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Abstract 

The increasing utilisation of renewable energy sources (RESs) plays an 

important role in the modern power system. The high penetration of the RESs 

in the electrical power network leads to challenges to the system’s stability. 

Therefore, the microgrid concept is proposed to solve such problems due to its 

flexibility and practicality. The hybrid AC/DC microgrid configuration is 

compatible with AC power supplies, DC power supplies, AC loads and DC loads 

which is viewed as the most practical choice in the power system application. 

The microgrid utilises an interlinking converter for the system’s control and grid 

connection. In this case, the microgrid implementation provides the possibility 

to achieve the other power electronic device functions such as a static 

compensator (STATCOM) or an active power filter (APF) in addition to dealing 

with the RES problems. 

In this PhD thesis, a grid-connected-mode-based control strategy for the 

microgrid is proposed to regulate the power generation as well as to reduce the 

grid current harmonics and neutral current. A virtual synchronous generator 

(VSG) based control strategy is introduced for microgrid’s smooth transient 

performance purpose. 

The first contribution of this research is the combination of the notch filter and 

traditional grid-connected microgrid control strategy. The notch filter is 

introduced into a three-phase system for current harmonics detection. The 

obtained harmonics signals are converted into reference signals for a revised 

constant power control strategy so that the microgrid is able to achieve the 

power regulation and harmonics reduction simultaneously. The interlinking 

converter is designed with three transistor-based bridges and a split-capacitor-

based bridge so that the system is decoupled from hardware without any 

internal signals interference.  

The second contribution of this research is the design for grid neutral current 

compensation. The interlinking converter is designed with another independent 

neutral module bridge for the neutral current compensation purpose and a 

controller is developed based on this. In the context, the microgrid is 

implemented as a traditional microgrid with STATCOM-APF functions 

embedded. 
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The third contribution of this research is the introduction of an improved VSG 

controller with its specific pre-synchronisation module. The designed method 

conducts smooth transient performances for a microgrid under different 

scenarios. An exclusive pre-synchronisation block is designed for the improved 

VSG controller for the microgrid to reconnect to the utility network smoothly 

when there is a requirement. 

The final contribution of this research is the establishment of the microgrid 

system benchtop. The hardware setup achieves the traditional power regulation 

function as well as the power-sharing between two microgrids. The proposed 

STATCOM-APF-based grid-connected microgrid controller is also tested under 

different scenarios. The effectiveness is validated through experiment. 

Various case studies are conducted in this research to investigate the microgrid 

possibilities. The proposed methods are validated through simulation first. The 

hardware prototype also verifies the correctness of the proposed grid-connected 

microgrid control method. The microgrid setup finally realises the power 

regulation, the harmonics reduction, the neutral current compensation and the 

cooperative operation functions. 

  



IV 

 

Statement of Originality 

This work has not previously been submitted for a degree or diploma in 

any university. To the best of my knowledge and belief, the thesis contains 

no material previously published or written by another person except 

where due reference is made in the thesis itself. 

Jiannan Liu 

Griffith University 

  



V 

 

Acknowledgment of Published and Unpublished 

Papers 

Section 9.1 of the Griffith University Code for the Responsible Conduct of 

Research (“Criteria for Authorship”), in accordance with Section 5 of the 

Australian Code for the Responsible Conduct of Research, states:  

To be named as an author, a researcher must have made a substantial scholarly 

contribution to the creative or scholarly work that constitutes the research 

output, and be able to take public responsibility for at least that part of the work 

they contributed. Attribution of authorship depends to some extent on the 

discipline and publisher policies, but in all cases, authorship must be based on 

substantial contributions in a combination of one or more of: 

• Conception and design of the research project  

• Analysis and interpretation of research data  

• Drafting or making significant parts of the creative or scholarly work or 

critically revising it so as to contribute significantly to the final output.  

Section 9.3 of the Griffith University Code (“Responsibilities of Researchers”), in 

accordance with Section 5 of the Australian Code, states:  

Researchers are expected to:  

• Offer authorship to all people, including research trainees, who meet the 

criteria for authorship listed above, but only those people.  

• Accept or decline offers of authorship promptly in writing.  

• Include in the list of authors only those who have accepted authorship  

• Appoint one author to be the executive author to record authorship and 

manage correspondence about the work with the publisher and other 

interested parties.  

• Acknowledge all those who have contributed to the research, facilities or 

materials but who do not qualify as authors, such as research assistants, 

technical staff, and advisors on cultural or community knowledge. Obtain 

written consent to name individuals.  

Included in this thesis are papers in Chapters 2, 3, 4 and 5 which are co-

authored with other researchers. My contribution to each co-authored paper is 

outlined at the front of the relevant chapter. The bibliographic details (if 

published, accepted, or submitted for publication) for these papers including all 

authors, are: 

 



VI 

 

Chapter 2: 

• J. Liu, M. S. Rahman, J. Lu and M. J. Hossain, "Performance 

investigation of hybrid AC/DC microgrids during mode 

transitions," 2016 Australasian Universities Power Engineering 

Conference (AUPEC), Brisbane, QLD, 2016, pp. 1-6. 

Chapter 3: 

• J. Liu, F. Rafi, J. Lu and M. J. Hossain, "Neutral Current Compensation 

in a VSG-Based Three-Phase Four-Wire Microgrid System," 2018 IEEE 

International Conference on Environment and Electrical Engineering and 

2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC / 

I&CPS Europe), Palermo, 2018, pp. 1-6. 

• Jiannan Liu, Seyedfoad Taghizadeh, Junwei Lu, M.J. Hossain, Sascha 

Stegen and Hui Li, "Smart inverter with embedded STATCOM-APF 

functions used in advanced microgrid system for utility network 

performance improvement," submitted to IEEE Systems Journal, 2019. 

Chapter 4: 

• Jiannan Liu, M.J. Hossain, Junwei Lu, F.H.M. Rafi, Hui Li, A hybrid 

AC/DC microgrid control system based on a virtual synchronous 

generator for smooth transient performances, Electric Power Systems 

Research, Volume 162, 2018, Pages 169-182. 

• J. Liu, M. J. Hossain and J. Lu, "Switching performance optimization for 

a hybrid AC/DC microgrid using an improved VSG control 

strategy," 2017 IEEE Innovative Smart Grid Technologies - Asia (ISGT-

Asia), Auckland, 2017, pp. 1-5. 

Chapter 5: 

• Jiannan Liu, Seyedfoad Taghizadeh, Junwei Lu, M.J. Hossain, Sascha 

Stegen and Hui Li, "Smart inverter with embedded STATCOM-APF 

functions used in advanced microgrid system for utility network 

performance improvement," submitted to IEEE Systems Journal, 2019. 

  



VII 

 

List of Publications 

Refereed Journal Articles 

• Jiannan Liu, M.J. Hossain, Junwei Lu, F.H.M. Rafi, Hui Li, A hybrid 

AC/DC microgrid control system based on a virtual synchronous 

generator for smooth transient performances, Electric Power Systems 

Research, Volume 162, 2018, Pages 169-182. 

• Jiannan Liu, Seyedfoad Taghizadeh, Junwei Lu, M.J. Hossain, Sascha 

Stegen and Hui Li, "Smart inverter with embedded STATCOM-APF 

functions used in advanced microgrid system for utility network 

performance improvement," submitted to IEEE Systems Journal, 2019. 

Refereed Conference Papers 

• J. Liu, M. S. Rahman, J. Lu and M. J. Hossain, "Performance 

investigation of hybrid AC/DC microgrids during mode 

transitions," 2016 Australasian Universities Power Engineering 

Conference (AUPEC), Brisbane, QLD, 2016, pp. 1-6. 

• J. Liu, M. J. Hossain and J. Lu, "Switching performance optimization for 

a hybrid AC/DC microgrid using an improved VSG control 

strategy," 2017 IEEE Innovative Smart Grid Technologies - Asia (ISGT-

Asia), Auckland, 2017, pp. 1-5. 

• J. Liu, F. Rafi, J. Lu and M. J. Hossain, "Neutral Current Compensation 

in a VSG-Based Three-Phase Four-Wire Microgrid System," 2018 IEEE 

International Conference on Environment and Electrical Engineering and 

2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC / 

I&CPS Europe), Palermo, 2018, pp. 1-6. 

• Liu J., Lu J., Hossain M.J., Li H. (2019) A Commercial Building Based 

Microgrid Performance Investigation. In: Kaparaju P., Howlett R., 

Littlewood J., Ekanyake C., Vlacic L. (eds) Sustainability in Energy and 

Buildings 2018. KES-SEB 2018. Smart Innovation, Systems and 

Technologies, vol 131. 

Co-authored Publications 

• Moghimi Mojtaba, Jiannan Liu, Pouya Jamborsalamati, Fida Rafi, 

Shihanur Rahman, Jahangir Hossain, Sascha Stegen, and Junwei Lu. 

"Internet of Things Platform for Energy Management in Multi-Microgrid 



VIII 

 

System to Improve Neutral Current Compensation." Energies 11, no. 11 

(2018): 3102. 

• Domagoj Leskarac, Mojtaba Moghimi, Jiannan Liu, Wayne Water, 

Junwei Lu, Sascha Stegen, Hybrid AC/DC Microgrid testing facility for 

energy management in commercial buildings, Energy and Buildings, 

Volume 174, 2018, Pages 563-578. 

• M. Moghimi, F. Hasan Md Rafi, P. Jamborsalamati, J. Liu, M. J. Hossain 

and J. Lu, "Improved Unbalance Compensation for Energy Management 

in Multi-Microgrid System with Internet of Things Platform," 2018 IEEE 

International Conference on Environment and Electrical Engineering and 

2018 IEEE Industrial and Commercial Power Systems Europe (EEEIC / 

I&CPS Europe), Palermo, 2018, pp. 1-6. 

 

  



IX 

 

Acknowledgements 

I would like to thank my principal supervisors, Professor Junwei Lu and 

Associate Professor Jahangir Hossain, for giving me the opportunity to start my 

PhD at Griffith University. I can never reach this stage without their support 

and guidance through my PhD candidature. My supervisors devote great efforts 

to my study, from the presentation of my research topic to the publication of my 

papers. Professor Hossain gave me many valuable academic suggestions and 

comments which helped me to improve my research ability. Professor Lu 

provided me with a very good research environment which is critical to my 

research. He also cared about my personal future life which encourages me a 

lot to continue my study. Many thanks to both of my principle supervisors for 

their broad vision, rich knowledge and unconditional support. I also thank my 

associate supervisor Associate Professor Hui Li who brought me fresh 

information and useful suggestions to my study. 

I would also like to express my thanks to Dr. Fida Rafi and Dr. Seyedfoad 

Taghizadeh for their help in my experiment testing. With their brilliant ideas, I 

am finally able to achieve my expected outcomes. Their help is indispensable 

and important to my research. 

I am thankful to Mr. Zhixiang Zeng for his presence in the second half of my 

PhD candidature. His company has had a very positive impact on my life. He is 

not just a friend to me, but more like a family member. I am grateful to his 

caring and his support. 

I am lucky to have colleagues like Dr. Domagoj Leskarac, Dr. Mojtaba Moghimi 

and Mr. Rasoul Garmabdari who are always there to back me up. Their warm 

friendship and encouragement make me no longer lonely in my PhD life. I would 

also like to thank my other colleagues Boyuan, Wayne, Sascha, Shamiur, Chirag, 

Jiajin, Usman, and Xiaokun for their useful advice, genuine dialogue and proper 

humour which brought me optimism and pleasure to my work. 

Last, but definitely not least, I am grateful to my parents who always offer me 

their unwavering support, and my grandparents who gave me so much love and 

are watching me in heaven. I can never reach this level without their guidance, 

patience and support. They are the most beautiful things happened in my life 

and I will always be grateful.  



X 

 

Contents 

1. Introduction ............................................................................................ 1 

1.1 Research Background ......................................................................... 1 

1.2 Research Motivation and Objectives ..................................................... 4 

1.3 Research Contribution ........................................................................ 5 

1.4 Research Outcome .............................................................................. 6 

1.5 Thesis Outline .................................................................................... 7 

2. Literature Review ..................................................................................... 9 

2.1 Introduction ....................................................................................... 9 

2.2 Microgrid Concept Overview ................................................................ 9 

2.3 Microgrid Operation and Control ....................................................... 14 

2.3.1 Microgrid Operation Mode ................................................................. 14 

2.3.2 Microgrid Control Mode ................................................................ 15 

2.3.3 Conventional Microgrid Control Strategies ..................................... 18 

2.4 Power Quality Issue .......................................................................... 23 

2.4.1 Harmonics ......................................................................................... 24 

2.4.2 Reactive Power ................................................................................... 28 

2.4.3 Neutral Current ................................................................................. 32 

2.5 Operation Mode Smooth Transition.................................................... 36 

2.6 Chapter Summary............................................................................. 38 

3. Grid-Connected Microgrid Power Quality Improvement ............................ 40 

3.1 Harmonics Issue Statement ............................................................... 40 

3.2 Neutral Current Issue Statement ....................................................... 42 

3.3 Harmonics Detection ......................................................................... 43 

3.4 Grid-Connected Microgrid Control with Harmonics and Neutral Current 

Compensation ........................................................................................ 47 

3.4.1 System Configuration ........................................................................ 48 

3.4.2 Power Control .................................................................................... 49 

3.4.3 Harmonics Detection and Control ..................................................... 50 

3.4.4 Current Decoupling Control .............................................................. 51 

3.4.5 Balanced and Unbalanced Harmonics Compensation ...................... 52 

3.4.6 Neutral Current Control .................................................................... 53 

3.5 Simulation Studies............................................................................ 57 

3.5.1 Harmonics Reduction with Power Exchange when the Harmonics are 

Balanced and the Loads are Unbalanced ................................................... 58 



XI 

 

3.5.2 Harmonics Reduction with Power Exchange when the Harmonics are 

Balanced and Unbalanced .......................................................................... 63 

3.5.3 Neutral Current Compensation when the Loads are Unbalanced..... 67 

3.6 Chapter Summary............................................................................. 68 

4. Smooth Operation Mode Transition of Hybrid Microgrid........................... 70 

4.1 Mode Transition Statement ............................................................... 70 

4.2 Virtual Synchronous Generator Control Strategy ................................ 72 

4.3 Battery DC/DC Control Strategy........................................................ 76 

4.4 Pre-synchronisation Control Strategy ................................................. 77 

4.5 Small-Signal Stability Analysis of the Improved VSG .......................... 79 

4.6 Simulation Studies............................................................................ 82 

4.6.1 System Configuration ........................................................................ 83 

4.6.2 Case A: Mode Switching from Grid-Connected Mode to Islanding 

Mode ........................................................................................................... 85 

4.6.3 Case B: Load Changing during Islanding Mode ................................ 87 

4.6.4 Case C: Mode Transition and Load Changing for Multi-Microgrid .... 92 

4.6.5 Case D: Single-Phase-to-Ground Fault Occurring at PCC ................ 94 

4.6.6 Case E: Synchronisation to the Utility Grid ...................................... 96 

4.7 Chapter Summary............................................................................. 99 

5. Experimental Setup and Results Analysis ............................................. 100 

5.1 Experimental Hardware Description ................................................ 101 

5.1.1 Kokam Battery ................................................................................. 101 

5.1.2 Semikron Inverter ............................................................................ 102 

5.1.3 Single-Phase Load ........................................................................... 104 

5.1.4 Three-Phase Variable Transformer .................................................. 106 

5.1.5 Switchgear Controller Unit .............................................................. 107 

5.1.6 Power Analyser ................................................................................ 108 

5.1.7 Common Coupling Junction Box .................................................... 111 

5.1.8 Filter and sensors ............................................................................ 113 

5.2 Experimental Case Studies .............................................................. 114 

5.2.1 Single Microgrid Operation .............................................................. 114 

5.2.2 Double Microgrids Coordination Operation..................................... 116 

5.2.3 Single-Phase Load Harmonics Compensation ................................. 118 

5.2.4 Double-Phase Loads Harmonics Compensation ............................. 120 

5.2.5 Three-Phase Unbalanced Loads Harmonics Compensation ............ 123 

5.2.6 Harmonics Reduction with Active Power Support ........................... 124 



XII 

 

5.2.7 Harmonics Reduction with Reactive Power Support ....................... 126 

5.2.8 Neutral Current Compensation ....................................................... 128 

5.3 Chapter Summary........................................................................... 129 

6. Conclusions and Future Work .............................................................. 130 

6.1 Thesis Conclusions ......................................................................... 130 

6.2 Future Research Direction ............................................................... 132 

6.2.1 Islanding Test .................................................................................. 132 

6.2.2 Networked Microgrid System ........................................................... 132 

6.2.3 Energy Management System ........................................................... 133 

Appendix A .............................................................................................. 135 

References ............................................................................................... 137 

 

  



XIII 

 

List of Tables 

Table 1. 1 Existing microgrid systems around the world ................................ 2 

Table 2. 1. Microgrid control strategy .......................................................... 23 

Table 3. 1 Simulation parameters of the proposed system ........................... 58 

Table 3. 2 Total harmonics distortion of each phase .................................... 67 

Table 4. 1 Simulation parameters of the hybrid microgrid system ................ 83 

Table 5. 1 Hardware components for the experimental benchtop. ............... 101 

Table 5. 2 Battery benchtop components. ................................................. 102 

Table 5. 3 IT-8600 single-phase load specifications. .................................. 104 

Table 5. 4 3 IT-8600 single-phase load front panel configuration. .............. 105 

Table 5. 5 3 IT-8600 single-phase load operation modes. ........................... 106 

Table 5. 6 PPA 1500 power analyser specification. ..................................... 109 

Table 5. 7 Common coupling junction box configuration. .......................... 111 

Table 5. 8 Components for filter and sensors. ........................................... 113 

Table 5. 9 Experiment case summary. ...................................................... 114 

Table A. 1 Griffith University N44 building microgrid testing facility ........... 136 

  



XIV 

 

List of Figures 

Figure 2. 1 Typical microgrid system configuration ...................................... 12 

Figure 2. 2. Principle of V/f Control ............................................................ 19 

Figure 2. 3. V/f controller diagram ............................................................. 19 

Figure 2. 4. PQ controller diagram .............................................................. 20 

Figure 2. 5. Principle of Droop Control ........................................................ 20 

Figure 2. 6. f-P/U-Q droop controller diagram ............................................. 21 

Figure 2. 7 P-f/Q-U droop controller diagram .............................................. 22 

Figure 3. 1 The configuration of the designed system with control methods .. 49 

Figure 3. 2 The zero-sequence equivalent circuit of the designed power system

 ................................................................................................................. 53 

Figure 3. 3 Block diagram of the controller and plant in dq frame ................ 56 

Figure 3. 4 Root lotus for the transfer functions .......................................... 57 

Figure 3. 5 Three-phase grid current (a) without compensation (b) with 

microgrid compensation ............................................................................. 59 

Figure 3. 6 Three-phase grid current (a) Total harmonics distortion of the grid 

current (a) without compensation (b) with microgrid compensation .............. 60 

Figure 3. 7 Harmonics controller performance (a) load current (b) current 

fundamental and harmonic components ..................................................... 61 

Figure 3. 8 Harmonics tracking performance (a) proposed three-leg inverter with 

split-capacitor arm (b) conventional three-leg inverter ................................. 61 

Figure 3. 9 Reactive power compensation performance ................................ 61 

Figure 3. 10 Active power generation performance ....................................... 62 

Figure 3. 11 Single-phase grid current variation due to the active power 

generation change of the microgrid ............................................................. 62 

Figure 3. 12 Single-phase grid current compensation performance with different 

DC supplies ............................................................................................... 63 

Figure 3. 13 Three-phase currents under balanced harmonics case (a) Grid 

current without compensation (b) Harmonics (c) Grid current with conventional 

compensation (d) Grid current with proposed compensation ........................ 65 

Figure 3. 14 Three-phase currents under unbalanced harmonics case (a) Grid 

current without compensation (b) Harmonics (c) Grid current with conventional 

compensation (d) Grid current with proposed compensation ........................ 67 

Figure 3. 15 The neutral current tracking performance ............................... 68 

Figure 3. 16 The grid neutral current comparison ....................................... 68 



XV 

 

Figure 4. 1 External hardware circuit system of a VSG ................................ 72 

Figure 4. 2 Internal software controller of a VSG ......................................... 72 

Figure 4. 3 Simplified virtual synchronous generator controller ................... 75 

Figure 4. 4 Improved simplified VSG controller ........................................... 76 

Figure 4. 5 DC/DC converter controller ...................................................... 77 

Figure 4. 6 Improved VSG controller with pre-synchronisation section ......... 78 

Figure 4. 7 VSG pre-synchronisation procedure .......................................... 78 

Figure 4. 8 Active power small-signal loop................................................... 81 

Figure 4. 9 Reactive power small-signal loop ............................................... 81 

Figure 4. 10 Pole-zero map for active power loop ......................................... 82 

Figure 4. 11 Pole-zero map for reactive power loop ...................................... 82 

Figure 4. 12 Hybrid AC/DC microgrid simulation model based on the N44 

system ...................................................................................................... 84 

Figure 4. 13 Multi-hybrid-microgrid simulation structure ............................ 85 

Figure 4. 14 Hybrid microgrid performance comparison during the unplanned 

islanding case ............................................................................................ 86 

Figure 4. 15 Hybrid microgrid performance comparison during load increases

 ................................................................................................................. 88 

Figure 4. 16 Hybrid microgrid performance comparison during load decreases

 ................................................................................................................. 89 

Figure 4. 17 VSG output voltage during load changing (a) load increasing case 

(b) load decreasing case ............................................................................. 90 

Figure 4. 18 N44 microgrid performance in 24 h (a) 24-hour N44 building load 

data (b) frequency (c) single-phase voltage................................................... 91 

Figure 4. 19 Multi-microgrid performance (a) Frequency variation (b) Voltage 

variation .................................................................................................... 93 

Figure 4. 20 Active power sharing property (a) Multi-microgrid under improved 

VSG control (b) Multi-microgrid under droop control ................................... 94 

Figure 4. 21 Reactive power-sharing property (a) Multi-microgrid under 

improved VSG control (b) Multi-microgrid under droop control .................... 94 

Figure 4. 22 Hybrid microgrid frequency during single-phase-to-ground fault

 ................................................................................................................. 95 

Figure 4. 23 VSG output voltage during a single-phase-to-ground fault........ 96 

Figure 4. 24 Microgrid performance during the pre-synchronisation process (a) 

Phase angle difference (b) Microgrid frequency (c) Single-phase voltage (d) 

Single-phase current .................................................................................. 98 



XVI 

 

Figure 4. 25 Single-phase voltage waveform during pre-synchronisation ...... 98 

Figure 5. 1 Griffith microgrids system experimental platform configuration. 100 

Figure 5. 2 Griffith microgrids system experimental hardware benchtop. ... 102 

Figure 5. 3 Battery benchtop configuration. .............................................. 103 

Figure 5. 4 Three-leg Semikron converter. ................................................. 103 

Figure 5. 5 Modified four-leg Semikron converter. ..................................... 104 

Figure 5. 6 IT-8600 single-phase programmable loads. .............................. 105 

Figure 5. 7 Three-phase transformer with protection connection (a) First-stage 

swithcing board (b) Second-stage switching board (c) adjustable transformer.

 ............................................................................................................... 107 

Figure 5. 8 SwitchGear Controller Unit. .................................................... 108 

Figure 5. 9 PPA 1500 power analyser (a) front (b) back. ............................. 110 

Figure 5. 10 Common coupling junction box (a) front (b) back (c) top. ........ 112 

Figure 5. 11 Filter and sensors. ................................................................ 113 

Figure 5. 12 Reactive power generation (a) current leads voltage (b) current lags 

voltage. .................................................................................................... 116 

Figure 5. 13 Double microgrids coordination operation performance (a) both 

generating the same amount of power (b) one generating with another one 

consuming power (c) both generating different amount of power. ............... 118 

Figure 5. 14 Harmonics compensation performance with single-phase distorted 

load demand (a) before compensation (b) after compensation. .................... 119 

Figure 5. 15 Harmonics compensation performance with three-phase 

demanding while single-phase load distortion (a) before compensation (b) after 

compensation. ......................................................................................... 120 

Figure 5. 16 Harmonics compensation performance with double-phase same 

distorted load demand (a) before compensation (b) after compensation. ...... 121 

Figure 5. 17 Harmonics compensation performance with double-phase different 

distorted load demand (a) before compensation (b) compensation with 

conventional method (c) compensation with the proposed method.............. 123 

Figure 5. 18 Three-phase grid current under unbalanced loads condition (a) 

before compensation (b) after compensation. ............................................. 124 

Figure 5. 19 Microgrid harmonics reduction and active power generation 

performance (a) harmonics reduction only (b) harmonics reduction with 98 W 

active power generation (c) harmonics reduction with 147 W active power 

generation. .............................................................................................. 126 



XVII 

 

Figure 5. 20 Microgrid harmonics reduction and reactive power generation 

performance (a) initial load condition (b) harmonics reduction only (c) harmonics 

reduction with 106 Var reactive power compensation. ............................... 127 

Figure 5. 21 Neutral current compensation performance (a) before 

compensation (b) after compensation. ....................................................... 128 

Figure 6. 1 A typical networked microgrid system structure ....................... 133 

Figure A. 1 Griffith University N44 building microgrid testing facility. ........ 135 

Figure A. 2 PV panels installation. ............................................................ 135 



1 

 

1. Introduction 

1.1 Research Background 

The traditional power grid utilises fossil fuels as its primary sources of energy, 

which cause carbon dioxide and dust emissions, climate change, and the 

continuous depletion of fossil fuels [1]. In addition, the traditional power grid 

has other disadvantages, such as a centralised power supply, limited 

extensibility, and higher costs. With the requirement of energy saving and 

environmental protection, traditional fossil fuel energy is no longer the first 

choice for power industries. As an alternative option, renewable energy source 

(RES) based distributed generation (DG) units have become the research focus 

in recent years since they offer several advantages such as high efficiency, 

environmental-friendliness, flexible extensibility and improved reliability [2]. 

This leads to increasing penetration of RES in the conventional electrical power 

network. The European Union, Japan and the United States have also developed 

long-term plans to increase the RES proportion in the total energy consumption 

[3-5]. The distributed energy sources (DERs), for example, photovoltaic (PV) 

systems, wind turbines (WTs), micro-turbines (MTs) and battery energy storage 

systems (BESSs) are regarded as flexible power sources and are connected to 

the low-voltage network directly [6, 7]. 

However, due to intermittent and uncertain characteristics, the DER units may 

cause unpredictable problems when connecting to the utility grid or operating 

independently. For this reason, the microgrid concept is proposed to deal with 

such problems in order to achieve flexible and efficient applications of the RES 

units. A microgrid is a small-scale distribution power system that integrates the 

DERs, energy storage devices, energy conversion facilities, monitoring and 

protection equipment and loads. It is an autonomous system which is able to 

achieve high flexibility, high operational efficiency, strong schedulability, self-

controllability, self-protection and self-management [8]. A microgrid is able to 

conduct the plug and play functions of the DERs, which results in the effective 

management of the DERs. The microgrid market is expected to grow at a 

significant rate between 2015 and 2020, and to become a multi-million-dollar 

industry [9]. Microgrid research has been developed all over the world, and 
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considerable effort has been made by researchers on microgrid testbeds and 

demonstration construction sites. Table 1 provides a brief summary of the 

status quo of existing microgrid systems, including the microgrid location, 

project and the DER configurations [10-13]. 

Table 1. 1 Existing microgrid systems around the world 

Area Project DER Configuration 

US 

Santa Rita Jail PV, Fuel Cell, WT, Battery 

San Diego PV 

Global Research WT, Diesel, PV, Fuel Cell, Battery 

Berkeley Oil, Combined Heat & Power 

DUIT PV, MT 

Hawaii Hydrogen Power Park WT, PV, Fuel Cell, Battery 

Texas Gas-turbine 

China 

TJU PV, WT, MT, Fuel Cell, CHP, Battery 

HFUT PV, WT, Hydro, Fuel Cell, Diesel 

Chongming Island, Shanghai PV, WT, Fuel Cell, Battery 

Yanqing, Beijing WT, Hydro, PV 

ENN Eco-City PV, WT, Gas-turbine, Battery, Diesel 

Australia 

CSIRO PV 

King Island PV 

Kings Canyon PV 

Coral Bay WT 

Japan 

Tokyo PV, WT, Biogas 

Kyoto PV, WT, Fuel Cell, Gas 

Aichi Fuel Cell, PV 
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European Union 

KesselUniv, German PV, WT, Diesel 

Bornhom, Denmark Diesel, Steam, WT, Biogas 

NTUA, Greece PV, Wind, Battery 

Girona, Spain PV, WT, Diesel, Battery 

Continuon, Netherland PV, Battery 

Canada 

Boston Bar Hydro, Diesel 

Ramea Diesel, WT 

Fortis-Alberta WT, Hydro 

UK 

Manchester Diesel 

CAT, Walse Hydro, WT, PV, Biomass 

The alternative current (AC) type microgrid is widely utilized to connect DERs 

to conventional AC power systems since the common power systems and loads 

are all of the AC type [14]. However, a trend for connecting DC loads and 

resources to the AC power systems is growing in order to save energy and reduce 

carbon credits. This requires a significant number of inverters for DC power to 

convert to AC power in an AC microgrid. In a practical situation, AC loads 

require multiple stage conversions from the DC bus in a DC microgrid. DC loads 

face the same problem in an AC microgrid. Multiple conversions may contribute 

additional loss and make the system more complex. In this context, the concept 

of a hybrid AC/DC microgrid is proposed to overcome the aforementioned 

shortcomings [15]. 

The hybrid microgrid system contains both the AC bus and DC bus as well as 

AC loads and DC loads. It combines the advantages of both the AC and DC 

microgrids and also avoids their disadvantages, which makes it practical in use 

and a possible distribution form in the future [16]. AC loads and generations 

such as wind turbines are connected to the AC bus to build an AC microgrid. 

DC loads and generations like solar PV and BES units are connected to the DC 

bus to form a DC microgrid. The DC subgrid can be considered as a unique 

power generation unit, which is connected to the AC bus through an interlinking 
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inverter [17]. In this case, the hybrid AC/DC microgrid saves the multi-stage 

energy conversion steps and is able to supply both the AC and DC loads. 

Despite the advantages introduced by the microgrid applications, there are still 

several technical challenges that electrical engineering researchers should pay 

attention to [18]. Due to the utilisation of the grid-interfaced converter, the 

microgrid is expected to provide the operation functions of several other power 

electronic devices, which could reduce the total cost and the complexity of the 

whole system. Several standards are proposed in order to regulate the microgrid 

application. Power quality, especially the current harmonic distortion, becomes 

one of the indicators [19]. In addition, smooth transient performance is 

important for the reliable and stable operation of microgrids, however, so far, 

less attention has been paid to this problem. Such a requirement needs support 

from proper control strategies and appropriate modifications or improvements 

of the control strategies. Based on this background, the associated problems 

and the motivation for the research are presented in the next sections. 

1.2 Research Motivation and Objectives 

Basically, there are two typical harmonic sources for the power grid: the power 

electronic devices utilisation and the non-linear loads [20]. The power electronic 

devices are already widely used in many situations such as rectifiers, inverters, 

static compensators (STATCOMs) and even the microgrid interlinking converter. 

The switching of the transistors inevitably generates harmonics. Therefore, the 

LC or the LCL filters are employed to mitigate the high-frequency harmonics 

orders. However, non-linear loads exhibit a different situation. They demand 

harmonics that are supposed to be generated by the utility grid. Though the 

loads could operate normally in this way, the distorted current generation from 

the grid will cause additional power loss and be harmful to other equipment. It 

is necessary to keep the harmonics level within an acceptable range based on 

the grid standards. For example, according to the IEEE 1547 or Australian 

standard 4777, the total current distortion should be less than 5% [21]. The 

most commonly used method to suppress the harmonics is to utilise an active 

power filter (APF). An APF is a shunt-connected power electronic device which 

can generate the opposite harmonics to the grid to cancel the current distortion 

from the grid side. Conventionally, an additional APF is used for power quality 

optimisation in a microgrid system. Although adding APF improves the power 
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quality, this increases the volume and total cost of the whole microgrid system. 

Therefore, an advanced solution is to combine an APF with the existing inverters 

in a microgrid. 

Since the hybrid microgrid provides a solution for the distributed generation 

system, research on the various aspects of the hybrid AC/DC microgrid has 

been carried out [22]. However, most of the research concentrates on 

investigating the performance in a stable operating mode. The performance of a 

microgrid during mode switching is also important since the microgrid is 

responsible for the voltage and frequency regulation without the support of the 

utility grid, and so are the transient cases under the islanding mode of a 

microgrid system. 

The research objectives of this thesis are concentrating on proposing solutions 

to the challenges mentioned above. In particular, the objectives are listed as 

follows: 

1. Finding a solution to achieve the APF functions within microgrid 

applications; 

2. Providing an effective harmonics detection method for the grid side 

current harmonics elimination use; 

3. Proposing a proper control strategy for the microgrid to realise a 

smooth grid-disconnection and to offer a smooth transient 

performance under the islanding case; 

4. Designing a proper pre-synchronisation method for the microgrid for 

smooth mode transition from islanding mode to grid-tied mode. 

1.3 Research Contribution 

The objective of this research is to find a way for the microgrid to achieve APF 

functions and to offer a smooth transient performance. Based on this objective, 

the contributions of the research are listed as follows: 

1. Introducing the virtual synchronous generator (VSG) control strategy 

for the microgrid to achieve a better transient performance compared 

to conventional droop control. Based on the traditional VSG control 

strategy, an improved VSG control strategy is proposed, and the 

performance is validated through simulation; 
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2. Developing a pre-synchronisation method for the microgrid mode 

switching from islanding mode to grid-connected mode based on the 

improved VSG control strategy. A graded PI turning strategy is 

utilised for the smooth grid-reconnection case; 

3. Using the notch filter for the harmonic detection objective of a three-

phase power system in order to improve the power quality from the 

grid side. The notch filter is able to detect all orders of current 

harmonics while it is used in a three-phase electric power system for 

the first time in this research; 

4. Combining the active power filter function within a grid-connected 

microgrid system. The microgrid interlinking converter control 

strategy under grid-tied mode is modified so that the microgrid is able 

to compensate for the current harmonics as well as making a power 

exchange between the microgrid and the utility grid; 

5. Developing neutral current elimination in the system, considering the 

three-phase load's unbalanced case, a three-phase four-wire 

microgrid system is developed to solve the neutral current existing 

problem. Based on the designed system, the neutral current can be 

controlled independently as well as the microgrid output of each 

phase; 

6. Constructing a three-phase four-wire microgrid system hardware 

benchmark for testing. The microgrid system is mainly for grid-

connected case utilisation. The hardware prototype is capable of 

realising the basic functions of a microgrid. The proposed control 

method, including the APF and neutral current elimination function, 

is validated through experimental testing. 

1.4 Research Outcome 

The research is conducted under both simulation and experiment, and several 

outcomes are achieved which validate the effectiveness of the proposed control 

methods. The research outcomes are listed as follows: 

1. The improved VSG controller functions which achieve the smooth 

transient performance for the microgrid is validated through 

simulation; 
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2. Hardware-based microgrid setup is tested to realise the basic 

microgrids functions including active power generation, reactive 

power regulation; 

3. Two microgrid units are tested to cooperatively operate in which case 

the power-sharing function is implemented. The power regulation of 

different units can be controlled separately; 

4. The microgrid system is tested to achieve the APF function, which 

removes the current harmonics from the grid side. The testing is 

conducted effectively under three-phase balanced loads’ case, three-

phase unbalanced loads’ case, and three-phase balanced loads with 

unbalanced harmonics case. 

5. The microgrid system is validated to be effective to remove the grid 

neutral current which is caused by the three-phase unbalanced loads. 

1.5 Thesis Outline 

Chapter 1 discusses the research background and the current situation in 

relation to the establishment of microgrids. Based on this information, this 

chapter introduces the core research issues and summarises the contributions 

of the work. 

Chapter 2 presents the literature review on the microgrid concept and the 

typical control strategies of microgrids. This chapter also explains the content 

and current status of the main issues discussed in this thesis. 

Chapter 3 specifically describes the APF application within the microgrid, from 

the harmonics detection method to the microgrid control strategy. The proposed 

APF-based control strategy is validated through simulation theoretically. 

Chapter 4 proposes an improved virtual synchronous generator control strategy 

for smooth operation mode transition. A pre-synchronisation method 

customised for the proposed improved VSG control strategy is developed. The 

aforementioned control scheme is validated through simulation based on real 

information from a university commercial building. 

Chapter 5 introduces the experimental microgrid system located at Griffith 

University. The hardware benchtop is tested in different scenarios and the APF-
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based microgrid control scheme is validated through the experiment. 

Experimental results are listed to show the system’s performance. 

Chapter 6 summarises the thesis work and proposes the important networked 

microgrid system concept for future study.  
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2. Literature Review 

2.1 Introduction 

Nowadays, the microgrid is widely used throughout the world. Due to the power 

supply requirements for the single-phase and/or three-phase unbalanced loads, 

the three-phase four-wire microgrid system topology is more practical. With the 

development of microgrid applications, corresponding problems have emerged. 

Smooth transient performance of the microgrid is one of the indicators. The 

microgrid is expected to achieve a smooth mode transition from the grid-

connected mode to the islanding mode and vice versa. Under the grid-connected 

mode, since the utility grid is very stiff, most of the transient problems can be 

tackled through the utility network. However, under the islanding mode, the 

microgrid can only take care of such problems by itself, which means the 

microgrid should be capable of operating stably when the loads change or when 

faults happen. Besides, the microgrid is expected to achieve more functions in 

spite of power exchange with the utility grid. Due to the application of the 

interlinking converter, the microgrid should be able to behave as an active power 

filter to help to reduce the grid harmonics. Both of the aforementioned issues 

can be tackled through control methods modifications. To find novel and 

effective solutions to the technical issues mentioned above, this chapter 

presents a literature review of different microgrid control strategies. Based on 

the findings from the literature review, the control strategies for the microgrid ’s 

smooth transient performance and harmonics reduction are selected and 

developed. In addition, different harmonics detection methods are also 

compared and a proper harmonics detection method is developed as a three-

phase system. Moreover, the different electricity connection standards are also 

summarised in order to provide a guideline for appropriate power quality 

improvement. 

2.2 Microgrid Concept Overview 

The microgrid is a small-scale energy system which enables the integration of 

distributed generation, storage, and multiple electrical loads to achieve the 

operation as an independent, autonomous mini power grid either completely 

isolated from, or tied to, the existing common power network. The microgrid 
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consists of various generation units and is made up of different connectivity 

topologies with a wide range of sizes [23]. 

Since the AC power system has existed for a very long time and common loads 

are basically the AC type, the AC microgrid is widely utilised to connect DER 

units to conventional AC power systems [24]. However, a DC-based microgrid is 

much easier to control and more economical compared to the AC microgrid. In 

addition, there is no need to consider synchronization among different 

generations in a DC microgrid. Moreover, an increasing number of DC loads and 

resources need to be connected to the AC power systems in order to save energy 

and reduce carbon credits. As a result of these advantages, the DC microgrid 

has gained more attention in recent years. In an actual situation, the AC loads 

require multiple stage conversions from the DC bus in a DC microgrid, and the 

DC loads face the same situation in an AC microgrid. Multiple conversions may 

contribute additional losses and make the system more complex. In this context, 

the concept of a hybrid AC/DC microgrid is proposed to overcome the 

shortcomings aforementioned [14]. A hybrid AC/DC microgrid contains a 

common AC bus and a common DC bus which enables it to offer power to both 

AC loads and DC loads. DER units and energy storage devices which offer DC 

power output can be connected to the common DC bus through DC/DC 

converters (in which case they constitute a DC microgrid). This DC microgrid 

can be treated as a unique power supply which needs to be connected to the AC 

bus through power electronic inverters. A hybrid microgrid combines the 

advantages of both the AC and DC microgrids which makes it more practical for 

use [15]. 

Figure 2.1 provides a brief overview of the topology of different types of 

microgrids. As shown in (a), the PV, the battery bank and the wind turbine are 

all connected to the low-voltage AC (LVAC) network through several steps of 

energy conversion. In this case, the LVAC network builds the AC common bus 

which is typically an AC microgrid system configuration. (b) shows that all of 

the three DG units are connected to a low-voltage DC (LVDC) network in which 

the LVDC network presents as the DC common bus. In this case, it is only 

possible to supply the DC loads. In (c), the PV and the battery establish the DC 

bus. The DC bus and the wind turbine are both connected to the LVAC network. 

The number of converters utilised in this system is similar or less than the 

previous two cases while still having the capability to provide both AC and DC 
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power. The figure obviously presents the advantages of the hybrid AC/DC 

microgrid. 
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(a) AC microgrid configuration 
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(b) DC microgrid configuration 
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(c) Hybrid AC/DC microgrid configuration 

Figure 2. 1 Typical microgrid system configuration. 

From the system’s aspect, the microgrid combines a series of loads with the 

micro power supplies to build a single controllable system. The microgrid is able 

to supply electrical energy and thermal energy to consumers to present a brand 

new example for the distributed generations operation. The microgrid is able to 

work with the utility grid as well as operating independently when necessary. It 

plays a dual role when facing different sides. For the utility power companies, 

the microgrid can be viewed as a controllable element, which quickly responds 

to the power system’s requirements. For the users, the microgrid is a 

customisable power supply, which could fulfil the multi-requirements from the 

users. According to the definition of the microgrid, the microgrid techniques 

include the power electronics technique, distributed generation technique, 

renewable energy generation technique and energy storage technologies. The 

main characteristics are as follows [25]: 

1. The microgrid is connected to the utility grid from a single point and is a 

controllable generation unit or load. In this case, the microgrid is able to 

fully utilise the complementarity of various distributed power sources. 

The energy utilisation is more efficient, and the impact of the DGs is 

reduced when they are directly connected to the grid; 
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2. There are two types of operation modes: the grid-connected mode and the 

islanding mode. Under the grid-connected mode, the loads will receive 

the power supply from the grid as well as the microgrid. The microgrid is 

able to achieve a power exchange with the utility grid. When the power 

quality of the grid does not match the users’ requirements, the microgrid 

shall disconnect from the network to operate independently under the 

islanding mode. However, the microgrid must be able to balance the 

energy supply and demand within itself; 

3. There will usually be some distances among the distributed generation 

units in the microgrid. Due to weather conditions, there is a location 

requirement for the solar PV generation and the wind turbine generation. 

These requirements depend on location conditions. Therefore, adapting 

to the local conditions is one of the principal factors in the installation of 

distributed generation units; 

4. The microgrid is usually connected to the low-voltage distributed network. 

The distribution line impedance usually presents as resistive. In the 

traditional power grid, the X/R ratio of the line impedance characteristic 

is over 1, however, in the low-voltage distributed network, the X/R ratio 

is usually less than 1; 

5. The microgrid uses various power electronic devices as the interface so 

that the distributed generation units lack the inertia characteristics 

compared to the traditional synchronous generators. In the meantime, 

due to the quick response and small output resistance of the power 

electronic equipment, the interfaces of the distributed generation units 

possess very limited ability to deal with an overload situation; 

6. Since the microgrid can only provide very limited inertia, even no inertia, 

the distributed generation units are not able to fulfil the demand when 

the power consumption suddenly changes. Therefore, the microgrid 

needs energy storage devices to achieve energy balance. The energy 

storage devices are necessary for the microgrids nowadays to maintain 

transient stability. 

Since the microgrid is flexible in connection and operation, it offers a number 

of advantages to the power network and the users [26]: 

1. Through collaboration with energy storage devices, the microgrid 

complements the advantages of different types of DGs. It reduces the 
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impact caused by the single DG connection and is convenient for 

management; 

2. The microgrid supplies the energy to the nearby loads through the local 

DGs in an optimised way. This could reduce the cost of the transmission 

and distribution line as well as the transmission loss; 

3. The microgrid helps to reduce the power generation equipment 

requirements from the large power station; 

4. The microgrid helps to support the voltage at the side of the load; 

5. The microgrid provides a flexible way for the DGs to plug in or out from 

the system. When there is a fault from the superior network, the 

microgrid could operate independently to keep supplying power to the 

user, which improves the supply reliability for the users; 

6. Multi-DG based network topology increases the capacity of the microgrid. 

With the combination of the energy storage devices, the microgrid is able 

to provide corresponding inertia to the system to weaken the impact 

brought by the voltage fluctuations and voltage flicker; 

7. The DGs utilised by the microgrid are mostly renewable energy or clean 

energy sources. The utilisation of the microgrid is more environment-

friendly and helps to keep energy development sustainable. 

Due to the rapid development of the microgrid, more and more technical 

challenges are appearing. The most important one is to deal with the interaction 

between the utility grid and the microgrid with high penetration of the renewable 

energy sources. When the DGs are connected to the utility network in the form 

of microgrids, the interaction between the microgrid and the external 

distribution system can be very complicated. The microgrid is expected to 

support the stability of the utility network as well as help to improve the power 

quality of the utility network. Since there is not much to change in the hardware 

configuration, researchers are starting to find solutions in the control strategies. 

2.3 Microgrid Operation and Control 

2.3.1 Microgrid Operation Mode 

Unlike traditional distribution systems, the microgrid has two steady operation 

modes: grid-connected mode and islanding mode. Under grid-connected mode, 

the microgrid system is either fully or partially connected to the utility grid, and 



15 

 

there is a two-way power flow between the microgrid and the main network. The 

main function of the microgrid is to reduce the power consumption from the 

utility grid. The RES generation facilities make the microgrid a distributed power 

generation system in this mode. All the generations operate on the basis of the 

utility grid. According to the IEEE1547 standard, all the DER generations 

should be plugged out from the main grid when faults occur from the utility grid 

side [27]. 

When the microgrid system is disconnected from the utility grid, the microgrid 

operates under islanding mode. The islanding mode can be divided into two 

categories: planned islanding mode and unplanned islanding mode [28]. The 

planned islanding mode usually happens when a grid blackout is planned in 

advance. Since the plug-out process is carried out manually, the effect is 

predictable. However, unplanned islanding usually happens when a permanent 

fault occurs at the grid side, and the microgrid is forced to disconnect from the 

main grid. Such disconnection may cause transient impacts to the microgrid 

system. Under islanding mode, distributed energy resources are able to supply 

electrical power energy to the connected load. The system becomes a self-

sufficient energy system which is independent of the utility grid [29, 30]. 

2.3.2 Microgrid Control Mode 

The flexible operation mode and high-quality power supply service of the 

microgrid depend on a stable control system. However, the control issue is a 

complex problem for microgrid research. An important reason is that there are 

too many micro-sources to control in a microgrid system and it is hard for one 

control centre to quickly respond to the whole system and apply the 

corresponding control strategy. Once a component fault or software error 

happens, the entire system will be affected. Therefore, the microgrid control 

should be able to respond automatically to the events in the grid. Unlike the 

traditional grid the microgrid shall turn to independent operation mode 

automatically according to the local information [31]. Specifically, the microgrid 

control should assure [32]: 

1. the connection of the arbitrary micro-source does not affect the 

performance of the system; 

2. the connection and disconnection from the grid system is smooth; 
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3. the active power and reactive power are independently controlled; and 

4. the system has the ability to correct voltage sag and system imbalances. 

Since there are many types of energy resources in a microgrid system, its 

dynamic characteristic is more complicated compared to a single distributed 

resource system. According to the control structure, the microgrid control mode 

can be divided into three categories, namely the master-slave control mode, 

peer-to-peer control mode and hierarchical control mode.  

For the master-slave mode, there is only one DER generation unit (or energy 

storage) offering reference voltage and frequency to other DER units. The 

controller of the reference DER generation device is called the master controller, 

and the other generation controllers are called slave controllers. The slave 

controllers will determine their operation modes on the basis of the master 

controller [33, 34]. The general process of master-slave control is explained 

below. 

In the grid-connected mode, all the micro-sources operate under the same 

control strategies. When the islanding signal is detected, the microgrid will 

disconnect from the main grid and switch to the master-slave control mode. 

Power balance is achieved by adjusting the power supply output of each micro-

source. 

When the load changes in the microgrid system, the master generation source 

will regulate the output current according to the load change in order to increase 

or reduce the output power. At the same time, it will also regulate the power 

output references of the slave micro-sources according to the capacity of the 

existing power units. 

Once there is no more capacity available to use when the load increases, the 

main controller may reduce the output voltage according to the voltage 

dependence of the load. Otherwise, the main controller will cut off the excess 

loads to balance power in the system. 

Since the master micro-source is the reference source, the output voltage and 

frequency should be constant. In this case, if there is any need to increase the 

output power, the only choice is to increase the output current. The power 

balance regulation caused by the load change is also regulated by the main 
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controller. In the context, the master micro-source should have a certain power 

capacity. One drawback of master-slave control is that once the main micro-

source fails, the whole system is not able to operate [35, 36]. 

Another control mode is peer-to-peer control. All DER units own the same status 

in the control system, and each DER unit undertakes control according to local 

information on the voltage and frequency of the point of the common coupling. 

Based on the relationships between frequency and active power, voltage and 

reactive power, the system could regulate the frequency and voltage 

automatically through certain control methods. 

Under the peer-to-peer mode, the micro-source just needs to measure the 

output electrical quantities and participate in the regulation of the voltage and 

frequency independently [37]. There is no need for communication during the 

whole process. The system reliability is high since all other DER units could 

operate normally when one or several micro-sources quit running due to a fault. 

New power units can be added by setting the same control strategy without 

modifying other aspects of the system [38]. 

However, there are some disadvantages to the peer-to-peer control mode as well 

[39]: 

1. Due to the instantaneous load change, there is always a small error 

between the real value and reference value of output voltage and 

frequency. The static error cannot be reduced to zero; 

2. The harmonics distribution caused by nonlinear loads and cables cannot 

be regulated properly; 

3. For the operation mode change (due to the topology change) in a three-

phase power system, droop control mode is not a good choice, especially 

when the system contains both linear and non-linear loads. 

The third control mode is hierarchical control. In this mode, a central controller 

is necessary to send control information to the DER units [40, 41]. The central 

controller will predict the DER unit output power and load demands first. It 

then makes an operation plan for the system and adjusts the plan in real-time 

according to the voltage, current and power information measured from the 

system. The controller also controls the power output and the start-stop of the 

DER units and energy storage systems in order to ensure that the microgrid 
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voltage and frequency are stable. In fact, the master-slave control mode is also 

considered to be a form of hierarchical control. In this control mode, 

communication lines are necessary among all DER units and upper-level 

controllers. However, once the communication fails, the microgrid system 

cannot operate normally. 

2.3.3 Conventional Microgrid Control Strategies 

Conventionally, three main types of control strategies enable the microgrid to 

operate under different operational modes and control modes: constant voltage 

and frequency control (V/f control), a constant power control (PQ control) and 

droop control. 

2.3.3.1 V/f Control 

The constant voltage and frequency control ensures that the microgrid AC side 

voltage and frequency are maintained at the reference value no matter how the 

power output varies. The control principle is shown as Figure 2.2. In this figure, 

the original operation point of the DER unit is A. The system frequency is fref, 

and the AC bus voltage is Uref. The active output power and reactive power of 

the DER unit are P0 and Q0 respectively. According to the set frequency and 

voltage, the DER output voltage can be regulated under the dq rotating 

coordinate system control. When the operating point of the DER unit moves to 

C or B, the corresponding frequency and voltage shall change proportionally to 

ensure that the V/f value is maintained at a constant ratio. The control 

algorithm controls the frequency and the voltage without power considerations. 

This is more suitable for the islanding mode so it can behave as a master 

generation controller to maintain the basic frequency and voltage. A typical V/f 

controller diagram is shown in Figure 2.3. As shown in the figure, uo
abc and ioabc 

represent the DER unit output voltage and current. C and L represent the 

capacitance and inductance which is involved in the system’s filtering. The 

voltage can be set according to the uo
dq* and the frequency can be set as the fref. 

The controller controls the DER unit to deliever the voltage at frequency fref with 

the amplitude at uod
* [42].  
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Figure 2. 2. Principle of V/f Control. 
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Figure 2. 3. V/f controller diagram. 

2.3.3.2 PQ Control 

The constant power control only considers the power generation of the DER 

units, which means the control method neglects the voltage and frequency 

support. In this case, the DER units operating under PQ control require the 

reference voltage and frequency to follow in order to operate normally. This 

limits the application of PQ control within the grid-connected case only. There 

is supposed to be a traditional generator or a master generation unit to provide 

voltage and frequency support. The active power and reactive power generation 

of the DER unit can be controlled through the regulation of the current. 

Therefore, PQ control is realised through the separate control of the active power 

and reactive power current components. The power generation can be set 

manually or calculated through other algorithms which depend on the functions 

required. A typical PQ controller is shown in Figure 2.4. The power references 

can be set manually and calculated into current references so that the DER unit 

can follow these references to generate power [43-45]. 
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Figure 2. 4. PQ controller diagram. 

2.3.3.3 Droop Control 

The droop control strategy is a control method which mimics the power 

frequency static characteristic of a generator. The control principle is shown in 

Fig. 13 [46, 47]. 

         

Figure 2. 5. Principle of Droop Control. 

In Figure 2.5, the original operation point of the DER unit is A. The system 

frequency is f0, and the AC bus voltage is U0. The active output power and 

reactive power of the DER unit are P0 and Q0 respectively. When the active load 

increases, the frequency drops due to the insufficient active power supply. When 

the reactive load increases, the voltage drops due to the insufficient reactive 

power supply and vice versa. To illustrate this, the first case can be used as an 

example. Here, the droop control response is shown when the frequency drops 

and the control system regulates the DER unit output active power to increase 

according to the droop characteristic. In the meantime, load power also drops 

because of the reduction in the frequency. Finally, the system operation point 

moves to B, due to both the droop characteristic of the control system and the 
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regulation effect of the load itself. From Figure 2.5, the relationship between 

active power P and frequency f and the relationship between reactive power Q 

and voltage U are shown as follows: 

{
𝑃 = 𝑃0 + (𝑓0 − 𝑓)𝐾𝑓
𝑄 = 𝑄0 + (𝑈0 − 𝑈)𝐾𝑈

                                      (2-1) 

or 

{
𝑓 = 𝑓0 + (𝑃0 − 𝑃)𝐾𝑃
𝑈 = 𝑈0 + (𝑄0 − 𝑄)𝐾𝑄

                                      (2-2) 

From the two sets of equations, two basic droop control strategies are obtained: 

1) to control the output power through tuning the voltage frequency and 

amplitude, which is known as f-P and U-Q droop control; 2) to control the voltage 

frequency and amplitude through tuning the output power, which is known as 

P-f and Q-U droop control. 

For the f-P and U-Q droop control, the first step is to measure the system 

frequency and voltage amplitude from the point of common coupling. The 

reference output active power and reactive power can then be determined. A 

typical controller diagram is shown in Figure 2.6. The controller diagram 

contains two sections: the outer droop control section and inner power control 

section. The droop control section generates active power and reactive power 

references in order to achieve the load power-sharing among all the DER units. 

The power control section offers the reference current value for the current loop 

which is used to generate control signals. 

 

Figure 2. 6. f-P/U-Q droop controller diagram. 
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For the P-f and Q-U droop control, the first step is to measure the DER unit’s 

output in terms of active power and reactive power. The reference frequency and 

voltage can then be determined through the related droop characteristics. A 

typical controller diagram is shown in Figure 2.7. The droop control part is used 

to generate the reference value for frequency and voltage. The reference values 

can be used to generate control signals directly through the part where control 

signals form. The active power tuning is for inverter output voltage angle 

regulation. The reactive power tuning is for inverter output voltage amplitude 

regulation. The control signals are for voltage control, and the inner loops are 

necessary to generate modulation signals for the inverter. 

 

Figure 2. 7 P-f/Q-U droop controller diagram. 

Conventional droop control methods mimic the primary voltage regulation and 

the primary frequency regulation characteristics of a conventional synchronous 

generator. However, the inverter may not be able to restrain the frequency 

fluctuation in the face of the dynamic change from the grid side. Therefore, the 

virtual synchronous generator (VSG) concept is proposed to mimic the inertia 

response characteristic of a synchronous generator. The VSG control method is 

based on the conventional P-f and Q-U control strategy. It adds an inertia 

section at the frequency droop control part. The control effect of a VSG is 

equivalent to conventional P-f and Q-U control in the steady-state and gives a 

better response during mode transition from grid-connected mode to islanding 

mode. A detailed VSG control structure will be described in the following 

chapters. 

In addition to the control structures above, there are also some other kinds of 

control patterns in droop control. For example, authors in [48, 49] proposed a 

droop control based on virtual impedance, where they replaced the Q-U droop 
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with a Q-L droop characteristic. [50] proposed P-U and Q-f droop control 

considering the low-voltage distribution lines showing resistance characteristics. 

A brief summary of the different control strategies is listed in Table 2.1. 

Table 2. 1. Microgrid control strategy. 

Control Strategy Advantage Disadvantage 

V/f Control 
Able to offer stable voltage and 

frequency 

Cannot control the microgrid 

power flow 

PQ Control 

Behave very well with the main 

resource as the reference and 

output power according to the outer 

system 

Lacks of the ability to ensure the 

voltage and frequency without 

references, which makes it 

unsuitable for the main resource 

during islanding mode 

Droop Control 

Can mimic the synchronous 

generator characteristic and is able 

to operate under both grid-

connected mode and islanding 

mode 

When operating during the 

islanding mode, there is always 

an error when following the 

reference value 

2.4 Power Quality Issue 

The power quality issue has caused significant concern in power industries. The 

industries are making a significant effort to provide customers with good quality 

power (especially in the open market) in order to ensure the safety of electric 

power utilisation and the uninterrupted operation of electrical equipment. From 

the grid side, it is desirable for customers to use good quality equipment without 

producing any power quality threats to the system. However, the diversity of 

electrical equipment used contributes to the non-linear characteristics of the 

loads. In addition, an increasing number of power electronic devices have been 

put into use for saving the bounties in terms of fuel and power savings. Due to 

the existence of the non-linear loads and the widespread application of power 

electronic devices, the power supplied to the terminals is currently distorted in 

either voltage waveform or current waveform or both. This kind of distortion 

may negatively impact the sensitive equipment. It may furtherly lead to the 

interruption of the equipment and increase costs. The electromagnetic 

equipment and many reactive devices require the reactive power generation from 
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the grid which may result in the reduction of the power factor. The demand for 

reactive power may cause a reduction in active power output from the 

generators or an increase in the transformer’s capacity. The reactive power 

requirement could also increase the total current through the transmission line. 

The power quality effects caused by the reactive power could affect the system’s 

performance on both devices and power transmission efficiency. Therefore, the 

power quality of the grid system can also be affected by the load's condition, not 

only in the power form but also in the operating condition such as the three-

phase unbalanced load case. From the customer’s perspective, it is important 

to consider both the cost and safety of electricity utilisation. From the power 

producer’s point of view, the power transmission efficiency should be as high as 

possible. For both sides, it is necessary to maintain sufficient power generation 

in the system. The challenges mentioned above draw considerable attention 

from researchers worldwide including the harmonics reduction, reactive power 

compensation and neutral current elimination etc. In the following sections, the 

aforementioned three aspects are introduced since these are the problems 

focused on in this thesis. 

2.4.1 Harmonics 

In the electrical engineering field, the concept of the harmonic refers to the 

sinusoidal waveform of which the frequency multiplies the fundamental value 

of the system. It mainly applies to the voltage and the current. The harmonics 

can lead to pollution in an electrical environment and cause serious problems 

in devices. Poor power quality is a threat to the grid network in terms of its 

stability. In addition, due to the characteristic of the third-order harmonic, the 

neutral current could be overloading and may result in the false tripping of the 

circuit breakers. This will be discussed in the following section. To a certain 

extant, the neutral current problem is associated with the harmonics problem. 

It is worth noting that the only useful power from the grid is the fundamental 

component (sinusoidal waveform) while the other forms of power are either 

losses or non-linear distortion. 

Typically, the harmonics could introduce the following hazards [51-53]: 

1. Harmonics can reduce motor efficiency, increase the additional loss and 

cause overheating and vibration in severe cases. 
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2. Harmonics can increase the copper loss, the iron loss and other stray 

losses of transformers. They may also reduce the service life of 

transformers and generating plants. 

3. Harmonics can cause malfunctions in and refusal of the relay equipment 

as well as other electrical equipment such as the circuit breaker. 

4. Harmonics may increase the neutral current and the ageing of the cable 

insulation. 

5. Harmonics can cause interference to the neighbouring communication 

systems by generating noises and reducing communication quality. In 

severe cases, harmonics may also cause information loss and 

communication system failure. 

Since the harmonics may negatively effect the power system in so many ways, 

it is necessary to understand the original source of the harmonics generation. 

In most cases, the voltage distortion derives from the current distortion, which 

means that the current harmonics is the actual reason for the poor power 

quality. A commonly recognised reason is that the widespread utilisation of 

power electronic-based components in power system applications results in the 

non-linear characteristics of the present loads. On the one hand, the non-linear 

loads require harmonics demand from the grid as a necessary support; on the 

other hand, the line impedance nonlinearity aggravates the distortion extent. 

The harmonics distortion measurement is carried out in terms of Total 

Harmonic Distortion (THD) in percentage form. In general, there are three main 

types of harmonics sources and these are listed below [54-57]: 

1. Magnetic core-based equipment. This kind of loads includes power 

transformers, variable speed drives, AC generators by a non-sinusoidal 

air gap, flux distribution or tooth ripple etc. 

2. Arc and induction, and arc welders. 

3. Power electronic-based equipment including rectifiers, inverters, 

switching devices such as switch-mode power supplies (SMPS), 

uninterrupted power supply (UPS) and compact fluorescent lamp (CFL) 

and so on. 

Since the harmonics may cause damage to the grid, various standards have 

emerged to regulate the power quality from both the utility and the customers. 

Due to the revolution in power electronics development, almost all consumers 
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contribute harmonics current to the power system. The standards that have 

come into being are not only for the producers to follow but also for the users 

to comply with. In 1992, IEEE (the Institute of Electrical and Electronics 

Engineers) published the standard “IEEE recommended practices and 

requirements for harmonic control in electrical power systems” to limit the 

harmonics distortion. In this standard, the maximum harmonics distortion is 

defined as 5% at a voltage level lower than 69 kV [58]. The standard was later 

revised and developed to be more complete while the indicator referred to the 

harmonics distortion definition has not changed [59]. Although the IEEE 

standard covers all aspects related to harmonics with modification and 

improvement, it does not apply to the system with inter-harmonics pollution. In 

this case, the harmonics frequencies are not integers multiple of the 

fundamental frequency, and the IEC standard 61000-2-2 is utilised to deal with 

such conditions [60]. For different electronic devices, the categories are also 

defined in IEC standard 61000-3-2 [53]. For different kinds of devices, different 

harmonic limitations are set according to the IEC standard as well as the power 

factor setting. For example, the portable tool is classified as B type equipment, 

and the 3rd harmonic distortion of B class loads should not be over 3.45% [61]. 

Despite the IEEE and IEC standards, there are also several regional 

specifications made by local authorities such as the Saudi Grid Code proposed 

in 2007 in which the total harmonics distortion is limited to 5% for 400V system, 

and 4% and 3% for 6.6 kV ~ 20 kV system and 22 kV ~ 400 kV system 

respectively. Several other standards, such as EN 50160 and NRS 048-02 are 

also represented to a certain extent. 

By understanding the causes and hazards of the harmonics, solutions can be 

implemented to solve such problems and overcome the negative effects 

according to the specific standards. However, before any step can be conducted 

to remove the harmonics from the grid, it is necessary to measure the harmonics 

first to generate a reference so that the corresponding action can be taken. This 

is done by using harmonics’ detection technology. Many harmonics estimation 

techniques have been developed from the signal processing area, which can be 

divided into three classes, namely the non-parametric method, parametric 

method and hybrid method [62, 63]. The non-parametric method includes the 

frequency-domain-analysis-based method and the time-frequency-domain-

analysis-based method. More detailed classification can be described as that 
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the frequency-domain-analysis-based method includes the discrete Fourier 

transform (DFT) [64, 65] while the time-frequency-domain-analysis-based 

method includes the Chirp z-transform (CZT) [66], wavelet transform (WT) [67, 

68] and Hilbert-Huang transform (HHT) [69, 70] etc. The non-parametric 

method typically extracts the spectrum directly from signals based on some 

coefficients in a series of known functions. The obtained signals can be time-

independent depending on the adopted method. For the parametric method, two 

main types are defined as the sinusoidal-models-based method and the 

stochastic-model-based method. In sinusoidal model methods, estimation of 

signal parameters via the rotational invariance technique (ESPRIT) [71, 72], the 

multiple signal classification (MUSIC) [63, 73] based method and the Kalman 

filtering (KF) method are included. The stochastic-model-based method contains 

the autoregressive model (AR) based method, the autoregressive moving average 

(ARMA) [74] method and Prony’s method [75, 76]. The parametric method 

utilises a suitable model to delegate the signals to be processed and then 

calculates the parameters of the model from the effective data points. The 

obtained parameters are applied to the selected model to determine the 

harmonic contents within the signal [77]. The hybrid method is proposed as its 

name suggests combining the aforementioned two methods to overcome the 

shortcomings and inherit the advantages. This is similar to the hybrid microgrid 

concept while in a different field. The hybrid method also introduces several 

different techniques such as in [78]. Zadeh et al. combined KF and least error 

square techniques, which could provide more precise harmonics estimation 

against noise and other disturbances. A detailed introduction on the selected 

methods is presented in the following chapters. 

Harmonics detection is a necessary link for harmonics mitigation. However, the 

most important part is to implement a solution to achieve the harmonics 

reduction. The most common way is to use passive harmonic filters. This is a 

method based on a hardware system. The passive harmonic filters usually 

consist of inductors and capacitors, and are fixed once installed. The passive 

filters are usually designed for low frequency and are only effective to the desired 

frequency. Therefore, the harmonics elimination effect is very limited, and this 

method is costly due to the hardware installation. If the required harmonics 

frequency changes, the filters need to be redesigned which incurs another fee. 
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Passive harmonics filters are easier to implement but they are also expensive 

and their optimisation effect is limited. 

In order to meet the increasing harmonics reduction demand, the active power 

filter (APF) is proposed, which is mainly based on power electronics. The 

principle underpinning the use of an APF is to utilise the power electronic device 

to generate current components in order to remove the harmonic distortions 

caused by the non-linear loads. The APF requires passive filters to smooth the 

output. Therefore, it is only necessary for APF to utilise the harmonics detection 

technology for reference signals setting purposes. This is an active harmonics 

suppression strategy, which can usually deal with several orders or even all 

orders of the harmonics. The APF is able to track the loads’ harmonics and 

compensate the harmonics demand dynamically. Therefore, the APF is suitable 

for all working conditions especially those which change very frequently. 

Compared to passive power filters (PPF), the APF is more practical in variable 

harmonics and able to compensate for all types of harmonics without causing 

any resonance phenomenon. It saves the high costs associated with the PPF 

application for all the branches where loads or other power electronic devices 

located. However, it is necessary to combine the PPF with the APF for the normal 

operation of the APF. In addition, the capacity of the APF is limited which 

restrains its application in a high power system. Moreover, control is 

complicated and requires more work in software development. 

The techniques for harmonics reduction are provided with their own pros and 

cons under different circumstances. As a result, the selection of a precise 

solution to solve the harmonics problem requires familiarity with the 

characteristics of various technologies to ensure that it is a suitable, and 

technically economical, solution. The harmonics issue is only one aspect of 

power quality issues. This section presents a brief overview of the harmonic 

concept, issues and solutions. 

2.4.2 Reactive Power 

Reactive power is the electrical power used to exchange electric and magnetic 

fields within an electrical circuit and to establish and maintain the magnetic 

field in an electrical device. Essentially, the reactive power does not really 

consume any real power. However, the reactive power becomes a power quality 
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issue since it affects the power factor, the voltage stability and the generation 

capability of the power source. The power factor is negatively related to reactive 

power. As the reactive power demand increases from the load, the power factor 

of the AC system decreases. This affects the power source supply capacity 

greatly since the power is transmitted in the form of apparent power. In this 

context, the current through the transmission line will increase in amplitude 

which may cause extra power loss due to the existence of the cable impedance. 

In addition, the voltage is related to the reactive power according to the droop 

control principle previously mentioned. Therefore, it is necessary to compensate 

for the reactive power, and two main objectives are supposed to be achieved 

with reactive power compensation: 

1. To improve the power factor in order to reduce equipment capacity and 

power loss. 

2. To stabilise the voltage of the grid and the customer terminal in order to 

improve power quality. 

To avoid the reactive power generation from the power plant, several devices are 

introduced nowadays to behave as reactive power generators. This is to realise 

the reactive power compensation for the loads. 

The first commonly used device is the capacitor application. The capacitors are 

utilised for both voltage drop reduction and power transmission capacity 

increase. The location for the capacitor installation could be near the electrical 

equipment, or outside the switch of the group distribution bus, or the 

transformer substation. Based on the installation location, the reactive power 

compensation can be defined as individual compensation, group compensation 

and centralised compensation. For individual compensation, the capacitors can 

reduce the reactive power flow within the distribution network and the 

transformer as well as the active power loss. However, once the power outage 

occurs, the capacitors also stop working. High investment and a low utilisation 

rate are serious drawbacks. Group compensation tackles the disadvantages of 

individual compensation while the maintenance becomes difficult. The 

advantage of centralised compensation is that it implements the automatic 

switching and easy to achieve the maintenance. However, the investment is high, 

and it is not able to reduce the customers’ reactive power loads and power losses. 
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The capacitors are practical and economical but it is not possible to achieve 

smooth reactive power adjustment. 

The second type of device is synchronous condenser. The synchronous 

condenser is essentially a synchronous motor, which is running in motor mode 

without any mechanical load or prime mover and can provide or absorb reactive 

power to the power system by controlling its excitation current. Since the 

synchronous condenser runs at motor mode, it requires active power from the 

network. Three operating modes are defined according to the reactive power 

state. When the condenser provides reactive power to the grid, it is working 

under the over-excited mode; when the condenser absorbs reactive power from 

the grid, it is working under the under-excited mode; when there is no reactive 

power exchange between the condenser and the grid, it is operating under the 

normal-excited mode. Compared to the capacitors, the synchronous condenser 

performs more effectively by providing faster and smoother responses to the 

reactive power consumers. In addition, it could help to maintain the voltage 

stability of the utility network. However, since the motor constantly consumes 

active power, comparatively high losses become the main disadvantage of this 

kind of device. 

To overcome the drawbacks of the synchronous condenser, the static var 

compensator (SVC) was developed. The SVC could adjust the size of the shunt 

reactor or the capacitor banks through regulating the conduction angle of the 

thyristor. Two basic configurations of the SVC are the thyristor phase controller 

reactor (TCR), and the thyristor switched capacitor (TSC). The selection of the 

utilisation of TCR or TSC depends on the reactive power type. TCR corresponds 

to capacitive reactive power and TSC corresponds to inductive reactive power. 

Therefore, a combination of TCR and TSC provides reactive power compensation 

in both capacitive and reactive aspects. However, the utilisation of multiple 

groups of devices increases the complexity of the system as well as the control 

mechanism. In addition, the total cost may also increase correspondingly. 

Moreover, the massive use of power electronic devices adds a huge number of 

harmonics to the grid. 

In order to reduce the complicated application of the SVC, the static var 

generator (SVG), which is also known as static compensation (STATCOM), has 

been developed. Similar to SVC, STATCOM also uses power electronic devices, 
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but a self-commutated bridge circuit instead of a thyristor. The STATCOM 

regulates the AC current output by controlling the switching of the switches. 

Compared to the other conventional reactive power compensation devices, a 

STATCOM is able to improve the transient stability and damping of the system. 

It is reliable with very limited maintenance demands. Compared to SVC, it 

generates fewer harmonics and noises. In addition, the requirement for the 

capacitor connected to the DC side of the STATCOM is not high and it still 

provides STATCOM with enough capacity for reactive power compensation. 

Another advantage of STATCOM is that with a proper energy storage connection 

at the DC side, the STATCOM becomes a distributed STATCOM (D-STATCOM) 

which can regulate both active power and reactive power. This means there is 

potential to implement the STATCOM or D-STATCOM into a microgrid system 

as a power generator or a power regulator. Due to all the advantages mentioned 

above, the STATCOM device becomes more popular in modern power system 

applications. Correspondingly, the control strategy for the STATCOM becomes 

an important research field. 

The most common way to control a STATCOM to compensate the reactive power 

is based on the instantaneous PQ theory. The basic principle is to measure the 

reactive loads' requirement and make the generation through the power 

calculation to meet the loads [79, 80]. Since both PQ control and droop control 

possess the reactive power regulation function, the two control methods are 

usually adopted as the STATCOM control strategy. PQ control strategy is also 

developed based on the instantaneous PQ theory and allows each converter to 

behave as a STATCOM. In this case, a coordinated control scheme among DG 

units is proposed in [81]. A further current-balance-control-based PQ strategy 

specifically for microgrid is discussed in [82]. A problem of the instantaneous 

PQ theory-based control methods is that it is necessary to use the phase-locked-

loop (PLL) to measure the voltage phase to make the calculation. [83] provided 

a way to enhance the PQ control by using the PARK’s transformation block 

without any PLL involvement. An improvement is made in [84] to decouple the 

active and reactive currents within the PARK’s transformation so that the active 

power and reactive power can be controlled separately. This is more qualified 

for the microgrid application since the microgrid is supposed to offer active 

power to the grid or the loads. As described before, the PQ control strategy is 

only effective for the grid-connected converter with a voltage and frequency from 
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the utility network. Droop control, mainly P/f-Q/U control, then provides a 

solution for several cases which PQ control does not suit [85]. The P/f-Q/U 

control is also modified to compensate for the unbalanced load situation [86]. 

Several other techniques were combined with droop control to achieve a better 

performance. For example, consensus-based droop control is developed to save 

power loss [87]. The microgrid is a sub-system which is connected to the grid 

through an interlinking converter. Therefore, the microgrid can be used for 

reactive power compensation as well as active power generation. In other words, 

the microgrid, on the one hand, could behave as a power supply; on the other 

hand, the microgrid can be implemented as a STATCOM [88].  

Apart from the control strategies, several other algorithms are introduced for 

reactive power compensation purposes in a microgrid [89]. These include the 

micro genetic algorithm [90], minimal active power loss based improved micro 

genetic algorithm [91], flux charge current-limiting algorithm [92], sensorless 

algorithm [93], ranking algorithm [94], phasor pulse width modulation 

algorithm [95], randomised gossip-like algorithm and so on [96]. These 

algorithms are not simply for microgrids since there are various types of DG 

units utilised in the system. The algorithms mentioned above are utilised in 

different situations in which PV and wind turbines are involved. Reactive power 

compensation has been a topic on power quality for a long time, and much work 

has been done by researchers. However, in a simple grid-connected microgrid, 

the PQ control strategy already meets most of the requirements and is easy to 

implement. 

2.4.3 Neutral Current 

Nowadays, the three-phase four-wire distribution power system is widely used 

in the modern electric power delivery system since it is able to supply the single-

phase loads and build a circuit for the neutral current of three-phase loads. For 

individual customers, most of the loads are single-phase loads which can be 

supplied by one of the phase conductors and the neutral conductor. The loads 

are supposed to be distributed evenly across the three phases. However, this 

situation is very difficult to achieve in practice because an unbalanced situation 

always occurs. On the other side, for industry customers, three-phase loads are 

very common due to the characteristics of large-scale electrical equipment. The 

industry loads can be balanced or unbalanced, depending on the operational 
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conditions and actual requirements. Both reasons presented above result in the 

neutral current existence. In addition, even for the balanced case, if the currents 

are distorted, the triplen harmonics will flow through the neutral conductor and 

are superimposed which could lead to overcurrent problem in the neutral line. 

Therefore, the neutral current problem is a power quality issue which mainly 

results from unbalanced and non-linear loads. 

The excessive neutral current tends to cause the following problems: 

1. Transformers and distribution feeders can be overloaded since four 

current-carrying conductors are put into utilisation. The overcurrent 

could lead to extra heating loss and power loss. 

2. The voltage difference between the neutral conductor and the ground 

could lead to common-mode noise. The noise is always viewed as an 

interference signal which can cause the malfunction of sensitive electrical 

equipment. 

3. The high neutral current could cause a flat-topping of the voltage 

waveform. This means the voltage sinusoidal waveform is absolutely 

distorted although the effective value may be normal. Voltage distortion 

is another serious power quality issue which could significantly harm the 

utility system. 

4. The loads’ growth in old buildings increases the requirement of the 

transmission cable’s current carrying capacity. The cables age over time 

and the size may fail to meet the increasing demand from the customer. 

The transmission failure of the neutral conductor may cause serious 

safety problems such as fire hazards. 

Therefore, neutral current reduction is necessary for power loss saving and 

safety. Typically, there are three main ways to provide the neutral connection, 

including the installation of transformer-based topology, the utilisation of two 

identical capacitors in order to split the DC bus, and the application of the four-

leg converter. The transformer-based connection includes several different 

topologies, namely the zigzag transformer (ZT), star-delta transformer, T-

connected transformer and the star-hexagon transformer. Transformer 

installation performance is affected by voltage source characteristics. Among all 

these aforementioned topologies, ZT is regarded as more superior because the 

control actions are less complex and it has a lower capacity requirement 
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compared to other transformer topologies. The ideal source voltage helps with 

the neutral current attenuation; however, the unbalanced or distorted voltage 

source will increase the neutral current to a significantly high level especially it 

the two conditions occur simultaneously. The split DC-link provides the 

converter side with the ability to control the different phases separately, while 

the neutral current is not controllable. In addition, even under a balanced case, 

the neutral current still exists because of the circuit enabled by the split-

capacitors. This topology introduces comparatively high and uncontrollable 

neutral current. 

Another way to build the neutral connection of a three-phase four-wire power 

system is to use a three-phase four-leg converter or three single-phase 

converters. For the single-phase converter application, it is possible to 

compensate the neutral current by controlling the output of all the converters 

according to calculated signals. Maxim et al. proposed a method based on DFT 

to generate the neutral current compensation signal to achieve the neutral 

current reduction at the grid side [97]. The performance is validated through 

simulation. However, the utilisation of three devices at the same time is costly 

in terms of the equipment and long-term maintenance. 

For the four-leg converter, the neutral line is led from the middle point of the 

fourth leg which is usually viewed as part of an APF. In addition, the four-leg 

converter utilisation is in line with the microgrid application since the DG units 

require converters to connect to the system. The fourth leg is controlled 

separately since it is not involved with any power control and with a split-

capacitor leg, it becomes an independent neutral module. Therefore, the four-

leg converter is able to control the neutral current generation from the converter 

side. This provides a chance to reduce the neutral current from the grid side. A 

wide range of research has been done on the four-leg converter application in 

the neutral current reduction area. Juan and Patricio built a two-step-based 

control strategy to reduce the instantaneous reactive current and the 

instantaneous pseudo-reactive current so that the neutral current is eliminated. 

The control strategy is effective at some level while the control structure is 

complicated since several aspects need to be considered [98]. Salvador et al. 

presented a method to calculate the reference current for a selective shunt active 

power compensator (SAPC) based on an identification of the current terms 

related to a new equivalent conductance concept [99]. This is a typical APF 
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application in a four-wire electrical power system. In [100], the neutral-network 

concept is successfully used in the three-phase four-wire STATCOM application 

which helps to reduce the neutral current to a certain degree. The STATCOM 

regulates the reactive power as well as the neutral current which cannot even 

match the function of an APF, let alone a microgrid. [101] proposed a novel 

control strategy for an uninterruptible power supply (UPS) to achieve a neutral 

current control function. This is very close to a microgrid operation and it is just 

limited to this. No more additional functions, such as harmonics reduction, are 

discussed. Fen, Xiao et al. proposed a secondary voltage unbalance control 

method, which is mainly for voltage unbalance consideration. Since the neutral 

current is led by the voltage unbalance among different phases, the method is 

supposed to reduce the neutral current. The method is from the perspective of 

voltage while the current distortion effect was not considered, which means this 

method only tackles one incentive of the neutral current [102]. In [103], the 

adaptive filter (usually used for harmonics reduction) is introduced. The neutral 

current is controlled by setting the source side at 0. The control is simple; 

however, practically the source current is not controllable. Therefore, the 

neutral current is actually compensated for from the converter side. This is a 

neutral current compensation situation specifically for a stand-alone power 

system. Later, Fida et al. devised a neutral current compensation strategy by 

controlling the converter neutral current to be a negative current as of the load 

neutral current so that the neutral current can be cancelled at the grid side 

according to the superposition theorem. The control strategy is simple to 

implement and effective in compensation performance for all kinds of neutral 

currents [104]. 

The neutral current is caused by three-phase load unbalance and distortion; 

however, it is a problem isolated from the three-phase control. In [104], the 

neutral current issue is analysed mathematically, and the relationships among 

load neutral, grid neutral and converter neutral are discussed. Inspiration can 

be obtained from this to apply the neutral current compensation function in a 

grid-connected microgrid system. Due to the application of a double-direction 

converter in the microgrid system, it is possible to simultaneously achieve 

harmonics reduction, reactive power regulation and neutral current 

compensation together with a proper control strategy design. 
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2.5 Operation Mode Smooth Transition 

The master-slave control mode is a good choice for a multi-microgrid system (to 

switch the operation mode) since it only requires control changing of the master 

generation unit. When the microgrid is connected to the grid, the utility network 

offers the voltage and frequency reference to all the DER units. When the 

microgrid operates under islanding mode, the master generation unit should be 

able to provide support to the system. During the grid-connected mode, the 

main supply is supposed to operate under a grid-tied control strategy (PQ 

control or droop control). When the microgrid turns into islanding mode, the 

main supply is supposed to operate under the islanding control strategy (V/f 

control or droop control). All other DER units are operating under a slave control 

strategy (PQ control) [105]. 

If the master supply uses V/f control under islanding mode, it should also 

operate with PQ control under the grid-connected mode. On the contrary, there 

is no need to change the control strategy when the operation mode changes if 

the microgrid is working with a droop control strategy. The microgrid needs to 

be able to switch quickly between two control modes. During the mode 

transition, the inverter power supply may lead to transient current or voltage 

impacts.  In order to reduce the effect on major loads caused by such impacts, 

a smooth mode transition strategy should be implemented. 

If the master supply adopts V/f control for islanding mode, the inverter should 

be able to quickly switch between V/f control and PQ control during mode 

transition. According to Figure 2.4 and Figure 2.7, the two control strategies 

share the same current control section and generate the same output variables. 

Both of the current loops consist of a voltage feed-forward component, a current 

coupling component and a current integration component. Before the inverter 

operation mode changes from the grid-connected mode to the islanding mode, 

the current loop PI controller output is the steady-state value since the PI 

controller has already reached the steady-state. However, the output shall be 

regulated from zero to steady-state after the mode switching. If the current loop 

PI controller output changes suddenly, the output voltage of the V/f controller 

can add the output of the PQ controller as a compensation component in order 

to achieve a smooth transition of the voltage modulation signal. 
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In addition, the reference current is an important component. From the PQ 

control strategy to the V/f control strategy, there is an extra voltage closed-loop 

control block involved. The reference current components are generated from 

the power loop in the PQ control strategy. However, they are generated from the 

voltage loop in the PQ control strategy. The two components need to reach the 

steady-state through the PI controllers in the voltage loop, which means the 

current reference values may suddenly change during the mode switching. 

Since the current control section must follow the current reference signals, the 

output current from the inverter may decrease continuously after the mode 

switching. The reduction of the current will cause a drop in the output voltage. 

In order to prevent the aforementioned situation, the reference current 

components of the PQ controller can be added into the V/f controller as 

compensation components. Since there is an initial value for the reference 

current in the V/f controller, the continuous decrease of the inverter output 

before steady-state can be suppressed. 

The method described above is an easy and appropriate way to achieve a smooth 

transition for the master supply using V/f control under islanding mode. There 

is also other research devoted to achieving a smooth transition when the control 

strategy switches from PQ control to V/f control. For example, authors in [106] 

propose a method to introduce virtual impedance into the voltage-current loop. 

This method regulates the output current or power by tuning the virtual 

impedance, which may still cause a certain current or power impacts. Another 

method is to use hysteresis current control instead of current compensation. 

This method does not need to change the control block configuration. However, 

the hysteresis controller requires a high switching frequency for switching 

devices [105]. 

Since there is a need to switch the control strategy in the situation described 

above, the control system becomes more complicated compared to the case 

where only one control scheme is involved. In addition, although the smooth 

transition is achieved from grid-tied mode to stand-alone mode, the grid-

reconnection case is neglected. Droop control is able to keep the master supply 

operating under both grid-connected mode and islanding mode, which perfectly 

reduces system complexity. All the parameters in such a control scheme are 

continuous, which means there is no need to add any compensation into the 

control block. The droop control method simulates the primary frequency and 
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voltage regulation of a synchronous generator, which stabilises the inverter 

output frequency and puts the voltage in steady state. Under grid-connected 

mode, droop control helps with the power regulation of the microgrid. Under 

islanding mode, droop control takes full responsibility in providing the voltage 

and frequency to the whole isolated system. Once the grid-reconnection is 

required, a pre-synchronisation method is also necessary to tune the voltage 

amplitude, the frequency and the voltage phase angle to be in line with the grid. 

The function can be realised by changing some parts within the control scheme 

itself. 

However, the sudden operation mode change may still impact on the microgrid 

output frequency, voltage and power. Eventually, the microgrid will use power 

electronic devices for support. These devices are different from real magnetic 

rotary equipment. Taking the synchronous generator as an example, the unique 

inertia characteristic prevents machine rotation from sudden change, which 

could lead to frequency saltation. The converter-based system lacks the stability 

of self-regulation ability. Therefore, the virtual synchronous generator (VSG) 

concept is proposed to mimic the inertia response characteristic of a 

synchronous generator [107]. The VSG control strategy may start an inertia 

regulation once the microgrid is disconnected from the main grid which 

optimises the performance response during mode transition from grid-

connected mode to islanding mode. Essentially, the VSG control is applied in 

the converter-based hardware systems. The pre-synchronisation for the VSG 

could also be designed within the control structure. VSG control is similar to 

droop control, which refers to frequency, voltage and phase angle calculation. 

Therefore, it is easy to make changes to achieve the parameters regulation as 

well as the converter control. 

2.6 Chapter Summary 

In this chapter, the basic microgrid concept was introduced as well as the 

operation and control structures. Depending on requirements, different 

operation configurations and control modes should be applied. The basic control 

strategies for the microgrid were introduced, based on new techniques for better 

performance. In addition, several power quality issues disturbing the 

researchers for a long time were introduced including the harmonics issue, the 

reactive power issue and the neutral current issue. Recent solutions for these 
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problems were also explored, of which the power electronic device application 

was deemed more practical and effective. Since the microgrid is connected to 

the grid through an interlinking converter, all the solutions for these power 

quality issues are possible to implement through the microgrid application. 

Moreover, the operation mode smooth transition problem was also described, 

and traditional solutions were introduced. The main issues to be addressed 

within this thesis have been explained in detail in this chapter. Based on the 

discussion above, the microgrid is supposed to achieve all these functions with 

carefully designed control structures. 
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3. Grid-Connected Microgrid Power Quality 

Improvement 

Since the microgrid is connected to the utility network through an interlinking 

converter, it is expected for the microgrid to achieve the basic functions as well 

as the other power electronic devices functions. Therefore, instead of 

implementing the static compensator (STATCOM) and APF, the reactive power 

compensation and harmonics elimination can be both combined within the 

interlinking converter. The microgrid is designed as a three-phase four-wire 

system due to the existence of the single-phase loads and the three-phase 

unbalanced loads. In this case, the neutral current of the grid side can be also 

regulated within the acceptable range in case of the overcurrent issue, which 

can furtherly cause dangerous incidents. 

In this chapter, a grid-connected microgrid based control method is developed, 

which is aiming for compensating the reactive power, loads current harmonics 

and the neutral current as well as conducting the power exchange between the 

utility grid and the microgrid. The system is designed and simulated under the 

MATLAB/SIMULINK environment. Several case studies have been performed in 

order to investigate the performance of the proposed system with the controller. 

From the simulation results, it is evident that the proposed control strategy 

realises the multi-function combination within the microgrid. 

3.1 Harmonics Issue Statement 

The increasing application of the power electronic devices and non-linear 

appliances has led to a great concern in the power supply industry. The grid 

current is expected to be sinusoidal as the grid voltage is. However, due to the 

utilisation of the power electronic devices like rectifiers, inverters and even the 

static compensators generates non-sinusoidal currents, the grid current shall 

be distorted though the applied voltage is sinusoidal. The non-linear loads 

require the non-sinusoidal currents, which aggravates the harmonics problem. 

In the non-linear sources, the harmonics affect more in amplitude, which 

causes the serious distortion of the grid current. The same type of harmonics 

from different sources will be added, which makes the case even worse. 
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The harmonic currents will increase the transmission line loss since they 

increase the total current amplitude. In addition, the voltage waveform shall be 

distorted due to the existence of the source and line impedance. Such a 

distortion can cause serious problems to the on-line induction motors and 

generators. The harmonics may lead to high internal temperature and serious 

vibration of the motors/generators due to the excess noises, which could result 

in the equipment failure and moreover the facilities damage. 

Since the harmonics may bring so many serious problems, several different 

standards came out to standardised on this issue. The United States organised 

the IEEE Standard 519 to limit the voltage total harmonics distortion (THD) 

within 8% in the low-voltage network [59]. The same limitation applies to the 

European Union standard EN50160 [108]. However, the standard IEC 61000-

4-30 is stricter in this aspect, which limits the THD within 5% [109]. The 

aforementioned standards are mainly for normal power systems due to the 

stability requirement. However, the access of the distributed generations may 

lead to more problems since they will bring more uncertainties. Therefore, new 

standards specifically for the distributed systems are proposed. The IEEE 

Standard 1547 gives a complete guideline on the interconnection and 

interoperability of the distributed-energy-sources-based power network [110]. 

More specifically, Australia and New Zealand propose the Standard 4777 for the 

grid-connected inverter utilisation [21]. Both of these two standards give the 

power quality criterion with the DGs connected to the grid. The THD in current 

and voltage should be both regulated within 5%. Therefore, the limitation of 5% 

THD of the current suits most of the standard, which is also the standard 

followed by this research. 

Several actions can be done to reduce the harmonics content, including the 

utilisation of passive power filter and active power filter. For most of the power 

electronic devices, the passive power filter is a common way to reduce the 

harmonics. The passive power filters usually consist of several energy storage 

components such as inductors (L) and capacitors (C), which are able to smooth 

the equipment output. However, the massive utilisation of the LC filters or LCL 

filters will increase the cost of the system. In addition, the parameters of the 

passive filters need to be designed carefully for the specific equipment. In 

addition, the harmonics optimisation of the passive filters is limited if the 

current amplitude changes, which is not quite suitable for the non-linear loads. 
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Therefore, the active power filter is proposed to compensate the harmonics 

dynamically. Actually, the active power filter (APF) is a kind of power electronic 

device as well. However, it is possible to regulate the APF output to generate the 

harmonics demand of the loads. This involves the case of harmonics detection 

which is introduced in the following chapter. 

In conclusion, the growing utilisation of the non-linear loads in the industrial 

facilities and commercial buildings leads to the power quality problems of which 

the harmonics issue is more prominent. According to the standards, a 5% 

limitation of the THD in current meets most of the requirements. Since the APF 

is inverter-based equipment, such a function should be able to be achieved by 

using other inverters instead. The interlinking inverter of the microgrid is a 

proper choice since the facility is necessary while it requires proper control 

strategy to manipulate the output. The combination of the interlinking converter 

and the APF can save the total cost of the system and help to improve the grid 

side power quality. 

3.2 Neutral Current Issue Statement 

Currently, the application of most microgrids is mainly focused on the three-

phase three-wire system, in which the loads are balanced. However, due to the 

power supply requirements for the single-phase and/or three-phase 

unbalanced loads, the three-phase four-wire microgrid system topology is more 

practical. In the context, the neutral connection is necessary, which provides 

the path for the fourth wire. There are three popular ways to provide the neutral 

connection, including the installation of the zigzag transformer or delta-wye 

transformer, the adoption of two identical capacitors in order to split the DC 

bus, and the utilisation of the four-leg converter. With the consideration of the 

cost, the stability and the practicability, the application of the four-leg converter 

is generally the preferred method [102]. 

Since the loads are typically nonlinear, they may cause an excess neutral 

current problem, moreover, lead to extra power loss and safety problems [104]. 

In addition, the utilization of the power electronics will lead to the third 

harmonic current generation, which may result in the neutral current flow in 

the neutral wire even under the balanced case. Therefore, proper neutral 

current compensation methods should be proposed to solve such problems. 
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Authors in [111] proposed a load unbalance compensator for the stand-alone 

microgrid in order to improve the stability. However, the microgrid system is 

based on the power supply from a diesel generator and the independent 

operating characteristic is missing. Metin et al. use shunt capacitors and 

thyristor-controlled reactors to eliminate the neutral current and compensate 

the reactive power [112]. The introduction of the extra devices increases the 

complexity of the system as well as the cost. Bhim and Shailendra utilised an 

M-LWDF-based control technique to extract the load current fundamental 

component and also mitigate the load neutral current [113]. The control strategy 

is specifically for grid-connected mode and the mitigation of the grid neutral 

current is neglected. In [114], the authors proposed a control strategy to 

eliminate the neutral current through tuning the voltage phase angles. However, 

the continuous adjustment of the phase angle may lead to the frequency 

variation, which can affect the stability of the system. 

Several studies have been carried out to regulate the neutral current as 

mentioned above. However, further improvement in neutral current control 

strategies is required to ensure reliable operation of future grids with distributed 

energy resources and new loads. The neutral current compensation is also 

counted as an additional function of an APF. The microgrid offers a way to solve 

such problems with the application of the interlinking converter. By 

implementing a proper design of the interlinking converter, the neutral current 

of the grid side can be compensated by the fourth leg of the interlinking 

converter. A proper control method for the neutral current compensation 

purpose is well designed in this research which is introduced in the following 

chapters. 

3.3 Harmonics Detection 

In order to build an active power filter, it is necessary to obtain the harmonic 

signals from either the grid side or the load side. Therefore, the selection of a 

proper harmonic detection method is very important for the harmonics 

elimination purpose. For the non-linear loads’ case, it is expected that the 

harmonics of different orders can be detected and cancelled by the APF. The 

most basic thought for the APF to compensate the loads’ harmonics is to use 

the harmonics detection unit to extract the loads’ current harmonics component 

so that the APF is capable of generating the current with the equal amplitude 
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while opposite direction to the grid to cancel the loads’ harmonics effect. There 

is another thought for the APF to compensate the harmonics which is that the 

APF behaves as the harmonics generator to provide the harmonics demanded 

by the loads. Both of these two thoughts are based on the same principle; 

however, a proper harmonics detection method is a necessity. The researchers 

provided a variety of harmonics detection strategies in order to design a simple 

and robust control system in different cases for the APFs. Therefore, the 

harmonics detection method should be designed as simple and effective as 

possible. 

The instantaneous power theory detection strategy is a typical harmonics 

detection method which has already been widely implemented in the APF 

application. This method requires the calculation of the instantaneous active 

power and reactive power consumption of the load. In addition, by utilising a 

low-pass or high-pass filter, the harmonics from the power can be extracted as 

the reference for the APF [79, 115]. Researchers in [116, 117] developed this 

method to a three-phase four-wire system. All the calculations are completed 

under the stationary coordinate system, of which there is no requirement for 

the application of the Phase-Locked-Loop (PLL). Therefore, the calculation 

workload is greatly reduced. However, since the power supply does not offer 

ideal voltage in most cases, the method is extremely susceptible to the voltage 

distortion. The harmonic components obtained through this method are not 

accurate due to this reason, which limits the performance of the APF. Based on 

this problem, some researchers make improvements to achieve better 

harmonics detection under the distorted voltage case [118, 119]. 

Some researchers developed the above method by calculating the active power 

and reactive power current components, which provides the APF with the ability 

to calculate the current harmonics directly. Such detection is based on the 

synchronous reference frame (SRF), which requires the PLL for the 

transformation. By converting the three-phase currents to stationary 

components and then rotatory components, the currents can be decoupled to 

active power current and reactive power current. Similar to the power theory 

method, the harmonics can be extracted through the utilisation of a low-pass 

filter [120]. The authors in [121] extract the positive sequence current 

component and the negative sequence current component through the SRF 

method. According to the APF capacity and the harm extent of harmonics, the 
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compensation weight of each order harmonic component can be set to perform 

targeted effective harmonics compensation. Bhattacharya, Frank and et al 

improved the SRF method by introducing the harmonics angular frequency 

[122]. For the harmonics with different angular frequency, the SRF 

transformation uses the corresponding angular frequency to extract the 

harmonics separately. Therefore, it is possible to compensate the harmonics 

current with different angular optionally. The detection method based on SRF 

requires the application of PLL to obtain the reference for coordinate rotation 

calculation. However, PLL increases the complexity of the detection unit, which 

makes the harmonics detection susceptible to the parameters and reduces the 

system’s robustness. 

The two methods mentioned above basically belong to the time-domain 

detection method class. There are several researchers also proposed the 

frequency-domain detection methods. This kind of method is mainly 

implemented with Fourier analysis, which provides a fast result calculation by 

saving the complicated computational workload. For example, the discrete 

Fourier transformation (DFT) is such a math transformation which is mainly for 

discrete signals processing [123]. This allows the real-time execution in the 

digital signal processors in hardware. The researchers in [64] proposed a fast 

Fourier transformation (FFT) method which reduces the number of calculations 

so that the total time for harmonics detection consumed by Fourier 

transformation is reduced. Likely, Girgis et al introduced a recursive discrete 

Fourier transform (RDFT) method that is able to avoid the repeated calculation 

in the traditional Fourier transformation in order to reduce the calculating work 

significantly [124]. Basically, the frequency-domain detection method can be 

implemented into the single-phase system directly since it is adaptive to the 

distorted voltage conditions without being affected by the power supply voltage. 

However, the kind of method is mainly for the signal analysis in steady state. 

Under the dynamic load current condition, it is not able to provide a precise 

calculation. Therefore, the APF can only give slow response to the load variation 

with limited performance. The method does not require the voltage information 

from the grid, however, this confines the APF utilisation to only the harmonics 

elimination purpose. 

Nowadays, since the APF equipment is increasingly utilised, the performance 

requirement for such devices becomes stricter. As a result, the harmonics 
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detection method accuracy is required to be more precise. In the context, many 

advanced and intelligent algorithms are combined with the harmonic detection 

methods including the neural network, the predictive algorithm and etc. Kazi 

and et al utilised the Prony analysis to evaluate the harmonics in real-time as 

the Prony analysis is sensitive to noise, but it also possesses the accuracy 

problem [76]. Researchers in [125, 126] use the cascaded delayed signal method 

and artificial neural network method for the harmonic detection respectively. 

Both of these two papers improve the PLL performance to get better results. 

However, this means that the two methods rely on the PLL section more than 

the other methods. The PLL already requires significant calculations and the 

improvement increases the calculating work more. The complexity makes it not 

so practical for industry use. Junwei introduced the harmonics balance method 

(HBM) to the power system for the harmonics detection. The method is 

introduced from the magnetising field and flexibly applied within the power 

system. The method provides the ability to detect all order of harmonics, which 

is a desirable goal of the harmonic detection methods [127]. However, this 

method requires a complicated theory background with an amount of 

calculating workload, which dropped its practical value. 

Researchers in [128] adopt the adaptive filters in the active power filter 

application, which is also known as the notch filter [129, 130]. The notch filter 

allows the component with setting frequency (usually the fundamental 

frequency) to pass through and blocks all the components with other different 

frequencies. Therefore, by subtracting the fundamental component from the 

total current, the harmonic current components are obtained. This is suitable 

for all orders of harmonics as well as the HBM strategy, however, the 

configuration of the notch filter is simple and easy to implement. The detection 

unit does not rely on too many parameters, which saves the calculating work 

and time. In addition, the method is very stable and robust under different 

conditions such as loads unbalance case, loads changing case and etc. However, 

this method is mainly used for single-phase case and has not really been 

implemented in a three-phase system so far. Through a proper modification in 

the three-phase microgrid interlinking converter control with the notch filter, it 

is possible to achieve the harmonics compensation as well as the power 

exchange from the microgrid side. 
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3.4 Grid-Connected Microgrid Control with Harmonics and 

Neutral Current Compensation 

Conventionally, an additional APF is used for power quality optimization in a 

microgrid system. Although adding APF improves the power quality, this 

increases the complexity, the volume and total cost of the whole microgrid 

system. In addition, most of the APFs are designed under a case that the three 

phases are with the same level harmonics, while in a real application the three 

phases may possess different THDs (unbalanced harmonics). Therefore, an 

advanced solution is to combine an APF with the existing inverters in a 

microgrid. To achieve this purpose, some control approaches have been 

proposed for microgrids. For instance, authors in [131] adopted the virtual 

impedance for the harmonic’s elimination purpose which can also be applied to 

a distributed generation (DG) unit based distributed system [131, 132]. However, 

the control strategy based on this thought mainly compensates for the specific 

order of harmonics, which complicates the calculation and implementation to 

compensate for a wide range of harmonics at the same time. A voltage-control 

based harmonic rejection method is proposed in [133], which offers a solution 

to improve the power quality by taking the photovoltaic (PV) inverter effects as 

virtual harmonic resistance effects. This method also inherits the drawbacks of 

limited compensation from the references [131, 132]. In [134], the researchers 

introduce a current-control-based method to compensate for the local load 

harmonics, which is to implement the detected harmonics into the converter 

control strategy as the current reference. In this way, the PV inverter should be 

able to compensate for the specific order of harmonics as well as to generate 

active power which is originated from the PV panel. The research in the 

aforementioned papers mainly proposes APFs for single-phase applications, 

which are commonly applied in PV-based systems. However, it should be noted 

that in three-phase applications, particularly microgrid applications, three-

phase APFs are required. Researchers in [135] combine the PV inverter and APF 

together for a three-phase system application. The control algorithm is based 

on the conventional APF power control with the consideration of the PV 

generation. The method is simple but can only be effective to a limited extent 

due to the inaccuracy harmonics detection of the low-pass filter. Authors in [136] 

propose a three-phase APF including three single-phase full-bridge converters 

which are controlled separately. The proposed APF approach uses three 
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individual single-phase control systems to control the current of each phase 

separately. As a result, the proposed APF is able to compensate for the 

unbalanced harmonics of the three phases, but with the expense of extra work 

on the controller (three PLLs, three OSG blocks, three αβ/dq, three dq/αβ 

transformation, etc.) and extra hardware (12 switches). This increases the 

complexity and total cost of the microgrid system. 

A smart inverter three-phase four-wire grid-connected microgrid system is 

investigated, which can achieve both the power flow management and grid 

current harmonics reduction. A split-capacitor based four-leg topology is 

employed, which physically decouples the three-phase system. A simple and 

robust harmonics extraction algorithm is developed and applied to the inner 

current-control loop. The proposed harmonics-detection algorithm was 

originally used for a single-phase system [129, 137]. However, this research 

develops it into a three-phase system as the harmonic reference signals 

generator. The smart inverter is configured with three half-bridge transistor-

based legs for the three-phase, one split-capacitor based leg for the neutral that 

physically cancelled the effect among the three-phase outputs and one half-

bridge for the neutral. The dq0 transformation is applied instead of the 

conventional dq transformation due to the unbalanced conditions. 

3.4.1 System Configuration 

The designed system with its control method is shown in Figure 3.1. A battery 

unit is connected to the commercial building loads and the low-voltage (LV) 

network through an interlinking converter which uses an LC filter. The batteries 

in the microgrid are utilised for bidirectional power flow management as well as 

maintaining a stable dc-link voltage.  The inverter is designed as a five-arm 

configuration including four transistor-bridge arms and a split-capacitor bridge 

arm. The neutral line is drawn from the midpoint of the split capacitors arm and 

the fourth leg so that the microgrid is able to supply the single-phase loads. This 

design allows the self-governed control of the fourth leg so that the neutral 

current can be regulated independently. In addition, such a configuration 

physically achieves the three phases decoupling since each arm can be viewed 

as a single-phase half-bridge converter with the combination of the capacitor 

arm [138]. The smart inverter can be viewed as a combination of four 

independent half-bridge modules, which saves four switches compared to the 
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utilisation of three single-phase inverters. The AC side is connected to the utility 

grid, which is introduced by a distribution transformer from a high-level power 

plant. The three-phase commercial loads get supplied from both the grid and 

the microgrid. 
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Figure 3. 1 The configuration of the designed system with control methods. 

3.4.2 Power Control 

As long as the microgrid is connected to the utility network, the microgrid is 

capable of operating as a slave generation which follows the grid frequency and 

voltage level. Therefore, the controller for the interlinking inverter is mainly 

responsible for the microgrid power flow management. In order to achieve the 

active power and reactive power controls separately, a current control method 

is introduced for the decoupled power control. In this situation, the microgrid 

output voltage uo
abc and current ioabc shall be transformed into the rotating 

reference frame components uo
dq0 and iodq0. 

According to the instantaneous power theory, the microgrid output active power 

and reactive power meet the following relationship [139]: 
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                                        {
𝑃𝑚 = 3/2(𝑢𝑜𝑑𝑖𝑜𝑑 + 𝑢𝑜𝑞𝑖𝑜𝑞)

𝑄𝑚 = 3/2(𝑢𝑜𝑞𝑖𝑜𝑑 − 𝑢𝑜𝑑𝑖𝑜𝑞)
                                    (3-1) 

where Pm and Qm are the microgrid output active power and reactive power 

respectively. Since the reference frame is synchronized with the utility network, 

uoq becomes zero during the Park transformation when the d-axis is chosen in 

the same direction to the voltage vector [43]. As a result, (3-1) can be revised as:  

                                                {
𝑃𝑚 = 3𝑢𝑜𝑑𝑖𝑜𝑑/2
𝑄𝑚 = −3𝑢𝑜𝑑𝑖𝑜𝑞/2

                                         (3-2) 

Therefore, it is possible to control the microgrid output by setting the reference 

active power Pref and reactive power Qref according to the functions above. As a 

consequence, the reference current in the rotating coordination can be 

expressed as follows: 

                                                {
𝑖𝑜𝑑
∗ = 2𝑃𝑟𝑒𝑓/3𝑢𝑜𝑑

𝑖𝑜𝑞
∗ = −2𝑄𝑟𝑒𝑓/3𝑢𝑜𝑑

                                       (3-3) 

It can be concluded that the active power is only related to the d-axis active 

power current component and the reactive power is only related to the q-axis 

reactive power current component. Through the power reference settings and 

the microgrid AC side voltage, the current components reference can be set. This 

can be described as a simplified constant power control strategy. 

3.4.3 Harmonics Detection and Control 

In order to achieve the load harmonics compensation, the harmonics detection 

is a necessity for the inverter controller. In this research, an adaptive algorithm 

is applied as it provides the ability to detect all-order harmonics. The 

configuration of the algorithm is shown in Figure 3.1 in the harmonics controller 

block. Since the load currents ilabc(t) waveforms are supposed to follow a sine 

wave trend, their fundamental component ifabc(t) can be expressed as [137, 140]: 

                          

{
 
 

 
 𝑖𝑓𝑎(𝑡) = 𝐾1𝑎(𝑡) sin(𝜔𝑡) + 𝐾2𝑎(𝑡) cos(𝜔𝑡)

𝑖𝑓𝑏(𝑡) = 𝐾1𝑏(𝑡) sin (𝜔𝑡 −
2

3
𝜋) + 𝐾2𝑏(𝑡) cos (𝜔𝑡 −

2

3
𝜋)

𝑖𝑓𝑐(𝑡) = 𝐾1𝑐(𝑡) sin(𝜔𝑡 +
2

3
𝜋) + 𝐾2𝑐(𝑡) cos (𝜔𝑡 +

2

3
𝜋)

                      (3-4) 

where K1(t) and K2(t) are the estimated amplitudes of the sine and cosine terms, 

and ω is the angular frequency of the grid voltage. The Gradient Descent method 
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is utilized to determine K1(t) and K2(t). Therefore, K1(t) and K2(t) are obtained 

from the following equations: 

                                

{
 
 
 
 

 
 
 
 

𝐾1𝑎(𝑡) = 𝜇1 sin(𝜔𝑡) 𝑖ℎ𝑎(𝑡)

𝐾2𝑎(𝑡) = 𝜇2 cos(𝜔𝑡) 𝑖ℎ𝑎(𝑡)

𝐾1𝑏(𝑡) = 𝜇1 sin (𝜔𝑡 −
2
3𝜋
) 𝑖ℎ𝑏(𝑡)

𝐾2𝑏(𝑡) = 𝜇2 cos (𝜔𝑡 −
2
3
𝜋) 𝑖ℎ𝑏(𝑡)

𝐾1𝑐(𝑡) = 𝜇1 sin (𝜔𝑡 +
2
3𝜋
) 𝑖ℎ𝑐(𝑡)

𝐾2𝑐(𝑡) = 𝜇2 cos (𝜔𝑡 +
2
3
𝜋) 𝑖ℎ𝑐(𝑡)

 

(3-5) 

where ihabc(t) is the difference between ilabc(t) and ifabc(t), and represents for the 

all-order harmonics of phase A; μ1 and μ2 are the algorithm learning rates. By 

applying the algorithm to the other two phases, the three-phase harmonics 𝑖ℎ
𝑎𝑏𝑐 

can be detected. Since the current controller is conducted under the rotating 

coordinate system, it is compulsory to convert the three-phase harmonics into 

dq0 components in order to participate in the current control process. 

3.4.4 Current Decoupling Control 

The current control section utilises the dq0 transformation to control the 

converter output current so that the three-phase control issue can be converted 

as a combination control problem. The three-phase instantaneous current can 

be calculated as dq0 components to compare with the out-loop reference signals. 

The error will be processed through the PI control, the voltage feedforward 

compensation and the cross-coupling compensation. In the context, the dq0 

components can be decoupled and controlled separately. The derived 

differential-algebraic equations (DAE) for the current controller are given as 

follows [114]: 

                                                    {

𝛾𝑜𝑑̇ = 𝑖𝑜𝑑
∗ − 𝑖𝑜𝑑

𝛾𝑜𝑞̇ = 𝑖𝑜𝑞
∗ − 𝑖𝑜𝑞

𝛾𝑜0̇ = 0 − 𝑖𝑜0

                                                           (3-6) 

                                                       {

𝑣𝑖𝑑
∗ = 𝑣𝑜𝑑 + 𝐾𝑝𝑐𝛾𝑜𝑑̇ + 𝐾𝑖𝑐𝛾𝑜𝑑 − 𝜔𝐿𝑚𝑖𝑜𝑞
𝑣𝑖𝑞
∗ = 𝑣𝑜𝑞 + 𝐾𝑝𝑐𝛾𝑜𝑞̇ + 𝐾𝑖𝑐𝛾𝑜𝑞 +𝜔𝐿𝑚𝑖𝑜𝑑

𝑣𝑖0
∗ = 𝑣𝑜0 ++𝐾𝑝𝑐𝛾𝑜0̇ + 𝐾𝑖𝑐𝛾𝑜0

                                 (3-7) 
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where 𝛾𝑜𝑑̇  and 𝛾𝑜𝑞̇  are the state variables corresponding to the current control 

proportional-integral (PI) controller; Kpc and Kic are the proportional gain and 

the integral gain respectively; 𝑣𝑖𝑑
∗ , 𝑣𝑖𝑞

∗  and 𝑣𝑖0
∗  are the reference signals for 

sinusoidal pulse width modulation (SPWM) generator in dq0 frame. By using 

the current controller, the microgrid output current dq0 components iod, ioq and 

io0 will be able to follow the reference current components in order to control 

the power management of the microgrid. According to (3-6), the reference 

current is from the power control while the harmonics compensation is not 

taken into consideration. If the reference current is modified from the power 

control to the power current with harmonics compensation, the microgrid 

current output shall possess the ability to compensate the harmonics as well as 

to generate power to the grid. Thus, through considering the harmonics 

components ihd, ihq and ih0, (3-6) can be revised as: 

                                                 {

𝛾𝑜𝑑̇ = 𝑖𝑜𝑑
∗ + 𝑖ℎ𝑑 − 𝑖𝑜𝑑

𝛾𝑜𝑞̇ = 𝑖𝑜𝑞
∗ + 𝑖ℎ𝑞 − 𝑖𝑜𝑞

𝛾𝑜0̇ = 𝑖ℎ0 − 𝑖𝑜0

                                                    (3-8) 

The reference SPWM signals in the dq0 frame need to be reversely converted to 

SPWM signals in the three-phase stationary coordinate system. After the final 

step transformation, each arm of the interlinking converter can be controlled 

separately to satisfy the power demand and harmonics compensation in each 

phase.  

3.4.5 Balanced and Unbalanced Harmonics Compensation 

The proposed harmonics control is able to compensate of the different 

harmonics level (balanced and unbalanced harmonics) of the three phases, 

which is achieved by using the proposed dq0 control strategy as well as split-

capacitor topology. The converter is designed as a four-leg converter for the 

single-phase loads supply. The three transistor-arm bridges are connected to 

the three-phase ac power system for power exchange. The fourth leg uses split-

capacitor leg instead of transistor leg for the neutral power point utilization. 

Since the split-capacitor leg provides the path for the energy flow for all the three 

phases, each leg of the converter becomes an independent single-phase half-

bridge converter [138]. Therefore, each leg is able to generate independent 

energy waveform without any effect on the other phases. For the unbalanced 

case, including unbalanced loads and/or unbalanced harmonics, the proposed 
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converter configuration shall be able to fulfil the supply requirement according 

to the aforementioned control strategy. The same function applies to the 

balanced case as well. 

3.4.6 Neutral Current Control 

The single-phase loads in three phases of the local buildings are typically 

unbalanced which results in the neutral current existence of the neutral 

conductor. To regulate the current as small as possible is necessary in case the 

extra power loss may occur. The active power control and reactive power control 

are decoupled through a dual-loop controller, while the neutral current can be 

controlled independently since there is no coupling component related to such 

parameters. Therefore, an independent neutral current controller is developed 

here in order to minimise the neutral current value. 

+

_

 

Grid Load

Ig0 IL0

IC0

Vg0

Zg0

ZC0

3Zng0

Converter

PCC

VC0

 3ZnC0

3ZnL0

ZL0

 

Figure 3. 2 The zero-sequence equivalent circuit of the designed power system. 

Under the grid-connected mode, the neutral current from the grid side IGN is 

related to the zero-sequence current from the load side ILN, the unbalanced 

voltage from the point of common coupling (PCC) and the neutral current from 

the converter ICN [104]. Figure 3.2 shows the zero-sequence equivalent circuit of 

the designed system. Vg0 is the grid zero-sequence voltage and VC0 is the 

converter zero-sequence voltage. Ig0, IC0 and IL0 are namely the grid zero-
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sequence current, the converter zero-sequence current and the load zero-

sequence current. Zg0, ZL0 and ZC0 are the phase impedance, the neutral-line 

impedance and the filter impedance respectively [104]. 

As shown in Figure 3.2, the grid neutral current I𝑔0
′  caused by load neutral can 

be obtained as follows: 

I𝑔0
′  = 

(ZC0 + 3ZnC0)IL0
Zg0 + ZC0 + 3(Zng0 + ZnC0)

 

                                                                                                                 (3-9) 

Then the grid neutral current I𝑔0
′′  caused by the unbalanced voltage at PCC can 

be derived as: 

I𝑔0
′′  = 

Vg0

Zg0 + ZC0 + 3(Zng0 + ZnC0)
 

                                                                                                               (3-10) 

The grid neutral current I𝑔0
′′′ contributed by the converter is expressed as: 

I𝑔0
′′′  = 

VC0
Zg0 + ZC0 + 3(Zng0 + ZnC0)

 

                                                                                                               (3-11) 

Therefore, the grid neutral current is finally obtained as: 

                                               Ig0 = I𝑔0
′ + I𝑔0

′′ + I𝑔0
′′′                                      (3-12) 

As seen from equations (3-9) to (3-12), since Vg0, IL0 and the line impedances are 

all fixed, the regulation of VC0 contributes to the grid neutral current control. 

The converter voltage can be identified as an independent voltage source, which 

is subjected to the zero-sequenced current generation from the converter side. 

Therefore, since the grid and the load are uncontrollable, the converter neutral 

current is able to compensate the neutral current from the utility side. The 

unbalanced load is the main reason for the neutral current generation. 

Therefore, the load zero sequence current is adopted as the reference for the 

grid neutral current compensation. The compensation component can be 

obtained from the difference between -ILN and ICN through a PI regulator as 
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shown in Figure 3.1. The relationship between the two current components can 

be expressed as: 

                                                        ILN + ICN = 0                                       (3-13) 

The PI controller makes ICN follow the -ILN value, which leads to an opposite 

current generation from the converter side. In the context, the effect of the 

neutral current caused by the loads is cancelled at the grid side. The controller 

also works for the neutral conductor of the microgrid under islanding mode. 

Once the microgrid is disconnected from the common network, the main three 

phases have no connection to the grid. However, the neutral conductor and the 

transformer neutral line are still linked together so that both of them stay 

grounded. With the compensation controller operating, the current from the 

converter side still follows the rule according to the equation (3-13). Thus, the 

current for the neutral line which is provided by the transformer can be 

eliminated. 

3.4.7 Stability Analysis 

In this section, the stability of the proposed control strategy is analysed. The 

stability of the harmonics controller, shown in Figure 3.1, for non-fundamental 

harmonics components extraction is analysed in [140]. Therefore, to avoid 

repetition, this section is omitted in the thesis. The stability of the modified 

current controller is analysed in this section. Unlike [141], the system in this 

thesis employed an LC filter instead of the L filter. Therefore, the LC filter 

transfer function of the interlinking converter should be taken into 

consideration as 1/𝐺𝐿𝐶(𝑠) = 1/(𝐿𝐶𝑠
2 + 𝐿𝑠 + 1). As a result, the controller and 

plant in dq frame are shown in Figure 3.3. GPI(s) is the transfer function of the 

PI controller given by: 

                                                     𝐺PI(𝑠) = 𝐾𝑝 +𝐾𝑖/𝑠                                  (3-14) 

According to Figure 3.3, the transfer function between the input currents and 

the output currents can be represented as: 

[
𝑖𝑜𝑑(𝑠)

𝑖𝑜𝑞(𝑠)
] =

𝐺PI(𝑠)

[𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠)]2 + (𝜔𝐿)2
× [
𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠) −𝜔𝐿

𝜔𝐿 𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠)
] × [

𝑖𝑑𝑟(𝑠)
𝑖𝑞𝑟(𝑠)

] 

(3-15) 
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Where [
𝑖𝑑𝑟(𝑠)
𝑖𝑞𝑟(𝑠)

] = [
𝑖𝑜𝑑
∗ (𝑠) + 𝑖ℎ𝑑(𝑠)

𝑖𝑜𝑞
∗ (𝑠) + 𝑖ℎ𝑞(𝑠)

]. For the convenience of the analysis, we take                         

{
 
 

 
 𝐺1(𝑠) =

𝐺PI(𝑠)[𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠)]

[𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠)]
2 + (𝜔𝐿)2

𝐺2(𝑠) =
𝜔𝐿𝐺PI(𝑠)

[𝐺𝐿𝐶(𝑠) + 𝐺PI(𝑠)]2 + (𝜔𝐿)2

 

(3-16) 

By substituting (3-16) into (3-15), a simplified expression for (3-10) is calculated 

as 

                                       [
𝑖𝑜𝑑(𝑠)

𝑖𝑜𝑞(𝑠)
] = [

𝐺1(𝑠) −𝐺2(𝑠)

𝐺2(𝑠) 𝐺1(𝑠)
] [
𝑖𝑑𝑟(𝑠)
𝑖𝑞𝑟(𝑠)

]                          (3-17) 
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+
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Figure 3. 3 Block diagram of the controller and plant in dq frame 

 

(a) 
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(b) 

Figure 3. 4 Root lotus for the transfer functions. 

It can be seen that there are two reference inputs participating in the calculation 

for each current component output. By taking the references idr(s) and iqr(s) as 

0 respectively, we can get the transfer functions G1(s) and G2(s) corresponding 

to each input. In this case, the root locus for the transfer functions G1(s) and 

G2(s) are shown in Figure 3.4 (a) and (b) respectively. As shown in Figure 3.4, 

all the poles are on the left side of the vertical axis as the Kp and Ki increase 

from 1 to 1000. As a result, G1(s) and G2(s) are both stable for all the positive Kp 

and Ki values according to the poles changing trend appeared in the figures. In 

the context, the system is stable for all the positive Kp and Ki values according 

to the superposition theorem [142]. 

3.5 Simulation Studies 

In this section, the performance of the designed microgrid system with the 

proposed smart inverter control strategy is evaluated through the simulation 

which are conducted through MATLAB/SIMULINK under different cases. The 

simulation model is built based on a real commercial building system which is 

located at Griffith University in Australia with the parameters summarised in 

Table 3.1. The loads are taken as 95kW/54kVar in total according to the average 

building consumption data. The converter switching frequency is set as 10kHz 

which is in line with the actual situation. 
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Table 3. 1 Simulation parameters of the proposed system 

System Parameter Value Control Parameter Value 

Nominal DC Voltage 800V Kp 260 

AC Phase-to-Phase Voltage 420V Ki 50 

L 1mH Switching Frequency 10kHz 

C 10F   

Frequency 50Hz   

3.5.1 Harmonics Reduction with Power Exchange when the Harmonics 

are Balanced and the Loads are Unbalanced 

The objective of this case study is to validate the harmonics reduction 

performance of the proposed system when the three-phase loads are 

unbalanced while the harmonics of the phases are balanced. Moreover, the 

operation of the microgrid to supply the simultaneous functions of harmonics 

reduction and power flow management is validated through simulation. In this 

case, the whole simulation process lasts 2 s with the operating condition 

changing three times. During 0-0.5 s, the microgrid behaves as an APF to 

compensate the load harmonics so that the grid current is optimised. At 0.5 s, 

the microgrid provides reactive power to the utility grid in order to improve the 

power factor of the network side. From 1 s to 1.5 s, the microgrid starts to inject 

active power to the grid to achieve the purpose of energy saving of the grid. 

During 1.5-2 s, the microgrid receives active power from the utility power 

network to charge the battery which presents the bi-directional power flow 

management ability of the microgrid system. 

In Figure 3.5 (a), the three-phase load is unbalanced considering the real case 

and is totally supplied by the utility grid without the microgrid operation. It is 

investigated that the three-phase currents of the grid are obviously unbalanced 

in amplitudes to mimic the unbalancing loads' situation. The currents are 

significantly distorted. In Figure 3.5 (b), the proposed harmonics controller is 

activated, and the current harmonics are minimized without affecting the 

amplitudes of the phases. The serious distorted current waveforms are 

optimised to pure sine waveforms. Taking Phase A as an example, the total 
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harmonics distortion (THD) of Phase A is reduced from 18.46% to 4.09% as 

shown in Figure 3.6. The same phenomenon happens in Phase B and Phase C 

with different THDs before harmonics compensation, but all optimised within 

5% with the microgrid APF operating. This fulfils the requirement of Australian 

4777 and IEEE 1547 standards that validates the effectiveness of the proposed 

control method. 

 

(a) 

 

(b) 

Figure 3. 5 Three-phase grid current (a) without compensation (b) with microgrid 
compensation. 

 

(a) 
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(b) 

Figure 3. 6 Three-phase grid current (a) Total harmonics distortion of the grid current (a) 

without compensation (b) with microgrid compensation. 

Figure 3.7 (a) shows the load current which includes the fundamental 

component as well as the higher-order harmonics. As explained in Section 3.4.2, 

the harmonics controller only allows the distorted components to pass through 

the filter. By subtracting such components from the grid current, the system 

will be able to extract the fundamental component of the load current as shown 

in Figure 3.7 (b). It can be seen that the fundamental component is a perfectly 

sinusoidal waveform which indicates the good performance of the harmonics 

extraction of the adapter filter. Figure 3.8 shows the inverter tracking 

performance of the proposed system compared with the conventional transistor-

based three-arm inverter which uses the conventional dq transformation 

technique. In Figure 3.8 (a), using the proposed method, the inverter`s output 

current can precisely track the harmonic references, whereas using the 

conventional system in Figure 3.8 (b), the outputs of the three phases will 

influence each other to make the inverter output not be able to follow the 

reference. Since there is no support for the neutral current to pass through 

freely, the harmonics compensation performance is getting worse. The same 

phenomenon applies to the case with a transistor-based fourth leg. 

 

(a) 
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(b) 

Figure 3. 7 Harmonics controller performance (a) load current (b) current fundamental and 
harmonic components. 

 

(a) 

 

(b) 

Figure 3. 8 Harmonics tracking performance (a) proposed three-leg inverter with split-
capacitor arm (b) conventional three-leg inverter. 

 

Figure 3. 9 Reactive power compensation performance. 

Figure 3.9 shows the performance when the microgrid starts to compensate 

reactive power to the grid. The phase angle difference between the grid voltage 

and the grid current in Phase A is eliminated due to the reactive power 

compensation. In the context, the grid current amplitude also decreases since 
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the reactive current is completely supported by the microgrid. In the meantime, 

the microgrid is still compensating the harmonics demanded by the loads. 

 

Figure 3. 10 Active power generation performance. 

 

Figure 3. 11 Single-phase grid current variation due to the active power generation change of 
the microgrid. 

Figure 3.10 shows the active power generation performance from 0.8 s to 2 s. 

As long as the microgrid starts to output active power, the grid generation 

decreases so that the energy-saving function is achieved in this way. At 1.5 s 

there is a requirement for charging the battery, thus the microgrid will draw 

active power from the grid. Therefore, the direction of the power changes from 

positive to negative. Figure 3.11 shows the grid voltage and current waveforms 

during the same time span as Figure 3.10. The current is synchronized with the 

voltage as a sine waveform which means that while the microgrid manages the 

active power flow, it is able to compensate the reactive power and harmonics 

simultaneously. The simulation results validate that the proposed system 

perfectly reduce the harmonics of the grid current during the unbalanced load 

condition. In addition, the results perfectly demonstrate the simultaneous 

integration of the bidirectional power management, reactive power 
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compensation and the harmonics reduction functions. It is worth noticing that 

in the simulation, the ideal DC power supply is utilised at the DC side for the 

power exchange. However, in the real case, it is recommended to put energy 

storage devices such as batteries into the system to achieve the power exchange 

function. Due to the non-linear characteristics of the battery and the existence 

of the internal resistance, the output current from the batteries can be a little 

bit distorted. As a result, the grid side current can be also distorted when the 

batteries start to charge or discharge. Figure 3.12 gives the grid current 

comparison in Phase A between the ideal DC power supply utilisation case and 

the battery utilisation case. In the battery utilisation case, the grid current 

deviated from the sinusoidal waveform. This phenomenon is close to the real 

case, which has been validated through simulation in the following chapters. 

The problem can be further investigated while not the main concern in this 

research. 

 
Figure 3. 12 Single-phase grid current compensation performance with different DC supplies. 

3.5.2 Harmonics Reduction with Power Exchange when the Harmonics 

are Balanced and Unbalanced 

The objective of this simulation is to validate the harmonics reduction 

performance of the proposed system when the three-phase loads are balanced 

while the harmonics are conducted balanced and unbalanced separately. 

Indirectly this case presents the microgrid ability to generate different outputs 

in different phases. The harmonics reduction performance is compared with the 

conventional APF configuration case, which lacks the split-capacitor neutral leg 

in the interlinking converter. The proposed microgrid converter configuration 

enables the circuit completion for each leg so that the three phases can generate 

output without interfering with each other. Such a configuration physically 

decoupled the three phases of the inverter output without any software 
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correction. This is especially superior to the conventional APF configuration 

under the unbalanced harmonics condition. There is one point to be noticed 

that even with balanced harmonics, the there-phase current waveforms of the 

loads can be different due to the phase angle differences. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 3. 13 Three-phase currents under balanced harmonics case (a) Grid current without 
compensation (b) Harmonics (c) Grid current with conventional compensation (d) Grid current 

with proposed compensation. 

Figure 3.13 shows the harmonics reduction performance under balanced 

harmonics cases. Before enabling the APF function of the microgrid, the grid 

side current follows the loads as shown in Figure 3.13 (a). When the microgrid 

starts to compensate the loads' harmonics, the grid currents become sinusoidal 

waveforms with both the proposed configuration and the conventional 

configuration as shown in Figure 3.13 (c) and (d). Both of the cases enable to 

improve the grid currents to fulfil the standard requirement within 5%. From 

Table 3.2, it can be concluded that the proposed compensation strategy 

optimisation performance is better than the conventional strategy under the 

balanced harmonics case. Figure 3.13 (b) shows the three-phase current 

harmonics which are balanced. However, it throws a different light in the 

unbalanced harmonics case. The grid currents without compensation are 

shown in Figure 3.14 (a). The harmonics are unbalanced in both order and 

amplitude. Figure 3.14 (b) shows the unbalanced harmonics which can be seen 

are totally different. The proposed strategy is still very effective during the 

unbalanced case as shown in Figure 14 (d), however, using the conventional 

three-leg APF compensation, the harmonics reduction performance may not 

reach the same level as shown in Figure 14 (c) since the three-phase outputs 

are not independent of each other. In Table 3.2, the THDs of the three-phase 

currents are listed before and after harmonics compensation. The results 

indicate the satisfactory harmonics reduction performance of the proposed 

system. This verifies that the microgrid is able to compensate both balanced the 

unbalanced harmonics in different phases individually. With the microgrid 
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connection, the utility grid is no longer faced with any harmonic issue or 

distortion. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 3. 14 Three-phase currents under unbalanced harmonics case (a) Grid current without 

compensation (b) Harmonics (c) Grid current with conventional compensation (d) Grid current 

with proposed compensation. 

Table 3. 2 Total harmonics distortion of each phase. 

Case Phase 
THD without 

compensation 

THD with the 

proposed 

compensation 

THD with 

conventional 

compensation 

Balanced 

Harmonics 

A 10.11% 3.42% 4.37% 

B 10.11% 3.36% 4.41% 

C 10.11% 3.45% 4.45% 

Unbalanced 

Harmonics 

A 18.33% 3.55% 6.77% 

B 10.86% 3.58% 5.64% 

C 12.34% 3.33% 5.1% 

3.5.3 Neutral Current Compensation when the Loads are Unbalanced 

This case study investigates the neutral current from the grid side of the system 

under the grid-connected mode. The three-phase loads are unbalanced as the 

case in Section 3.5.1. Due to the influence of the power grid, both the frequency 

and phase voltage follow the utility network, which stabilises at 50 Hz and 231 

V according to Queensland standard. However, the current of the neutral 

conductor is inevitable since the loads are unbalanced. According to Section 3.4, 

it is necessary to reduce the grid neutral line current for the safety and power 
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loss saving consideration. A comparison between the neutral current of the 

system with and without compensation is conducted in simulation. By selecting 

the neutral current ILN from the load side as the reference, the converter 

generates a completely opposite neutral current ICN based on the neutral current 

controller as shown in Figure 3.15. Based on the superposition theorem, the 

neutral current coming from the grid shall be regulated to 0. However, since the 

inverter is essentially a power electronic device, the neutral current ICN from the 

converter cannot match -ILN 100%. There are still some small harmonics within 

the current generation from the converter. With the current compensation from 

the microgrid side, the neutral current from the grid side can be reduced 

significantly by 97.5%. Therefore, the system can achieve power loss saving and 

the safety risk reduction. The results can be seen in Figure 3.16. 

 

Figure 3. 15 The neutral current tracking performance. 

 

Figure 3. 16 The grid neutral current comparison. 

3.6 Chapter Summary 

This chapter provides a control strategy for a grid-connected type microgrid to 

achieve the functions of bi-directional power exchange, harmonics reduction 
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and neutral current compensation. The control structure is easy to implement 

and effective in application. The proposed control strategy supports different 

operating cases of the microgrid system including the balanced/unbalanced 

loads cases and balanced/unbalanced harmonics cases. The system with the 

proposed control method is validated through simulation in 

MATLAB/SIMULINK experiment. The results show that the proposed system 

performs well in all the expected function execution scenarios. 
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4. Smooth Operation Mode Transition of Hybrid 

Microgrid 

Since the hybrid microgrid provides a solution for the distributed generation 

system, research on the various aspects of the hybrid AC/DC microgrid has 

been carried out [22]. A hybrid microgrid has three operation modes, namely 

islanded mode, grid-connected mode and transition mode between the two 

modes mentioned above [24]. However, most of the research concentrates on 

investigating the performance in a stable operating mode. The performance of a 

microgrid during mode switching is also important since the microgrid is 

responsible for the voltage and frequency regulation without the support of the 

utility grid and so are the transient cases under the islanding mode of a 

microgrid system. The possibility of making a smooth performance during 

transient cases is neglected. 

In this chapter, a virtual synchronous generator (VSG) based control strategy is 

proposed for a hybrid AC/DC microgrid system for a smooth operation mode 

transition. The system is based on a real building distribution configuration at 

Griffith University, Australia. In addition, a pre-synchronisation method is 

specifically developed for the proposed VSG control strategy for the grid-

reconnection purpose. The proposed control strategy is validated through 

simulation and compared with several different control strategies. The results 

show that the proposed control method is effective for the microgrid to achieve 

a smooth operation mode transition. 

4.1 Mode Transition Statement 

For a microgrid, it is important to perform a stable operation under the grid-

connected status or the islanded status. The performance during the mode 

switching from the grid-tied mode to islanding mode has not been put much 

effort. However, a fast and smooth operation mode transition is necessary for 

the system to achieve the microgrid intelligent operation. The mode transition 

requires being smooth in case the momentary interruption occurs which may 

cause damages to the devices including the loads and the power electronic 

equipment. Proper voltage and frequency should be maintained for islanded 

loads to balance the power generation and demand. Very limited studies have 
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been carried out by the researchers in order to tackle the aforementioned 

problems. 

Lasantha et al. in [143] designed a transition strategy for the process from the 

grid-connected mode to the islanding mode since the authors considered this to 

be the most dangerous case. However, if the microgrid is not synchronized with 

the utility grid when switching from islanding mode to grid-connected mode, the 

consequence is also serious which can possibly result in damaging the devices. 

Chunxia et al. provided a switching controller for operation mode transition 

based on the multiple Lyapunov robust stability method [144]. The method is 

proposed for a specific system, which can be further studied and applied to 

other systems. However, the microgrid system in the paper needs to change the 

control strategy during mode switching which makes the system more complex. 

These researchers conducted different aspects of study for an islanding 

situation, but it is an important function for a microgrid to connect to the main 

grid in order to save energy. An isolated microgrid system should always be with 

a proper grid synchronization unit, which is not referred to in the references 

mentioned above. Amir et al. in [145] proposed a supplementary mechanism for 

the smooth transition between different operation modes, while two control 

strategies are adopted for one controller which increases the system’s 

complexity. There is not so much research on other types of transient cases 

such as load changing or faults. Most of the research concentrates on stability 

analysis instead of optimization. Authors in [146] proposed a resistive 

superconducting fault current limiter in order to optimize the microgrid 

performance during a fault. This method adds an extra part to the system, 

which increases the complexity of the system. Authors in [147] concentrate on 

the issues related to seamless mode transition in a hybrid microgrid. In order 

to achieve the seamless transfer, the system minimizes the switching items 

between the P-Q control mode and the V/f control mode. However, the 

utilization of two different control strategies makes the controller structure more 

complex. Droop control is a commonly used control strategy for microgrids since 

it could allow the microgrid to operate under both grid-connected mode and 

islanding mode [148]. The droop control method of an inverter mimics the 

primary frequency and voltage regulation characteristic of a synchronous 

generator. However, the inverter may not be able to restrain the frequency 

fluctuation in the face of the dynamic change from the grid side. Therefore, the 
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virtual synchronous generator concept is proposed to mimic the inertia 

response characteristic of a synchronous generator [107]. The VSG control is 

essentially subordinate to droop control [149] while gives better response during 

mode transition from the grid-connected mode to the islanding mode. 

4.2 Virtual Synchronous Generator Control Strategy 

In order to operate the microgrid under both grid-connected mode and islanding 

mode, droop control is a proper control strategy which enables the simplification 

of the system’s complexity. A modified droop control based on VSG is eventually 

adopted as the master control strategy in order to optimize the microgrid’s 

operating performance. The comparisons among the conventional droop control, 

the conventional VSG control, and the improved VSG control are presented in 

the following sections. 

 

Figure 4. 1 External hardware circuit system of a VSG. 

 

Figure 4. 2 Internal software controller of a VSG. 
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Virtual synchronous generator control method aims at mimicking the 

performance of a conventional synchronous generator (SG). Thus, grid-

connected renewable energy and distributed generation can easily take part in 

the regulation of the system’s frequency and voltage. A VSG-based inverter 

consists of two parts: the power part which is defined as the external hardware 

circuit system in Figure 4.1, and the electric part which is classified as internal 

software controller, as shown in Figure 4.2 [150]. 

The DC bus in the power part is required to be constant. Either a DC-bus voltage 

controller or a battery energy storage could be introduced to achieve such a 

function. The controller includes the mathematical model of a three-phase 

round-rotor synchronous machine given by [107]: 

𝑑𝜔

𝑑𝑡
=

1

𝐽
(𝑇𝑚 − 𝑇𝑒 − 𝐷𝑝∆𝜔)                                         (4-1) 

𝑇𝑒 = 𝑀𝑓𝑖𝑓⟨𝑖, 𝑠𝑖�̃�𝜃⟩                                              (4-2) 

𝑒 = 𝜔𝑀𝑓𝑖𝑓𝑠𝑖�̃�𝜃                                                (4-3) 

𝑃 = 𝑇𝑒𝜔 = 𝜔𝑀𝑓𝑖𝑓⟨𝑖, 𝑠𝑖�̃�𝜃⟩                                        (4-4) 

𝑄 = −𝜔𝑀𝑓𝑖𝑓⟨𝑖, 𝑐𝑜�̃�𝜃⟩                                           (4-5) 

where Tm, Te, e, θ, and Q are the mechanical torque applied to the rotor, the 

electromagnetic torque, the three-phase back electromotive force (EMF), the 

rotor angle, and the reactive power, respectively. Dp is the mechanical friction 

coefficient. J is the virtual moment of inertia of all the parts rotating with the 

rotor. if is the field excitation current and Mf is the maximum mutual inductance 

between the stator windings and the field winding. ω is the virtual angular speed 

of the machine and also the angular frequency of the control signal which shall 

be sent to the pulse width modulation (PWM) generator, and i is the stator 

current (vector) flowing out of the machine. 𝑠𝑖�̃�𝜃 and 𝑐𝑜�̃�𝜃 are defined as [107]: 

𝑠𝑖�̃�𝜃 = [

𝑠𝑖𝑛𝜃

sin (𝜃 −
2𝜋

3
)

sin (𝜃 +
2𝜋

3
)

], 𝑐𝑜�̃�𝜃 = [

𝑐𝑜𝑠𝜃

cos (𝜃 −
2𝜋

3
)

cos(𝜃 +
2𝜋

3
)

]                          (4-6) 

Similarly to the control of an SG, the VSG controller has two parts for the active 

power and the reactive power, respectively. The active power is controlled by a 
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frequency control loop, using the mechanical friction coefficient Dp, as the 

feedback gain. This loop regulates the angular speed ω of the synchronous 

machine and creates the phase angle θ for the control signal Eref. The reactive 

power is controlled by a voltage control loop, using the voltage droop coefficient 

Dq. This loop regulates the field excitation Mfif, which is proportional to the 

amplitude of the voltage generated. Hence, the frequency control, voltage control, 

active power control, and reactive power control are all integrated into one 

compact controller. 

The output voltage of the synchronous generator will decrease with the 

increment of the output current. For this reason, an excitation regulator is 

necessary to regulate the excitation current in real-time. The closed-loop 

equation for the excitation controller is as follows [151]: 

                                                𝑖𝑓 = G(𝑠)(√2𝑉ref −√2𝑉o)                                (4-7) 

Vref is the reference voltage signal. Vo is the synchronous generator output 

voltage which is equivalent to the EMF mentioned above. G(s) is the regulator 

for the excitation controller. To achieve the primary voltage regulation function, 

the reference voltage of the synchronous generator will change with the variation 

of the reactive power. The changing rule is shown as the following equation [152]: 

                                          √2𝑉ref = √2𝑉n +
1

𝐷q
(𝑄set − 𝑄e)                               (4-8) 

Vn is the root mean square (RMS) value of the rated voltage. By substituting (4-

7) into (4-8), the excitation current can then be deduced as: 

                                  𝑖𝑓 =
G(𝑠)

𝐷q
[𝐷q(√2𝑉n − √2𝑉o) + (𝑄set − 𝑄e)]                        (4-9) 

Taking G(s) as an integral regulator and making G(s)/Dq=1/Kis (1/Ki is the 

integrator gain), the equation (4-9) can be rewritten as 

                                𝑖𝑓 =
1

𝐾is
[𝐷q(√2𝑉n −√2𝑉o) + (𝑄set − 𝑄e)]                          (4-10) 

A simplified VSG controller is shown in Figure 4.3 [153]. 
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Figure 4. 3 Simplified virtual synchronous generator controller. 

For a synchronous generator, the only way to regulate the internal potential 

amplitude is to regulate the excitation current. However, for VSG, the reactive 

power loop only needs to mimic the primary voltage regulation function of the 

synchronous generator. Thus, it is not necessary to introduce the excitation 

current. Therefore, the excitation regulator output can be replaced by the VSG 

modulated voltage e with a new integrator gain 1/Ke. In addition, the modulated 

voltage e can be considered as the VSG output voltage as well. Thus, equation 

(4-10) can be rewritten as [154, 155]: 

                                    𝑒 =
1

𝐾es
[𝐷q(𝑈set − 𝑒) + (𝑄set −𝑄e)]                             (4-11) 

According to the analysis above, the VSG controller could regulate the frequency 

during the transient case through the inertia section; however, both the 

frequency and the voltage lack a regulator to maintain the amplitude according 

to the reference. Therefore, a modified VSG controller with two PI controllers is 

utilized in this thesis, each in the frequency regulation and the voltage 

regulation branch. With the PI controller, the sudden change in frequency and 

voltage amplitude can be minified since the PI controller is able to make the 

output exactly the same as the reference value. In addition, two first-order filters 

are used for the instantaneous power in order to stabilize the  P-f and Q-U 

control loops [149]. An improved VSG controller based on the simplified 

configuration is shown in Figure 4.4. In this case, the real-time active power Pe 

and reactive power Q should be calculated through the instantaneous voltage 

𝑢𝑜
𝑎𝑏𝑐 and current 𝑖𝑜

𝑎𝑏𝑐 measured after the LC filter as shown in Figure 4.3. The 

parameters shall be transformed into the dq components 𝑢𝑜
𝑑𝑞

 and 𝑖𝑜
𝑑𝑞

 

correspondingly. 
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Figure 4. 4 Improved simplified VSG controller. 

4.3 Battery DC/DC Control Strategy 

The DC bus voltage is mainly regulated through the DC/DC converter, which 

connects the battery energy storage system to the DC bus. The main purpose to 

regulate the DC bus voltage is to set the microgrid output capacity. Since the 

active power output Pm obeys the VSG reference, the reactive power output Qm 

is affected by the system’s capacity Sm, which is related to the DC bus voltage. 

Therefore, the DC/DC converter should not only be able to maintain the DC 

voltage at a steady value but also be capable of determining the microgrid 

maximum power output, namely to define the microgrid total capacity. The 

DC/DC converter and the DC voltage control strategy are designed as shown in 

Figure 4.5. 

According to the figure, Sref is the reference apparent power; VDC_ref and VDC are 

the reference DC voltage and DC bus voltage; Ibat_ref and Ibat are the reference 

battery current and actual battery current. The differential-algebraic equations 

for the battery controller can be given as follows: 

                                        

{
 
 

 
 𝑉𝐷𝐶_ref = (𝑆ref − 𝑆𝑚)(𝐾𝑝(𝑆)

𝐷𝐶 +
𝐾𝑖(𝑆)
𝐷𝐶

𝑠
)

𝐼𝑏𝑎𝑡_ref = (𝑉𝐷𝐶_ref − 𝑉𝐷𝐶)(𝐾𝑝(𝑉)
𝐷𝐶 +

𝐾𝑖(𝑉)
𝐷𝐶

𝑠
)

𝐷𝑏𝑎𝑡 = (𝐼𝑏𝑎𝑡_ref − 𝐼𝑏𝑎𝑡)(𝐾𝑝(𝐼)
𝐷𝐶 +

𝐾𝑖(𝐼)
𝐷𝐶

𝑠
)

                    (4-12) 

where 𝐾𝑝
𝐷𝐶  and 𝐾𝑖

𝐷𝐶  are the proportional gain and integral gain for the PI 

controllers respectively. Dbat is the duty ratio for the PWM generator of the 

DC/DC converter. In this case, the DC voltage defined through this way is not 

only for the batteries, but also for the PV unit or any other DC sources which 

are connected to the DC bus. 
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Figure 4. 5 DC/DC converter controller. 

4.4 Pre-synchronisation Control Strategy 

When there is a requirement for the microgrid to connect to the utility grid from 

the islanding mode, a significant impact may occur since the microgrid output 

voltage shares a different waveform from the utility grid. In this case, pre-

synchronization is necessary for regulating the microgrid output to the same 

level as the utility grid. Researchers proposed a self-synchronization method for 

VSG in [156], which makes the inverter automatically synchronize to the grid 

without the need to use any phase-locked-loops (PLLs). In this case, the 

microgrid should meet the requirement to set the reference active power and 

reactive power at 0 during the pre-synchronization process. This means the 

microgrid needs to operate under a zero-generation condition, which may not 

be accepted for some scenarios such as a remote area power supply system with 

an uninterruptible power supply function. 

In this section, a phase angle regulator is utilized for the synchronization 

purpose. The phase angle regulator uses the difference between the grid phase 

angle θg and the microgrid phase angle θm to generate an angular frequency 

compensation component. It then adds the component to the frequency in order 

to regulate the microgrid phase angle. The output can be added to the inertia 

section directly to adjust the angular frequency in order to accelerate the 

regulation of the microgrid phase angle. Once the phase angle is adjusted and 

thus stable, the angular frequency can be settled as well due to the proportional 

relationship between the two parameters. Since the frequency and the voltage 

always follow the reference value, the frequency regulator and the voltage 
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regulator are not so necessary for the pre-synchronization method. Therefore, 

the improved VSG controller with a pre-synchronisation section can be 

developed as shown in Figure 4.6. 

 

Figure 4. 6 Improved VSG controller with pre-synchronisation section. 

 
Figure 4. 7 VSG pre-synchronisation procedure. 

The phase angle regulator also uses the difference between θg and θm to generate 

angular frequency compensation through a PI controller. However, if the voltage 

amplitude varies too much during the pre-synchronization process, due to the 

phase angle change, the phase angle regulator adopts a graded compensation 
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by using a series of PI controllers. When the pre-synchronization section starts, 

the system compensates for the phase angle difference and also detects the 

phase angle difference. When the phase angle difference deviates from -0.05 rad 

to 0.05 rad for at least 0.02s, the phase angle difference is considered acceptable. 

If the phase angle difference is acceptable for the grid-connection, the pre-

synchronization can be considered complete. If the phase angle difference is not 

acceptable, the system changes the PI controller’s parameters to increase the 

compensation value. By compensating the difference step by step, the microgrid 

phase angle can be regulated to approach the grid phase angle. The pre-

synchronization procedure for the VSG controller is shown in Figure 4.7. 

4.5 Small-Signal Stability Analysis of the Improved VSG 

Since the frequency and the voltage are positively related to the active power 

and the reactive power, the stability of the active power and reactive power keep 

the frequency and the voltage of the system stable and vice versa. The general 

active power and reactive power of a synchronous generator are given as [156]:  

                                                   𝑃𝑒 = 3𝑉𝑔𝐸 sin𝜃 /2𝑋𝑠                                   (4-13) 

                                              𝑄 = 3(𝐸 cos 𝜃 − 𝑉𝑔)𝑉𝑔/2𝑋𝑠                              (4-14) 

where Xs is the synchronous reactance of the synchronous generator, θ is the 

difference between the VSG output voltage and the power grid voltage. In order 

to facilitate the analysis and design, θ is viewed very small during the transient 

case. Therefore, the equations can be derived as 

                                                          𝑃𝑒 = 3𝑉𝑔𝐸𝜃/2𝑋𝑠                                 (4-15) 

                                                      𝑄 = 3(𝐸 − 𝑉𝑔)𝑉𝑔/2𝑋𝑠                              (4-16) 

Take the Uset as Vg, then the active power loop and the reactive power loop can 

be built by combining the equations with the VSG structure shown in Figure 

4.4. Make KP=3VgE/2Xs and KQ=3Vg/2Xs, the VSG output active power closed-

loop transfer function and the reactive power closed-loop transfer function can 

be calculated as: 

                           [
1

𝜔𝑛
(𝑃𝑠𝑒𝑡 −

1

𝑇𝑠+1
𝑃𝑒) + (𝜔𝑛 −𝜔) (

𝐾𝑖
𝑝

𝑠
+𝐾𝑝

𝑝)𝐷𝑝]
1

𝐽𝑠
= 𝜔                (4-17) 
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                                                          𝑃𝑒 = 𝐾𝑃𝜔/s                                       (4-18) 

                                [𝑄𝑠𝑒𝑡 −
1

𝑇𝑠+1
𝑄 + (𝑉𝑔 − 𝐸) (

𝐾𝑖
𝑞

𝑠
+𝐾𝑝

𝑞) 𝐷𝑞]
1

𝐾𝑒𝑠
= 𝐸                 (4-19) 

                                                            𝑄 = 𝐾𝑄𝐸                                        (4-20) 

where 𝐾𝑝
𝑝
 and 𝐾𝑖

𝑝
 are the proportional gain and the integral gain of the PI 

regulator in the frequency control loop, 𝐾𝑝
𝑞
 and 𝐾𝑖

𝑞
 are the proportional gain and 

the integral gain of the PI regulator in the voltage control loop. T is the time 

constant of the first-order filters. The active power loop and the reactive power 

loop are shown in Figure 4.8 and Figure 4.9.  

The mathematical descriptions mentioned above are used to derive the small-

signal model. Take the quiescent value as Xn and the small variation as 𝑥, then 

we have [154]: 

                                                    𝑃𝑠𝑒𝑡 = 𝑃𝑠𝑒𝑡_𝑛 + �̂�𝑠𝑒𝑡                                   (4-21) 

                                                       𝑃𝑒 = 𝑃𝑒_𝑛 + �̂�𝑒                                       (4-22) 

                                                   𝑄𝑠𝑒𝑡 = 𝑄𝑠𝑒𝑡_𝑛 + �̂�𝑠𝑒𝑡                                  (4-23) 

                                                         𝑄 = 𝑄𝑛 + �̂�                                       (4-24) 

Substitute equations (16)-(19) into (12)-(15) and eliminate the constant, the 

small-signal transfer functions of the active power loop and the reactive power 

loop can be derived as: 

 𝐺𝑝(𝑠) =
�̂�𝑒

�̂�𝑠𝑒𝑡

=
𝑇𝐾𝑃𝑠

2 +𝐾𝑃𝑠

𝐽𝑇𝜔𝑛𝑠3 + (𝐽𝜔𝑛 +𝐷𝑝𝐾𝑝
𝑝𝑇𝜔𝑛)𝑠2 + (𝐷𝑝𝐾𝑖

𝑝𝑇𝜔𝑛 + 𝐷𝑝𝐾𝑝
𝑝𝜔𝑛 + 𝐾𝑃)𝑠 + 𝐷𝑝𝐾𝑖

𝑝𝜔𝑛
 

                                                                                                               (4-25) 

𝐺𝑞(𝑠) =
�̂�

�̂�𝑠𝑒𝑡
=

𝑇𝐾𝑄𝑠
2 +𝐾𝑄𝑠

𝑇𝐾𝑒𝑠3 + (𝑇𝐾𝑝
𝑞𝐷𝑞 + 𝐾𝑒)𝑠2 + (𝑇𝐾𝑖

𝑞𝐷𝑞 +𝐾𝑝
𝑞𝐷𝑞 + 𝐾𝑄)𝑠 + 𝐾𝑖

𝑞𝐷𝑞
 

                                                                                                               (4-26) 
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Figure 4. 8 Active power small-signal loop. 
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Figure 4. 9 Reactive power small-signal loop. 

In this case, the effect of the virtual moment of inertia J, the mechanical friction 

coefficient Dp, and the excitation voltage integral gain Ke can be analysed 

through the poles distribution of the closed-loop transfer functions derived 

above. The pole-zero map for the active power small-signal loop is shown in 

Figure 4.10. According to equation (20) and Figure 4.10, there are three poles 

(s1, s2, s3) for Gp(s). The figure gives the variation trend of the poles when Dp 

increases under different inertia. The poles get closer to the imaginary axis as J 

increases. This means that with the increase of the moment of inertia, it takes 

a longer time for the system to regulate to be stable and the stability of the 

system is worse. As the mechanical friction coefficient increases Dp, the poles s1 

and s2 become conjugate poles gradually, which may lead to a quick response 

to the system. As a conclusion, on one hand, the bigger J is, the bigger the 

overshoot is during the dynamic process; on the other hand, the smaller Dp is, 

the longer it needs to take for the active power to respond. The pole-zero map 

for the reactive power small-signal loop is shown in Figure 4.11. The only 

influencing factor for Gq(s) is the excitation voltage integral gain Ke. There are 

three poles for Gq(s) including s1, s2 and a real pole (s3). With the increasing of 

Ke, s1 and s2 become a pair of conjugate poles from real poles and they get 

approach to the imaginary axis. This means Ke should not be too big or too small 
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in order to give consideration to both the regulation time and the response time. 

As long as the three parameters are chosen properly, the stability of the system 

can be guaranteed. 

 

Figure 4. 10 Pole-zero map for active power loop. 

 

Figure 4. 11 Pole-zero map for reactive power loop. 

4.6 Simulation Studies 

In this section, case studies are carried out to demonstrate the operating 

performance of the improved VSG control strategy in a hybrid AC/DC microgrid 

based on the N44 building system at Griffith University. Five case studies are 

conducted to analyse the performance of the designed control system during: 

(A) mode transition from grid-connected mode to islanding mode of the hybrid 

microgrid system; (B) sudden load changes in the islanding mode; (C) mode 
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transition and load changing for multi-microgrid system; (D) a line-to-ground 

fault occurring under the islanding mode; and (E) a pre-synchronization period 

and mode transition from islanding mode to grid-connected mode. The 

simulation parameters of the hybrid AC/DC microgrid are shown in Table 4.1. 

Table 4. 1 Simulation parameters of the hybrid microgrid system. 

Parameters Values Parameters Values 

Rf 0.01 Ω Kpq 10 

Lf 3×10-3 H Kiq 1 

Cf 1500×10-6 F Kp(u), Kp(i) 10 

Rated Power 95 kW Ki(u), Ki(i) 100 

Nominal Frequency 50 Hz Kp(S)DC 0.3 

Nominal Voltage 

(Line-to-Line) 

400 V Ki(S)DC 20 

Dp 30000 Kp(V)DC 7 

Dq 2703 Ki(V)DC 800 

J 0.01 Kp(I)DC 10 

Ke 43 Ki(I)DC 100 

Kpp 10 T 0.01 s 

Kip 1   

4.6.1 System Configuration 

The hybrid AC/DC microgrid system structure proposed in the thesis is based 

on the N44 building system since the establishment of this system is reaching 

its final stages [157] while the other two buildings are still in their development 

stage. The N44 building contains a DC subgrid including 15.5 kW maximum 

power output PV panels and a 60 kWh lithium-ion battery energy storage 

system. The DC subgrid contains a low voltage DC bus, which is set at 650V in 

order to meet the converters’ requirements. As an independent power supply, 

the DC subgrid is connected to the AC bus through an interlinking voltage 
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source inverter (VSI) or a four-quadrant distribution static compensator (D-

STATCOM). In addition, 12 kW maximum power output WTs are planned for 

installation on the rooftop of the N44 building. These are connected to the AC 

bus directly. In the actual case, there are currently only AC form loads (energy 

storage can be treated as a DC load during the charging mode). The loads are 

supplied by the AC bus, which can be connected to the utility grid. The AC bus 

RMS voltage is 400V according to the grid phase-to-phase voltage. A fully 

developed simulation model is shown in Figure 4.12. 

 

Figure 4. 12 Hybrid AC/DC microgrid simulation model based on the N44 system. 

In addition, in order to study the multi-microgrid system operating 

characteristics, a simplified multi-hybrid-microgrid based on the real system is 

developed in Figure 4.13. The hybrid AC/DC multi-microgrid system at Griffith 

University mainly contains three commercial buildings, i.e. N44, N79 and N74 

which is shown in Figure 4.13 [114]. Each building constructs a microgrid 

system itself. The N79 building is planned to be a multi-purpose building used 

for research, teaching, and official business. Except for the utilization of solar 

PV panels, wind turbines, and batteries, there is also a requirement for the 

building to achieve an electric vehicle (EV) charging and discharging function, 

which means the building can be used as an EV charging station in the future. 

The N74 building is a semiconductor research and fabrication center which 

requires an uninterruptible power supply (UPS) function with a backup diesel 

generator. Extra PV and battery storage will contribute to energy conservation. 

The battery storage is also responsible for the building power consumption 

during the power cut before the diesel generator fully started. The N44 building 

is a commercial building with several different kinds of DER units including PV 
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panels, wind turbines, and a battery energy storage system. The PV panels and 

the BESS unit are connected to each other through a common DC bus which 

establishes a DC subgrid. By utilizing a common AC bus, the DC subgrid and 

wind turbines are combined which makes the N44 building a small-scale hybrid 

AC/DC microgrid itself. In this model, three DC/AC inverters are utilized for 

each building, which are all under VSG control strategies. However, the system 

reduced the involvement of the EV charging station, the coupling DC/DC 

converter and the diesel generator in order to facilitate analysis and test the 

feasibility of the proposed control strategy. Such a simulation structure is 

mainly to investigate the multi-VSG system operating performance. Based on 

this structure, the more complicated system configuration can be established 

in the future. 
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Figure 4. 13 Multi-hybrid-microgrid simulation structure. 

4.6.2 Case A: Mode Switching from Grid-Connected Mode to 

Islanding Mode 

In this case study, the transient performance of the hybrid AC/DC microgrid is 

compared among the conventional droop control strategy, modified droop 

control with supplementary PI controllers [158], original VSG control and the 

improved VSG control method proposed in the thesis during the mode transition 

from grid-connected mode to islanding mode. The system’s frequency is set at 

50 Hz and the line-to-line voltage RMS value is set at 400 V according to the 

Australian standard. The power output of the hybrid microgrid is set at 85 
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kW/54 kVar, including 75 kW/54 kVar from the master generation and 10 

kW/0 kVar from the slave generation.  

 

Figure 4. 14 Hybrid microgrid performance comparison during the unplanned islanding case. 

Before 4 s, the system operates in the grid-connected mode. At 4 s, the microgrid 

is disconnected from the utility grid. The frequency and voltage during mode 

transition among droop control, modified droop control, VSG control and the 

improved VSG control are shown in Figure 4.14. Without the support of the 

main grid, the frequency starts to deviate from the reference value 50 Hz. The 

system can still conduct normal operations without changing the control 

strategy within a sudden unplanned islanding case. The frequency drops are 

both optimized by 0.05 Hz under the modified droop control and the original 

VSG control than the conventional droop control. However, it can be seen that 

the frequency under the improved VSG control strategy is able to maintain at 
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50 Hz, although there is a minor drop shoot during the transition period. Since 

the microgrid output is lower than the load, the output voltage will increase 

during the islanding mode in order to match the output power with the load. 

The VSG voltage performance is optimized by accelerating the voltage 

stabilization compared droop control strategy; however, the transient change 

becomes a little bit larger. The improved VSG controller compromises the 

performance by taking both the voltage stabilization speed and the transient 

transition into account. Compared to the conventional VSG control, the 

improved VSG control strategy lowers the voltage changing rate from 13% to 5%. 

The active power performances show a similar trend in the four control 

strategies, which all keep stable output at 95 kW in order to meet the load under 

islanding case. However, there is a tiny unnatural change in active power at the 

beginning of the grid-disconnection due to the operation condition change. The 

system is able to conduct a smooth transition from grid-connected mode to 

islanding mode. 

4.6.3 Case B: Load Changing during Islanding Mode 

When the load changes during the islanding mode, all the DGs react promptly 

to stabilize the system and match the load automatically. This study includes 

two cases: the first case is one where the load increases by 20 kW; the second 

case is that the load decreases by 20 kW to a lower status. In the simulation, 

the load increases to 115 kW/54 kVar at 8s for the first case, while decreases 

to 75 kW/54 kVar at 8s for the second case. From 4s to 12s, the system operates 

in islanding mode. The performances of the hybrid microgrid during load 

changing are demonstrated in Figure 4.15 and Figure 4.16. According to Figure 

4.15 (a), during the load increasing case, the frequency response trend under 

the four control strategies are quite similar. However, after the sudden change, 

the frequency under VSG control can return to 49.93 Hz, which takes a bit 

longer for the improved droop control strategy to reach, while the frequency 

under droop control stays at 49.87 Hz. The frequency transience is optimized 

by reducing 0.05 Hz in the change under the VSG control and 0.04 Hz in the 

modified droop control. The improved VSG keeps the frequency at the exact 50 

Hz, which shows the good frequency tracking performance of the improved VSG 

controller. In addition, it optimizes the transient performance by lower 0.02 Hz 

of the frequency change. Moreover, the improved VSG control strategy keeps the 

good voltage characteristic of droop control, which gives a quicker response and 
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eliminates unnecessary fluctuation in conventional droop control. The active 

power output behaves consistently under the four control strategies. 

 

Figure 4. 15 Hybrid microgrid performance comparison during load increases. 

As shown in Figure 4.15 (a), the stabilised frequency under VSG control can 

reach 50.02 Hz, which is a lot better than that under droop control (50.1 Hz). 

However, the overall changing range of the frequency under the improved VSG 

control is only 0.07 Hz, which is much better than the 0.18 Hz under droop 

control and the 0.1 Hz under VSG control. When the load decreases to 75 kW, 

the frequency under improved VSG control turns back to an exact 50 Hz while 

there is still a 0.05 Hz frequency deviation under the improved droop control. 

The voltage under conventional VSG control shows a similar performance with 

the case when the load increases, while the ripples are also attenuated under 

the improved VSG control. During the load decreasing transience, there is an 
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overshoot in the voltage performance. The improved VSG optimizes this sudden 

change from 0.7% to 0.5%. 

 

Figure 4. 16 Hybrid microgrid performance comparison during load decreases. 

Under the load changing case, the improved VSG control reserved the advantage 

of the conventional VSG, which draws the frequency back to 50 Hz after a minor 

variation. However, it has a better voltage reference tracking performance. The 

VSG output voltage follows the reference 400 V precisely under the improved 

VSG control rather than the conventional VSG control, which can be seen in 

Figure 4.17. A minor change happens during the transient case which can be 

neglected. The conventional VSG makes a permanent controller voltage change 

after the load variation which may result in the converter output voltage change 

as well. Since the load increases by 20 kW, the microgrid tries to match the load 
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by increasing the output active power, which is determined by the main 

generation unit. The DC subgrid capacity is kept constant by maintaining the 

DC bus voltage stable. In this case, the reactive power drops, which results in 

the voltage drop of the microgrid system. The opposite occurs when the load 

decreases. Under normal circumstances, the load changing is the most common 

phenomenon, which may lead to a transient effect in an islanding microgrid 

system. To evaluate the system’s performance, a 24-hour N44 building load data 

is adopted in the simulation based on the improved VSG control strategy. Figure 

4.18 shows the N44 microgrid performance in one day including the frequency 

and voltage variation according to the load. 

 

(a) 

 

(b) 

Figure 4. 17 VSG output voltage during load changing (a) load increasing case (b) load 
decreasing case. 
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(a) 

 

(b) 

 

(c) 

Figure 4. 18 N44 microgrid performance in 24 h (a) 24-hour N44 building load data (b) 
frequency (c) single-phase voltage. 
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4.6.4 Case C: Mode Transition and Load Changing for Multi-

Microgrid 

In this case study, the improved VSG performance for a multi-microgrid system 

which is shown in Figure 4.13 is investigated. Since the VSG control method is 

a kind of improved droop control strategy in essence, it inherits the advantages 

of the droop control. Therefore, the improved VSG control strategy possesses 

the inherent ability to achieve power-sharing when several VSGs are operating 

in parallel. The power-sharing rule obeys the following equation[159]: 

                                         P1/Dp1=P2/Dp2=…=Pn/Dpn                                  (4-27) 

                                        Q1/Dq1=Q2/Dq2=…=Qn/Dqn                                 (4-28) 

Pn and Qn represent the output active power and reactive power respectively for 

each VSG. Dpn and Dqn are the coefficients for each VSG. As long as the 

parameter settings meet the requirements above, the power output will follow 

the reference value. This is similar to the conventional droop control, which 

means the improved VSG control strategy shares a similar power-sharing ability 

during the islanding mode when parallel VSGs are operating together. In this 

section, the power-sharing characteristic under improved VSG control method 

is only compared with the conventional droop control strategy since all the four 

control strategies are based on the same power allocation principle. In this case 

study, the three VSG output active power ratio is set as 1.4:1.15:1. The reactive 

power ratio is set as 1:1.25:1.4. The total loads of the three sub-systems are 253 

kW/ 150 kVar. The frequency and voltage variation are shown in Figure 4.19. 

At 4s, the multi-microgrid system is disconnected from the utility network; at 

8s, the total load increases 20 kW. Since the power supply capacity is much 

bigger than the single microgrid, the frequency and the voltage become more 

stable under both of the control strategies. However, due to the superiority of 

the improved VSG control method, the microgrid still performs better either in 

frequency variation or in voltage response compared to droop control. The 

power-sharing characteristics are shown in Figure 4.20 and Figure 4.21. The 

microgrid active power and reactive power outputs follow the reference settings 

under the grid-connected mode, however, the output power will match the loads 

under the islanding mode.  In this case, the power output for each inverter is 

following the setting power ratio during the islanding mode according to the 
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figures. It can be seen that the improved VSG controller shares the same power 

allocation property as the droop control does with quicker power response. Due 

to the capacity limit, when the load increases 20 kW, the reactive power output 

decreases since the active power output is trying to match the load. 

 

(a) 

 

(b) 

Figure 4. 19 Multi-microgrid performance (a) Frequency variation (b) Voltage variation. 

 

(a) 
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(b) 

Figure 4. 20 Active power-sharing property (a) Multi-microgrid under improved VSG control 
(b) Multi-microgrid under droop control. 

 

(a) 

 

(b) 

Figure 4. 21 Reactive power-sharing property (a) Multi-microgrid under improved VSG control 
(b) Multi-microgrid under droop control. 

4.6.5 Case D: Single-Phase-to-Ground Fault Occurring at PCC 

The aim of this case study is to verify the performance of the designed controller 

during an external fault. A single phase-to-ground fault is considered as this is 
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the most common fault that occurs on a network. In the simulation, the fault 

happens at 8 s and lasts for 0.2 s. The transient frequency and the VSG output 

voltage are shown in Figure 4.22 and Figure 4.23. According to the figures, the 

VSG control method can reduce the frequency drop shoot to 49.55 Hz from the 

49.5 Hz under droop control. However, the improved VSG is able to optimize the 

drop shoot to 49.35 Hz and draw the frequency back to the reference value faster. 

When the fault is cleared, the frequency is regulated to return to 50 Hz through 

the control strategies. The improved VSG control reduces the overshoot to 50.3 

Hz compared to the 50.45 Hz under the conventional VSG control and saves the 

unnecessary fluctuations of the frequency in order to shorten the regulation 

time within 0.6s, which is shortened by 40% than in conventional VSG control 

and droop control strategies. This is due to the PI controller in the frequency 

loop, which makes the frequency response fast and precise. The improved VSG 

control method optimizes the VSG output voltage to an obvious extent. Although 

the voltage distortion is inevitable after the fault occurs, the improved VSG 

controller is still able to limit the voltage fluctuations around the reference 

voltage. However, the output voltage for conventional VSG has a severe 

distortion, which seriously affects the performance of the VSG. Due to the same 

reason in the voltage loop, the VSG output voltage can be stabilized back to the 

set value very quickly. 

 

Figure 4. 22 Hybrid microgrid frequency during single-phase-to-ground fault. 
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Figure 4. 23 VSG output voltage during a single-phase-to-ground fault. 

4.6.6 Case E: Synchronisation to the Utility Grid 

Before an islanding microgrid system connects to the utility grid, 

synchronization is essential to ensure the stability of the system. The main aim 

of this case study is to validate the pre-synchronization method for the improved 

VSG control strategy proposed in this thesis. In this study, the simulation 

operates under islanding mode for 2.5 s. At 1.5 s, the pre-synchronization 

module is put into operation. With the graded PI controller, the frequency, the 

phase angle and the voltage are supposed to vary step by step to limit the 

variation within the acceptable range. Until the phase angle difference between 

the utility grid and the microgrid reaches the tolerable zone (±0.05 rad), the pre-

synchronization control block stops operating. Although the frequency and the 

voltage are under tuning all the time, the phase angle variation may still result 

in the changing of the frequency and the voltage since essentially the phase 

angle regulation is the regulation of the frequency. However, once the phase 

angle tuning process finished, the frequency and voltage will stabilise at the 

reference value due to the PI controllers implementation in the frequency loop 

and the voltage loop. Until 2.5 s, the system is connected to the utility grid. The 

phase angle difference, frequency, single-phase voltage, and single-phase 

current of the microgrid system under the pre-synchronization process are 

shown in Figure 4.24. According to the figures, the frequency deviates from 

49.92 Hz to 50.45 Hz and the voltage deviates from 0.92 to 1.09 p.u. According 

to the Australian Renewable Energy Agency (ARENA) description [160], the 
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performance of the system is considered to be operating steadily during the pre-

synchronization process. At the grid-connection time point, it can be observed 

that the grid-connection process is absolutely smooth without any system’s 

variation. In this case, the smooth mode transition from islanding mode to grid-

connected mode is also realised. The pre-synchronisation block is successfully 

designed for the phase angle regulation without causing extra serious effect on 

the system’s performance. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4. 24 Microgrid performance during the pre-synchronisation process (a) Phase angle 
difference (b) Microgrid frequency (c) Single-phase voltage (d) Single-phase current. 

 

Figure 4. 25 Single-phase voltage waveform during pre-synchronisation. 

Figure 4.25 shows the voltage waveforms of both the grid and the microgrid 

during pre-synchronization, which presents the process of the microgrid 

synchronization to the utility grid. The step changes in the following parameters 

are caused by the graded regulation synchronization method, which makes the 

voltage and frequency change smaller comparing with the one constant PI 

compensation. Figure 4.25 also shows the hybrid microgrid performance during 

the grid-connection process complying with the IEEE 1547. From the figures 

mentioned above, it can be concluded that the hybrid microgrid system 

transitions smoothly from islanding mode to grid-connected mode. Without 

causing any harmful impacts during the connection process, the system aims 

to operate normally once connected to the main grid. The voltage, frequency, 

and phase angle are all regulated to a similar level to the utility grid through the 

pre-synchronization block. The method proposed in the thesis is validated as 

effective, feasible and easy to implement. 
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4.7 Chapter Summary 

In this chapter, an improved virtual synchronous generator control strategy is 

developed for the hybrid AC/DC microgrid system to conduct a smooth mode 

transition performance. The proposed method is analysed mathematically and 

compared with other control methods. In addition, a pre-synchronisation 

section is developed specifically for the proposed VSG method. The performance 

of the proposed control strategy is validated through simulation based on a real 

system configuration which is located at Griffith University, Australia. The 

results show that the proposed method is superior to conventional control 

strategies and also improved conventional control methods. The improved VSG 

is capable of offering a smooth operation mode transition from grid-connected 

mode to islanding mode for a hybrid AC/DC microgrid system and it can also 

be reconnected to the utility grid smoothly based on the pre-synchronisation 

regulation. The voltage and frequency change during the pre-synchronisation 

process meet the Australian standard requirement very well. 
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5. Experimental Setup and Results Analysis 

This chapter describes the microgrid system setup, which is built at Griffith 

University, Australia. The microgrid experimental benchmark utilises a four-leg 

smart inverter to connect to the utility grid. The four-leg inverter is modified 

from the Semikron Electronic teaching system which was with only three legs. 

Based on the Semikron three-phase inverter, a half-bridge is added to replace 

the internal DC/DC converter as the fourth leg, and the neutral line is also 

drawn between the two capacitors. There shall be another three-leg inverter 

connected to the grid side in parallel with the four-leg inverter to simulate the 

second microgrid. The main purpose of this microgrid is to achieve the power-

sharing function with the four-leg-inverter-based microgrid. Four 50 V batteries 

with a total capacity of 220 Ah are utilised at the DC side to provide the DC 

voltage support. In addition, the batteries help to achieve the power exchange 

between the grid and the microgrid. The AC voltage is stepped down through a 

three-phase transformer. Three single-phase loads are connected to the AC side 

to simulate different operating cases. Figure 5.1 depicts the physical connection 

configuration of the system. The Griffith microgrid setup is shown in Figure 5.2. 

All the hardware elements with their specifications are listed in Table 5.1. 
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Figure 5. 1 Griffith microgrids system experimental platform configuration. 
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Table 5. 1 Hardware components for the experimental benchtop. 

Hardware 

caption 
Component name Specifications 

A 4 Kokam Batteries 50 V, 55 Ah 

B 
4-Leg Semikron Modified 

Inverter 
750 VDC, 400 VAC, 30 A, 50 Hz 

C 3-Leg Semikron Inverter 750 VDC, 400 VAC, 30 A, 50 Hz 

D 3 Single-Phase loads Each 14.4 kVA, 420 V, 160 A, 50 Hz 

E Switchgear Controller Unit 
Denkinetic controller with Texas Instruments 

Delfino F28335 Control Card 

F 
3-Phase Variable 

Transformer 

Model HY1306: 30 kVA, 380 V, 45.5 A, 50~60 

Hz 

G Voltage/Current Sensors 1000 V, 30 A 

H LC Filters 10 μF, 1 mH 

I 
Common Coupling Junction 

Box 
NA 

J 3-Phase Power Analyser Newtons4th PPA1500 

K Four-Channel Oscilloscope KeySight 

L DC Power Supply Two Channels: 30 V, 5 A/Channel 

M Battery Isolation Benchmark 5 A limitation 

N 
Operating Laptop Computer 

with Code Composer Studio 
Core i5 – GHz, GB RAM 

5.1 Experimental Hardware Description 

5.1.1 Kokam Battery 

The Kokam battery is able to provide a constant 50 V for each bank. The 

combination of four batteries supplies a 200 V DC voltage for the system 

corresponding to the 85 V AC side voltage for power exchange purpose. An 

isolation benchmark is introduced to keep the safe operation of the equipment. 
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Figure 5. 2 Griffith microgrids system experimental hardware benchtop. 

The maximum DC current is limited within 5 A for the safety consideration for 

the Griffith microgrid system. The battery system benchmark is shown in Figure 

5.3. There are five parts to ensure safety when operating the system which are 

listed in Table 5.2. 

Table 5. 2 Battery benchtop components. 

Number Part Name 

1 Battery Connector 

2 Fuse Breaker 

3 Main Circuit Breaker 

4 Second Circuit Breaker 

5 Contactor 

5.1.2 Semikron Inverter 

Two Semikron Semiteach power electronic teaching systems are utilised to 

simulate two microgrid interlinking converter systems. The default package 

consists of a three-phase rectifier module, three IGBT half-bridge modules 

which behave as inverters for three phases, one IGBT chopper module working 

as a DC/DC converter and two 2200μF capacitors which are utilised to maintain 

the DC voltage of the converter. The typical physical prototype of the three-

phase Semikron converter is shown in Figure 5.4. 
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Figure 5. 3 Battery benchtop configuration. 

 

Figure 5. 4 Three-leg Semikron converter. 

Since there are only three legs in the converter, there is a requirement for a 

revision of the inverter to achieve neutral control. In the context, an IGBT-based 

half-bridge is utilised to replace the DC/DC chopper module to behave as the 

fourth leg. In addition, a neutral line is led from the middle of the two capacitors 

aforementioned so that a neutral line from the split-capacitor is created. The 

main reason for the split-capacitor neutral is to realise the hardware decoupling 

of the three legs so that the output of the three phases will not interfere with 

each other. The effect will be more clear in the harmonics generation function. 

The revised four-leg inverter prototype is shown in Figure 5.5. 

1 

2 
3 4 5 
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Figure 5. 5 Modified four-leg Semikron converter. 

5.1.3 Single-Phase Load 

Table 5. 3 IT-8600 single-phase load specifications. 

Parameter Variation Range 

Frequency 45 Hz ~ 450 Hz 

Power 0 ~ 14.4 kVA 

Voltage 50 ~ 420 V (Line Voltage) 

15 ~260 V (Phase Voltage) 

Current 0 ~ 160 A 

Interface Support GPIB, LAN & USB Communication Interfaces 

External USB flash disc Interface 

Three ITECH IT-8600 single-phase programmable loads are introduced in the 

system to simulate the loads in the microgrid system. Since the loads are 

independent of each other, different cases including balancing or unbalancing 

cases can be created. The loads are able to get adapted to the operating voltage 

automatically, and the current can be tuned to change the power consumption 

of the loads. The specifications of the loads are listed in Table 5.3. The real 

equipment is shown in Figure 5.6, and the front panel configuration is listed in 

Table 5.4. 
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Figure 5. 6 IT-8600 single-phase programmable loads. 

Table 5. 4 3 IT-8600 single-phase load front panel configuration. 

Hardware 

caption 
Component name 

Hardware 

caption 
Component name 

1 Operation buttons 8 Function key 

2 USB interface 9 Power switch 

3 LCD display 10 Menu key 

4 Menu key 11 Home key 

5 Rotary knob 12 Arrow keys and Enter key 

6 Number key 13 ESC key and Enter key 

7 Memory key   

The programmable loads allow several different parameters measurement 

including the average current, maximum current, voltage effective value, 

maximum voltage, active power, reactive power, apparent power, frequency, 

voltage total harmonic distortion, power factor and so on. In addition, the loads 

provide several operation functions for different case simulations which can be 

2 

1 3 

4 
5 6 7 8 

9 

10 11 

12 13 
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found from Table 5.5. By regulating the power factor and the crest factor, the 

loads are capable of building the non-linear loads environment as well. 

Table 5. 5 3 IT-8600 single-phase load operation modes. 

Operation Mode Function Description 

Constant Current 

Mode (CC) 

The load will sink a constant current according to the programmed 

value if the input voltage is higher than the minimum operating 

voltage. 

Constant Resistance 

Mode (CR) 

The load is equivalent to the constant resistance and will suck the 

current of linear ratio to the input voltage. The power factor can be 

regulated to 1 since the current waveform follows the same trend of 

the voltage waveform. 

Constant Power 

Mode (CP) 

The constant power is required for the loads and the current sinks 

according to the set power. If the input voltage increases, the input 

current will decrease to keep the power at the setting value. 

5.1.4 Three-Phase Variable Transformer 

A 30 kVA three-phase variable transformer is applied to step down the grid 

voltage to a lab-scale voltage for the safety consideration. The rating voltage at 

the primary side of the transformer is 380 V while the secondary side is able to 

provide a voltage ranging within 0~2000 V. It supports 8.6 A current at the 

secondary side which fulfils the experiment setup requirements. The 

transformer operates under the frequency range of 50~60 Hz. The equipment is 

shown in Figure 5.7 (c). Once the transformer starts to work, the green light on 

the right is turned on. The red light indicates the faults or the operation failure 

of the transformer. Two switching boards are built to ensure safety within the 

lab through multiple protection steps. All the switches and the contactors 

ensure the maximum current is limited within 20 A. The switching boards build 

multi-stage protection within the laboratory for safety consideration. When 

there is a necessity for the AC side connection, all the switches on both boards 

should be switched on as well as the breaker inside the transformer. Any over 

current or over voltage phenomenon will trigger the breakers and furtherly lead 

to the AC grid disconnection from the microgrid system. The boards are shown 

in Figure 5.7 (a) and (b). 
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                    (a)                                                                        (b) 

 

(c) 

Figure 5. 7 Three-phase transformer with protection connection (a) First-stage swithcing 
board (b) Second-stage switching board (c) adjustable transformer. 

5.1.5 Switchgear Controller Unit 

The Denkinetic Switchgear controller unit is introduced to control the Semikron 

converter. The core of the Switchgear controller is a high-performance real-time 

microcontroller (MCU). The MCU module utilised in the experiment is based on 
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Texas Instruments Delfino F28335 digital signal processor (DSP). The modules 

include all required interface circuitry to connect to the real-world drivers and 

signal conditioning. In most cases, the system is built through the utilisation of 

common signal transmission cables to connect the converter system to the 

Switchgear box as shown the E part in Figure 5.2. The Switchgear controller 

exterior is shown in Figure 5.8. The controller can be expanded by adding more 

module cards. The different module is for different functions such as the 

analogue/digital signals conversion, the pulse width modulation (PWM) signals 

generation, communication, etc.  

 

Figure 5. 8 SwitchGear Controller Unit. 

The controller is operating within the development environment of code 

composer studio (CCS). The Switchware Library is developed in order to provide 

classes that are packages for kinds of hardware signal types, including digital 

inputs or outputs, analogue inputs and serial peripheral interface (SPI). The 

SwitchWare Library is implemented through coding by C++ language to take 

advantage of data encapsulation and abstraction. It is optimised to achieve a 

fast programme operation without invoking any computationally complicated 

characteristics of C++, such as virtual functions. 

5.1.6 Power Analyser 

The power analyser is utilised for the AC grid power quality monitoring. The 

Newtons4th PPA1500 model is capable of detecting the three-phase voltage and 
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Table 5. 6 PPA 1500 power analyser specification. 

Hardware 

caption 
Component name Specifications 

1 Front USB Port 
USB memory port allows data to be saved directly to 

a USB pen drive 

2 Power Button NA 

3 Display Screen 
White LED backlight colour TFT display with high 

contrast and wide viewing angle 

4 Screen Display Options Zoom, real-time, table and graph options 

5 
Measurement Function 

Selection Buttons 

Power analyser; Power integrator; Harmonic 

analyser; True RMS voltmeter and ammeter; 

Impedance meter; Oscilloscope 

6 
Measurement Settings 

Buttons 

• Acquisition settings – Sets wiring configuration 

• Smoothing and data logging 

• Coupling – Set coupling to AC, DC or AC+DC, also 

set bandwidth 

• Range – Internal or external attenuator, auto-

ranging settings, scale factors 

• Application mode – PWM, ballast, inrush current, 

power transformer, standby power 

• Plus direct configuration of – alarm, auxiliary, 

remote, system and program functions 

7 
Menu Selection & Cursor 

Control 
NA 

8 Start, Stop, Zero & Trigger 

Trigger button refreshes measurement, Zero resets 

datalog or allows an offset trim Start and Stop 

buttons provide manual control of a measurement 

period 

9 Phase Inputs 
Maximum direct voltage input: 1 kV (RMS) 

Maximum direct current input: 20 A (RMS) 

10 PC Interface Connections Standard interfaces RS232 + USB + LAN (Optional) 

current performance from the grid side. The power analyser provides several 

different features, including the high-speed power measurement, high accuracy 

of the voltage and current total harmonics distortion analysis and their discrete  
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(a) 

 

(b) 

Figure 5. 9 PPA 1500 power analyser (a) front (b) back. 
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Fourier transform (DFT) real-time no gap analysis. It can be applied not only for 

electric system power quality measurement but also can be used for torque and 

speed analysis in motor control. In the experiment performed in this thesis, the 

power analyser is implemented to provide the THDs for the grid current in 

different phases for observation and comparison. The power analyser supports 

three-phase voltage and current measurement through the six self-embedded 

meters and the physical inputs connection. The menu buttons also give the 

regulation ability to present all the data through the display screen. The 

equipment exterior is shown in Figure 5.9, and the different parts within the 

facility are introduced in Table 5.6. The specification of each part is also listed 

in the table. 

5.1.7 Common Coupling Junction Box 

The common coupling junction box is a special device designed for point of 

common coupling (PCC). Since all the microgrid interlinking converters are 

supposed to join the grid from the AC side, the junction box is designed to 

connect all the necessary AC components together to build a point of common 

coupling for neatness and safety consideration. Inside the PCC box, there are 

several breakers to limit the current within 20 A to achieve multi-stage 

protection. The PCC box provides the connectors for the interlinking converters, 

the utility grid, and several different types of loads. In this case, the PCC box 

supports both three-phase connections and single-phase connections. The 

connection ports follow the Australian standard which can be seen in Figure 

5.10, and all parts are explained in Table 5.7. 

Table 5. 7 Common coupling junction box configuration. 

Hardware caption Component name 

1 Three-phase interlinking converter connectors 

2 Grid or three-phase AC connection ports 

3 Single-phase loads connection ports 

4 Three-phase loads connection ports 

5 Current breakers 
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(a) 

 

(b) 

 

(c) 

Figure 5. 10 Common coupling junction box (a) front (b) back (c) top. 
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5.1.8 Filter and sensors 

 

Figure 5. 11 Filter and sensors. 

Table 5. 8 Components for filter and sensors. 

Hardware caption Component name 

1 1 mH inductors for filtering 

2 10 μF capacitors for filtering 

3 AC voltage meters (Grid side) 

4 DC voltage meter (Converter side) 

5 Threading AC current sensors (Converter side) 

6 Banana connector AC current sensors (Load side & 

Grid side) 

It is necessary to use filters to connect the interlinking converters to the utility 

grid in order to smooth the microgrid output generation. In the experiment, an 

inductor-capacitor (LC) based filter is utilised, as shown in Figure 5.11. The 

filter helps to improve the converter output from the square waveform to the 

1 

2 

3 

4 
5 

6 
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sine waveform. However, it is noted that the filter only supports the adjustment 

of the interlinking converter which is connected to it. It is not a solution for the 

harmonics pollution from loads or other devices. In addition, sensors are 

indispensable for the data acquisition purpose. The sensors for different 

purposes are shown in Figure 5.11 and listed in Table 5.8. 

5.2 Experimental Case Studies 

In this section, there are eight cases presented in order to show the performance 

of the Griffith microgrid system. Due to the experimental condition limitation, 

all the testing scenes are conducted under the grid-connected condition. The 

basic operating condition for the system is 85 V AC (ph-ph), 50 Hz, 200 V DC. 

The cases can be classified into two categories: normal grid-connected microgrid 

testing and active power filter function validation. A brief testing experimental 

testing summary is shown in Table 5.9. All the results are observed through the 

oscilloscope and shown in the following sub-sections. 

Table 5. 9 Experiment case summary. 

Category Testing case 

Basic grid-connected microgrid 

operation function 

Single microgrid operation 

Double microgrids coordination operation 

Grid-connected microgrid with 

APF function 

Single-phase load harmonics compensation 

Double-phase loads harmonics compensation 

Unbalanced loads harmonics compensation 

Single-phase harmonics compensation with active power 

generation 

Single-phase harmonics compensation with reactive power 

generation 

Neutral current compensation 

5.2.1 Single Microgrid Operation 

The initial experiment study is to build a single three-phase microgrid to achieve 

the basic functions of a grid-connected microgrid such as active power 
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generation. In addition, since the grid-connected microgrid is operating under 

the PQ control strategy, it is supposed to be capable of making a reactive power 

regulation. In other words, the microgrid can be working as a static var 

generator to achieve the phase shifting between the current and the voltage from 

the same phase. Such a function is usually used for reactive power 

compensation for the loads’ demanding. The experiment, in this case, is divided 

into to parts: active power generation testing and reactive power regulation 

testing. Figure 5.12 shows the active power generation ability of the microgrid. 

The microgrid starts to inject current to the grid gradually from the beginning, 

and then the three-phase output currents (icabc) stabilise at the reference value 

(id = 2 A). In Figure 5.12(b), the Phase A generation current (ica) and the grid 

voltage (uga) follow a consistent phase which indicates the microgrid is 

generating active power to the grid. The DC side voltage Vdc maintains at 200 

V since the battery helps with the voltage stabilisation. Figure 5.13 shows the 

reactive power regulation ability of the microgrid. In this case, the microgrid is 

connected to the utility grid without considering the common loads. The grid is 

considered as a slack load which can consume as much power generation as 

the microgrid could output. Therefore, the results only indicate the reactive 

power generation from the microgrid while not the reactive power compensation 

for the loads. By tuning the iq reference, the output current shifted leading or 

lagging the voltage in different angles. 

 

(a) 
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(b) 

 

(a) 

 

(b) 

Figure 5. 12 Reactive power generation (a) current leads voltage (b) current lags voltage. 

5.2.2 Double Microgrids Coordination Operation 
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This case study is to test the coordination operation performance when two 

microgrids are operating together. The two microgrids are both connected to 

batteries at the DC side. Therefore, the power flow is supposed to be bi-

directionally between the microgrids and the grid. When the two microgrids are 

operating together, the most important target is to achieve the power-sharing 

between the microgrids. In this experiment, three scenarios are carried out to 

perform the different power-sharing situations as shown in Figure 5.14. (a) 

shows the two microgrids are generating the same amount of active power to 

the utility grid. As can be seen, the amplitudes of both currents ica1 and ica2 are 

the same since the id references for both microgrids are set as 2 A at this stage.  

When one of the microgrid id references is set as -2 A, the ica1 current direction 

becomes opposite as shown in Figure 5.14(b) which means the microgrid 

requires power from the grid. Figure 5.14(c) shows a different case that both of 

the microgrids are generating active power to the grid but at different levels. The 

id reference for the second microgrid is set at 4 A. Therefore, the amplitude of 

the current output from the second microgrid ica2 doubles the amplitude of the 

current output from the first microgrid ica1. The two microgrids can work 

independently without influencing the output of each other. In the context, the 

microgrid setup successfully achieves the power-sharing between the two 

microgrids and also realises the bidirectional power flow management. The 

results present that the system shows good performance when two microgrids 

are operating coordinately. 

 

(a) 
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(b) 

 

(c) 

Figure 5. 13 Double microgrids coordination operation performance (a) both generating the 
same amount of power (b) one generating with another one consuming power (c) both generating 

different amount of power. 

5.2.3 Single-Phase Load Harmonics Compensation 

In this testing case, two scenarios are conducted. The first scenario is that there 

is only one phase requiring power generation from the grid, and the current is 

distorted. In this scenario, although the microgrid is developed in three-phase, 

the microgrid will only output in single-phase to make the harmonics reduction. 

The results can be seen in Figure 5.15. To make the results more clear, the 

voltage is selected from Phase C (ugc) while the current demanding is from Phase 

A. Before compensation, the Phase A current iga follows the Load current, and 

the converter output current ica is 0. After compensation, the microgrid provides 
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the necessary harmonics to the load, and the grid current is optimised from a 

THD of 31.3 % to 4.45%. 

 

(a) 

 

(b) 

Figure 5. 14 Harmonics compensation performance with single-phase distorted load demand 
(a) before compensation (b) after compensation. 

The second scenario is that the three-phase currents demand by the loads are 

balanced while only the current of Phase A ila is distorted. This leads to the 

distortion of the grid current of Phase A iga. In this case, the microgrid system 

is expected to behave like a single-phase APF through the control strategy, 

which is introduced in Chapter 3. As shown in Figure 5.16(a), the load current 

in Phase A ila is distorted with a THD at 31.3% while the load current in Phase 

B ilb is purely sine wave. Both of the loads exhibit 147 W. With the microgrid 

harmonics compensation, as shown in Figure 5.16(b), the grid current in Phase 

A iga is optimised into sine waveform with a THD at 4.45% from the same 
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distorted current as of the load current. This meets the IEEE 1547 standard 

which requires the current THD to be limited within 5%. This is basically an 

unbalanced harmonics case in which the THDs in Phase B and C are both within 

5% while the current THD in Phase A is much over the criterion. The Phase B 

grid current igb and the load current ilb are also shown in Figure 5.15 for 

comparison purpose. It can be seen that the proposed system is effective to 

compensate for single-phase harmonics. 

 

(a) 

 

(b) 

Figure 5. 15 Harmonics compensation performance with three-phase demanding while single-
phase load distortion (a) before compensation (b) after compensation. 

5.2.4 Double-Phase Loads Harmonics Compensation 

The proposed control strategy is supposed to reduce the harmonics from the 

grid side no matter how the harmonics differ among different phases. In section 
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5.2.3, a similar case is presented since only one phase is distorted. However, it 

is easy for the microgrid to generate only single-phase harmonic with no output 

to the other phases. When the other phases also require different harmonics 

generation in conventional APF used systems, the interlinking converter output 

may interfere with each other, which leads to a bad harmonics reduction effect. 

This testing case is also divided into two scenarios, including double-phase 

balanced and unbalanced harmonics situations. The first scenario is that the 

loads in Phase A and Phase B are both 147 W and distorted with a THD of 31.3% 

as shown in Figure 5.17. Before the harmonics’ compensation, the grid currents 

iga and igb in both phases are distorted as the same extent to the loads’ currents 

ila and ilb. After compensation, the Phase A current THD is optimised to 4.32% 

and the Phase B current THD is optimised to 4.45%. 

 

(a) 

 

(b) 

Figure 5. 16 Harmonics compensation performance with double-phase same distorted load 
demand (a) before compensation (b) after compensation. 
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The second scenario is that the loads in Phase A and Phase B are both 147 W, 

while Phase A is distorted with a THD of 21.4% and Phase B is distorted with a 

THD of 36.2% as shown in Figure 5.18 (a). In Figure 5.18 (b), as mentioned 

above, by using the conventional method, the three legs outputs cannot provide 

good harmonics compensation performance due to the mutual interference. The 

proposed system solves this problem by decoupling the three legs, which is 

experimentally verified in this section. The grid currents also follow the same 

way to meet the balanced load demands of 147 W. As can be seen in Figure 5.18 

(c), with the proposed harmonics compensation, the harmonics of both phases 

are minimised to THD rates of 4.1% and 4.5% which indicates that the microgrid 

generates different harmonic for each individual phase in order to achieve the 

harmonics reduction. This verifies that the smart inverter output in each leg 

does no effect on the other legs. 

 

(a) 

 

(b) 
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(c) 

Figure 5. 17 Harmonics compensation performance with double-phase different distorted load 
demand (a) before compensation (b) compensation with conventional method (c) compensation 

with the proposed method. 

5.2.5 Three-Phase Unbalanced Loads Harmonics Compensation 

This testing case is to investigate the microgrid harmonics compensation 

performance when the three-phase loads are unbalanced and all distorted. In 

this experiment, the load in Phase A, Phase B and Phase C are 98 W, 147 W 

and 196 W respectively. The loads are unbalanced but with the same total 

harmonics distortion at 31.5% as shown in Figure 5.19(a). It is worth noting 

that although the THDs of all the three phases are the same, the amplitude of 

the current requirement in each phase is different. Therefore, the harmonics 

current demand of each phase is different as well. In the context, the microgrid 

is operating under both unbalanced harmonics and unbalanced loads 

conditions. Figure 5.19(b) shows the harmonics compensation performance of 

the microgrid under such a situation. The grid current THDs after compensation 

for the three phases are 3.9%, 4.1%, 4.9%, respectively. The THD is 

comparatively a little bit high in Phase C since the total required current in 

Phase C is lower than the other two phases, which is also acceptable compared 

with the 5% standard limitation. The performance shall be better when reaching 

to a higher current level system. From the experimental results, it is concluded 

that the proposed system is very robust against changing the load and the 

harmonics in different phases. The microgrid output is not affected by the 

external operating environment. So far, the harmonics reduction function of the 

microgrid is validated to be effective. The following sections will discuss the 
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power management function together with the harmonics reduction 

performance of the microgrids. 

 

(a) 

 

(b) 

Figure 5. 18 Three-phase grid current under unbalanced loads condition (a) before 
compensation (b) after compensation. 

5.2.6 Harmonics Reduction with Active Power Support 

In this section, the microgrid performance is investigated by combining the APF 

function and power management function together. The power generation ability 

is one of the basic functions of a microgrid. There should not be a conflict 

between the APF function realisation and power generation achievement. Figure 

5.20 (a) shows the microgrid harmonics compensation when the single-phase 

load is distorted. The grid current of Phase A is optimised from a THD at 31.4% 

to a THD at 4.3%. The load demand is 294 W in the experiment. In this scenario, 
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the microgrid side only generates harmonics to the grid in order to meet the 

load’s requirement. As the microgrid starts to generate active power, the grid 

current amplitude starts to reduce. Figure 5.20 (b) shows the performance when 

the microgrid generates both the harmonics and 98 W active power. The more 

power the microgrid outputs to the grid, the more value the grid current 

amplitude reduces as shown in Figure 5.20 (c) when the microgrid output 

increases to 147 W. It should be noted that, due to the effect of the laboratory 

LC filter limitation and the nonlinear internal resistance of the batteries, the 

grid current is a little bit distorted as the THDs in case (b) and (c) are 6.7% and 

7.8% which are still much better than before compensation. The results 

correspond to the simulation result in Figure 3.11. Another reason that the 

current applied within the experiment is too small for safety consideration also 

provides a chance to increase the THD value. 

 

(a) 

 

(b) 
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(c) 

Figure 5. 19 Microgrid harmonics reduction and active power generation performance (a) 
harmonics reduction only (b) harmonics reduction with 98 W active power generation (c) 

harmonics reduction with 147 W active power generation. 

5.2.7 Harmonics Reduction with Reactive Power Support 

In this section, the microgrid performance is tested to achieve both harmonics 

reduction and reactive power compensation functions. The load in phase A 

demands 171.5 W and 106 Var with a power factor of 0.85, as shown in Figure 

5.21 (a). The Phase A grid current follows the load current which is distorted 

with a THD at 31.4%. In Figure 5.21 (b), the microgrid only compensates the 

harmonics. As a result, the THD of the grid-side current is reduced from 31.4% 

to 3.9%, while there is an obvious phase difference between the grid current and 

the voltage due to the existence of the reactive load. Based on Figure 5.21 (b), 

while the microgrid compensates the harmonics, it starts to support the reactive 

power as well. Thus, the phase difference disappears, and the power factor 

converges to unity as shown in Fig. 18(c). The amplitude of the grid current also 

decreases since there is no need for the grid to generate any reactive power. 

However, due to the same reason which is mentioned in section 5.2.6, the grid 

side current is a little bit distorted as well with a THD at 6.3% which is 

acceptable considering the low current level for a lab-scale. The results show 

that the microgrid is able to reduce the harmonics and at the same time to 

compensate for the reactive power that achieves the APF-STATCOM function 

within the microgrid. This removes the need for employing separate APFs and 

STATCOM devices saving costs and size of the whole microgrid system. 

Therefore, the microgrid is validated to combine the APF function and the power 

management function together. 



127 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5. 20 Microgrid harmonics reduction and reactive power generation performance (a) 
initial load condition (b) harmonics reduction only (c) harmonics reduction with 106 Var reactive 

power compensation. 
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5.2.8 Neutral Current Compensation 

As mentioned in the previous sections, the microgrid is expected to be able to 

compensate the neutral current from the grid under the three-phase 

unbalanced loads' case as well. Since the neutral block is independent, the 

testing results are listed in the final testing section. The three-phase loads are 

set as 98 W, 0 W, 245 W in different phases and the neutral current from the 

load iln is shown in Figure 5.22. Before the compensation, the grid neutral 

current ign follows the same trend as the load as shown in Figure 5.22 (a). When 

the compensate starts, the microgrid generates an opposite neutral current in 

order to cancel the grid neutral current as shown in Figure 5.22 (b). The grid 

neutral current is reduced significantly from 3.46 A (RMS value) to 0.7 A. 

 

(a) 

 

(b) 

Figure 5. 21 Neutral current compensation performance (a) before compensation (b) after 
compensation. 
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5.3 Chapter Summary 

In this chapter, the Griffith microgrid system is introduced in detail from the 

system’s configuration to the system’s functionality. The Griffith microgrid 

system is designed as a basic prototype for multi-microgrid system development. 

Two Semikron inverters are utilised to achieve the power-sharing, which 

furtherly can be developed to three or four parallel microgrids. The Griffith 

microgrid system can behave not only like a normal microgrid for power 

generation use but also like an APF to reduce the grid harmonics. In addition, 

the Griffith microgrid system is also capable of compensating the reactive power 

to achieve the STATCOM function. All these functions can be executed 

simultaneously without interfering each other. Moreover, the modified four-leg 

microgrid can also compensate the neutral current from the grid side under the 

three-phase unbalanced loads' case to save the power loss and reduce the 

operational risk. All the functions above are tested through experimental and 

validated to be effective. The Griffith microgrid system is proved to be a multi-

purpose microgrid system. 
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6. Conclusions and Future Work 

The aim of this research was to design a multi-function microgrid system. While 

ensuring the system’s stability, the microgrid could perform well under different 

operating conditions. The research proposed two control strategies for different 

purposes related to power quality improvement and seamless mode switching. 

The overall conclusions and future research directions are presented below. 

6.1 Thesis Conclusions 

This thesis has discussed several key issues in the application of microgrids. In 

order to overcome the power quality challenges, the corresponding control 

strategies were proposed. The main objective of this research was to provide a 

microgrid with the ability to behave as a D-STATCOM-APF and conduct smooth 

operation mode transitions. Before proposing a specific solution, a detailed 

literature overview was carried out. The basic microgrid knowledge ranging from 

the configuration to the control strategies were introduced.  The overview also 

refers to the power quality issues of the electrical network, including the 

harmonics problem, the reactive power problem and the neutral current 

problem. The current research status on the aforementioned issues are 

described; based on these descriptions, it is concluded that the microgrid could 

be the solution to tackle all these problems without introducing extra devices. 

In addition, the need for the microgrid to perform smooth mode transitions (due 

to the islanding requirement) was also an objective of this research. Since little 

research has been done on this issue, the existing techniques are reviewed. A 

comprehensive and systematic literature review was presented in Chapter 2. 

In order to solve the power quality issues of the grid, the adaptive filter detection 

method was applied in combination with the traditional PQ control strategy for 

the grid-connected microgrid control. The novel structured PQ control provides 

the microgrid with the ability to compensate for all orders of harmonics as well 

as to regulate the power (both active power and reactive power). The proposed 

control method is validated through simulation in MATLAB/SIMULINK to be 

able to reduce the harmonics caused by non-linear loads and effectively work 

under different operating conditions including the balanced/unbalanced load 

conditions, and balanced/unbalanced harmonics conditions. The proposed 

method can optimise the grid current THD within 5%, which meets the IEEE 
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standard requirement. It can also regulate the power bi-directionally 

simultaneously, which achieves common microgrid functions. In addition, 

under unbalanced load conditions, the proposed control method was capable of 

compensating the neutral current from the grid side. The power quality 

improvement simulation model (with results) was presented in Chapter 3. 

The research challenges associated with microgrid seamless mode switching 

were discussed in Chapter 4. An improved virtual synchronous generator based 

control strategy is developed for the microgrid. The proposed control method is 

validated through simulation based on real information on a commercial 

building located at Griffith University. A pre-synchronisation method 

specifically for this control strategy is also designed. The simulation results 

indicate the effectiveness of the proposed method in mode transition including 

grid-disconnection and grid-reconnection. The proposed method is also effective 

for other transient performance optimisations of the microgrid such as sudden 

changes in the loads and faults. The control method also allows the multiple 

microgrids to operate in parallel, and the power-sharing principle is also 

analysed. The pre-synchronisation is simple to implement and able to perform 

well in grid-reconnection for the microgrid. 

Chapter 5 presents the hardware benchtop of the Griffith microgrid system. All 

the components are explained in detail to show the layout of the achievable 

functions. The microgrid experimental facilities are tested in two parts: a basic 

microgrid function test and a multi-function microgrid test. The experimental 

results show that the built benchtop can regulate both the active power and 

reactive power bi-directionally, and achieve power-sharing between the two 

microgrids. The multi-function test shows that the microgrid system is capable 

of generating current harmonics compensation and regulating the power output 

simultaneously under different load conditions. The experimental outcome 

verifies the simulation results in Chapter 3 and proves the accuracy of the 

proposed APF-based control strategy. It is confirmed that the microgrid is a 

solution in practice to provide several features at the same time without 

introducing extra power electronic devices. The microgrid application can 

reduce both the cost and the complexity of the power system. 

Therefore, in summary, the following conclusions can be obtained from the 

research work: 
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1. A microgrid is compatible with a wide range of power electronic devices 

features. The basic idea to combine multi-functions within a microgrid 

is feasible; 

2. The notch filter is implemented in the three-phase system and all orders 

of the three-phase harmonics could be detected; 

3. The proposed microgrid structure supports the three-phase decoupling 

physically so that the three-phase microgrid outputs do not interfere 

with each other; 

4. The proposed APF-based control strategy effectively allows power 

regulation and grid harmonics reduction for the grid-connected 

microgrid; 

5. The improved VSG control strategy provides smooth operation mode 

transitions between the grid-connected mode and the islanding mode for 

the microgrid. In addition, the proposed control method also optimises 

the microgrid’s transient performance; 

6. The proposed pre-synchronisation scheme supports a graded tuning of 

the microgrid’s performance so that the voltage and frequency variation 

always follows the standard; 

7. A microgrid hardware experimental system is established and tested to 

be effective in different scenarios. 

6.2 Future Research Direction 

The thesis contains considerable work regarding microgrid areas; based on the 

research conducted for this thesis, there is the potential for this work to lead to 

new developments in this area. 

6.2.1 Islanding Test 

Due to the limitations of the experimental conditions, the Griffith microgrid 

system only supports the grid-connected mode operation at the moment, 

however, the islanding mode is an important feature for the microgrid. The 

hardware benchtop should be developed in the future to support the stand-

alone working pattern. In this context, the research covers the complete 

microgrid functions. 

6.2.2 Networked Microgrid System 
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The islanding microgrid system is mainly for remote area application which the 

utility grid cannot reach. The different DG units build multiple microgrids for 

community-scale customers power supply purposes. Therefore, the microgrids 

construct an independent power system which is referred to as the networked 

microgrid system [161]. 

Such a concept requires the coordinated operation of the microgrids, 

considering factors such as load demands, weather conditions, system stability, 

etc. A typical networked microgrid system structure is shown in Figure 6.1. This 

is based on the Australian standard designed by local industry. The system 

contains one master microgrid and three slave microgrids, which obeys the 

master-slave control mode introduced in Chapter 2. The master generation is 

responsible for supporting constant frequency and voltage based on the 

reference and maintaining the stability of the system. The slave DG units need 

to be regulated to balance the power generation and consumption within the 

system. The networked microgrid system is very practical in remote area power 

transmission application. There is potential for microgrid research and 

development in this area. 

 

Figure 6. 1 A typical networked microgrid system structure. 

6.2.3 Energy Management System 

The control of microgrids includes three layers including the primary control, 

the secondary control and the tertiary control. The primary control defines the 
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local voltage amplitude and frequency for grid-forming. The secondary control 

helps with the voltage stabilisation and power regulation in case operating 

circumstance changes. Finally, the tertiary control is responsible for the 

coordinated operation among microgrids by allocating the optimal output of 

different units, which is vital to an advanced multi-microgrid system. 

When multiple microgrids are operating in a coordinated manner, the power 

should be managed properly based on the power generation and demand 

requirements of the system. For example, excessive PV power generation cannot 

be consumed by the loads. The batteries are forced to behave as energy storage 

devices instead of power supplies. The energy management system (EMS) is 

proposed to solve such problems. A mature and complete microgrid system 

should be able to conduct the plug and play functions; under two opposite 

scenarios, the expected EMS performances are supposed to be different. Such 

a concept also refers to communication techniques [162]. 

The current commercialised EMS products provide the possibilities to use the 

DER units effectively, however, the reliability requires further improvement and 

the control performance still gets much room to improve. So far, there is not 

any fully developed EMS product in the market. The demand for EMS offers 

great opportunities for microgrid research. 
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Appendix A 

The physical systems of N44 building are shown in Figure A.1 and Figure A.2, 

including the testing facilities and the PV panels installation. The testing 

facilities provide the functions to measure the PV generation and the building 

consumption for monitoring. The details of the testing facilities are shown in 

Table A.1. 

 

Figure A. 1 Griffith University N44 building microgrid testing facility. 

 

Figure A. 2 PV panels installation. 
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Table A. 1 Griffith University N44 building microgrid testing facility 

Device Caption Description 

A 10 kW SMA Inverter 

B Solar Architecture Testing Enclosure 

C 2 kW SMA Inverters 

D Microgrid Switchboard 

E 1.5 kW SMA Inverter 

F Data Acquisition and Monitoring Enclosures 

G DC Bus 

H Communication and Monitoring Enclosure 

I AC Bus 
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