NPTEL Course
on
Power Quality in Power Distribution Systems

Dr. Mahesh Kumar
Professor
Department of Electrical Engineering
Indian Institute of Technology Madras
Chennai - 600 036






Contents

1 SINGLE PHASE CIRCUITS: POWER DEFINITIONS AND COMPONENTS

(Lectures 1-8) 1
[.1 Introduction . . . . . . . . . . . . . e 1
1.2 Power Terms in a Single Phase System . . . . . . . . ... ... ... ....... 1
1.3 Sinusoidal Voltage Source Supplying Non-linear Load Current . . . . . . . . . .. 7
1.4 Non-sinusoidal Voltage Source Supplying Non-linear Loads . . . . . ... .. .. 12
1.4.1 ActivePower . . . . . . . .. 15
142 Reactive Power . . . . . . . ... L 16
1.43 ApparentPower . . . .. .. .. ... ... 17
1.44 Non Active Power . . . . .. .. . .. ... 19
1.45 Distortion Power . . . . . . ... L L 19
1.4.6 Fundamental Power Factor . . . . . . . ... ... .. ... ........ 19
1.477 PowerFactor . . . . . .. .. . ... 20

2 THREE PHASE CIRCUITS: POWER DEFINITIONS AND VARIOUS COMPO-
NENTS

(Lectures 9-18) 29
2.1 Three-phase Sinusoidal Balanced System . . . . . .. ... ... ... ...... 29
2.1.1 Balanced Three-phase Circuits . . . . . . . . . .. .. ... .. ...... 29

2.1.2 Three Phase Instantaneous Active Power

i



3

2.1.3  Three Phase Instantatneous Reactive Power . . . . . . . .. ... ... ..
2.1.4 Power Invariance in abc and 50 Coordinates . . . . . .. ... ... ...
2.2 Instantaneous Active and Reactive Powers for Three-phase Circuits . . . . . . . .
2.2.1 Three-Phase Balance System . . . . . . . . ... ... ... ... .....
2.2.2 Three-Phase Unbalance System . . . . . ... ... ... ... ......
2.3 Symmetrical components . . . . ... ... . e e e
2.3.1 Effective Apparent Power . . . . . .. .. ... ... 0oL,
2.3.2 Positive Sequence Powers and Unbalance Power . . . . . ... ... ...
2.4 Three-phase Non-sinusoidal Balanced System . . . . . . ... ... ... .....
24.1 Neutral Current . . . . . . . . . . L
242 LinetoLine Voltage . . . .. .. ... ... ... ... .. .. .. ...,
2.4.3  Apparent Power with Budeanu Resolution: Balanced Distortion Case
2.4.4 Effective Apparent Power for Balanced Non-sinusoidal System . . . . . .
2.5 Unbalanced and Non-sinusoidal Three-phase System . . . . . .. ... ... ...
2.5.1 Arithmetic and Vector Apparent Power with Budeanu’s Resolution . . . . .

2.5.2 Effective Apparent Power . . . . . .. ... ... .. ... ... .. ...

FUNDAMENTAL THEORY OF LOAD COMPENSATION

(Lectures 19-28)

3.1 Introduction . . . . . . ... e

3.2 Fundamental Theory of Load Compensation . . . . . . .. ... ... .......
3.2.1 Power Factor and its Correction . . . . . . . ... .. ... .. ......
3.2.2 Voltage Regulation . . . . .. ... ... ... ... ... ... .. ...
3.2.3 An Approximation Expression for the Voltage Regulation . . . ... . ..

3.3 Some Practical Aspects of Compensator used as Voltage Regulator . . . . . . . ..

3.4 Phase Balancing and Power Factor Correction of Unbalanced Loads . . . . . . . .

3.4.1 Three-phase Unbalanced Loads . . . . ... ... ... ... .. .....

ii



3.4.2 Representation of Three-phase Delta Connected Unbalanced Load . . . . . 89

3.4.3 An Alternate Approach to Determine Phase Currents and Powers . . . . . 92

3.4.4 An Example of Balancing an Unbalanced Delta Connected Load . . . . . . 94
3.5 A Generalized Approach for Load Compensation using Symmetrical Components . 97

3.5.1 SamplingMethod . . . . . . ... ... ... 104

3.5.2 AveragingMethod . . . . .. ... L 106
3.6 Compensator Admittance Represented as Positive and Negative Sequence Admit-

tance Network . . . . . . . L 108

CONTROL THEORIES FOR LOAD COMPENSATION

(Lectures 29-40) 121
4.1 Introduction . . . . . . . . . . . e e e 121
4.1.1 State Space Modeling of the Compensator . . . . . . . ... ... ..... 128
4.1.2 Switching Controlof the VST . . . . . . . . ... ... ... . ...... 130
4.1.3  Generation of P, to maintain dc capacitor voltage . . . . . . . .. .. .. 131
4.1.4 Computation of load average power (FPigpg) « - « v v v v v v v v v v v 132
4.2 Some Misconception in Reactive Power Theory . . . . . ... .. ... ... ... 133
4.3 Theory of Instantaneous Symmetrical Components . . . . . . .. .. .. ... .. 158
4.3.1 Compensating Star Connected Load . . . . . . .. ... ... ... .... 158
4.3.2 Compensating Delta Connected Load . . . . .. ... ... ... ..... 164

SERIES COMPENSATION: VOLTAGE COMPENSATION USING DVR

(Lectures 41-48) 171
5.1 Imtroduction . . . . . . . . .. 171
5.2 Conventional Methods to Regulate Voltage . . . . . . ... ... ... ... .... 171
5.3 Dynamic Voltage Restorer (DVR) . . . . . . ... ... ... ... ... ..... 172
5.4 Operating Principle of DVR . . . . . . . . ... oo 173

54.1 General Case . . . . . . . .. e e e 176



5.5
5.6

5.7
5.8

Mathematical Description to Compute DVR Voltage . . .. ... ... ... ... 178
Transient Operationof the DVR . . . . . ... ... ... ... ... 182
5.6.1 Operation of the DVR With Unbalance and Harmonics . . . . . . ... .. 183
Realization of DVR voltage using Voltage Source Inverter . . . . . .. ... ... 184

Maximum Compensation Capacity of the DVR Without Real Power Support from
the DCLink . . . . . . . . . . e 187

v



