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Vision of the Institution

e To develop into a reputed Institution at National and International level in Engineering,
Technology and Management by generation and dissemination of knowledge through
intellectual, cultural, and ethical efforts with human values.

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

Mission of the Institution

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

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

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

Name of the Faculty: P~N&3&%unu.nch\ Designation: Ascl be

Programme & Regulation: @ﬂ‘c:[q_ g, R S Academic Year: 202.0—-2 |

Course Code:ﬂ?_ﬂ‘z-ﬁg Course Name: EI CC“HG:U m&C}')ﬁw)’*ﬁ. Credits: S .

Department: GECE i Year _.7._’_:. Semester A Section

Vision of the Department

e Mould generations of Electrical Engineers with multidisciplinary perspective on
global standards and stand as a reputed department in the field of Electrical
and Electronics Engineering

Mission of the Department

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

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

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

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

PEO2: Graduates should 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: Equip graduates with communication skills, leadership qualities with ethical values, team work with multi-
disciplinary approach and zeal to provide solutions for engineering and societal problems.

Programme Outcomes (POs)

Engineering Graduates will be able to:
1. Engineering knowledge: Apply the knowledge of mathematics, science, engineering fundamentals, and an
engineering specialization to the solution of complex engineering problems.
2. Problem analysis: Identify, formulate, review research literature, and analyze complex engineering problems
reaching substantiated conclusions using first principles of mathematics, natural sciences, and engineering sciences.
3. Design/development of solutions: Design solutions for complex engineering problems and design system
components or processes that meet the specified needs with appropriate consideration for the public health and
safety, and the cultural, societal, and environmental considerations.
4. Conduct investigations of complex problems: Use research-based knowledge and research methods including
design of experiments, analysis and interpretation of data, and synthesis of the information to provide valid
conclusions.
5. Modern tool usage: Create, select, and apply appropriate techniques, resources, and modern engineering and IT
tools including prediction and modeling to complex engineering activities with an understanding of the limitations.
6. The engineer and society: Apply reasoning informed by the contextual knowledge to assess societal, health,
safety, legal and cultural issues and the consequent responsibilities relevant to the professional engineering practice.
7. Environment and sustainability: Understand the impact of the professional engineering solutions in societal and
.environmental contexts, and demonstrate the knowledge of, and need for sustainable development.
8. Ethics: Apply ethical principles and commit to professional ethics and responsibilities and norms of the
engineering practice.
9. Individual and team work: Function effectively as an individual, and as a member or leader in diverse teams,
and in multidisciplinary settings.
10. Communication: Communicate effectively on complex engineering activities with the engineering community
and with society at large, such as, being able to comprehend and write effective reports and design documentation,
make effective presentations, and give and receive clear instructions.
11, Project management and finance: Demonstrate knowledge and understanding of the engineering and
management principles and apply these to one’s own work, as a member and leader in a team, to manage projects
and in multidisciplinary environments.
. 12. Life-long learning: Recognize the need for, and have the preparation and ability to engage in independent and
life-long learning in the broadest context of technological change.
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Program Specific Outcomes (PSOs)

PSO 1: Apply the fundamentals of Electrical and Electronics Engineering to analyze and synthesize
problems of Electric Circuits, Electronic Circuits, Control Systems, Electrical Machines and Power

Systems.

PSO 2: Apply the appropriate techniques and modern engineering hardware and software tools in
Electrical Engineering to engage in life-long learning and to successfully adapt in multi-disciplinary
environments.
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B.Tech I & 11 Year Revised Academic Calendar for the Academic Year 2020-21

Commencement of Class Work

SECOND SEMESTER 30.03.2021
I Spell of Instructions 30.03.2021 | 12.06.2021 | 11 WEEKS
I Mid Examinations 14.06.2021 | 22.06.2021 | 8 DAYS
| 1T Spell of Instructions 23.06.2021 | 14.08.2021 | 8 WEEKS
I1 Mid Examinations 16.08.2021 | 19.08.2021 | 4 DAYS
Practical Examinations 20.08.2021 | 24.08.2021 | 4 DAYS
Betterment Examinations 25.08.2021 | 28.08.2021 | 4 DAYS
End Semester Examinations 30.08.2021 | 18.09.2021 | 3 WEEKS

Commencement of class work for B. Tech., III & IV Year [ Semester will be from 20.09.2021

DEAN EXAMS.
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ACADEMIC CALENDAR FOR IL IIT & IV B.Tech I SEMESTER FOR THE YEAR 2020-21

FIRST SEMESTER Commencement of Class work : 13.07.2020
FROM TO DURATION
I Spell of Instruction (Online) 13.07.2020 19.09.2020 10 Weeks
I Mid Examinations 21.09.2020 26.09.2020 1 Week
11 Spell of Instructions (Online) 28.09.2020 16. 10.202‘0 3 Weeks
Dussehra Holidays 17.10.2020 25.10.2020 9 Days
gosnlif;i gﬁgﬁg‘ﬁﬂgﬁo flinc) 26.10.2020 | 14.11.2020 3 Weeks
II Mid Examinations 16.11.2020 21.11.2020 1 Week
Practical Examinations 23.11.2020 28.11.2020 1 Week
11 Mid_ Examinations 01.12.2020. 03.12.2020 3 Days
End Semester Examinations 04.12.2020 19.12.202D 2 Weeks
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B.Tech IT & 111 Year Revised Academic Calendar for the Academic Year 2020-21

; Commencement of Class Work
FI M
D OIESIER 17.07.2020
FROM TO DURATION
I Spell of Instructions (Online) 17.07.2020 | 09.10.2020 | 12 WEEKS
Mid -II & End Semester Examinations
202
5EPrevions Semasten 14.10.2020 ‘12.11.2020 5 WEEKS
’gractlcal Examinations of Previous 16.11.2020 | 21.11.2020 | 1 WEEK
emester
Revision of Syllabi of Current 23.11.202 05.12.2020 | 2 WEEKS
Semester
Betterment Examinations of 02.12.2020 | 05.12.2020 | 4 DAYS
Previous Semester
LA Feunitionsgl 07.12.2020 | 15.12.2020 | 1 WEEK
Current Semester
Practical Classes of Current Semester 16.12.2020 | 19.12.2020 | 4 DAYS
II Spell of Instructions (Online) 21.12.2020 | 20.02.2021 | 9 WEEKS
Practical Examinations 24.02.2021 | 03.03.2021 | 1 WEEK
II Mid & End Semester Examinations | 05.03.2021 | 22.03.2021 |2 WEEKS
Betterment Examinations 24.03.2021 | 27.03.2021 |4 DAYS
Commencement of Class Work

SECOND SEMESTER 30.03.2021
I Spell of Instructions 30.03.2021 | 22.05.2021 | 8 WEEKS
I Mid Examinations 24.05.2021 | 29.05.2021 | 1 WEEK
II Spell of Instructions 31.052021 | 24.07.2021 | 8 WEEKS
II Mid Examinations 26.07.2021 | 31.07.2021 | 1 WEEK
Practical Examinations 02.08.2021 | 07.08.2021 | 1 WEEK
Betterment Examinations ' 09.08.2021 12.08.2021 14 DAYS
End Semester Examinations 13.08.2021 | 28.08.2021 | 2 WEEKS
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ELECTRICAL MACHINES - I
Prerequisite: Basic Electrical Engineering, Electrical Machines-|
Course Objectives:
¢ To deal with the detailed analysis of transformers and poly-phase induction motors
¢ Tounderstand operation, construction and types of single phase motors and their applications.
¢ Tointroduce the concept of parallel operation of transformers.
« Tointroduce the concept of regulation and its calculations.
Course Outcomes: At the end of this course, students will demonstrate the ability to
CO1: Understand the concepts of rotating magnetic fields.
C02: Analyze the operation of transformers and Induction motors.
CO3: Predict the performance characteristics of transformers and Induction motors.
CO4: Apply the concepts for testing the transformers and Induction motor.

UNIT-l SINGLE PHASE TRANSFORMERS

Principle of operation -Types - constructional details- Losses,Minimization of hysteresis and eddy current losses- E.M.F equation -
operation on no load and on load - phasor diagrams- Problems.

Equivalent circuit ~ efficiency at different loads - Condition for maximum efficiency- All day efficiency -voltage regulation for different
loads & different power factors - effect of variations of frequency & supply voltage on iron losses - Sumpner's test-separation of losses.

UNITII THREE PHASE TRANSFORMERS

Three phase poly-phase connections - Y/Y, Y/A, A/Y, Al Aand open A, Third harmonics in phase voltages-three winding transformers-
tertiary windings - Determination of Zp, Zs and Zt - off load and on load tap changing, Scott connection.

PARALLEL OPERATION AND AUTOTRANSFORMERS

Parallel operation of Single Phase Transformers with equal and unequal voltage ratios - Auto transformers - equivalent circuit -
comparison with two winding transformers.

UNIT Il THREE PHASE INDUCTION MOTORS

Construction details of cage and wound rotor machines-production of a rotating magnetic field - principle of operation - rotor emf and
rotor frequency - rotor reactance, rotor current and pf. at standstill and during operation. Rotor power input, rotor copper loss and
mechanical power developed. Torque equation- expressions for maximum torque and starting torque - torque slip characteristics - double
cage and deep bar rotors

UNIT IV PERFORMANCE OF THREE PHASE INDUCTION MOTORS

Equivalent circuit - phasor diagram - crawling and cogging.

Circle diagram-no load and blocked rotor tests-predetermination of performance. Methods of starting. Calculations of torque,
efficiency at different loads from circle diagram,

Speed control - voltage control ~ variable voltage and variable frequency method- change of poles and methods of consequent poles;
cascade connection, injection of an emf into rotor circuit (qualitative treatment only) -induction generator-principle of operation.

UNITV SINGLE PHASE INDUCTION MOTORS
Single phase Induction motor — Constructional features- Double revolving field theory Equivalent circuit- spilt —Phase motors- Capacitor
start Capacitor run motors, applications.

TEXT BOOKS:
1. Electric Machinery- P.S. Bimbra, Khanna Publishers, 7th edition, 2010.
2. Theory and Performance of Electrical Machines - JB Gupta, SK Kataria&ISons, 2009.

REFERENCE BOOKS:

. Performance and Design of AC Machines - MG.Say, BPB Publishers, 1968.

Theory of Alternating Current Machinery- Langsdorf, Tata McGraw Hill Companies, 2nd edition, 2001.
Electro mechanics-ll (transformers and induction motors) - S. Kamakashaiah, Hitech publishers.
Electric Machines - |.J.Nagrath&D.P.Kothari, Tata McGraw Hill, 7th Edition, 2005.

A Text Book of Electrical Technology — B.L. Theraja and A.K. Theraja,Vol2, S.Chand Publications
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Course Objectives

To deal with the detailed analysis of Transformers and Ploy-Phase Induction Motors.

To understand operation, construction, and types of 1-@ Induction Motors and their applications.

To introduce the concept of parallel operation of 1-@ Transformers.

To introduce the concept of regulation and its calculations.

Course Outcomes (COs)

Co1

Understand the construction and working operations of single-phase transformers.

CO2

Understand different types of three phase transformers and able to obtain the load sharing of
transformers.

CO3

Analyze the performance of induction motors and effect of harmonics.

CO4

Compare the operation of induction motor using different speed control methods and analyze
the circle diagram.

CO5

Analyze the performance of single-phase induction motors.
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COs Mapping with POs & PSOs

Program
Course Program Outcomes Specific
Outcomes Outcomes
1 2 3 4 5] 6 i 8 9 |10 [ 11 | 12 | PSO1 | PSO2
CO1 3 2 1 1 1 - - . - - - 1 3 -
CO2 3 2 2 1 1 B - - - - - 1 3 -
CO3 3 3 2 2 ] - - - - - - 1 3 -
CO4 3 2052 2 1 - - - - - - 1 3 -
CO5 3 2 2 2 1 - - - - E - 1 3 -
Average | 3 [225|175| 15 [ 8 i s e = = 1 3 -
Assessment Plan
S.No.| Test/Examination | Units/ Topics | COs covered Proposed Maximum
Covered Date Marks

1 Assignment [ 2.5 ; 1,23 5

2 Mid | 25 123 20

3 Assignment 11 2.5 34,5 5

4 Mid 11 2.5 3.4.5 20

Direct Assessment Indirect Assessment
(Internal Examination & External (Course End Survey)
Examination)
-2y A ag

Cou@l‘/(ulty Course Co-Ordinator D
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Academic year: 2020-21
Section: EEE-A

Aziznagar Gate, C.B. Post, Hyderabad-500 075

SFS. VIDYA JYOTHI INSTITUTE OF TECHNOLOGY (Autonomous)

(Accredited by NAAC & NBA. Approved by AICTE New Delhi & Permanently Affiliated to INTUH)

DEPARTMENT OF ELECTRICAL&ELECTRONICS ENGINEERING

Year& Semester: 11 B.Tech- II Sem
W. E. F: 30-03-2021

ONLINE CLASSES TIME TABLE

Day/ Hours 9.30 AM to 10.40 AM to 11.50 AM to 02.00 PM to
10.30 AM 11.40 AM 12.50 PM 03.00 PM
MON PS-II NMPD FMHM CS
TUE CS EM-II PS-11 NMPD
WED NMPD FMHM EM-IT MC-2
THU EM-II CS MC-2 PC
FRI PC PS-11 CS FMHM
. SAT FMHM EM-II NMPD PS-TI
S.No. Name of the Subject Name of the Faculty
1 Numerical Methods and Partial Differential Mr.G.Chandu
Equations(NMPD)
2 Fluid Mechanics and Hydraulic Mr.S.Raghavendra
Machinery(FMHM)
3 Professional Communication(PC) Dr.V.Murali
4 Electrical Machines —II(EM-II) Mr.P.Naga Muneendra
5 Power Systems-IT(PS-II) Dr.D.B.G.Reddy
6 Control Systems(CS) Mrs.V.Vijayalakshmi
7 Environmental Science(MC-2) Mrs.Y.Sunitha
. Class In charge Mr.P.Naga Muneendra

Ti&%ble I/C g @[{a/




Name of the Faculty: P .|\ QoMU epn
Course Name: ELECTRICAL MACHINES-II
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DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING

Lesson Plan Schedule
(Regulation R-18)

Year/ Sem: II-11

Course Code: /A 2( 2.0Y

S NO | Lecture | Teaching Topics to be covered Books
Hour Aids no./Page No.
required |
Unit-1: SINGLE PHASE TRANSFORMERS
I L1 PPT Introduction - Principle of operation TB1/4-5
2 12 PPT | Types of transformers TB1/2-4
3 L3 PPT Constructional details Losses TB1/2-4
4 L4 PPT Minimization of hysteresis and eddy current losses TB1 /49-50
5 L5 PPT E.M.F equation TBI/5-6
6 L6 PPT | Operation on no load TB1/10-11
7 151 PPT Operation on load -phasor diagrams TB1/12-13
8 L8 PPT Equivalent circuit TB1/20-22
9 L9 EP Efficiency at different loads TB1/50
10 L10 PRT Condition for maximum efficiency TBI1/51-52
11 L11 PPT | All day efficiency TB1/53
12 L12 PPT Voltage regulation for different loads & different TB1 /40-44
power factors
13 L13 PPT Effect of variations of frequency & supply voltage on | TBI /63-64
iron losses
14 L14 PPT | Sumpner’s test TB1/66-68
15 L15 PPT Separation of losses. TB1 /63-64
Unit-II: THREE PHASE TRANSFORMERS,
PARALLEL OPERATION AND AUTO TRANSFORMERS
16 L16 PPT | Three phase poly-phase connections TB1/419-420
17 L17 PPT | Y/Y, Y/A, A/'Y, A/ A connections TB1/423-425
18 LI8 PPT Open A Connection TB1/430-431
19 L19 PPT Third harmonics in phase voltages TB1/448-450
20 L20 PPT Three winding transformers TB1/441-443
21 L21 PPT [ Tertiary windings TB1/441
22 122 PPT Determination of Zp, Zs and Zt TB1/442-443
23 123 PPT Off load tap changing TB1/100-101
24 L24 PRT ON load tap changing TB1/102
25 L.25 PPT Scott connection. TB1/431-432 |
26 L26 PPT Parallel operation of 1-© Transformers with equal TB1/85-86
voltage ratios
27 L27 PPT | Parallel operation of 1-@ Transformers with unequal TB1/87-91
voltage ratios
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28 L28 PPT Auto transformers TB1/70-73
29 L29 PPT Equivalent circuit TB1/ 74-75
30 L30 PPT Comparison with two winding transformers. TB1/ 76-77
Unit-1II: THREE PHASE INDUCTION MOTORS
31 L31 PPT | Construction details of cage rotor TB2/643-646
32 L32 PPT Wound rotor machine TB2/647-648
33 L33 PPT | Production of a rotating magnetic field TB2/648-649
34 L34 PPT Principle of operation TB2/647-648
35 L35 PPT Rotor emf TB2/651
36 L36 PPT | Rotor frequency & rotor reactance TB2/650
37 L37 PPT Rotor current and pf. at standstill and during operation | TB2/651-652
38 L38 PRF Rotor power input, rotor copper loss and mechanical | TB2/662-663
power developed
39 L39 PPT | Torque equation TB2/664
40 L40 PPT Expressions for maximum torque TB2/543-654
41 L41 PPT | Starting torque TB2/654
42 L42 PPT | Torque slip characteristics TB2/658
43 L43 BPL: Double cage rotor TB2/694-695
44 L44 EPT Deep bar rotors. TB2/693-694
Unit- IV: PERFORMANCE OF THREE PHASE INDUCTION MOTORS
45 L45 PRPT Equivalent circuit - phasor diagram TB2/671-674
46 L46 PPT | Crawling and cogging TB2/689-691
47 L47 PET Circle diagram-no load and blocked rotor tests TB2/684-685
48 L48 PPT Predetermination of performance, efficiency at | TB2/684-685
different loads from circle diagram.
49 L49 PPT | Methods of starting. TB2/711-713
50 L50 PPT Methods of starting. TB2/714-716
51 L5] PPT Calculations of torque equation TB2/720
52 L52 PR Speed control - voltage control TB2/721-723
53 L53 EPT Variable voltage and variable frequency method TB2/724-726
34 L54 PPT Change of poles and methods of consequent poles TB2/727-728
55 L55 PPT Cascade connection, injection of an emf into rotor TB2/728
circuit
56 L56 PRI Induction generator-principle of operation. TB2/801-804
Unit- V: SINGLE PHASE INDUCTION MOTORS
57 L57 PPT Single phase Induction motor - Introduction TB2/752
58 L58 PPT | Constructional features TB2/753
59 L59 PPT Double revolving field cross field theory TB2/754-756
60 L60 REE Equivalent circuit- spilt phasing TB2/756-757
61 L61 PPT Resistance split phasing motors TB2/765-766
62 L62 PPT | Capacitor start induction run motors TB2/766-767
63 L63 PPT Capacitor start Capacitor run motors-applications. TB2/768-769
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A) TEXT BOOKS:

1. Electrical Machinery by P.S. Bimbra - Khanna Publishers - 7thedition.

2. Theory and Performance of Electrical Machines by JB Gupta - SK Kataria &Sons 14" edition
B) REFERENCES:

1. Performance and Design of AC machines by M.G. Say -BPB Publishers.
2. Electrical Machines by R.K Rajput -LP publications.

Facul D
- 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

Unit-l ~ SInNGgLe Pnase TRANS FERMERS

S Proposed Topics To Be Covered Teaching Execution
No DATE | HOURS Aids DATE | HOURS
used
| 30/03/21 I Introduction - Principle of PPT 30/317——1 1
operation
2 31/03/21 1 Types of transformers PPT 1{y[~] ]
3 01/04/21 1 Constructional details Losses PPT | %lylay 1
Minimization of hysteresis PPT 1
4 s : and eddy current losses —”\'! ]'L )
5 6/4/21 1 E.M.F equation PPT tolylz) 1
6 7/4/21 1 Operation on no load PPT 1S lulz) ]
Operation on load -phasor P2r 1
7 e 1 diagrams l q‘llf I’LJ
8 10/4/21 1 Equivalent circuit PPT |2uly 1
9 15/4/21 1 Efficiency at different loads . PPT 2+]uh ]
Condition for maximum PPT I
1 LR : efficiency = ) 9{14
11 20/4/21 | All day efficiency PPT 2‘?}{{[;1 I
Voltage regulation for PPT I
12 22/4/21 I different loads & different
power factors l (S-I'Z—J
Effect of variations of PPT 1
13 24/4/21 1 frequency & supply voltage
on iron losses 'f;f‘)_ l'L1
14 | 27/421 1 Sumpner’s test PPT |¥[5]2) 1
15 28/4/21 1 Separation of losses. PPT sz 1

Justification for deviation (if Any) ~

Co%cult}f
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Unit-II THREE PHASE TRANSFORMERS,

PARALLEL OPERATION AND AUTO TRANSFORMERS

S No Proposed Topics To Be Teaching Execution

DATE HOURS Covered Aids used DATE | HOURS

1 I Three phase poly- I
e phase connections T 13 'd )

2 1 Y/Y, Y/A ANY, A A 1
e connections L [ S’} 5” 2

3 4/05/21 I open A Connection PPT \@ <l ]

4 1 Third harmonics in S |
e _phase voltages el 'E_L‘_{ 6',1}

5 1 three winding ]
e transformers ik 22 |5 } )

6 8/5/21 1 tertiary windings PPT 25 |5l 1
7 1 Determination of Zp, |
11/5/21 7s and Zt PPT  J9¢] 5_'1!

8 | 12/5/21 | off load tap changing PPT (295l I
9 13/5/21 | on load tap changing PPT 9 9kl 1
10 | 18/5/21 I Scott connection. PPT ; I
11 1 Parallel operation of 1

19/5/21 1-@ Transformers with PPT ;/ 6; 2)

equal voltage ratios

12 1 Parallel operation of \ {6{ . |

20/5/21 1-@ Transformers with PPT '

unequal voltage ratios -

13 22/5/21 I Auto transformers PPT 2[elny I
14 24/5/21 | Equivalent circuit PPT 2]6[2 |
15 1 Comparison with two 2 5= 1

=t winding transformers. BT 3,6/1-[

Justification for deviation (if Any)

Cougse\fagdulty
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Unit-III - THREE PHASE INDUCTION MOTORS

S No Proposed Topics To Be Teaching Execution
DATE HOURS Covered Aids used DATE | HOURS
Construction details of

1| 26/5021 1 o PPT S/él 2) 1

2 27/5/21 1 Wound rotor machine PPT | §/6[~ I
Production of a : ;

2 e l rotating magnetic field Ll CHGJ?«I I

4 1/06/2 1 1 Principle of operation PPT iyeh i 1

5 2/6/21 I Rotor emf PPT 12 (g I
Rotor frequency & ;

b e : rotor reactance 2R 22 (&l !

Rotor current and pf.

7 5/6/21 1 at standstill and during PPT 1

operation . %[ d’l’f

Rotor power input,
rotor copper loss and

: B 1 mechanical power BET 26 Y ! dzl :
developed

9 9/6/21 1 Torque equation PPT 29| 6[) [

Expressions for -

AL e : maximum torque ERY l h‘rlf I

11 12/6/21 [ Starting torque PPT 3 1
Torque slip S

12 i : characteristics ! G! ’3'!7—1 ]

13 23/6/21 I Double cage rotor PPT 131317 I

14 | 24/6/21 1 Deep bar rotors. PPT | 6/Ha I

Justification for deviation (if Any)

Cou acuty
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Unit-IV PERFORMANCE OF THREE PHASE INDUCTION MOTORS

S No Proposed Topics To Be Covered Teaching Execution
DATE | HOURS Aids used | DATE | HOURS
1 Equivalent circuit - phasor 1
1| 300621 e PPT | 20/
2 1/7/21 1 Crawling and cogging PPT 22 (3] 1
I Circle diagram-no load and ' 1
2 Si#el blocked rotor tests iy ZV"%"H
1 Predetermination of 1
performance, efficiency at
% Bl different loads from circle 2 7"9'[:){"'(
diagram. e
5 7/7/21 | Methods of starting. PPT |29 1
6 | 8721 1 Methods of starting. PPT _ [s0h]n, 1
1 Calculations of torque ' 1
7 10/7/21 st PPT qujﬂ
1 Speed control - voltage 1
8 13/7/21 = it PPT |5 /‘S’ /1 j
1 Variable voltage and 1
. Sl variable frequency method 52 L{ /-3/1--]
1 Change of poles and I
10 16/7/21 methods of consequent PEE
poles 4 "S) 24
1 Cascade connection, 1
11 17/7/21 injection of an emf into PRT - = S{rSL‘LI’
rotor circuit
1 Induction generator- 1
12 20/7121 principle of operation. PPT 5!'3}(”

Justification for deviation (if Any)

C%Ahy
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Unit-V SINGLE PHASE INDUCTION MOTORS

S No Proposed Topics To Be Teaching Execution
DATE HOURS Covered Aids used DATE | HOURS
Single phase Induction
: 28721 l motor — Introduction Ry 10(3[*),[ I
Constructional
2 24/7/21 1 e PPT ? /‘u 1
Double revolving field
3 e l cross field theory = )3/? 1| l
Equivalent circuit-
4 | 28/721 I spilc ahasing PPT ?;B 2 1
Resistance split
> il 1 phasing motors =l |9 /[5‘ "Lf ;
Capacitor start ' / ,ﬁ/
6 3171121 I induction run motors il Z () / !
Capacitor start
7 3/08/21 | Capacitor run motors- BPT 2] /‘SLI 1
applications.

Justification for deviation (if Any)

Cou a
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1 19911A0201 A PAVANI
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ASSIGNMENT — I (AY —2020-21)

COURSE NAME: - ELECTRICAL MACHINES-II Year & Semester: 1I-11

S.No. Questions COs | POs B.L

1 What is the basic function of transformer? 1 1,2,3 |

A 1- @ transformer with a ratio of 440/110 V takes a no-load current

of SA at 0.2 p.f. lagging. If the secondary supplies a current of 120 A

2 1 2,34 3
at a p.f. of 0.8 lagging, calculate the current taken by the primary.
Draw the phasor diagrams for a practical transformer for pure
3 | resistive, resistive-inductive & resistive-capacitive loads. 2 1,2,3 3
4 Compare a bank of three 1- @ transformers and 3- @ transformer. ) 1,23 2

5 Discuss the construction of 3-@ Induction Motor. 3 1,2,3 2
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ASSIGNMENT - 11 (AY - 2020-21)

COURSE NAME: ELECTRICAL MACHINES - II Year & Semester: II-11

S.No. Questions COs POs B.L
1 Compare Squirrel Cage and Slipring 3- @ Induction Motors. 3 1,234 2
2 | Explain the circle diagram construction for 3-0 Induction 4 1,23 2
Motor.
3 Discuss the speed control methods of 3- @ Induction Motor. 4 1,23 |
4 Explain the constructional features of 1-@ Induction Motor. 5 1,2,3 2
5 Draw the equivalent circuit of 1-@ Induction Motor. 5 123 2
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5.1 l Explain about open-delta connection

of a 3-@ Transformer?

[ 2 |1,2,3,6,10] v

[OR]
ii.a) | Draw and explain the following connections i)delta -star ii) star- 2 | 1,3.56,10 Il
star
b) What are the advantages and disadvantages of autotransformer? 2 | 1,2,3,6,10 I1
6.1) Explain the concept of rotating magnetic field? 3 1,3,5,6,10 I1
[OR]
1) Write the differences between squirrel cage and slip ring induction 3 | 1,2,3,6,10 1
motors?
k**VJlT(A)***
DIRECTOR

Dean Exminations




to INTU, Hyderabad)

(Aziz Nagar, C.B.Post, Hyderabad -500075)

Vidya Jyothi Institute of Technology (Autonomous)
(Accredited by NAAC & NBA, Approved By A.I.C.T.E., New Delhi, Permanently Affiliated

II Year B.Tech II Semester 1st Mid exam

Branch: EEE

Duration: 90Min

Sub: EM-II

Marks: 20

Date: 16.06.2021

Session: |

2.Understand different types of three phase transformers and able to obtain the load sharing of transformers

Course Outcomes:
1.Understand the construction and working operations of single phase transformers

3.Analyze the performance of induction motors and effect of harmonics.
4.Compare the operation of induction motor using different speed control methods and analyze the circle diagram.
5.Analyze the performance of single phase induction motors
Bloom's Level:

Remember I
Understand I1
Apply 111
Analyze v
Evaluate v SET-1
Create VI
PART-A (3Qx2M =6Marks) Course Bloo Marks
Outcomes m's
Level
ANSWER ALL THE QUESTIONS CO PO
13 l Define transformation ratio of the single phase Transformers? | 1 | 1,2,3,6,10 I 2
[OR]
ii) | Draw the equivalent circuit of a 1-ph transformer 1 | 1,3,56,10 | Il 2
2.i) | Comapre two winding transformer with auto transformer. 2 | 1,2,3,6,10 11 2
; [OR]
ii) | Draw the connection diagram of Star-Delta of 3-phase 2 | ,356,10 | 1V 2
transformers?
3.i) | why squirrel cage rotor is skewed w.r.t x-axis? 3 | 1.2,3,6.10 v 2
[OR]
i) | Define slip and slip speed of 3ph induction motor? 3 | 1,3,5,6,10 I 2
Course Bloo | Marks
PART-B (5+5+4= 14 Marks) Outcomes L:alv"il
ANSWER ALL THE QUESTIONS CcO PO
4.i.a) | Draw the equivalent circuit of a single phase Transformer referred | 1,3.5.6,10 I1 2
to the secondary side?
« b) | A200/400 V, 50 Hz single phase transformer on testing gave 1 1,2,3,6,10 IV 3
fallowing values O.C test on LV side 200V, 0.7A, 70W and S.C
test on HV side 15V, 10A, 20W .Find the percentage voltage
regulation at 0.8 p.f lagging at full load condition?
[OR]
ii. | Draw and explain the sumpners test of a 1-© Transformer and 1 1,3,5,6,10 111 5
design the equivalent circuit?
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(Accredited by NAAC & NBA, Approved By A.1.C.T.E., New Delhi, Permanently Affiliated to JNTU, Hyderabad)
(Aziz Nagar, C.B.Post, Hyderabad -500075)

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

Subject: ELECTRICAL MACHINES-II Branch: EEE
Time: 90 Minutes Max Marks: 20

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

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

Bloom's Level:

Remember I
Understand I1
Apply 111
hhalyze vV
valuate \%
Create VI
PART-A (3Qx2M=6Marks) Outcomes | gioom’s
ANSWER ALL THE QUESTIONS CO PO | Level | Marks
1.i) |Define crawling effect in 3 phase induction motor. 3 1.2 2 2
|OR]
ii) Write the relation between stator and rotor frequency under 3 12 ’ 9
running conditions. ¥
2.i) |List out the starting methods of 3 phase inductions motor. 4 1 2 2
[OR]
ii) List out the starting methods of 3-phse induction motor from 4 1.2 7 2
rotor side.
3.i) |Why l-phase induction motor is not self-started. 5 1,2 2 2
|[OR]
ii)  |Write the starting methods of 1-phae induction motor. [EoF e cl T e
. PART-B (4+5+5=14Marks)
ANSWER ALL THE QUESTIONS
4, a) |Derive the torque expression for 3-phase induction motor 3 1,23 3 4M
[OR]
b) Explai'n the (fonstruc tional features of squirrel cage rotor of 3 3 12 2 aM
phase induction motor.
Explain the following speed control methods of induction
5i)  [motors. 4 1,2,3 3 SM
a) voltage control b) cascading connection 5
[OR]
i Draw the equivalent circuit diagram of 3-phase Induction 4 12 3 5M
motor.
6:) Iixplain the construction and working of 1-phase induction 5 12 5 M
otor.
[OR]
if) Explgin the 'operation of Capacitor start and Capacitor run 1- 5 12 2 5M
phae induction motor.

***VJIT(A}***




Vidya Jyothi Institute of Technology (Autonomous)

R18

(Accredited by NAAC & NBA, Approved By A.LC.T E., New Delhi, Permanently Affiliated to INTU,
Hyderabad) (Aziz Nagar, C.B Post, Hyderabad -500075)
Subiect Code:A24208
II B.Tech.,II Semester Supplemenatry Examination March/Apri12021
SUBJECT: EM-II BRANCH :EEE
Time: 3 Hours Max. Marks:75
Bloom's Level:
Remember L1 Apply L3 Evaluate L5
Understand L2 Analyze L4 Create L6
ANSWER ANY FIVE QUESTIONS 5QX15M =75 M B'l‘f:"f:l S| PO | CO | Marks
1) Develop the equivalent circuit of single phase L2 12 1 ™M
transformer.
A single phase transformer is connected to a 230V
,50Hz supply.The net cross
sectional area of the core is 50cm’.The number of
b) | turns of the primary is 460 and the secondary is L5 2,3 1 M
80.Determine (i) Transformation ratio (ii) peak value
. of flux density in core (iii) e.m.f in the secondary
winding.
2.a) | Explain about various losses in a transformer. L3 1 1 ™
In a 25KVA,2000/200V,single phase transformer
,the iron and full load copper losses are 350 and
b). 400w respectively.Calculate the efficiency at unity 2 22 . e
power factor on (i)full load (ii)half full load.
Explian the following connection diagrams of three
33) tranformer and give it applications.(i)Y-Y (ii))Y-A. b 14 2 M
b) Explalp the operation of auto transformer and draw 1213 12 5 ™
its equivalent circuit.
What are the advantages of poly phase transformers?
ta) Give different configurations. 213 L3 c &M
Explain the parallel operation of two single phase
. B tranformers with unequal volatge ratios. L314 124 c ™M
5 er_te the comparisons between the slip ring and 1213 12 3 15M
squirrel cage induction motors.
6.2) Explain the' concept of rotating magnetic field in a 1213 123 3 M
three phase induction motor.
b) Bneﬂ)f explain the working of double Cage L2.L3 13 3 ™
Induction motor.

***VJIT(A)***



Explain the following starting methods with neat

78) | sketch (i) DOL starter (i) Y-LX stater. i 13 L
Expalin the conducting procedure of No-load &

b) | Blocked rotor test on three phase . L3,L4 1.2 8§M
induction motor.

$.2) Show .that the starting torque of a 1-0 induction L3 12 &M
motor is zero.
Draw the connection diagram & operation of

b) | capacitor start and capacitor run single phase | L2,L3 123 ™

induction motor and explain it.
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BROWN BAG APPROACH
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Description: Introduce the concept of Brown Bag Approach which provide a great opportunity to
share many different topics and to learn fresh concepts from each other

Aim of the method: To allow the students to explain the concept which is taken from bag
on black board/PPT such that logical skills, creativity and cognition is improved?

Implementation/Portrayal of method:

In this teaching method we have prepared list of topics. These topics are written on slips
and slips are placed in brown bag. Students have to take one slip from it and then

spontaneously give a lecture on that topic.

Topic: Types of transformers

e Shell type

o Core type

e Step-up

e Step down

e Power transformer

¢ Distribution transformers
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UNIT-I

Single Phase Transformers

Introduction

The transformer is a device that transfers electrical energy from one electrical circuit to
another electrical circuit. The two circuits may be operating at different voltage levels but
always work at the same frequency. Basically transformer is an electro-magnetic energy
conversion device. It is commonly used in electrical power system and distribution systems. It
can change the magnitude of alternating voltage or current from one value to another. This
useful property of transformer is mainly responsible for the widespread use of alternating
currents rather than direct currents i.e., electric power is generated, transmitted and distributed in
the form of alternating current. Transformers have no moving parts, rugged and durable in

construction, thus requiring very little attention. They also have a very high efficiency as high as
99%.

Single Phase Transformer

A transformer is a static device of equipment used either for raising or lowering the
voltage of an a.c. supply with a corresponding decrease or increase in current. It essentially
consists of two windings, the primary and secondary, wound on a common laminated magnetic
core as shown in Fig 1. The winding connected to the a.c. source is called primary winding (or
primary) and the one connected to load is called secondary winding (or secondary). The

alternating voltage V1 whose magnitude is to be changed is applied to the primary.
Depending upon the number of turns of the primary (N1) and secondary (N2), an alternating
e.m.f. E2 is induced in the secondary. This induced e.m.f. E2 in the secondary causes a
secondary current 12. Consequently, terminal voltage V2 will appear across the load.

If V2 > V1, it is called a step up-transformer.

If V2 < V1, it is called a step-down transformer.
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Core
The core is built-up of thin steel laminations insulated from each other. This helps in reducing
the eddy current losses in the core, and also helps in construction of the transformer. The steel
used for core is of high silicon content, sometimes heat treated to produce a high permeability
and low hysteresis loss. The material commonly used for core is CRGO (Cold Rolled Grain
Oriented) steel. Conductor material used for windings is mostly copper. However, for small
distribution transformer aluminum is also sometimes used. The conductors, core and whole

windings are insulated using various insulating materials depending upon the voltage.

Insulating Oil

In oil-immersed transformer, the iron core together with windings is immersed in insulating oil.
The insulating oil provides better insulation, protects insulation from moisture and transfers the
heat produced in core and windings to the atmosphere.

The transformer oil should possess the following qualities:

(a) High dielectric strength,

(b) Low viscosity and high purity,

(c) High flash point, and

(d) Free from sludge.

Transformer oil is generally a mineral oil obtained by fractional distillation of crude oil.

Tank and Conservator

The transformer tank contains core wound with windings and the insulating oil. In large
transformers small expansion tank is also connected with main tank is known as conservator.
Conservator provides space when insulating oil expands due to heating. The transformer tank is
provided with tubes on the outside, to permits circulation of oil, which aides in cooling. Some
additional devices like breather and Buchholz relay are connected with main tank. Buchholz
relay is placed between main tank and conservator. It protect the transformer under extreme
heating of transformer winding. Breather protects the insulating oil from moisture when the cool
transformer sucks air inside. The silica gel filled breather absorbs moisture when air enters the
tank. Some other necessary parts are connected with main tank like, Bushings, Cable Boxes,

Temperature gauge, Oil gauge, Tapings, etc.
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Constructional Details
Depending upon the manner in which the primary and secondary windings are placed on
the core, and the shape of the core, there are two types of transformers, called (a) core type, and

(b) shell type.
Core-type and Shell-type Construction

In core type transformers, the windings are placed in the form of concentric cylindrical
coils placed around the vertical limbs of the core. The low-voltage (LV) as well as the high-
voltage (HV) winding are made in two halves, and placed on the two limbs of core. The LV
winding is placed next to the core for economy in insulation cost. Figure 2.1(a) shows the cross-
section of the arrangement. In the shell type transformer, the primary and secondary windings
are wound over the central limb of a three-limb core as shown in Figure 2.1(b). The HV and LV
windings are split into a number of sections, and the sections are interleaved or sandwiched i.e.

the sections of the HV and L'V windings are placed alternately.
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input power.
(e) The losses that occur in a transformer are:

(@) core losses—eddy current and hysteresis losses
(b) copper losses—in the resistance of the windings

In practice, these losses are very small so that output power is nearly equal to the input primary

power. In other words, a transformer has very high efficiency.

E.MLF. Equation of a Transformer

Consider that an alternating voltage V1 of frequency f is applied to the primary as shown
in Fig.2.3. The sinusoidal flux ¢ produced by the primary can be represented as:
¢=¢m sinmt
When the primary winding is excited by an alternating voltage V1, it is circulating alternating

current, producing an alternating flux ¢.

¢ - Flux

¢ém - maximum value of flux

N1 - Number of primary turns

N2 - Number of secondary turns

f- Frequency of the supply voltage

El - R.M.S. value of the primary induced e.m.f
E2 - R.M.S. value of the secondary induced e.m.f

The instantaneous e.m.f. el induced in the primary is -




Principle of Operation

When an alternating voltage V1 is applied to the primary, an alternating flux ¢ is set up
in the core. This alternating flux links both the windings and induces e.m.f.s E1 and E2 in them
according to
Faraday’s laws of electromagnetic induction. The e.m.f. El is termed as primary e.m.f. and

e.m.f. E2 is termed as secondary e.m.f.

Clewly. E;=-N;5

and Ei==Ns—X

Note that magnitudes of E2 and E1 depend upon the number of turns on the secondary and

primary respectively.

If N2 > N1, then E2 > E1 (or V2 > V1) and we get a step-up transformer. If N2 < N1, then E2 <
El

(or V2< V1) and we get a step-down transformer.
[f load is connected across the secondary winding, the secondary e.m.f. E2 will cause a current

I2 to flow through the load. Thus, a transformer enables us to transfer a.c. power from one

circuit to another with a change in voltage level.

The following points may be noted carefully
(a) The transformer action is based on the laws of electromagnetic induction.

(b) There is no electrical connection between the primary and secondary.
(c) The a.c. power is transferred from primary to secondary through magnetic flux.

(d) There is no change in frequency i.c., output power has the same frequency as the




This ratio of secondary induced e.m.f to primary induced e.m.f is known as voltage transformation

ratio

E~KE,  whereR=22

1. IfN2>N1 i.e. K>1 we get E2>EI then the transformer is called step up transformer.
2. If N2< N1 i.e. K<1 we get E2< E2 then the transformer is called step down transformer.

3. If N2=N1 i.e. K=1 we get E2= E2 then the transformer is called isolation transformer or 1:1

Transformer
Current Ratio
Current ratio is the ratio of current flow through the primary winding (I1) to the current flowing

through the secondary winding (12). In an ideal transformer -

Apparent input power = Apparent output power.

V1I1 = V212
L_ovr_nz_g
2. ¥1 Nt

Volt-Ampere Rating
i) The transformer rating is specified as the products of voltage and current (VA rating).

ii) On both sides, primary and secondary VA rating remains same. This rating is generally

expressed in KVA (Kilo Volts Amperes rating)

. _ Viil _ v2iz
RV A Ratae of o instormer = —— =

PHOD0 = 1o convert KV A o VAL

100 LOw0
Vooand Vs oare the V. of PEITErY and secondary by using KV A ratmg wa ean caleulate 1yoand |
o] fond carrest and s sale maximanm current
' ) KV A Rating X 10040
[ Tull lood current
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From Faraday’s law of electromagnetic induction -

Avcrage ol pr tums
B (it

dib - change i flux

dU = tme reaunired for change m fux

The flux increases from zero value to maximum value ¢m in 1/4f of the time period that
is in 1/4f seconds.

The change of flux that takes place in 1/4f seconds = ¢m - 0 = ¢m webers
Voltage Ratio deb dt

== b, Wi, SCC,
dt  1/4f

Stee Hux d vaces simisondally, the Romes value of the mduced ¢ muf s obtamed by ndtp hvine
the averange value with the [onm Lactor

R.s value
boo actor of @ siawpye = ———————————= l i
Averase value

ROAMLS Value of comvl mduced mone tarms — 4du, 0 < 1 1] Valis

1 4-ep o, Viols
RALS Value of ¢ m Nindiced mopronay windimg = 4 44 I N1V el
ROMVES Vadue o el imdueed i secondany winding = 4 43,0 N2Volis

e expression of Boand - ome called e feguation of & unsfore

¥ | | ’-11:1.1-\. \\1“.'.\
'\'_ I = 4 -4-1@),' \\I_‘\.'.';F-\

Voltage transformation ratio is the ratio of e.m.f induced in the secondary winding to the

e.m.f induced in the primary winding.
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Consider an ideal transformer on no load i.e., secondary is open-circuited as shown in Fig.2.4 (i).
under such conditions, the primary is simply a coil of pure inductance. When an alternating
voltage V1 is applied to the primary, it draws a small magnetizing current Im which lags behind
the applied voltage by 90°. This alternating current Im produces an alternating flux ¢ which is
proportional to and in phase with it. The alternating flux ¢ links both the windings and induces

em.f. El in the primary and e.m.f. E2 in the secondary. The primary e.m.f. El is, at every
instant, equal to and in opposition to V1 (Lenz’s law). Both e.m.fs E1 and E2 lag behind flux ¢
by 90°.However, their magnitudes depend upon the number of primary and secondary turns. Fig.
2.4 (ii) shows the phasor diagram of an ideal transformer on no load. Since flux ¢ is common to
both the windings, it has been taken as the reference phasor. The primary e.m.f. El and
secondary e.m.f. E2 lag behind the flux ¢ by 90°. Note that El and E2 are in phase. But El is
equal to V1 and 180° out of phase with it.

™
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Phasor Diagram

i) @ (flux) is reference

ii) Im produce ¢ and it is in phase with ¢, V1 Leads Im by 90°

El and E2 are in phase and both opposing supply voltage V1, winding is purely inductive So
current has to lag voltage by 90°.

iii) The power input to the transformer

S ) 6 s L ) ) T— (c0s90” = 0)

P= 0 (ideal transformer)

b)i) Practical Transformer on no load

A practical transformer differs from the ideal transformer in many respects. The practical



Transformer on No-load

a) Ideal transformer

b) Practical transformer

a) Ideal Transformer

An ideal transformer is one that has

(i) No winding resistance

(i1) No leakage flux i.e., the same flux links both the windings

(iii) No iron losses (i.e., eddy current and hysteresis losses) in the core

Although ideal transformer cannot be physically realized, yet its study provides a very powerful
tool in
the analysis of a practical transformer. In fact, practical transformers have properties that approach

very close to an ideal transformer.

)




(i) The component Ic in phase with the applied voltage V1. This is known as active or working
or iron loss component and supplies the iron loss and a very small primary copper loss.

Ic =10 cos $0
The component Im lagging behind V1 by 90° and is known as magnetizing component. It is this
component which produces the mutual flux ¢ in the core.

Im = 10 sin ¢0

Clearly, Io is phasor sum of Im and Ic,

e {c

hb

No load PL.. cos

M
ay o

I'he no load primary copper loss (re. Jo=R1) s very small and may be neglected
Therefore, the no load primary input power is practically equal to the iron loss in the transformer

i.e., No load input power, W0 = V1locosdo = Pi = Iron loss

b) ii)Practical Transformer on ‘Load
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Fig: 2.6

At no load, there is no current in the secondary so that V2 = E2. On the primary side, the drops
in R1 and X1, due to I0 are also very small because of the smallness of 10. Hence, we can say
that at no load, VI = El.

i) When transformer is loaded, the secondary current 12 is flows through the secondary winding.




transformer has (i) iron losses (ii) winding resistances and (iii) Magnetic leakage

() Ironm losses. Since the iron core is subjected to alternating flux, there occurs eddy current and
hysteresis loss in it. These two losses together are known as iron losses or core losses. The iron
losses depend upon the supply frequency, maximum flux density in the core, volume of the core

etc. It may be noted that magnitude of iron losses is quite small in a practical transformer.

(i) Winding resistances. Since the windings consist of copper conductors, it immediately
follows that both primary and secondary will have winding resistance. The primary resistance
R1 and secondary resistance R2 act in series with the -respective windings as shown in Fig.
When current flows through the windings, there will be power loss as well as a loss in voltage

due to IR drop. This will affect the power factor and E1 will be less than V1 while V2 will be
less than E2.

Consider a practical transformer on no load i.e., secondary on open-cirgliit as Shown in Fig2.5.
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Fig: 2.5 Phasor diagram of transformer at noload
Here the primary will draw a small current I0 to supply -

(i) The iron losses and

(ii) A very small amount of copper loss in the primary.

Hence the primary no load current I0 is not 90° behind the applied voltage V1 but lags it by an
angle ¢0 < 90° as shown in the phasor diagram. No load input power, W0 = V1 10 cos ¢0

As seen from the phasor diagram in Fig.2.5 (ii), the no-load primary current 10




a) If load is Inductive, 12 lags E2 by ¢2, shown in phasor diagram fig 2.7 (a).

b) If load is resistive, 12 in phase with E2 shown in phasor diagram fig. 2.7 (b).

¢) If load is capacitive load, 12 leads E2 by ¢2 shown in phasor diagram fig. 2.7 (c).

For easy understanding at this stage here we assumed E2 is equal to V2 neglecting various drops.

i
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(2} Inductive load (b) Resistive load (c) Capacitive load
Fig: 2.7
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Now we going to construct complete phasor diagram of a transformer (shown in Fig: 2.7.b)




it) Already Im magnetizing current flow in the primary winding fig. 2.6(1).

iii) The magnitude and phase of 12 with respect to V2 is determined by the characteristics of
the load. a) 12 in phase with V2 (resistive load)

b) 12 lags with V2 (Inductive load)
¢) 12 leads with V2 (capacitive load)

iv) Flow of secondary curreﬁt 12 produce new Flux ¢2 fig.2.6 (ii)

v) ®is main flux which is produced by the primary to maintain the transformer as constant
magnetising component.

vi) ®2 opposes the main flux ¢, the total flux in the core reduced. It is called demagnetising
Ampere- turns due to this E1 reduced.

vii) To maintain the ¢ constant primary winding draws more current (12”) from the supply (load
component of primary) and produce ¢2’ flux which is oppose 62 (but in same direction as ¢), to
maintain flux constant flux constant in the core fig.2.6 (iii).

viil) The load component current 12’ always neutralizes the changes in the load.

ix) Whatever the load conditions, the net flux passing through the core is approximately the
same as at no-load. An important deduction is that due to the constancy of core flux at all loads,

the core loss is also practically the same under all load conditions fig.2.6 (iv).

®:=¢y NL=NL L ==XI,=KI,

Phasor Diagram
i) Take (¢) flux as reference for all load

i) I he no load §. which fags by an anale do. lo —Vic- + -

i) The load component I2°, which is in anti-phase with 12 and phase of 12 is decided by the

load.

iii) Primary current Il is vector sum of Io and 12’
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Similarly it is possible to refer the equivalept,resistance to secondary winding.

f1-

Fotal copper loss = 1°Ry + I°R: = I [= R, * Ry}
Y
Bl RY :" T T T T T TEIARR, Ry
.,"\ﬁ,l,r“'{f‘il ISAIHRREY TCSSLANCTTEeTT cdrnorsecupdary desnted as R
___.4-“ e |
Rle R, = KRyt i~

-
Equuvarlent rL\lwf e u! NS [OTIMmer e mrul o “u mdary. denoted as R2¢

e
I

Total copper loss = 1.7 Rg

Note: F R Rl R

AAA, AN

i) When a resistance is to be .lraflsferred from the pnmaty to second'axy Lt’ must be multiplied by
K2, it must be divided by K2 whﬁle transferred from thq secbndary to Brrma.ry

High voltage side ™== Jow current side ==’ hlgh

resistance side Low--voltage--siqe == high current side w—
R

low resistance side

Effect of Leakage Reactance

i) It has been assumed that all the flux linked with primary winding also links the secondary

winding. But, in practice, it is impossible to realize this condition.




Effect of Winding Resistance
In practical transformer it process its own winding resistance causes power loss and also the

voltage drop.
R1 — primary winding resistance in ohms.
R2 — secondary winding resistance in ohms.

The current flow in primary winding make voltage drop across it is denoted as I1R1 here supply
voltage V1 has to supply this drop primary induced e.m.f E1 is the vector difference between V1
and I1R1.

T=VioLRe
Similarly the induced e.m.f in secondary E2, The flow of current in secondary winding makes
voltage drop across it and it is denoted as I2R2 here E2 has to supply this drop.

The vector difference between E2 and [2R2

—» —_— : -
Va=k:- ER: (Assuming as purely resistive drop here)

Equivalent Resistance

1) It would now be shown that the resistances of the two windings can be transferred to any one
of the two winding.

2) The advantage of concentrating both the resistances in one winding is that it makes
calculations very simple and easy because one has then to work in one winding only.

3) Transfer to any one side either primary or secondary without affecting the performance of the
transformer.

The total copper loss due to both the resistances

Total cuNPeY foiss

no
= 15 the resistanee value of Re shutted 1o primary sade and denoted s R
157 18 the equrvalent resistance of secondary reterred 1o prisysan

{

T ik
| i

.

|

|

Fguvalent resistanee of transformier veterred to prumary 112 11




secondary. The relation through K? remains same for the transfer of reactance as it is studied

earlier for the resistance

X1 — leakage reactance of primary.

X2 - leakage reactance of secondary.

Then the total leakage reactance referred to primary is Xle given by
Xie= X + N

| B total Leakage reactance referred 1o secondary 15 Xog given by

Equivalent Impedance | Nae = Ko+ X

The transformer winding has both resistance and reactance (R1, R2, X1,X2).Thus we can say
that the total impedance of primary winding isZ1 which is,

Z1=R1 +jX1 ohms

On secondary winding,
2 =R2 + jX2 ohm o
e WU wenenan S
S AT BTN ‘Ei——,—'—nm—-imw S
. ‘ﬂ;
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fndividual magnitade of Z1 and /2 are

Z VR T4 Xis
Z:=VR2* + X2-

Similar to resistance and reactance, the impedance also can be referred to any one side,

K=o
. Ny
Hy =2 X, = X3 1
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total equevalent wnpedance reterred 1o prunars




ii) However, primary current would produce flux ¢ which would not link the secondary winding.

Similarly, current would produce some flux ¢ that would not link the primary winding.

iii) The flux ¢L1 complete its magnetic circuit by passing through air rather than around the
core, as shown in fig.2.9. This flux is known as primary leakage flux and is proportional to the
primary ampere — turns alone because the secondary turns do not links the magnetic circuit of

¢L1. It induces an e.m.f eL1 in primary but not in secondary.

iv) The flux ¢L2 complete its magnetic circuit by passing through air rather than around the
core, as shown in fig. This flux is known as secondary leakage flux and is proportional to
the secondary ampere— turns alone because the primary turns do not links the magnetic

circuit of L2. It induces an e.m.f eL2 in secondary but not in primary.
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Similarly to the resistance, the leakage reactance also can be transferred from primary to




i) Im produces the flux and is assumed to flow through reactance Xo called no load reactance
while Ic is active component representing core losses hence is assumed to flow through the
resistance RO
ii) Equivalent resistance is shown in fig.2.12.
iii) When the load is connected to the transformer then secondary current 12 flows causes
voltage drop across R2 and X2. Due to 12, primary draws an additional current.

k" ==

I1 is the phasor addition of lo and 12’. Tﬁis I1 causes the voltage drop across primary resistance R1

and reactance X1.

[
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b

Fig: 2.12
To simplified ﬂie circuit the winding is not taken iq_»gé:[uivalent gircuit while transfer to one side.
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Fig: 2.13

Transferring secondary parameter to primary -
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Complete Phasor Diagram of a Transformer (for Inductive Load or Lagging pf)

We now restrict ourselves to the more commonly occurring load i.e. inductive along with

resistance,

which has a lagging power factor. For drawing this diagram, we must remember that

and vy

1 i

+ 4 X3

"1".;_ ';:'I"\I\' '.\.]i

Equivalent Circuit of Transformer

No load equivalent circuit

b
e '
1”‘
fcj__“’_kt,“
vV, %:’% = X,
B
e

L=t oy, — magnetizing component

[0 cos s = Active component




Approximate Equivalent Circuit
i) To get approximate equivalent circuit, shift the no load branch containing Ro and Xo to the
left of R1 and X1.

i) By doing this we are creating an error that the drop across R1 and X1 to lo is neglected due
to this circuit because simpler.

iii) This equivalent circuit is called approximate equivalent circuit Fig: 2.15 & Fig: 2.16.

In this circuit new R1 and R2’ can be combined to get equivalent circuit referred to primary
Rle,similarly

X1 and X2’ can be combined to get Xle.
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High voltage winding low current high impedance

Low voltage winding high current low impedance

Load

Fig: 2.14

Exact equivalent circuit referred to secondary

By = BaKL Xy =KX B =KE,

20=RBaz1 1= =2

Now as long as no load branch i.e. exciting branch is in between Z1 and Z2°, the impedances
cannot be combined. So further simplification of the circuit can be done. Such circuit is called

approximate equivalent circuit.




v) The total voltage drop is AM = [272e.

vi) The angle a is practically very small and in practice M&N are very close to each other. Due
to this the approximate voltage drop is equal to AN instead of AM

AN — approximate voltage drop

To find AN by adding

AD& DN AD = AB cos®

=]2R2e cos¢ DN = BL

sing = [2X2e sing

AN = AD + DN = 12R2e cosd2 + 12X 2e sind2

Assuming: 2 =¢1 =¢

Approximate voltage drop = I2R2e cos¢+12X2e sind (referred to secondary)

Similarly: Approximate voltage drop = I1R1e cos¢p+I1X1e sing (referred to

primary)

12 leads V2 by angle ¢2
Approximate voltage drop = [2R2e cos¢ - [2X2e sind (referred to secondary)
Similarly: Approximate voltage drop = [1R1e cosd - [1X1e sind (referred to primary)




AEEruximate Voltage Drop in a Transformer
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Fig. 2.17

Primary parameter is referred to secondary there are no voltage drop in primary. When there is no
load,

12 =0 and we get no load terminal voltage drop in
V20 =E2 =no load terminal voltage

V2 = terminal voltage on load

For Lagging P.F.

i) The current 12 lags V2 by angle ¢2

ii) Take V2 as reference

ii1) I2R2e is in phase with I2 while 12 X2e leads I2 by 90°

iv) Draw the circle with O as centre and OC as radius cutting extended OA at M.
as OA = V2 and now OM = E2.




Ke — eddy current constant

t - Thickness of the core

Both hysteresis and eddy current losses depend upon

(i) Maximum flux density Bm in the core

(ii) Supply frequency f. Since transformers are connected to constant-frequency, constant
voltage supply, both f and Bm are constant. Hence, core or iron losses are practically the same at
all lods.

Iron or Core losses, Pi = Hysteresis loss + Eddy current loss = Constant losses (Pi)

The hysteresis loss can be minimized by using steel of high silicon content .Whereas eddy
current loss can be reduced by using core of thin laminations.

Copper losses (Pcu |

These losses occur in both the primary and secondary windings due to their ohmic resistance.
These can be determined by short-circuit test. The copper loss depends on the magnitude of the
current flowing

through the windings.

Fotal copper kss = [PR = LR = LR + B = L IR = Ry)

Total Toss = 1ron loss = copper loss = P1+ Pen

Efficiency of a Transformer

Like any other electrical machine, the efficiency of a transformer is defined as the ratio of output
power (in watts or kW) to input power (watts or kW) i.e.

Power output = power input — Total losses

Power input = power output + Total losses

= power output + Pi+ Pcu

power output

= hcency
Pewer mpiil

power ontput

Libewney _
power mpul+Pi+Pcu

Pawer ouimut = V-l: cosd Cos ¢ = koad power Ihctor
kY

Femstormer supplies il oad af corrent T oasd winh teeminad voltinge V)

Peu = copper losses on full load = [ R



For Unity P.F. Loading

Approximate voltage drop = [2R2e (referred to secondary)
Similarly: Approximate voltage drop = [1R1e (referred to primary)
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Cosp=1
Smp =0
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- . -5
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Fig: 2.20
Approximate voltage drop = E2 — V2

=[2R2e cos¢ = 12X2e sind (referred to secondary)

=I1R1e cosd = [1Xle sind (referred to primary)
Losses in a Transformer
The power losses in a transformer are of two types, namely;
l. Core or Iron losses
2. Copper losses
These losses appear in the form of heat and produce (i) an increase in Temperature and (ii) a
drop in efficiency. |
Core or Iron losses (Pi)
These consist of hysteresis and eddy current losses and occur in the transformer core due to the
alternating flux. These can be determined by open-circuit test.
Hysteresis loss = kh f Bm'*¢ watts /m*
Kh — hysteresis constant depend on material
f - Frequency
Bm — maximum flux density

Eddy current loss = Ke 2 Bm*t> watts /m?




Load output = ViI) cosdl

Copper loss=1°R  orl 2R
1 le 2 2¢

Iron loss = hysteresis + eddy current loss = Pi

. V1L cosdil-losses VIEl cosdl-I1 RietFi
Fificiency -
VLT cosibl V1i1 cosdl
[1Rle Pl
| —=
Vil2icosdpl V1T cosget

Intferentitimg both sides with respect o 12, we gel

iy _ Rie [*i

T — | ;

til2 Vi l'l!.‘irlll Vili cessil
n

Fear 1 tobe maximum, = = ) Hence, the above equation becomes
o
y

Rie i

E - Or Pr= 11Ky
V1cosdhl Vil cosdil

Pcu loss = Pi iron loss

The output current which will make Pcu loss equal to the iron loss. By proper design, it is

possible to make the maximum efficiency occur at any desired load.

Load current I2m at maximum efﬁciencz

KVA Supplied at Maximum Efficiency
For constant V2 the KVA supplied is the function of load current.

For e L R = Prbu Ly =1,
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This is full load efficiency and 12 = full load current.

We can now find the full-load efficiency of the transformer at any p.f. without actually loading

the transformer.

(Full load VA rating)X cosi
(Full load VA ratingiX cosd+Pi+12 R2¢

Full load Efticiency

Alse for any load equal o n x fuli-lead,

Corresponding total losses = Pot ol

actual {oaa

|[‘ all Jl’!l‘“f

i = fractional by which lead s less than foli load

fral ] laed a
§ = — i () 5

Fyied M4 147 1
F A it i

_ N VA rating 1X cosdy
Corresponding (n) "o Ffliciency - . - X 100
- ) VA rating X coshp+Pi+n-Peu

Condition for Maximum Efficiency
Voltage and frequency supply to the transformer is constant the efficiency varies with the load.
As load increases, the efficiency increases. At a certain load current, it loaded further the

efficiency start decreases as shown in fig. 2.21.

The load current at which the efficiency attains maximum value is denoted as Iwm a n d
maximum efficiency is denoted as nmax, now we find -

(a) condition for maximum efficiency

(b) load current at which nmax occurs

(c) KVA supplied at maximum efficiency Considering primary side,




i) Load test on transformer

This method is also called as direct loading test on transformer because the load is directly
connected to the transformer. We required various meters to measure the input and output
reading while change the load from zero to full load. Fig. 2.22 shows the connection of

transformer for direct load test. The primary is connected through the variac to change the input

voltage as we required. Connect the meters as shown in the figure below.
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Fig: 2.22
The load is varied from no load to full load in desired steps. All the time, keep primary voltage

V1 constant at its rated value with help of variac and tabulated the reading. The first reading is
to be noted on no load for which I2 =0 A and W2 = 0W.

Calculation

From the observed reading

W1 = input power to the transformer
W2 = output power delivered to the load

'he trst reading (s no load so V2 = 1

The regulation can be slitained o




KVA Supplied at Maximum Efficiency

For constant V2 the KVA supplied is the function of load current.

| M
KVA M Moy = Do Vo - VAT L X [
\! {enifl
[ r
RVAat s " (RVAmtmg} X [
\|| i |
substituting conditian for W, 10 the expression of efficiency, we can write expression for fi
s
18 Feu = P2
V2 12m cosd
5 T X L0

V2 IIZmoosgh+2 H

All Day Efficiency [Energx Efﬁciencx!

In electrical power system, we are interested to find out the all-day efficiency of any transformer
because the load at transformer is varying in the different time duration of the day. So all day
efficiency is defined as the ratio of total energy output of transformer to the total energy input in

24 hours.

KW cutput during o diny
M day efticieney = -~

KW inpur durnge the dan

Testing of Transformer
The testing of transformer means to determine efficiency and regulation of a transformer at any
load and at any power factor condition.
There are two methods
i) Direct loading test
ii) Indirect loading test
a. Open circuit test

b. Short circuit test



winding) while the secondary is left open circuited. The applied primary voltage V1 is measured

by the voltmeter, the no load current I0 by ammeter and no-load input power W0 by wattmeter as

shown in Fig.2.24.a. As the normal rated voltage is applied to the primary, therefore, normal iron

losses will occur in the transformer core. Hence wattmeter will record the iron losses and small

copper loss in the primary. Since no-load current I0 is very small (usually 2-10 % of rated current).

Cu losses in the primary under no-load condition are negligible as compared with iron losses.

Hence, wattmeter reading practically gives the iron losses in the transformer. It is reminded that

iron losses are the same at all loads.
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Fig: 2.24.a

fron losses. P = Wattmeter reading — Wo
No load current = Ammeter reading — |
Applied voltage = Voluneter readimg = W
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The graph of % n and % R on each load against load current IL is plotted as shown in fig. 2.23.

%n %R
Efficiency Regulation

L.

- T
I L
0 Load
current

Advantages:

1) This test enables us to determine the efficiency of the transformer accurately at any load.

2) The results are accurate as load is directly used.

Dr’sadvanrages:

1) There are large power losses during the test.

2) Load not avail in lab while test conduct for large transformer.

ii) a. Qpen-Circuit or No-Load Test

This test is conducted to determine the iron losses (or core losses) and parameters R0 and X0 of

the transformer. In this test, the rated voltage is applied to the primary (usually low-voltage




Fig: 2.25.a

Full Tead Cu Joss, PC = Waiindsr renhing =W
Appled volinze = Volimster readimez =V
F L. pramary curreat = Ammerer reddmg = [,
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Where Ricis the total résistance ol transtformer reterred to primary,
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aquavalent resistance R, = — = R, + K,
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Y,

and equavalent mpedance 2., =

Sovwe caleulate equivilent reactance

Short Cireut

These R and X, are equavitlent resistance and reactance of both windings referred

i HY stde, These are know as equivilent cirait resistanee and resctance,

Voltage Regulation of Transformer
Under no load conditions, the voltage at the secondary terminals is E2 and

(This approximation neglects the drop R1 and X71 due to small no load current). As load is

applied



Under no load conditions the PF is very low (near to 0) in lagging region. By using the above

data we can draw the equivalent parameter shown in Figure 2.24.b.
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Fig: 2.24.b

Thus open-circuit test enables us to determine iron losses and parameters R0 and X0 of the

transformer

i) b. Short-Circuit or Impedance Test

This test is conducted to determine Rle (or R2e), Xle (or X2e) and full-load copper losses of
the transformer. In this test, the secondary (usually low-voltage winding) is short-circuited by a
thick conductor and variable low voltage is applied to the primary as shown in Fig.2.25. The low
input voltage is gradually raised till at voltage VSC, full-load current I1 flows in the primary.
Then 12 in the secondary also has full-load value since 11/12 = N2/N1. Under such conditions,
the copper loss in the windings is the same as that on full load. There is no output from the
transformer under short-circuit conditions. Therefore, input power is all loss and this loss is
almost entirely copper loss. It is because iron loss in the core is negligibly small since the
voltage VSC is very small. Hence, the wattmeter will practically register the full load copper

losses in the transformer windings.
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UNIT - 1I

THREE PHASE TRANSFORMERS

Introduction

Electric power is generated in generating stations, using three phase alternators at 11
K This voltage is further stepped up to 66 KV, 110 KV, 230 KV or 400 KV using 3
phase power transformers and power is transmitted at this high voltage through
transmission lines. At the receiving substations, these high voltages are stepped down
by 3 phase transformers to 11 KV. This is further stepped down to 400 volts at load
centers by means of distribution transformers. For generation, transmission and
distribution, 3 phase system is economical. Therefore 3 phase transformers are very
essential for the above purpose. The sectional view of a 3 phase power transformer is

shown in Fig.4.1.
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Fig. 4.1 100 KVA oil immersed power transformer

Tap-changer switch handle

Porcelain-bushing insulator (For high voltage)
Bushing insulators (For low voltages)

Qil gauge

Oil tank

Breather plug

Cooling pipes

Tank front wall
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to the transformer, the load current or the secondary current increases. Correspondingly, the
primary current /1 also increases. Due to these currents, there is a voltage drop in the primary
and secondary leakage reactances, and as a consequence the voltage across the output terminals
or the load terminals changes. In quantitative terms this change in terminal voltage is called
Voltage Regulation.

Voltage regulation of a transformer is defined as the drop in the magnitude of load voltage (or
secondary terminal voltage) when load current changes from zero to full load value. This is

expressed as a fraction of secondary rated voltage.

Secondary ternnnal voltage at no load = Secondary terminal voltage w any foad

Scecvmedary rated voltace

The secondary rated voltage of a transformer is equal to the secondary terminal voltage at no
load (i.e. E2), this is as per IS.

Voltage regulation is generally expressed as a percentage.

Percent voltage regulation (9 VR) = ————= = |10

Note that E2, V2 are magnitudes, and not phasor or complex quantities. Also note that voltage
regulation depends not only on load current, but also on its power factor. Using approximate
equivalent circuit referred to primary or secondary, we can obtain the voltage regulation. From

approximate equivalent circuit referred to the secondary side and phasor diagram for the circuit.

Ey =V, + 6 r, congs £ v, sin @y

where n, = + 4y dreterred (o secondary) 1 = 1+ v (+ sianapplies lagging powe

factor load and — sign applies 1o leading prload),

!  E |"_ Ly CO% Q. = .’_ Lo ST S,

= i ()s TF =111 W)

\-'IF..L_'I__I..‘ ;'"_"\".sl.iliaril = (e oresistive dropi cos @2 B (% reactive deop) sin o,




The core type transformers are usually wound with circular cylindrical coils.
The construction and assembly of laminations and yoke of a three phase core
type transformer is shown in fig 4.4 one method of arrangement of windings in

a three phase transformer is shown.

. B Lecmndaries .

Fig. 4.4 Core type transformer windings and construction

In the other method the primary and secondary windings are wound one over
the other in each limb. The low-tension windings are wound directly over the
core but are, of course, insulated for it. The high tension windings are wound
over the low— tension windings and adequate insulation is provided between
the two windings.



9, Core,

10. High voltage winding
11. Low voltage winding
12. Wheels or rollers.

Construction of Three phase Transformer

Three phase transformers comprise of three primary and three secondary
windings. They are wound over the laminated core as we have seen in single
phase transformers. Three phase transformers are also of core type or shell type
as in single phase transformers. The basic principle of a three phase transformer
is illustrated in fig 4.2 in which the primary windings and secondary windings
of three phases are shown. The primary windings can be inter connected in star

or delta and put across three phase supply.

1% |
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Fig. 4.2 3-phase core-type Transformer

The three cores are 120° apart and their unwound limbs are shown in contact
with each other. The center core formed by these three limbs, carries the flux
produced by the three phase currents Iz, Ivand Is. As at any instant

[e+I+18=0, the sum of three fluxes (flux in the center limb) is also zero.

Therefore it will make no difference if the common limb is removed. All the
three limbs are placed in one plane in case of a practical transformer as shown

in fig 4.3.




Fig. 4.6 Delta-delta connection




The primary and secondary windings of the three phase transformer

can also be interconnected as star or delta.

Three Phase Transformer connections:-

The identical single phase transformers can be suitably inter-connected and
used instead of a single unit 3—phase transformer. The single unit 3 phase
transformer is housed in a single tank. But the transformer bank is made up of
three separate single phase transformers each with its own, tanks and bushings.
This method is preferred in mines and high altitude power stations because
transportation becomes easier. Bank method is adopted also when the voltage
involved is high because it is easier to provide proper insulation in each single

phase transformer.

As compared to a bank of single phase transformers, the main advantages of a
single unit 3-phase transformer are that it occupies less floor space for equal
rating, less weight costs about 20% less and further that only one unit is to be

handled and connected.

There are various methods available for transforming 3 phase voltages to

higher or lower 3 phase voltages. The most common connections are (i) star —

Fig 4.5 Star-star conméetion
T AIE T
e




Fig. 4.8 Delta-star connection



The star-star connection is most economical for small, high voltage
transformers because the number of turns per phase and the amount of
insulation required is minimum (as phase voltage is only 1/3 of line voltage. In
fig. 4.5 a bank of three transformers connected in star on both the primary and
the secondary sides is shown. The ratio of line voltages on the primary to the
secondary sides is the same as a transformation ratio of single phase

transformer.

The delta— delta connection is economical for large capacity, low voltage
transformers in which insulation problem is not a serious one. The transformer

connection are as shown in fig. 4.6.
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Fig. 4.7 Star-delta connection

The main use of star-delta connection is at the substation end of the
transmission line where the voltage is to be stepped down. The primary
winding is star connected with grounded neutral as shown in Fig. 4.7. The
ratio between the secondary and primary line voltage is 1/3 times the
transformation ratio of each single phase transformer. There is a 30° shift

between the primary and secondary line v“bffﬁ_gesﬁl’iﬁ:ﬁ means that a star-delta

| i
transformer bank cannot be paralleled with gith stasstar,or a delta-delta
bank. 42

R



Fig. 4.9 Clock convention representing vector groups




Delta-Star connection is generally employed where it is necessary to step up
the voltage. The connection is shown in fig. 4.8. The neutral of the secondary is
grounded for providing 3-phase, 4-wire service. The connection is very popular
because it can be used to serve both the 3-phase power equipment and single

phase lighting circuits.

4.2Vector Group of 3-phase transformer

The secondary voltages of a 3-phase transformer may undergo a phase shift of
either +30° leading or - 30° lagging or 0° i.e, no phase shift or 180° reversal
with respective line or phase to neutral voltages. On the name plate of a three
phase transformer, the vector group is mentioned. Typical representation of the
vector group could be Ydl or Dy 11 etc. The first capital latter Y indicates that
the primary is connected in star and the second lower case latter d indicates
delta connection of the secondary side. The third numerical figure conveys the
angle of phase shift based on clock convention. The minute hand is used to
represent the primary phase to neutral voltage and always shown to occupy the

position 12. The hour hand represents the secondary phase to neutral voltage

1)
e

in the figure 4.9. The an
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Application

Suitable for large, low voltage transformers.

This Type of Connection is normally uncommon but used in
some industrial facilities to reduce impact of SLG faults on the

primary system

It is generally used in systems where it need to be carry large currents
on low voltages and especially when continuity of service is to be

maintained even though one of the phases develops fault.

4.2.2 Star/star (YvO, Yv6) connection
This is the most economical one for small high voltage transformers.
Insulation cost is highly reduced. Neutral wire can permit mixed loading.
Triplen harmonics are absent in the lines. These triplen harmonic currents
cannot flow, unless there is a neutral wire. This connection produces
oscillating neutral. Three phase shell type units have large triplen harmonic
phase voltage. However three phase core type transformers work
satisfactorily. A tertiary mesh connected winding may be required to stabilize

the oscillating neutral due to third harmonics in three phase banks.

The connection of Yy0 is shown in fig. 4.12 and the voltages on primary and
secondary sides is also shown on the phasor diagram. The phase angle
difference between the phase voltage of high voltage side and low voltage side

is zero degree (0°).



fault on one phase.




component of current. The flux remains sinusoidal which results in
sinusoidal voltages.

Suitable for Unbalanced Load: Even if the load is unbalanced the three phase voltages
remains constant. Thus it suitable for unbalanced loading also.

Carry 58% Load if One Transfer is Faulty in Transformer Bank : If there is bank of single phase
transformers connected in delta-delta fashion and if one of the transformers is

disabled then the supply can be continued with remaining tow transformers of course
with reduced efficiency.

No Distortion in Secondary Voltage: there is no any phase displacement
between primary and secondary voltages. There is no distortion of flux as the
third harmonic component of magnetizing current can flow in the delta
connected primary windings without flowing in the line wires .there is no
distortion in the secondary voltages.

Economical for Low Voltage: Due to delta connection, phase voltage is same
as line voltage hence winding have more number of turns. But phase

current is (1/\3)

times the line current. Hence the cross-section of the windings is
very less. This makes the connection economical for low voltages

transformers.

Reduce Cross section of Conductor: The conductor is required of smaller Cross section as

the phase current is 1/\3 times of the line current. It increases number of turns per

phase and reduces the necessary cross sectional area of conductors thus

insulation problem is not present.
Absent of Third Harmonic Voltage: ~ Due to closed delta, third harmonic voltages are absent.
The absence of star or neutral point proves to be advantageous in some cases.

Disadvantages

Due to the absence of neutral point it is not suitable for three phase four wire system.

More insulation is required and the voltage appearing between

windings and core will be equal to full line voltage in case of earth




4.2.1 Delta/delta (Dd0. Dd6) connection

The connection of Dd0 is shown in fig. 4.10 and the voltages on primary and

secondary sides is also shown on the phasor diagram. The phase angle

Fig 4.10 Dd0 connection and phasor diagram
The connection of Dd6 is shown in fig. 4.11 and the voltages on primary and secondary

sides is also shown on the phasor diagram. The phase angle difference between the phase

voltage of high voltage side and low voltage side is 180°,

Fig 4.11 Dd6 connection and phasor diagram

This connection proves to be economical for large low voltage transformers as it
increases number of turns per phase. Primary side line voltage is equal to secondary side
line voltage. Primary side phase voltage is equal to secondary side phase voltage. There is
no phase shift between primary and secondary voltages for Dd0 connection. There is 180°

phase shift between primary and secondary voltages for Dd6 connection.

Advantages

Sinuseidal Voltage at Secondary:
difference between the phase voltage of high voltage side and low voltage side

is zero degree (0°).

: ! : X In order to get secondary voltage as sinusoidal, the magnetizing current of
Fr:mslor_mer must contain a third harmonic component. The delta connection provides a closed path for eirculation of third
harmonic




Neutral give path to flow
Triple frequency current to




systems operating at 800, 440, 220, and 66 kV that need to be
interconnected. Substations can be constructed using Y-Y transformer
connections to interconnect any two of these voltages. The 800 kV
systems can be tied with the 66 kV systems through a single 800 to 66
kV transformation or through a series of cascading transformations at

440,220 and 66 kV.

Required Few Turns for winding: Due to star connection, phase voltages is (1/V3) times
the line voltage. Hence less number of turns is required. Also the
stress on insulation is less. This makes the connection

economical for small high voltage purposes.

Required Less Insulation Level: [f the neutral end of a Y-connected wmdlng is
grounded, then there is an opportunity to use reduced levels of insulation at
the neutral end of the winding. A winding that is connected across the

phases requires full insulation throughout the winding.

Handle Heavy Load:

. ; Due to star connection. phase current is same as line current. Hence windings have to
carry high currents. This makes cross section of the windings high. Thus the windings are mechanically strong and
windings can bear heavy loads and short circuit current,

Use for Three phases Four Wires System:  AS neutral is available, suitable for three phases four
wiresystem.

Eliminate Distortion in Secondary Phase Voltage: The connection of primary neutral to the
neutral

of generator eliminates distortion in the
secondary phase voltages by giving path
Aluiola st Dl ewsicondary Mile to triple frequency currents toward to

generator.




The connection of Yy6 is shown in fig. 4.13 and the voltages on primary and
secondary sides is also shown on the phasor diagram. The phase angle

difference between the phase voltage of high voltage side and low voltage side

is 180°.

Fig 4.13. Yy6 connection and phasor diagram .

In Primary Winding Each Phase is120°¢lectrical degrees out of phase with the

other two phases.

In Secondary Winding Each Phase is120°electrical degrees out of phase with

the other two phases.

Each primary winding is magnetically linked to one secondary winding through a

common core leg. Sets of windings that are magnetically linked are drawn

parallel to each other in the vector diagram. In the Y-Y connection, each primary .

and secondary winding is connected to a neutral point.

The neutral point may or may not be brought out to an external physical

connection and the neutral may or may not be grounded.

Advantages of Y-y connection

No Phase Displacement: The primary and secondary circuits are in phase; i.e., there are
no phase angle displacements introduced by the Y-Y connection. This is an
important advantage when transformers are used to interconnect systems of

different voltages in a cascading manner. For example, suppose there are four




Fig .4.12 Yy0 connection and phasor diagram




Principles of Torque Production
In the earlier section, we saw how a rotating flux is produced. Now let us consider a rotor, which is
placed in this field. Let the rotor have a coil such that the coil sides are placed diametrically

opposite each other. This is shown in the fig. 1. Since the flux generated by the stator rotates flux

linked by this rotor coil also changes.

Figure 1: A Coil on the rotor

Since the flux pattern is varying sinusoidally in space, as the flux waveform rotates, the flux
linkage varies sinusoidally. The rate of variation of this flux linkage will then be equal to the speed
of rotation of the air gap flux produced. This sinusoidal variation of the flux linkage produces a
sinusoidal induced emf in the rotor coil. If the coil is short circuited, this induced emf will cause a

current flow in the coil as per Lenz’s law.

Now imagine a second coil on the rotor whose axis is 120” away from the first. This is shown in fig.
2. The flux linkage in this coil will also vary sinusoidally with respect to time and therefore cause

an induced voltage varying sinusoidally with time. However the flux linkages in these two

coils will have a phase difference of 120" (the rotating flux wave will have to travel 120" in order to

cause a similar flux linkage variation as in the first coil), and hence the time varying voltages -

induced in the coils will also have a 120" phase difference.

A third coil placed a further 120" away is shown in fig. 3. This will have a time varying induced

emf lagging 240 in time with respect to the first.
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This plot shows the pulsating wave at the zero degree axes. The amplitude is
maximum at zero degree axes and is zero at 90" axis. Positive parts of the
waveform are shown in red while negative in blue. Note that the waveform is
pulsating at the 0 — 180" axis and red and blue alternate in any given side.

This corresponds to the sinewave current

changing polarity. Note that the maximum amplitude of the sinewave is
reached only along the 0 — 180" axis. At all other angles, the amplitude does
not reach a maximum of this value. It however reaches a maximum value
which is less than that of the peak occuring at the 0 — 180" axis. More exactly,
the maximum reached at any space angle 6 would be equal to cosf times the
peak at the 0 — 180" axis. Further, at any space angle 0, the time variation is
sinusoidal with the frequency and phase lag being that of the excitation, and

amplitude being that corresponding to the space angle.

This plot shows the pulsating waveforms of all three cosines. Note that the
first is pulsating about the 0 — 180" axis, the second about thel20° — 300°axis
and the third at 240° — 360°axis.

This plot shows the travelling wave in a circular trajectory. Note that while
individual pulsating waves have maximum amplitude of 10, the resultant has

amplitude of 15.

[f fi is the amplitude of the flux waveform in each phase, the travelling wave can then

be represented as

f(t)

oo M dn 4z
3)cos( 3) 1 cos(ot 3)005(9— 3)

fi cos ot cos 6 + i cos(wt —
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Eﬁ cos(mt — 8)
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the space around b’ and c coil sides. The situation is shown in fig, 6.

The resulting flux pattern causes a tendency to move in the anticlockwise direction. This is easy to

see through the so called whiplash rule. Alternatively, since the force on a current

Figure 3: A coil displaced 240" from the first

Figure 4: Coils on the rotor
carrying conductor is F = q(v X B), it can be seen that the torque produced tends to rotate the rotor
counter-clockwise. The magnitude of the torque would increase with the current magnitude in the
coils. This current is in turn dependent on the magnitude of the main field flux and its speed of

rotation. Therefore one may say that motion of the main field tends to drag the rotor along with it.

When the rotor is free to move and begins moving, the motion reduces the relative speed between

the main field and the rotor coils. Less emf would therefore be induced and the torque would come

down. Depending on the torque requirement for the load, the difference in speed between the rotor
and the main field settles down at some particular value.
From the foregoing, the following may be noted.

1. The torque produced depends on a non-zero relative speed between the field

and the rotor,




When these three coils are shorted upon themselves currents flow in them as per Lenz’s law. The
mechanism by which torque is produced may now be understood as follows. The diagram in fig. 4

shows a view of the rotor seen from one end. Positive current is said to

Figure 2: A coil displaced 120" from the first

flow in these coils when current flows out of the page in a, b, ¢ conductors and into a' , b and ¢
respectively.

[f we look at the voltage induced in these coils as phasors, the diagram looks as shown in fig. 5.
The main flux is taken as the reference phasor. Considering that the induced emf is —dy/dt where

is the flux linkage, the diagram is drawn as shown.

As usual, the horizontal component of these phasors gives the instantaneous values of the induced

emf in these coils.

Let these coils be purely resistive. Then these emf phasors also represent the currents flowing in

these coils. If we consider the instant t = 0, it can be seen that

I. The field flux is along 0" axis.

2

. The current in a phase coil is zero.

(e

. The current in ¢ phase coil is +>* units.

These currents act to produce mmf and flux along the axes of the respective coils. Let us consider




Figure 9: stator of an induction machine

the stator of an induction machine is shown in fig. 9. A close up of the windings is shown in fig.
10.the several turns that makeup a coil are seen in this picture. The three terminations are
connected to rings on which three brushes make a sliding contact. As the rotor rotates the brushes
slip over the rings and provide means of connecting stationary external circuit elements to the
rotating windings. A schematic of these arrangements is shown in fig. 13. A photograph of a
wound rotor for an induction machine is shown in fig. 11. Fig. 12 shows a close up of the slip ring
portion. Brushes are not shown in this picture.

Induction machines, which have these kinds of windings and terminals that are brought out, are
called slip ring machines. The reader may note that in order that torque is produced current must
flow in the rotor. To achieve that, the stationary brush terminals must either be shorted, or
connected to a circuit allowing current flow. Sometimes a star connected resistor bank is connected
so that the developed starting torque is higher. There are also other forms of power electronic
circuitry that may be connected to the rotor terminals to achieve various functions.

The popularity of the induction machine however, stems from another variety of rotor




2. It is therefore not possible for the rotor to run continuously at the same speed
of the field. This is so because in such a condition, no emf would be induced

in the rotor and hence no rotor current, no torque.

3. The frequency of currents induced in the rotor coils and their magnitude

depends on this difference in speed.
These are important conclusions. The speed of the main field is known as the synchronous speed,
ns. If the actual speed of the rotor is n: then the ratio is known as slip and is frequently expressed as

a percentage. Typically induction machines are designed to operate at about less than 4 percent slip
at full load.

§= (5)

It is instructive to see the situation if the rotor resistance is neglected and is considered to be purely
inductive. The phasor diagram of voltages and the currents would then look as shown in fig. 7.

At t = 0, one can see that current in a phase coil is at negative maximum, while b and ¢ phases
have positive current of 0.5 units. Now if we consider the current flux profiles at coil sides a, b, c,
the picture that emerges is shown in fig. 8.

Since main flux at the a coil side is close to zero, there is very little torque produced from there.
There is a tendency to move due to the b and ¢ coil sides, but they are in opposite directions
however. Hence there 1s no net torque on the rotor. This brings up another important conclusion —
the resistance of the rotor is an important part of torque production in the induction machine.
While a high resistance rotor is better suited for torque production, it would also be lossy.
Construction

In actual practice, the three coils form three windings distributed over several slots. These
windings may be connected in star or delta and three terminations are brought out. These are
conventional three phase windings which are discussed in greater detail in the chapters on

alternators. Such windings are present n the stator as well as rotor. A photograph of
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Figure 14: Squirrel cage rotor — a schematic
Such a rotor is called squirrel cage rotor. This rotor behaves like a short-circuited winding and
hence the machine is able to perform electromechanical energy conversion. This type of rotor is
easy to manufacture, has no sliding contacts and is very robust. It is this feature that makes
induction machine suitable for use even in hazardous environments and reliable operation is
achieved. The disadvantage of this type of rotor is that the motor behavior cannot be altered by .

connecting anything to the rotor — there are no rotor terminals.

Fig. 15 shows a photograph of a squirrel cage rotor. The rotor also has a fan attached to it. This is
for cooling purposes. The bars ( white lines on the surface) are embedded in the rotor iron which

forms the magnetic circuit. The white lines correspond to the visible portion of the rotor bar.

Sometimes two rotor bars are used per slot to achieve some degree of variability in the starting and

running performances. It is to make use of the fact that while high rotor

Figure 15: squirrel cage rotor

resistance is desirable from the point of view of starting torque, low rotor resistance is desirable
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Figure 11: A wound rotor with slip rings

Figure 12: slip rings

Slip rings(fixed to shaft)
—lo] [ [
otor
~ el
D I2LL
T e e e b
Winding j{ /
2 Brus-£es(st tionaryy)
on rotor J—
Sliding
Contact Stationary terminals

Figure 13: Slip rings and brushes in induction machines — a schematic
That is used. This rotor has slots into which copper or aluminum bars are inserted. These bars are
then shorted by rings that are brazed on to each of the rotor ends. Figure 14 shows a simple

schematic.
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Figure 16: Induction machine with the rotor open

This is just the normal transformer equivalent circuit (why? ). Measurements aregenerally made on
the stator side and the rotor, in most circumstances, is shorted (if required, through some external

circuitry). Since most of the electrical interaction is from the stator, it makes sense to refer all

parameters to the stator. .

Let us consider the rotor to be shorted. Let the steady speed attained by the rotor be o, and the
synchronous speed be ms. The induced voltage on the rotor is now proportional to the slip i.e., slip
times the induced voltage under open circuit (why? ). Further, the voltage induced and the current
that flows in the rotor is at a frequency equal to slip times the stator excitation frequency (why? ).
The equivalent circuit can be made to represent this by shorting the secondary side and is shown in
fig. 17.

R; and X; refer to the rotor resistance and leakage resistance referred to the stator side (using the

square of the turns ratio, as is done in transformer). The secondary side loop is excited by a voltage

sE| . which is also at a frequency sfi . This is the reason why the rotor .
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Figure 17: Equivalent circuit : rotor at its own frequency

leakage is sXir now . The current amplitude in the rotor side would therefore be
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from efficiency considerations while the machine is running. Such rotors are called double cage
rotors or deep-bar rotors.
To summarize the salient features discussed so far,

1. The stator of the 3 - phase induction machine consists of normal distributed

AC wind-ings.

2. Balanced three phase voltages impressed on the stator, cause balanced three

phase currents to flow in the stator.

3. These stator currents cause a rotating flux pattern (the pattern is a flux

distribution which is sinusoidal with respect to the space angle) in the air gap.

4. The rotating flux pattern causes three phase induced e.m.f:s in rotor windings
(again normal ac windings). These windings, if shorted, carry three phase-
balanced currents. Torque is produced as a result of interaction of the currents

and the air gap flux.

5. The rotor may also take the form of a squirrel cage arrangement, which

behaves in a manner similar to the short-circuited three phase windings.

. Equivalent Circuit

It is often required to make quantitative predictions about the behavior of the induction machine,
under various operating conditions. For this purpose, it is convenient to represent the machine as

an equivalent circuit under sinusoidal steady state operating conditions. Since the operation is

balanced, a single-phase equivalent circuit is sufficient for most purposes.

[n order to derive the equivalent circuit, let us consider a machine with an open circuited rotor.
Since no current can flow and as a consequence no torque can be produced, the situation is like a

transformer open-circuited on the secondary (rotor). The equivalent circuit under this condition can
be drawn as shown in fig. 16.
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Consequently, as far as voltage, current converting properties are concerned, the
autotransformer of Figure: 26 behaves just like a two-winding transformer. However, in the

autotransformer we don’t need two separate coils, each designed to carry full load values of

current.

Parallel Operation of Transformers

It is economical to install numbers of smaller rated transformers in parallel than installing bigger
rated electrical power transformers. This has mainly the following advantages,

To maximize electrical power system efficiency: Generally electrical power transformer gives
the maximum efficiency at full load. If we run numbers of transformers in parallel, we can
switch on only those transformers which will give the total demand by running nearer to its full
load rating for that time. When load increases, we can switch none by one other transformer
connected in parallel to fulfill the total demand. In this way we can run the system with

maximum efficiency.

To maximize electrical power system availability: If numbers of transformers run in parallel, we
can shut down any one of them for maintenance purpose. Other parallel transformers in system

will serve the load without total interruption of power.

To maximize power system reliability: if any one of the transformers run in parallel, is tripped
due to fault of other parallel transformers is the system will share the load, hence power supply
may not be interrupted if the shared loads do not make other transformers over loaded.

To maximize electrical power system flexibility: There is always a chance of increasing or
decreasing future demand of power system. If it is predicted that power demand will be
increased in future, there must be a provision of connecting transformers in system in parallel to
fulfil the extra demand because, it is not economical from business point of view to install a
bigger rated single transformer by forecasting the increased future demand as it is unnecessary
investment of money. Again if future demand is decreased, transformers running in parallel can

be removed from system to balance the capital investment and its return.
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directions of induced secondary emf in two transformers are opposite to each other when same
input power is fed to both of the transformers, the transformers are said to be in opposite
polarity. If the instantaneous directions of induced secondary e.m.f in two transformers are same

when same input power is fed to the both of the transformers, the transformers are said to be in

same polarity.

Same Phase Sequence

The phase sequence or the order in which the phases reach their maximum positive voltage,
must be identical for two parallel transformers. Otherwise, during the cycle, each pair of phases

will be short circuited.

The above said conditions must be strictly followed for parallel operation of transformers but
totally identical percentage impedance of two different transformers is difficult to achieve
practically, that is why the transformers run in parallel may not have exactly same percentage

impedance but the values would be as nearer as possible.

Why Transformer Rating in kVA?

An important factor in the design and operation of electrical machines is the relation
between the life of the insulation and operating temperature of the machine. Therefore,
temperature rise resulting from the losses is a determining factor in the rating of a machine. We
know that copper loss in a transformer depends on current and iron loss depends on voltage.
Therefore, the total loss in a transformer depends on the volt-ampere product only and not on the
phase angle between voltage and current i.e., it is independent of load power factor. For this

reason, the rating of a transformer is in kVA and not kW.



Conditions for Parallel Operation of Transformers

When two or more transformers run in parallel, they must satisfy the following conditions for

satisfactory performance. These are the conditions for parallel operation of transformers.

[l Same voltage ratio of transformer.
Same percentage impedance.
Ul Same polarity.

Same phase sequence.

Ll Same Voltage Ratio

Same voltage ratio of transformer

If two transformers of different voltage ratio are connected in parallel with same primary supply
voltage, there will be a difference in secondary voltages. Now say the secondary of these
transformers are connected to same bus, there will be a circulating current between secondary’s
and therefore between primaries also. As the internal impedance of transformer is small, a small
voltage difference may cause sufficiently high circulating current causing unnecessary extra 2R

loss.

Same Percentage Imgedance

The current shared by two transformers running in parallel should be proportional to their MVA
ratings. Again, current carried by these transformers are inversely proportional to their internal
impedance. From these two statements it can be said that, impedance of transformers running in
parallel are inversely proportional to their MVA ratings. In other words, percentage impedance
or per unit values of impedance should be identical for all the transformers that run in parallel.

Same Polarity

Polarity of all transformers that run in parallel, should be the same otherwise huge circulating
current that flows in the transformer but no load will be fed from these transformers. Polarity of

transformer means the instantaneous direction of induced emf in secondary. If the instantaneous




+ Similarly consider a third sine wave, which is at 240° lag. . .

+ and allow its amplitude to change as well with a 240" time lag. Now we have

three pulsating sine waves.

icpk =t I]n COS(ZTI:.SOI = 2400)

Let us see what happens if we sum up the values of these three sine waves at every angle. The
result really speaks about Tesla’s genius. What we get is a constant amplitude travelling sine wave!
In a three phase induction machine, there are three sets of windings — phase A winding, phase B
and phase C windings. These are excited by a balanced three-phase voltage supply. This would
result in a balanced three phase current. Equations | — 3 represent the currents that flow in the

three phase windings. Note that they have a 120" time lag between them.

Further, in an induction machine, the windings are not all located in the same place. They are
distributed in the machine 120° away from each other (more about this in the section on
alternators). The correct terminology would be to say that the windings have

their axes separated in space by 120°. This is the reason for using the phase A, B and C since
waves separated in space as well by 120",

When currents flow through the coils, they generate mmfs. Since mmf is proportional to current,
these waveforms also represent the mmf generated by the coils and the total mmf. Further, due to

magnetic material in the machine (iron), these mmfs generate magnetic flux, which is proportional

to the mmf (we may assume that iron is infinitely permeable and non-linear effects such as
hysterisis are neglected). Thus the waveforms seen above would also represent the flux generated
within the machine. The net result as we have seen is a travelling flux wave. The x-axis would
represent the space angle in the machine as one travels around the air gap. The first pulsating
waveform seen earlier would then represent the a-phase flux, the second represents the b-phase

flux and the third represents the c-phase.

This may be better visualized in a polar plot. The angles of the polar plot represent the space angle
in the machine, i.e., angle as one travels around the stator bore of the machine. Click on the links

below to see the development on a polar axes.

3)



UNIT-III

Poly Phase Induction Machines

Introduction

The induction machine was invented by NIKOLA TESLA in 1888. Right from its incep-tion its
case of manufacture and its robustness have made it a very strong candidate for electromechanical
energy conversion. It is available from fractional horsepower ratings to megawatt levels. It finds
very wide usage in all various application areas. The induction machine is an AC
electromechanical energy conversion device. The machine interfaces with the extermal world
through two connections (ports) one mechanical and one electrical. The mechanical port is in the
form of a rotating shaft and the electrical port is in the form of terminals where AC supply is
connected. There are machines available to operate from three phase or single phase electrical
input. In this module we will be discussing the three phase induction machine. Single phase
machines are restricted to small power levels.

The Rotating Magnetic Field

The principle of operation of the induction machine is based on the generation of a rotating
magnetic field. Let us understand this idea better.

Click on the following steps in sequence to get a graphical picture. It is suggested that the reader

read the text before clicking the link.

+ Consider a cosine wave from 0 to 360°. This sine wave is plotted with unit

amplitude.

* Now allow the amplitude of the sine wave to vary with respect to time in a
simisoidal fashion with a frequency of 50Hz.Let the maximum value of the

amplitude is, say, 10 units. This waveform is a pulsating sine wave.

lapk = Im cos 27.50.t

* Now consider a second sine wave, which is displaced by 120" from the first

(lagging). . .

* and allow its amplitude to vary in a similar manner, but with a 120°time lag.

inpk = Im cos(27.50.t — 120°)

(D

(2)




be suitable for supplying a three, two and single phase load simultaneously,

but such loads are not found together in modern practice.




The primary three-phase currents are balanced; i.e., the phase currents have the
same magnitude and their phase angles are 120° apart. The apparent power
supplied by the main transformer is greater than the apparent power supplied
by the teaser transformer. This is easily verified by observing that the primary
currents in both transformers have the same magnitude; however, the primary
voltage of the teaser transformer is only 86.6% as great as the primary voltage
of the main transformer. Therefore, the teaser transforms only 86.6% of the

apparent power transformed by the main.

The total real power delivered to the two phase load is equal to the total
real power supplied from the three-phase system, the total apparent
power transformed by both transformers is greater than the total apparent

power delivered to the two-phase load.

The apparent power transformed by the teaser is 0.866 X IH1= 1.0 and
the apparent power transformed by the main is 1.0X IH2 =1.1547 for a

total of 2.1547 of apparent power transformed.

The additional 0.1547 per unit of apparent power is due to parasitic
reactive power owing between the two halves of the primary winding in

the main transformer.

Single-phase transformers used in the Scott connection are specialty
items that are virtually impossible to buy “‘off the shelf * nowadays. In

an emergency, standard distribution transformers can be used.

[f desired, a three phase, two phase, or single phase load may be supplied
simultaneously using scott-connection. The neutral points can be available

for grounding or loading purposes. The Scott T connection in theory would




Fig. 4.24 Open delta connection of transformer at noload

If one of the transformers fails in A - A bank and if it is required to continue
the supply even though at reduced capacity until the transformer which is
removed from the bank is repaired or a new one is installed then this type of

connection is most suitable.

When it is anticipated that in future the load increase, then it requires closing of
opendelta. In such cases open delta connection is preferred. It can be noted
here that the removal of one of the transformers will not give the total load

carried by V - V bank as two third of the capacity of A - A bank.

The load that can be carried by V - V bank is only 57.7% of it.

3 =
[Er e T
o

J 1 L
A S ;. . -, V—. | [N, . W Tl S

[ m— L G T T S o S G PR |
Mo ary whom feconlany Lede

Y= 4 coanettion

Fig. 4.25 Delta-delta and V-V connection
It can be seen from the Fig. 4.25 of delta delta connection that

A - A capacity = V3 VLIL=V3 VL (V3 I;n)
A - A capacity =3 Vi [

It can also be noted from the Fig. 4.25 V-V connection that the secondary

line current I is equal to the phase current Ipn.

V-V capacity = V3V IL= V3 VLI

So, V-V capacity Wi L oerrsan

capacity 3VI " 3

Lph



The Scott T would not be recommended as a connection for 3
phase to 3 phase applications for the following reasons:

The loads of modern buildings and office buildings are inherently unbalanced
and contain equipment that can be sensitive to potential voltage fluctuations

that may be caused by the Scott T design.

A properly sized Scott T transformer will have to be a minimum of 7.75% larger
than the equivalent Delta-Wye transformer. Properly sized, it would be a bulkier

and heavier option and should not be considered a less expensive solution.
4.6 Open Deltaor VoConnection

As seen previously in connection of three single phase transformers that if
one of the transformers is unable to operate then the supply to the load can
be continued with the remaining two transformers at the cost of reduced

efficiency. The connection that obtained is called V-V connection or open

delta connection.

Consider the Fig. 4.24 in which 3 phase supply is connected to the
primaries. At the secondary side three equal three phase voltages will

be available on no load.

The voltages are shown on phasor diagram. The connection is used when the

i .
three phase load is very very small to warrant the ingﬁlg,(ation of full three

LT p— - R

phase transformer. P == f
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With a bank of tow single phase transformers connected in V-V fashion
supplying a balanced



Thus the three phase load that can be carried without exceeding the ratings of
the transformers is 57.5 percent of the original load. Hence it is not 66.7 %

which was expected otherwise.

The reduction in the rating can be calculated as {(66.67 - 57.735)/(57.735)}x
100 = 15.476 Suppose that we consider three transformers connected in A - A
fashion and supplying their rated load. Now one transtormer is removed then
each of the remaining two transformers will be overloaded. The overload on

each transformer will be given as,

—

Total load in V-V N3VLIsh

1.73

VA rating of each transformer VI V32
L ph

This overload can be carried temporarily if provision is made to reduce the load otherwise

overheating and breakdown of the remaining two transformers would take place.

The limitation with V -V connection are given below :
The average p.f. at which V- V bank is operating is less than that with

the load . This power p.f'is 86.6 % of the balanced load p.f.

The two transformers in V -V bank operate at different power factor

except for balanced unity p.f.load.

The terminals voltages available on the secondary side become
unbalanced. This may happen even though load is perfectly

balanced.

Thus in summary we can say that if tow transformers are
connected in V - V fashion and are loaded to rated capacity and

one transformer is added to increase the total capacity by V3 or

173.2 %. Thus the increase in capacity is 73.2 % when converting

froma V - V system to a A-A system.




voltages and currents and increase the power loss. Thus the study of

harmonics is of great practical significance in the operation of transformers.

In the case of single phase transformers connected to form three phase bank,
each transformer is magnetically decoupled from the other. The flow of
harmonic currents are decided by the type of the electrical connection used on
the primary and secondary sides. Also, there are three fundamental voltages in
the present case each displaced from the other by 120 electrical degrees.
Because of the symmetry of the a.c. wave about the time axis only odd
harmonics need to be considered. The harmonics which are triplen(multiples of
three) behave in a similar manner as they are co-phasal or in phase in the three
phases. The non-triplen harmonics behave in a similar manner to the

fundamental and have +120° phase displacement between them.

Whe;n the connection of the transformer is Yy without neutral wires both
primary and secondary connected in star no closed path exists. As the triplen
harmonics are always in phase, by virtue of the Y connection they get canceled
in the line voltages. Non-triplen harmonics like fundaniental, become 0 times
phase value and appear in the line voltages. Line currents remain sinusoidal
except for non-triplen harmonic currents. Flux wave in each transformer will be
flat topped and the phase voltages remain peaked. The potential of the neutral is
no longer steady. The star point oscillates due to the third harmonic voltages.

This is termed as "oscillating neutral".

4.8 Terti indi

Apart from the Primary & Secondary windings, there sometimes placed a

third winding in power transformers called "Tertiary Winding". Its purpose




3 phase load with cos® asp.f., one of the transformer operate at a p.f. of cos (30-®)

and other at cos (30+®). The powers of tow transformers are given by,

Pi= KVA cos (30-®)

P2=KVA cos (30+)

{ 70scillating Neutral

In addition to the operation of transformers on the sinusoidal supplies, the harmonic
behavior becomes important as the size and rating of the transformer increases. The effects

of the harmonic currents are

1. Additional copper losses due to harmonic currents

2. Increased core losses

3. Increased electro-magnetic interference with
communication circuits. On the other hand the harmonic voltages

of the transformer cause

1. Increased dielectric stress on insulation

2. Electro static interference with communication circuits.

3. Resonance between winding reactance and feeder capacitance.

In the present times a greater awareness is generated by the problems of harmonic voltages and
currents produced by non-linear loads like the power electronic converters. These combine

with non-linear nature of transformer core and produce severe distortions in




all voltages are balanced and there is no floating of neutral or oscillating
neutral. The floating of neutral is developed in the case star-star connection
only. The transformers are sometimes constructed with three windings. The
main windings are connected to form star-star connection and the third
winding known as tertiary winding is used to make a closed delta connection

to stabilize the neutrals of both primary and secondary circuits.

The tertiary winding carries the third-harmonic currents.

1.9 Three Windine Transf

Thus far we have looked at transformers which have one single primary
winding and one single secondary winding. But the beauty of transformers is
that they allow us to have more than just one winding in either the primary or
secondary side. Transformers which have three winding are known commonly

aS Three Winding Transformers.

The principal of operation of a ihree winding ransformeris no different from that of an '-—'
ordinary transformer. Primary and secondary voltages, currents and turns ratios

are all calculated the same, the difference this time is that we need to pay

special attention to the voltage polarities of each coil winding, the dot

convention marking the positive (or negative) polarity of the winding, when we

connect them together.

Three winding transformers, also known as a three-coil, or three-winding
transformer, contain one primary and two secondary coils on a common
laminated core. They can be either a single-phase transformer or a three-phase

transformer, (three-winding, three-phase transformer) the operation is the same.



is to provide a circulating path for the harmonics (especially third harmonics)
produced in the transformers along with power frequency (50Hz. third
harmonic means 150 Hz oscillations). In delta-delta, delta-star and star-delta

transformers




have two secondary windings on the same core with each one providing a

different voltage or current level output.

As transformers operate on the principal of mutual induction, each individual winding of a

three winding transformer supports the same number of volts per turn, therefore the volt-

Ne/Ns= Ve/Vs
ampere product in each winding is the same, that is with any turns ratio

between the individual coil windings being relative to the primary supply.

In electronic circuits, one transformer is often used to supply a variety of lower

voltage levels for different components in the electronic circuitry. A typical

application of three winding transformers is in power supplies and Triac

Switching Converters. So a transformer have two secondary windings, each of

which is electrically isolated from the others, just as it is electrically isolated
One Primary Two Secondary

Aodne Windings

< load #1

<

£1th

=
NEid

Zload #2

"‘h

"‘.E-EIE'J'

from the primary. Then each of the secondary coils will produce a voltage that

is proportional to its number of coil turns.

Fig. 4.27 A three winding transformer



Three Winding Transformers can also be used to provide either a step-up, a step-
down, or a combination of both between the various windings. In fact a three

winding transformers




increased future demand as it is unnecessary investment of money. Again if future
demand is decreased, transformers running in parallel can be removed from system to

balance the capital investment and its return.

4.10.2 Conditions for parallel operation

Certain conditions have to be met before two or more transformers are

connected in parallel and share a common load satisfactorily. They are,

(S

(95

. The voltage ratio must be the same.

. The per unit impedance of each machine on its own base must be the same.

. The polarity must be the same, so that there is no circulating currentbetween

the transformers.

. The phase sequence must be the same and no phase difference must exist between

the voltages of the two transformers.

Same voltage ratio : Generally the turns ratio and voltage ratio are taken to
be the same. If the ratio is large there can be considerable error in the
voltages even if the turns ratios are the same. When the primaries are
connected to same bus bars, if the secondaries do not show the same
voltage, paralleling them would result in a circulating current between
the secondaries. Reflected circulating current will be there on the

primary side also. Thus even without connecting a load considerable

current can be drawn by the transformers and they produce copper losses.

In two identical transformers with percentage impedance of 5 percent, a
no-load voltage difference of one percent will result in a circulating
current of 10 percent of full load current. This circulating current gets
added to the load current when the load is connected resulting in unequal

sharing of the load. In such cases the combined full load of the two



The secondary windings can be connected together in various configurations
producing a higher voltage or current supply. It must be noted that connecting
together transformer windings is only possible if the two windings are electrically

identical. That is their current and voltage ratings are the same.

4.10 Parallel operation of three phase transformer

4.10.1Advantages of using transformers in parallel

' To maximize electrical power system efficiency: Generally electrical power

transformer gives the maximum efficiency at full load. If we run numbers
of transformers in parallel, we can switch on only those transformers which
will give the total demand by running nearer to its full load rating for that
time. When load increases, we can switch none by one other transformer
connected in parallel to fulfill the total demand. In this way we can run the
system with maximum efficiency.

2. To maximize electrical power system availability: If numbers of transformers run
in parallel, we can shut down any one of them for maintenance purpose. Other

parallel transformers in system will serve the load without total interruption of

. ‘ power.

3. To maximize power system reliability: If any one of the transformers run in

parallel, is tripped due to fault of other parallel transformers is the system
will share the load, hence power supply may not be interrupted if the

shared loads do not make other transformers over loaded.

4. To maximize electrical power system flexibility: There is always a chance of increasing
or decreasing future demand of power system. If it is predicted that power demand
will be increased in future, there must be a provision of connecting transformers in
system in parallel to fulfill the extra demand because, it is not economical from

business point of view to install a bigger rated single transformer by forecasting the



to be the same by virtue of their connection at the input and the output

ends. Thus the larger machines have smaller impedance and smaller

machines must have larger ohmic impedance. Thus the impedances must

be in the inverse ratios of the ratings. As the voltage drops must be the

same the per unit impedance of each transformer on its own base, must

be equal. In addition if active and reactive power are required to be

shared in proportion to the ratings the impedance angles also must be the

same. Thus we have the requirement that per unit resistance and per unit

reactance of both the transformers must be the same for proper load '

sharing,.

Polarity of connection: The polarity of connection in the case of single
phase transformers can be either same or opposite. Inside the loop
formed by the two secondaries the resulting voltage must be zero. If
wrong polarity is chosen the two voltages get added and short circuit
results. In the case of polyphase banks it is possible to have permanent
phase error between the phases with substantial circulating current. Such
transformer banks must not be connected in parallel. The turns ratios in
such groups can be adjusted to give very close voltage ratios but phase
errors cannot be compensated. Phase error of 0.6 degree gives rise to one
percent difference in voltage. Hence poly phase transformers belonging
to the same vector group alone must be taken for paralleling.

Transformers having —30° angle can be paralleled to that having +30°
angle by reversing the phase sequence of both primary and secondary
terminals of one of the transformers. This way one can overcome the

problem of the phase angle error.

Phase sequence- The phase sequence of operation becomes relevant
only in the case of poly phase systems. The poly phase banks belonging
to same vector group

can be connected in parallel. A transformer with +30° phase angle




transformers can never be met without one transformer getting

overloaded.

Per unit impedance: Transformers of different ratings may be required
to operate in parallel. If they have to share the total load in proportion to
their ratings the larger machine has to draw more current. The voltage

drop across each machine has




4.11 Load Sharing

When the transformers have equal voltage ratios, the magnitudes of secondary

no-load voltages are equal. Further if the primary leakage impedance drops due

to exciting currents are also equal, then

Eu Evand the circulating current at no load is zero.

A | B e
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Fig. 4.28 Circuit modelling of two transformer in parallel

The equivalent circuit of two three phase transformer connected in parallel
connected with a load of

Z.impedance on per phase basis is drawn in fig 4.28. In this figure
transformer A and B are operating in parallel. [» and Is are the load current
of the two transformer.

The VoTtage_equaIion of transformer A is

EalaZaVi 1Z;
Since E «Ev; E» 1024 Vi 17




however can be paralleled with the one with — 30° phase angle, the phase
sequence is reversed for

one of them both at primary and secondary terminals. If the phase
sequences are not the same then the two transformers cannot be

connected in parallel even if they belong to same vector group. The

phase sequence can be found out by the use of a phase sequence

indicator.




Auto Transformer & Parallel Operation

Auto-transformers

The transformers we have considered so far are two-winding transformers in which the
clectrical circuit connected to the primary is electrically isolated from that connected to the secondary.

An auto-transformer does not provide such isolation, but has economy of cost combined with increased
efficiency. Fig.2.26 illustrates the auto-transformer which consists of a coil of NA turns between
terminals 1 and 2, with a third terminal 3 provided after NB turns. If we neglect coil resistances and
leakage fluxes, the flux linkages of the coil between | and 2 equals NA ¢m while the portion of coil
between 3 and 2 has a flux linkage NB ¢m. If the induced voltages are designated as EA and EB, just as

in a two winding transformer,

Fig: 2.26

Neglecting the magnetizing ampere-turns needed by the core for producing flux, as in an ideal
transformer, the current /4 flows through only (N4 — NB) tums. If the load current is B, as
shown by

Kirchhoff’s current law, the current /C flowing from terminal 3 to terminal 2 is (I4 - /B). This
current flows through NB turns. So, the requirement of a net value of zero ampere-turns across

the core demands that




The voltage equation of transformer B is

EsZoVilZe
EvLeZEs i Zo LZolbZs
According tothe voltage drops across the two equivalent leakage impedance Za and Zb are equal.

According to KCL we can write

I L I
I l.Z S

87y = = = =

Z
Ia
I Ty

Za

similarly, I » -
1Z:2Z» M5 Ll P .

Multiplying both the current equations by terminal voltage we get,

Zs
Sa —

S ZoZ

Za
similarly, S» =~
SZaZs -

Thus the power sharing in between two transformer is given in above equation in VA rating.




Delta-zigzag and Star zigzag connections (Dz0/Dz6 & Yz1/Yz6) —

The connection of Dz0 is shown in fig. 4.18 and the voltages on primary and
secondary sides is also shown on the phasor diagram. The phase angle

difference between the phase voltage of high voltage side and low voltage side

is 0°.

Fig 4.18. Dz0 connection and phasor diagram

The connection of Dz6 is shown in fig. 4.19 and the voltages on primary and

secondary sides is also shown on the phasor diagram. The phase angle

difference between the phase voltage of high voltage side and low voltage side

is 180°.

Fig 4.19. Dz6 connection and phasor diagram
The connection of Yz1 is shown in fig. 4.20 and the voltages on primary and

secondary sides is also shown on the phasor diagram. The phase angle

difference between the phase voltage of high voltage side and low voltage sider

is -30°.

e




If secondary of this transformer should be paralleled with
secondary of another transformer without phase shift, there

would be a problem.

Application

Commonly used in a step-up transformer: AS for example, at the beginning of a HT
transmission

line. In this case neutral point is stable and will not float in case of
unbalanced loading. There is no distortion of flux because existence of
a -connection allows a path for the third-harmonic components. The
line voltage ratio is V3 times of transformer turn-ratio and the secondary
voltage leads the primary one by 30°. In recent years, this arrangement
has become very popular for distribution system as it provides 3- @, 4-

wire system.

Commonly used in commercial, industrial, and high-densityresidential locations: To supply three-

phase distribution systems. An example would be a distribution transformer with a
delta primary, running on three 11kV phases with no neutral or earth required, and a
star (or wye) secondary providing a 3-phase supply at 400 V, with the domestic

voltage of 230 available between each phase and an earthed neutral point.

Used as Generator Transformer: The A-Y transformer connection is used universally for

connecting generators to transmission systems.




The connection of Yz11 is shown in fig. 4.21 and the voltages on primary and
secondary sides is also shown on the phasor diagram. The phase angle
difference between the phase voltage of high voltage side and low voltage

side 1s 30°.

Fig 4.22 Yz11 connection and phasor diagram

These connections are employed where delta connections are weak.
Interconnection of phases in zigzag winding effects a reduction of third

harmonic voltages and at the same time permits unbalanced loading.

This connection may be used with either delta connected or star connected
winding either for step-up or step-down transformers. In either case, the
zigzag winding produces the same angular displacement as a delta

winding, and at the same time provides a neutral for earthing purposes.

The amount of copper required from a zigzag winding in 15% more than
a corresponding star or delta winding. This is extensively used for

earthing transformer.

Due to zigzag connection (interconnection between phases), third
harmonic voltages are reduced. It also allows unbalanced loading. The
zigzag connectionis employed for LV winding. For a given total

voltage per phase, the zigzag side requires 15% more turns as

compared to normal phase connection. In cases where delta

connections are weak due to large number of turns and small cross



Fig 4.20. Yz1 connection and phasor diagram




There are two main reasons for the need to transform from three phases to two phases,
1. To give a supply to an existing two phase system from a three phasesupply.

2. To supply two phase furnace transformers from a three phase source.

Two-phase systems can have 3-wire, 4-wire, or S-wire circuits. It is needed
to be considering that a two-phase system is not 2/3 of a three-phase system.
Balanced three- wire, two-phase circuits have two phase wires, both carrying
approximately the same amount of current, with a neutral wire carrying
1.414 times the currents in the phase wires. The phase-to-neutral voltages

are 90° out of phase with each other.

Two phase 4-wire circuits are essentially just two ungrounded single-phase
circuits that are electrically 90° out of phase with each other. Two phase 5-
wire circuits have four phase wires plus a neutral; the four phase wires are

90° out of phase with each other.

A Scott-T transformer (also called a Scott connection) is a type of circuit used
to derive two-phase power from a three-phase source or vice-versa. The Scott
connection evenly distributes a balanced load between the phases of the source.
Scott T Transformers require a three phase power input and provide two equal
single phase outputs called Main and Teaser. The MAIN and Teaser outputs

are 90 degrees out of phase. The MAIN and the Teaser outputs must not be
connected in parallel or in series as it creates a vector current imbalance on the
primary side. MAIN and Teaser outputs are on separate cores. An external
jumper is also required to connect the primary side of the MAIN and Teaser

sections. The schematic of a typical Scott T Transformer is shown below:



sections, then zigzag star connection is preferred. It is also used in

rectifiers.

4.3 Scott connection



winding, calculating the primary currents separately and superimposing the

results.



4.23 Connection diagram of Scott-connected transformer and vector relation of input and output

From the phasor diagram it is clear that the secondary voltages are of two

phases with equal magnitude and 90° phase displacement.

Scott T Transformer is built with two single phase transformers of equal
power rating. Assuming the desired voltage is the same on the two and three
phase sides, the Scott-T transformer connection consists of a center-tapped
1:1 ratio main transformer, T1, and an 86.6% (0.5Y3) ratio teaser transformer,
T2. The center-tapped side of T1 is connected between two of the phases on
the three-phase side. Its center tap then connects to one end of the lower turn
count side of T2, the other end connects to the remaining phase. The other
side of the transformers then connects directly to the two pairs of a two-phase

four- wire system.

If the main transformer has a turn’s ratio of 1: 1, then the teaser transformer
requires a turn’s ratio of

0.866: 1 for balanced operation. The principle of operation of the Scott
connection can be most easily seen by first applying a current to the teaser

secondary windings, and then applying a current to the main secondary



Used as Auto Transformer: A Y-Y transformer may be constructed as an
autotransformer, with the possibility of great cost savings compared to

the two- winding transformer construction.

Better ProtectiveRelaying: The protective relay settings will be protecting better on the
line to ground faults when the Y-Y transformer connections

with solidly grounded neutrals are applied.

Disadvantages

The Third harmonic issue:

The voltages in any phase of 2 Y-Y transformer are 1200 apart from the voltages in any other phase.
However, the third-harmonic cornpancnrs of each phase will be in phase with each other. \cmlmunhes in the transformer core always k.ad to generation of
third harmonic, These will add up 1g in large (can be even larger than the p ) third 1

Overvoltage at Lighting Load: The presence of third (and other zero-sequence) harmonics
at an ungrounded neutral can cause overvoltage conditions at light load. When

constructing a Y-Y transformer using single-phase transformers connected ina

bank, the measured line-to-neutral voltages are not 57.7% of the system
phase-to- phase voltage at no load but are about 68% and diminish very
rapidly as the bank is loaded. The effective values of voltages at

different frequencies combine by taking the square root of the sum of

the voltages squared. With sinusoidal phase- to-phase voltage, the
third-harmonic component of the phase-to-neutral voltage is about 60%.
Voltage drop at Unbalance Load: There  can be a large voltage drop for unbalanced
phase- to-neutral loads. This is caused by the fact that phase-to-phase loads
cause a voltage drop through the leakage reactance of the transformer

whereas phase-to-neutral



flow Generator side thus sinusoidal voltage on primary will give

sinusoidal voltage on secondary side.



Overheated Transformer Tank:

Under cenain cireurasiances, & V.Y conrocied these-phase dice wevere tank feating dat
irmssfonmer. This usally sccurs with an open phase on the primary cireuit and load on the 3

uickly destray the

Over Excitation of Core in Fault Condition: [f a phase-to-ground fault occurs on the primary
circuit with the primary neutral grounded, then the phase-to-neutral voltage on
the un faulted phases increases to 173% of the normal voltage. This would almost

certainly result in over excitation of the core, with greatly increased

magnetizing currents and core losses

If the neutrals of the primary and secondary are both brought out, then
a phase- to-ground fault on the secondary circuit causes neutral fault
current to flow in the primary circuit. Ground protection re- laying in
the neutral of the primary circuit

may then operate for faults on the secondary circuit

Neutral Shifting:

If the load on the secondary side unbalanced then the performance of this connection is not
satisfactory then the shifting of neutral point is passible. To prevent this, star point of the primary is required to be
connected to the star point of the generator.

Distortion of Secondary voltage:

Even though the star or neutral point of the
primary is earthed, the third harmonic present in the alternator voltage
may appear on

the secondary side. This causes distortion in the secondary phase voltages.

Over Voliage at Light Load: The  presence of third (and other zero-sequence)
harmonics at an ungrounded neutral can cause overvoltage conditions at

light load.



loads cause a voltage drop through the magnetizing reactance, which is

100 to 1000 times larger than the leakage reactance.




Increase Healthy Phase Voltage under Phase toground Fault:  If a phase-to-ground fault occurs on
the

primary circuit with the primary neutral grounded, then the phase-to-

neutral voltage on the UN faulted phase’s increases to 173% of the

normal voltage. If the neutrals of the primary and secondary are both

brought out, then a phase-to-ground fault on the secondary circuit causes

neutral fault current to flow in the primary circuit.

Trip the T/C in Line-Ground Fault: All harmonics will propagate through the transformer,

zero-sequence current path is continuous through the transformer, one line-to-

ground fault will trip the transformer.

Suitable for Core Type Transformer: The third harmonic voltage and current is absent in
such type of connection with three phase wire system or shell type of
three phase units, the third harmonic phase voltage may be high. This

type of connection is more suitable for core type transformers.

Application

This Type of Transformer is rarely used due to problems with unbalanced loads.

It is economical for small high voltage transformers as the number

of turns per phase and the amount of insulation required is less.

4.2.3 Star/Delta connection(Yd1/Yd11)

There is a +30 Degree or -30 Degree Phase Shift between Secondary Phase
Voltage to Primary Phase Voltage. The connection of Yd1 is shown in fig.
4.14 and the voltages on primary and secondary sides is also shown on the
phasor diagram. The phase angle difference between the phase voltage of

high voltage side and low voltage side is -30°.



Difficulty in coordination of Ground Protection: In Y-Y Transformer, a low-side ground fault
causes

primary ground fault current, making coordination more difficult.




The delta connected winding carries third harmonic current due to which
potential of neutral point is stabilized. Some saving in cost of insulation
is achieved if HV side is star connected. But in practice the HV side is
normally connected in delta so that the three phase loads like motors and

single phase loads like lighting loads can be supplied by LV side using three
phase

four wire system.

Ad Grvuadiog Tokubrase n Power System Mostly grounded Y- A transformer is used

for no other purpose than to provide a good ground source in ungrounded

Delta system.

Disadvantages

In this type of connection, the secondary voltage is not in phase with
the primary. Hence it is not possible to operate this connection in

parallel with star-star or delta-delta connected transformer.

One problem associated with this connection is that the secondary
voltage is shifted by

0
30 with respect to the primary voltage. This can cause problems when paralleling

3-phase transformers since transformers secondary voltages must be
in-phase to be paralleled. Therefore, we must pay attention to these

shifts.

If secondary of this transformer should be paralleled with
secondary of another transformer without phase shift, there

would be a problem



Fig 4.14. Yd1 connection and phasor diagram

The connection of Yd11 is shown in fig. 4.15 and the voltages on primary and secondary
sides is also shown on the phasor diagram. The phase angle difference between the phase

voltage of high voltage side and low voltage side is 30°.

Fig 4.15. Yd11 connection and phasor diagram

Advantages

The primary side is star connected. Hence fewer numbers of turns are required.
This makes the connection economical for large high voltage step down power

transformers.

The neutral available on the primary can be earthed to avoid distortion.

The neutral point allows both types of loads (single phase or three phases) to be met.

Large unbalanced loads can be handled satisfactory.

The Y-D connection has no problem with third harmonic components due to

circulating currents inD. It is also more stable to unbalanced loads since

the D partially redistributes any imbalance that occurs.



This type of connection is commonly employed at the substation end of
the transmission line. The main use with this connection is to step down
the voltage. The neutral available on the primary side is grounded. It can
be seen that there is phase difference of 30° between primary and

secondary line voltages.

Commonly used in a step-down transformer, Y connection on the HV
sidereduces insulation costs the neutral point on the HV side can be
grounded, stable with respect to unbalanced loads. As for example, at
the end of a transmission line. The neutral of the primary winding is
earthed—rrthis-system—trevottagerattois—+3 Times of transformer
turn-ratio and secondary voltage lags behind primary voltage by 30°.

Also third harmonic currents flows in

4.2.4 Delta-star connection (Dy1/Dy11)
In this type of connection, the primary connected in delta fashion while the
secondary current is connected in star. There is s +30 Degree or -30
Degree Phase Shift between Secondary Phase Voltage to Primary Phase

Voltage.

The connection of Dyl is shown in fig. 4.16 and the voltages on primary and
secondary sides is also shown on the phasor diagram. The phase angle*
difference between the phase voltage of high voltage side and low voltage side »

1s -30°.



Application

It is commonly employed for power supply transformers.




Fig 4.17. Dy11 connection and phasor diagram

Advantages

Cross section area of winding is less at Primary side: On primary side due to

delta connection winding cross-section required is less.
Used at Three phase four wire System: On secondary side, neutral is

available, due to which it can be used for 3-phase, 4 wire supply system.

No distortion of Secondary Voltage: No distortion due to third harmonic
components.

Handled large unbalanced Load: Large unbalanced loads can be handled without

any difficulty.

Grounding Isolation between Primary and Secondary: Assuming
that the neutral of the Y-connected secondary circuit is grounded, a load
connected phase- to-neutral or a phase-to-ground fault produces two
equal and opposite currents in two phases in the primary circuit without
any neutral ground current in the primary circuit. Therefore, in contrast
with the Y-Y connection, phase-to-ground faults or current unbalance in
the secondary circuit will not affect ground protective relaying applied
to the primary circuit. This feature enables proper coordination of

protective devices and is a very important design consideration.

The neutral of the Y grounded is sometimes referred to as a grounding
bank, because it provides a local source of ground current at the

secondary that is isolated from the primary circuit.



Fig 4.16. Dy1 connection and phasor diagram

The connection of Dyl1 is shown in fig. 4.17 and the voltages on primary
and secondary sides is also shown on the phasor diagram. The phase angle
difference between the phase voltage of high voltage side and low voltage

side is 30°.



Therefore, we must pay attention to these shifts.



Harmonic Suppression: The magnetizing current must contain odd
harmonics for the induced voltages to be sinusoidal and the third
harmonic is the dominant harmonic component. In a three-phase system
the third harmonic currents of all three phases are in phase with each
other because they are zero-sequence currents. In the Y-Y connection,
the only path for third harmonic current is through the neutral. In the A -
Y connection, however, the third harmonic currents, being equal in
amplitude and in phase with each other, are able to circulate around the
path formed by the A connected winding. The same thing is true for the

other zero- sequence harmonics.

Grounding Bank: It provides a local source of ground current at the
secondary that is isolated from the primary circuit. For suppose an
ungrounded generator supplies a simple radial system

through A-Y transformer with grounded Neutral at secondary as shown

Figure. The generator can supply a single-phase-to-neutral load through

the -grounded Y transformer.

. Disadvantages

In this type of connection, the secondary voltage is not in phase with
the primary. Hence it is not possible to operate this connection in

parallel with star-star or delta-delta connected transformer.

One problem associated with this connection is that the secondary voltage
is shifted by

0
30 with respect to the primary voltage. This can cause problems when paralleling

3-phase transformers since transformers secondary voltages must be

in-phase to be paralleled.
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Figure 19: The approximate equivalent circuit
This circuit, called the approximate equivalent circuit, is simple to use for quick calcula-tions.

With this equation the equivalent circuit can be modified as shown in fig. 20.

Dividing the equation for the rotor current by s and merging the two sides of the trans-former is
not just a mathematical jugglery. The power dissipated in the rotor resistance (per phase) is
obviously I,°R; . From the equivalent circuit of fig. 20 one can see that the rotor current (referred
to stator of course) flows through a resistance R; /s which has a component R, (1 — s)/s in addition

to R, , which also dissipates power. What does this represent?

RS X Is R X Ir
=MW 000" | W OO0
|
- .("’:;, =
’[ & <
‘ R:
s

Figure 20: The exact equivalent circuit - separation of rotor resistance

From the equivalent circuit, one can see that the dissipation in Rs represents the stator loss, and
dissipation in Ry, represents the iron loss. Therefore, the power absorption indicated by the rotor
part of the circuit must represent all other means of power consumption - the actual mechanical
output, friction and windage loss components and the rotor copper loss components. Since the
dissipation in R, is rotor copper loss, the power dissipation in R;" (1 — s)/s is the sum total of the

remaining. In standard terminology, dissipation in

+ R, /sis called the air gap power.

* R/ is the rotor copper loss.



This expression can be modified as follows (dividing numerator and denominator by s)

Equation 7 tells us that the rotor current is the same as the current flowing in a circuit with a load
impedance consisting of a resistance R, /s and inductive reactance Xy . This current would also
now be at the frequency of E: (stator frequency). Note that the slip no longer multiplies the leakage
reactance. Further this current is now caused by a voltage of E; itself (no multiplying factor of s).
Hence the transformer in fig. 17 can also be removed.

Since, with this, the conversion to slip frequency is no longer there, the equivalent circuit can be

represented as in fig. 18.

This is then the per-phase equivalent circuit of the induction machine, also called as exact
equivalent circuit. Note that the voltage coming across the magnetizing branch is the applied stator
voltage, reduced by the stator impedance drop. Generally the stator impedance drop is only a small
fraction of the applied voltage. This fact is taken to advantage and the magnetizing branch is

shifted to be directly across the input terminals and is shown in fig. 19.

Figure 18: The Exact equivalent circuit
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(a) No-load equivalent (b) Blocked rotor

equivalent
Figure 21: Reduced equivalent circuits

These two observations and the reduced equivalent circuits are used as the basis for the two most
commonly used tests to find out the equivalent circuit parameters — the blocked rotor test and no
load test. They are also referred to as the short circuit test and open circuit test respectively in

conceptual analogy to the transformer.

The no-load test
The behaviour of the machine may be judged from the equivalent circuit of fig. 21(a). The current
drawn by the machine causes a stator-impedance drop and the balance voltage is applied across the

magnetizing branch. However, since the magnetizing branch impedance is large, the current drawn

is small and hence the stator impedance drop is small compared to the applied voltage (rated value).

This drop and the power dissipated in the stator resistance are therefore neglected and the total
power drawn is assumed to be consumed entirely as core loss. This can also be seen from the
approximate equivalent circuit, the use of which is justified by the foregoing arguments. This test

therefore enables us to compute the resistance and inductance of the magnetizing branch in the

following manner.
Let applied voltage = V5. Then current drawn is given by

The power drawn is given by

a
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* R, (1 —s)/s is the mechanical output.

In an ideal case where there are no mechanical losses, the last term would represent the actual
output available at the shaft. Out of the power P; Transferred at the air gap, a fraction s is
dissipated in the rotor and (1 — s) is delivered as output at the shaft. If there are no mechanical

losses like friction and windage, this represents the power available to the load.

Determination of Circuit Parameters

[n order to find values for the various elements of the equivalent circuit, tests must be conducted
on a particular machine, which is to be represented by the equivalent circuit. In order to do this, we

note the following.

I. When the machine is run on no-load, there is very little torque developed by
it. In an ideal case where there is no mechanical losses, there is no
mechanical power deveoped at no-load. Recalling the explanations in the
section on torque production, the flow of current in the rotor is indicative of
the torque that is produced. If no torque is produced, one may conclude that
no current would be flowing in the rotor either. The rotor branch acts like an
open circuit. This conclusion may also be reached by reasoning that when
there is no load, an ideal machine will run up to its synchronous speed where

the slip is zero resulting in an infinite impedance in the rotor branch.

12

When the machine is prevented from rotation, and supply is given, the slip
remains at unity. The elements representing the magnetizing branch Ry, &Xim
are high impedances much larger than R & X in series. Thus, in the exact
equivalent circuit of the induction machine, the magnetizing branch may be

neglected.

From these considerations, we may reduce the induction machine exact equivalent circuit of fig.18

to those shown in fig. 21
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differences. If more accurate estimates are required IEEE guidelines may be followed which

depend on the size of the machine.

Note that these two tests determine the equivalent circuit parameters in a “Stator-referred’ sense,

i.e., the rotor resistance and leakage inductance are not the actual values but what they ’appear to

be’ when looked at from the stator. This is sufficient for most purposes as interconnections to the
external world are generally done at the stator terminals.

Deducing the machine performance

From the equivalent circuit, many aspects of the steady state behavior of the machine
can be deduced. We will begin by looking at the speed-torque characteristic of the
machine. We will consider the approximate equivalent circuit of the machine. We
have reasoned earlier that the power consumed by the ’rotor-portion’ of the equivalent
circuit is the power transferred across the air-gap. Out of that quantity the amount
dissipated in R; is the rotor copper loss and the quantity consumed by R; (1 — s)/s is
the mechanical power developed. Neglecting mechanical losses, this is the power
available at the shaft. The torque available can be obtained by dividing this number by

the shaft speed.

The complete torque-speed characteristics
In order to estimate the speed torque characteristic let us suppose that a sinusoidal

voltage is impressed on the machine. Recalling that the equivalent circuit is the per-

Vs
£ - . (14)
Ry
(Rs + s ) +_j(XIs + Xir )
where V; is the phase voltage phasor and s is the current phasor. The magnetizing

phase represen-tation of the machine, the current drawn by the circuit is given by

!

current is neglected. Since this current is flowing through & . the air-gap power is given by
The mechanical power output was shown to be (1 —s)P, (power dissipated in R; /s).

The torque is obtained by dividing this by the shaft speed ®m.Thus we have,



L PR T

V. Ve

I
Il

Ps ﬁ Rm

RI'I'I PS

(10)

Vs, Is and Ps are measured with appropriate meters. With R, known from eqn. 10, Xy, can be found
from eqn. 9. The current drawn is at low power factor and hence a suitable wattmeter should be

used.

Blocked-rotor Test

In this test the rotor is prevented from rotation by mechanical means and hence the name. Since
there is no rotation, slip of operation is unity, s = 1. The equivalent circuit valid under these
conditions is shown in fig. 21(b). Since the current drawn is decided by the resistance and leakage
impedances alone, the magnitude can be very high when rated voltage is applied. Therefore in this
test, only small voltages are applied — just enough to cause rated current to flow. While the
current magnitude depends on the resistance and the reactance, the power drawn depends on the

resistances.

The parameters may then be determined as follows. The source current and power drawn may be

written as

Vs

L =@ +R )+jXs+X") (11)
r r

Py =[IfRs+R" ) (12)

In the test Vs, Is and Ps are measured with appropriate meters. Equation 12 enables us to

compute(Rs + R: ). Once this is known, (X; + Xr) may be computed from the eqn. 11.

Note that this test only enables us to determine the series combination of the resistance and the

reactance only and not the individual values. Generally, the individual values are assumed to be

equal: the assumption Rs = R;, andX; = X, suffices for most purposes. In practice, there are
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speed, rpm

Figure 22: Induction machine speed-torque characteristic

We must note that the approximate equivalent circuit was used in deriving this relation.

Readers with access to MATLAB or suitable equivalents (octave, scilab

available free under GNU at the time of this writing) may find out the difference
caused by using the ‘exact’ equivalent circuit by using the script found here. A
comparison between the two is found in the plot of fig. 23. The plots correspond to a 3
kW, 4 pole, 50 Hz machine, with a rated speed of 1440 rpm. It can be seen that the
approximate equivalent circuit is a good approximation in the operating speed range
of the machine. Comparing fig. 22 with fig. 23, we can see that the slope and shape of

the characteristics are dependent intimately on the machine parameters.

Further, this curve is obtained by varying slip with the applied voltage being held con-
stant. Coupled with the fact that this is an equivalent circuit valid under steady state, it
implies that if this characteristic is to be measured experimentally, we need to look at
the torque for a given speed after all transients have died down. One cannot, for
example, try to obtain this curve by directly starting the motor with full voltage
applied to the terminals

Figure 23: Comparison of exact and approximate circuit predictions

and measuring the torque and speed dynamically as it runs up to steady speed.

Another point to note is that the equivalent circuit and the values of torque predicted is
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where s is the synchronous speed in radians per second and s is the slip. Further, this

is the torque produced per phase. Hence the overall torque is given by
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The torque may be plotted as a function of ‘s’ and is called the torque-slip (or torque-
speed, since slip indicates speed) characteristic — a very important characteristic of
the induction machine. Eqn. 17 is valid for a two-pole (one pole pair) machine. In
general, this expression should be multiplied by p, the number of pole-pairs. A typical
torque-speed characteristic is shown in fig. 22. This plot corresponds to a 3 kW, 4 pole,

60 Hz machine. The rated operating speed is 1780 rpm.

Torque



remaining constant all the while. But this is a subject to be discussed later.
While considering the negative slip range, (generator mode) we note that the

maximum torque is higher than in the positive slip region (motoring mode)

Operating Point

Consider a speed torque characteristic shown in fig. 25 for an induction machine,
having the load characteristic also superimposed on it. The load is a constant torque

load i.e.,the torque required for operation is fixed irrespective of speed.

The system consisting of the motor and load will operate at a point where the two
characteristics meet. From the above plot, we note that there are two such points. We

therefore need to find out which of these is the actual operating point.

To answer this we must note that, in practice, the characteristics are never fixed; they
change slightly with time. It would be appropriate to consider a small band around the
curve drawn where the actual points of the characteristic will lie. This being the case
let us considers that the system is operating at point 1, and the load torque demand
increases slightly. This is shown in fig. 26, where the change is exaggerated for clarity.
This would shift the point of operation to a point 1" at which the slip would be less and

the developed torque higher.
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valid when the applied voltage waveform is sinusoidal. With non-sinusoidal voltage

wave-forms, the procedure is not as straightforward.

With respect to the direction of rotation of the air-gap flux, the rotor maybe driven to
higher speeds by a prime mover or may also be rotated in the reverse direction. The
torque-speed relation for the machine under the entire speed range is called the
complete speed-torque characteristic. A typical curve is shown in fig. 7.1 for a four-
pole machine, the synchronous speed beihg 1500 rpm. Note that negative speeds
correspond to slip values greater than 1, and speeds greater than 1500 rpm correspond
to negative slip. The plot also shows the operating modes of the induction machine in

various regions. The slip axis is also shown for convenience.

Restricting ourselves to positive values of slip, we see that the curve has a peak point.
This is the maximum torque that the machine can produce, and is called as stalling
torque. If the load torque is more than this value, the machine stops rotating or stalls.
It occurs at a slip s”, which for the machine of fig. 7.1 is 0.38. At values of slip lower
than s”, the curve falls steeply down to zero at s = 0. The torque at synchronous speed
is therefore zero. At values of slip higher than s = 5", the curve falls slowly to a

minimum value at s = 1. The torque at s = 1 (speed = 0) is called the starting torque.

The value of the stalling torque may be obtained by differentiating the expression for

torque with respect to zero and setting it to zero to find the value of s”. Using this
method '

Figure 24: Complete speed-torque characteristic

This fact can be made use of conveniently to alter s”. If it is possible to change R; ,

then we can get a whole series of torque-speed characteristics, the maximum torque

PR s
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presence of the non-zero slip that causes a torque to be developed. Thus the region of
the curve between s = 0 and s = | is the region where the machine produces torque to
rotate a passive load and hence is called the motoring region. Note further that the
direction of rotation of the rotor is the same as that of the air gap flux.

Suppose when the rotor is rotating, we change the phase sequence of excitation to the
machine. This would cause the rotating stator field to reverse its direction — the
rotating stator mmf and the rotor are now moving in opposite directions. If we adopt
the convention that positive direction is the direction of the air gap flux, the rotor
speed would then be a negative quantity. The slip would be a number greater than
unity. Further, the rotor as we know should be “dragged along” by the stator field.
Since the rotor is rotating in the opposite direction to that of the field, it would now

tend to slow down, and reach zero speed. Therefore this region (s > 1) is called the

braking region. (What would happen if the supply is not cut-off when the speed

reaches zero?)

There is yet another situation. Consider a situation where the induction machine is
operating from mains and is driving an active load (a load capable of producing
rotation by itself ). A typical example is that of a windmill, where the fan like blades
of the wind mill are connected to the shaft of the induction machine. Rotation of the
blades may be caused by the motoring action of the machine, or by wind blowing.
Further suppose that both acting independently cause rotation in the same direction.
Now when both grid and wind act, a strong wind may cause the rotor to rotate faster
than the mmf produced by the stator excitation. A little reflection shows that slip is
then negative. Further, the wind is rotating the rotor to a speed higher than what the
electrical supply alone would cause. In order to do this it has to contend with an
opposing torque generated by the machine preventing the speed build up. The torque
generated is therefore negative. It is this action of the wind against the torque of the
machine that enables wind-energy generation. The region of slip s > 1 is the
generating mode of operation. Indeed this is at present the most commonly used
approach in wind-energy generation. It may be noted from the torque expression of

eqn. 17 that torque is negative for negative values of slip.

Speed control of Induction Machines

A ERAE kR E s e

We have seen the speed torque characteristic of the machine. In the stable region of operation in
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speed, rpm
Figure 26: Stability of operating point

The difference in torque developed ATe, being positive will accelerate the machine.
Any overshoot in speed as it approaches the point 1" will cause it to further accelerate
since the developed torque is increasing. Similar arguments may be used to show that

if for some reason the developed torque becomes smaller the speed would drop and

the effect is cumulative. Therefore we may conclude that 1 is not a stable operating
point.

Let us consider the point 2. If this point shifts to 2, the slip is now higher (speed is

lower) and the positive difference in torque will accelerate the machine. This behavior

will tend to bring the operating point towards 2 once again. In other words,

disturbances at point 2 will not cause a runaway effect. Similar arguments may be
given for the case where the load characteristic shifts down. Therefore we conclude

that point 2 is a stable operating point.

From the foregoing discussions, we can say that the entire region of the speed-torque
characteristic from s = 0 to s = 5" is an unstable region, while the region from s = 5" to
s =0 is a stable region. Therefore the machine will always operate between s =0
ands=s"

Modes of Operation

The reader is referred to fig. 7.1 which shows the complete speed-torque characteristic

of the induction machine along with the various regions of operation.

Let us consider a situation where the machine has just been excited with three phase
supply and the rotor has not yet started moving. A little reflection on the definition of
the slip indicates that we are at the point s = 1. When the rotating magnetic field is set
up due to stator currents, it is the induced emf that causes current in the rotor, and the

interaction between the two causes torque. It has already been pointed out that it is the
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Performance Characteristics of Three phase Induction Motor

Speed control by changing applied voltage

From the torque equation of the induction machine given in eqn.17, we can see that the torque
depends on the square of the applied voltage. The variation of speed torque curves with respect to
the applied voltage is shown in fig. 27. These curves show that the slip at maximum torque s”
remains same, while the value of stall torque comes down with decrease in applied voltage. The

speed range for stable operation remains the same.

Further, we also note that the starting torque is also lower at lower voltages. Thus, even if a given

voltage level is sufficient for achieving the running torque, the machine may not start. This method

of trying to control the speed is best suited for loads that require very little starting torque, but their

torque requirement may increase with speed.

Figure 27 also shows a load torque characteristic — one that is typical of a fan type of load. In a
fan (blower) type of load,the variation of torque with speed is such that T « ®?. Here one can see
that it may be possible to run the motor to lower speeds within the range ns to (1 — s™)ns. Further,
since the load torque at zero speed is zero, the machine can start even at reduced voltages. This

will not be possible with constant torque type of loads.

One may note that if the applied voltage is reduced, the voltage across the magnetising branch also
comes down. This in turn means that the magnetizing current and hence flux level are reduced.
Reduction in the flux level in the machine impairs torque production

Stator voltage variation




the motoring mode, the curve is rather steep and goes from zero torque at synchronous speed to the
stall torque at a value of slip s =s". Normally s” may be such that stall torque is about three times
that of the rated operating torque of the machine, and hence may be about 0.3 or less. This means

that in the entire loading range of the machine, the speed change is quite small. The machine speed

is quite stiff with respect to load changes. The entire speed variation is only in the range ns to (1 —

$")ns, ns being dependent on supply frequency and number of poles.

The foregoing discussion shows that the induction machine, when operating from mains is
essentially a constant speed machine. Many industrial drives, typically for fan or pump
applications, have fypically constant speed requirements and hence the induction machine is
ideally suited for these. However,the induction machine, especially the squirrel cage type, is quite
rugged and has a simple construction. Therefore it is good candidate for variable speed

applications if it can be achieved.
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Figure 28: Speed-torque curves : rotor resistance variation
Note that while the maximum torque and synchronous speed remain constant, the slip at which
maximum torque occurs increases with increase in rotor resistance, and so does the starting torque.
whether the load is of constant torque type or fan-type, it is evident that the speed control range is
more with this method. Further, rotor resistance control could also be used as a means of

generating high starting torque.

For all its advantages, the scheme has two serious drawbacks. Firstly, in order to vary the rotor
resistance, it is necessary to connect external variable resistors (winding resistance itself cannot be
changed). This, therefore necessitates a slip-ring machine, since only in that case rotor terminals
are available outside. For cage rotor machines, there are no rotor terminals. Secondly, the method

is not very efficient since the additional resistance and operation at high slips entails dissipation.

The resistors connected to the slip-ring brushes should have good power dissipation ca-pability.
Water based rheostats may be used for this. A ‘solid-state’ alternative to a rheostat is a chopper
controlled resistance where the duty ratio control of of the chopper presents a variable resistance

load to the rotor of the induction machine.

Cascade control

The power drawn from the rotor terminals could be spent more usefully. Apart from using the heat
generated in meaning full ways, the slip ring output could be connected to another induction
machine. The stator of the second machine would carry slip frequency currents of the first machine
which would generate some useful mechanical power. A still better option would be to
mechanically couple the shafts of the two machines together. This sort of a connection is called

cascade connection and it gives some measure of speed control as shown below.

Let the frequency of supply given to the first machine be fi , its number poles be p1, and its slip of

operation be s; . Let £, p2 and s2 be the corresponding quantities for the second machine. The



speed, rpm
Figure 27: Speed-torque curves: voltage variation
(recall explantions on torque production), which is primarily the explanation for fig. 27. If,
however, the machine is running under lightly loaded conditions, then operating under rated flux
levels is not required. Under such conditions, reduction in magnetizing current improves the power

factor of operation. Some amount of energy saving may also be achieved.

Voltage control may be achieved by adding series resistors (a lossy, inefficient proposition), or a
series inductor / autotransformer (a bulky solution) or a more modem solution using
semiconductor devices. A typical solid state circuit used for this purpose is the AC voltage
controller or AC chopper. Another use of voltage control is in the so-called ‘soft-start’ of the
machine. This is discussed in the section on starting methods.

Rotor resistance control

The reader may recall from eqn.17 the expression for the torque of the induction machine. Clearly,
it is dependent on the rotor resistance. Further, eqn.19 shows that the maximum value is
independent of the rotor resistance. The slip at maximum torque eqn.18 is dependent on the rotor
resistance. Therefore, we may expect that if the rotor resistance is changed, the maximum torque
point shifts to higher slip values, while retaining a constant torque. Figure 28 shows a family of

torque-speed characteristic obtained by changing the rotor resistance.

Rotor resistance variation




per phase

sEily cos 2 =1 Ry +P;. (22)

Clearly now, the value of s can be changed by the value of P; . For P, = 0, the machine is like a
normal machine with a short circuited rotor. As P becomes positive, for all other circuit conditions
remaining constant, s increases or in the other words, speed reduces. As P: becomes negafive,the
right hand side of the equation and hence the slip decreases. The physical interpretation is that we
now have an active source connected on the rotor side which is able to supply part of the rotor
copper losses. When P; = —1,?R3 the entire copper loss is supplied by the external source. The RHS
and hence the slip is zero. This corresponds to operation at synchronous speed. In general the
circuitry connected to the rotor may not be a simple resistor or a machine but a power electronic
circuit which can process this power requirement. This circuit may drive a machine or recover

power back to the mains. Such circuits are called static kramer drives.

Pole changing schemes

Sometimes induction machines have a special stator winding capable of being externally
connected to form two diff erent number of pole numbers. Since the synchronous speed of the
induction machine is given by ns = f/p (in rev./s) where p is the number of pole pairs, this would
correspond to changing the synchronous speed. With the slip now corresponding to the new
synchronous speed, the operating speed is changed. This method of speed control is a stepped

variation and generally restricted to two steps.

If the changes in stator winding connections are made so that the air gap flux remains constant,
then at any winding connection, the same maximum torque is achievable. Such winding
arrangements are therefore referred to as constant-torque connections. If however such connection
changes result in air gap flux changes that are inversely proportional to the synchronous speeds,

then such connections are called constant-horsepower type.

The following figure serves to illustrate the basic principle. Consider a magnetic pole structure

consisting of four pole faces A, B, C, D as shown in fig. 30.



frequency of currents flowing in the rotor of the first machine and hence in the stator of the second
machine is sif]. Therefore f> = sifi. Since the machines are coupled at the shaft, the speed of the
rotor is common for both. Hence, if n is the speed of the rotor
in radians, _
f) sif
n=pi(I-s)=% p2 (1-s). (20)

Note that while giving the rotor output of the first machine to the stator of the second, the resultant
stator mmf of the second machine may set up an air-gap flux which rotates in the same direction as

that of the rotor, or opposes it. this results in values for speed as

fi fi

n= pitp2 orn= pi—p2 (s2negligible) 21)

The latter expression is for the case where the second machine is connected in opposite phase

sequence to the first. The cascade connected system can therefore run at two possible speeds

R, X Rr sXir

A AAAA FRIINN i (RS
—NW DOLO0 == I VW YOO ——%
A |
!—LL 5Tk +
o < = P

Figure 29: Generalized rotor control

Speed control through rotor terminals can be considered in a much more general way. Consider the
induction machine equivalent circuit of fig. 29, where the rotor circuit has been terminated with a

voltage source E; .

If the rotor terminals are shorted, it behaves like a normal induction machine. This is equivalent to
saying that across the rotor terminals a voltage source of zero magnitude is connected. Diff erent
situations could then be considered if this voltage source E; had a non-zero magnitude. Let the

power consumed by that source be P: . Then considering the rotor side circuit power dissipation



Thus the expressions for vy and vg would be

2
2n )+ VinsinBoit+¢3—3. =)

vy = Vimsin(oit+¢@1— 3 3

21 21

+Vsmsin(Soit+@s—5.  3) + Vimsin(Joit+@r— 7. 3)+——— (26)
4
4 )+ Vinsin(Boit +p3—3. w)
vg = Vimsin(oit+ @ — 3
4 4

shifted from vg respectively. It is further well known that if a waveform is shifted by ¢ degrees, its

harmonics are shifted by ng degrees, where n is the order of the harmonic.

If we consider the third harmonic components of the three phase waveforms,

and if v3(t) is the third harmonic of phase x, we can see that

vR
3 = Vimsin(Goit + @3)
vY
3 =Vansin(Boit+ @3)
vB
3 =Vimsin(Boit + ©3) (28)
Therefore, all the three third harmonics are in phase. In a STAR connected system with isolated
neutral, these voltages cannot cause any current flow since all three terminals are equal in potential.
If the neutral point is connected to some point, then then current can flow through the neutral
connection. Such a connection is however rare in induction machines. The machine is therefore an
open circuit to third harmonics. In fact, one can see that any harmonic whose order is a multiple of
three, i.e., the triplen harmonics, as they are called, will face an identical situation. Since the
machine is an open circuit to triplen harmonics in the excitation voltage, these do not have eff ect

on the machine.
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Figure 30: Pole arrangement

Harmonics in Induction Machines

In attempting to understand the performance of an induction machine, we consider that the air-gap
flux wave is purely sinusoidal. It is from that assumption the analysis of induced emf, sinusoidal
currents, the expressions for generated torque etc. proceed. In practice, there are deviations from

this idealistic picture.

Time Harmonic
The first non-ideality is the presence of harmonics in the input supply given to the three phase
machine. The source may contain 3%, 5 7", . harmonics. Note that due to the symmetry of the
waveform (f (t) = —f (t + T /2), where T is the period of the supply sine waveform, even ordered
harmonics cannot exist. Let the R phase supply voltage be given by the expression

VR = Vimsin(oit+ @) + Vin sin(3wit + 03)

+Vsim sin(Soit + @s) + Vim sin(Toit + @7) +— — — (25)

Being a balanced three phase supply, we know that the waveforms of vy and vg are 120" and 240°






Let us now consider the fifth harmonic. From the equations above, one can see that

vRS

vY

vBS

= Vsm sin(Sait + @s)
2n

= Vsmsin(Soit +¢s — 5. 3 )
47

= Vsmsin(Soit + s 3 )
4

= Vsmsin(Soit+¢s —5. 3 )
2n

= Vsm sin(Soit + ¢s 3 ) (29)
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The resultant of the two fields of equal magnitude rotating in opposite directions is alternating.
Therefore an alternating current can be considered as having two components which are of
equal in magnitude and rotating in opposite directions.

From the above, it is clear that when a single phase alternating current is supplied to the stator
of a single phase motor, the field produced will be of alternating in nature which can be divided
into two components of equal magnitude one revolving in clockwise and other in counter
clockwise direction.

If a stationary squirrel cage rotor is kept in such a field equal forces in opposite direction will
act and the rotor will simply vibrate and there will be no rotation.

But if the rotor is given a small jerk in any direction in this condition, it will go on revolving
and will develop torque in that particular direction. It is clear from the above that a single phase
induction motor when having only one winding is not a self-starting. To make it a self-starting
anyone of the following can be adopted.

(i) Split phase starting.
(i1) Repulsion starting.
(iii) Shaded pole starting.

EQUVALENT CIRCUIT OF SINGLE PHASE INDUCTION MOTOR

The equivalent circuit of single phase induction motor is shown below (Fig: 4.3)

A Forward
rotatng field

P05 oS

sfa

Peverse
rotatng field




Unit-V
Single Phase Induction Motors

Single phase Induction motors perform a great variety of useful services at home, office, farm,
factory and in business establishments. Single phase motors are generally manufactured in
fractional HP ratings below 1 HP for economic reasons. Hence, those motors are generally
referred to as fractional horsepower motors with a rating of less than 1 HP. Most single phase
motors fall into this category. Single phase Induction motors are also manufactured in the range
of 1.5, 2, 3 and up to 10 HP as a special requirement.
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Winding
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housing
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Fig: 4.1(a) Stator Fig: 4.1(b) Squirrel cage rotor

Theory of Operation

A single phase induction motor is similar in construction to that of a polyphase induction motor
with difference that its stator has only one winding. If such a stator is supplied with single
phase alternating current, the field produced by it changes in magnitude and direction
sinusoidally. Thus the magnetic field produced in the air gap is alternating one but not rotating
as a result these kind of motors are NOT SELF STARTING. Fig: 4.2 (a) shows the torque-speed
characteristic of single phase induction motor.

Torque

Backward

L Percent
2 l Backward synchronous
g speed
Fig: 4.2 (a)

Such an alternating filed is equivalent to two fields of equal magnitude rotating in opposite directions at equal
speed as explained below:

Double Revolving Field Theory of Single Phase Induction Motor

Consider two magnetic fields represented by quantities OA and OB of equal magnitude
revolving in opposite directions as shown in fig: 4.1.
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Fig: 4.4 Equivalent circuit of single phase induction motor.
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Fig: 4.5(a) Approximate equivalent circuit of the single phase induction motor at standstill.




Determination of Equivalent Circuit Parameters of Single Phase Induction motor

It is possible to find the parameters of the equivalent circuit of the single phase induction motor
experimentally as shown in Fig.4.4. For this purpose, three tests should be conducted:

I- The DC Test:

The DC resistance of the stator can be measured by applying DC current to the terminals of the
main winding and taking the reading of the voltage and the current (or using ohmmeter) and

determine the DC resistance as follows:

I
RD{' Jals
Ipe
Then, the AC resistance is given by:
R=125R,

2-The Blocked Rotor Test:

When the rotor is locked (i.e. prevented from running), S; = Sy= 1. The secondary impedances
become much less than the magnetizing branches and the corresponding equivalent circuit

becomes that of Fig: 4.5.




I-The No Load Test:

When the induction motor is allowed to run freely at no load, the forward slip Syapproaches
zero and the backward slip Sp approaches 2 (Sy=s, Sp = 2-s). The secondary forward impedance
becomes very large with respect to the magnetizing branch, while the secondary backward
impedance becomes very small if compared with the magnetizing branch. Accordingly, the
equivalent circuit corresponding to these operating conditions can be approximated by that of
Fig: 4.6.

The readings to be obtamned from this test are:
d) Single phase power P,
¢) Phase voltage I',,

f) Phase current 7,
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Fig: 4.6 (a) Approximate equivalent circuit of the single phase induction motor at no load.
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The circuit in Fig: 4.5 (a) can be rearranged to the equivalent circuit that is shown in Fig: 4.5(b).

A
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standstill.

The readings to be obtained from this test are:
a) Simgle phase power P,
b) Phase voltage 17,

¢) Phase current 7,

Then. R_. Z_ .and . canbe obtamned using the following equations:

Fig: 4.5(b) Rearranged approximate equivalent circuit of the single phase induction motor at




Methods of Starting

It is clear from previous discussion that a single phase induction motor when having only one

winding and it is not self-starting. To make it a self-starting anyone of the following can be
adopted.

(1) Split phase starting.
(2) Repulsion starting.

(3) Shaded pole starting.

PRINCIPLE OF SPLIT PHASE INDUCTION MOTOR

The basic principle of operation of a split phase induction motor is similar to that of a polyphase
induction motor. The main difference is that the single phase motor does not produce a rotating
magnetic field but produces only a pulsating filed.

Hence, to produce the rotating magnetic field for self-starting, phase splitting is to be done to
make the motor to work as a two phase motor for starting.

Working of Split Phase Motor

In split phase motor two windings named as main winding and starting winding are provided.
At the time of starting, both the main and starting windings should be connected across the
supply to produce the rotating magnetic field.

The rotor is of a squirrel cage type and the revolving magnetic field sweeps part the stationary
rotor, inducing emf in the rotor. As the rotor bars are short-circuited, a current flows through
them producing a magnetic field.

This magnetic field opposes the revolving magnetic field and will combine with the main filed
to produce a revolving filed. By this action, the rotor starts revolving in the same direction of
the rotating magnetic field as in the case of a squirrel cage induction motor.

Hence, once the rotor starts rotating, the starting winding can be disconnected from the supply
by some mechanical means as the rotor and stator fields from a revolving magnetic field. There
are several types of split phase motors.

TYPES OF SPLIT-PHASE INDUCTION MOTORS

L. Resistance-start, induction-run motors

(S ]

Capacitor-start, induction-run motors

3 Capacitor-start, capacitor-run motors
4. Shaded pole motors.
1.R CE-START. INDUCTION-RU oT

As the starting torque of this type of motor is relatively small and its starting current is high,
these motors are most commonly used for rating up to 0.5 HP where the load could be started




(b)

The circuit in Fig: 4.6 (a) can be rearranged to the equivalent circuit that is shown in Fig: 4.6
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Fig: 4.6 (b) Rearranged approximate equivalent circuit of the single phase induction motor at
no load
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Fig: 4.8

The direction of rotating of a split-phase motor is determined by the way the main and auxiliary
windings are connected. Hence, either by changing the main winding terminals or by changing
the starting winding terminals, the reversal of direction of rotating could be obtained.

APPLICATIONS

These motors are used for driving fans, grinders, washing machines.

2. CAPACITOR-START. INDUCTION-RUN MOTOR

A drive which requires a large starting torque may be fitted with a capacitor-start, induction-

run motor as it has excellence starting torque as compared to the resistance-start, induction-run
motor.

CONSTRUCTION AND WORKING

Fig: 4.9(a) shows the schematic diagram of a capacitor-start, induction-run motor. As shown,
the main winding is directly connected across the main supply whereas the starting winding is
connected across the main supply through a capacitor and centrifugal switch.

Both these windings are placed in a stator slot at 90 degree electrical apart, and a squirrel cage
type rotor is used.

As shown in Fig: 4.9(b), at the time of starting the current in the main winding lags the supply
voltages by 90 degrees, depending upon its inductance and resistance. On the other hand, the

current in the starting winding due to its capacitor will lead the applied voltage, by say 20
degrees.

Hence, the phase difference between the main and starting winding becomes near to 90 degrees.
This in turn makes the line current to be more or less in phase with its applied voltage, making
the power factor to be high, thereby creating an excellent starting torque.

However, after attaining 75% of the rated speed, the centrifugal switch operates opening the
starting winding and the motor then operates as an induction motor, with only the main winding
connected to the supply.




easily. The essential parts are shown in Fig: 4.7.

. Main winding or running winding.

. Auxiliary winding or starting winding
. Squirrel cage type rotor.

. Centrifugal switch.

CONSTRUCTION AND WORKING

The starting winding is designed to have a higher resistance and lower reactance than the main
winding. This is achieved by using small conductors in the auxiliary winding than in the main
winding. The main winding will have higher inductance when surrounded by more iron, which
could be made possible by placing it deeper into the stator slots, it is obvious that the current
would split as shown in Fig: 4.7(b).
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Fig: 4.7
The starting current "I" start will lag the main supply voltage "V" line by 15 degree and the
main winding current. "[" main lags the main voltage by about 80 degree. Therefore, these

currents will differ in time phase and their magnetic fields will combine to produce a rotating
magnetic field.

When the motor has come upto about 75 to 80% of synchronous speed, the starting windingis
opened by a centrifugal switch and the motor will continue to operate as a single phase motor.

CHARACTERISTICS

At the point where the starting winding is disconnected, the motor develops nearly as much
torque with the main winding alone as with both windings connected. This can be observed
from, the typical torque-speed characteristics of this motor, as shown in Fig: 4.8.




As discussed earlier, one capacitor-start, induction-run motors have excellent starting torque,
say about 300% of the full load torque and their power factor during starting in high.

However, their running torque is not good, and their power factor, while running is low. They
also have lesser efficiency and cannot take overloads.

CONSTRUCTION AND WORKING

The aforementioned problems are eliminated by the use of a two valve capacitor motor in which
one large capacitor of electrolytic (short duty) type is used for starting whereas a smaller
capacitor of oil filled (continuous duty) type is used for running, by connecting them with the

starting winding as shown in Fig:4.11. A general view of such a two valve capacitor motor is
shown in Fig: 4.11.
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Fig: 4.11

This motor also works in the same way as a capacitor-start, induction-run motor, with

exception, that the capacitor C1 is always in the circuit, altering the running performance to a
great extent.

The starting capacitor which is of short duty rating will be disconnected from the starting

winding with the help of a centrifugal switch, when the starting speed attains about 75% of the
rated speed.

CHARACTERISTICS

The torque-speed characteristics of this motor is shown in Fig: 4.12.
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As shown in Fig: 4.9(b), the displacement of current in the main and starting winding is about
80/90 degrees, and the power factor angle between the applied voltage and line current is very
small. This results in producing a high power factor and an excellent starting torque, several
times higher than the normal running torque as shown in Fig: 4.10.

CHARACTERISTICS

The torque-speed characteristics of this motor is shown in Fig: 4.10.
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In order to reverse the direction of rotation of the capacitor-start, induction-run motor, either
the starting or the main winding terminals should be changed.

This is due to the fact that the direction of rotation depends upon the instantaneous polarities
of the main field flux and the flux produced by the starting winding. Therefore, reversing the
polarity of one of the field will reverse the torque.

APPLICATIONS

Due to the excellent starting torque and easy direction-reversal characteristics,

e Used in belted fans,

e Used in blowers dryers,

e Used in washing machines,

e Used in pumps and compressors.

3. CAPACITOR-START. CAPACITOR-RUN MOTORS
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Fig: 4.13

To change the direction of rotation of this motor, the brush axis needs to be shifted from the
right side as shown in Fig:4.13(b) to the left side of the main axis in a counter clockwise
direction as shown in Fig:4.13(b).

CHARACTERISTICS

The torque developed in a repulsion motor will depend upon the amount of brush shaft as
shown in Fig: 4.13 (b), whereas the direction of shift decides the direction of rotation.

Further, the speed depends upon the amount of brush shift and the magnitude of the load also
on the relationship between the torque and brush-position angle.

Though the starting torque from 250 to 400% of the full load torque, the speed will be
dangerously high during light loads. This is due to the fact that the speed of the repulsion motor
start does not depend on frequency or number of poles but depends upon the repulsion
principle.

Further, there is a tendency of sparking in the brushes at heavy loads, and the PF will be poor
at low speeds. Hence the conventional repulsion motor start is not much popular.

SHAPED POLE STARTING

The motor consists of a yoke to which salient poles are fitted as shown in Fig: 4.14(a) and it
has a squirrel cage type rotor.




Fig: 4.12
This motor has the following advantages:

. The starting torque is 300% of the full load torque

. The starting current is low, say 2 to 3 times of the running current.

. Starting and running power factor are good.

. Highly efficient running.

. Extremely noiseless operation.

. Can be loaded upto 125% of the full load capacity.
APPLICATIONS

. Used for compressors, refrigerators, air-conditioners, etc.

. Higher starting torque.

. High efficiency, higher power factor and overloading.

. Costlier than the capacitor-start — Induction run motors of the same capacity.
REPULSION STARTING

This type of starting need a wound rotor with brush and commutator arrangement like a dc

armature Fig 4.13(a). The starting operation is based on the principle of repulsion and hence the

name.

CONSTRUCTION AND WORKING

Repulsion starting, though complicated in construction and higher in cost, are still used in
certain industries due to their excellent starting torque, low starting current, ability to withstand

long spell of starting currents to drive heavy loads and their easy method of reversal of
direction.

Now there is a condition that the rotor north pole will be repelled by the main north pole and
the rotor south pole is repelled by the main south pole, so that a torque could be developed in
the rotor. Now due to the repulsion action between the stator and the rotor poles, the rotor will

start rotating in a clockwise direction. As the motor torque is due to repulsion action, this
starting method is named as repulsion starting.
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Fig: Shifting of magnetic flux

When the current raises from "Zero" Value of point "0" to a point "a" the change in current is

very rapid (Fast). Hence, it reduces an emf in the shaded coil on the basis of Faraday's law of
electromagnetic induction.

The induced emf in the shaded coil produces a current which, in turn, produces a flux in
accordance with Lenz Law. This induced flux opposes the main flux in the shaded portion and
reduces the main flux in that area to a minimum value as shown in Fig: 4.15.

This makes the magnetic axis to be in the centre of the unshaded portion as shown by the arrow
in part of Fig: 4.15. On the other hand as shown in part 2 of 3 when the current raises from
point "a" to point "b" the change in current is slow the induced emf and resulting current in the
shading coil is minimum and the main flux is able to pass through the shade portion.

This makes the magnetic axis to be shifted to the centre of the whole pole as shown in by the
arrow in part 2 of Fig: 4.15.
In the next instant, as shown in part 3 of Fig: 4.15. When the current falls from "b" to "c" the

change in current is fast but the change of current is from maximum to minimum.

Hence a large current is induced in the shading ring which opposes the diminishing main flux,
thereby increasing the flux density in the area of the shaded part. This makes the magnetic axis
to shift to the right portion of the shaded part as shown by the arrow in part.

From the above explanation it is clear the magnetic axis shifts from the unshaded part to the
shaded part which is more or less a physical rotary movement of the poles.

Simple motors of this type cannot be reversed. Specially designed shaded pole motors have
been constructed for reversing operations. Two such types:

a. The double set of shading coils method
b. The double set of exciting winding method.

Shaded pole motors are built commercially in very small sizes, varying approximately from
1/250 HP to 1/6 HP. Although such motors are simple in construction and cheap, there are
certain disadvantages with these motor as stated below:
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Fig: 4.14

A shaded pole made of laminated sheets has a slot cut across the lamination at about one third
the distance from the edge of the pole.

Around the smaller portion of the pole, a short-circuited copper ring is placed which is called
the shading coil, and this part of the pole is known as the shaded part of the pole. The remaining
part of the pole is called the unshaded part which is clearly shown in Fig: 4.14(b).

Around the poles, exciting coils are placed to which an AC supply is connected. When AC
supply is effected to the exciting coil, the magnetic axis shifts from the unshaded part of the
pole to the shaded part as will be explained in details in the next paragraph. This shifting of
axis is equivalent to the physical movement of the pole.

This magnetic axis, which is moving, cuts the rotor conductors and hence, a rotational torque
is developed in the rotor.

By this torque the rotor starts rotating in the direction of the shifting of the magnetic axis that
is from the unshaded part to the shaded part.

THE MAGNETIC FLUX SHIFTING

As the shaded coil is of thick copper, it will have very low resistance but as it is embedded in
the iron case, it will have high inductance. When the exciting winding is connected to an AC
supply, a sine wave current passes through it.

Let us consider the positive half cycle of the AC current as shown in Fig: 4.15.




4. In order to reduce the effect of armature reaction, thereby improving commutation and
reducing armature reactance, a compensating winding is used.

Y YL

Main field
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supply
Ammature
Fig: 4.16

The compensating winding is put in the stator slots. The axis of the compensating winding

is 90 (electrical) with the main field axis. It may be connected in series with both the
armature and field as shown in Fig: 4.16. In such a case the motor is conductively
compensated.

The compensating winding may be short circuited on itself, in which case the motor is said to
be inductively compensated shown in Fig: 4.17.

Main field . :
I Compensation
winding e
winding
1-phase
supply
Armature
Fig: 4.17

The characteristics of single-phase series motor are very much similar to those of D.C. series
motors, but the series motor develops less torque when operating from an a.c. supply than when
working from an equivalent D.C. supply [Fig: 4.18]. The direction of rotation can be changed
by interchanging connections to the field with respect to the armature as in D.C. series motor.




*  Low starting torque.
*  Very little overload capacity.

+  Low efficiency.

APPLICATIONS
* Record players
* Fans

* Hair driers.

Single Phase Series Motor

The single-phase series motor is a commutator-type motor. If the polarity of the line terminals
of a dc series motor is reversed, the motor will continue to run in the same direction. Thus, it
might be expected that a dc series motor would operate on alternating current also. The
direction of the torque developed in a dc series motor is determined by both filed polarity and
the direction of current through the armature[TT o< ¢ppll4q].

Operation

Let a dc series motor be connected across a single-phase ac supply. Since the same current
flows through the field winding and the armature, it follows that ac reversals from positive to
negative, or from negative to positive, will simultaneously affect both the field flux polarity
and the current direction through the armature. This means that the direction of the developed
torque will remain positive, and rotation will continue in the same direction. Thus, a series
motor can run both on dc and ac.

However, a series motor which is specifically designed for dc operation suffers from the
following drawbacks when it is used on single-phase ac supply:

Its efficiency is low due to hysteresis and eddy-current losses.
The power factor is low due to the large reactance of the field and the armature winding.
The sparking at the brushes is excessive.

L 2 —

In order to overcome these difficulties, the following modifications are made in a D.C. series
motor that is to operate satisfactorily on alternating current:

1. The field core is constructed of a material having low hysteresis loss. It is laminated to
reduce eddy-current loss.

The field winding is provided with small number of tums. The field-pole areas is
increased so that the flux density is reduced. This reduces the iron loss and the reactive
voltage drop.

The number of armature conductors is increased in order to get the required torque with
the low flux.

&)
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Fig: 4.20

The resistance LiRse, [:Ri, IR and [,R, drops are due to resistances of series field, interpole
winding, compensating winding and of armature respectively are in phase with armature
current I,. The reactance drops IaXse, 1Xi, I.X. and 1.Xa are due to reactance of series field,
interpole winding, compensating winding and of armature respectively lead current I, by 900,
The generated armature counter emf is Eg. The terminal phase voltage Vp is equal to the phasor
sum of Eg and all the impedance drops in series.

ViJ = Eg + [azse + [azi + laZC i ]i‘za

The power factor angle between Veand lais .

Applications

There are numerous applications where single-phase ac series motors are used, such as hair
dryers, grinders, table-fans, blowers, polishers, kitchen appliances etc. They are also used for

many other purposes where speed control and high values of speed are necessary.

Schrage Motor

Schrage motor is basically an inverted polyphase induction motor, with primary winding on
the rotor and secondary winding on the stator. The primary winding on the rotor is fed through
three slip rings and brushes at line frequency; secondary winding on the stator has slip

freaniency voltages indnced in it




A C. senes mclor

MNormal d c. senes motor

/

o — szque

Fig: 4.18

Speed control of universal motors is best obtained by solid-state devices. Since the speed of
these is not limited by the supply frequency and may be as high as 20,000 r.p.m. (greater than
the maximum synchronous speed of 3000 r.p.m. at 50 Hz), they are most suitable for
applications requiring high speeds.

Phasor Diagram of A.C Series Motor

The schematic diagram and phasor diagram for the conductively coupled single-phase ac series
motor are shown in Fig: 4.19 and Fig: 4.20 respectively.

Series field
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Fig: 4.19




stator.

Voltage across the brush pairs A - Aa, B; - B2 & C) - Czincreases as brushes are separated.

Magnitude of voltage injected into the secondary winding depends on the angle of separation
‘0’ of the brushes A & Az, Bi & By, C) & Ca.  (°0” — Brush separation angle).

When primary is energized synchronously rotating field in clockwise direction is set up in the
rotor core. Assume that the brushes are short circuited through commutator segment i.e. the
secondary is short circuited. Rotor still at rest, the rotating field cuts the stationary secondary
winding, induces an e.m.f. The stator current produce its own field. This stator field reacts with
the rotor field thus a clockwise torque produced in the stator. Since the stator cannot rotate, as
a reaction, it makes the rotor rotate in the counter clockwise direction.

Suppose that the rotor speed is N rpm. Rotor flux is rotating with Ns relative to primary &
regulating winding. Thus the rotor flux will rotate at slip speed (Ns - Ny) relative to secondary
winding in stator with reference to space.

Speed Control

Speed of Schrage Motor can be obtained above and below Synchronous speed by changing the
Brush position i.e. changing “8” (‘0" — Brush separation angle).

In Fig: 4.22 (a) Brush pair on the same commutator segment.i.e. the secondary winding short
circuited. Thus the Injected voltage Ej = 0 and the machine operates as an Inverted Induction
Motor so here Ny < Ns.
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The speed and power factor of slip ring induction motor can be controlled by injecting slip
frequency voltage in the rotor circuit. If resultant rotor voltage increases, current increases,
torque increases and speed increases. Depending on the phase angle of injected voltage, power
factor can be improved. In 1911, K. H. Schrage of Sweden combined elegantly a SRIM
(WRIM) and a frequency converter into a single unit.

Construction and Operation

Fig: 4.21

Schrage motor has three windings- Two in Rotor and One in Stator.

Primary winding: Placed on the lower part of the slots of the Rotor. Three phase supply at
. line frequency is fed through slip rings and brushes which generates working flux in the
machine.

Regulating winding: Placed on the upper part of the slots of the Rotor. These are connected to
commutator segments in a manner similar to that of D.C. machine. Regulating windings are
also known as tertiary winding / auxiliary winding / commutator winding.

Secondary winding: Same is phase wound & located on stator. Each winding is connected to
a pair of brushes arranged on the commutator. Brushes are mounted on brush rockers. These
are designed to move in opposite directions, relative to the centre line of its stator phase.

Brushes Ai, Bi & Cimove together and are 120° apart.

Brushes Az, B2 & C;also move together and are 120° apart.

Now the primary energized with line frequency voltage. Transformer action occurs between
primary and regulating winding. Induction motor action occurs between primary and secondary
windings. Commutator acting as a frequency converter converts line frequency voltage of

L regulating winding to slip frequency voltage and feeds the same to secondary winding on the




Both p.f. and speed can be controlled by varying ‘0’ & ‘p’.

Thus ‘Ej Cos p’ and ‘Ej Sin p’ effect the speed and p.f. respectively. Fig: 4.23 show Variation
of no load speed with Brush Separation.

Speegd)
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Fig: 4.23

Speed Torque Characteristics

Above discussion reveals that the Schrage Motor is almost a constant speed motor i.e. it has
D.C Shunt motor characteristics. Figure 4.23 shows the typical speed-torque characteristics of
Schrage motor.

Speed A

Fig: 4.23
Advantages & Shortcomings
Advantages:

(iv)  Good Speed Regulation.
(v) High p.f. for high speed setting.




Injected voltage Ej, is obtained from the section of the regulating winding between them. If the
centre line of this group of conductors is coincident with the centre line of the corresponding
secondary phase, then E> and Ej are in phase opposition.

Neglecting impedance drop, sE> must be equal and opposite of Ej.
“p” is the angle between E> and Ej.  p=180° and so here also N;<Ns.

In Fig: 4.22 (c) Brushes parted in opposite direction which produces super-synchronous speed.
Here Ej is reversed relative to Ezi.e. =0° & sE2 must also bereversed.

This is occurring only because ‘s’ becoming negative i.e. The speed is thus above synchronous
speed so N;> Ns..

The commutator provides maximum voltage when the brushes are separated by one pole pitch.
ie. ‘6> =180°

Power Factor Improvement

This can be obtained by changing the phase angle of the injected voltage into the secondary
winding. In this case one set of brushes is advanced more rapidly than the other set. Now the
two centre lines do not coincide, have an angle ‘p’ between them. (“p” — Brush shift angle).

In Fig: 4.22 (d) Brush set is moved against the direction of rotation of rotor. In this case Speed
decreases and the p.f. is improved.
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Fig: 4.22 (d) & (e)

[n Fig: 4.22 (e) Brush set is moved in the same direction of rotation of rotor. In this case Speed
increases, the p.f. is also improved.
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The main parts of a universal motor are an armature, field winding, stator
stampings, frame and plates and brushed. The increased sparking at the brush
position in AC operation is reduced by the following means:

Providing commutating inter poles in the stator and connecting the interpole
winding in series with the armature winding. Providing high contact
resistance brushed to reduce sparking at brush positions.

Operation

A universal motor works on the same principles as a DC motor i.e. force is
created on the armature conductors due to the interaction between the main
field flux and the flux created by the current carrying armature conductors.

A universal motor develops unidirectional torque regardless of whether it
operated on AC or DC supply.

Fig: 4.25 (a),(b) & Fig: 4.26 shows the operation of a universal motor on




(vi)  High efficiency at all speeds except Ns

Shortcomings:

(1) Operating voltage has to be limited to 700V because the power
is to be supplied through slip rings.

(i)  Low p.f. at low speed settings.

(iii)  Poor commutation.

(iv)  High Cost.

Applications

Can be applied to any individual drive requiring variable speed, especially
in knitting & Ring spinning applications, Cranes & Hoists Fans &
Centrifugal Pumps, printing Machinery Conveyors, Packing machinery &
Paper Mills etc.

Universal Motors

It is also commutator type motor. A universal motor is one which operates
both on AC and DC supplies. It develops more horsepower per Kg. weight
than any other AC motor mainly due to its high speed.

The principle of operation is the same as that of a DC motor. Though a
universal motor resembles a DC series motor, it required suitable
modification in the construction, winding and brush grade to achieve
sparkles commutation and reduced heating when operated on AC supply,
due to increased inductance and armature reaction.

A universal motor could therefore be defined as a series or a compensated series

motor [Fig:

4.24 & Fig: 4.25 (a), (b)]designed to operate at approximately the same
speed and output at either direct current or single phase alternating current
of a frequency not greater than 50Hz, and of approximately the same RMS
voltage. Universal motor is also named as AC single phase series motor.







AC supply. In AC operation, both field and armature currents change their
polarities, at the same time resulting in unidirectional torque.

Fig: 4.26

Characteristic

The speed of a universal motor inversely proportional to the load i.e. speed
is low at full load and high, on no load.
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Fig: 4.27
The speed reaches a dangerously high value due to low field flux at no loads
in fact the no load speed is limited only by its own friction and windage
losses. As such these motors are connected with permanent loads or gear
trains to avoid running at no load thereby avoiding high speeds.

Fig: 4.27 shows the typical torque-speed relation of a universal motor, both
for AC and DC operations. This motor develops about 450 % of full load
torque at starting, as such higher than any other type of single phase motor.

Applications

There are numerous applications where universal motors are used, such as
hand drills, hair dryers, grinders, blowers, polishers, and kitchen appliances
etc. They are also used for many other purposes where speed control and
high values of speed are necessary like in vaccum cleaners, food mixers.
portable drills and domestic sewage machines. Universal motors of a given
horse power rating are significantly smaller than other kinds of a.c. motors
operating at the same frequency.
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* Because of these reasons, motors are comparatively small
ratings (mostly in fractional kW ratings) are
manufactured in large number to operate on 1-¢ ac at
standard frequencies.

» Single phase ac motors may be divided into three general
categories namely i) induction motors, ii) commutator
motors, and iii) synchronous motors.

» 1-® induction motors in very small sizes(1/400kW to 1/25
kW) are used in toys, hair dryers, vending machines etc.

Advantages:

» Simple in construction.
~ Reliable.

> Easy to repair.

» Cheaper in cost.

Disadvantages:

» Low over load capacity
= Low efficiency

» Low power factor

» Low output as compared to that of a 3-phase motor of
the given frame size.

Constructional features
A 1- ¢ induction motor is similar to a 3—¢ squirrel cage
induction motor in physical appearance. The roter of a 1- &
squirrel cage induction motor is essentially same as that

employed in 3—¢ squirrel cage induction motors and needs
no further description.

There is a uniform air gap between stator and rotor, but no
electrical connection between them. A single phase motor
can be wound for any even number of poles two, four and
six being most common. Like three phase machines, adjacent
poles have opposite magnetic polarity and synchronous
speed equation also applies.

In single phase induction motor, the statorwindings are

~ distinctly different in two aspects.

First single phase motors are usually provided wiL.
concentric coils. With concentric coils, the number of
turns per coil can be adjusted to provide an approximately
sinusoidal distribution of MMF along the air gap and this
is one of the advantage.




1/10/2021

" INTRODUCTION

* There are two basic reasons for the use of 1-¢ rather than
3-¢ motors.

» First for the reasons of economy. Most of the houses,
offices and also rural areas are supplied with single phase
AC supply. As power requirements of individual load
items are rather small.

* = The second factor is the economics of the motor.

* Fixed loads requiring not more than 0.5 kW can generally
be served most economically with single phase power and
a single phase motor.

* 1-® motors are simple in construction, reliable , easy to
repair and comparatively cheaper in cost. Hence these are
widely used in fans refrigerators, vacuum cleaners,
washing machines, kitchen equipment, tools, blowers,
centrifugal pumps and small farming appliances

drrsssssansssnslofoancnsannnnnsnpofps
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“Double revolving field theory
= 1-¢ induction motor has single winding in the stator.

» Let supply voltage is applied to the stator winding.
s Current passes through the stator winding.

» The stator current establish the flux and the direction of
flux can be find by using Fleming's right hand thumb
rule.

» This flux transfers from stator to rotor through air gap.
s Emf is induced in the rotor windings through induction.

s Rotor conductors are shorted current flows through the
conductors.

* Magnetic field produced due to stator currentis’

@ = ®m sinwt cos o
» Resultant flux varies sinusoidally in space.
= The above flux is divided into two components
» ® = dm/2 sin(wt+a) + Pm/2 sin(wt-a)

e @1=0m/2sin(wtra) & P2 = Pm/2 sin(wt-a)

» @1 starts rotating in clockwise and ®2 rotating in anti
clockwise direction,

* Because of these flux torque is produced in rotor and

resultant torque is also divided into two components. O.
is forward torque and the other is backward torque

* Slip of the rotor w.r.t rotor forward torque is ™
S¢= (Ns-N)/ Ns =s
Slip of the rotor w.r.t rotor backward torque is
Sp= (Ns-(-N))/ Ns
= (2Ns-(Ns-N))/ Ns

= 2-5.

‘Power developed by a rotor P, =(1-s/s) I* R,
Torque developed by rotor T, = P, / w .
=((1-s/s) [,2R,) / 2nN
where N is the speed of the rotor, N= N/(1-s).
T, = ((1-s/s) [,* R,) / 2mN,(1-8)
= (I.2R,) [ 2ms N
=K (I,2R.)/s , K=1/2nN;
Hence the forward and backward torques are,
T=K (L2 R,)/s Synchronous Watts and
Ty =- K (1,2 R,)/(2-s) Synchronous watts
Net Torque T =T+ T,
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~ Second, single phase squirrel cage motors normally have
two stator windings, but one of them have usually have
few turns of much thin wire. Two windings are in space
quadrature w.r.t each other.

In motors that operate with both windings are energized,
the winding with heaviest wire is known as the main
winding and the other is called the auxiliary winding,

A motor that runs with auxiliary winding open, uses a
centrifugal switch to cut out the starting ( or auxiliary)

winding after starting. In most of the motors the main
winding is placed at the bottom of the slots and the
starting winding on the top but shifted to go degrees
from the running winding.

Single phase Induction motor operation is explained by
two theories.

i) Double revolving field theory.
ii) Cross field theory.

Fig. 203  Elementary Sinele-Phove Indianion Hoqor
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» Now Fleming's left hand rule can be used to find the
direction of the force experienced by the rotor conductors.

s [t can be seen that when @, acts in upward direction and
increasing positively, the conductors on left experience force
from left to right while conductors on right experience force
from right to left.

s Thus overall, the force experienced by the rotor is zero.
Hence no torque exists on the rotor and rotor can not start
rotating.

Torque developed by the rotor,

Toa &, sin (P,” D,),
At standstill condition, ®, & ®, are opposite to each other.
Ta ® @, sin(d,"D,), D,” &, =180
T=o.

Hence

Equivalent Circui

*» The equivalent circuit of a single phase induction motor
can be developed on the basis of two revolving field
theory.

» To develop the equivalent circuit it is necessary to
consider standstill or blocked rotor conditions.

» The motor with a blocked rotor merely acts like a
transformer with its secondary short circuited and its
equivalent circuit will be as shown in fig:

E,. is e.m.f. induced in the stator.

R, & X, are the resistance and reactances of the stator winding.

R, & X, are the resistance and reactances of the rotor winding referred to
stator side.

I, is the rotor current referred to stator side.
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* Considerasingle phase induction motor with-standstill

Cross Field Theorv  rotor as shown in the Fig.
® The stator winding is excited by the single phase a.c.
supply.
. mnﬁ}ﬁ‘;’;ms * This supply produces an alternating flux ®, which acts
s along the axis of the stator winding.

® Due to this flux, e.m.f.,, gets induced in the rotor
conductors due to transformer action.

» As rotor is closed one, this e.m.f. circulates current
through the rotor conductors.

* The direction of the rotor current is as shown in the Fig,

* The direction of rotor current is so as to oppose the cause
producing it, which is stator flux ®_.
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Starting Methods and Types of Induction Motors

As discussed earlier the single phase induction motor is not self
starting and therefore it is necessary to employ some method
to make it self starting.

i) Resistance Start Motor or Split - Phase Motor.

ii) Capacitor - Start, Capacitor - Run or Two Value Capacitor
Motor.

The selection of a suitable induction motor and choice of its
starting method, depend upon the following:

(i) Torque-speed characteristic of load from standstill to the
normal operating speed.

(ii) The duty cycle and

(iii)The starting and running line-current limitations as
imposed by the supply authorities.

o)

T e ) o : _,_“..,,‘,.,.f»-"'
i) Resistance Start Motor or Split — Phase Motor.

s The stator of a split-phase induction motor is provided
with an auxiliary or starting winding S in addition to the
main or running winding M. The starting winding is
located go° electrical from the main winding and operates
only during the brief period when the motor starts up.

» The two windings are so designed that the starting
winding S has a high resistance and relatively small
reactance while the main winding M has relatively low
resistance and large reactance as shown in the schematic
connections in figure.

» Consequently, the currents flowing in the two windings
have reasonable phase difference (25° to 30°) as shown in
the phasor diagram in figure.

1-phase supply :T!;‘Ilng Centrifugal
wh .I'Ii ’ Switch
vir . v
v
¢
MainWinding ~ Cage Rotor

Sehematic Diagram of Resistor-
split phase motor

% Full Losd Torgue:

T st

Nahs Ng  Cpeed




1/10/2021

# The motor may now be viewed from th‘e'pﬂ'iﬁt of view of
the two revolving field theory.

* The two flux components induce e.m.f. E ¢and E_ in
the respective stator winding,

» Since at standstill the two oppositely rotating fields are
of same strength, the magnetizing and rotor impedances

are divided into two equals halves connected in series as
shown in figure.
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* When the rotor runsla;speed N with resp'e%?fo forward
field, the slip is S w.r.t. forward field and (2-S) w.r.t.

backward field and the equivalent circuit is as shown in
fig.
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s If the core losses are neglected the equivalent CII'Cmt.-LS-r-""G .
modified as shown in fig e

®* The core losses, here, are handled as rotational losses and
subtracted from the power converted into mechanical power;
the amount of error thus introduced is relatively small.
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Applications:
a. Hospitals
b. Studios and

c. Other places where silence is important.
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s Applications:
* These motors are suitable where a moderate starting

torque is required and where starting periods are
infrequent e.g., to drive:

a. Fans
b. washing machines
c. oil burners

d. Small machine tools etc.

The power rating of such motors generally lies between
60 Wand 250 W .

it

Capacitor-Start and Capacitor—Runii‘ﬁ'ﬁfEr

This motor is identical to a capacitor-start motor except
that starting winding is not opened after starting so that
both the windings remain connected to the supply when
running as well as at starting.

Two designs are generally used.

Auxiliary
1a Winding Capacitor

Tim

Squirrel Cage Rotor

Main Winding

In first design, a single capacitor C is used for both starting and running as shown in
fig. This design eliminates the need of a centrifugal switch and at the same time
improves the power factor and efficiency of the motor.

e R o

Miain Winding
- o110 ] cp—

¥
! S

Auxiliary Winding

In the other design, two capacitors C1 and Cz are used in the starting winding as shown

in fig. The smaller capacitor C1 required for optimum running conditions is
permanently connected in series with the starting winding. The much larger capacitor
Cz is connected in parallel with C1 for optimum starting and remains in the circuit
during starting. The starting capacitor Ci is disconnected when the motor approaches

about 75% of synchronous speed. The motor then runs as a single-phase induction
mator,




