @ st e ek

Powte  Of  towh vOpmuek 10 letiey dowy by O
i tede

!



e




'TE: O"Lmj ypﬂ\-ﬂ) '};
J@cj) | e {L@Jf’ W{’L‘?"’f(ﬁ
@

X@j 7 = ',2,;""‘

e )
fhep 2 psume Pu 2
Mepo - selur  ERZ an bt O Cous

#j}efq." 4 hick toh efhu any et "’&U@”d S

derse 4 epudeted by the 2 etuality rorshicant

P i & Pat g fur mox iz Ly
_ng{"CLbJJ g {he Lmiting uvolw

n oard

SL&P - it Wj_/ajf {(A_Q)—-'\-JM{‘PJJ)QO)’) /QB.!.J e jﬂjm
m A
fﬂ Fr= g ¢ R puaz

g £z

6 - ?

Sorlyted con not LD fur - f)®e
= 4
shef 7 0 pceende 3 by O
M

274 ZI foi '-PD"P[ Cgﬂ Cncoeee D‘W

e
l =

)ﬁ* 2 Vc’:r’fp—/ﬂ_;’ 6 £ h d—l—u‘b’u O‘zwﬁ

T2




ol O‘”anr)z”' 20 Cer 14

180% 10" < (o Ufun? kLo fo,y )X boXbORL

6
| £0 x 6
e ~
fo kbo XL

OUPQH?* Z.E)fc,,}-;

(Dru/’umz k28 pa,ﬂ, = bk 68 0

PQP): o . HY MW

o UlﬂwHk>
o Ve v

ol o
g cohurebet
o D go0%) +120

mt_ ‘Z‘g?fz-s/hy/m}/‘j&

&) /gﬁﬁofu@“_m /tDA’ &Onom;g wLLOCQj;QOb % jc_nuoj,’“%
.Glﬂ’w'}f je/]e,p_ﬁ/f:oo 7 ‘/[\MC«// J’;/J"Lef\o W&:&j

f’\jﬂ 071 fwe_n.!m?jdfooo JA-PRE ju,u/ﬁ Lhefs

Nz ®

fam
y eonN  _ud . .
e ”_,.-—-';-""? c P
PC"’; . h"—J ZBTIT L‘TIC\
p 2l
2L



\/ dL(_JH \

b g = f
ek v

Y, to-2d PMH) }JD:] =H2

Vi = 5371 f‘-’/m%%q

!@ Fn o ¢dwo /,J?cm/ of eretion Sydtem, fha Lﬂ{w /%W
.up pferst N Jm [ hadl . A»:}AJD/QW i oﬂw’o&f ety
otrdiey | dhe g,mwe_;};,.;l? Sforns ¥ hydio ploar
2
art Cf zo2p ¢ 200t < Uﬁ/kv: b -6l ’waﬂ

when  both plorts ¢ Asenn ont ,  the  pouwns G::ﬂs‘
J}w’m f}{m /)@”‘3 $0 doed .5 200 mw il Jhe Pohed
QMW’QU g WYY PR ey ed /0* IR e Lvdw/gw
ofuatfon  dulirg 2 ks F5 194 x,0h -
{«heﬁwudf’or) oA hydio Plond y i

Ddumu;
woter wded.

prd) Ly © 63 pmrz t 20 ey € ﬁ.s/,,,y

Gl gy O‘L/f)o,r? t 0 .PC;H mD/Jq
O
der
,__9__ :Yz doo 4 o %
dpp,y" dPQH
o’_r_")‘
dPCAT E >

66 P t2e X

() 'é (30‘3) *{‘80 f:>‘

/?CAF e 1o 2




7_ wols s wded [ Aviofﬂw fot
/0 b
}chibbfw x Cosl ] wotea wed

29
fo") Cr = 0‘04/)0,1*?9'9{4? s AV
‘ %

w1 :o-lllpaﬂsz 306)&14 m/JC(

_d__f_’_’— - W dw b

S = >\
dfenr dfu 1

ae
;—E’;;: -0 0F¢ far'f_?'f) R—%}m%r

o b
é.i?;} :O’NPCAH +30 ﬁls/rnu) b
¢

wWwH = 107X |

5 0% [158) 430 2 2

4 ffDMo&m? Db}wr\7nt" jeﬂ_&!—a}'@” +
yy .

O,

O.(thuir'}opc"“
o B ETE (
18§ 0% |16 = (orupawéﬂ”ZO&HJ éOXéoX{Q
4
| £D %o
e ‘5"2ﬂa,.,2 tdoP. .,
éo 7‘50?‘!‘0

& ° lLPQHEf QOPCM.J ~Uib{. 4% O



de LA

dpPe ©

9'0802_+ 'b_‘ N 2‘5
) b YID'-%)L}'OlOOO PP';

or p, korzvpL“’ g =@
ﬁDLUfpf‘J @ KL@

P(:B/Z'H'} mu)
P Gy gEN MW

P+ P, - Pp +PL
pL’F bn PM.LM’BZD f)'l? = @'ﬁlz Pr P&

[ p-9599 mo) o

PD : P TPs *pz_

L g FNBEY ST BT

- Je222 Mo
bPo - % Ij

Pte itls

e R P A

Eﬁ: C?u-lolm/@ 4

b '

X - £n B ,‘uJO fﬂc-.(\j' CDPQMJQOH J’%Je;n {he A_NCLD
Plort I pfm/:“on for Lo hu, ony Ccth dou
O/uaﬂf cals OuULl frU

W dhe JSteaynr ﬁ‘w.r\/ 4 fo
duj. . thoretensted
PW i€ £l = 0.*Dt4f7.? +20P¢,,;~-“0H Ay

s s peie Py F 58l e whan both ploanl
Ote  garnnang the pouu Own [Lrem séaecum
Plecd o food oo 150 me2  x dhe pobed (QJUC._UO@

Iy Jheom ¢ d }ujcéu:




&
@TE—L ,.J—?(Me(\jaj fcuo[ coyf A!@} dewo /M
e ) ¢/ de Yy
pee ;O.D?S /)c/’l T1¥ A _Z_-‘ . D.0f% .i—l& 4

dJd 7 - M:J ' dp, - fz /m

dhe (041) Cé,ejo‘: ents  aee jw aJ Bflfo,ootd// p”p,o,cmy
B,, = 6:0032 mw a/oz b+ z;r’ﬂ// Lk £ind _ea/

je,nuaﬁou , Hoted dowd  dimeand {1he A reardm?

.rJ'“y
fowe o

=) 2 =]
prd) fos ctonomu oo d gcﬂgcﬁ,.ﬂlmy} fhe condi}tion,

den
R ég,;i Ly =
L ,,.h 5P
Slo
[ @,,!P 1 g P- +L8!'lpp
.2.[_—‘7: = 2.6,,@1’* ZQ’Q’FL
. 2 zCa-Oaaif)Pisz(o’ooou) I
O SFeRT N i e @.000%F,

YFL &B ?L-}-B!lp

NV P re (-6 ooou) f’

- gcpo03d "
il e B N
’ |
L U . _%
|'-b‘JL = ? & - e? 3
) (-0.005F, + o.00tl) TIbunieT, Foooo?f
& c) - dca ZL :,;\
AP d Pz
(tesone Pt

(ho-oo_jp.’f‘o,oopz 04(!5’; "D’D?P:? a0

1"



Ard) o g fombent . Aoecl, yobadobad s < hliee tond /il 2
‘i'il_: lz,
W ges
/)u'fP;*P);B_(om(J
o DP 410, 0P, T8 2 605r/, +1Y
itﬁ“ s A0
(2 = L 75
2D o MP, 12 -p.098f +1Y
ol PI”D'OQY FL: L '—')@

O
d:E:’_"‘: d(.x
TR
C)'”p!)”z? O}P3+B
D-)]pp’_ﬂr)P_?:‘Fb@
P, +Py P = B340 - )
JD)—UFfj een @L@ {@)
W,: 13 e °

Py = 1429 T

P? s 1868 Mo

ﬂ?, = 163 MW
Py = L9 -5y mies

-~

3 = l65.3) Mw




D'Dfp, ~6:09 {5 + 7 =0 25500

Pl—rPLh
P:*Pz,’" 9po > O

Solvtns O 4 O
p, by 7!
P, - 13529
2, 22p, t80®

4 = 0-0yp,
It 412 b3 1) +70e

=004l by ?

LW the O/p Z(Luo—ﬂﬂfj ewhan 1he Aood ,.J oo Mw

2 o mins £y 20608 e
tw heen {)‘ ~ (b MW

1

c Po‘oqC!DOJL" ?.Z(!DOJ(‘?OT:
;=

ey B By DO 'BJ/H

o]

Per  hy A&Mon.t ed Alo.i 2(.ON0 fws

_ 1007 87y 6’—]
J"T

_Quwi RS
@,UOCﬁJ'On j X@ac!-l-d SO0 236G A1
b, Iomw, 2o mew ¥ oMW oxe fne MCLJ.ZJ/\-IQJ _‘?u_A.J/

,wcou’ ed :-4?\ o '/l/\u!‘nﬁvt’ /QOLUJ _;{C,J,or) 7‘4(#-/ -Lﬂd/edb

cost (?W Y el L0610 P 12 ZJ/ Cl’_% > 6098 tIyke

47 . 1 g
‘{t}; o-leflz ﬁ-r/hf eIhas € /‘,PL }cP_? Y Ihe Loo 4
dPq ¢ 4
L{go el DJUJ‘” Tne Ah € eConom recod Aoad Qllor Fier

b/ Jhe B U.:\;b Lo ken the fot et Aoad ©»p
o

sjePor 4y ) EfO it (4 ) §oo MW



M
Bpz oS ebweuty ol latgedi

5¢ G
n chéf/ [o/LJ)’AaJ-:-J (o 1) jelond (ond JiG-—UliJ: =
i S

Tope e awe du Jo phpfeed K ofealion

M:‘a}‘?@n ? the M/QJU,S Lotd X C_em/)oruz/uQ
¥y we bknown of »;e&uo,bpf\y UM/‘AJ\,@

P-pm; 5 f,n ¢ F,qu) ;D.: ’,Z;H ,___NP

r
@ . e
9‘ m un f @ro _C_(fohar s 1.?,—-_-)1-}0

MNP A, Qe fold numbe o yeat % ,aem,huj
Lol L5t System O

2

90) /’ouu»{ J"«f!}m @N-&j"\l /7 boo 28 pmw0 o il
aleve  Bpat eodkc daks . Bae el by
e ey = G0 )i? poanf, 9 ‘S’OOPJ/}\Y

¢~ 0oulP Py aspP t o000 £ 0 o

O r s
PQ = Jdopomw DMM?’“F the Aoe o JM 54‘) )

0 4 ot egonomj oﬂexa)f’ora °
Sl Cﬁ“‘”‘ &y # 5w P gl tEeT ”A,z

gy 2 O‘DUJ’P,‘}—J' ’fﬁ)z § paos K‘!A‘T

%&Lr snfl 1z By he .
P«

dﬁ = 0-09fx*’6r s mu_)LV
geh ecfu,éu"} . Phe cond.°tron

fo« econone Ao ond
ebl’ o dey
dp ;,7;
« i o B b 98 * &.09f; rI&




‘O '._D'QW fﬂt‘MW&j ju_uo" co+1 [ it < (D
iy "‘;f ftanee  C 0 - et S
H eawakity X ;ﬁca,uaﬂ:’j PRDT PIW 3

0 ot fe)
2 on X ,jwe,ta,/:on LM oA

dj/w Lon A4 =
pducv' 'Joﬂ (I
e Me

e
ok aJ’P*O"f’“"ﬁM
o
gﬂfuﬂ\e.njw’ Jul./[ st ([ et
[‘otha_;.Ab =y

sttt Giuaends 150 /zu,‘,‘lm“:J
the nuw’ﬁjj

—_— = %
/Lué (OAJAEW\J a JArr out ;
load MJUMO—/%!

/07 Jth € f?/!#e/m fo bk o 644 the
y oo cprted eovol™s o nabecintd

gFr p’ raer oxe
o
Po L 0p o €

~—

# ke (th edecded o Lo jmolfm
wpetars  socd Aerocardy

¢,
oY,




\
l’;a,fi.k
8 P

(3

e’ keow tred ol g [ Tnteroene ca
elpu
o e e b4 =y Ap il
O Eent comy oclinade €epUOTOS

CO- ke
-ﬁ-ﬁ?(l; .

L= ( P&)TCB)EPLD plc CPH Pry - P




&)
TO &nd ceoromk Lows) CDﬁPOi'%
Cseurme Pg S corsent alur —= Po
~)
s Erpyi— PL—PL=0
=)
H‘C,st\oemoi?*?wJ CLp pvem% Sov  Op MU %@r\fwh s
=T = Lrpes = AL 'ﬁ? Prii— PP
A~ Loroproge) fevdhpli LS IR
P~ b (PP —-—--Pun)

b

conelinon Loy OpSnuwm  (P) gente

Ot}'(’(',\u; ‘EQ?)EE (\PC\} -

NOYC  d¢ Oboone  poroBiONn 8 necaafoy s

= _@ﬁgr_ s L _ (\ _olpe
It CJPCG d R
oles ;
Oe P:Ju "3 CQ\T)(AT | (-\ [ { er]:(': =0
d@t 2N o sle , - dpc,
d‘)(',u 21 Peoy C(\Df,n
O{Cf 2 dCu C | .-—C)P(/ ﬁmL?M
DP P{,\) Cl Pcll _f_eum

22 EQLCNM CQFJJ’X'JCL\



?1: \ﬁ \f[ 1\ @) 9} pL zﬁ \['sz, C_m_(‘@L

P 317
N g
[ ______El__ ﬁ/ IL = PL_
3y, Lotby SR\ costhy

Citrs rj’ljlz Cfr'\ @
' plpL

Tz L3P ?J',Q,Z‘_QD’C_,E_)!———-* B(yaodﬁd‘b i il
3\/ C@ﬂ@} }{}CO‘{L@?’ jvfulﬁojgé(‘@f&_,
COSI_Q[——OLD
P exs £ temeecis o e ®

Il Pe
PL= 2l P By ok 2 oy P2 r jﬂl‘“‘ !

v ol R P AR LN 1

tos( 6,—6)
m By + PRy + 20 P B2y

Eonomic ol pedch OF %ﬁ;ﬁ Plents

e

O
o, 3~ T-L Oveell N s-15
G e &
e lj,taJ
leneliey putmp
; ag
DaiP fg (5 (25 ™ —) N\ _OF Pbmf’
g B
L7 ke CONJleiny

p&?,fi—(jr)+Pz,") Pc“ S PD—f.pt/:,o,-—)HfJf/w‘-

FZDC/?PM ép@ —p =0
h~——‘a e O (uwf/ P — pooee (L Ro—D POL&T@W



Ty ,Q%CJQF)) mwﬁ CT) # Sup@\.fﬁaﬂ Javlﬂ u_&l@

.
et ILZO(J[L*{J’&,,&LSLL_ ,_——é )

AL .
mpiSont

. TP oo & qeoetve (P) 4o veed 1) ¢ ould be @S

tvouyl, ot TIL

. TThe phen? oyt of ot ¢ Loy Canrres Cronetel be

@ o’ fort
[ o B [j[\ L@J : j),':\.jz/\ (.,S)"

x5 Qw:o_&&r)@x.dow Cb@“m
T =173, e, 1T (902
T, = (7)) tosora) (1) SinPL
S T, Oy i~V
.“‘“’w T - oul(m[\cocmmL\c%@.}wm&l »]Cf—‘wwgfi)
Cereccde o froncirovy oo S

|71, | coserty [ty (T 28ino

Dy =yl 3| toso ety
djl. f?ﬂ@z,)

Moo rmcw,rﬂhusfc’
T~ ) 193] e ot Ut | tereL)” (oLl TR T,

L otdy T 800 F

: e }— \ —
IC o (o )% (Lt -20 oy 8T T (LB EE
3090 SThE)

Ve L
40 Ty ot md Sy il dy 1T, cof (0-6)



@D TS efi6700 (Bne LQS - (Fevrned

C,C&Poufﬁ(j Ot _dejk@,
U —be -ﬁ“fﬁﬂ%—e.@h'&g fn Vg€ C8 L C5ma0iY,

@ Sty CD)LPC'\ML‘W CON G e L~ Speace G},Llj)(a_,l.?[‘td' P cdo-

OLth NS O r(\ﬁ(') %er‘\{iv@kh‘oq (_p) CJ“C"'\‘EVOJ—C_J bj j})m
Lt ¢
=) M AT X ..
pg 0 O U (/PC,\{’?_,PD R QD
el f‘F?"\Cﬁ - fo&ﬁ«{—?éﬁchﬁ-(ﬁ)") Lok S {O(’&H'jc’nﬁ O
. - 19
G- 3%‘4!( —) Tt
Ty 3 T |
C\%@f—d’é}—jﬁ*l' ‘g\
(%)
6, E&—— l &
. a
(s A
+ S
C’«\@r 31‘
GLW'

e tolel Lm_@ﬂ Cuuvrend I3 gupp(-‘-i’coﬁ ’:«7 Lulbf Chel o
€5 Cuvvend po&a‘inca Trwougdy T/l =
{5\7 Ai-— T

Covveend o Mbutton fotov g ;ﬁ, =

) 3, Cuwent Capplted

(

T K

o =




@)

——%AS turrend _plowa 400 (0o pleny T ey been oppos"mﬁ_
—fovie )
vIIR 4 s MR
PoviIsP
2~y i§ cord
PNV Cot (S
Rean®NC ppuocy LY 6 = vISinD
QL= Vivy Y 8n ($-9)

Ot eqnuiadty ton chodnls
@VOH&(‘df @rtﬁ Pht € anef A Tap Seltiogf

. P "
@ Tewlnitfon (e Lol @ Sr,’bvf cp\,pcwf'tj CoSranty

D () gphee cirgfe  tongiednd
v s Uedk of £ 67
Viein Ly £ Umnen
O Vi Qeneoted ()
@ (BlaeN @ &d’-ﬁf LLOL) e ,T_A—Slr\mtltﬂ C‘LUU@MﬁJ bhe fry Hy ?tmad—f o
3504
r(lwcﬁwerud ey G (fRE o Q4.

@ TOP SedRrgyf o B(Zj tepEngy e A\ fucly ye £
AR TP i~ qoup Cettirey Tare B O L
Two whi~olf~q T/ OLt4]



C—M % =N

a5 = 0.\ PlGHA1R
'__'___._-_-_J
| — O0LP

Q5 —0.050 = 0| P14 13
| P = gomwo)
a‘)— T @. \&Pp""lj'—'_ _ ‘23 w
T “)@

CQL&( A=2D
clp>

v = asyp = 20 0ol Pi= ©.6019

0% B P T2
| —0-01-)

Pi= > o (pg.05mW

—"_—_‘_.___!

0\
Py~ lSOmU)

@ O o ptes 6N HQLdg‘}Cm O se8nS)
@. TF)(’H? Ol H 0 ..h_jpef

® %ﬁow%@hd ¢ oY
@ T {-q)t_,koi?‘l-nd Qongre.@r\*’ff

= Power dernanrd (Po)= power Grenert-H (P
Led 12 LA, 3= ~-1D [prﬂ Pm'

PL=> Powe flew o neyh Lowuning guslerny
o 5 P
{3 =8 e . T
S Bt =

Po




@
+jes Powey plont oive (_mmemﬁf f‘@ﬂcfhaev bﬁ,c‘ Bk ‘ZD?J!‘HC/} {fre
ond Lamf o powty  plond(d). Lohen 10D MY T8 (erns oy
e plant (D tRen 4y T/ Lorf oMLY ~tlen JGCFCW}&F\H’J

ik ekl cad ¢ hes adedshU  ave de O. | 13 &2 ey - O. |1 poHY
i % tchln - PQ d?&w

»{—%‘r\cr tee ‘Ttootﬁfr@' ca{r»ewmh‘m Lov %= a8 els . 30

50 J
2 84’\/60 /Cfg_ = 0. Pt 3 P (b0 . P= (00O

dpe,
des o ,[1p(n/+\1
. /H_P_f{p_’
g = I%HPI
lgn ",,L.__O_ ’;@"O\
‘ e
COLSQG) ?\: 33
APL. . &l By 5 (0.6 = 00D
ofpy n
gs BlRie,
| -0 02
29~ 0- QAP = o1 ¥ B
o .
. \&af = 9
P, R S 63"7mw
O- YLy
Xﬁfcﬁf'_"l - -2 1
C"{PGV
- l@ ~ @2, 22 rmtd
BT "
P 8P = (0-0) L6253}
Pez 2.q90b
Poc pdP-Pz $2-578333904

Poz 4l1- 924,



=t = 52E & Rl
A N 4 e Wy _1 )
TRR T, ~ < ,"‘\_‘; . 5 Faga o R SR P
pata- / — Sy ENeA RGNS —— , |
SEpbe R o ——— R R IR RIS D S \
{ & Head Wexe oCcRLaud chey EELD
O e e :\ =e st fssi pyofesioy, EEE !
; Lo S .
A A & T : A e e B O R\l wOWmACs . : B
é.“‘l_f"-}. s \‘\E_G:tf Wode. CUAWWE- o & A JL WOy C“g')?c‘\\ﬂ\\- -S.\r\

e Se\eRon Bl ek heok swake SURPRed v |
\QL\L\\:\ @_f} L\ W\CL\-\\ MWl & Powlen oW el o.Q ‘\’E‘c‘imﬁ?\édtt &

eRPoe Ste . WL WW ) mw.

%
3
&
Q "\
= IR
J U
c Lo T

“C\'{ L\tn;\.':\ )
|

\

l\“\>

Pem{w\ TJC{W\&‘\/\

— Towe, ofp (MWEL) k)

Ly
Ll

%ﬁ Heodk Sede cuswe

% Innesermnmendal Lael casSe —

oS \— = - £ 2
B T esE NN k__\&od\ LueN cose & deSwed ag Aae

S0 <=5 Swma\l C\*-\Cfu\%x& W Cesy SR ’QL\Q\S\ AP D
e Seaall Q'\“N“Cﬂt‘ Yo Porden  OUA-PAUk- qONnake Q.

e - aNp N
AL

C\

=
e
e Shonod) Qh\&\\cd(; 509 g 1~ A0
:(:‘-\r\ -?\\(‘___& Q\@ Lg .-g- \ \,, _,: - :..__ =
x o Y= 54 )
Sl O Gong e l\‘\’\ g =/ : L !;i ]‘
: | ‘éi)c\ e
'?’(_}-ks;‘.e_\ & tp = ) 1 ! i %
o, Tz'-’«.\'\1 v 3 Y &‘\."\'\C!{‘L(
= Phe. s\e @\\;’E)

B e e O S S e




f’. .- ~ /0

" :_fl 255 ¢ e '-_k_ .i‘ \._‘:?. -:_;_. { L C - ' ool &R .:""“*:LI'-\ NS ,.,}_’f \ l‘_‘_f\:.,“l‘ (o
:,0_ i Line [ _c»\f\ni&Scu\: \C NN Load C exon PN SQ&:\Q; N\
| = A e
‘ ‘ ‘ O 2% & Sl o

G YT S Sesded COmMPenSolinn \
~S oty

S, CoPotikons anc. Agneensed (@) Cooliktsans Cne Coety
O], e Moad O

covdnan . The SteadNe
Cowden

e Senle s (AW Agne e
A condesel Aane SealaA\N\e_
PO DN

@ _g.,;e;\iatcp SCOlRDAY, oNE B Saandr sealkONs o\

Feresne Ched Ko Bieards e ugea kb e&{\’-t{\\mﬁﬂz
Soudie CassRaudT Aee Lessondl eQRe
N e A ARESS L
2y Aaveeges S M B B
A 8
R s DH.ZD = ccLned -—(:Cm‘i?\.. e oS CC»‘\\Q\(\CQ\\

ﬁﬁ/@ Eralhevneea Ska\gk&\ok\\*‘&
AAnE Stg'i;’t@tn

YoadsS e
(D TockW\® ‘
ol one LAk & ASeARE . .
@ Lihwed TN = rossVo\& ;
desoend YeN e_n_\?zs

baged RO \'\'-!\\C: \AC\"&

: A 5 \_- | ‘-\ R
Aoa \s erencised Ko _—\%C\R_ﬁ‘(\?ﬂt}\ SN NS

e _
,-)R‘
A et WA CN\% &m\g\

N Z_'::_, = _C}‘Y\G‘ﬂ‘-‘\c— C‘,\(-‘k’_
S TanE SC NS AR ONS - AN e\ ala\ \%& -
COXX

e
TGS & e C)w\g&gcg AQ&E\RC:&\%\;\QK\-\-

TQ-‘-'\“A‘» " — ‘\Q_ C?e_\&lk@\r\ C\&TLC-\S\‘:%S
_en@\%\\o& ?\

ECoaaT

o\ -
Sued. (coed))
GNESR oS A=

Nwe
&3\;\&3(:&\ P\Ci\‘\'k&
é\. \\Q\\ \\ aferade

QPQ\QQ_\\ Sadannns Q_>':>.\

; S et Q\_\‘\‘E_S(‘i&
VBASE j NRACNES, |
‘ra 2 g B e facdke el mqive.;\,
oo ACE S\

“:(_(_x':{ = X
A O Ex oo AR
e — e xaNTe VN \-’t(:'_\"'\‘:--L C-L*D\Dc\r\'\\c- ? 5. dece Pl



— Tanee TN \ . o
AR /;\ "_35_: N
= 'g 7
—
] _'/ | i el
7 Y S g™
N =S i
Qﬁj-l/ P ;;99‘ D_,?&C“
NE 7
7 < ‘
— ot
17 «
/D - {
A
' ! "\
§
o : 5
E CANS »
o Pﬁ—k’\’\_’\\‘\'\f\ San ek

__ s vowen o\8 @)

A Y- IRUE — sukeule caae

p—

/< \"3 Ne ce &8 \.\—i(ﬂ\ CR e P\ Ei A e q AN QE\ : CONSAN —
: \ ' 3

- - S

NS REOSESTO\S | —

(D al de. ac wles Should Sealine. covdank Sseqnng
N

s:@_wv\‘ﬁ'; Soos £o TTReNAIn SPeed O CoMSEnk

& T\ NN oNS  RROCe S Q‘%‘\&L\S&&‘:\M N0 any &"t:-\t’s\f\
e af: Lo CU“\@:\QV\“ o\l allecd e SO Cesy oL ovenakion
ese\S

R Jeaishow ©f %&Q%\\Q“QQ ARt e cwnoaad- of
foen TheSianmed Lo el QvdRs Conmne @ed, S lneg |

& Lo S¥w i;\r\a\cst\‘\g;\\*\% NoROBE GniAY W Potnen St™eny
o™ & 2 t :
e e e Qa%%:s&\*ét AD Tneactiatln Ne&o %W&C\L\\W\“gx S Consant

') Pooveational Rl svteasiol Conksol!
e 5 1l _){ : ~\ =

e S"tﬁﬂci& Shede %&ﬂmﬁ-\c\&;& 1 Ko e (‘i\uw\ Speel Qb:ma‘
22 tS*'*i"r‘x\\’\‘?S hos conslderalie ANonP: QU SasRe --QG\QSKL\Q_\-’\Qﬁ

vy S omA— == dclasmndoe Al C\nas~ am NN LR e [0 R




e - i‘"i'
. \ R B SACE it _v'-\-._[_‘\c"\_w.' SN e o S ARE ol s - % \_-\(.'_-,_’_‘\I s ’.\ ‘Tif‘-.
e .‘\-'\_‘:'\\.“ v o | WX o - -._\ = : ~\ £
= [ ]

ey . s e & Oee : i

T Basa\d e Coraol\e \«3& A NS g ee SPeed (H\“\%‘{\;

\ > %
: o Susaeda. Ceudd Ohdene ge W Acc\esao\e
Seacctuly, oA dee S o il Q \esedo\e

= . v
Coaunewed  Cnmages SRR CWnONQes W Xoad, ,
c_\;\’}:\‘\L\L\';‘(\\\Q_ &Q\E-G\“‘\—\\ L“\fk ~\ \

SRA é'\&,g?-\(;“\*\& Re eNRnCovae. LR aseds g YA
covdachen ak -tae QNP of steea QSN SN <o

k < % WX Q‘ 2 u N
cOONe | Nae c:‘m&\m%& WL S RN \i ey T 2Ry

. T R

(D condivion fon \-—&L‘\'\LM}L orened@n ~ne: \\L_ S8 \\\r(\ Qe \etgeq
| e et D \

e

NS Tne  covdiRion Son Cconoanic  Stoadlan BEFC

T

. a1
a—*q\'\z\%& Ve oty V&),

SR Q‘(\C‘__;SLEL‘{\"\Q_\\M Sued <os: S adl Yresapa)

N && ‘
LN, e =8\

¥

‘;\ sl \"\:{_ & Xae Swed cosy c:&. \_B“ \_\\J\‘\k)

Lk, )
e
d“:l E\El: sl it P
AR, | AReq

@) Sheads VO SSENGS G0 of S\SQ\G&&&L Towen
:‘:Qg_sxﬂmm (Coven Sl cage)!l —

o
AT,
\

Whene. T = E&wx%xc&\\l\%s LoCAO =

At

=
= Qe_cdu\a&\mr\ o5 Lot Syenn

AD — SPeed OOONMEIN  Gedding .




k. 1O (iasu q"\lfi
A L S /‘ s

) R WS Spae sodtle. a rescaclh Ko oppitamal é&&:ﬂm\d\ﬁw\r\

A\ OCaEADNN -

Sedi -0 cChonte. o, &QL*—\Q\\-;\Q Nolue ok X a8 }f“

= ”J.‘__'_'\ : <«
S msswewe Ses =0 Gy, N e | Sy

SR L&) s )
______‘;ij C NP WNe \3(:, = Vi L &k\c‘ P(-l\’\h -
Ry 7
ii\:"\\
g
% —— 2w

et

—

C\e Q\\\a

wolve. oL © e & L—;QESQ,\:\Q\ “Hae
SQ\N\Q.&QA a‘\f\ CZCL}ACB&\*\Q\ Qﬁ‘“&%“\(ﬂm&\f\.

‘{ il <2 ; =Y s
PG\U\E\’\ ey =2 PQ“ = PG\‘Q “‘G@'\

\-R— VO Sed e &\m\%w\i N alue al ?"Q“

SLENR) & o
SO Commate s Rees oo

\osy W e :
T s ey
® e -e({‘mm\\k\\q

¢
5; L R, f\g%\g

S ey

Hae PONe N badance @\Q{P&ﬂ%&l\ B\
N S \ -
[ .i Vﬁxtﬁp o pL:(i S SoXis(ied |

—> ,s}‘v S NS Peesehel Malhe o g I ofalnad
Anssredion, Scednle

s 3C o e Q0 to - shxee@)
&Q{‘ @  Tocsencor s ,\ b’% AN e L ?L.\ PQ-— P20

Decsemesads N Bl A Weaesn \’q\ ?Q -—-?ED‘“PL 0

Al seeeal Ane {::._mo cedwne. &\\mm Sie ©




C Ao Aadeo
Ca= Bt Ok HERE et
Ty = ‘PL:; A o Vel

Load dewamnd By = 20040 = N ey

A= a saee.

1c Ac
E__L. = Q"E_'F’Q\ 20 ) . - — Q‘LPC{-J__‘A\":SQ
e, : APC

KO- ovtvnnasy P ST N AN \

ey o R :
ot ey L ---> O\LPC\\+10;D:LPC\1—¥&O

ey s
= 0 2R, = 53 Ve, =10 O
Q\sT AN Ty 4Py, = 2oo — X3
SQ\\).‘\W% O 2

®;>(5‘—:_) P("ﬂ‘*?“ i L Y 05,
&y 2o  Yeanr el =200

Ye, = \25 D

Yoo = 828 =15

E)f-’w_: a5 m&)

——

———



C\’ * | Loskes, l 9&)

< U\\_Qo_\ Pan Load

=) e\ ‘\55 : fow
mmch L B (B, ) =

S5 Q00 e 0 <A A C_L)\’?\;g’lvi\&g\\r\

ey = S0k
TR THO R o

S =,
W\neo -Quu'i,& ColS\ oS; ST &a&-\tﬁ\fu\ w3
o
“Lxnern
J\swu\ rt“‘ql\
5_‘_ S L Pl i RGEW)DE
=\

Tt
RS CosS% ol  Woadkes NS ‘F@,Pﬂ) = \}h% m&,?@

RN
Lo @ be,mmafs,
~noan

oo gk
P (B, P) = L TR RN i_ \A\L%j ()

't'-! =

e Powen baolawmce ©APSession )

D = RO - ) 0
o g
= T4 Y):D &) -+ PL,&) & P"\‘\x@ = ?\.\&ﬂ =260 "'_@

Loglangean S e w A\

ooy i
PRI o EV 0 10 & ety

PPDQ\ o E‘%\"ﬂcx_\ Q%\ﬂ&_\m\s\ éjE,__ ; D o --._;

= : e e

EBPHH") 2NN




\~

&

‘a‘\\} e AakO .

Cup = C:‘CS?’—:}_’—% 209+ 4 35 RS\\”&\/
Way = O*QV’Q{" A+ 20Vy At sec

= 300w (Caeen \osses ane Meglesed)

d#C'T - 06N 20 A
QR
s 86 @o0) =A

E\’: 200 Rﬁ\m\ﬂ\,\\ @

Coom e wiaken Chonatdeaisties

=

Wy = 09 Pyt 200y Wit sec

Chndcen AS AN TeA '\Q}x \\\gxdm\(} pland Fon \2\es (g

a\\}t\i\ \o\t \RC X(O€ "\'\"\‘1

&
= (o ¥ o rylakamd = (Ko xie

Wy = 20% -%-Q\L','th — W\b6&66

S Pl Dk =666 =0

W H




(. _y_ C 3\ ‘\\‘-\(‘- == _‘}'\

A P

Vi (0 (8 o420 = 200

ub\ = Bata P-?g\-\mﬂw

A
.*“\“ \’LL«\ & \C\\k“&'\:\\_\\,_ L\O ARRVENN = 3,) NN
e e — — = ‘—:—___._-__-:j_' 5$_L§_m & E‘Q
\ A
-\ c\oge_

/i‘\

- ed
2 L oeen

C\g\cﬁa& A\

¥

(&

e Akt

Ve

3 ™ &W\
Plesd O\

T T AT

?_\\d,\oc\\\ ennalsug Anansdi e
\-\ \5\&;\&\.. .\ =
\Q RNLR "\\\‘Q (E‘_J\

f—ﬁﬁ Y= STeed CF\O\K‘J{X_\‘““\
TS, ane N —~ &=

A = |
D =Ceed C_\\&\\% g &> L_\u\\C-Q\-ES‘E—- . e

~
5 PR netnasiann © ﬁ-'ixcké\c&\t NPl




il &

o X ik

.__,\,‘)C_'.'\,\\_E (et __‘___\\..\ |

= _ ¥ g WAMAGN (‘K \ Ej\j.\ K"'?:‘F\ “\\' W i
B, : ;

2 ] s £ . “‘l._t “\\f 1"--- = {“ _‘I\.r‘\"\r':' \:
: —~ { \\" { '\\ A o N .\ \ @
e\ &C . b= ¢ -

-.-._.__) i-,..:\ - \\ rC'_‘_& = \ \ C

Ak S BAR
ad SN T o c oS\ o\dnn

= dpun Wos
cey \{\\,—a\\'\u\k’t‘\k\ﬁ\

S wpuead scoonievnesnd — N

()

ke f\\h&&tcx&Qc& bké& &l ANe. 5\\—\*@ bhalll

—) N -%.:xe_cL\\Q_ac_a;
e ONES QBN ,

cve eds OF® anLd o "

1 ! A0 Q
Yo s = ey = R o
oW
3 W Lol \S cames AW b= o T SAES ABu,
: oty (G
T CE :\ctg&xr_vk_\’—qﬁ?’% > &
ANe = —\4-3;8 Lko)ék —&)
&??\‘a W\% Lar\&ce "‘C.MM&‘Q\E\\S\Q& ownea) s @ & é@
Axels) =k ALY aRE) — ©
e et ST G SRESS O
axey = =S axe® 2 :
su\:&,—\ﬂ:\w& 5> 5\\?@\\»%%\\%& ab.oNe. @G
& XE@) = \(-_'-&\C)__IQ?QCS‘) = Ky Q_QL’)
Yy + =S
K)
AXES) = BPL@»B‘_/QQ
]+§: ‘tc1
La..',\\t\_ﬁ_\;\e) 2= - = Qﬁ.ﬂ\k\&‘%\%\n C:a,:‘ - L
¥\ i
e ‘\"4\—\“3 — G o conhank ol EoNenven
el e TAw Y
\Q{K& e conmstand-al speed J0VReA

e



Loll- Shace Mae Ao Wlep one (w fonalle), IS

———

2 % i e AN A\ o Ae S
T ncenk 3 ANO0P  \\n Kea) ey \U(\& Sovoan N S

N N ! \.%C":. S
Ak No SRS Senads &Dﬁ\d\\*{\%ﬂs weantas. DR SRRTE,

Letc L}ﬁ) e, Mae  YTolten sueeled .\O\CX Wo Ly Bean .

- : e, O
Cavl = =] éj\t)o{b \m SS%% il T
e PQ;\C_R'S\\J%\(_ \\5

Slwllesly Percaniage SseoR W Steed of 20T

Galde W\ ee . 2 (9. g0-W)

230
e e g S 2 Sa—"N)
o A4S
50 —) =
CipmR e oo e e

Do Powen shaved by 2\low Valk Wil be

= (250 -85 9 mu

= 6Y o= may

—

L Powies shoaned \3\?\ WO o) sl — 8BS [ o

Fowen Shone d \oc& 200 Wiy = CRTRE S (W

—



b o Rl A /
e £ ST o= S J 2

— e ?’Q&S‘\\cﬂ\\r\%;\\ O,fr 5\.&%\'\\'\& AAne LOC\d b& “\\\Q_

00 OO~ CX\:\\@\&% B &5 —So\\oWu)ys

SEEL Rempe e denseradenes Sy oy Wen
C ONNRE e %&w&b\-\a\m o e — N\ . L ae

ad i edanen (& Sy oA A& e

C__\{\QK\N'\%Q_ ‘\.\a’\ §Qﬁ
o ;xeﬁu\o&-e,a S

A atmmﬂ\bi\u‘v\ al s, =S

O\d‘\u& AN C_\m&\\f\%e_ o ol X0 wonte  Conagal G

f%S\e;f{}-\fe_\"\(_kﬁ_ ENaniss wwxe_v\(\m@ = h e S\Q&Lx\ @\Q\,\ \g .
¢ WSO 1

KoL 65 K \6& e QSN

Te. OMoen PO 55‘\‘0\\\3 = s BC —%\aﬁd‘\\\:\a ne. Qrodage

oo boa S\ & S %‘:ﬂ\'\‘i—)\&\ oG Woeanld

o Yood s
A0 NEPRIESAEN € el &-‘Fﬁ\ﬂ%ﬁm@\gd.

SN u_‘&-\\f-ﬁ\x =

N RGN o mc\\\%‘“\ Q\S\@E&E&RQ\Q @e;awlac\

(—\_"\\-"\,‘\5 _—
. ™ \ . ] :
e “onea e RS aS\CA '\\\\\»}S B NeX, Nae. QM\%Q %

Docd - W\ PR\ e SSEE & Aoken cose al Nae
gm\wjgg\g N -\ec\aék oS\eo CRANE, e Naod c;% S\Q%u\\c&

N e T

e sR EYS S
S\

T g5

Load Y Lﬁﬂé

13— hoeen cpane Ched  SESYE o N te —lt\ne
Viae AARAand .



FL

P
450

selled o 08

o~

(B nen es) =

: Fi ’ - ’ O B Ty L - L e 5 Fond) = {
i LG (RN S5 T : S —AN NN bl tUm s T I B e o

_—# : S\S.&\E\'W\\\k’\.ﬁi‘\ tT‘:-_,\ = & - s \a.&_\ ‘F.‘t 1;\ J Q{}D = m, , dP@ = m)___
. (D, ™
» c‘l{:.*:\e_'l, G‘)
= Qb - 5 _ -
EA e ) _,_‘} ‘_“i{[__‘ é\_—\(§> o :S(\Ai“&‘\tpg
X \-+S1p, = SO < onens
&?D\(é> ?7]1 o \
5L \) =
Py L
Cg'a\-‘\t‘_) L = =0\ P—\:{e_j}i
\l 43"?-*{\‘6_ﬂ i PQ’EQ\Q’ 4
Sl s =

e He-lne  owen sellined Yo csea~a (8

. ./_“_-.?.\;\e_b@ = EQ \:‘.\Q) -—AC_L@):&'J—'TTTQ_ oty @
S
e Vowen walance esPsesRay s

- :
.L\.ﬁ:_\\“&-‘vox == —pc;, i i—%d%\—\_ D\QS;‘\.# Q&\Q;ﬁ _®

e Snosnge E\'N .S}\.g\e_ck}k%\,u& S Conthand Son Qdenl aneag
ALy 2 AL = 2§ = conhan <A — !

- Replach \r\s&. Ay W algane %_‘m\\%\t_%%:&r\r\.
AT QAP = PAf +Aa8RULe, 4
,5\\\'\‘\\\\-:»&\3 DRy —2Pp = Do a8 4 &P,y
® =) AV~ ¥, = Dy &L — AP e A
So\\."\\mcd aboNe A\e el g
ci\_»?c.‘\——&@g\ = Do\ AR Ye, A

A Ryl APy =0 Shwnpli

PP rof,)— % F et = (0 o) ag — @
@ = {3\?9\&1\;\& qnvense \aPlace M&M&—Q—-N\'\v\
a¥e = HI/Q\Q% Q &Q-\':Q_Q>

AN e i
| G — /Ré;&l @-?)_—Q-%\-J _
S Sthece ot s L e @) o830 Poy 2 Rp,




m = -
A e P ) g

B e

r—(;()‘“ aDNea | - ) &E’C&L"— QI{)D)__ _'-D')_‘L\&‘: Q\s'f\\e—: 2
&?-—'G\E_J 9 —}/ CD.S— —w'\f\'\")_—‘bla‘"q‘

s ol Q‘*\“@ gﬁML

{3\"\‘51_

Ray &gy

a‘?“‘t\\ﬁ_! A== ‘d}»p—\_—\e_’
Ao aq\ s col  aace S
‘13\ o D—)__ ST )

S = g, =8

L7
Q\ZR)__:& »

@L’“’\ 1)

25

D
@:ﬂmy i

.:;;_____

— ARG = 208 %e. 5 =




e e

X

g;ﬁ?dmu S /bfjon: IOV~ WU /77;65\@;0//0 ;M:UO/MW




L:'\“\\} LN c‘-}\ C’:\'\ C'\\

'Pg L= LSA&E TGS, '(;Lg-)__ = 300 Y

=D W = OIS0 =S H%\P-u ot

R~ ol M| pua3. = os
=0
I I R U (X R
D o= SomLy = S S O R I J/ P
V¥ \S00 )
)
QT’DL =y ana Q. — Eﬂ, = s = Ty .
oy SOO
: = AR, Y Ay DY o OFo
o (v e
Waere R — &1l - sio + L = S22 eu W
e el g
v ) _ A
Skask = )f_/"s{) = Al

—

(D

Afgex = o |
Ggnic? Sl :

B <A
QQ";\G-\, Aol = %TSC S SR E TR AL
Az
= — &y e ]/&o =)L el
120




1

13

Q. No. 11 10 Marks

i) Synchronous Condenser: (or) Phase Modificr: 4 Marks

A synchronous motor takes a leading current when over-excited and, therefore, behaves as a capacitor.
An over — excited synchronous motor running on no load is known as synchronous condenser. When such
a machine is connected in paralle]l with the supply, it takes a leading current which partly neutralizes the
lagging reactive component of the load. Thus power factor is improved.

Fig (1) shows the power factor improvement by synchronous condenser method. The 3-@ load takes the
current Iiat low lagging power factor cos@;.. The synchronous condenser takes the current Iy which leads
the voltage by an angle @,,. If the motor is ideal, i.e. the;e are no losses, then the angle @,,= 90°. However,
in actual practice, losses do occur in the motor even at no load.

Therefore, the current I, leads the voltage by an angle less than 90°, The resultant current ‘I’ is the
phasor sum of I, and I; and lags behind the voltage by an angle@. It is clear that, the @ is less than @, so
that cos@ is greater than cos@y.. Thus power factor is increased from cos@; to cos@ by the synchronous
condenser. The synchronous condensers are generally used at major bulk supply substations for power
factor improvement.

I

1
| 3-Phase o S-Phase
! supply Load
>y
Imy
3-phase
/S}rnchmncrus motor

J ] (E] Vector Diagram

(a} Synchronous motor connection

Fig (1): Synchronous condenser

The static capacitors are used upto 1 MVAR requirement, whereas synchronous condensers are
generally used for bulk reactive power compensation upto 10 MVAR requirement and excess.

ii) Over head lines 3 Marks

Maintaining the voltage at the customer premises within the satisfactory limits for all loads is the
responsibility of the utility. Capacitor can also be used in series with the primary feeders to reduce the
voltage drop, bet they are rately employed in this fashion. The shunt capacitors connected in parallel with
the load, correct the component of current due to inductive reactance of the circuit, Whereas the series
capacitor compensate for the reactance voltage drop in the feeder.




Z=F+jX, =R+ )X, - X

o AAAA " 5
£ VWA—5585 T T WA—E8———
+ 1 I 5 '*-l I v A |
_L;S 'R s VR
' | e =
: ! b4 3
(@) (b)
e
12,7
Ry
U 2
< » IR
1 X, sing - g s
Rcoso R
(c)

Fig (1): Effect of series capacifor. (a) and (c) without compensation & (b) and (d) with compensation .

A capacitor in series with the primary feeder compensates the inductance. In other word, a series
capacitor is a negative (capacitive) reactance in series with the circuit’s positive (inductive) reactance with
the effect of compensating for part or all of it. Therefore the primary effect of the series capacitor is to
minimize, or even suppress, the voltage drop caused by the inductive reactance in the circuit. At times, a
series capacitor can even be considered as a voltage regulator that provides for a voltage boost, which 1s
proportional to the magnitude of current and power factor.

Therefore, a series capacitor provides for a voltage rise which increases automatically and
instantaneously as the load grows. Also a series capacitor produces more net voltage rise than a shunt
capacitor at lower power factors, which creates more voltage drop. However, the series capacitor betters
the system power factor much less than a shunt capacitor and has a little effect on the source current.

Consider the feeder circuit and its voltage - phasor diagram is shown in Fig(a) and Fig(c). The
voltage drop through the feeder can be expressed automatically as: .
VB= IR eos@ RN aing—"""E8 S LS e il T s e (1)
Where, R is the resistance of the feeder circuit, Xy is the inductive reactance of the feeder circuit,

cos® is the receiving end power factor and sin® is the sine of the receiving end power factor angle.

From the phasor diagram, it is observed that the magnitude of second term (X.) in equation (1) is
much larger than the first term (R). The difference gets much larger when the power factor is smaller and
the ratio of R/X; is small.

When, a series capacitor is added in series with the line as shown in Fig(b) and Fig(d)., The
resultant voltage drop can be expressed as: :

VD =1R cos® + I (Xp. — Xc) sin® G R e )

Where, Xc is the capacitive reactance of the capacitor.



iii) Shunt reactors: - 3 Marks

The shunt reactors are used in long EHV and UHV transmission line at the load end. Shunt reactor is
an inductive current element connected between line and neutral to compensate the capacitive current from
the transmission line. Under no load and light load conditions the line voltage increases due to charging
current (i.e. capacitance effect of the line known as Ferranti effect). When a reactor is placed in
transmission line, it draws a lagging current, which is in-phase opposition to the current due to line
capacitance. The leading current due to line capacitance is thus cancelled out by the lagging current taken
by the reactors,

1
1
T
1

T |

The rectors can be installed in sending end substations, receiving end substations and intermediate
substations of long EHV and UHV lines. For very long lines, shunt reactors are instalied at an interval of
. about 300 Km in intermediate substations to limit voltage at intermediate points during light loads.

The reactive power absorbed by the reactor,

QLZ —V‘IL= "‘V.V/XL (Since[L = V/XL)

2 2
QL: = V/XL = V/wL
2
Q.= - V°/, VAR/Phase

. Where, V = Phase {foltage
L = Inductance of the reactor, Henry

X1, = Reactance of the reactor

Here the negative sign indicates negative power supply. i.e. reactive power is absorbed by the reactor

Tocfese o E&
- .
e D Caeedn eaad\
eSSt - Rooke ston, EEL,

e o\ O&(Q\b\‘\/ ;
TEaRR S, TS







by transmission lines, then the line losses have to be explicitly included in the economic dispatch
problem. In this section we shall discuss this problem.

When the transmission losses are included in the economic dispateh problem

F=R+5 +"'+P:M_F5053{2_|)

O=dR+dE+ - +dF —dF g (2.2

Where P55 is the total line loss. Since Pris assumed to be constant, we have

, OB v, OFisi , O pes
AP, s = 1088 dB + 1058 dF, +_-_+____£_-§‘£d_p¥
oR oF, 3 T TN

In the above equation dP, g5 includes the power loss due to every generator, i.c.

Also minimum generation cost implies dfy = 0 as given in (1.5). Multiplying both (2.2) and (2.3) by / and

combining we get

N
o({ﬂl}m[a&z}[iﬂg e
aF o=

o £
1 <3 B

(2.4)

£

WfaE e,

0= | =L +1 - _11dP

et - s
! 2.5)

Adding (2.4) with (1.5) we obtain

QAD
Fro1%es 3 0 i=1.. W

B (2.6)
The above equation satisfies when
ﬁ: {%r} 3 I = 1,...,?‘4"
BE; (if';
Again since
..«?, = ﬁi:f]‘ ‘E'l = c{'}";, f_',2 e di L'"

CZ.E diD} l’.i.[D‘rU- (27)
From (2.6) we get

1

f=— —  i=] N
yi ; ezl

1= 0F00 /OF (2.8)

Where L, is called the penalty factor of load- 7 and is given by




’“; :_"Lv-'\:.,:l’\,l _:4“, ,":- .“-..\1{-7 _:.'_ I‘:_I : . ——-—-LT\P
]\':“{Um. L ". ”‘. Jcosa, coso, <

i |- D —
Sl j\ ‘ :,‘||\[1_| s

P =P,’B, +2P,P,,B,,+P.B,,

where H” = 7 ] % N -'\r; |'lr’.
Vi| (cose, ) T
B o . L-tb!_\'!{'Tl =&y ) Vr\’.- N R,
i |\ _'U\":‘cc_wdj cosQ, T e
A W —Y' N,..°R,
= r\‘;’-tk)n\'('-’: 17 T _

The loss — coefticients are called the B — coefficients and have unit MW"

For a general system with n plants the transmission loss is expressed as

P.- _
e SR,

Wifleoso 7 T T W Pleoso, P

B P, A i: o

n PP coslec -a |

ZVF.

3

Yy \ K -'\'; [ R'nl

COS, COSQ

In a compact form

P =YY P_B,P,
Pl g
cosle —a | _
H. = - - N iR
& ‘lt | | L'l_?\'(.‘r‘_ cosn ! - B

B — Coefficients can be treated as constants over the load cycle by computing them at average operating

conditions, without significant loss of accuracy.

Economic Sharing of Loads between Different Plants

So far we have considered the economic operation of a single plant in which we have discussed
how a particular amount of load is shared between the different units of a plant. In this problem we did
not have to consider the transmission line losses and assumed that the losses were a part of the load

supplied. However if now consider how a load is distributed between the different plants that are joined



Let’s assume that the total load is supplied by only generator | as shown in Fig 8.9b. Let the current

through a branch K in the network be IK 1. We define

It is to be noted that IG1 = ID in this case. Similarly with only plant 2 supplying the load

Current ID, as shown in Fig 8.9¢. we define

s
V.,
(2 T,

: NKT and NK2 are called current distribution factors and their values depend on the impedances of the
lines and the network connection, They are independent of ID. When both generators are supplying the
load, then by principle of superposition IK = NK1 IG] + NK2 1G2
Where 1G1, IG2 are the currents supplied by plants | and 2 respectively, to meet the demand ID. Because
of the assumptions made, 1K1 and ID have same phase angle, as do IK2 and ID. Therefore. the current

. distribution factors are real rather than complex. Let
L :1;’,_ ’_-_'th and /., :JJ’,.J._(T:.
Where 6, and o, are phase angles of IG1 and [G2 with respect to a common reference. We can write
[f,. J- = f\} ||Jf,l-l‘k‘l'?h g, + N, :.]f,.-: |\,’|_:~ a, Je (N, I’f“],\in a, +N, :F, :’\Il) a.
N, I"I,_J' [cns: o+ sin” @, }—' N, U ‘ L.'us: . +sin” ¢ }
Y = R ! 72 o 3 2
- 3;..-\",_._[1 ,.-J'C‘-“' r; .-\-",_.:If'[,: coser, + N, | |I,_,,'sm o N, :.|I_:].~'in , ]
ok 2 2 ap 2 T maas us ek -
=N, ‘fu.-[ A K2 "!u:[ “'\.‘.J'\‘F.:I!'-‘I”fl';""n\'(il —0,)
r b
Now ’/._,‘ = ;lnd’fr__-:’ = —
'\u'l.;l" IICUS{]' -\-' -{ '[':‘("'p\.,('}:
. Where PG1, PG2 are three phase real power outputs of plantl and plant 2; VI, V2 are the line to line bus
voltages of the plants and @, and ®. are the power factor angles.
The total transmission loss in the system is given by
= T 3LIR,
T
Where the summation is taken over all branches of the network and RK is the branch
(.

resistance, Substituting we get




600 200.38 236.15 163.47 170.3
700 233,88 274.43 191.69 197.1
800 267.38 312.72 2199 223.9
906.6964 303.125 353.5714 250 252.5
1000 346.67 403.33 250 287.33
1100 393.33 156.67 250 324.67
1181.25 431.25 500 250 335
1200 450 500 250 37
1250 500 500 250 410

DERIVATION OF TRANSMISSION LOSS FORMULA:

An accurate method of obtaining general loss coefficients has been presented by Kroc. The
method is elaborate and a simpler approach is possible by making the following assumptions: ‘
(i) All load currents have same phase angle with respect to a common reference
(i1) The ratio X / R is the same for all the network branches
Consider the simple case of two generating plants connected to an arbitrary number of loads through a

transmission network as shown in Fig a

| P - = -
| Iy
- -
s [ =1
1 -
-
Sy I
AST= =N = 4 pa e B b
[ =1}
(2}
1 =L
I e g =
o dgsel -~ ===
> e / I I

Fig.2.1 Two plants connected to a number of loads through a transmission network




Load (MW)

0 900 18:00 X 8:00 Tune of day

Fig.6. Hourly distribution of a load for the units of Example 2

Since both the units have identical fuel costs, we can switch of any one of the two units during the off
peak hour. Therefore the cost of running one unit from midnight to 9 in the morning while delivering 200
MW is

N
LCh

[ 9—8 200° +10x 200+ 257 X9=162 22
5 2 J Rs.

Adding the cost of Rs. 5,000 for decommissioning and commissioning the other unit after nine hours, the
total cost becomes Rs. 167,225 0
On the other hand. if both the units operate all through the off peak hours sharing power equally, then we

get a total cost of

0 & 3 =
22100 +10X100425 |x9% 2= 90,450
\ 2 2 Rs.

Which is significantly less that the cost of running one unit alone?

Table 1.1 Load distribution and incremental cost for the units of Example |

Pr (MW) P, (MW) P> (MW) P (MW) V. (Rs./MWHh)
90 30 30 30 26

101.4286 30 41.4286 30 34

120 38.67 351.33 30 40.93
126.875 41.875 55 30 43.5

150 49.62 63.85 36.53 49.7

200 66.37 83 50.63 63.]

300 99.87 121.28 78.85 539.9

100 133.38 159.57 107.05 116.7

500 166.88 197.86 135.26 143.5




settings are computed. The load distribution and the incremental costs are listed in Table 5.1 for various
total power conditions.

At a total load of 906.6964. unit-3 reaches its maximum load of 250 MW. From this point onwards then,
the generation of this unit is kept fixed and the economic dispatch problem involves the other two units.
For example for a total load of 1000 MW, we get the following two equations from (1.4) and (1.9)

B+ £ =1000- 250

08B +10=078+5

Solving which we get P, = 346.67 MW and P, = 403.33 MW and an incremental cost of 287.33
Rs/MWhr. Furthermore. unit-2 reaches its peak output at a total load of 1181.25. Therefore any further
increase in the total load must be supplied by unit-1 and the incremental cost will only be borne by this

unit. The power distribution curve is shown in Fig. 5.

i
.

(B

Powar Generale

100

200 400 600 . 800 1000 1200

Total Power (MW)

Fig5. Power distribution between the units of Example 2

Example 3

Consider two generating plant with same fuel cost and generation limits. These are given by
0.8 .
j:Trf+10.ﬁ-’+25Rs.ﬁl =12

100 MW < B <500 MW, i=12

For a particular time of a year. the total load in a day varies as shown in Fig. 5.2. Also an additional cost
of Rs. 5.000 is incurred by switching of a unit during the off peak hours and switching it back on during
the during the peak hours. We have to determine whether it is cconomical to have both units operational

all the time.




The total load that these units supply varies between 90 MW and 1250 MW. Assuming that all the three
units are operational all the time, we have to compute the economic operating settings as the load
changes.

The incremental costs of these units are

4h

1 _088+10
8 Rs/MWhr
1t
Y1 _078+5
4B :
2 Rs/MWhr

a7
—‘_3_ =095E +15
df Rs/MWhr

At the minimum load the incremental cost of the units are

:.” 4 O e
0840 410=34
=

a8 = Rs/MWhr
ﬁ = —;—302 +5=26
E'J‘AD Z i ;

2 Rs/MWhr
s 0950 152435
d5 2 Rs/MWhr

Since units | and 3 have higher incremental cost. they must therefore operate at 30 MW each. The
incremental cost during this time will be due to unit-2 and will be equal to 26 Rs/MWhr. With the
generation of units 1 and 3 remaining constant, the generation of unit-2 is increased till its incremental
cost is equal to that of unit-1, i.e., 34 Rs/MWhr. This is achieved when Py is equal to 41.4286 MW, at a
total power of 101.4286 MW.

An increase in the total load beyond 101.4286 MW is shared between units I and 2, till their incremental
costs are equal to that of unit-3, i.e., 43.5 Rs/MWHhr. This point is reached when P, = 41.875 MW and 25
=35 MW. The total load that can be supplied at that point is equal to 126.875. From this point onwards
the load is shared between the three units in such a way that the incremental costs of all the units are
same. For example for a total load of 200 MW. from (5.4) and (5.9) we have

H+E+F=200

085+10=078 +5

0.754+5=0958 +15

Solving the above three equations we get P, = 66.37 MW. P, = 80 MW and P; = 50.63 MW and an

incremental cost (1) of 63.1 Rs./MWhr. In a similar way the economic dispatch for various other load




If these two units together supply a total of 220 MW, then £, = 100 MW and P-= 120 MW will result in
an incremental cost of

gz | = = 3¢ =
.:?.1 = uO +10— 90 RS."(M\Vh] Jr‘g - C“I +6 = 90 RS_-"’M\-'\'{I“‘

and
This implies that the incremental costs of both the units will be same, i.c., the cost of one extra MW of

generation will be Rs. 90/MWhr. Then we have

7= 22100 +10x100+25 = 5025 £, =27 120 +6x 120+ 20= 5780

¥ Rs/h and 2 Rs/h

And total cost of generation is p

Jr=fi+ 12 =10805 popy

Now assume that we operate instead with P 1 = 90 MW and P 2 = 130 MW. Then the individual cost of
each unit will be

0.7

Fo=—130° +6x130+20=6,175
Re/h and 2 Rs/h

f =O'—289Uf* +10%x90+25=4,165

And total cost of generation is~
S e
Jr=ht/,=10880p
This implies that an additional cost of Rs. 75 is incurred for each hour of operation with this non-optimal

setting. Similarly it can be shown that the load is shared equally by the two units, i.e. P, = P> =110 MW,

then the total cost is again 10.880 Rs/h.

Example 2
Let us consider a generating station that contains a total number of three generating units. The fuel costs

of these units are given by

08 :
5 =—A#H +108 +25
2 Rs’h
0.7
= T-P'.:g +5H+20
- Rs’h
g S - "
jg: = .!D3 +13.F;+.‘;5
Rs/h

The generation limits of the units are

30 MW < B <500 MW
30 MW < B <500 MW
30 MW < B, <250 MW



.
L 220 o
oF
(1.8)

Also the partial derivative becomes a full derivative since only the term /; of /; varies with Poi=1..N
We then have
12 A iy

dE 4B dBy g

F

Generating Limits

It 1s not always necessary that all the units of a plant are available to share a load. Some of the
units may be taken off due to scheduled maintenance. Also it is not necessary that the less efficient units
are switched off during off peak hours. There is a certain amount of shut down and start up costs
associated with shutting down a unit during the off peak hours and servicing it back on-line during the
peak hours. To complicate the problem further, it may take about eight hours or more to restore the boiler
of a unit and synchronizing the unit with the bus. To meet the sudden change in the power demand, it may
therefore be necessary to keep more units than it necessary to meet the load demand during that time. This
safety margin in generation is called spinning reserve.
The optimal load dispatch problem must then incorporate this startup and shut down cost for without
endangering the system security.

The power generation limit of each unit is then given by the inequality constraints

D o Do D -:_‘I A
SIS . ) . i o= Lo wney &Y
I} ! myl? 3 (1.10)

The maximum limit P, is the upper limit of power generation capacity of each unit. On the other hand,

the lower limit P,,,, pertains to the thermal consideration of operating a boiler in a thermal or nuclear

generating station. An operational unit must produce a minimum amount of power such that the boiler

thermal components are stabilized at the minimum design operating temperature.

Example 1

Consider two units of a plant that have fuel costs of

2 07

Si=—R*+108 +25 Ja=—B+65 +20
4 Rs/h  and = Rs/h
Then the incremental costs will be
; dr, e =i S
,{lz?‘ézﬂ_&ﬁﬂﬂ b= =015 +6
e Rs/MWhr and %3 Rs/MWhr




The operating cost given by the above quadratic equation is obtained by approximating the power

in MW versus the cost in Rupees curve. The incremental operating cost of cach unit is then computed as
df,
= “ﬁ = L‘I}-J.E; + bi
£
=2 Rs/MWhr : (1.2)

P

Let us now assume that only two units having different incremental costs supply a load. There
will be a reduction in cost if some amount of load is transferred from the unit with higher incremental cost
to the unit with lower incremental cost. In this fashion. the load is transferred from the less efficient unit
to the more efficient unit thereby reducing the total operation cost. The load transter will continue till the
incremental costs of both the units are same. This will be optimum point of operation for both the units.
The above principle can be extended to plants with a total of N number of units. The total fuel cost will
then be the summation of the individual

fuel cost ;. i=1, ..., N of each unit, i.e..

Let us denote that the total power that the plant is required to supply by Pr . such that
it
.D-* = 11+ P +eeet B-!: = /_;Pg

]
-

k=1 (1.4)
Where P, . ..., Py are the power supplied by the N ditferent units.

The objective is minimizing f; for a given P7. This can be achieved when the total difference d/r becomes

Zero. 1.e.
ol O iy & , :
dfy = ”édﬁ+-‘i’ltzﬂ+---+ 2 dFy =0
B;l Cz% Cja_,-u' “5]

Now since the power supplied is assumed to be constant we have

IP. = dP +dB, + v +dF, =
dF = dR +df +-+df; 0(1.6}

Multiplying (1.6) by / and subtracting from {1.5) we get

7 AN , ) o
(——‘“" -2 1(15‘; +[—fr —A|dB et | = - A |dE =10
i ) L O, aF. j

1 J Ltk / b R / ( | ?J

The equality in (5.7) is satisfied when each individual term given in brackets is zero. This gives us



L“— =bi+2¢iPsi  Rs/MWh
The incremental fuel cost is a measure of how costly it will be produce an increment of power.

The incremental production cost, is made up of incremental fuel cost plus the incremental cost of labor.
wulér, maintenance etc. which can be taken to be some percentage of the incremental fuel cost, instead of
resorting to a rigorous mathematical model. The cost curve can be approximated by a lincar curve, While
there is negligible operating cost for a hydel plant, there is a limitation on the power output possible. In
any plant, all units normally operate between PGmin, the minimum loading limit, below which it is
technically infeasible to operate a unit and PGmax. which is the maximum output limit.  Section
I: Economic Operation of Power System

» Economic Distribution of Loads between the Units of a Plant

* Generating Limits

* Economic Sharing of Loads between Ditferent Plants

In an early attempt at economic operation it was decided to supply power from the most efficient
plant at light load conditions. As the load increased. the power was supplied by this most efficient plant
till the point of maximum efficiency of this plant was reached. With further increase in load, the next
most efficient plant would supply power till its maximum efficiency is reached. In this way the power
would be supplied by the most efficient to the lcast cfficient plant to reach the peak demand.
Unfortunately however, this method failed to minimize the total cost of clectricity generation. We must
therefore search for alternative method which takes into account the total cost generation of all the units

of a plant that is supplying a load.

Economic Distribution of Loads between the Units of a Plant :

To determine the economic distribution of a load amongst the different units of a plant, the
variable operating costs of each unit must be expressed in terms of its power output. The fuel cost is the
main cost in a thermal or nuclear unit. Then the fuel cost must be expressed in terms of the power output.
Other costs, such as the operation and maintenance costs, can also be expressed in terms of the power
output. Fixed costs, such as the capital cost, depreciation etc., are not included in the fuel cost.

The fuel requirement of each generator is given in terms of the Rupees/hour. Let us define the
input cost of an unit- i, /i in Rs/h and the power output of the unit as 7. . Then the input cost can be

expressed in terms of the power output as

oy .
fi=2F +bF, o

e

Rs/h (L.1)




The incremental fuel rate is equal to a small change in input divided by the corresponding change
in output.

__Mnput

MOt

Incremental fuel rate

The unit is again Btu/ KWh. A plot of incremental fuel rate versus the output is shown in Fig 3
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Incremental cost curve
The incremental cost is the product of incremental fuel rate and fuel cost (Rs / Btu) the curve 1s
shown in Fig. 4. The unit of the incremental fucl cost is Rs - MWhr.

¥

Sroximate inear cost

Rs / Mwhi

v

(output) MW ——
Fig 4: Incremental cost curve

In general, the fuel cost Fi for a plant, is approximated as a quadratic function of the generated output
PGi.

Fi=ai+biPg +ciPai-Rs/h

The incremental fuel cost is given by



ii) Problem of vptimal power flow, which deals with minimum — loss delivery, where in the power flow,
is optimized to minimize losses in the system.,

In this chapter we consider the problem of economic dispatch. During operation of the plant, a
generator may be in one of the following states:

1) Base supply without regulation: the output is a constant.

i) Base supply with regulation: output power is regulated based on system load.

i) Automatic non-economic regulation: output level changes around a base setting as area control error
changes.

iv) Automatic economic regulation: output level is adjusted. with the arca load and area control error.
while tracking an economic setting. Regardless of the units operating state, it has a contribution to the
economic operation, even though its output is changed for different reasons.

The factors influencing the cost of generation are the generator efficiency, fuel cost and
transmission losses. The most efficient generator may not give minimum cost, since it may be located in a
place where fuel cost is high. Further, if the plant is located far from the load centers, transmission losses
may be high and running the plant may become uneconomical. The economic dispatch problem basically

determines the generation of different plants to minimize total operating cost.

Modern generating plants like nuclear plants, geo-thermal plants etc, may require capital investment of
millions of rupees. The cconomic dispatch is however determined in terms of fuel cost per unit power
generated and does not include capital investment. maintenance, depreciation. start-up and shut down
costs etc.

Performance Curves Input-Qutput Curve

This is the fundamental curve for a thermal plant and is a plot of the input in British

4

Biu /hr (Input)

A 4

— (olilputi MW

Fia L g = ot cups e

Thermal units (Btu) per hour versus the power output of the plant in MW as shown in Figl

Incremental Fuel Rate Curve



UNIT-I

Economic Operation of Power Systems -1

Overview
« Economic Distribution of Loads between the Units of a Plant
» Generating Limits
« Economic Sharing of Loads between Different Plants
Automatic Generation Control
« Load Frequency Control
Coordination between LFC and Economic Dispatch

A good business practice is the one in which the production cost is minimized without sacrificing
the quality. This is not any different in the power sector as well. The main aim here is to reduce the
production cost while maintaining the voltage magnitudes at cach bus. In this chapter we shall discuss the
economic operation strategy along with the turbine-governor control that are required to maintain the
power dispatch economically.

A power plant has to cater 10 load conditions all throughout the day, come summer or winter, It is
therefore illogical to assume that the same level of power must be generated at all time. The power
generation must vary according to the load pattern, which may in turn vary with season. Therefore the
economic operation must take into account the load condition at all times. Moreover once the economic
generation condition has been calculated, the turbine-governor must be controlled in such a way that this

generation condition is maintained. In this chapter we shall discuss these two aspects.

Economic operation of power systems
Introduction:

One of the earliest applications of on-line centralized control was to provide a central facility, to
operate economically. several generating plants supplying the loads of the system. Modern integrated
systems have different types of generating plants, such as coal fired thermal plants, hydel plants. nuclear
plants, oil and natural gas units ete. The capital investment, operation and maintenance costs are different

for different types of plants.

The operation economics can again be subdivided into two parts.
i) Problem of economic dispatch, which deals with determining the power output of cach plant to meet the

specified load, such that the overall fuel cost is minimized.



Hence the real power (ransmitted over the line is given by

10.10)

The powcr—angle characteristics of the shunt compensated line are shown in Fig. 10.3. In this figure P

= V71X is chosen as the power base.
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Fig. 10.3 Power-angle characteristics of ideal shunt compensated line.

Fig. 10.3 depicts p, - o and Qo - 5 characteristics. 1t can be seen from fig 10.4 that for a real power
transfer of 1 per unit, a reactive power injection of roughly 0.5359 per unit will be required from the shunt
compensator if the midpoint voltage is regulated as per (10.1). Similarly for increasing the real power
transmitted to 2 per unit, the shunt compensator has to inject 4 per unit of reactive pOWEr. This will
obviously increase the device rating and may not be practical. Therefore power transfer enhancement

using midpoint shunt compeisation may not be feasible from the device rating point ol view.
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Again from Fig. 10.1 we write

A 5
=i 1-cola)l2lo) |

We thus have to generate a current that is in phase with the midpoint voltage and has a magnitude of (4V/

X )41 -cos( 6/2)}. The apparent power injected by the shunt compensator to the ac bus is then

: oA
fpt+ iy =Vulp= ‘JT{l‘ 505(51'2)}“0 "

Since the real part of the injected power is zero, we conclude that the ideal shunt compensator injects only
reactive power to the ac system and no real power.
Improving Power-Angle Characteristics

The apparent power supplied by the source is given by

o VZ-8-VL-(6/2) _ v
- jX/2 - jX/f2
202 sin (5/2) 4y 27 {1-cos(5/2))
X X (10.7)

Similarly the apparent power delivered at the receiving end is

: - VL -(8/2)-V
s, s LR

- jXf2
202sin (8/2) | 2V {cos(6/2)-1)
— = +_,r —
X = (10.8)
2
B=B=P=2u(sf)

X (10.9)




« lmproving Stability Margin
« Improving Damping to Power Oscillations
The ideal shunt compensator is an ideal current source. We call this an ideal shunt compensator because
we assume that it only supplies reactive power and no real power t0 the system. 1t is needless to say that
this assumption is not valid for practical systems. However, for an introduction, the assumption 1S more
s than adequate. We shall investigate the behavior of the compensator when connected in the middle of a
transmission line. This is shown in Fig. 10.1, where the shunt compensator, represented by an ideal
current source, 1s placed in the middle of a lossless transmission line. We shall demonstrate that such a

configuration improves the four points that are mentioned above.

. Fig 10.1 Schematic diagram of an ideal, midpoint shunt compensation
Improving Voltage Profile
Let the sending and receiving voltages be given by VZ8 and wzo respectively. The ideal shunt

compensator Is expected 1O regulate the midpoint voltage 1o

V= vo(512) (10.1)
Against any variation in the compensator current. The voltage current characteristic of the compensator is
shown in Fig. 10.2. This ideal behavior however is not feasible in practical systems where we get a slight

droop in the voltage characteristic. This will be discussed later.

. o -| c:uillE 5 _ _:_ iy

Fig. 10.2 Voltage-current characteristic of an ideal shunt compensator

Under the assumption that the siunt compensator regulates the midpoint voltage tightly as given by

(10.1), we can write the following expressions for the sending and receiving end currents

v 5-v£(512)
X2

I
&3:"

(10.2)




A static var compensator (SVC) is the first generation shunt compensator. It has been around
since 1960s. In the beginning it was used for load compensation such as to provide var support
for large industrial loads. for flicker mitigation etc. However with the advancement of
semiconductor technology. the SVC started appearing in the transmission systems in 1970s.
Today a large number of SVCs are connected to many transmission systems all over the world.
An SVC is constructed using the thyristors technology and therefore does not have gate turn off
capability.

With the advancement in the power electronic technology, the application of a gate turn off
thyristors (GTO) to high power application became commercially feasible. With this the second
generation shunt compensator device was conceptualized and constructed. These devices use
synchronous voltage sources for generating or absorbing reactive power. A synchronous voltage
source (SVS) is constructed using a voltage source converter (VSC). Such a shunt compensating
device is called static compensator or STATCOM. A STATCOM usually contains an SVS that
is driven from a dc storage capacitor and the SVS is connected to the ac system bus through an
interface transformer. The transformer steps the ac system voltage down such that the voltage
rating of the SVS switches are within specified limit. Furthermore, the leakage reactance of the
transformer plays a very significant role in the operation of the STATCOM.

Like the SVC. a thyristors controlled series compensator (TCSC) is a thyristors based series
compensator that connects a thyristors controlled reactor ( TCR ) in parallel with a fixed
capacitor, By varying the firing angle of the anti-parallel thyristors that are connected in series
with a reactor in the TCR, the fundamental frequency inductive reactance of the TCR can be
changed. This effects a change in the reactance of the TCSC and it can be controlled to produce
either inductive or capacitive reactance.

Alternatively a static synchronous series compensator or SSSC can be used for series
compensation. An SSSC is an SVS based all GTO based device which contains a VSC. The VSC
is driven by a dc capacitor. The output of the VSC is connected to a three-phase transformer. The
other end of the transformer is connected in series with the transmission line. Unlike the TCSC,
which changes the impedance of the line. an SSSC injects a voltage in the line in quadrature with
the line current. By making the SSSC voltage to lead or lag the line current by 907 the SSSC can

emulate the behavior of an inductance or capacitance.

In this chapter, we shall discuss the ideal behavior of these compensating devices. For simplicity we shall

consider the ideal models and broadly discuss the advantages of series and shunt compensation.

Section [: Tdeal Shunt Compensator

Improving Voltage Profile

Improving Power-Angle Characteristics



Unit-V
Reactive power compensation

(‘nmpm.s:niun of Power Transmission Systems
Introduction
tdeal Series Compensator

« Impact of Series Compensator on Voltage Profile

» Improving power-Angle Characteristics

«  An Alternate Method of Voltage Injection

« Improving Stability Margin

« Comparisons of the Two Modes of Operation

Power Flow Control and Power Swing Damping

Introduction
The two major problems that the modern power systems are facing are voltage and angle stabilities. There
are various approaches to overcome the problem of stability arising due to small signal oscillations in an
interconnected power system. As mentioned in the previous chapter, installing power system stabilizers
with generator excitation control system provides damping to these oscillations. However, with the
advancement in the power electronic technology, various reactive power control equipment are
increasingly used in power transmission systems.
A power network is mostly reactive. A synchronous generator usually generates active power that is
specified by the mechanical power input. The reactive power supplied by the generator is dictated by the
network and load requirements. A generator usually does not have any control over it. However the lack
of reactive power can causc voltage collapse in a system. It is therefore important Lo supply/absorb excess
reactive power to/from the network. Shunt compensation is one possible approach of providing reactive
power support.
A device that is connected in parallel with a transmission line is called a shunt compensator, while a
device that is connected in series with the transmission line is called a series compensalor. These are
referred to as compensators since they compensate for the reactive power in the ac system. We shall
assume that the shunt compensator is always connected at the midpoint of transmission system, while the

= voltage profile

»  power-angle characteristics

»  stability margin

= damping to power oscillations



Equation (9.14) describes the behavior of the rotor dynamics and hence is known as the swing equation.
The angle  is the angle of the internal emf of the generator and it dictates the amount of power that can

be transferred. This angle is therefore called the load angle.

Example 9.2

A 50 Hz, 4-pole turbo generator is rated 500 MVA, 22 kV and has an inertia constant (#) of 7.5. Assume
that the generator is synchronized with a large power system and has a zero accelerating power while
delivering a power of 450 MW. Suddenly its input power is changed to 475 MW. We have to find the
speed of the generator in rpm at the end of a period of 10 ¢ycles. The rotational losses are assumed to be
Zero.

We then have

d'éd o 100z . - 5
= (P —-P)=——x25=523 6 electrical degfs”
al” 2H j 5}
523.6x _ 2
=227 " = 91385 electrical rad/s”
180
Noting that the generator has four poles, we can rewrite the above equation as
d*d 9.1385 4 : )
— = - = 4 5693 mechanical radfs’®
dt* 2
ADG8T s e
=60 x =43.6332 rpmls

The machines accelerates for 10 eycles, i.e., 20 x 10 =200 ms = 0.2 s, starting with a synchronous speed
of 1500 rpm. Therefore at the end of 10 cycles

Speed = 1500 +43.6332 " 0.2 = 1508.7266 rpm.
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Single, Two area and Load Fregqueney Control

Modern day power systems are divided into various areas. For example in India, there are five
regional grids, e.g., Eastern Region, Western Region etc. Each of these areas is generally interconnected
to its neighboring areas. The transmission lines that connect an area to its neighboring arca are called tie-
lines. Power sharing between two areas occurs through these tie-lines. Load frequency control, as the
name signifies, regulates the power flow between different areas while holding the frequency constant.

As we have an Example 5.5 that the system frequency rises when the load decreases if AP, is kept at
zero. Similarly the frequency may drop it the load increases. However it is desirable to maintain the
frequency constant such that A/=0. The power flow through different tie-lines are scheduled - for
example. area- / may export a pre-specified amount of power to area- / while importing another pre-
specified amount of power from area- & . However it is expected that to fulfill this obligation, area- /
absorbs its own load change, i.e., increase generation to supply extra load in the area or decrease
generation when the load demand in the area has reduced. While doing this area- / must however maintain
its obligation to arcas j and k as far as importing and exporting power is concerned. A conceptual diagram

of the interconnected arcas is shown in Fig. 5.4.

,Tie-linesy

L
Fig. 5.4 Interconnected areas in a power system
We can therefore state that the load frequency control (LFC) has the following two objectives:
e Hold the frequency constant ( Af = 0) against any load change. Each area must contribute to
. absorb any load change such that frequency does not deviate.
»  Each area must maintain the tie-line power flow to its pre-specified value.
o o et ) Y NS N D D AL
. ACE = [5 e ) 1_{1‘.,‘L§f =ty EF: D p i (5.27)
The first step in the LFC is to form the area control error (ACE) that is defined as
(1

Where P, and P, are tie-line power and scheduled power through tie-line respectively and the constant
B, is called the frequency bias constant.

The change in the reference of the power setting AP, ., of the arca- / is then obtained by




AP, =—K,| ACE dt
?’g.! }I (528)

The feedback of the ACE through an integral controller of the form where K, is the integral gain. The
ACE is negative if the net power flow out of an arca is low Or if the frequency has dropped or poth. In this
case the gencralion must be increased. This can be achieved by increasing APres i - This negative sign
accounts for this inverse relation between 4Py, ~and ACE. The tie-line power flow and frequency of euch
area are monitored in its control center. Once the ACE is computed and AP, .18 obtained from (5.28).
commands are given o various turbine-generator controls to adjust their reference power settings.
Fxample 5.0

Consider a two-arca powet system in which area-1 generates & total of 2500 MW, while area-2 generates
2000 MW. Area-l supplies 200 MW to area-2 through the inter-tie lines connected between the two areas.
The bias constant of area-1 ( fi; ) 18 {75 MW/Hz and that of area=2 ( f82) is 700 MW/Hz. With the two
areas operating in the steady state, the load of area-2 suddenly increases by 100 MW, It 1s desirable that
area-2 absorbs 1ts owWn load change while not allowing the frequency 1O drift.

The area control errors of the two areas are given hy

Al.k/El &‘3’!€1+B&?1 And A E -&-r¢3+.~

Since the net change in the power flow through tie-lines connecting these two areas must be zero, we
have
&stl + &Pnfz =0= &R‘e‘l -AR fied

Also as the transients die out, the drift in the frequency of poth these areas IS assumed to be constant. e

&= &, = v
1f the load frequency controller (5.28) is able to set the power reference of area-2 properly, the ACE of
the two areas will be zero, i.e., ACE = ACE; = 0. Then we have 7

ACE, +ACE, = (B, +8,)4f =0

This will imply that Af will be equal to zero while maintaining AP = =AP,.» = 0. This significs that area-2
picks up the additional load in the steady state.

Coordination between 1LFC and Bgonomic I Displ

Both the load frequency control ard the economic dispatch issue commands to change the power setting
of each turbine-governor unit. At a 1.t glance it may seem that these two commands can be conflicting.
This however is not true. A typical at;matic generation control strategy is shown in Fig. 5.5 in which
both the objective are coordinated. Firs{ we compule the area control error. A share of this ACE.

proportional to o, , is allocated to ¢ ...ch of the turbine-generator unit of an arca. Also the share ol unit-1, 7

X X( Pox - Pr ), for the deviation of total geve ration from actual generation is computed. Also the error



between the economic power setting and actual power setting of unit- i is computed. All these signals are
then combined and passed through a proportional gain K, to obtain the turbine-governor control signal.

Ezonomic
dispatch for umit-
Fi
Qutput of

Afotm| £, | . - PRR S
To turbine-

governor of unit-

—=To other

i untts
i 40 8 I &
N p

Fig. 5.5 Automatic generation control of unit-i

. Scction H: Swing Equation
Let us consider a three-phase synchronous alternator that is driven by a prime mover. The equation of

motion of the machine rotor is given by

"'Td ?:?;—?:——‘Tﬂ
de”
Where
) is the total moment of inertia of the rotor mass in kgm"
a Lo is the mechanical torque supplied by the prime mover in N-m
/i is the electrical torque output of the alternator in N-m T
f | is the angular position of the rotor in rad e
| —=—
Neglecting the losses, the difference between the mechanical and electrical torque gives the net
. accelerating torque 7, . In the steady state. the clectrical torque is equal to the mechanical torque, and
hence the accelerating power will be zero. During this period the rotor will move at synchronous speed
@, in rad/s.
The angular position 8 is measured with a stationary reference frame. To represent it with respect to the
synchronously rotating frame, we define
B=wi+d (9.7)
L

Where ¢ is the angular position in radians with respect to the synchronously rotating
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J& JX (9.8)
above equation we get

Reference frame. Taking the time derivative of the

Defining the angular speed of the rotor as

dé
ﬂl? =
dt
We can write (9.8) as
dé
7 e
dt (9.9)

We can therefore conclude that the rotor angular speed is equal to the synchronous speed only when do /

dt is equal to zero. We can therefore term o /dt as the error in speed.

d*s T,

"F'___"‘:a 1e=

dt’ 5 (9.10)
Taking derivative of (9.8), we can then rewrite (9.6) as Multiplying both side of (9.11) by @, we get
d*s
‘}&J‘, T "px.' = ‘E; = ‘E;a
et (9.11)
Where P, . P.and P, respectively are the mechanical, clectrical and accelerating power in MW,
y- Stored kinetic energy at synchronou sspeed in mega - joules Jo,
Generator MVA rating 28 ate2 (9.12)

(9.12) in (9.10) we get

We now define a normalized ‘nertia constant as Substituting

S
2H 'ﬂ}:bmy 3 :P:.-. "=‘="'E.j:
@y (9.13)

al to the synchronous speed and hence we can replace o,

machine angular speed is equ
en in MW. Therefore dividing them

.. Note that in (9.13) p, . P,and P, are giv

S,y WE can get these quantities in per unit.

In steady state, the

in the above equation by
Hence dividing both sides of

by the generator MVA rating

(9.13) by Seues We get

1=
Lild 8" p_p

T T a
@, dt per unit (9.14)
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HYDROTHERMAL SCHEDULING LONG

Long-Range Hydro-Scheduling:

The long-range hydro-scheduling problem involves the long-range forecasting of water availability
and the scheduling of reservoir water releases (i.c., “drawdown”) for an interval of time that depends on
the reservoir capacities. Typical long range scheduling goes anywhere from | wk to 1 yr or several years.
For hydro schemes with a capacity of impounding water over several scasons, the long-range problem

involves meteorological and statistical analyses.

Short-Range Hydro-Scheduling

Short-range hydro-scheduling (1 day to I wk) involves the hour-by-hour scheduling of all generation
on a system to achieve minimum production cost for the given time period. In such a scheduling problem,
the load, hydraulic inflows, and unit availabilities are assumed known. A set of starting conditions (e.g..
reservoir levels) is given, and the optimal hourly schedule that minimizes a desired objective, while

meeting hydraulic steam, and electric system constraints, is sought,

Hydrothermal systems where the hydroelectric system is by far the largest component may be
scheduled by economically scheduling the system to produce the minimum cost for the thermal system.
The schedules are usually developed to minimize thermal generation production costs, recognizing all the

diverse hydraulic constraints that may exist

2.8 OPTIMAL POWER FLOW PROBLEM: Basic approach to the solution of this problem is to
incorporate the power flow equations as essential constraints in the formal establishment of the
optimization problem. This general approach is known as the optimal power flow. Another approach is by
using loss-formula method. Different techniques are: 1) the lambda-iteration method 2) Gradient methods
of economic dispatch 3) Newton's method 4) Economic dispatch with piecewise linear cost functions 5)

Economie dispatch using dynamic programming
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Consider an area with N number of units. The power generated are defined by the vector

T -
.’D_('O e = .'.C bP(zy)

Then the transmission losses are expressed in general as
Where B 1s a symmetric matrix given by

By By o By

g s o

e =~
8= AR .

SL-V B:mr B:@.r

The elements B, of the matrix B are called the loss coefficients. These coefficients are not constant but
vary with plant loading. However for the simplified calculation of the penalty factor Z, these coefficients
are often assumed to be constant.

When the incremental cost equations are linear, we can use analytical equations to find out the economic
settings. However in practice, the incremental costs are given by nonlinear equations that may even

contain nonlinearities. In that case iterative solutions are required to find the optimal generator settings.
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Defining V5=V <dand Vi< 0%, we can then write the power transfer equation as
Vﬂ
é T 1 pE s A
EU"‘ F’Ql,-q-’sl}‘r )

Since | o |/ | Is| = Xp . we can modify the above equation as Consider the phasor diagram of Fig. 10.14

sin &

(a), which is for capacitive operation of the series compensator. From this diagram we get
¥ = |+ 2V sin (8/2)

g

JE__[X = —|P,|+ 2V sin (6/2)

Similarly from the inductive operation phasor diagram shown in Fig. 10.14 (b), we gel
7 ILle - g+ 27 sin (6/2)
—sin
|j 1X+F/Ql X a+sin(6/2) TPy
& Vo|+ 2 sin 6/2) 2

:-—-S!.Elé :—-‘-1115+'— (5'}’2
X 2V sin (5/2) X ‘ )(10.29_1

D-‘:
‘e

Substituting the above two equations in (10.28) and rearranging we get where the positive sign is for

capacitive operation

Fig. 10.14 Phasor diagram of series compensated system: (a) capacitive operation and (b) inductive
operation.

The power-angle characteristics of this particular series connection are given in Fig. 10.15. In this figure
the base power is chosen as I2/X . Three curves are shown. of which the curve P is the power-angle
curve when the line is not compensated. Curves which have maximum powers greater than the base
power pertain to capacitive mode of operation. On the other hand, all curves the inductive mode of
operation will have maximum values less than 1. For example, in Fig. 10.15, the curve P, is for capacitive

mode and the curve P; is for inductive mode of operation.
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Fig. 10.13 Reactive power injection by a series compensator versus maximum power transfer as the
level of compensation changes in constant reactance mode.

An Alternate Method of Voltage Injection

So far we have assumed that the series compensator injects a voltage that is in quadrature with the line
current and its magnitude is proportional to the magnitude of the line current. A set of very interesting

cquations can be obtained if the last assumption about the magnitude is relaxed. The injected voltage is

then given by

AR
| Sl (10.26)

We can then write the above equation as

(10.27)

i.e., the voltage source in quadrature with the current is represented as a pure reactance that is either
inductive or capacitive. Since in this form we injected a constant voltage in quadrature with the line

current, we shall refer this as constant voltage injection mode.

e e
Ag=X+FX,

The total equivalent inductance of the line is then
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Fig. 10.12 Power-angle characteristics in constant reactance mode.
Let us now have a look at the reactive power. For simplicity let us restrict our attention to capacitive
mode of operation only as this represents the normal mode of operation in which the power transfer over

the line is enhanced. From (10.20) and (10.21) we get the reactive power supplied by the compensator as

T o S
Qﬂ:;rQ;;=~JgV‘:5 v, yZ-8 r
Hx=-2) . )

Solving the above equation we get

ra
L o (1-cosd)
(& -2) (10.25)
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In Fig. 10.13, the reactive power injected by the series compensator is plotted against the maximum
power transfer as the compensation level changes from 10% to 60%. As the compensation level increases,
the maximum power transfer also increases. However, at the same time, the reactive injection requirement
from the series compensator also increases. It is interesting to note that at 50% compensation level, the
reactive power injection requirement from a series compensator is same that from shunt compensator that

is regulating the midpoint voltage to 1.0 per unit.



As a third case, let us increase the level of compensation from 30% to 70% (i.e., change A from 0.15 to
0.35). We however, do not want to change the level of steady state power transfer. The relation between
power transfer and compensation level will be discussed in the next subsection. It will however suffice to
say that this is accomplished by lowering the value of the angle J of the sending end voltage to 12.37° .
Let us further assume that the series compensator is placed in the middle of the transmission line. We then
have Vg, = 1.0255 < - 8.01° per unit and Ve = 1.0255 < 20.38° per unit. This is shown in Fig. 10.11 (d).
It is obvious that the voltage along the line rises to a maximum level at either side of the series
compensator.

Improving Power-Angle Characteristics
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Noting that the sending end apparent power is Vs Is™ , we can write Similarly the receiving end apparent .

power is given by

_ i Vi-6-V
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Hence the real power transmitted over the line is given by

The power-angle characteristics of a series compensated power system are given in Fig. 10.12. In this .
figure the base power is chosen as 12/ X . Three curves are shown, of which the curve Py is the power-
angle curve when the line is not compensated. Curves which have maximum powers greater than the
base power pertain to capacitive mode of operation. On the other hand. all curves the inductive mode of
operation will have maximum values less than 1. For example, in Fig. 10.12, the curve P, is for capacitive

mode and the curve Ps is for inductive mode of operation.



us choose £ = 0.5 and operation in the capacitive mode. For this line, this implies a 30% level of line

impedance compensation. The line current is then given from (10.21) as [¢=1.479 7 < 157 per unit and

the injected voltage calculated from (10.20) is Vo=0.2218 < -75° per unit. The phasor diagrams of the

two end voltages, line current and injected voltage are shown in Fig. 10.11 (a). We shall now consider a

few different cases.

Let us assume that the series compensator is placed in the middle of the transmission line. We then define

two voltages, one at either side of the series compensator. These are:

Voltage on the left Voo = Vs - e 2 = 0% = §.45° per unit
Voltage on the right: For = Vet iXls/2=0.9723 <21 .55 per unit

The difference of these two voltages is the injected voltage. This is shown in Fig. 10.11 (b), where the

angle § = 8.45° . The worst case voltage along the line will then be at the two points on either side of the

series compensator where the voltage phasors are aligned with the line current phasor. These two points

are equidistant from the series compensator. However. their particular locations will be dependent on the

system parameters.

As a second case, let us consider that the series compensator is placed at the end of the transmission line,

just before the infinite bus. We then have the following voltage

Voltage on the left of the compensator: Vor=Vr+ Vp= 1.0789 < - 11.46° per unit

This is shown in Fig. 10.11 (¢). The maximum voltage rise in the line is then to the immediate left of the

compensator, i.c., at ¥y, . The maximum voltage drop however still occurs at the point where the voltage

phasor is aligned with the line current phasor.




Impact of Series Compensator on Voltaze Profile

In the equivalent schematic diagram of a series compensated power system is shown in Fig. 10.10. the
receiving end current is equal to the sending end current, i.e., [y = {4 . The series voltage ¥ is injected in
such a way that the magnitude of the injected voltage is made proportional to that of the line current.

Furthermore, the phase of the voltage is forced to be in Quadrature with the line current. We then have

_ g7 LFjO
E’;,_. = A2

(10.20)

The ratio 2/X"is called the compensation level and is often expressed in percentage. This compensation
level is usually measured with respect to the transmission line reactance. For example, we shall refer the
compensation level as 50% when 2 = X /2. In the analysis presented below. we assume that the injected
voltage lags the line current. The implication of the voltage leading the current will be discussed later.
Applying KVL we get

Vs —Vp—Va=iXly = V.-V, =+ A + KT,

W
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Assuming Fi=F<dand V, = I'<0° . we get the following expression for the line current

T - - L . .
When we choose V=7 Is ¢’ the line current equation becomes
l‘_ri ‘:“ = {‘,"

Jis
JFI:"‘;: 5 ’1)

L

Thus we see that / is subtracted from X . This choice of the sign corresponds to the voltage source acting
as a pure capacitor. Hence we call this as the capacitive mode of operation

In contrast, if we choose Vo =4lse™" | ] is added to X . and this mode is referred to as the inductive
mode of operation . Since this voltage injection using (10.20) add Z to or subtract 7 from the line
reactance, we shall refer it as voltage injection in constant reactance mode We shall consider the

implication of series voltage injection on the transmission line voltage through the following example.

Example 1.3
Consider a lossless transmission line that has a 0.5 per unit line reactance (). The sending end and

receiving end voltages are given by 1< and 1< 0° per unit respectively where § is chosen as 30° . Let
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Fig 10.9 System response with the damping controller
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Ideal Series Compensator
Let us assume that the series compensator is represented by an ideal voltage source. This is shown in Fig.
10.10. Let us further assume that the series compensator is ideal, 1.e.. it only supplies reactive power and
no real power to the system. It is needless to say that this assumption is not valid for practical systems.
However. for an introduction, the assumption is more than adequate. It is to be noted that. unlike the
shunt
Compensator, the location of the series compensator is not crucial. and it can be placed anywhere along

the transmission line.

Ideal Series
Compensator
|

) ol (il

Fig. 10.10 Schematic diagram of an ideal series compensated system.



injected reactive power. This implies that, by tightly regulating the midpoint voltage though a high gain
integral controller, the injected reactive power oscillates in sympathy with the rotor angle. Therefore to
damp out the rotor oscillation, a controller must be designed such that the injected reactive power is in
phase opposition with the load angle. It is to be noted that the source voltage also modulates in sympathy
with the injected reactive power. This however is not evident from Fig. 10.8 (a) as the time axis has been

shortened here.
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Fig. 10.8 Sustained oscillation in rotor angle due to strong regulation of midpoint voltage. .

To improve damping, we now introduce a term that is proportional to the deviation of machine speed in

the feedback loop such that the control law is given by

five)

(I a
Vielldz +C,

V.l= K- )+ &, [(1-
Prl= &A1-Fad) I df (10.19)

The values of proportional gain K and integral gain K, chosen are same as before. while the value of Cp
chosen is 50. With the system operating on steady state. deliv ering power at

a load angle of 40° for 50 ms, breaker B (sec Fig. 10.7) opens inadvertently. The magnitude of the
midpoint voltage is shown in Fig. 10.9 (a). It can be seen that the magnitude settles to the desired value of
1.0 per unit once the initial transients die down, Fig. 10.9 (b) depicts perturbations in load angle and
reactive power injected from their Perrault steady state values. It can be scen that these two quantities

have a phase difference of about 90 ° and this is essential for damping of power oscillations. .
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Fig. 10.7 SMIB system used in the numerical example.

Sending end voltage, Vs - I < 40¢ per unit,
Receiving end voltage, Vi = | < 0° per unit,
System Frequency ;s = 100 T rad/s,
Line reactance, X=0.5 per unit,
Interface reactance, Xr per unit,

Generator inertia constant, H=4.0 MJ/MVA.

Two different tests are performed. In the first one, the midpoint voltage is regulated to 1 per unit using a
proportional-plus-integral (P1) controller. The magnitude of the midpoint voltage is first calculated using
the d-q t;ansformation of the three phase quantities. The magnitude is then compared with the set

reference (1.0) and the error is passed through the PI controller to determine the magnitude of the source

voltage. ie,

o KRl
= {:}f “]
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The source voltage is then generated by phase locking it with the midpoint voltage using

Fig. 10.8 depicts the system quantities when the system is perturbed for its nominal operating condition.
The proportional gain ( K7 ) is chosen as 2.0. while the integral gain ( K; ) is chosen as 10. In Fig. 10.8 (a)
the a-phase of the midpoint voltage, source voltage and the injected current are shown once the system
transients die out. It can be seen that the source and midpoint voltages are phase aligned, while the
injected current is lagging these two voltages by 90° . Furthermore, the midpoint voltage magnitude is
tightly regulated. Fig. 10.8 (b) depicts the perturbation in the load angle and the injected reactive power. It

can be seen that the load angle undergoes sustained oscillation and this oscillation is in phase with the



This implies that the load angle will oscillate with a constant frequency of @, . Obviously, this solution is
not acceptable. Thus in order to provide damping, the midpoint voltage must be varied according to in

sympathy with the rate of change in Ad . We can then write

dh s
dt (10.15)

AVial= &,
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@ dt* 3, dt 98 (10.16)

Where K\ is a proportional gain. Substituting (10.15) in ( 10.12) we get

Provided that K, is positive definite, the introduction of the control action (10.15) ensures that the roots
of the second order equation will have negative real parts. Therefore through the feedback, damping to
power swings can be provided by placing the poles of the above equation to provide the necessary
damping ratio and undammed natural frequency of oscillations.

Example 10.2

Consider the SMIB power system shown in Fig. 10.7. The generator is connected to the infinite bus
through a double circuit transmission line. At the midpoint bus of the lines, a shunt compensator is
connected. The shunt compensator is realized by the voltage source V- that is connected to the midpoint
bus through a pure inductor X; , also known as an interface inductor = The voltage source V. is driven
such that it is always in phase with the midpoint voltage ¥, The current Iy is then purely inductive, its
direction being dependent on the relative magnitudes of the two voltages, If the magnitude of the
midpoint voltage is higher than the voltage source ¥, inductive current will flow from the ac system 1o
the voltage source. This implies that the source is absorbing var in this configuration. On the other hand.
the source will generate var if its magnitude is higher than that of the midpoint voltage.

The system is simulated in MATLAB. The three-phase transmission line equations are simulated using
their differential equations, while the generator is represented by a pure voltage source. The second order
swing equation is simulated in which the mechanical power input is chosen such that the initial operating
angle of the generator voltage is (0.698 rad). The instantaneous electrical power is computed from the
dot product of the three-phase source current vector and source voltage vector. The system parameters

chosen for simulation are:




Fig 10.6 Power-angel curve showing clearing angles: (a) for uncompensated system and (b) for
compensated system

Solving the above equation we get 9, = 104.34° = 1.856 rad. It is needless to say that the stability margin
has increased significantly in the compensated system

Improving Damping to Power Oscillations

The swing equation of a synchronous machine is given by (9. 14). For any variation in the electrical
quantities, the mechanical power input remains constant. Assuming that the magnitude of the midpoint
voltage of the system is controllable by the shunt compensating device. the accelerating power in (9.14)
becomes a function of two independent variables. | ¥y | and 0. Again since the mechanical power is
constant, its perturbation with the independent variables is zero. We then get the following small

perturbation expression of the swing equation

22
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Where A indicates a perturbation around the nominal values.

If the midpoint voltage is regulated at a constant magnitude, A Fy | will be equal to zero. Hence the

above equation will reduce to

oH d*AS | OF,
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The 2™ order differential equation given in (10.13) can be written in the Laplace domain by neglecting

the initial conditions as

3PN of A
(i“f{ g “)&b‘k;J: 0
a0 (10.14)

The roots of the above equation are located on the imaginary axis of the s-plane at locations = j @, where




With .« = 7 - ¢ . Equating the areas we obtain the value of d,, as

Let us now consider that the midpoint shunt compensated system is working with the same mechanical
power input P, The operating angle in this case is d; and the maximum power that can be transferred in
this case is 2 per unit. Let the fault be cleared at the same clearing angle J,, as before. Then equating arcas

Ay and 4, in Fig. 10.6 (b) we get d,, where
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&

Example 10.1

Let an uncompensated SMIB power system is operating in steady state with a mechanical power input P,
equal to 0.5 per unit. Then d; = 30° = 0.5236 rad and d,,,, = 150° = 2.6180 rad. Consequently, the critical
clearing angle is calculated as (see Chapter 9) 0., = 79.56% = 1.3886 rad.

Let us now put an ideal shunt compensator at the midpoint. The pre-fault steady state operating angle of
the compensated system can be obtained by solving 2 sin (8/2) = 0.5, which gives d, = 28.96° = 0.5054
rad. Let us assume that we use the same critical clearing angle as obtained above for clearing a fault in the
compensated system as well.

The accelerating area is then given by 4, = 0.4416. Equating with area 4. we get a nonlinear equation of
the form

0.4416 = 3.0740 — 4cos(8, /2) - 0.55, +0 6943
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This is a consequence of the improvement in the power angle characteristics and is one of the major
benefits of using midpoint shunt compensation. As mentioned before, the stability margin of the system
pertains to the regions of acceleration and deceleration in the power-angle curve. We shall use this
concept to delineate the advantage of midpoint shunt compensation.

Consider the power angle curves shown in Fig. 10.0.

The curve of Fig. 10.6 (a) is for an uncompensated system, while that of Fig. 10.6 (b) for the compensated
system. Both these curves arc drawn assuming that the base power is FA/X . Let us assume that the
uncompensated system is operating on steady state delivering an electrical power equal to P, with a load
angle of dy when a three-phase fault occurs that forces the real power to zero. To obtain the critical
clearing angle for the uncompensated system is d, ., we equate the accelerating area A, with the

decelerating area A, , where
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Fig. 10.4 Variations in transmitted real power and reactive power injection by the shunt
compensator with load angle for perfect midpoint voltage regulation.

Let us now relax the condition that the midpoint voltage is regulated to 1.0 per unit. We then obtain some
very interesting plots as shown in Fig. 10.5. In this figure. the x-axis shows the reactive power available
from the shunt device, while the y-axis shows the maximum power that can be transferred over the line
without violating the voltage constraint. There are three different P-Q relationships given for three
midpoint voltage constraints. For a reactive power injection of 0.5 per unit, the power transfer can be
increased from about 0.97 per unit to 1.17 per unit by lowering the midpoint voltage to 0.9 per unit. Fora
reactive power injection greater than 2.0 per unit, the best power transfer capability is obtained for 1V =
1.0 per unit. Thus there will be no benefit in reducing the voltage constraint when the shunt device is
capable of injecting a large amount of reactive power. In practice, the level to which the midpoint voltage
can be regulated depends on the rating of the instal led shunt device as well the power being

transferred.
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Fig. 10.5 Power transfer versus shunt reactive injection under midpoint voltage constraint.

Improving Stability Margin




| £ -
Ed : P,
0 A
0 T
& (radh

Fig. 10.15 Power-angle characteristics for constant voltage mode
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The reactive power supplied by the compensator in this case will be

ill1|1l'll\ill_!,f Stability Margin

From the power-angle curves of Figs. 10.13 and 10.15 it can be seen that the same amount of power can
be transmitted over a capacitive compensated line at a lower load angle than an uncompensated system.
Furthermore, an increase in the height in the power-angle curve means that a larger amount of
decelerating area is available for a compensated system. Thus improvement in stability margin for a
capacitive series compensated system over an uncompensated system is obvious.

Comparisons of the Two Mades of Operation

As a comparison between the two different modes of voltage injection. let us first consider the constant
reactance mode of voltage injection with a compensation level of 50%. Choosing 1”7 / X as the base
power, the power-angle characteristic reaches a maximum of 2.0) per unit at a load angle 7/ 2. Now | Vo |
in constant voltage mode is chosen such that the real power is 2.0 per unit at a load angle of z / 2. This is
accomplished using (10.29) where we get

L2 s

Cos< Per unit

d g
2
The power-angle characteristics of the two different modes are now drawn in Fig. 10.16 (a). It can be seen
that the two curves match at 7 / 2. However, the maximum power for constant voltage case is about 2.1
per unit and occurs at an angle of 67° .

Fig. 10.16 (b) depicts the line current for the two cases. [t can be seen that the increasc in line current in

either case is monotonic. This is not surprising for the case of constant reactance mode since as the load



angle increases, both real power and line currents increase. Now consider the case of constant voltage
control. When the load angle moves backwards from /2 to 67°, the power moves from 2.0 per unit to its
peak value of 2.1 per unit. The line current during this stage decreases from about 2.83 to 2.50 per unit.
Thus, even though the power through the line increases, the line current decreases.

Power Flow Control and Power Swing Damping

One of the major advantages of scries compensation is that through its use real power flow over
transmission corridors can be effectively controlled. Consider, for example. the SMIB system shown in
Fig. 10.17 in which the generator and infinite bus are connected through a double circuit transmission
line, labeled line-1 and line-2. Of the two transmission lines, line-2 is compensated by a series

compensator. The compensator then can be utilized 10 regulate power flow over the entire system.
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Fig. 10.16 Power-angle and line current-angle characteristics of the two different methods of
voltage injection: solid line showing constant reactance mode and dashed line showing constant
voltage mode.
For example, let us consider that the system is operaling in the steady state delivering a power of P, ata
load angle of &, . Lines 1 and 2 are then sending power P, and P.. respectively, such that P, = Py, + P> .
The mechanical power input suddenly goes up to P, . There are two ways of controlling the power in this
situation:
 Regulating Control: Channcling the increase in power through line-1. In this case the series
compensator maintains the power flow over line-2 at P> . The load angle in this case goes up in
sympathy with the increase in P, .
« Tracking Control: Channeling the increase in power through line-2. In this case the series
compensator helps in maintaining the power flow over line-1 at P., while holding the load angle
o dg .

Let us illustrate these two aspects with the help of a numerical example.




Example 10.4
Let us consider the system of Fig. 7.8 where the system parameters are given by
System Frequency =S50 Hz, | V'S|=|VR|=1.0 per unit, X'= 0.5 per unit and ¢ 0 =30 °/
[t is assumed that the series compensator operates in constant reactance mode with a compensation level
of 30%. We then have
P = 1.0 per unit, P, = 1.43 per unit, P,, = 2.43 per unit
The objective of the control scheme here is to maintain the power through line-2 to a pre-specified value,
Pr.r. To accomplish this a proportional-plus-integral (P1) controller is placed in the feedback loop of P,; .
In addition. to improve damping a term that is proportional to the deviation of machine speed is
introduced in the feedback loop. The control law is then given by
C=,(By - Ba)+ K, [(By - Bo)a 4., 922

@i (10.31)

Where C; =2/ Xis the compensation level. For the simulation studies performed, the following controller
parameters are chosen

Kp=0.1,K,=1.0and Cp=75

Regulating Control: With the system operating in the nominal steady state, the mechanical power input
is suddenly raised by 10%. It is expected that the series compensator will hold the power through line-2
constant at line-2 at P, such that entire power increase is channcled through line-1. We then expect that
the power P,; will increase to 1.243 per unit and the load angle to go up to 0.67 rad. The compensation
level will then change to 13%.

The time responses for various quantities for this test are given in Fig. 10.18. In Fig. 10.18 (a), the power
through the two line is plotted. It can be seen that while the power through line-2 comes back to its
nominal value following the transient. the power through the other line is raised to expected level.
Similarly, the load angle and the compensation level reach their expected values, as shown in Figs. 10.18
(b) and (c), respectively. Finally, Fig. 10.18 (d) depicts the last two cycles of phase-a of the line current
and injected voltage. It can be clearly seen that these two quantities are in quadrature, with the line current

leading the injected voltage.



Fig. 10.18 System response with regulating power tlow controller Tracking Control

With the system operating in the nominal steady state, the mechanical power input is suddenly raised by
25%. It is expected that the series compensator will make the entire power increase to flow through line-2
such that both P,, and load angle are maintained constant at their nominal values. The power P, through
line-2 will then increase to about 2.04 per unit and the compensation level will change to 51%.

The time responses for various quantities for this test are given in Fig. 10.19. [t can be seen that while the
power through line-1 comes back to its nominal value following the transient, the power through the other
line is raised to level expected. Similarly, the load angle comes back to its nominal value and the
compensation level is raised 51%, as shown in Figs. 10.19 (b) and (c), respectively. Finally, Fig. 7.19 (d)

depicts the last two cycles of phase-a of the line current and injected voltage.
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Fig. 10.19 System response with regulating power flow controller
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2.1 Introduction

The main objective of power system operation and control is to maintain continuous supply of power
with an acceptable quality, to all the consumers in the system. The system will be in equilibrium, when
there is a balance between the power demand and the power generated. As the power in AC form has real
and reactive components: the real power balance: as well as the reactive power balance is to be achieved.
There are two basic control mechanisms used to achieve reactive power balance (acceptable voltage
profile) and real power balance (acceptable frequency values). The former is called the automatic voltage
regulator (AVR) and the latter is called the automatic load frequency control (ALFC) or automatic

generation control (AGC).

2.2 Generator Voltage Control System

The voltage of the generator i1s proportional to the speed and excitation (flux) of the generator. The
speed being constant, the excitation is used to control the voltage. Therefore, the voltage control system
is also called as excitation control system or automatic voltage regulator (AVR),

For the alternators, the excitation is provided by a device (another machine or a static device) called
exciter. For a large alternator the exciter may be required to supply a field current of as large as 6500A at
500V and hence the exciter is a fairly large machine. Depending on the way the de supply is given Lo the
field winding of the alternator (which is on the rotor), the exciters are classified as: i) DC Exciters: ii) AC
Exciters; and iii) Static Exciters. Accordingly, several standard block diagrams are developed by the
IEEE working group to represent the excitation system. A schematic of an excitation control system is

shown in Fig2.1.



Exciter =

T o i
P i "‘ -". ,\
AR AR { A it i f
s 1S e 1 A (

So— =
S e ..
'y
v

Stabilization

Fig2.1: A schematic of Excitation (Voltage) Control System,
A simplified block diagram of the generator voltage control system is shown in Fig2.2.The generator
terminal voltage Vt is compared with a voltage reference Vref to obtain a voltage error signal V. This
signal is applied to the voltage regulator shown as a block with transfer function KA/ (1+TAs). The
output of the regulator is then applied to exciter shown with a block of transfer function Ke/ (1+Tes). The
output of the exciter e.m.f is then applied to the field winding which adjusts the generator terminal
voltage. The generator ficld can be represented by a block with a transfer function KF/ (1+sTF). The total
transfer function is

AV ((5) h
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AV 146(S)
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The stabilizing compensator shown in the diagram is used to improve the dynamic response of the exciter.
The input to this block is the exciter voltage and the output is a stabilizing feedback signal to reduce the

excessive overshoot.
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Fig2.2: A simplified block diagram of Voltage (Excitation) Control System,
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Performance of AVR Loop

The purpose of the AVR loop is to maintain the generator terminal voltage with inacceptable values, A
static accuracy limit in percentage is specified for the AVR, so that the terminal voltage is maintained
within that value. For example, if the accuracy limit is 4%. then the terminal voltage must be maintained
within 4% of the base voltage.

The performance of the AVR loop is measured by its ability to regulate the terminal voltage of the
generator within prescribed static accuracy limit with an acceptable speed of response. Suppose the static
accuracy limit is denoted by Ac in percentage with reference to the nominal value. The error voltage 1s to

be less than (Ac/100) [Vref. From the block diagram. for a steady state error voltage

; : BC"

Ae = AlVIer - AV, . 2 A
| O()

; it s () ,

_l{_" ==y _\1|\r' |’a_'.' = ,,l!\ i — _l\- [!_‘.! = —"'_.— _\'1.\' |,-_.;
1+ Gis)
(7(5) ,
=l AVl
| +Gis)
(0 5) : Gl ,

Ao = [t AN = e

I+ Go(s) | =il

I , | .-
= Sl = AV,
]——{'_;f”} l—f\
For constant input condition, (s—0)
Where, K= G(0) is the open loop gain of the AVR. Hence,
I 8 Ac : . 100

—— AWVl <« — AV or K>|—-1}
I+ A 100 Ac

2.3 Automatic Load Frequency Control

The ALFC is to control the frequency deviation by maintaining the real power balance in the system. The
main functions of the ALFC are to 1) to maintain the steady frequency; 1) control the tie-line flows: and
11) distribute the load among the participating generating units. The control (input) signals are the tie-line
deviation APtie (measured from the tie line flows), and the frequency deviation Af (obtained by measuring

the angle deviation Ad). These error signals Af and APtie are amplified, mixed and transformed to a real



power signal, which then controls the valve position. Depending on the valve position, the turbine (prime
mover) changes its output power to establish the real power balance. The complete control schematic is

shown in Fig2.3

—1
Y
)

Governor

Fig2.3.The Schematic representation of ALFC system
For the analysis, the models for each of the blocks in Fig2 are required. The generator and the electrical
load constitute the power system. The valve and the hydraulic amplifier represent the speed governing

system. Using the swing equation. the generator can be modeled by
2Hd*AS -
ZH¢ ¢
S AP —AP

@ dr -
Expressing the speed deviation in pu,
dAw |

di 2H

This relation can be represented as shown in Fig2 4.

(AP, —AP)

AP_(s) 1

2Hs

AP.(s)

Fig2.4.The block diagram representation ol the Generator



The load on the system is composite consisting of a frequency independent component
and a frequency dependent component. The load can be writien as AP. = APy + AP
where, AP, is the change in the load: AP, is the frequency independent load component,
APy s the frequency dependent load component. AP = DAe where, D is called frequency
characteristic of the load (also called as damping constant) expressed in percent change in
load for 1% change in frequency. If D=1.5%, then a 1% change in [requency causes 1.5%
change in load. The combined generator and the load (constituting the power systent) cin

then be represented as shown in Fig2. 5

A/ 1
{ | Y .‘ > s
d_'_ of 2Hs e ..
S Al / 1 \
= =_'_ » —
L IHs+D
7 | 5
|
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Fig2.5.The block diagram representation of the Generator and load

The turbine can be modeled as a first order lag as shown in the Fig2.6

BP.(s) K, el ! AP(s) K
(J’ (§)=—— =
APy Tsd

|

1+sT,

Fig2.6.The turbine model
Gt(s) is the TF of the turbine; APV(s) is the change in valve output (due to action).
APm(s) is the change in the turbine output the governor can similarly modeled as shown in Fig2.7. The

output of the governor is by

AP e o

where AP is the relerence sel power. and Ao/R is the power given
= 2
¥

v eovernor speed characteristic. The hydrauhe amplitier transforms this signal AP, into

valve/gate position corresponding to a power APy, Thus APyvis) = ( KA +sToAP(s).
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Fig2.7: The block diagr

he individual blocks can now be connected to represent the complete ALFC loop as

Allt
Shown in Fig 5.1
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Fig2.8: The block diagram representaiiun of the ALFC.
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2.4 Steady State Performance of the ALFC Loop

In the steady state, the ALFC is in "open’ state. and the output is obtamed by substituting
s—0 in the TF.
With s—0, Geis) and Giis) become unity. then, (ot that AP, APr= APg= AP:=aPy:
That 1s twrbine output = generator/electrical oulpul = load demand)

AP, = AP = (1/R1AG ol AP = APy = (I/R)AI

When the gencrator is connected o infinite bus (AC =0, and AV = 0y, then APy, = AP

If the network is finite, for a fixed speed changer setting (APref = 0y, then
AP, = —(1/R)Al or Al=-R AP,
It the frequency dependent load is present. then

- APm
D=1IR

APy = APwi— (/R +D)AT  or A=
If there are more than one generator present in the system. then
AP ¢q = APricg—1(D + 1Reg)A
where. APy cq = APmi+ APma+ AP+
APpi eq= APt + AP+ APt
]1"Rqu = I|fR-+|tfR:+|f‘R:+....ll
The quantity =D+ VR is called the area frequency (biasy characteristic (response)

or simply the stiffness of the system,

2.5 Concept of AGC (Supplementary ALFC Loop)

The ALFC loop shown in Fig2 8. is called the primary ALFC loop. I achieves the
primary goal of real power balance by adjusting the turbine output APy to match the
change in load demand APp. Al the participating generating units contribute 1o the
change in generation. But a change in load results in a steady state frequency deviation
Af The restoration of the frequency to the nominal value requires an additional control
loop called the supplementary loop. This objective is met by using integral controller
which makes the frequency deviation zero. The ALEC with the supplementary loop is
senerally called the AGC. The block diagram of an AGC 1s shown in Fig2.9. The mamn

abjectives of AGC are 1) W regulate the frequency (usimg both  primary  and
supplementary controls); i) and to maintain the scheduled tie-line flows. A secondary objective of the



AGC is to distribute the required change

economically (10 obtain least operating costs).

in generation among the connected generating units

l AP:(s)
Governol furimn |
AP..i5) ¥
BP..elS) P — ‘ APLS) ,f' o . "
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\ e 1/R e———— — -
|
W L R
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Fig2.9: The block diagram representation of the AGC

2.6 AGCIna Sinele Area System

[n a single arca system. there is no tie-line schedule to be maintained. Thus the function

of the AGC is only 10 bring the frequency O the nopninal value.

This will be achieved

using the supplementary loop (as shown in Fig.2.9) which uses the integral controller to

change the

reference power setting SO as to change the speed

set point, The ntegral

controller gain Ki needs Lo be adjusted for salisfactory response (in terms of overshool.

settling time) of the system.
covernor, all the gencrators in the

generator.

and the ALFC for the arca corresponds

Although cach generalor will be having a separate speed

control arca are replaced by @ single equivalent

(o this cquivalent generator.

» 7 AGC in a Multi Area System

In an interconnected (multy ared) system. there will

be one -\iPC 'IHU]'\ lor cach L‘UIIII‘U]

area (located at the ECC of that arca). They are combined as shown in Fig2.10 for the

interconnected

system operation, For a total change in load of

APy, the steady state

== f < I ) ) . — A .'Jr
deviation in frequency 1n the two areas Is given by Af =Aw, =30 -——— where.
; i I

By = (D+1/R): and B2 = (Da+1/R2).
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Fig.2.10.AGC for a multi-area operation
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2.8 [Expression for tie-line flow ina two-area intv|'cunnu-totl system
nge in load APy, in arcal. The steady statd Irequency deviation Al 1s the

Consider a chi
— Al Thus. for arcal., we have

for both the arcas. That is Al = Al
AP~ AlPpyis AP, = Dot

r Mow lrom Avrcalto Arca 2

same

AP;ais the tie line powe and for Area 2

w here.
AP APTE = DAL
The mechanical power depends on regulation. Henee
Af Af
AP, = & and Kt ==t
; R, - iR
Substituting these equations. vields
- 1
t-—l-——I)L Af =—AF; — AP and (— 4 1274/ =AF-
R, : - K.
Solving for Af, we get
— AP, - — AP,

Af =——— —F <l - :
4 tl!!\’l—l.)ilftllfvtl-—!):a b, + s

py o =Bl

and : ; -

i £, + P
where. B and B, are the composite frequency response characteristic of Areal and Area 2
wse of load in arcal by APp) results in a trequency reduction in both

respectively. An incree
areas and a tie-line flow of APj2. A positive AP s indicative of flow from Areal o Ared
> while a negative APy means flow from Area 2 o Areal. Similarly. for a change in Ared

. . _APU'!
2 \oad by APp2. we have Af = -
,f{))l + pl

~ AP, P

and AP =—APy = =

Yo 5 f .

Frequency bias tie line control

The tie line deviation reflects the contribution of regulation charactenstic ol one arca o

another. The basic objective ol supplementary control is to restore balance between each

arca load generation. This objective 1s met when the control action maintains
e Frequency al the scheduled value

. Net interchange power (tie line flow) with neighboring areas al the scheduled

Values



®

The supplementary control should ideally correct only for changes in that area. In other words, if there is
a change in Areal load, there should be supplementary control only in Arcal and not in Area 2. For this
purpose the area control error (ACE) is used (Fig2.9). The ACE of the two areas are given by

For area 1: ACE, = APy + BAl

For arca 2: ACE> = APy + oAl
2.9 Economic Allocation of Generation
An important secondary function of the AGC is to allocate generation so that each generating unit is
loaded economically. That is, each generating unit is to generate that amount to meet the present demand
in such a way that the operating cost is the minimum. This function is called Economic Load Dispatch
(ELD).
2.10 Systems with more than two areas
The method described for the frequency bias control for two arca system is applicable to multiage system
also.

Section 11: Automatic Generation Control

« Load Frequency Control
Automatic Generation Control
Electric power is generated by converting mechanical energy into electrical energy. The rotor mass,
which contains turbine and generator units, stores kinetic energy due to its rotation. This stored kinetic
energy accounts for sudden increase in the load. Let us denote the mechanical torque input by 7,, and the
output clectrical torque by 7. . Neglecting the rotational losses, a generator unit is said to be operating in
the steady state at a constant speed when the difference between these two elements of torque is zero. In

this case we say that the accelerating torque is zero.

1

L

.
b
@

=T,
»

¢5.20)

When the electric power demand increases suddenly, the electric torque inereases. However, without any
feedback mechanism to alter the mechanical torque, 7,, remains constant. Therefore the accelerating
torque given by (5.20) becomes negative causing a deceleration of the rotor mass. As the rotor
decelerates, kinetic energy is released to supply the increase in the load. Also note that during this time,
the system frequency, which is proportional to the rotor speed, also decreases. We can thus infer that any
deviation in the frequency for its nominal value of 50 or 60 Hz. is indicative of the imbalance between T,

and 7. The frequency drops when T.,<T.andriseswhen7,> T, .

&




The steady state power-frequency relation is shown in Fig. 5 3. In this figure the slope of the AP, line 1S

negative and is given by

Where R is called the regulating constant. From this figure we can write the steady state power
frequency relation as

Frequency (pu)

{x

\ Mecnamcal
—
] :

pPower (pu)

Fig. 5.3 A typical steady-state power-frequency curve.

Suppose an interconnected power system contains N turbine-generator units. Then the steady-state power

frequency relation is given by the summation of (5.22) for cach of these units as

AP, =AB, + 0P + et B F

gk i e e
=(&g‘:ﬁ+ﬁgm e - Sy e AF
it | i 't“..".",z'
B g o
(5.23} =ﬁ.€<’,— —+__+...+T_ ﬂlj
| Rl P‘Q Hyy

In the above equation, AP, is the total change in turbine-generator mechanical power and AP is the total
change in the reference power settings in the power system. Also note that since all the generators dre
supposed to work in synchronism, the change is frequency of each of the units is the same and is denoted

by Af. Then the frequency response characteristics is defined as

1
8:.—+_1_+.--+_:l—

Ry & Ry (5




