
xv 
 

TABLE OF CONTENTS 

CONTENTS Page 

No. 

Title Page i 

Certificates iii 

Acknowledgment xi 

Table of Content xv 

List of Figures xxv 

List of Tables xxxi 

List of Abbreviations xxxiii 

List of Symbols xxxv 

Preface xxxix 

CHAPTER 1 – INTRODUCTION                                                                              1-38 

      1.1 Preamble 1 

      1.2 Necessity of Electrical Energy Conservation 4 

      1.3 Overview of Distribution Network 7 

      1.4 Description of Distribution Network Components 9 

            1.4.1 Line Segment Model 9 

           1.4.2 Voltage Regulation Devices 10 

                  1.4.2.1 OLTC Transformer and AVR 11 

                  1.4.2.2 Capacitor Bank 11 

                  1.4.2.3 Smart Inverter  12 



xvi 
 

           1.4.3 Load Model 12 

     1.5 Need of Smart Voltage and VAR control 15 

            1.5.1 Concept of CVR 17 

1.5.1.1 Measuring the CVR effect 18 

            1.5.2 Background of CVR Technology 18 

     1.6 Literature Review 20 

            1.6.1 CVR Implementation Strategies 20 

1.6.1.1 Traditional or open-loop VVC schemes 20 

1.6.1.2 Online closed-loop VVC schemes 21 

1.6.1.3 Volt/VAR Optimization: Optimal CVR 23 

1.6.1.4 DER impact on CVR 25 

1.6.1.5 Smart Inverter Based VVC 26 

1.6.1.6 Effect of Load Model 27 

1.6.1.7 Information and Communication Technology for CVR 28 

1.6.2 CVR assessment and Quantifying Methods  29 

1.6.2.1 Compone Based Method  30 

                  1.6.2.2 Regression Based Method 32 

                  1.6.2.3 Synthesis Based Method 32 

                  1.6.2.4 Simulation Based Method 33 

      1.7 Objectives and Scope of the Thesis 34 

      1.8 Organization of the Thesis 35 

      1.9 Conclusion 38 

  

CHAPTER 2 – CONCEPT OF SMART GRID ENABLED CVR 39-58 

      2.1 Introduction 39 



xvii 
 

      2.2 Smart Grid Enabled CVR 39 

      2.3 Implementation of Proposed Methodology Using Traditional 

Approach 

41 

             2.3.1 OLTC/Regulator Control  41 

             2.3.2 Capacitor Bank Control 43 

             2.3.3 Power flow Algorithm  44 

      2.4 Assessment of CVR effect under different Load Models 45 

             2.4.1 Case Study 45 

             2.4.2 Test system and Description 46 

             2.4.3 Simulations and Result Discussion 46 

                   2.4.3.1 Constant PQ Load 46 

                   2.4.3.2 Constant Impedance (Z) Load 47 

                   2.4.3.3 Constant Current (I) Load Model  47 

                   2.4.3.4 Constant ZIP Load Model 47 

                   2.4.3.5 Nominal Linear P, Quadratic Q Load 47 

             2.4.4 Observation and Key Findings 49 

      2.5 Assessment of CVR effect with additional Reactive Power Support 50 

             2.5.1 Methodology 50 

        2.5.1.1 Volt/ VAR Controller 50 

                   2.5.1.2 Power Loss Minimization  50 

             2.5.2 Simulations and Result Discussion 53 

                   2.5.2.1 Test System and Description 53 

                   2.5.2.2 VVC modes of operation 53 

                   2.5.2.3 Case Study 54 

             2.5.5 Important Observations and Findings 57 



xviii 
 

        2.6 Conclusion 57 

CHAPTER 3 – DISTRIBUTED ENERGY RESOURCES IMPACT 

ON CVR  

59-82 

       3.1 Introduction 59 

3.2 Overview of DER 60 

3.3 Voltage Regulation through PV Smart Inverter 61 

       3.4 Mathematical Formulation and Control Methodology 62 

             3.3.1 Mathematical Formulation 62 

             3.3.2 Control Methodology 65 

                     3.3.2.1 Smart PV Inverter Control 65 

       3.5 Implementation of VVC Scheme 65 

              3.5.1 Mode 1 (Without CVR or Normal Operation) 65 

              3.5.2 Mode 2 (Only CVR) 66 

              3.5.3 Mode 3 (CVR with PV) 66 

3.6 Simulations and Result Discussion 68 

               3.6.1 Test system and modelling 68 

               3.6.2 Case Study 71 

                      3.6.2.1 Case. I- Peak Demand Reduction 72 

                      3.6.2.2 Case. II- Daily Energy Demand Reduction  76 

               3.6.3 Moving Cloud Effect 81 

3.7 Conclusion 82 

CHAPTER 4 –   OPTIMAL CVR: CENTRALIZED VOLT/VAR 

OPTIMIZATION 

83-120 

4.1 Introduction 83 

4.2 Centralized Volt/VAR Optimization 84 



xix 
 

4.2.1 VVO based CVR 85 

4.2.2 Estimation of CVR savings 86 

4.2.2.1 Estimation of Power, Energy and Cost Saving
 
 86 

         4.2.2.2 Estimation of CVR factor 87 

       4.3. Distributed Energy Storage 88 

4.3.1 Community Energy Storage  88 

4.3.1.1 Smart Control and Management System 88 

       4.3.1.2 Power Conversion System (PCS)   89 

                   4.3.1.3 Communication System and Advance Protection 90 

4.3.2 CES Control Strategy 90 

4.3.2.1 Charging/discharging control strategy of battery 

management system (BMS)  

90 

                   4.3.2.2 CES Power Flow Control for Unbalance Network 91 

       4.4 Problem Formulation and Solution Method 92 

             4.4.1 Problem Formulation 92 

                   4.4.1.1 VVO Objective Function    93 

                   4.4.1.2 Decision Variable (X)  93 

                   4.4.1.3 System constraints 94 

             4.4.2 Proposed VVO Solution using DGSA 96 

                   4.4.2.1 Overview of Gravitational Search Algorithm (GSA) 97 

                   4.4.2.2 Discrete GSA 98 

       4.5 Implementation of VVC Scheme 99 

              4.5.1 Traditional CVR 99 

              4.5.2 Smart Grid (SG) enabled CVR 100 

4.6 Case Study 102 



xx 
 

              4.6.1 Test System and Modelling 102 

              4.6.2 Simulations and Results Discussion 104 

           4.6.2.1 Scenario-1: Demand reduction during fully  

                       loading hours 

107 

                     4.6.2.2 Comparative analysis 110 

                     4.6.2.3 Scenario-2: Energy saving and demand management 

during varying load hours 

112 

                    4.6.2.4 Demand Balancing 116 

              4.6.3 Techno-economic Assessment  117 

       4.7 Conclusion  119 

 CHAPTER 5 – MULTI-STAGE MULTI-OBJECTIVE VOLT/VARR 

CONTROL AND OPTIMIZATION      

121-151 

      5.1 Introduction  121 

      5.2 MSMO-VVC Strategy 122 

                5.2.1 First Stage: Slow Time Scale Control (STSC) 123 

                5.2.2 Second Stage: Fast Time Scale Control (FTSC) 123 

                5.2.3 Third Stage: Assessment of Proposed Control Method 124 

       5.3  Problem formulation and solution 124 

5.3.1 Optimal control action under slow time scale 125 

                     5.3.1.1Multi-Objectives 126 

5.3.1.2 System Constraints 126 

5.3.1.3 Solution through discrete multi objective PSO 127 

5.3.2 Action under FTSC using modified droop controller 129 



xxi 
 

5.4 Implementation of Proposed MSMO-VVC 131 

5.5 Simulations and Validation 133 

             5.5.1 Test System 133 

             5.5.2 VVC Modes of Operation 135 

5.5.3 Validation under slow time scale control 135 

5.5.3.1 Scenario-I Peak Shaving  
136 

5.5.3.2  Scenerio-II Daily Energy Savings  
141 

                   5.5.3.3 Technical and Economical Assessment  
143 

5.5.4 Illustration of Second Stage (FTSC): local voltage control 145 

5.5.4.1 Case 1 : Single PV power output reduction 145 

5.5.4.2 Case 2 : Multiple PVs power output reduction 146 

5.5.5 Justification 148 

5.5.5.1 Traditional control Vs Proposed Multi Stage Control  148 

5.5.5.2 Centralized Single Stage Control (SSC) Vs Proposed 

Multi Stage Control  

149 

5.6 Conclusion 150 

CHAPTER 6- TIME HORIZON-BASED MODEL PREDICTIVE 

VOLT/VAR OPTIMIZATION IN PRESENCE OF 

ELECTRIC VEHICLE CHARGING LOADS 

153-186 

      6.1 Introduction 153 

6.2 Time Horizon based Control  155 

6.2.1 STSC: Centralized Approach 156 

6.2.2 FTSC: Local Control 157 

6.3 Model Predictive VVO  
157 

6.3.1 Load Prediction Uncertainty 158 



xxii 
 

6.3.2 PV Irradiance Uncertainty Prediction 158 

6.4   EV loads and Charging Stations 
159 

6.5  Problem Formulation: Stochastic Optimization 
161 

                6.5.1 Optimization Model 162 

              6.5.2 Control Variables 162 

              6.5.3 System Constraints 163 

6.6 Solution method and Procedure 165 

6.6.1 Prediction Error and Scenario Generation 165 

6.6.2 Scenario Reduction and Aggregation 165 

6.6.3 Droop Controller for Smart Inverter 167 

6.6.4 Implementation of proposed coordinated scheme 

 

168 

6.7 Case Study and Simulations 169 

6.7.1 Test System Description 169 

6.7.2 Simulations and Results Analysis 172 

6.7.3 Validation of Droop Controls in Real-Time Simulation 

Platform 

181 

6.7.3.1 Real-Time Simulation using RTDS  
181 

6.7.3.2 Real-Time implementation under FTSC  182 

6.8 Conclusion 
185 

CHAPTER 7- EVENT-DRIVEN REAL -TIME PREDICTIVE 

VOLT/VAR OPTIMIZATION AND CONTROL  

187-215 

7.1 Introduction 187 

7.2 MTMO-Volt/VAR Control 188 



xxiii 
 

7.2.1 Multi-Timescale Operation 189 

7.2.1.1 STSC using Aggregated Approach  189 

7.2.1.2 FTSC using Autonomous Approach  190 

7.2.2 Multi-Objective Control 191 

7.3 Event-Driven Predictive Framework 191 

7.3.1 Overview of Event-Driven Predictive Approach 191 

7.3.2 Probabilistic Model and Knowledge Algorithm 192 

                   7.3.2.1Objective Function: Stochastic Optimization 193 

7.3.2.2  Control Variable 194 

7.3.2.3  System Constraints 194 

7.3.2.4 Solution Method  195 

7.3.3   Decision process and online corrective action  195 

7.3.4 Autonomous Approach for Local Real-Time Control 196 

 7.3.4.1 Adaptive droop controller under FTSC 197 

7.4 Real-time Co-Simulations Platform  198 

7.4.1 Co- Simulations using RTDS -Python- OpenDSS  198 

7.4.2 Communication Interface 199 

7.4.3 Simulation Set up and Procedure 200 

7.5 Implementation of proposed methodology 201 

7.5.1 Coordinated three-layer hierarchical dispatching structure 201 

7.6 Case study 205 



xxiv 

7.6.1 Test System Modeling and Description 205 

7.6.2 Modes of VVC operation 207 

7.6.3 Daily Energy Scheduling layer (Offline simulations) 

Predictive Action 

208 

7.6.4 Online Real-Time Validation In RTDS 210 

7.5.4.1 Validation under STSC: Corrective Action 210 

7.5.4.2 Illustration under FTSC: Emergency Action 211 

7.7 Conclusion 
214 

CHAPTER 8- CONCLUSIONS AND FUTURE WORK 217-220

8.1 Conclusions 217 

219 

221-232

233-235

8.2 Suggestions for Future Work 

References 

Appendices 

Award and List of Publications  


