
 Table of Contents 1 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

Module 1 

Chapter 1 : Single Phase Transformers 1-1 to 1-54 

Syllabus : Review of working principle, EMF equation and 

Equivalent circuit, Phasor diagram (Resistive, Inductive 

and Capacitive load), Voltage regulation, Losses and 
Efficiency, Condition for maximum efficiency, Parallel 
operation : No load operation, On load operation : Equal 

voltage operation and Unequal voltage operation, Testing 
of transformer : OC and SC test, Sumpner’s Test. 

1.1 Introduction ............................................................................. 1-3 

1.1.1  Construction and Symbol  ............................... 1-3 

1.1.2  Principle of Operation  ...................................... 1-3 

1.2 Construction of a Transformer  ........................................ 1-4 

1.3 Transformer Types  ............................................................... 1-6 

1.3.1 Core Type Transformer  .................................... 1-6 

1.3.2 Shell Type Transformer .................................... 1-7 

1.3.3 Berry Type Transformers  ................................. 1-7 

1.4 EMF Equation of a Transformer  ...................................... 1-7 

1.5 Voltage and Current Ratios  .............................................. 1-8 

1.5.1 Voltage Ratios with Load  ................................ 1-8 

1.5.2 Voltage Ratios without Load  ......................... 1-9 

1.5.3 Transformation Ratio (K)  ................................. 1-9 

1.5.4 Turns Ratio of the Transformer  .................... 1-9 

1.5.5 Types of Transformers  ..................................... 1-9 

1.5.6 Current Ratios ...................................................... 1-9 

1.6 Rating of Transformer  ...................................................... 1-10 

1.7 Losses in a Transformer  ................................................... 1-12 

1.7.1 Copper Loss (Pcu)  ............................................. 1-12 

1.7.2 Iron Loss (Pi)  ....................................................... 1-12 

1.8 Concept of Ideal Transformer  ....................................... 1-13 

1.8.1 Ideal Transformer on No Load  ................... 1-13 

1.8.2 Ideal Transformer on Load ........................... 1-14 

1.8.3 Corrugated Core Transformer  .................... 1-15 

1.9 Practical Transformer  ........................................................ 1-15 

1.9.1  Practical Transformer on No Load  ............ 1-15 

1.9.2 Phasor Diagram on No Load  ...................... 1-16 

1.9.3 Practical Transformer on Load  ................... 1-17 

1.9.4 Phasor Diagram on Load  .............................. 1-18 

1.10 Equivalent Resistance, Reactance and  
Impedance  ............................................................................ 1-18 

1.11 Useful and Leakage Flux  .................................................. 1-21 

1.11.1  Useful Flux  .......................................................... 1-21 

1.11.2 Leakage Flux  ...................................................... 1-21 

1.11.3 Magnetic Fringing  ........................................... 1-21 

1.12 Leakage Reactance and its Effect  ................................ 1-22 

1.13 Equivalent Circuit of Transformer  ................................ 1-22 

1.13.1 Exact Equivalent Circuit  ................................. 1-22 

1.13.2 Exact Equivalent Circuit Referred  
to Primary Side  ................................................. 1-23 

1.13.3 Exact Equivalent Circuit Referred to the 
Secondary  ........................................................... 1-24 

1.13.4  Approximate Equivalent Circuit  ................ 1-24 

1.14 Efficiency and Regulation  ............................................... 1-24 

1.14.1 Efficiency ()  ...................................................... 1-24 

1.14.2 Voltage Regulation of a Transformer  ...... 1-26 

1.14.3 Variation of Efficiency with  
Power Factor  ...................................................... 1-30 

1.15 Transformer Testing  .......................................................... 1-31 

1.16 Approximate Voltage Drop  ............................................ 1-31 

1.16.1  Expression for Voltage Regulation  .......... 1-32 

1.16.2 Condition for Zero Voltage Regulation  .. 1-32 

1.17 O.C. and S.C. Tests  ............................................................. 1-32 

1.17.1 Open Circuit (O.C.) Test  ................................ 1-33 

1.17.2 Calculation of Parameters  ............................ 1-33 

1.18 Short Circuit (S.C.) Test  .................................................... 1-34 

1.18.1  Parameter Calculations  ................................. 1-34 

1.18.2 Efficiency Calculation from O.C. and  
S.C. Test  ............................................................... 1-35 

1.18.3 Calculation of Regulation  ............................. 1-35 

1.18.4  Advantages of Indirect Load Test  ............. 1-35 



 Table of Contents 2 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

1.19 Polarity of Transformer  .................................................... 1-41 

1.20 Sumpner's (Back to Back) Test  ...................................... 1-42 

1.21 Polarity Test  .......................................................................... 1-43 

1.22 Parallel Operation of Transformers  ............................. 1-44 

1.22.1 Conditions to be Satisfied  ............................ 1-44 

1.22.2 Parallel Transformers on No Load  ............ 1-44 

1.22.3 Load Sharing between Parallel  
Transformers  ...................................................... 1-45 

1.23 All Day Efficiency of a Transformer  ............................. 1-50 

1.23.1  Comparison of Commercial and All Day 
Efficiency  .............................................................. 1-51 

1.23.2 Advantages of a Two Winding  
Transformer  ........................................................ 1-53 

1.23.3 Disadvantages  ................................................... 1-53 

1.23.4 Applications of Two Winding  
Transformer  ........................................................ 1-53 

1.24 University Questions and Answers ............................... 1-54 

 Review Questions ........................................... 1-53 

Module 2 

Chapter 2 : Autotransformer 2-1 to 2-06 

Syllabus : Working, Advantages of autotransformer over 

two winding transformer, Disadvantages, Isolation 

transformer working and its applications. 

2.1 Autotransformer ..................................................................... 2-2 

2.1.1 Autotransformer as step down  

transformer  ........................................................... 2-2 

2.1.2 Autotransformer as a step up  

transformer  ........................................................... 2-2 

2.1.3 Copper Saving in Autotransformer  ............ 2-3 

2.1.4 Advantages of Autotransformer  .................. 2-4 

2.1.5 Disadvantages of an Autotransformer  ...... 2-4 

2.1.6 Applications of an Autotransformer  .......... 2-4 

2.1.7 Dimmerstat  ........................................................... 2-4 

2.1.8 Comparison of Two Winding and 

Autotransformer  ................................................. 2-5 

2.2  Isolation Transformers  ........................................................2-5 

2.2.1 Functions of Isolation Transformers  ...........2-5 

2.2.2  Disconnect the Load Instrument  
from Supply Ground ..........................................2-5 

2.2.3  Reduction of Voltage Spikes ..........................2-5 

2.2.4  Typical Specifications of an Isolation 
Transformer  ...........................................................2-6 

2.2.5 Features of Isolation Transformer ................2-6 

2.2.6 Applications............................................................2-6 

 Review Questions ............................................. 2-6 

Module 3 

Chapter 3 : Three Phase Transformer 3-1 to 3-36 

Syllabus : Constructional details, Principle of operation, 

Connections and Phasor groups, Parallel operation, 

Excitation phenomenon in transformers, Harmonics in three 

phase transformers, Suppression of harmonics, Oscillating 

neutral phenomenon, Switching in transient phenomenon, 

Open delta or V- connection, Three phase to two phase 

conversion (Scott connection). 

3.1 Three Phase Transformers ..................................................3-2 

3.1.1 Bank of Three Single Phase  
Transformers  .........................................................3-2 

3.1.2 Advantages of Bank of 1 Phase  
Transformers  .........................................................3-2 

3.1.3 Disadvantages of Bank of 1 Phase 
Transformers  .........................................................3-2 

3.1.4 Types of Three Phase Transformer  ..............3-2 

3.1.5 Advantages of 3 Phase Transformer  ..........3-4 

3.1.6 Disadvantages of a 3 Phase  
Transformer  ...........................................................3-4 

3.1.7 Comparison of the Transformer  
Bank and the Three Phase Transformer  ....3-4 

3.2 Standard Three-Phase Transformer Connections  ....3-4 

3.3 Star-Star or (Y-Y) Connection  ..........................................3-4 

3.3.1 Voltage and Current Relations  ......................3-5 

3.3.2 Merits of Star-Star Connection  .....................3-5 

3.3.3 Demerits of Star-star Connection  ................3-5 



 Table of Contents 3 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

3.3.4 Applications  ......................................................... 3-5 

3.4 Delta-Delta  Connection  ...................................... 3-6 

3.4.1 Voltage and Current Relations  ..................... 3-6 

3.4.2 Advantages of Delta-delta Connection  .... 3-6 

3.4.3 Disadvantages of Delta-delta  

Connection  ........................................................... 3-7 

3.5 Delta-Star ( – Y) Connection  ......................................... 3-7 

3.5.1 Phasor Diagram  .................................................. 3-8 

3.5.2 Voltages and Current Relations  ................... 3-8 

3.5.3 Advantages of Delta-star Connection  ....... 3-8 

3.5.4 Disadvantages of Delta-star  

Connection  ........................................................... 3-8 

3.5.5 Applications  ......................................................... 3-8 

3.6 Star-Delta ( Y –  ) Transformer  ..................................... 3-8 

3.6.1 Phasor Diagram  .................................................. 3-9 

3.6.2 Voltage and Current Relations  ..................... 3-9 

3.6.3 Advantages of Star-delta Connection  ....... 3-9 

3.6.4 Disadvantages of Star-delta  

Connection  ........................................................... 3-9 

3.6.5 Application  ........................................................... 3-9 

3.6.6 Comparison of Various Connections  

of Three Phase Transformers  ........................ 3-9 

3.7 Zig-Zag (Interconnected Y-Connection)  ................... 3-10 

3.8 Phasor Groups of Transformers  ................................... 3-10 

3.8.1 General  ................................................................. 3-10 

3.8.2 Phasor Groups  ................................................... 3-11 

3.8.3 Different Phasor Groups  ............................... 3-11 

3.8.3(A) Phasor Group 1 : Zero Phase Displacement A, 

B, C and a, b, c are Names of Phases  ...... 3-11 

3.8.3(B) Phasor Group 2 : 180 Phase  

Displacement  ..................................................... 3-12 

3.8.3(C) Phasor Group 3 : 30  Lagging (i.e. – 30) 

Displacement  ..................................................... 3-12 

3.8.3(D) Phasor Group 4 : 30  Leading (i.e. + 30) 
Phase Displacement  ....................................... 3-13 

3.9 Open Delta or (V - V) Connection  ............................... 3-14 

3.10 Scott Connection 3 Phase to 2 Phase  
Conversion  ............................................................................ 3-16 

3.10.1 Load Analysis  ..................................................... 3-17 

3.10.2 Phasor Diagram  ................................................ 3-17 

3.10.3 Utilization Factor for Scott Connection  .. 3-18 

3.11 Tertiary Winding Transformers  ..................................... 3-19 

3.12 Parallel Operation of Three Phase Transformers  .. 3-20 

3.12.1 Factors Affecting the  
Parallel Operation  ............................................ 3-20 

3.12.2 Additional Conditions  .................................... 3-21 

3.12.3 Procedure of Checking the Polarity of  

3-Phase Transformers before Parallel 

Operation  ............................................................ 3-21 

3.12.4 Connection of T1 and T2 in Parallel for  

-Y and Y- form  ............................................ 3-21 

3.12.5 Things to be Checked Prior to  

Paralleling  ........................................................... 3-22 

3.13 Excitation Phenomenon in Transformer and  

Harmonic in Single Phase Transformers ................... 3-24 

3.13.1 Harmonics ........................................................... 3-26 

3.13.2 Disadvantages of Harmonics  ...................... 3-27 

3.13.3 Suppression of Harmonics ........................... 3-27 

3.14 Oscillating Neutral  ............................................................. 3-27 

3.15 Switching in Transient Phenomenon  ......................... 3-27 

3.15.1 Switching Transient  ......................................... 3-28 

3.15.2 Voltage Surge  ................................................... 3-29 

3.16 Solved Examples  ................................................................. 3-30 

3.17 Three Phase Autotransformer  ....................................... 3-34 

3.17.1 Advantages  ........................................................ 3-35 

3.17.2 Disadvantages  ................................................... 3-35 

3.17.3 Applications  ....................................................... 3-35 



 Table of Contents 4 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

3.17.4 Autotransformer as Autostarter for  

a 3 Phase Induction Motor  .......................... 3-35 

 Review Questions ........................................... 3-35 

Module 4 

Chapter 4 : Three Phase Induction Motors (Part-1) 

4-1 to 4-74 

Syllabus : Review of constructional details and Principle of 

operation, Slip, Rotor emf and Frequency, Current and 

Power, Power stages, Phasor diagram, Equivalent circuit, 

Torque-speed characteristics in braking, motoring and 

Generating regions, Losses and Efficiency, No load and 

blocked rotor test, Circle diagram, Applications. 

4.1 Introduction ............................................................................. 4-2 

4.1.1 Advantages of Induction Motors Over  DC 
Motors  .................................................................... 4-2 

4.1.2 Disadvantages of Induction Motors  .......... 4-2 

4.1.3 Applications of Induction Motor  ................. 4-2 

4.2 Construction of 3-Phase I. M.  .......................................... 4-2 

4.2.1 Table of Parts and their Functions  .............. 4-4 

4.3 Rotating Magnetic Field (RMF)  ....................................... 4-4 

4.3.1  Production of RMF  ........................................... 4-5 

4.3.2 Speed of RMF  ...................................................... 4-7 

4.3.3 Direction of RMF  ................................................ 4-7 

4.4 Types of Induction Motor  ................................................. 4-7 

4.4.1 Wound Rotor or Slipring Type Rotor  ........ 4-7 

4.4.2 Squirrel Cage Rotor  .......................................... 4-8 

4.4.3 Comparison of Two Types of Rotor  ........... 4-8 

4.5 Principle of Operation  ........................................................ 4-9 

4.5.1 Direction of Rotation  ...................................... 4-10 

4.5.2 Why an I.M. can Never Run at NS ? .......... 4-10 

4.6 Effect of Loading on Induction Motor  ....................... 4-10 

4.7 Effect of Slip on Rotor Parameters  .............................. 4-10 

4.7.1 Synchronous Speed ( NS )  ........................... 4-10 

4.7.2 Slip s  ...................................................................... 4-10 

4.7.3 Frequency of Rotor Induced emf (fr) (Slip 
Frequency)  .......................................................... 4-11 

4.7.4 Induced Voltage in the Rotor  ..................... 4-11 

4.7.5 Rotor Resistance (R2)  ..................................... 4-11 

4.7.6 Rotor Reactance (X2)  ..................................... 4-11 

4.7.7 Rotor Impedance  ............................................. 4-12 

4.7.8 Rotor Power Factor  ......................................... 4-12 

4.7.9 Rotor Current  .................................................... 4-12 

4.8 Induction Motor as a Transformer  .............................. 4-16 

4.9 Torque Equation of Induction Motor  ......................... 4-17 

4.9.1 Full Load Torque  .............................................. 4-17 

4.9.2 Starting Torque ................................................. 4-17 

4.9.3 Condition For Maximum Torque  ............... 4-18 

4.9.4 Expression For Maximum Torque (Tm)  .... 4-18 

4.10 Torque Slip Characteristics of   Induction Motor  .. 4-19 

4.10.1 Analysis of the Torque-Slip  
Characteristics  ................................................... 4-20 

4.10.2 Other Regions of Operation  ....................... 4-20 

4.11 Effect of Change in Supply Voltage   on Torque  
Slip Characteristics  ............................................................. 4-21 

4.11.1 Effect of Change in Rotor Resistance    
on Torque Developed  .................................... 4-22 

4.12 Effect of Changes in Supply   Frequency on  
Torque and Speed  ............................................................. 4-22 

4.13 Various Torque Ratios for an   Induction Motor  ... 4-22 

4.13.1 Starting Torque to Maximum  
Torque Ratio  ...................................................... 4-23 

4.13.2 Ratio of Full Load Torque and   Maximum 
Torque  .................................................................. 4-23 

4.14 Losses in Induction Motor  .............................................. 4-29 

4.14.1 Variable Losses  ................................................. 4-29 

4.14.2 Constant Losses ................................................ 4-30 

4.14.3 Power Flow Diagram of Induction  
Motor  .................................................................... 4-30 

4.14.4 Efficiency of an Induction Motor  ............... 4-31 

4.15 Induction Motor as a Transformer  .............................. 4-39 

4.15.1 Analogy between Induction Motor and  
Transformer  ........................................................ 4-39 



 Table of Contents 5 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

4.15.2 Differences between Induction Motor   
and Transformer  ............................................... 4-40 

4.16 Equivalent Circuit of Induction  Motor  ...................... 4-40 

4.16.1 Equivalent Circuit Referred to Stator  ....... 4-41 

4.16.2 Approximate Equivalent Circuit  ................. 4-41 

4.17 Phasor Diagram of Induction Motor  .......................... 4-41 

4.18 Reversal of Direction of Rotation  ................................ 4-42 

4.19 Circle Diagram of a 3-Phase  Induction Motor  ...... 4-43 

4.19.1 Tests to be Performed to Draw Circle  
Diagram  ............................................................... 4-44 

4.19.2 How to Draw the Circle Diagram ? ............ 4-46 

4.19.3 How to get Maximum Quantities from   
the Circle Diagram ? ........................................ 4-47 

4.19.4 Examples on Circle Diagram  ....................... 4-47 

4.20 Crawling  .................................................................................. 4-57 

4.21 Cogging or Magnetic Locking  ...................................... 4-58 

4.22 Direct and Indirect Testing of   3 - Phase  
Induction - Motor  ............................................................... 4-59 

4.22.1 Routine Tests  ..................................................... 4-59 

4.22.2 Type Tests  ........................................................... 4-59 

4.22.3 Routine Tests in Detail  ................................... 4-59 

4.22.3.1  Insulation Resistance Test  ............................ 4-59 

4.22.3.2  Measurement of D. C. Resistance of  
a 3-phase Induction Motor  .......................... 4-59 

4.22.3.3  High Voltage Test  ............................................ 4-60 

4.22.3.4  No Load Running of Motor and Reading of 
Current in the Three   Phases and  
Voltage  ................................................................. 4-60 

4.22.3.5  Open Circuit Voltage Ratio Test  ................ 4-61 

4.22.3.6 Locked Rotor Readings of Voltage, Current 
and Power Input at    Suitable Reduced 
Voltage  ................................................................ 4-62 

4.22.3.7  Reduced Voltage Running Up Test  .......... 4-63 

4.22.3.8  Measurement of Slip  ...................................... 4-63 

4.22.4 Type Tests in Details  ....................................... 4-66 

4.22.4.1  Temperature Rise Test  ................................... 4-66 

4.22.4.2 Conditions during Temperature  
Rise Test  .............................................................. 4-67 

4.22.4.3 Induction Motor Temperature Rise Test 
Report  ................................................................... 4-69 

4.22.5 Momentary Overload Lest  ........................... 4-69 

4.23 Applications of Induction Motors  ............................... 4-70 

4.23.1 Applications of Squirrel Cage Motors  ..... 4-70 

4.23.2  Applications of Slipring  
Induction Motors  ............................................. 4-70 

4.24 Double Cage Induction Motor  ..................................... 4-70 

4.25 Induction Generator  .......................................................... 4-71 

4.25.1 Applications of Induction Generator  ....... 4-71 

4.25.2 Advantages of Induction Generator  ........ 4-72 

4.25.3 Limitations and Drawbacks of    
Induction Generator ........................................ 4-72 

 Review Questions ........................................... 4-72 

Module 5 

Chapter 5 : Three Phase Induction Motors (Part-2) 

5-1 to 5-14 

Syllabus : Need of starter, Types of starters : Direct On 

Line (DOL) starter, Rotor resistance starter, 
Autotransformer and Star delta starters, Speed control : 
Voltage control, Frequency control, Pole changing method, 

V/f control. 

5.1 Need of Starter for Induction Motor ..............................5-2 

5.1.1 Types of Starters  .................................................5-2 

5.1.2 Stator Resistance Starter  .................................5-3 

5.1.3 Autotransformer Starter ...................................5-3 

5.1.4 Star-Delta Starter  ................................................5-5 

5.1.5 Rotor Resistance Starter  ..................................5-6 

5.1.6 Direct On Line (DOL) Starter  ..........................5-6 

5.1.7 Variable Frequency Starting  ...........................5-7 

5.1.8 Comparison of Different Starters  .................5-8 

5.2 Speed Control of Three Phase Induction  
Motors  .................................................................................... 5-10 

5.2.1 Stator Voltage Control  .................................. 5-11 



 Table of Contents 6 Electrical AC Machines - I (Sem. 4 / Electrical / MU) 

 

5.2.2 Stator Frequency Control or V/f  
Control .................................................................. 5-12 

5.2.3 Controlling the Number of Poles / Pole 
changing Method  ............................................ 5-13 

5.2.4 Change in Stator Resistance ........................ 5-13 

5.2.5 Speed Control using External Rotor  
Resistance ............................................................. 5-14 

 Review Questions ........................................... 5-14 

Module 6 

Chapter 6 : Single Phase Induction Motors 6-1 to 6-18 

Syllabus : Principle of operation (Review), Double field 

revolving theory, Equivalent circuit of single phase 

induction motor, Determination of equivalent circuit 

parameters from no load and block rotor test, Staring 

methods, Split phase starting- Resistance spilt phase, 

Capacitor split phase, Capacitor start and Run, Shaded 
pole starting, Applications of 1 IM. 

6.1 Introduction ............................................................................. 6-2 

6.2 Single Phase Induction Motors ....................................... 6-2 

6.2.1 Construction of Single Phase Induction   
Motors  .................................................................... 6-2 

6.2.2 Double Revolving Field Theory  .................... 6-2 

6.2.3 Torque Speed Characteristics of Single   
Phase Induction Motor  .................................... 6-3 

6.2.4 Split Phasing Principle of Starting  .............. 6-4 

6.2.5 Types of Single Phase Induction   
Motors  .................................................................... 6-4 

6.2.6 Starting Methods for Single Phase   
Induction Motors  ............................................... 6-4 

6.3 Split Phase I.M.  
(Resistance Start Induction Run)  .................................... 6-4 

6.3.1 Principle of Operation  ......................................6-5 

6.3.2 Phasor Diagram  ...................................................6-5 

6.3.3 Torque Speed Characteristics  ........................6-5 

6.3.4 Applications of Split Phase Induction   
 Motor  .....................................................................6-5 

6.3.5 Possible Reasons for Slow Speed  ................6-6 

6.4 Capacitor Start Induction Run   Motors  .......................6-6 

6.4.1 Phasor Diagram  ...................................................6-7 

6.4.2 Torque Speed Characteristics  ........................6-7 

6.5 Capacitor Start Capacitor Run Motor  ...........................6-7 

6.5.1 Phasor Diagram  ...................................................6-8 

6.5.2 Role of Capacitor  ................................................6-8 

6.5.3 Advantages and Disadvantages  ...................6-8 

6.5.4 Torque Speed Characteristics  ........................6-8 

6.5.5 Applications  ..........................................................6-9 

6.6 Shaded Pole Induction Motors ........................................6-9 

6.6.1 Comparison of Polyphase I.M. and  
Single Phase I.M.  .............................................. 6-10 

6.6.2 Comparison of Resistance Split Phase Motor 
and Capacitor Split Phase Motor  .............. 6-10 

6.7 Equivalent Circuit of 1-Phase Motor  .......................... 6-10 

6.8 Tests on Single Phase Motors  ....................................... 6-12 

6.9 Blocked Rotor Test  ............................................................ 6-12 

6.10 No Load Test  ........................................................................ 6-13 

6.11 Solved Examples .................................................................. 6-14 

 Review Questions ........................................... 6-16 

 






