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The increased demand for electricity has led to a global energy transition towards the use of 

renewable energy sources for power generation. Renewable energy has several advantages 

such as high efficiency, resource availability, cost competitiveness and environmental 

adequateness, compared to conventional fossil fuel power plants. Recent research studies 

have therefore   focused on developing renewable energy technology. In fact, for alternating 

current (AC) collection grids, each wind energy conversion system (WECS) on a wind power 

plant (WPP) includes a wind turbine plus mechanical parts (i.e. gearbox), a generator 

(squirrel cage induction generator (SCIG), doubly fed induction generator (DFIG), 

permanent magnet synchronous generator (PMSG)), and a massive 50 or 60 Hz power 

transformer including controller circuit. 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



A wind farm with a direct current (DC) transmission link is considered for this study. For a 

wind farm employing DC collection grid, the massive power transformers in the WECSs are 

replaced by the power electronic converters. The power electronic converter is significantly 

more compact and smaller in size compared to a power transformer of identical features. 

High voltage DC (HVDC) power transmission and distribution systems play an integral role 

in power systems and renewable energy resources integration technology.  

 

The WPPs have to play an essential function in maintaining grid stability due to the 

continuous progress in the number of grid-connected wind farms. This growth requires the 

wind turbine generator (WTG) on wind farm to stay connected to the power grid for any 

fault conditions. The fault ride-through (FRT) capability is the ability of WECS to stay 

connected for short periods of fault conditions. This expression can also be used to 

demonstrate the ability of a wind farm to participate in the voltage stability during grid faults. 

This study proposes integration of the wind energy conversion unit (WECU) three-phase 

controlled switch active converters. Two configurations for the converters are considered: 

 Vienna rectifier-I 

 Modular multi-level converters (MMC) 

 

In these configurations, the switching loss is reduced due to a smaller number of switches 

used in Vienna rectifier, and low switching frequency in MMC compared with conventional 

active rectifiers. The dynamic behaviour of the overall DC collection grid is also investigated 

in terms of (voltage/current) signal perturbations. The small-signal based control method 

which limits the signal variations to about zero is employed. Intensive simulations are 

presented with the use of the power simulator (PSim, Rockville, USA) software, to ride- 

through several DC and AC system faults. 
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LIST OF ABBREVIATIONS 

 

AC             Alternating current 

BPA                Blade pitch angle 

DC   Direct current 

DFIG            Doubly fed induction generator 

DPF Displacement power factor 

EMF Electromotive force 

EMI Electromagnetic interference 

ESS Energy storage system 

FACTS Flexible AC transmission systems  

FHC Frequency hysteresis control 

FRT Fault ride-through 

GSC Grid-side converter 

HVAC   High voltage AC 

HVDC High voltage DC 

IGBT Insulated gate bipolar transistor 

LVRT Low voltage ride-through 

MCLS Modified current-limit strategy 

MMC                           Modular multilevel converter 
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MOSFET                Metal oxide semiconductor field effect transistor 

MSC                       Machine side converter 

 PI   Proportional integral 

 PLL Phase locked loop 

 PMSG Permanent magnet synchronous generator 

 PR Proportional resonance 

 PSim Power simulator 

 PWM Pulse-width modulation 

 QZSR Quasi-Z-source rectifier 

 SCIG  Squirrel cage induction generator 

 SFCL Supper-conducting fault current limiter 

 THD Total harmonic distortion 

 VCO Voltage controlled oscillator 

 VSC Voltage source converter 

 VSR Voltage source rectifier 

 WECS Wind energy conversion system 

WPP 
Wind power plant 

WTG Wind turbine generator 

 

  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

ACKNOWLEDGEMENT  

 

There are many people I need to thank and gratitude for helping me to complete this thesis. 

Without their constant encouragement and caring support the past five years would have 

been very difficult. 

 My supervisors Professor Ramesh Bansal (University of Sharjah & University of 

Pretoria) and Professor Michael N. Gitau, and the Head of the Department Professor 

Raj Naidoo, for encouragement, and endless support technically and financially. 

 My parents who sacrificed a great deal in order to give me my opportunities in life. 

I am truly blessed to have such parents and this thesis would not have been possible 

without their tireless patience and unselfish sacrifices during my studies. 

 Further, I would like to thank my family, friends, and colleagues in the Department 

of Electrical, Electronic and computer Engineering for encouragement, and 

unlimited support. 

 Finally, I would like to thank my husband Sohaib Osman for his continuous support 

during my PhD time despite his own challenge with his PhD studies at University of 

Pretoria, Mechanical Engineering Department, as he was sacrifing with his time to 

support me. I dedicate it to him and to our children. 

 

 

 

 

 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

TABLE OF CONTENTS 

CHAPTER 1 INTRODUCTION ................................................................................. 1 

1.1 PROBLEM STATEMENT ...................................................................................... 1 

1.1.1 Context of the problem .................................................................................... 1 

1.1.2 Research gap ................................................................................................... 2 

1.2 RESEARCH OBJECTIVE AND QUESTIONS ...................................................... 2 

1.3 APPROACH ............................................................................................................. 3 

1.4 RESEARCH GOALS ............................................................................................... 3 

1.5 RESEARCH CONTRIBUTION .............................................................................. 3 

1.6 RESEARCH OUTPUTS .......................................................................................... 4 

1.7 THESIS OVERVIEW .............................................................................................. 5 

CHAPTER 2 LITERATURE STUDY ........................................................................ 6 

2.1 CHAPTER OVERVIEW ......................................................................................... 6 

2.2 FRT CAPABILITY .................................................................................................. 6 

2.3 STRATEGIES BASED VARIABLE SPEED WTGS ............................................. 7 

2.4 FRT STRATEGIES BASED MMC ....................................................................... 10 

2.5 ACTIVE RECTIFIERS .......................................................................................... 14 

2.6 VOLTAGE SOURCE RECTIFIER ....................................................................... 14 

2.6.1 Z-source and quasi-Z-source rectifier ........................................................... 15 

2.6.2 Vienna rectifier .............................................................................................. 17 

2.6.3 Vienna rectifier-I ........................................................................................... 18 

2.6.4 Vienna-II rectifier .......................................................................................... 20 

2.6.5 Modular multilevel converters ...................................................................... 22 

2.7 CHAPTER SUMMARY ........................................................................................ 22 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 3 PMSG BASED WECU, DYNAMIC MODELLING AND 

ANALYSIS ........................................................................................... 24 

3.1 CHAPTER OVERVIEW ....................................................................................... 24 

3.2 WIND TURBINE MODELLING .......................................................................... 25 

3.2.1 Wind farm-based AC collection grid ............................................................ 25 

3.2.2 Wind farm-based DC collection grid ............................................................ 26 

3.2.3 Types of wind turbines .................................................................................. 27 

3.3 DYNAMIC MODEL OF A PMSG ........................................................................ 27 

3.4 CHAPTER SUMMARY ........................................................................................ 29 

CHAPTER 4 ANALYSIS AND SMALL SIGNAL MODELLING OF VIENNA-I 

RECTIFIER AND MMC .................................................................... 31 

4.1 CHAPTER OVERVIEW ....................................................................................... 31 

4.2 PERFORMANCE ANALYSIS OF AN AC-DC CONVERTER .......................... 32 

4.2.1 Ripple factor .................................................................................................. 32 

4.2.2 Form factor .................................................................................................... 33 

4.2.3 Peak factor ..................................................................................................... 33 

4.2.4 Total harmonic distortion (THD) .................................................................. 34 

4.3 SWITCHING LOSSES .......................................................................................... 35 

4.3.1 Efficiency versus switching frequency ......................................................... 36 

4.4 CRITERIA FOR SELECTING POWER CONVERTER’S TOPOLOGIES ......... 37 

4.5 THE VIENNA-I RECTIFIER STRUCTURE AND ANALYSIS ......................... 37 

4.5.1 Small-signal modelling of Vienna rectifier-I ................................................ 39 

4.6 MMC STRUCTURE AND ANALYSIS ............................................................... 43 

4.6.1 Operation principles of the MMC ................................................................. 44 

4.6.2 Modulation and modelling of MMC ............................................................ 45 

4.7 MMC CONTROL .................................................................................................. 48 

4.7.1 Circulating current control ............................................................................ 48 

4.7.2 Small-signal modelling of MMC .................................................................. 50 

4.8 CHAPTER SUMMARY ........................................................................................ 53 

CHAPTER 5 DC-VOLTAGE CONTROLLER DESIGN ...................................... 54 

5.1 CHAPTER OVERVIEW ....................................................................................... 54 

5.2 DC-VOLTAGE CONTROLLER DESIGN ........................................................... 54 

5.2.1 Current-loop controller design and analysis .................................................. 54 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



5.2.2 Voltage loop control using phase-locked loop (PLL) ................................... 60 

5.3 CHAPTER SUMMARY ........................................................................................ 63 

CHAPTER 6 SIMULATION RESULTS AND DISCUSSION ............................... 65 

6.1 CHAPTER OVERVIEW ....................................................................................... 65 

6.2 THE VIRTUAL WIND FARM I MODEL ............................................................ 66 

6.2.1 System analysis ............................................................................................. 66 

6.2.2 Steady-state mode of operation ..................................................................... 68 

6.2.3 Fault mode of operation ................................................................................ 69 

6.2.4 FRT mode of operation ................................................................................. 70 

6.3 THE VIRTUAL WIND FARM II MODEL .......................................................... 71 

6.3.1 System analysis ............................................................................................. 71 

6.3.2 Steady-state mode of operation ..................................................................... 77 

6.3.3 Simulation results without using a fault blocking diode ............................... 77 

6.3.4 Simulation results with the use of fault blocking diode ................................ 80 

6.3.5 Operation under transient fault conditions .................................................... 82 

6.3.6 FRT controller’s mode of operation .............................................................. 84 

6.3.7 Fault time determination ............................................................................... 87 

6.4 THE VIRTUAL WIND FARM III MODEL ......................................................... 88 

6.4.1 System analysis ............................................................................................. 88 

6.4.2 Steady-state mode of operation ..................................................................... 91 

6.4.3 Unsymmetrical fault simulation ................................................................... 93 

6.4.4 FRT controller ............................................................................................... 96 

6.4.5 Simulation under steady-state with the use of a FRT controller ................... 97 

6.5 CHAPTER SUMMARY ........................................................................................ 99 

CHAPTER 7 CONCLUSION AND FUTURE WORK ......................................... 100 

7.1 STUDY SUMMARY AND RESULTS ............................................................... 100 

7.2 RECOMMENDATIONS AND FUTURE WORK .............................................. 102 

REFERENCES  ............................................................................................................. 103 

ADDENDUM A  ............................................................................................................. 118 

A.1 THE TRANSFER-FUNCTION PARAMETERS ................................................ 118 

A.1.1 (Gabβγ) calculations .................................................................................. 118 

A.1.2 (Gabβγ)  parameters calculations ............................................................... 119 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



A.2 THE TRANSFER-FUNCTION PARAMETERS MODEL ................................. 120 

 

  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

LIST OF FIGURES  

 

Figure 2.1. Three-phase VSR topology .............................................................................. 15 

Figure 2.2. ZSR topology  .................................................................................................. 16 

Figure 2.3. QZSR topology ................................................................................................ 17 

Figure 2.4. Vienna rectifier topology ................................................................................. 18 

Figure 2.5. Three-phase Vienna-I rectifier topology .......................................................... 20 

Figure 2.6. Vienna-II rectifier topology ............................................................................. 21 

Figure 2.7. MMC topology ................................................................................................. 22 

Figure 3.1. Cost estimation between AC and DC transmissions ........................................ 26 

Figure 3.2. PMSG based wind power system ..................................................................... 28 

Figure 4.1. MOSFET switch representation ....................................................................... 36 

Figure 4.2. Three-phase Vienna active rectifier-I topology ............................................... 38 

Figure 4.3. Transfer-function block diagram of the rectifier in the small-signal 

procedure ............................................................................................................................. 42 

Figure 4.4. (a) MMC Topology (b) Structure of half-bridge sub-module .......................... 43 

Figure 4.5. Equivalent circuit model of an ideal arm three-phase MMC ........................... 46 

Figure 4.6. MMC state-space transfer function .................................................................. 52 

Figure 5.1. Graphical representation of the current-control in a dq-frame ......................... 55 

Figure 5.2. Closed-loop current controller, (a) d- axis controller (b) q- axis controller ..... 57 

Figure 5.3. Block diagram of the closed-loop PWM controller ......................................... 58 

Figure 5.4. Block diagram of the designed current-loop system ........................................ 59 

Figure 5.5. Closed-loop FR of the inner current-loop ........................................................ 60 

Figure 5.6. Graphical representation of the voltage control in a dq-frame ......................... 61 

Figure 5.7. The frequency response of the PLL for the loop gain L(s) .............................. 63 

Figure 6.1. (a) Three units connected in parallel, (b) FRT controller ................................ 66 

Figure 6.2. (a) Output voltage, (b) Output current. ............................................................ 68 

Figure 6.3. (a) Output voltage, (b) Output current. ............................................................ 69 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



Figure 6.4. (a) Output voltage, (b) Output current ............................................................. 70 

Figure 6.5. The rectifier-side simulated circuit .................................................................. 73 

Figure 6.6. The inverter-side simulated circuit (one leg MMC) representation ................. 74 

Figure 6.7. (a) Sub-module proposed topology (b) FRT controller circuit ........................ 75 

Figure 6.8. Flow chart of the FRT controller...................................................................... 76 

Figure 6.9. Generator output, (a) Output voltage (b) Output current ................................. 77 

Figure 6.10. Rectifier output, (a) Output voltage (b) Output current ................................. 78 

Figure 6.11. Inverter output, (a) Output voltage (b) Output current................................... 79 

Figure 6.12. Rectifier output, (a) Output voltage (b) Output current ................................. 80 

Figure 6.13. Inverter output, (a) Output voltage (b) Output current................................... 81 

Figure 6.14. (a) Voltage across the fault blocking diode (b) Current across the fault blocking 

diode .................................................................................................................................... 82 

Figure 6.15. Rectifier output, (a) Output voltage (b) Output current ................................. 83 

Figure 6.16. Inverter output, (a) Output voltage (b) Output current................................... 84 

Figure 6.17. Rectifier output, (a) Output voltage (b) Output current ................................. 85 

Figure 6.18. Inverter output, (a) Output voltage (b) Output current................................... 86 

Figure 6.19. Circulating current.......................................................................................... 87 

Figure 6.20. Switching versus output voltage .................................................................... 88 

Figure 6.21. The simulated system considering the fault in generator 2 ............................ 90 

Figure 6.22. Schematic diagram of the FRT controller ...................................................... 91 

Figure 6.23. Generator output, (a) Output voltage (b) Output current ............................... 92 

Figure 6.24. Steady-state components, (a) Output voltage, (b) Output current.................. 93 

Figure 6.25. (a) Output voltage, (b) Output current ........................................................... 94 

Figure 6.26. (a) Output voltage, (b) Output current ........................................................... 95 

Figure 6.27. (a) Output voltage, (b) Output current ........................................................... 96 

Figure 6.28. (a) Output voltage, (b) Output current ........................................................... 97 

Figure 6.29. Generator output currents while the double line to ground fault occurs ........ 98 

Figure 6.30. Switching and output voltages; to clarify the fault time ................................ 99 

Figure A.2. Summarized model transfer-function block diagram of the proposed rectifier in 

small-signal procedure ....................................................................................................... 120 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

LIST OF TABLES  

 

Table 4.1 Switching states of a half bridge sub-module ..................................................... 45 

Table 5.1 Parameters used for compensator design ............................................................ 63 

Table 6.1 Parameters used for simulation ........................................................................... 67 

Table 6.2 Parameters used in the simulation program ........................................................ 72 

Table 6.3 Parameters used for simulation ........................................................................... 89 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

CHAPTER 1 INTRODUCTION  

1.1 PROBLEM STATEMENT 

1.1.1 Context of the problem 

A WPP generally consists of several WECSs interconnected either in series, radial, or series-

parallel and injected into the main bus. One of the significant challenges in WECSs is to 

handle the discontinuity of wind and to protect the grid stability. Voltage stability is a 

substantial issue to be considered in a power system with large scale wind power integration. 

As wind power increases, the instability mode of the system changes from angle instability 

to voltage instability. In voltage instability, the rotor angle of the synchronous generator is 

average, but the wind farm voltage collapses. 

 

When a considerable amount of wind power is integrated into a power system, the stability 

feature of the system undergoes significant change and the power of wind farms loses 

stability and cannot be controlled by the power electronic interface. A variable speed wind 

turbine can control the power rapidly and flexibly with power electronic converters [1-4].  

 

The energy storage systems (ESSs) and power electronics are principal components to 

support the continuation of wind power [5-7], and this can be done with the use of FRT 

capability controllers. 
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1.1.2 Research gap 

Most research studies on the design of DC collection grids for wind farm apply the traditional 

full-bridge active rectifiers as the topology of power converters in WECS [8]. The 

conventional full-bridge active rectifier contains large numbers of controlled-switches which 

increase the complexity of the controller circuit and affect the system efficiency because of 

the high switching frequency operation of the controlled switch, which reduces the reliability 

of the system [9, 10].  

 

The motivation of this research is to improve the transient voltage-stability and FRT 

capability of the WPP. The improvement is made by including an interface between a three-

phase variable speed AC synchronous generator and a constant DC-bus, based modular 

voltage source converters (VSCs), i.e. Vienna rectifier and MMC. To maintain high power, 

reactive power reduction should be considered, as well as conserving a constant DC-bus 

voltage. 

1.2 RESEARCH OBJECTIVE AND QUESTIONS 

This study aims to achieve an interface between three-phase AC synchronous generators 

running at variable speed integrated with a DC-link, with the use of power electronic 

converters feeding a DC or AC load. Three virtual wind farms are considered based on AC 

and DC load to improve the transient voltage stability and FRT capability. The interface is 

desired to ensure high energy efficiency by maintaining a constant DC-bus voltage. The 

study will include the following: 

 Study the structure of several converters and select the most efficient rectifier and     

inverter 

 Enhance transient voltage stability and FRT capability, and 

 Ensure steady-state stability operation by designing a DC voltage controller. 
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1.3 APPROACH  

A WECU consisting of generation unit and AC and DC side converters-based DC-link 

transmission system is evaluated with cost and efficiency considerations, which effectively 

realize power filtering, rectification, boosting, transmission, and distribution. DC voltage 

controller is designed to perform the steady-state stability operation. Simulations are done 

using PSim software to investigate the FRT capability of AC and DC faults for several 

operation modes. 

1.4 RESEARCH GOALS 

The central goal is the development of a WECS based DC transmission technology to 

improve system stability and FRT capability under several types of faults. The following 

three models are developed: (i) A three-phase Vienna rectifier-I connected with a PMSG and 

a DC load considering DC fault. (ii) A three-phase Vienna rectifier-I and MMC linked via a 

DC-link, and connected with a PMSG  and AC load considering DC fault. (iii) A three-phase 

Vienna rectifier-I connected with a PMSG and a DC load considering AC fault. 

1.5 RESEARCH CONTRIBUTION 

The integration of the Vienna active rectifier-I with MMC based PMSG is a novel concept  

which opens up a discussion in this thesis, especially Vienna rectifier-I and MMC integrating 

with FRT controller circuits. The significant contributions of this research are summarized 

in three journal articles. The summary of these contributions is listed below: 

 The PMSG integrated with a three-phase Vienna rectifier-I based WECS supplying 

a DC load is formulated and discussed. DC fault is applied and a fault blocking diode 

and control circuit is used for riding-through the fault. This work is published in a 

technology and economics of smart grids and sustainable energy (TESG-SE) Journal,  
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      under the title, "Modelling and control of a Vienna smart rectifier-I for wind power    

      systems integrated under transient conditions". 

 Active converters (Vienna rectifier-I and MMC) integrated with PMSG supplying 

AC load are tested for riding through a DC link fault. This work is submitted to 

Electric power components and systems (EPCS) Journal under the title, "Fault ride-

through capability of MMC based wind power plant integrated under a DC-link 

fault". 

 PMSG integrated with Vienna rectifier-I supplying a DC load is applied to ride-

through AC fault. This work is accepted for publication in EPCS Journal under the 

title, "Elimination of the voltage output fluctuations of a Vienna active rectifier-I 

integrated under unsymmetrical faults based wind power plant". 

1.6 RESEARCH OUTPUTS 

The publications relevant to this thesis are: 

Inas M.O. Mohammed, Michael Njoroge Gitau, Ramesh C. Bansal and Kabeya Musasa, 

"Modelling and control of a Vienna smart rectifier-I for wind power systems integrated under 

transient conditions," Technology and Economics of Smart Grid and Sustainable Energy, 

vol. 4, no. 2, pp. 1-13, 2019. 

Inas M.O. Mohammed, Michael Njoroge Gitau and Ramesh C. Bansal, "Elimination of the 

voltage output fluctuations of a Vienna active rectifier-I integrated under unsymmetrical 

faults based wind power plant," accepted for publication in Electric Power Components & 

Systems. 

Inas M.O. Mohammed, Michael Njoroge Gitau and Ramesh C. Bansal, "Fault ride-through 

capability of MMC based wind power plant integrated under a DC-link Fault," Electric 

Power Components & Systems (under review). 
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1.7 THESIS OVERVIEW 

This thesis focuses on FRT capability, including AC and DC faults in a WPP based DC 

transmission system.  

In Chapter 2 a literature study on FRT capability of WPPs is provided, and comparative 

study on several types of active rectifiers.  

In Chapter 3, wind turbine and PMSG modelling and control equations are provided, to 

determine the active rectifiers’ electrical and mechanical behavior.  

In Chapter 4 an intensive analysis and discussion for Vienna-I rectifier is presented, 

including the performance analysis of an AC to DC converter. Small-signal modeling of 

Vienna rectifier-I and MMC was also discussed, including the analysis equations that 

determine the behavior of the system which governs the system responses that are integrated 

with Vienna rectifier-I and MMC. 

In Chapter 5 a DC voltage controller design is presented; in terms of current and voltage 

loop controller design, and a dq-frame controller is designed and discussed. The design 

criteria of the DC voltage controller is also discussed to maintain stable DC voltage at steady-

state operation, and the system stability is demonstrated using bode plots.  

In Chapter 6 a comprehensive simulations are applied and discussed for three virtual WPPs 

using PSim software. 

In Chapter 7 a conclusion of the work that has been done and the recommendations and 

future research directions are provide. 
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CHAPTER 2 LITERATURE STUDY ON 

FAULT RIDE-THROUGH 

CAPABILITY AND ACTIVE 

THREE PHASE RECTIFIERS 

2.1 CHAPTER OVERVIEW 

The literature studies of capabilities to ride-through faults interfacing several types of 

converters are discussed in Section 2.2. Section 2.3 compares various topologies of rectifiers 

to determine the most suitable topology for converting a three-phase input from a generator 

feeding AC or DC load through a DC bus. The summary of this chapter is presented in 

Section 2.4. 

2.2 FRT CAPABILITY 

Since the number of grid-connected wind farms is continuously increasing, the WPP must 

play a considerable role in maintaining grid stability, which requires that the WTG stays 

linked to the power grid during any fault conditions. The FRT is an expression used to 

explain the ability of a wind farm to contribute to the grid during faults, which is critical for 

assuring the power system stability. The flexible FRT strategy on high wind power 

penetration increases the FRT capability of the wind farm groups and reduces the wind 

power contraction during faults [11, 12].  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 2                                                                                                  LITERATURE STUDY 

 

Department of Electrical, Electronic and Computer Engineering 7 

University of Pretoria 

2.3 FRT STRATEGIES BASED VARIABLE SPEED WTGS 

The control strategy to improve the FRT capability of a power system based synchronous 

generator decreases the peak values of the rotor current, DC-link voltage and 

electromagnetic torque at the instants of occurring and clearing the grid faults [13]. The 

studies demonstrated that the superconducting fault current limiter (SFCL) based wind 

turbine connected with the DFIG can reduce the voltage dip effect [14]. A comparison 

between the active and a common inductive SFCL is summarized to find the difference as 

follows.  

 Installing the inductive SFCL could practically decrease the fault currents flowing 

through the DFIG’s stator and rotor windings. 

 Conducting the active SFCL can naturally compensate the DFIG’s terminal-voltage 

and limit its output power fluctuation. 

 Involving the active SFCL can only suppress the DFIG’s power oscillation 

amplitude. However, it may not supply a more promising effect on limiting the 

excess active power during the system fault [15]. 

A comparative study was done on the determination of critical clearing time using dynamic 

voltage restorer at an induction generator-based wind generation system to improve the FRT 

capability. It was recognized that when operating slip is high, critical clearing time is the 

same for both cases, while it differs significantly at lower operating slip values [16]. A fuzzy 

controller can improve the FRT capability of variable speed wind turbines equipped with a 

DFIG. The controller is designed to compensate for the voltage at the point of common 

coupling [17] by simultaneously regulating the active and reactive power.  

 

An active crowbar protection system can enhance the FRT capability of DFIG based WECS 

[18]. Three methods to implement the FRT operation of the wind farms were discussed as 

follows. (i) The rotor current of DFIG was limited by introducing a rotor-side protection 

circuit. (ii) The DC bus voltage was limited by a DC energy absorb circuit. (iii) Static 

compensator was used to increase the low-level voltages of the wind farm. The  results 
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specify that the methods proposed can limit the rotor short-circuit current and the  DC 

voltage of the DFIG-wind turbine, but mostly the voltage support to the power system during 

the fault depends on static compensator installation place [19].  

 

In [20] the blade pitch angle (BPA) control and a protective relay system are used for FRT 

capability. The use of the protective relay system for a wind turbine can improve the pitch 

controller to compel the wind turbine to respond rapidly to the voltage dip. When the BPA 

equals to zero, the power consumed by the windmill is proportional to the performance 

coefficient. The maximum performance coefficient is fulfilled at enhanced rotational speed 

when the BPA is equal to zero. The BPA is connected to prevent the generator from over 

speed; moreover to avoid shifting the operation from the point where the performance 

coefficient is at its maximum value (BPA equal to zero) by reducing the wind power. When 

BPA technique is applied significant response limitations are observed due to high functional 

forces resulting from restoring power at a high rate during the fault occurrence [21-23].  

 

The required capacitor power is proportional to the sag voltage, and the required capacitor 

size will increase if the voltage sag period increases. In this case resizing the fully rated 

converters is required, and the capacitor sizing procedure is expensive and an impossible 

solution [24, 25]. To manage the excess power and restore the power balance in the active 

crowbar rotor circuit, a braking resistor technique is included in the DC circuit. The active 

crowbar uses semiconductor switches such as insulated gate bipolar transistors (IGBTs) or 

gate turn off, which add extra cost to this approach. The active crowbar technology can be 

used along with the BPA technique to compensate for the continued voltage sags, which lead 

to high power dissipation. The BPA technique reduces the captured wind power by its 

controllers, which will decrease the power imbalance and hence, the required braking 

resistor power.  

 

ESS is one of several methods used for FRT enhancement in WECSs; it can maximize the 

reliability of power to the loads, and eliminate the fluctuations when connected with a WTG. 

ESS can help enhance the low-voltage ride-through (LVRT) capability for wind turbines by 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 2                                                                                                  LITERATURE STUDY 

 

Department of Electrical, Electronic and Computer Engineering 9 

University of Pretoria 

providing an alternative path for the generator currents. The merits of this type of 

compensation are (i) long life (ii) fast response (iii) high scalability, and (iv) low price 

requirements & materials maintenance. The limitations are that the ESS technique requires 

proper sizing of the machine side converter (MSC) and it is sensitive to fault severity. The 

control of fully rated converters can be done in the branches of the followings (i) control of 

MSC (ii) control of grid side converter (GSC) (iii) control using boost converter [26-30]. 

Several techniques have been introduced for voltage and reactive power improvement at the 

point of common coupling with the use of flexible AC transmission systems (FACTS), shunt 

and series compensation techniques [31- 35]. In [36], the FRT capability for the DFIG using 

feed-forward transient current control, and direct transient current control methods have 

been proposed. 

 

 The chopper circuit is allocated alongside the DC-link capacitor. The circuit structure is of 

an IGBT switch and a resistor. It is a cost-effective strategy to enhance the LVRT capability 

because there is no energy storage-based system and the resistor of the chopper circuit can 

be over-heated due to the power-consumption [36]. A storm-control is presented to permit 

variable speed wind turbines to work at wind speeds higher than 25 m/s, without an increase 

in the structural loads [37]. The work implies pitch angle rates up to 60-70 degrees to limit 

the aerodynamic forces. 

 

A storm controller is introduced, examined and matched with the conventional control 

strategy running up to 50 m/s. The controller was limiting the rotor loads. In [38] protection 

designs for various power electronic converters topologies in order to protect the vulnerable 

types is proposed. For DFIG, rotor overcurrent representations are obtained for several fault 

conditions and a series resistor-based protection circuit is recommended to protect the MSC 

without short-circuiting the rotor winding. Compared with conventional crowbar protection, 

this is beneficial in avoiding grid voltage decay resulting from reactive power consumption. 

It is concluded that the proposed method can significantly enhance FRT capability of the 

DFIG system.  
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Field-oriented control and direct torque control are the most popular FRT strategies for 

PMSG [39]. The maximum power point tracking capability designs assist in the peak power 

extraction throughout different wind speed conditions. The objective of the technique is to 

provide reference speed 𝜔m, reference electromagnetic torque 𝑇𝑒, or reference power 𝑃𝑠, 

such that control operation for MSC requires the WECS to follow the maximum power point 

trajectory. The operating domain for the maximum power point tracking control is between 

the cut-in and rated wind speed [40, 41]. When PMSG has been integrated with wind-turbine, 

studies show many advantages of the PMSG, such as: 

 Can ride-through several grid-faults 

 Able to cut-out from the grid instantly in case of a fault and resume rapidly into 

regular operation after the fault 

 Has the ability to mitigate the intermittent power variation from the wind 

 High power density 

 Less maintenance needed 

 High reliability 

For the given merits, a variable speed PMSG based wind-turbine is considered for this work. 

2.4 FRT STRATEGIES BASED MMC 

Several research works have been done for MMC for riding-through several AC and DC 

faults. A thorough comparison between the two VSC-HVDC transmission technologies is 

presented [42], which are neutral point clamped and three-level MMC. The comparison 

concentrated on reliability aspects, such as their capability to ride-through the faults that 

involve the symmetrical and unsymmetrical faults. There is also flexibility of the control in 

both technologies. The results of the investigation are summarized as follows: 

 The carrier-based sinusoidal pulse-width modulation (PWM) technique when 

applied for neutral point-clamped VSC-HVDC transmission systems, performs 

better than when it’s controlled using space vector PWM. Also, they are capable of 
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riding through different types of faults, such as symmetrical and unsymmetrical 

faults.  

 MMCs based VSC-HVDC transmission systems are capable of riding through 

different types of AC faults, and have more advantages over conventional VSCs.  

Therefore, the use of MMCs in HVDC transmission systems applications is preferred, 

because with an increased number of levels they generate high output voltage with low total 

harmonic distortion (THD), improved system reliability and FRT capability. In [43] a DC 

FRT capability for a MMC using a diode clamped sub-module is proposed, and it was 

observed that the fault current can be eliminated. Then by blocking additional IGBTs, MMC 

can rebuild the DC link voltage and can automatically return regular power transmission for 

non-permanent faults. The principle of fault removal and the voltage stress of new 

semiconductors has been analyzed. Simulation results confirmed the efficacy of the 

suggested MMC topology and the proposed protection scheme. In the case of employing the 

diode clamp sub-module structure, the expected rated voltage of the multilevel converter is 

half that of MMC, resulting in low cost of the device.  

 

A simulation work for a frequency hysteresis control (FHC) and a modified current-limit 

strategy (MCLS) for enhancing the FRT capability of a VSC-HVDC link supplying passive 

industrial installations is proposed in [44], given that industrial loads are more susceptible 

to voltage drops than frequency variations. An investigation was done for the principal factor 

influencing the AC voltage.  

 

The active and reactive power obtained from the inverter can be given as follows: 

                                       𝑃𝑠 = −
3

2
𝑉𝑠𝑑𝑖𝑠𝑑 −

3

2
𝑉𝑠𝑞𝑖𝑠𝑞                                                   (2.1) 

                                      𝑄𝑠 =
3

2
𝑉𝑠𝑑𝑖𝑠𝑞 −

3

2
𝑉𝑠𝑞𝑖𝑠𝑑                                                       (2.2) 

where 𝑖𝑠𝑑, 𝑖𝑠𝑞 represent the dq-axis current components. 𝑉𝑠𝑑, 𝑉𝑠𝑞 are the dq-axis voltage 

components of the VSC.  

 

The q-axis voltage component at the point of common coupling is: 
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                                 𝑉𝑠𝑞 = 𝑉𝑠 𝑐𝑜𝑠(𝜃 + 𝜋

2
) = −𝑉𝑠 𝑠𝑖𝑛 𝜃                                             (2.3) 

In transient states, the magnitude of 𝑉𝑠𝑞 is negative and small, from (2.2) 𝑉𝑠𝑞 is the coefficient 

of 𝑖𝑠𝑑. Therefore, at the fault’s conditions 𝑖𝑠𝑑 has a small impact of the reactive power, 

because 𝑖𝑠𝑞 is the major factor that can affect the reactive power in steady-state and 

transients, thus the MCLS can be given using (2.4): 

                            𝑖𝑠𝑑 𝑙𝑖𝑚
∗ = √𝑖𝑙𝑖𝑚

2 − 𝑖𝑠𝑞 𝑟𝑒𝑓
2 , 𝑖𝑠𝑞 𝑙𝑖𝑚

∗ = 𝑖𝑙𝑖𝑚                                        (2.4) 

where 𝑖𝑙𝑖𝑚 is the current limit of the VSC, which is set as 1.1 times the total load. The 𝑖𝑠𝑑 𝑙𝑖𝑚
∗  

is obtained according to 𝑖𝑠𝑞 𝑟𝑒𝑓
2 .  

 

The concept of the MCLS is to boost the current component 𝑖𝑠𝑞 of the q-axis, during the 

fault time. The primary role of the FHC is to create a new reference frequency of the VSC 

output voltage based on the amount of the AC voltage at the point of common coupling. 

When the voltage declines due to grid fault, the FHC reduces the set frequency of the VSC 

at the receiving side. Throughout the fault period, the reduction of 𝑉𝑠𝑞 can also increase 𝑖𝑠𝑞, 

which can increase the reactive power output provided by the VSC at the receiving side. 

 

Three steps are discussed for developing the control methods. Step 1: to improve the voltage 

stability more efficiently, the principal factor which can affect the AC voltage in the passive 

industrial system is investigated. Step 2: the modified current-limit strategy is introduced to 

enhance the AC voltage in transient conditions, according to the analytical results. Step 3: 

the frequency hysteresis control is added to the VSC controller with the modified current-

limit strategy to give the strategy a better control result which can also improve the AC 

voltage of the passive system. It is concluded that the control strategies proposed for this 

work could improve the voltage stability of the passive industrial installations efficiently.  

 

In [45] a structure to perform DC-FRT capability in multi-terminal DC networks using H-

bridge MMC is proposed. The investigated system consists of four VSCs for HVDC 

transmission.  
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The DC fault response of the system was analyzed, and the controller is designed based on 

the selective DC fault detection techniques. The current sensors installed at the ends of each 

line part in the network send the signals to the controller. When the fault occurs, the 

protection of the converter is enabled. In conclusion, if there is a fault in any part of the grid, 

only the faulty line part due to overcurrent at one cable is selectively detected. As a result, 

H-bridge MMC achieve worse than grids which make use of half-bridge MMCs combined 

with fast DC breakers.  

 

An improved control approach that uses the generated negative sequence voltages to easily 

inject the negative sequence currents throughout unsymmetrical AC faults is proposed [46]. 

The motivation of the analysis was the drawbacks of controlling the fault currents at zero-

sequence during unsymmetrical AC faults. The overvoltage of phases through 

unsymmetrical AC faults is controlled by modifying the setting of the positive sequence 

voltage reference for the network developing offshore HVDC converter, which takes the 

recognized zero and negative sequence voltages into consideration. The drawback of the 

project was the high risk of protection mal-operation due to absence of fault currents, which 

also does prevent the recovery of AC voltage in post-fault.  

 

The single thyristor method is one of several technologies that have been used to protect the 

freewheeling diode in the active switches during faults. A thyristor is commonly connected 

in parallel to the AC terminals of the MMC sub-module for sharing the fault current with the 

freewheeling diode. This approach can only prevent semiconductor devices, but not reduce 

the AC fault current feeding the DC side. A suspension for this limitation was presented later 

by employing double thyristors [47]. Some topologies are used to permit adequate handling 

of DC-side short circuits after reducing power losses compared to implementation with full-

bridges. The semi-full-bridge model is one of the methods [48, 49], which require parallel 

connections of capacitors during regular operation as well as the H-bridge model, which 

controls the capacitor voltage balance when the converter DC-link voltage fails during DC 

faults. 
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2.5 ACTIVE RECTIFIERS  

This section discusses the topologies of several active three-phase converters to identify the 

most suitable rectifier type for converting a variable voltage-variable frequency generator 

output to a DC voltage. The various characteristics of several rectifier topologies and control 

techniques are compared to identify the most suitable one for converting a three-phase input 

from a generator type input to a constant DC output voltage for this work.  

 

The conventional converters have the following limitations [50-52]: 

 Only a buck or a boost converter, i.e. their attainable output DC voltage is higher or 

lower than the input AC voltage.  

 Susceptible to electro-magnetic interference (EMI), which reduces system reliability.  

 Contains many controlled switches compared to Vienna rectifier, rectifier switching 

action generates high-frequency harmonics, which affects efficiency. 

2.6 VOLTAGE SOURCE RECTIFIER  

The voltage source rectifier (VSR) is one of several types of conventional rectifiers. A basic 

VSR-HVDC, as shown in Figure 2.1, consists of two converter stations which use series-

connected active-switches (i.e. MOSFET (metal oxide semiconductor field-effect 

transistor)). It has been used in several high power applications [50] to transform three-phase 

AC voltage into a DC at the front-side of the DC-link, due to its several advantages, such as: 

 The system can be interfaced easily 

 Lower environmental impact compared to line commutated converter  

 Can control both real and reactive power  

 Low space requirements 
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Figure 2.1. Three-phase VSR topology [53] 

On the other hand, there are some demerits of the VSR, which can be summarized as: 

 High harmonic distortion 

 High stresses resulting in high-frequency noise [50-53] 

2.6.1 Z-source and quasi-Z-source rectifier 

Z-source and quasi-Z-source rectifiers (QZSR) structure have been proposed to overcome  

the traditional VSR problems. Figures 2.2 and 2.3 show Z-source and QZSR topologies.  
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Figure 2.2. ZSR topology [53] 

Several merits of Z-source and QZSR can be summarised as follows: 

 The possibility of a cascade connection of Z-source rectifier (ZSR) allows boosting 

the voltage two to three times [54]. 

 Power flows in a bidirectional way in the use of a three-phase ZSR, unlike in 

conventional rectifiers [55]. 

 Unlike the ZSR, the output capacitor, 𝐶0 of the QZSR filters only the low amplitude 

current harmonics flowing through inductor L1; therefore, the voltage and current 

rating of the output capacitor for the QZSR are much lower than those of the ZSR 

output capacitor. 

 Less EMI problems in QZSR compared to ZSR, due to less complicated installation 

of components in QZSR [56]. 
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  Figure 2.3. QZSR topology [57] 

The limitations of ZSR and QZSR can be described as follows: 

 The voltage across ZSR capacitors is larger than the input voltage; this enforces the 

use of larger capacitors, which increases the overall cost and size [57]. 

 The inrush current and resonance in the ZSR network at startup are not suppressed. 

 Higher switching losses compared to modular converters [58] 

 Lower-rated capacitors for QZSR 

 The blocking voltages of capacitors 𝐶1 and 𝐶2 in the ZSR are equal and higher than 

the blocking voltage of capacitor 𝐶2 in the QZSR; this results in a lower capacitor 𝐶2 

voltage rating in the QZSR [59-61]. 

 Compared to Vienna active rectifier and MMC, the rated capacitors are lower for ZSR and 

QZSR, and the EMI is less in Vienna rectifier and MMC. 

2.6.2 Vienna rectifier  

The Vienna rectifier shown in Figure 2.4 [62], is a three switch rectifier that features a split 

output DC-bus. It has the following  advantages when used over  HVDC transmission 

systems: 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 2                                                                                                  LITERATURE STUDY 

 

Department of Electrical, Electronic and Computer Engineering 18 

University of Pretoria 

 Implementation is more straightforward compared to other rectifiers which have 

many numbers of switches [63]. 

 The control is only required for three switches, which makes it uncomplicated. 

 Low THD of input currents compared with conventional rectifiers. 

 High efficiency compared with conventional rectifiers, due to a smaller number of 

switches which results in fewer losses. 

 There are many switching methods, which are different from those of three-level 

topologies [64]. 

 It is more suitable for HVDC systems because the switch only sustains half of the 

DC-bus voltage. 

 

 

Figure 2.4. Vienna rectifier topology [64] 

The drawback  of the Vienna rectifier implementation in the HVDC system is the high 

boost-ratio and hence, high output voltage required [65]. 

2.6.3 Vienna rectifier-I 

The three-phase Vienna-I topology as shown in Figure 2.5, involves a single switch per 

power cell [66]. The rectifier structure has three cells, each one is a bridge rectifier, the mid-

points of one leg of each rectifier are connected to a middle link of output capacitors. The 

middle link of the capacitors is functionally connected to a neutral power by connecting the  
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middle link of one arm of the diode bridges of all three phases. For boost operation, each 

bridge cell is connected to an inductor in the input and output sides, as shown in Figure 2.5. 

The interface to be developed is therefore expected to address input and output side 

harmonics concerns.  

 

Vienna-I rectifiers are widely used in several high voltages, high power applications because 

of the following merits [66-68]: 

 The capability of double boosting effect because each bridge consists of two 

inductors in input and output sides, which can improve the rectifier features.  

 The ability of buck-boost operation compared to conventional full-bridge rectifiers. 

 Allows transmitting the energy to the DC capacitors even if the mains voltage is 

positive or negative. 

 Involvement of a single switch per power cell. 

 Permits building a highly reliable rectifier. 

 While it is used for three-phase applications, it could even be used for single- phase 

rectification. 

 Obtainability of three DC output voltages. 

 The DC ripples decrease for a given capacitor value. 

 Less input current harmonic distortion than the conventional topologies [68]. 

 The possibility of continuous current and power-factor correction operation mode 

compared with conventional rectifiers. 

 Less number of active semiconductor devices. 

 High power density due to the three switches which are based on three-level 

configurations. 
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Figure 2.5. Three-phase Vienna-I rectifier topology [12, 66-68] 

The drawback of Vienna-I rectifier is  related to implementation of two inductors  [67]. 

2.6.4 Vienna-II rectifier  

The Vienna-II rectifier is a power circuit of a single-stage three-phase boost type PWM 

rectifier system; Figure 2.6 illustrates the topology. The rectifier has several merits over 

conventional rectifiers which can be listed as follows [69]. 

 The structure of the power and control circuits is simple 

 The input current shape is sinusoidal 

 No low-frequency harmonics of the output current 

 The maximum volt seconds resulting across the rectifier are limited and are defined 

by the output voltage and the pulse period  

 The blocking voltage of the output diodes is defined by the output voltage (with low 

inductance) and is independent of the main voltage 

 There is more than one output voltage 
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 High-frequency isolation of the output voltage 

 

 

Figure 2.6. Vienna-II rectifier topology [69] 

The disadvantages of using a Vienna-II rectifier over HVDC systems can be summarized as: 

 It is only a boost type of operation 

 There is a discontinuous output current shape 

 There is a right-half-plane zero of the transfer function between the average 

output current and the modulation depth of the converter  

 A limitation of the rectifier input voltage of the blocking voltage across the 

power semiconductors on the input side is required. 

 No direct current limitation and no direct startup for an output voltage short 

circuit are possible [69]. 
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2.6.5 Modular multilevel converters  

The MMC is structured of a modular arm topology designed by a cascade combination of  

many chopper cells with floating DC capacitors as shown in Figure 2.7. These cells are called 

sub-modules and can be efficiently constructed into a converter for high- or medium-voltage 

power conversion systems. 

 

 

 

 

 

 

 

 

Figure 2.7. MMC topology [70] 

The merits of using MMC are: 

 Less harmonic distortion due to less switching frequency 

 Ability of self-isolation of faults 

 Can be used for medium and high voltage applications by controlling the number of 

sub-modules                                    

The demerit is that, the control scheme is more complicated [70]. 

2.7 CHAPTER SUMMARY 

Section 2.2 presents literature studies for FRT capability. It was observed that limited and 

complicated types of controllers were applied for riding-through AC and DC faults; most of 

the studies that have been done for FRT capability are based on DFIG. An analysis of several 
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types of active power converters to determine the most competitive one was provided in 

Section 2.3.  

 

The rectifier topologies discussed demonstrate that the Vienna-I rectifier and MMC offer the 

best compromise in terms of performance, active switch numbers and controllability. There 

is no prior research which focused on the literature on Vienna rectifier-I integrated with 

MMC. It proposes the same or better performance than most topologies while utilizing fewer 

switches, in the case of Vienna-I rectifier, and ability of self-isolation of faults, in the case 

of MMC. With the double-boost constant switching frequency controller, the Vienna-I 

rectifier is easy to control and it is just as easy to set-up an equivalent control mode.
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CHAPTER 3 PMSG BASED WECU, 

DYNAMIC MODELLING AND 

ANALYSIS 

3.1 CHAPTER OVERVIEW 

Many researchers have paid attention to the development of WPPs technologies due to their 

low running cost, lower environmental impact and resources availability compared to 

conventional fossil fuels power plants [71, 72]. A wind farm connection in a power system 

network needs solving numbers of technical problems to ensure safe operation and 

maintenance of these sources. Fixed speed WTGs do not employ power converters in WECS. 

Section 3.2 discusses the wind turbine modelling, which includes the wind power equation 

and a comparative study between AC and DC-based power transmission.  

 

The dynamic model of a PMSG is shown in Section 3.3. The control parameters (voltage, 

current, frequency) of SCIG are done using the static compensators or flexible AC 

transmission system devices installed on the grid [73]. The disadvantage of this topology is 

that no tracking of maximum wind power mechanism is provided. However, for the variable 

speed wind turbine, the power electronic converters are employed in the WECS. The DFIG 

and PMSG are the most used types of generators for the WECS based variable speed wind 

turbine. The PMSG has been recognized as the most efficient generator technology used in 

wind power systems and has several advantages discussed in this chapter [72]. The summary 

of this chapter is provided in Section 3.4. 
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3.2 WIND TURBINE MODELLING 

The growth of wind power is due to many problems faced by fossil fuel power generation. 

In a WECS the kinetic energy of the wind is converted into mechanical energy and 

transmitted to the generator through a shaft coupling, which in turn is converted into 

electrical energy. 

 

 The mechanical power converted from the kinetic energy captured from the wind can be 

written as [71-74]: 

                                          𝑃𝑡 = 𝑃𝑤 × 𝐶𝑝(𝜆, 𝛽) =
1

2
𝜋𝜌𝑟2𝐶𝑝(𝜆, 𝛽)𝑉𝑤

3                          (3.1) 

where, 𝑃𝑡 is the wind-turbine output power, 𝑃𝑤 is the wind power, 𝐶𝑝  is power coefficient 

(dimensionless) which is a function of 𝛽 “blade pitch angle” and 𝜆 “the tip speed ratio”,  ρ  

is the air density (1.225 kg/m3), r is the blade radius (m), and 𝑉𝑤 is the velocity of the wind 

(m/s).  The power is proportional to the cube of wind velocity and the square of the radius 

of the air stream created by the blades. 

 

The tip speed ratio is given as follows: 

                                                                 𝜆 =
𝜔

𝑉𝑤
× 𝑟                              (3.2)               

where 𝜔 is the rotational speed in radians per second. 

3.2.1 Wind farm-based AC collection grid 

Conventional wind farms are realized using several WECUs based AC transmission systems. 

Each WECU includes a wind-turbine with mechanical parts (wind-turbine blades, gearbox, 

and the shaft), a generator (PMSG, SCIG, and DFIG), and a large 50 or 60 Hz power 

transformer (step-up). The transformer also contains a large number of magnetic components 

employed in the power transformer, which makes the WECUs less compact and not strong 

enough to withstand the high wind speeds.  
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The connection modes can be parallel, series, series-parallel, ring, radial, or star [75]. The 

wind farm output power is transmitted through high voltage AC (HVAC) transmission lines 

or cables to the distribution side, which also includes large transformers (step-down). 

However, due to environmental issues, the wind farms are located far from the consumers, 

which increases the total loss of the system. 

3.2.2 Wind farm-based DC collection grid    

The HVDC transmission technology will be a better option due to high charging currents 

associated with AC cables for an extensive HVAC transmission system. The number of DC 

cables needed for the same power rating is reduced, which decreases the cost, losses, corona 

loss and radio interference. It is also easy to integrate with renewable energy sources with 

uncomplicated control strategies at low cost. The system efficiency is higher due to the 

absence of reactive power. Nevertheless, HVDC comes up with the lowest running cost and 

reliable performance after approximately 50 km distance for underground cables and 600-

800 km for overhead lines with the same transmission capacity. Figure 3.1 shows the 

financial cost of overhead transmission lines with HVAC and HVDC transmission systems. 

 

 

   Figure 3.1. Cost estimation between AC and DC transmissions [12] 
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As shown in Figure 3.1, after the break-even distance, the cost of a HVDC transmission line 

is considerably less than that of HVAC.  

 

This work considers a wind farm with a DC collection grid. The large size transformers are 

replaced by compact power electronics converters [12, 76-79]. For a wind farm-based DC 

collection grid, the connection modes can be parallel or series connection. Parallel 

connections increase the current rating and thus obtain a high enough power. In series 

connections, voltage is built high enough for the HVDC collection grid [80, 81].  

3.2.3 Types of wind turbines 

Wind turbines are categorised into two primary groups: horizontal-axis wind-turbine and 

vertical axis design. Horizontal-axis wind-turbine either has two or three blades, and the 

rotor shaft and electrical generator are mounted on top of a tower. This structure has many 

advantages, such as high efficiency, and can capture high wind speed. The disadvantages are 

related to difficulty in accessing generator for maintenance. The second type is vertical-axis 

wind-turbine, here the rotor shafts are arranged vertically, and the main advantage of this 

category is the ability to place the unit on the ground. This allows easy maintenance and it 

can receive the air from any direction (no yaw control needed). The drawbacks of this 

topology are lower wind speed, less efficiency and lack of self-starting ability [82].  

3.3 DYNAMIC MODEL OF A PMSG    

A WPP generally consists of many WTGs linked jointly at the main bus. WTGs are grouped 

into two categories [83-86]: 

1. Fixed speed WTG, e.g. the wind-turbine with a SCIG. 

2. Variable speed WTG, this group is classified into two types as follows: 

(i) Full rating converter-based wind turbine, such as PMSG. 

(ii) Partial rating converter-based wind turbine, such as DFIG.  
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The demerit of fixed speed WTG topology is that no tracking of maximum wind power  

mechanism is provided. However, the variable speed WTGs can monitor the power rapidly 

and flexibly with active power electronic converters. One of the considerable challenges in 

WECSs is to handle the discontinuity of the wind to protect the grid stability. The power 

electronic converters and energy storage systems are substantial components to maintain the 

continuation of wind power.  

 

PMSG has several merits and is the most considered type of generators for the WECS based 

variable speed wind-turbine synchronous generators (does not allow more than 30% speed 

variation). PMSG can provide a continuous load for the power consumers; with power 

electronics’ assistance. Power can be monitored rapidly and flexibly with the help of active 

power electronic converters. The full-rating converters cut-out the synchronous engine speed 

from the grid frequency and produce flexible control over a wide range of speed [87, 88]. 

 

The PMSG is connected to the grid with a MSC and a GSC through a DC-link. Figure 3.2 

shows the PMSG based wind-turbine which is modelled and discussed.  

 

 

 

 

 

 

 

 

 

 

 

                   Figure 3.2. PMSG based wind power system. 

The output power of PMSG is expressed as follows: 

                                                      𝑃 =
3𝑉𝑠𝑉𝑐

𝑋𝑠
 𝑠𝑖𝑛 𝛿                                                        (3.3) 

where Vs is the output voltage of the PMSG (or stator voltage), Vc is the input voltage to  

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 3                       PMSG BASED WECU, DYNAMIC MODELLING AND ANALYSIS 

 

Department of Electrical, Electronic and Computer Engineering 29 

University of Pretoria 

the power converter, Xs is the synchronous reactance, and  is the power angle.   

   

Voltage equations of the PMSG in the d-q frame can be formulated as follows [89]: 

                                            𝑉𝑠𝑑 = 𝑅𝑠𝑖𝑠𝑑 +
𝑑∅𝑠𝑑

𝑑𝑡
− 𝜔𝑑𝑞∅𝑠𝑞                                           (3.4) 

                                             𝑉𝑠𝑞 = 𝑅𝑠𝑖𝑠𝑞 +
𝑑∅𝑠𝑞

𝑑𝑡
+ 𝜔𝑑𝑞∅𝑠𝑑                                          (3.5) 

where 𝑉𝑠𝑑 and 𝑉𝑠𝑞 are the stator voltages of the d-q frame, 𝑅𝑠 is the stator resistance, 𝑖𝑠𝑑 and 

𝑖𝑠𝑞 are the stator currents of the d-q frame, 𝜔𝑑𝑞 is the rotor angular speed. ∅𝑠𝑑 and ∅𝑠𝑞 are 

the stator flux linkage in the d-q frame, and can be presented as follows: 

                                                       ∅𝑠𝑑 = 𝐿𝑠𝑑𝑖𝑠𝑑 + ∅𝑟𝑑                                                   (3.6) 

                                        ∅𝑠𝑞 = 𝐿𝑠𝑞𝑖𝑠𝑞                                                               (3.7) 

where 𝐿𝑠𝑑 and 𝐿𝑠𝑞 are the stator inductances of the d-q frame and ∅𝑟𝑑 is the rotor permanent 

magnet flux linkage. 

 

The mechanical equation of the PMSG can be expressed as [90]: 

                                        𝐽
𝑑𝜔

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑚 − 𝑓𝜔                                                     (3.8) 

 

The electromagnetic torque delivered to the generator can be expressed as: 

                                       𝑇𝑒 =
3

2
𝑝(∅𝑠𝑑𝑖𝑠𝑞 + ∅𝑟𝑑𝑖𝑠𝑞)                                               (3.9) 

where p is the numbers of pole pairs, ∅𝑠𝑑 is the stator permanent magnet flux linkage. 

3.4 CHAPTER SUMMARY 

This chapter discussed some of the components that describe the distributed power grid 

network; these include a comparison between DC and AC transmission links for a wind 

farm. A description of the control technology implemented by each WECU of the wind farm 

is provided. It was observed that the DC-link transmission is a better candidate for technical 
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and economic benefits. The dynamic modeling of a wind-turbine and PMSG which has been 

applied for this work was also discussed. The PMSG is the most practical generator model  

following variable-speed generators that are selected to integrate with the grid.  
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CHAPTER 4 ANALYSIS AND SMALL 

SIGNAL MODELLING OF 

VIENNA-I RECTIFIER AND 

MMC 

4.1 CHAPTER OVERVIEW 

The Vienna rectifier-I was chosen as the most convenient rectifier topology for converting a 

generator output AC power into a DC power in a WPP; for its excellence over conventional 

rectifier topologies discussed in Chapter 2. In Section 4.2, the performance analysis of AC 

to DC converters is discussed. In Section 4.3 the switching power loss that occurs 

instantaneously during ON-OFF transitions is discussed. The criteria for selecting power 

converters is shown in Section 4.4. Section 4.5 shows the Vienna rectifier structure and 

analysis, which provides the mathematical models that depict the state space equations for a 

Vienna-I rectifier as small-signal modelling. The transfer function that represents the model 

is also provided. 

 

Section 4.6 shows the MMC structure and analysis, as a GSC, MMC has been used for this 

work. One of the main technical challenges of this inverter is complicated construction with 

several sub-modules per arm. A precise model can be obtained to design an appropriate 

control strategy. The small-signal modelling of this converter is provided according to the 

state-space equations. The summary of this chapter is given in Section 4.7. 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 4                 ANALYSIS AND MODELLING OF VIENNA-I RECTIFIER AND MMC 

 

Department of Electrical, Electronic and Computer Engineering 32 

University of Pretoria 

4.2 PERFORMANCE ANALYSIS OF AN AC-DC CONVERTER  

The output voltage of a rectifier is DC, but it contains ripples. The ripple value should be 

decreased to the smallest possible amount, and the rectifier input current should be managed 

to be as close to sinusoidal and in phase with an input voltage as possible, to enhance power 

factor. More parameters must be considered to minimize the harmonic content of the voltage 

and current waves to improve the rectifier performance [91, 92]. The rectifier output voltage 

contains two components: DC value, and AC ripple value.  

 

The output DC power is given by (4.1): 

                                             𝑃𝑑𝑐 = 𝑉𝑑𝑐 × 𝐼𝑑𝑐                                                                (4.1) 

where 𝑉𝑑𝑐 is the average DC output voltage, and 𝐼𝑑𝑐 is the average DC output current.  

 

The rectifier output AC active power is written as follows: 

                                          𝑃𝑎𝑐 = 𝑉𝑟𝑚𝑠1 × 𝐼𝑟𝑚𝑠1                                                           (4.2) 

where 𝑉𝑟𝑚𝑠1 is the root mean square or rms value of the rectifier output ripple voltage, 𝐼𝑟𝑚𝑠1 

is the rms of the current ripple wave.  

 

In an ideal rectifier, the ripple voltage and current should equal to zero [93]. Many factors 

affect the power system efficiency and are briefly discussed to study the power quality 

problems. 

4.2.1 Ripple factor   

The ratio of an absolute value of an AC component to the DC component in the rectifier 

output is called a ripple factor or correction factor. It is essential to study the ripple factor to 

determine the efficiency of the rectifier. The smaller the ripple factor, the more efficient the 

rectifier, due to variations in the output voltage caused by ripples, it can also cause heating 

in a DC circuit component. 
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The ripple factor can be written as follows [93]: 

                                               𝛾 =
𝑉𝑟𝑚𝑠

𝑉𝑑𝑐
=

𝐼𝑟𝑚𝑠

𝐼𝑑𝑐
                                                               (4.3) 

 

The ripple should be equal to zero for an ideal rectifier. 

4.2.2 Form factor 

The form factor is the ratio of the absolute value of a rms value to the average value of an 

alternating quantity [94]. 

 

The form factor: 

                                              FF =
𝑉𝑟𝑚𝑠

𝑉𝑎𝑣
=

𝐼𝑟𝑚𝑠

𝐼𝑎𝑣
                                                            (4.4) 

 

                                                 𝑉𝑎𝑣 =
2×𝑉𝑚

𝜋
                                                                    (4.5) 

 

For an ideal waveform (with no harmonics), the form factor should equal to 1.11; form factor 

is used to determine the smoothness of waveform towards DC. 

4.2.3 Peak factor 

The peak factor is defined as the absolute value of a ratio of the maximum amount to the rms 

amount of an alternating magnitude [93, 94], and it is used for designing the cable insulation. 

 

The peak factor: 

                                               PF =
𝑉𝑚

𝑉𝑟𝑚𝑠
=

𝐼𝑚

𝐼𝑟𝑚𝑠
                                                            (4.6) 
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4.2.4 Total harmonic distortion (THD) 

The THD is a measure of the distortion due to the harmonic content of the supply AC 

components (current or voltage) and can be formulated as follows: 

                                     𝑇𝐻𝐷 = √((𝐼𝑟𝑚𝑠
2 − 𝐼𝑠1

2 )/𝐼𝑠1)                                                    (4.7) 

where 𝐼𝑠1 is a fundamental component of AC current, 𝐼𝑟𝑚𝑠 is the rms magnitude of the 

distorted current wave. 

 

The THD can also be formulated as the summation of all harmonic components of the 

voltage or current waveform divided by the fundamental component as follows: 

                                 𝑇𝐻𝐷 =
√(𝑉2

2+𝑉3
3+𝑉4

2+⋯+𝑉𝑛
2)

𝑉1
× 100%                                             (4.8) 

 

The THD should equal to zero for an ideal rectifier. 

 

The displacement power factor (DPF) can be formulated as the cosine of the angle between 

the fundamental components of the input voltage and current, which is called the 

displacement angle, and could be given as follows: 

                                                𝐷𝑃𝐹 = 𝑐𝑜𝑠 ∅1                                                                (4.9) 

The DPF should be equal to 1, for an ideal rectifier.  

 

The distortion factor is defined as the distortion of a waveform compared to the sinusoidal 

waveform. It is also defined as the ratio of the rms magnitude of the fundamental component 

(𝐼𝑠1) against the rms magnitude of the distorted current waveform (𝐼𝑠)  [93, 94]. 

Distortion factor =
𝐼𝑠1

𝐼𝑠
                                                               (4.10) 
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4.3 SWITCHING LOSSES 

This is a loss of power that occurs instantaneously during ON-OFF transitions of a semi-

conductor switch. Although the ON-OFF transition is a few nanoseconds, power loss may  

be a considerable amount. Figure 4.1 is a DC-DC boost converter that represents the 

switching losses equations. 

 

 Based on Figure 4.1, 

                                         𝑖𝑎(𝑡) + 𝑖𝑏(𝑡) = 𝑖𝐿(𝑡)                                                            (4.11) 

 

The instantaneous power dissipated by the transistor can be given by (4.12): 

                                                𝑣𝑎(𝑡) × 𝑖𝑎(𝑡)                                                                   (4.12) 

 

While the transistor is in OFF state, the energy loss is given by: 

                                      𝑊𝑂𝐹𝐹 = 0.5 × 𝑉𝑔 × 𝑖𝐿 × turn OFF time                                   (4.13) 

 

When 𝑣𝑎 = 𝑉𝑔, then the diode becomes forward biased; when the transistor is in ON state 

the energy loss can be given by: 

                        𝑊𝑂𝑁 = 0.5 × 𝑉𝑔 × 𝑖𝐿 × turn ON time                                     (4.14) 

 

The total energy that can be wasted during switching period is (𝑊𝑂𝑁 + 𝑊𝑂𝐹𝐹), and the total 

power which can be dissipated during the switching period can be given as: 

                                         𝑃𝑠𝑤 = (𝑊𝑂𝑁 + 𝑊𝑂𝐹𝐹) × 𝑓𝑠𝑤                                               (4.15) 
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Figure 4.1. MOSFET switch representation [94] 

4.3.1 Efficiency versus switching frequency 

The electrical system efficiency (𝜂) can be given by the following equation: 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡+𝑃𝑙𝑜𝑠𝑠
                                                                     (4.16) 

Here, 𝑃𝑜𝑢𝑡 is the converter output power, 𝑃𝑙𝑜𝑠𝑠 is power dissipated due to losses. 

 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑜𝑛𝑑. + 𝑃𝑓𝑖𝑥𝑒𝑑 + 𝑃𝑠𝑤                                                  (4.17) 

where, 𝑃𝑐𝑜𝑛𝑑.is conduction losses, 𝑃𝑓𝑖𝑥𝑒𝑑 is fixed losses and 𝑃𝑠𝑤is switching losses.  

 

These equations can be applied to all electrical equipment. 

𝑃𝑠𝑤 ∝ 𝑃𝑙𝑜𝑠𝑠 

𝑃𝑠𝑤 = 𝑊𝑡𝑜𝑡𝑎𝑙 × 𝑓𝑠𝑤                                                            (4.18) 

 

𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑂𝑁 + 𝑊𝑂𝐹𝐹                                                      (4.19) 

𝑃𝑠𝑤 ∝ 𝑓𝑠𝑤 

 

The critical frequency can be given by: 

 𝑓𝑐𝑟𝑖. =
𝑃𝑐𝑜𝑛𝑑.+𝑃𝑓𝑖𝑥𝑒𝑑.

𝑊𝑡𝑜𝑡𝑎𝑙
                                                              (4.20) 
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Switching losses cause efficiency to decrease at high frequencies, and the Vienna rectifier 

has a minimum number of switches compared with other types of active rectifiers. 

4.4 CRITERIA FOR SELECTING POWER CONVERTER’S TOPOLOGIES 

The selection of power converters for a WECU is based on capability to ensure zero THD, 

zero ripple factor, unity power factor, unity DPF and unity form factor based on (4.1) to 

(4.20). The control of those parameters requires controlling the AC-side voltage by 

maintaining the reactive power.  

 

To control the active power, the voltage and current signals must be maintained, for example 

for angle control; the power has to be controlled using (3.3); which was defined previously 

and can be rewritten as: 

                         𝑃 =
3𝑉𝑠𝑉𝑐

𝑋𝑠
 𝑠𝑖𝑛 𝛿                                                            (4.21) 

 

Converters can attenuate the voltage and current ripple and harmonic distortion; the power 

converters in a WECS working at high switching frequency generate low current harmonic 

distortion. In this work, the WECS is integrated with Vienna active rectifier-I and MMC 

systems. Nevertheless, the power is not high compared with conventional converters. The 

generator’s power output is typically controlled along with the variation of the converter 

duty cycle or delay angle [95].  

4.5 THE VIENNA-I RECTIFIER STRUCTURE AND ANALYSIS 

Vienna active rectifier-I [62], is one of several types of converters that can be selected as a 

MSC for WECS. The converter topology is shown in Figure 4.2. It contains three identical 

power electronic legs; each one is connected separately to a phase input. Each power cell 

includes one active switch (MOSFET or IGBT) and six diodes. The control of the three 

switches ensures sinusoidal waves input current and desired balanced output DC voltage. 
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There are three levels of the output voltage, 𝑽𝑪𝟏 and 𝑽𝑪𝟐 ; each is half of the thorough output 

voltage and the third level is the total (𝑽𝑪𝟏 + 𝑽𝑪𝟐) and should be higher than the maximum 

supply voltage because the converter is used here as a boost type. The output of all stages is 

connected to a middle joint with output capacitors; the midpoint of the capacitors is 

functionally clamped to a neutral power by connecting it to mid-points of one arm of the 

diode bridges of the three phases [96-100].  

 

 

Figure 4.2. Three-phase Vienna active rectifier-I topology [12, 96] 

The switching frequency is too high compared with the supply frequency. The output voltage 

of the considered rectifier does not affect the polarity of the AC input, as well as the 

switching states.  

 

The Vienna rectifier-I is beneficial and cost-effective, and is conforms with the 

specifications of power quality and power flexibility applications. Also, it has a fewer 

number of active semiconductor devices and less voltage stress compared with conventional 

rectifiers because the output capacitor is separated into two sections with two equivalent 

values (C1, and C2) as shown in Figure 4.2, to ensure continuous conduction. It has low 
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current THD and high-power density, due to fewer numbers of active switches used, 

compared to conventional rectifiers. Therefore, it has been used in several high voltages and 

high-power applications. The operation details of the considered converter have been 

explained in [96-99].  

 

The generator-side three-phase voltages can be presented as follows [97]: 

                                               𝑒𝑎 = 𝐸 𝑠𝑖𝑛(𝜔𝑠 𝑡) 

                                          𝑒𝑏 = 𝐸 𝑠𝑖𝑛(𝜔𝑠 𝑡 − 120)                                                  (4.22) 

                                               𝑒𝑐 = 𝐸 𝑠𝑖𝑛(𝜔𝑠 𝑡 + 120) 

where, 𝑒𝑎 , 𝑒𝑏 , and 𝑒𝑐 are the three-phase generator instant voltages, E is the maximum 

generator output voltage, 𝜔𝑠 is the generator-angular velocity.  

 

Equation (4.22) can be rewritten as shown in (4.23). 

                                             𝑒𝑎 = 𝑅𝑖𝑎 + 𝐿
𝑑𝑖𝑎

𝑑𝑡
 + 𝑣𝑎𝑛                               

                                             𝑒𝑏 = 𝑅𝑖𝑏 + 𝐿
𝑑𝑖𝑏

𝑑𝑡
+ 𝑣𝑏𝑛                                                    (4.23) 

                                             𝑒𝑐 = 𝑅𝑖𝑐 + 𝐿
𝑑𝑖𝑐

𝑑𝑡
+ 𝑣𝑐𝑛          

where, R is the internal generator resistance, L is the generator inductance, 𝑣𝑎𝑛, 𝑣𝑏𝑛, and 

𝑣𝑐𝑛 are the terminal voltages of the rectifier [12, 96-99]. 

4.5.1 Small-signal modelling of Vienna rectifier-I 

The analysis of the system response to small disturbances is called small-signal modelling 

of the system.  

 

The nonlinear state-space equation describing the system operation can be represented as 

follows: 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢                                                                         (4.24) 
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where A is the system matrix, B is the input matrix, x is the state vector, and u is the input 

vector.  

 

By referring to Figure 4.2, applying Kirchhoff’s rules to the converter’s AC-side circuit 

yields the following equations that are principally time-variant concerning AC signs and 

switching states [101]. 

[𝑣𝑑  𝑣𝑞 𝑣0]
𝑇 = 𝑍[𝑣𝑎 𝑣𝑏 𝑣𝑐]

𝑇                                                    (4.25) 

[𝑖𝑑 𝑖𝑞 𝑖0]
𝑇 = 𝑍[𝑖𝑎 𝑖𝑏 𝑖𝑐]

𝑇                                                       (4.26) 

[𝑑𝑑
′  𝑑𝑞

′  𝑑0
′ ]𝑇 = 𝑍[𝑑1

′  𝑑2
′  𝑑3

′ ]𝑇                                                    (4.27)    

where Z is the abc/dq0 transformation matrix, 𝑣𝑜 is the total DC output voltage, and can be 

depicted as: 

𝑣𝑜 = 𝑣𝑜,𝑢 + 𝑣𝑜,𝑙                                                          (4.28) 

∆𝑣𝑜 = 𝑣𝑜,𝑢 − 𝑣𝑜,𝑙                                                          (4.29) 

where ∆𝑣𝑜 is the variation between the two partial DC output buses which should be equal 

to zero, ∆𝑉𝑜 = 0 

 

[

𝑉𝑑

𝑉𝑞

𝑉𝑠0

] =  [
√2 𝑉𝑠

0
0

]                                                                    (4.30) 

[

𝐼𝑑
𝐼𝑞
𝐼0

] = [
√2 𝐼𝑠

∗

0
0

]                                                                      (4.31) 

where 𝑉𝑠 is the supply rms voltage, 𝐼𝑠 and 𝑉𝑜 are the reference values of the generator output 

current and a total DC output voltage.  

 

𝑉𝑜,𝑢 = 𝑉𝑜,𝑙 =
𝑉𝑜

2
                                                                    (4.32) 

 

With reference to the state-space equation shown in (4.24), where the state vector, 𝑥 =

[𝑖𝑑 𝑖𝑞 𝑣𝑜 ∆𝑣𝑜]
𝑇, and the input vector, 𝑢 = [𝑣𝑑  𝑣𝑞  ]𝑇 
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The state matrix, 𝐴 =

[
 
 
 
𝐺𝑖𝑑11(𝑠) 𝐺𝑖𝑑12(𝑠) 𝐺𝑖𝑑13(𝑠)

𝐺𝑖𝑑21(𝑠) 𝐺𝑖𝑑22(𝑠) 𝐺𝑖𝑑23(𝑠)

𝐺𝑣𝑑11(𝑠) 𝐺𝑣𝑑12(𝑠) 𝐺𝑣𝑑13(𝑠)

𝐺∆𝑣𝑑11(𝑠)  𝐺∆𝑣𝑑12(𝑠)  𝐺∆𝑣𝑑13(𝑠)]
 
 
 

 

 

The input matrix 𝐵 =

[
 
 
 

𝐺𝑖𝑣11(𝑠)    𝐺𝑖𝑣12(𝑠) 

𝐺𝑖𝑣21(𝑠)   𝐺𝑖𝑣22(𝑠)

𝐺𝑣𝑣11(𝑠)   𝐺𝑣𝑣12(𝑠)

 𝐺∆𝑣𝑣11(𝑠)  𝐺∆𝑣𝑣12(𝑠)]
 
 
 

 

 

𝑑

𝑑𝑡
[

𝑖𝑑
𝑖𝑞
𝑣𝑜

∆𝑣𝑜

] =

[
 
 
 
𝐺𝑖𝑑11(𝑠) 𝐺𝑖𝑑12(𝑠) 𝐺𝑖𝑑13(𝑠)

𝐺𝑖𝑑21(𝑠) 𝐺𝑖𝑑22(𝑠) 𝐺𝑖𝑑23(𝑠)

𝐺𝑣𝑑11(𝑠) 𝐺𝑣𝑑12(𝑠) 𝐺𝑣𝑑13(𝑠)

𝐺∆𝑣𝑑11(𝑠)  𝐺∆𝑣𝑑12(𝑠)  𝐺∆𝑣𝑑13(𝑠)]
 
 
 

[

𝑖𝑑
𝑖𝑞
𝑣𝑜

∆𝑣𝑜

] +

[
 
 
 

𝐺𝑖𝑣11(𝑠)    𝐺𝑖𝑣12(𝑠) 

𝐺𝑖𝑣21(𝑠)   𝐺𝑖𝑣22(𝑠)

𝐺𝑣𝑣11(𝑠)   𝐺𝑣𝑣12(𝑠)

 𝐺∆𝑣𝑣11(𝑠)  𝐺∆𝑣𝑣12(𝑠)]
 
 
 

[
𝑣𝑑

𝑣𝑞
]   (4.33) 

where the symbol is in the form 𝐺𝑎𝑏𝛽𝛾, such as a is output, i.e. an element of the vector 𝑥, b 

is input, i.e. an element of a vector u, 𝛽 is rank of the output a in the vector x, and 𝛾 is the 

rank of the input b in the vector u [101].  
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Figure 4.3. Transfer-function block diagram of the rectifier in the small-signal procedure 

The list of transfer functions 𝐺𝑎𝑏𝛽𝛾, their parameters and the block diagram that represents 

the summarized model is given in Addendum A. The equivalent transfer function that 

represents the Vienna-I rectifier is given by taking Laplace transform for (4.33), which is 

represented in Figure 4.3. 
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4.6 MMC STRUCTURE AND ANALYSIS 

The MMC initially introduced in 2003 [102] offers several advantages compared with other 

converters, such as low harmonic output signals, lower losses, efficient and modular output 

voltage waveforms, and it is ideal for high power applications. The demerit of this topology 

is that the stability and control structure is complicated [102]. The topology of MMC is 

presented in Figure 2.7 and is repeated in Figure 4.4 (a) [102-105].  

 

 

 

 

 

 

 

 

 

                                                            

                                                                                    (a) 

              

           (b) 

Figure 4.4. (a) MMC topology (b) Structure of half-bridge sub-module 

It consists of three-phases, each with upper and lower arms, and the arm consists of N series-

connected sub-modules and a series inductor Larm to control the circulating current and to  

limit the fault current. The voltage levels of the MMC converter are defined by the number 

of sub-modules that are included in the upper and lower arms, as depicted in Figure 4.4 (b). 

It is a half-bridge circuit consisting of two active switches and capacitor connected in 

parallel.  
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The advantage of this topology compared to other MMC topologies is that only two switches 

are used, which results in minimization of the number of components and increase in MMC 

efficiency. The demerit of this topology is difficulty to control DC-side faults when used as 

a rectifier [106].  

4.6.1 Operation principles of the MMC 

The half-bridge sub-module shown in Figure 4.4 (b), consists of two IGBT switches and a 

capacitor. In steady-state operation, only one of the switches is turned on at any instant of 

time. The charging and discharging of the capacitor are dependent on the current direction. 

A half-bridge cell is a DC chopper topology where the output voltage is depending on the 

switching states, thus is either equal to zero or equal to the capacitor voltage. The output 

voltage of a topology and the switching states are clarified in Table 4.1. When either of the 

switches is turned on, the other one of the same topologies should be switched OFF to avoid 

short-circuiting. There are three switching states, i.e.:  

 ON state or insert mode, in this case, active switch 1 is ON, and active switch 2 is 

OFF. The output voltage 𝑉𝑆𝑀 equals the capacitor voltage 𝑉𝐶, and the capacitor can 

charge and discharge in this interval. 

 OFF state or bypass mode, in this case, the active switch 2 is ON, and the active 

switch 1 is OFF. The output voltage 𝑉𝑆𝑀 is zero, and the capacitor will not charge or 

discharge.  

 Blocked state, in this case, both switches are OFF, and the current can conduct only 

through the freewheeling diodes. The capacitor will charge if the current is positive 

[106]. 
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Table 4.1 Switching states of a half-bridge MMC 

Switching state 𝑺𝟏 𝑺𝟐 𝑽𝒐𝒖𝒕 

ON state ON OFF 𝑉𝐶 

OFF state OFF ON 0 

Blocked state OFF OFF 0 

 

The following equations give the AC reference phase voltage and current: 

    𝑣𝑎𝑐
∗ = 𝑉𝑎𝑐 𝑠𝑖𝑛(𝜔0 𝑡)                                                           (4.34) 

    𝑖𝑎𝑐
∗ = 𝐼𝑎𝑐 𝑠𝑖𝑛(𝜔0𝑡 + 𝜃)                                                     (4.35) 

4.6.2 Modulation and modelling of MMC 

4.6.2.1 Modulation techniques 

The sinusoidal PWM and space vector PWM techniques are the most commonly used for 

implementing the PWM strategy for multilevel inverters. The space vector PWM is seen as 

a better technique of PWM implementation compared to sinusoidal PWM due to proper 

utilization of DC-bus voltage, low current ripple, lower switching frequency, less THD, 

simplicity, easy and direct implementation in a digital signal processor, and can be efficiently 

and effectively accomplished in a few microseconds [106-108]. 

4.6.2.2 Equivalent circuit model  

The equivalent representation of a three-phase MMC is depicted in Figure 4.5. The sub-

module in each arm is simulated as a single equivalent DC voltage source. This model is 

simple and easy to analyze and simulate [106, 107]. It can also be employed to control 

various current components circulating through the arm and to show the decoupled current 

models [106]. 
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Figure 4.5. Equivalent circuit model of an ideal arm three-phase MMC 

This simplified model is convenient when the sub-module capacitance is large enough to 

model as a constant DC voltage source. Increasing the sub-modules of MMC can contribute 

in decreasing the harmonic components of the voltage sources. 

4.6.2.3 Mathematical modelling 

The interaction between the variable line quantities and the arm generates low and high- 

frequency components in the DC and AC parts of the MMC. The operation and behavior of 

the MMC during the steady-state condition is complicated. Simulations are utilized to 

investigate the behavior of the converter. A control platform is required to handle the control 

objectives of the converter. However, the simulation process and the controller design are 

challenging work due to much time that can be expended for several sub-modules per arm. 

Several equivalent mathematical models is proposed in the literature to address the problems 

mentioned above [106-108]. 
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From Figure 4.5, the upper (positive) and lower (negative) arm currents of phase k, k = a, b, 

c can be explained by the following equations [107]: 

𝑖𝑢,𝑘 = 
𝑖𝐷𝐶

3
+ 𝑖𝑐𝑖𝑟𝑐,𝑘 +

𝑖𝑘

2
                                                        (4.36) 

𝑖𝑙,𝑘 = 
𝑖𝐷𝐶

3
+ 𝑖𝑐𝑖𝑟𝑐,𝑘 −

𝑖𝑘

2
                                                        (4.37) 

where 𝑖𝐷𝐶 is the DC-link current, 𝑖𝑐𝑖𝑟𝑐,𝑘 is the circulating current within phase k, 𝑖𝑘 is the 

AC side phase currents. 

 

 The circulating current based on (4.36) and (4.37) can be given by (4.38): 

𝑖𝑐𝑖𝑟𝑐,𝑘 =
𝑖𝑢,𝑘+𝑖𝑙,𝑘

2
−

𝑖𝐷𝐶

3
                                                           (4.38) 

 

The mathematical equations that adjust the functional behavior of the MMC phase-k are 

shown as follows [108]: 

𝑉𝐷𝐶

2
− 𝑣𝑢,𝑘 = 𝐿𝑎𝑟𝑚

𝑑𝑖𝑢,𝑘

𝑑𝑡
+ 𝑅𝑎𝑟𝑚𝑖𝑢,𝑘 + 𝑣𝑘 + 𝑉𝑎𝑐                            (4.39) 

𝑉𝐷𝐶

2
− 𝑣𝑙,𝑘 = 𝐿𝑎𝑟𝑚

𝑑𝑖𝑙,𝑘

𝑑𝑡
+ 𝑅𝑎𝑟𝑚𝑖𝑙,𝑘 − 𝑣𝑘 − 𝑉𝑎𝑐                             (4.40)                  

where 𝑉𝐷𝐶 is the DC-link voltage, 𝑣𝑢,𝑘, and 𝑣𝑙,𝑘 represent the upper and lower arm voltages 

of the MMC phase-k, respectively, 𝐿𝑎𝑟𝑚 is the arm inductor, 𝑅𝑎𝑟𝑚 is arm resistor, 𝑣𝑘 and 

𝑣𝑎𝑐 are voltage loss and AC output voltage, respectively. 

 

The AC voltage of MMC can be obtained as follows [108]: 

𝑉𝑎𝑐 =
𝑣𝑙,𝑘−𝑣𝑢,𝑘

2
−

𝑅𝑎𝑟𝑚

2
𝑖𝑘 −

𝐿𝑎𝑟𝑚

2

𝑑𝑖𝑘

𝑑𝑡
− 𝑣𝑘                                     (4.41) 

 

The circulating current of the MMC is obtained by the following equation: 

𝐿𝑎𝑟𝑚
𝑑𝑖𝑐𝑖𝑟𝑐,𝑘

𝑑𝑡
+ 𝑅𝑎𝑟𝑚𝑖𝑐𝑖𝑟𝑐,𝑘 =

𝑉𝐷𝐶

2
−

𝑣𝑢,𝑘+𝑣𝑙,𝑘

2
− 𝑅𝑎𝑟𝑚

𝑖𝐷𝐶

3
                         (4.42) 

 

The following equations explain the upper and lower arm voltages of the MMC phase-k: 
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𝑣𝑢,𝑘 = 𝑛𝑢,𝑘𝑣𝑠𝑢,𝑘                                                             (4.43) 

𝑣𝑙,𝑘 = 𝑛𝑙,𝑘𝑣𝑠𝑙,𝑘                                                                (4.44) 

where 𝑛𝑢,𝑘 and 𝑛𝑙,𝑘 are the number of sub-modules per upper and lower arm per phase-k. 

𝑣𝑠𝑢,𝑘 and 𝑣𝑠𝑙,𝑘 is the capacitor voltages of individual sub-modules of the upper and lower 

arms.  

 

By substitute 𝑣𝑢,𝑘 and 𝑣𝑙,𝑘 from (4.43), and (4.44) in (4.41), and (4.42), the output voltage 

can be obtained as follows: 

𝑣𝑘 + 𝑉𝑎𝑐 =
𝑛𝑙,𝑘𝑣𝑠𝑙,𝑘−𝑛𝑢,𝑘𝑣𝑠𝑢,𝑘

2
−

𝐿𝑎𝑟𝑚

2

𝑑𝑖𝑘

𝑑𝑡
−

𝑅𝑎𝑟𝑚

2
𝑖𝑘                                       (4.45)    

𝐿𝑎𝑟𝑚
𝑑𝑖𝑐𝑖𝑟𝑐,𝑘

𝑑𝑡
+ 𝑅𝑎𝑟𝑚 𝑖𝑐𝑖𝑟𝑐,𝑘 =

𝑉𝐷𝐶

2
− 𝑅𝑎𝑟𝑚

𝑖𝐷𝐶

3
−

𝑛𝑙,𝑘𝑣𝑠𝑙,𝑘+𝑛𝑢,𝑘𝑣𝑠𝑢,𝑘

2
                   (4.46)  

4.7 MMC CONTROL 

4.7.1 Circulating current control 

Circulating currents flowing via the MMC arms are sinusoidal but at twice the output 

frequency. These currents are caused by the inner voltage differences among the three-phase 

arms and contain negative sequences. There is no adverse influence on the AC-side voltages 

and currents due to circulating currents. Despite that, if not controlled properly, they will 

boost the peak and rms magnitudes of the phase-arm currents, which can then raise the ripple 

value of the capacitor voltages, as well as converter power losses [106, 107]. However, the 

challenge to control the circulating current is accurate sizing of the arm inductor. 

 

The inner three-phase electromotive force (EMF) required voltage (𝑒𝑘) is controlled as a 

sinusoidal waveform as follows [107]: 

𝑒𝑘(𝑡) = 𝐸𝑘 𝑠𝑖𝑛 𝜔0𝑡 =
𝑉𝐷𝐶

2
× 𝑧 × 𝑠𝑖𝑛 𝜔0𝑡                                      (4.47) 

where 𝐸𝑘 represents the peak magnitude of the inner EMF, 𝜔0 is the radian frequency, and 

z is constant and represents the amplitude modulation index, and can be expressed as follows: 
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𝑧 =
𝐸𝑘

𝑣𝑑𝑐
2⁄
                                                                             (4.48) 

 

By considering (4.48), the upper and lower arm voltages are obtained as follows [108]: 

𝑉𝑢𝑘(𝑡) =
1

2
𝑉𝐷𝐶 − 𝑒𝑘(𝑡) =

1

2
𝑉𝐷𝐶[1 − 𝑧. 𝑠𝑖𝑛(𝜔0𝑡)]                             (4.49) 

𝑉𝑙𝑘(𝑡) =
1

2
𝑉𝐷𝐶[1 + 𝑧. 𝑠𝑖𝑛(𝜔0𝑡)]                                                        (4.50) 

 

Due to dual fundamental-frequency, the upper and lower arm voltages can be expressed as 

follows [107]: 

𝑉𝑢𝑘(𝑡) =
1

2
𝑉𝐷𝐶[1 − 𝑧. 𝑠𝑖𝑛(𝜔0𝑡)] +

𝑉2𝑓

2
𝑠𝑖𝑛(2𝜔0𝑡 + 𝜑)                      (4.51)     

where 𝑉2𝑓 is the voltage value at the double fundamental frequency. 

 

𝑉𝑙𝑘(𝑡) =
1

2
𝑉𝐷𝐶[1 + 𝑧. 𝑠𝑖𝑛(𝜔0𝑡)] +

𝑉2𝑓

2
𝑠𝑖𝑛(2𝜔0𝑡 + 𝜑)                       (4.52)     

 

The double fundamental-frequency voltage triggers the circulating current passing through 

two arm inductors, so the peak value of circulating current can be explained as follows [109]: 

𝑖2𝑓(𝑡) = −
𝑉2𝑓

4𝜔0𝐿0
𝑠𝑖𝑛 (2𝜔0𝑡 + 𝜑 −

𝜋

2
) = 𝐼2𝑓 𝑐𝑜𝑠(2𝜔0𝑡 + 𝜑)                 (4.53) 

where 𝑖2𝑓(𝑡) represents the instant value of the circulating current, 𝐼2𝑓 is the maximum value 

of the circulating current, and f is the fundamental frequency. 

 

The equations that clarify the three-phase inner circulating currents can be depicted as 

follows [106]: 

𝑖𝑐𝑖𝑟𝑐,𝑎 =
𝑖𝐷𝐶

3
+ 𝐼2𝑓 𝑠𝑖𝑛(2𝜔0𝑡 + 𝜑0)                                           (4.54) 

𝑖𝑐𝑖𝑟𝑐,𝑏 =
𝑖𝐷𝐶

3
+ 𝐼2𝑓 𝑠𝑖𝑛[2(𝜔0𝑡 −

2𝜋

3
) + 𝜑0]                                (4.55) 

𝑖𝑐𝑖𝑟𝑐,𝑐 =
𝑖𝐷𝐶

3
+ 𝐼2𝑓 𝑠𝑖𝑛[2(𝜔0𝑡 +

2𝜋

3
) + 𝜑0]                               (4.56) 
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The frequency of the circulating current is double the fundamental frequency and the current 

is sinusoidal.  

 

The relationship between the circulating current and voltage amplitudes can be obtained as 

follows [106]: 

𝐼𝑐 =
𝑉𝑐

√𝑅2+(2𝜔0𝐿)2
                                                    (4.57) 

where 𝐼𝑐 is the circulating current, 𝑉𝑐 is the voltage amplitude. 

 

The energy base for a converter arm is defined as follows [108]: 

𝑊𝑏𝑎𝑠𝑒 = 0.5 𝑁𝐶𝑆𝑀 (
𝑋𝑑𝑐𝑉𝐷𝐶

𝑁⁄ )
2

= 0.5(
𝐶𝑆𝑀

𝑁⁄ )𝑋𝑑𝑐
2 𝑉𝐷𝐶

2                  (4.58) 

where 𝐶𝑆𝑀 is the sub-module capacitance, 
𝑋𝑑𝑐𝑉𝐷𝐶

𝑁⁄  is the average capacitor voltage. 

 

To design an arm inductance for a given circulating current (4.59) can be used. 

𝐿𝑎𝑟𝑚 =
1

8𝜔0
2×𝐶𝑆𝑀×𝑉𝐶

[
𝑃𝑠

3×𝐼2𝑓
+ 𝑉𝐷𝐶]                                             (4.59) 

4.7.2 Small-signal modelling of MMC 

The small-signal modelling of the system is the analysis of the system response to small 

disturbances, which can be analysed from the regular state-space model to simplify the  

analysis and simulation models [109, 110], 

𝑥̇ = 𝐴𝑥 + 𝐵𝑈                                                                   (4.60) 

where A is the system matrix, B is the input matrix, x is the state vector, and u is the input 

vector.  

 

x and u can be presented in their steady-state and small-signal components as follows: 

𝑥 = 𝑥− + 𝑥°                                                                 (4.61) 

𝑢 = 𝑢− + 𝑢°                                                                  (4.62) 
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Substituting (4.61) and (4.62) into (4.60) yields: 

𝑥−̇ + 𝑥°̇ = 𝐴𝑥− + 𝐴𝑥° + 𝐵𝑢− + 𝐵𝑢°                                        (4.63) 

 

Equation (4.63) can be separated as: 

𝑥−̇ = 𝐴𝑥− + 𝐵𝑢−                                                              (4.64) 

𝑥°̇ = 𝐴𝑥° + 𝐵𝑢°                                                               (4.65) 

Equations (4.64) and (4.65) identify the small-signal model and steady-state model, 

respectively. 

 

The following dynamic equation describes the MMC model [110]:  

𝑑

𝑑𝑡
[

𝑖𝑐𝑖𝑟𝑐

∑𝑉𝐶𝑢

∑𝑉𝐶𝑙

] =

[
 
 
 
 −

𝑅𝑎𝑟𝑚

𝐿𝑎𝑟𝑚

𝑚𝑢

2𝐿𝑎𝑟𝑚

𝑚𝑙

2𝐿𝑎𝑟𝑚
−𝑚𝑢

𝐶𝑎𝑟𝑚
0 0

−𝑚𝑙

𝐶𝑎𝑟𝑚
0 0 ]

 
 
 
 

[

𝑖𝑐𝑖𝑟𝑐
∑𝑉𝐶𝑢

∑𝑉𝐶𝑙

] +

[
 
 
 
 

−𝑉𝐷𝐶

2𝐿𝑎𝑟𝑚

−𝑚𝑢𝑖𝑐𝑜𝑛𝑣.

2𝐶𝑎𝑟𝑚

𝑚𝑙 𝑖𝑐𝑜𝑛𝑣.

2𝐶𝑎𝑟𝑚 ]
 
 
 
 

                       (4.66) 

where C is the capacitance of one sub-module, 𝐶𝑎𝑟𝑚 = 𝐶
𝑁⁄ , 𝑖𝑐𝑖𝑟𝑐 is the circulating current, 

𝑉𝐶𝑢 and 𝑉𝐶𝑙 are the upper (positive) and lower (negative) pole voltages respectively, ∑𝑉𝐶𝑢 

and ∑𝑉𝐶𝑙 are the sums of the maximum voltage of upper and lower arms respectively, 𝑖𝑐𝑜𝑛𝑣 

and 𝑖𝑎𝑐 are the same; but if the load is AC at the load side it is named 𝑖𝑎𝑐 and the current 

flowing through the inverter is called 𝑖𝑐𝑜𝑛𝑣, and is equal to (𝑖𝑢,𝑘 + 𝑖𝑙,𝑘), 𝑉𝐷𝐶 is the DC-bus 

voltage, 𝑚𝑢 and 𝑚𝑙 are modulation indices of the corresponding arms.  

 

The control modulation signals 𝑚𝑢 and 𝑚𝑙 can be presented as follows [110]: 

𝑚𝑢 = 0.5(1 − 𝑀 𝑐𝑜𝑠(𝜔𝑡 − 𝜃𝑚) − 𝑀2 𝑐𝑜𝑠(2𝜔𝑡 − 𝜃𝑚2)) = (0.5)0 − (
𝑀𝑑

2
)
𝑑
𝑐𝑜𝑠(𝜔𝑡) − 

(
𝑀𝑞

2
)
𝑞
𝑠𝑖𝑛(𝜔𝑡) − (

𝑀𝑑2

2
)
𝑑2

𝑐𝑜𝑠(2𝜔𝑡) − (
𝑀𝑞2

2
)
𝑞2

𝑠𝑖𝑛(2𝜔𝑡)                               (4.67) 

𝑚𝑙 = 0.5(1 + 𝑀 𝑐𝑜𝑠(𝜔𝑡 − 𝜃𝑚) − 𝑀2 𝑐𝑜𝑠(2𝜔𝑡 − 𝜃𝑚2)) = (0.5)0 + (
𝑀𝑑

2
)
𝑑
𝑐𝑜𝑠(𝜔𝑡) + 

(
𝑀𝑞

2
)
𝑞
𝑠𝑖𝑛(𝜔𝑡) − (

𝑀𝑑2

2
)
𝑑2

𝑐𝑜𝑠(2𝜔𝑡) − (
𝑀𝑞2

2
)
𝑞2

𝑠𝑖𝑛(2𝜔𝑡)                                  (4.68)     
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where subscripts 𝑑, 𝑞 indicate the two components in the coordinate frame rotating at the 

fundamental frequency 𝜔0 = 2𝜋𝑓, while subscripts 𝑑2, 𝑞2 indicate the two components in  

the coordinate frame rotating at second harmonic 2𝜔0, and subscript 0 denotes the zero-

sequence. Components, 𝑀 and 𝑀2 are the modulation indices, 𝑀𝑑 and 𝑀𝑞 are the 

fundamental sine signals, 𝑀𝑑2 and 𝑀𝑞2 are the second harmonic sine signals. 

 

The transfer function that represents the MMC model, when taking Laplace transform from 

(4.66) can be expressed in Figure 4.6. 

 

 

            Figure 4.6. MMC state-space transfer function 
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4.8 CHAPTER SUMMARY 

This chapter investigated the feasibility of integrating a three-phase active rectifier in a 

WECU. The analysis includes factors that affect the performance and criteria for selecting 

power converters. The small-signal modelling of the converters used for this work were 

discussed to analyze the system response to small disturbances. The system response at 

steady-state operation is investigated in Chapter 5.  

 

In Section 4.2, presents the performance analysis of AC-DC converters. The factors that 

caused power losses and affected the system efficiency were discussed, thus enhancing the 

system efficiency by improving the power quality of the system. The ripple and the THD are 

discussed in the analysis, and all these factors are considered in a simulation process.   In 

Section 4.3, the switching losses and efficiency versus switching frequency analysis 

equations were discussed.  

 

The performance analysis of an AC to DC converter is discussed to determine the criteria 

for selecting power converters’ topologies which are introduced in Section 4.4. Section 4.5 

presents the Vienna rectifier-I structure and analysis.  The performance, construction and 

small-signal modelling of three-phase Vienna rectifier-I is analyzed and discussed. The 

MMC structure and analysis is shown in Section 4.6. The performance, construction, small-

signal modeling of three-phase MMC is analyzed and discussed.  
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CHAPTER 5 DC-VOLTAGE CONTROLLER 

DESIGN 

5.1 CHAPTER OVERVIEW 

Section 5.2 discusses the design of a DC-voltage controller. The aim of controlling the DC-

bus voltage is to regulate the voltage and current across the DC-bus during steady-state 

operation by ensuring that no ripple waves move to the generator-side. The governor of the 

control circuit is an output voltage and sinusoidal supply input current. The output voltage 

is sensed and subtracted from the reference voltage to produce the error signal. It is desirable 

to minimise the error signal, and the current reference is used to maintain the sinusoidal 

supply current. The summary of the chapter is presented in Section 5.3. 

5.2 DC-VOLTAGE CONTROLLER DESIGN 

Current and voltage loop controllers are essential in modern applications in power 

electronics, such as micro-grids, variable speed drives, and active power filters [111-115] to 

maintain a stable voltage in a steady-state operation. 

5.2.1 Current-loop controller design and analysis  

The voltage and current loops are cascaded and adjusted using serial adjusting. The 

bandwidth of the current loop is fixed to the highest magnitude allowed by the system 

stability, to (i) raise the functional performances (ii) reduce the interactions with the voltage 

loop (iii) reduce the steady-state quantity and phase error; desirable zero error magnitude  

(iv) limit the peak current to avoid overload conditions (v) track the required reference 
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current during transient changes (vi) minimize low order harmonics of the load current, and 

(vii) decrease the DC-link voltage ripple. Figure 5.1 shows the schematic representation of 

the voltage and current control in a dq-frame. The topology shows the three-phase generator 

integrated with Vienna rectifier-I; the internal inductors and resistors for the rectifier are 

shown for analysis purposes. The terminal voltage becomes larger (smaller) than its steady-

state value if the output power starts to increase (decrease) depending on the value of L and 

the rise time of the output power [116-119].  

 

 

  Figure 5.1. Graphical representation of the current-control in a dq-frame [111]  

The AC voltages in a rectifier system shown in Figure 5.1 are presented as follows [111-

114]: 

   𝑉𝑠𝑎(𝑡) = 𝑉̂𝑠𝑐𝑜𝑠 (𝜔0𝑡 + 𝜃0) 

                                                  𝑉𝑠𝑏(𝑡) = 𝑉̂𝑠𝑐𝑜𝑠 (𝜔0𝑡 + 𝜃0 −
2𝜋

3
)                                 (5.1) 

       𝑉𝑠𝑐(𝑡) = 𝑉̂𝑠𝑐𝑜𝑠 (𝜔0𝑡 + 𝜃0 −
4𝜋

3
) 

where 𝑉̂𝑠 is a peak value of phase voltage, 𝜔0 is the AC source frequency, and 𝜃0 is the initial 

rotor angle. 
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The nonlinear system in Figure 5.1 can be described by the following equations: 

                            𝐿
𝑑𝑖𝑑

𝑑𝑡
= 𝑉𝑡𝑑 + 𝐿𝜔(𝑡)𝑖𝑞 − 𝑉̂𝑠 𝑐𝑜𝑠 (𝜔0𝑡 + 𝜃0 − 𝜌) − (𝑅 + 𝑟𝑜𝑛)𝑖𝑑       (5.2) 

                             𝐿
𝑑𝑖𝑞

𝑑𝑡
= 𝑉𝑡𝑞 − 𝐿𝜔(𝑡)𝑖𝑑 − 𝑉̂𝑠 𝑠𝑖𝑛 (𝜔0𝑡 + 𝜃0 − 𝜌) − (𝑅 + 𝑟𝑜𝑛)𝑖𝑞      (5.3) 

where 𝑖𝑑, 𝑖𝑞 and 𝜌 are the state variables, 𝑉𝑡𝑑, 𝑉𝑡𝑞 and 𝜔 are the control inputs.  

 

Assuming steady-state operating conditions and substitute for 𝜔(𝑡) = 𝜔0, then, (5.2) and 

(5.3) will be written as follows: 

                                     𝐿
𝑑𝑖𝑑

𝑑𝑡
= 𝑉𝑡𝑑 + 𝐿𝜔0𝑖𝑞 − (𝑅 + 𝑟𝑜𝑛)𝑖𝑑 − 𝑉𝑠𝑑                                 (5.4)  

                                   𝐿
𝑑𝑖𝑞

𝑑𝑡
= 𝑉𝑡𝑞 − 𝐿𝜔0𝑖𝑑 − (𝑅 + 𝑟𝑜𝑛)𝑖𝑞 − 𝑉𝑠𝑞                                  (5.5) 

where 𝑉𝑠𝑑 and 𝑉𝑠𝑞 are disturbance inputs.  

 

The relationship between the modulating signal and a corresponding AC-side terminal 

voltage can be given by the following equations: 

                                                     𝑉⃗ 𝑡(𝑡) =
𝑉𝐷𝐶

2
𝑚⃗⃗ (𝑡)                                                      (5.6) 

                                                  𝑉𝑡𝑑(𝑡) =
𝑉𝐷𝐶

2
𝑚𝑑(𝑡)                                                      (5.7) 

                                                 𝑉𝑡𝑞(𝑡) =
𝑉𝐷𝐶

2
𝑚𝑞(𝑡)                                                       (5.8) 

                                           𝑚𝑑 =
2

𝑉𝐷𝐶
(𝑉𝑠𝑑+𝑈𝑑 − 𝐿𝜔0𝑖𝑞)                                             (5.9) 

𝑚𝑞 =
2

𝑉𝐷𝐶
(𝑉𝑠𝑞+𝑈𝑞 + 𝐿𝜔0𝑖𝑑)                                              (5.10) 

where  𝑈𝑑 and 𝑈𝑞 are control inputs. 

 

Substituting the 𝑚𝑑 and 𝑚𝑞 from (5.9) and (5.10) in (5.7) and (5.8), yields: 

𝑉𝑡𝑑(𝑡) = (𝑉𝑠𝑑+𝑈𝑑 − 𝐿𝜔0𝑖𝑞)                                               (5.11)                

𝑉𝑡𝑞(𝑡) = (𝑉𝑠𝑞+𝑈𝑞 − 𝐿𝜔0𝑖𝑑)                                               (5.12) 

 

Also substituting 𝑉𝑡𝑑(𝑡) and 𝑉𝑡𝑞(𝑡) from (5.11) and (5.12), in (5.4) and (5.5), yields:     
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𝐿
𝑑𝑖𝑑

𝑑𝑡
= 𝑈𝑑 − (𝑅 + 𝑟𝑜𝑛)𝑖𝑑                                                   (5.13)    

  𝐿
𝑑𝑖𝑞

𝑑𝑡
= 𝑈𝑞 − (𝑅 + 𝑟𝑜𝑛)𝑖𝑞                                                     (5.14)   

   

Then, (5.13) and (5.14) depict two separate first-order linear systems; 𝑖𝑑  and 𝑖𝑞 can be 

controlled by 𝑈𝑑, and 𝑈𝑞, respectively, as shown in Figure 5.2 (a) and (b).  

 

 

               (a) 

 

               (b) 

 Figure 5.2. Closed-loop current controller (a) d- axis controller (b) q- axis controller [111] 

The voltage loop controls the converter output voltage by fixing the current reference, and 

the current loop controls the converter to track the command, and this causes the current loop 

to be faster in response than the voltage loop [115].  

 

The output signals (𝑖𝑑 and 𝑖𝑞) are sensed by the gain sensor H and transformed back and 

subtracted from the input current reference value. The control block diagram of the closed- 

loop system is shown in Figure 5.3., where 𝐺𝑣(s) and 𝐺𝑖(s), are the voltage and current 

compensators, respectively. 𝑉𝑑𝑞
∗ , and  𝑖𝑑𝑞

∗  are the reference voltage and current vectors. 
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      Figure 5.3. Block diagram of the closed-loop PWM controller [111, 119] 

𝐿𝑓 is the filter inductor, 𝑅𝑓 is the equivalent series resistance of the inductor, 𝐶𝑓 is a filter 

capacitor value. 𝐺pwm (𝑠) is a transfer function related to PWM delays, 𝐺pwm (𝑠) = [1-

(𝑇𝑑/2)]/[1+(𝑇𝑑/2)], where 𝑇 is the time delay of the system, and = 1.5𝑇𝑠 = 375 𝜇𝑠. 

 

The rate at which the electronic switch performs its function is called a switching frequency 

and is equal to (1 𝑇⁄ ). The switching frequency directly affects the power dissipation in 

switching elements such as the diode, and transistors. These losses usually come from 

switching losses, resistance, inductor and capacitor losses. The design of the WECS must 

consider the various losses and reduce the efficiency associated with the high frequencies. 

A measure of the output power has to be included in the voltage regulation loop, as a feed-

forward signal, to enhance the transient response (rise time, settling time, and overshoot) of 

the DC-bus voltage [116, 118].  

 

The current compensator 𝐺𝑖(s) that was designed and analyzed is proportional resonance 

(PR) compensator and can be given using (5.15): 

𝐺𝑖(s) = 𝑘𝑝 +
2𝜔𝑐1𝑘𝑖𝑆

𝑆2+2𝜔𝑐1𝑆+(ℎ𝜔0)2
                                                     (5.15) 

where, 𝑘𝑝 = 2𝜋𝑓𝑏𝑤𝐿, and 𝑘𝑖 =
𝑅𝑓

𝐿𝑓
𝑘𝑝, 𝑓𝑏𝑤 is assumed to be 600 Hz; for the current control.  

This type of compensator has been selected due to its suitability for grid-connected 

converters’ current control.  
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  Figure 5.4. Block diagram of the designed current loop system [119] 

It is demonstrated that the known drawbacks associated with proportional integral (PI) 

controllers like the need for decoupling for three-phase converters and the steady-state error 

for single-phase converters can be alleviated. The selective harmonic compensation is also 

possible with PR controllers.  

 

The closed-loop control system must have high bandwidth compared to AC system 

frequency, to ensure adequate tracking performance and small steady-state errors. The 

bandwidth frequency of the closed-loop current control should be around ten times the 

system frequency. For most control structures, the bandwidth of the closed-loop voltage 

control is selected to be sufficiently lower than that of the current loop [111], where 𝜔0 =

2𝜋 × 60 = 377 rad/s is the fundamental resonant frequency, 𝜔𝐶1 is a damping frequency 

and assumed to be 10 rad/s. 

 

The current closed-loop transfer function from Figure 5.4, can be determined in (5.16) as: 

𝑖𝑑𝑞(𝑠) =
𝐺𝑖(𝑠)𝐺𝑝𝑤𝑚(𝑠)𝐶𝑓(𝑠)

𝐿𝑓𝐶𝑓𝑆2+𝑅𝑓𝐶𝑓𝑆+𝐺𝑖(𝑠)𝐺𝑝𝑤𝑚(𝑠)𝐶𝑓𝑆+1
𝑖𝑑𝑞
∗ +

1

𝐿𝑓𝐶𝑓𝑆2+𝑅𝑓𝐶𝑓𝑆+𝐺𝑖(𝑠)𝐺𝑝𝑤𝑚(𝑠)𝐶𝑓𝑆+1
𝑖0,𝑑𝑞      (5.16) 
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Figure 5.5. Closed-loop frequency response of the inner current loop 

Figure 5.5 shows the frequency response of the transfer function in (5.16). The controller 

can produce zero steady-state error at the desired frequency (600 Hz).  

5.2.2 Voltage loop control using phase-locked loop (PLL)  

A PLL controller is a closed-loop feedback control system in which a generated signal is 

locked to a reference signal in phase and frequency [111, 115, 117]. The PLL control 

technique has been chosen for this work due to its advantages, such as demonstrating 

satisfactory behavior under certain conditions. 

 

The AC voltages presented in (5.1) are rectifier input voltage equations, which can be 

rewritten in (5.17), and could be applied in Figure 5.6.  

𝑉𝑠𝑎(𝑡) = 𝑉̂𝑠cos (𝜔0𝑡 + 𝜃0) 

                                             𝑉𝑠𝑏(𝑡) = 𝑉̂𝑠cos (𝜔0𝑡 + 𝜃0 −
2𝜋

3
)                                       (5.17) 

                                                𝑉𝑠𝑐(𝑡) = 𝑉̂𝑠cos (𝜔0𝑡 + 𝜃0 −
4𝜋

3
) 
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Figure 5.6. Graphical representation of the voltage control in a dq-frame [111, 115] 

Based on the space phase:  

𝑓𝑑 + 𝑗𝑓𝑞 = 𝑓 (𝑡)𝑒−𝑗𝜌(𝑡)                                                 (5.18) 

 

The voltage expressed in a dq-frame can be given by: 

𝑉𝑠𝑑 = 𝑉̂𝑠cos (𝜔0𝑡 + 𝜃0 − 𝜌)                                             (5.19) 

𝑉𝑠𝑞 = 𝑉̂𝑠sin (𝜔0𝑡 + 𝜃0 − 𝜌)                                              (5.20) 

where 𝜌 is the phase shift and, 

  
𝜕𝜌

𝜕𝑡
= 𝜔(𝑡)                                                             (5.21)   

 

From (5.21), 𝜔(𝑡) is the input to the voltage-controlled oscillator (VCO) as shown in Figure 

(5.6), and it is integrated to produce the desired value of 𝜌.  

 

The compensator output equation can be formulated as:  

𝜔(𝑡) = 𝐻(𝑝)𝑉𝑠𝑞(𝑡)                                                         (5.22) 

where 𝐻(𝑝) is a compensator transfer function and 𝑝 is a differentiation operator. 

 

The PLL compensator H(s) in Figure 5.6, can be formulated as follows: 

𝐻(𝑠) = (
ℎ

𝑉𝑠𝑛
) ×

𝑆2+(2𝜔0)2

𝑆(𝑆+2𝜔0)2
× 𝐹(𝑠)                                            (5.23) 
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where 𝑉̂𝑠𝑛 is the nominal value of 𝑉̂𝑠 , h is a constant gain, F(s) is a convenient transfer 

function with no zero at S = 0, and can be obtained using (5.24). 

𝐹(𝑠) = (
𝑆+(

𝑝1
𝛼⁄ )

𝑆+𝑝1
)2                                                          (5.24) 

where 𝑝1 is the filter pole, 𝛼 is a real constant and should be greater than 1.  

 

The maximum phase margin of the filter is assumed to be 60°and can be given by (5.25) as 

follows: 

    𝛿𝑚 = 𝑠𝑖𝑛−1(
𝛼−1

𝛼+1
)                                                            (5.25) 

 

The maximum phase margin takes place at the frequency given as follows (5.26): 

𝜔𝑚 =
𝑝1

√𝛼
                                                                     (5.26) 

𝜔𝑚 could be equal to the crossover frequency 𝜔𝑐, which is assumed to be 250 rad/s.  

 

The loop gain can be solved using (5.27) 

𝑙(𝑠) = ℎ ×
𝑆2+(2𝜔0)2

𝑆2(𝑠+2𝜔0)2
× 𝐹(𝑠)                                            (5.27) 

Assume 𝒍(𝒔) = 𝟏, and substitute for h, then 𝒉 = 𝟏. 𝟎𝟗 × 𝟏𝟎𝟔 

 

Using parameters given in Table 5.1, the loop gain can be addressed and plotted to determine 

the frequency response. The bode plot in Figure 5.7, shows that L(s) declines with the slope 

of -20 dB when 𝜔  is greater than 𝜔𝐶, the gain and phase margins are 75 dB and 60° 

respectively. A phase margin of 60° is an indication of a higher degree of stability because 

it allows for the fastest settling time. 
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Table 5.1 Parameters used for compensator design 

Parameter Description Value 

Phase margin 𝛿𝑚 60° 

Crossover frequency 𝜔𝑐 250 rad/s 

Supply frequency 𝜔 = 𝜔0 377 rad/s 

Peak value of phase voltage 𝑉̂𝑠 577 V 

 

 

      Figure 5.7. The frequency response of the PLL for the loop gain L(s) 

5.3 CHAPTER SUMMARY 

The DC voltage controller is a central part of the WECS which regulates the system voltage 

during steady-state operation. This chapter has presented a design of the closed-loop; inner 

current loop and outer voltage loop controllers in a dq-frame using PLL. In addition to an 

adequate DC voltage supply, it must also transfer the circuit connecting the sensor to the 

device receiving the output signal and then back to the transmitter, which is named a loop. 

The transmitter controls the current signal of the loop according to the sensor's measurement. 
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There are voltage and current loops; the higher the bandwidth, the faster the loop responds. 

The same data used for building the simulated system is   used for designing the controller, 

and bode plot has demonstrated that the system is stable. 
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CHAPTER 6 SIMULATION RESULTS AND 

DISCUSSION 

6.1 CHAPTER OVERVIEW 

The significant contributions to this study are organized and discussed in this chapter. 

Simulations have been carried out using PSim software, and three virtual wind farms are 

simulated and discussed, for riding through AC and DC faults. The technical benefits of the 

proposed WECU models in a DC collection grid are discussed in terms of fluctuations and 

short-circuit rejection capability. The control strategies are derived and the system 

performance is investigated. Section 6.2 shows the virtual wind farm-I model analysis. The 

virtual wind farm-II model is analyzed in Section 6.3. Section 6.4 shows the analysis of the 

virtual wind farm III. The harmonic distortion and ripples occurring in the voltage/current 

signals are appropriately moderated. 

 

This study has introduced the combination of three-phase active converters into the PMSG 

based WECU with a DC collection grid. The main objective of the investigation is to ride-

through AC and DC faults to contribute to the reliability of WECSs. Most of the studies that 

have previously been done in this area applied the conventional three-phase full-bridge 

active rectifier in WECSs. There studies focused on modular converters, but there is no 

combination of Vienna-I rectifier and MMC in the literature. The summary of this chapter 

is outlined in Section 6.5. 

 

The merits of this WECSs include low power loss, high efficiency, low number of controlled 

switches and low cost. The demerit of the system is complex control circuits. The DC voltage 

controller is designed to maintain the steady-state operation for a long time.  
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6.2 THE VIRTUAL WIND FARM I MODEL 

6.2.1 System analysis 

The WPP consists of three parallel-connected WECUs, as shown in Figure 6.1 (a).  The fault 

is considered to be at the DC-link connected to unit 1, the DC fault that occurs close to unit 

1 terminal will cause large fault currents in its proximity. This type of fault is due to the short 

circuit of a transmission line. The output current will be zero due to the flow of the fault 

current through the system. 

 

 
                                                                       (a) 

 
                                                                       (b) 

 

Figure 6.1. The simulated circuit (a) Three units connected in parallel (b) FRT controller 
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Figure 6.1 (b) shows the controller that has been used to ride through the fault through D_sw, 

and the fault blocking diode, which blocks the generator from feeding the DC-bus during the 

fault.   

 

Table 6.1 Parameters used for simulations 

Parameter Description Value 

Generator voltage rating 𝑉𝑔 400 V 

Generator current rating 𝐼𝑔 40 A 

Turbine voltage rating 𝑉𝑡 500 V 

Turbine current rating 𝐼𝑡 40 A 

DC link capacitance 𝐶1, 𝐶2 1000 𝜇𝐹 

Load R 50 Ω 

 

The controller output voltage Vcont (t) is sensed with the gain sensor H (s), the sensor output 

will be H (s)×Vcont (s) and is compared with a reference input voltage Vref.. The aim is to get 

H (s)×Vcont. (s) closer to Vref.. The variation between the reference input Vref and the sensor 

output H (s)×Vout (s) is called an error signal. In an ideal system, the error signal is zero. 

Practically, the error signal should be a small value. In any case of disturbance, the 

compensator should compensate the error signal to the desired value.  

 

Simulations have been done and the values of the parameters used are shown in Table 6.1. 

Three WECUs are linked in parallel; due to the reliability of the parallel connection, so if 

one unit collapses, the system remains in synchronism. Several modes of operation have 

been simulated and discussed as follows. 
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6.2.2 Steady-state mode of operation 

In a steady-state operation condition, the switch will be locked for a long time, so that voltage 

and current waves are in stable operation. Figure 6.2 (a) and (b), shows the output voltage 

and current waveforms in the steady-state operation.  

 

 

(a) 

 

(b) 

Figure 6.2. (a) Output voltage (b) Output current 

The voltage output, as shown in Figure 6.2 (a) is in steady-state condition and is stable at 

400 V after small overshooting (around 5 %) due to the system startup. Similar to the output 

voltage, the output current, as shown in Figure 6.2 (b), is in steady operation and stable at  
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40 A after overshooting (around 5 %). 

6.2.3 Fault mode of operation 

When the fault is applied in unit 1, the fault current will flow through the system and will 

result in system collapse. The collapsed output voltage and current waveforms which 

represent the faulted system are shown in Figure 6.3 (a) and (b).  

 

 

          (a) 

  

         (b) 

Figure 6.3. (a) Output voltage (b) Output current 
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6.2.4 FRT mode of operation  

The FRT is achieved by connecting the controller that was proposed in Figure 6.1. Figure 

6.4 shows the output voltage and current waveforms after applying FRT controller. The fault 

blocking diode and simulation results show that the controller can ride-through the fault 

properly because the output voltage and current waveforms are similar to steady-state 

operation “before applying the fault”. 

 

 

  (a) 

    

  (b) 

      Figure 6.4. (a) Output voltage (b) Output current 
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In [120], a similar work is done using a fault blocking diode in a DC transmission line to 

block the fault current. They created a WECS based DC transmission technology to transfer 

unidirectional power into a faulted AC system while maintaining the capability to block DC 

faults. They considered control procedures including fault blocking diode and its 

performances under AC and DC faults using electromagnetic transient simulations, and they 

concluded that the topology is a viable candidate. They demonstrated that the fault blocking 

diode approach is a practical and efficient controller that participates in power system 

stability. The variation between this work and their work is that they used a line commutated 

converter and MMC as a MSC and a GSC, respectively. Here a Vienna-I feeding a DC load 

and a controller integrated with the fault blocking diode have been used.  

6.3 THE VIRTUAL WIND FARM II MODEL 

6.3.1 System analysis 

The simulation analysis has been carried out using the data given in Table 6.2, as rated 

values. The system consists of three-generation units connected in parallel and integrated 

with power electronic converters via a DC-link and AC load, to study the transient 

performance of the system.  
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Table 6.2 Parameters used in the simulation program 

Parameter Value 

Generator voltage rating 400 V 

Generator power rating 16 kW 

Turbine power rating 16 kW 

Generator frequency 60 Hz 

Load resistance 50 Ω 

Load inductance 1 mH 

∆𝑉𝑝𝑝 5 % 

∆𝐼𝑝𝑝 5 % 

Arm inductance, 𝐿𝑎𝑟𝑚 0.001 mH 

                      Sub-module capacitor, 𝐶𝑆𝑀 14 𝜇𝐹 

 

The simulated system consists of three primary circuits; the generation unit which consists  

of the turbine and PMSG, the Vienna rectifier-I circuit (Figure 6.5), and the MMC circuit 

(Figure 6.6). 
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                                 Figure 6.5. The rectifier-side simulated circuit 
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Figure 6.6. The inverter-side simulated circuit (one leg MMC) representation 

The proposed sub-module is shown in Figure 6.7 (a). In the steady-state operation, the MMC 

runs with the half-bridge sub-module (the active switch 1 and active switch 2 are connected 

in parallel with the capacitor (Figure 6.7 (a)). The arm capacitor voltage is equal to 𝑉𝑑𝑐 𝑁⁄ , 

where 𝑉𝑑𝑐 is the DC-link voltage and N is the number of sub-modules per arm. In the instant 

of the DC-link fault occurrence, the diode D2 in each sub-module will create a path for fault 

current and will cause a trip of active switch 2.  
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(a) 

 

(b) 

Figure 6.7. (a) Sub-module proposed topology (b) FRT controller circuit  

When the current reaches the pre-defined value, the controller shown in Figure 6.7 (b), can 

sense the output voltage and instantly triggers the active switch 2 gates.  

 

The fault blocking diode will block the fault, and the current starts flowing through the 

inverter. 𝐿𝑎𝑟𝑚 is expected to discharge, and the current through the inductance will increase. 

In this case, each active switch 2 is in ON state. This mode of operation is uninterrupted until 

the fault removal as shown in the flow-chart in Figure 6.8.  
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Figure 6.8. Flow chart of the FRT controller 

The proposed strategy to ride-through the fault is uncomplicated and cost-competitive 

compared with other types of modules proposed in the literature. The fault blocking diode 

and the proposed sub-module topology were introduced to improve the FRT capability of 

the five-level three-phase MMC based DC transmission system.  

 

The system is examined over several modes of operation, and the performance of the FRT 

controller is explained as follows: 
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6.3.2 Steady-state mode of operation  

 
        (a) 

 
       (b) 

Figure 6.9. Generator output (a) Output voltage (b) Output current 

Figure 6.9 (a) and (b) expresses the generator three-phase AC output voltage and current 

waveforms, respectively. The generator output voltage and current are 390 V and 38 A, 

respectively; there are small transients at the beginning of the wave due to generator starting. 

6.3.3 Simulation results without using a fault blocking diode  

In the steady-state operation mode, the system is tested with and without the use of fault 

blocking diode to demonstrate that the fault blocking diode can be treated as a permanent 

device that can be fixed in the system to clear the fault. 

 

 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



CHAPTER 6                                                            SIMULATION RESULTS AND DISCUSSION 

 

Department of Electrical, Electronic and Computer Engineering 78 

University of Pretoria 

 

(a) 

 

(b) 

Figure 6.10. Rectifier output (a) Output voltage (b) Output current 

The rectifier and inverter output voltage and current magnitudes when the system runs at the 

steady-state mode of operation are shown in Figures 6.10 and 6.11, respectively. The rectifier 

output voltage and current are around 400 V and 40 A, respectively, with quite small ripple 

magnitudes. The accepted ripple percentage is around 5 % for the voltage and current. The 

positive points of these waveforms are (i) less transient time; 0.01 s for voltage and current 

waveforms (ii) no under or overshooting in the waveforms (iii) high output voltage and 

current values compared with the rectifier input values; due to the boost ability of the rectifier 

(iv) small ripple percentage; around 5 % for voltage and current.  
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(a) 

 

(b) 

Figure 6.11. Inverter output (a) Output voltage (b) Output current 

The inverter output voltage and current values are around 400 V and 40 A, respectively. 𝑉𝑚 

is equal to 480 V, and 𝐼𝑚 is equal to 48 A. The THD is 1.2 % for AC voltage and current 

waves at a switching frequency of 60Hz. It was observed that there are not many transients 

of the voltage and current waveforms. As shown in Figure 6.11 (a) the peak value of the first 

cycle of the voltage wave is around 320 V, for the second cycle, the peak value is around 

480 V, and the rated value of the rest is around 400 V.  

 

From Figure 6.11 (b) the peak value of the first cycle of the current wave is around 32 A. 

For the second cycle, the peak value is around 48 A, and the rated value of the rest is 40 A. 
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It can be concluded that a stable voltage and current waveforms can be obtained. 

6.3.4 Simulation results with the use of fault blocking diode  

In the steady-state operation with the permanent use of fault blocking diode, the rectifier and 

inverter output voltage, and current waveforms can be drawn as shown in Figures 6.12-6.14.  

 

 
      (a) 

     
                                                                         (b) 

Figure 6.12. Rectifier output (a) Output voltage (b) Output current 
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The rectifier output voltage and current magnitudes are around 2300 V and 47 A, 

respectively, with small ripple magnitudes. The rectifier output in Figure 6.12 (a) and (b) is 

similar to Figure 6.10 (a) and (b). 

 

 
         (a) 

 
(b) 

Figure 6.13. Inverter output (a) Output voltage (b) Output current 

The inverter output voltage and current values in Figure 6.13 (a) and (b) are around 400 V 

and 40 A, respectively. Also, the waves shown in Figure 6.13 and Figure 6.11 are identical. 

Comparing Figure 6.13 with Figure 6.11, and Figure 6.12 with Figure 6.10; it can be 

concluded that the fault blocking diode can be used permanently in the practical power 

circuit for blocking the DC fault.   
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       (a) 

   
     (b) 

Figure 6.14. (a) Voltage across the fault blocking diode (b) Current across the fault blocking diode 

The voltage across the fault blocking diode shown in Figure 6.14 (a) has a peak inverse value 

of 1700 V, and the current wave shown in Figure 6.14 (b) has zero value because of diode 

reverse mode. The diode blocking current and voltage are 200 A and 5000 V. Voltage and 

current ratings are also 5000 V and 200 A, the forward voltage is 1.1 V. 

6.3.5 Operation under transient fault conditions  

Short-circuit fault was applied in a DC-link for one unit. The DC and AC output voltage and 

current waveforms are shown in Figures 6.15 and 6.16; the rectifier and inverter output 

voltages and currents are zero magnitude due to short-circuit fault in a DC-link. 
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   (a) 

 
    (b) 

Figure 6.15. Rectifier output (a) Output voltage (b) Output current 
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(a) 

 
    (b) 

Figure 6.16. Inverter output (a) Output voltage (b) Output current 

6.3.6 FRT controller’s mode of operation 

The rectifier output voltage and current are around 400 V and 40 A as shown in Figure 6.17 

(a) and (b), with small ripple magnitudes. The positive points of these waveforms are (i) less 

transient time; 0.01 s for voltage and current waveforms (ii) no under or overshooting in the 

waveforms (iii) high output voltage and current values compared with the rectifier input 

values; due to the boost ability of the rectifier (iv) small ripple percentage; around 5 % for 

voltage and current.  
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(a) 

 
    (b) 

Figure 6.17. Rectifier output (a) Output voltage (b) Output current 

The inverter output voltage and current values are around 400 V and 40 A, respectively. 𝑉𝑚 

is equal to 480 V, and 𝐼𝑚 is equal to 48 A. The THD is 1.2 % for AC voltage and current 

waves at switching frequency of 60 Hz. The critical feature of these waveforms is fewer 

transients of the voltage and current waves. 

 

For the first cycle of the voltage waveform shown in Figure 6.18 (a), the peak value is around 

320 V, for the second cycle wave the peak value is around 480 V, and the rated value for the 

rest is 400 V. For the first cycle of the current wave shown in Figure 6.18 (b), the peak value 

is around 32 A, for the second wave the peak value is around 48 A, and the rated value for 

the rest is 40 A. 
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      (a) 

 
       (b) 

Figure 6.18. Inverter output (a) Output voltage (b) Output current 

The rectifier and inverter output voltages and currents shown in Figures 6.17 and 6.18, 

respectively, are in steady-state operation. Thus, the FRT controller is reliable. 
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Figure 6.19. Circulating current 

The AC waveform representing the circulating current is shown in Figure 6.19. The 

magnitude of the circulating current is around 6 A, i. e. 15% of the output current, which is 

an acceptable percentage and indication of robust design of arm inductance and sub-module 

capacitance.  

6.3.7 Fault time determination 

In the absence of the controller, the switching versus output voltage will be as shown in 

Figure 6.20, 𝑉𝑠𝑤 expresses the switching voltage and 𝑉𝑎𝑐 is the AC output voltage. The 

voltage is fluctuating at the instant of the fault occurrence from -0.0008 to zero volt due to 

sudden short circuit. 
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Figure 6.20. Switching versus output voltage 

The voltage has less value because the measurement is applied at the moment of fault 

occurrence, and this fluctuation will continue from 0 to 0.035 s from the beginning of the  

fault (i. e. the fault time is 0.035 s).  

6.4 THE VIRTUAL WIND FARM III MODEL 

6.4.1 System analysis 

The WPP, which consists of  three parallel-connected WECUs supplying a DC load at a cost 

of 3012.5 USD; for building a system consisting of fifty-four diodes, nine IGBT switches, 

three AC power supplies, and DC load resistor, is simulated and discussed. The values used 

in a simulation are shown in Table 6.3. An AC fault is applied to unit 2 terminals as shown 

in Figure 6.21. This type of fault is due to unbalance between phases and is called an 

unsymmetrical shunt fault. A shunt fault is defined as “an unbalance between phases or 

between phase and ground”. A series fault is defined as “an unbalance in the same line 

impedances” [121]. 
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Table 6.3 Parameters used for the simulation 

Parameter Description Value 

E Rated voltage of the PMSG  400 V 

R Generator resistance 1 Ω 

L Generator inductance 2 mH 

I Generator rated current 40 A 

f Generator frequency 60 Hz 

Ro Load resistance 50 Ω 

Co Rectifier output capacitor  2000 𝜇F 

 

Shunt faults are an essential class of faults and include various types of short circuits as well 

as unbalanced loads, and can be summarized as follows: 

    1. Line to ground faults 

    2. Line to line faults. 

    3. Double line to ground faults 

    4. Triple line to ground faults [121-126] 

 

In this model generator, line to ground and double line to ground faults have been discussed. 

Figure 6.21 explains the simulated system. If the fault current exceeds the thermal capability 

of the Vienna rectifier-I valves, the IGBT switch will be blocked, and the system will stop 

operating until the fault is cleared. In such a case, the system needs to be restarted. 
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Figure 6.21. The simulated system considering the fault in generator 2 

Figure 6.22 shows the FRT controller. The rectifier output voltage Vout (t) is sensed with the 

sensor gain H (s), the sensor output will be H (s)×Vout (s) which is compared with a reference 

input voltage Vref (s). In case of disturbances or component variations in the compensator, 

the difference in the Vref “the input voltage reference” and H (s)×Vout (s) “the sensor output” 

is named an error signal. 
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Figure 6.22. Schematic diagram of the FRT controller 

The aim is to let H (s)×Vout (s) equal to Vref (s) to obtain zero error, but practically, the 

error signal is commonly a small value. The output of the controller is the gate triggering 

circuit (F_sw) which is shown in Figure 6.21. The proposed sub-module control circuit has 

been constructed to reduce the fault effect. The recent grid codes require that AC generator 

based variable speed WPP should be holding in operation during fault cases.  

6.4.2 Steady-state mode of operation  

At the steady-state operation, the switch will be locked for a long time, so the voltage and 

current waves are in stable performance. Figure 6.23 shows the generator AC output voltage 

is 390 V, and the current is 38 A. There are small transients at the beginning of both voltage 

and current waves, due to the starting of the generator. 
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       (a) 

 
    (b) 

Figure 6.23. Generator output (a) Output voltage (b) Output current 

Figure 6.24 (a) and (b), shows the rectifier output voltage and current waveforms. The output 

voltage is in steady-state condition and is stable at 400 V after overshooting to 420 V due to 

system start-up. Same as the output voltage, the output current is in regular performance and 

stable at 40 A after overshooting up to 52 A.  

 

The positive points of these waveforms are (i) less transient time; 0.03 s for voltage and 

current waveforms (ii) the under and overshooting are running in a short time and one cycle; 

in 0.025 s; 152 V overshooting and 50 V undershooting, 12 A overshooting and 5 A 

undershooting (iii) no ripple disturbance in the voltage and current waves. 
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     (a) 

 
  (b) 

Figure 6.24. Steady-state components (a) Output voltage (b) Output current 

6.4.3 Unsymmetrical fault simulation 

6.4.3.1 Line to ground fault 

When the line to ground fault occurs, the output parameters are still the same as steady-state 

parameters because of the parallel connection of units; if the unit collapses, the system 

remains in synchronism.  
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     (a) 

 
    (b) 

Figure 6.25. (a) Output voltage (b) Output current 

Figure 6.25 (a), shows the output voltage waveform; which is identical to the steady-state 

value and stable at 400 V after over and undershooting at one cycle of around 102 V or 25.5 

% from the original voltage value, and down to around 50 V or 12.5 % from the original 

voltage value. Also, the output current in Figure 6.25 (b), is stable and constant at 40 A after 

small overshooting (due to switching) up to 11 A or 27.5 % from the original current value, 

and undershooting to 5 A or 12.5 % from the original current value. The transients in voltage 

and current waves are continuing for very few seconds, approximately 0.025 s.  
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6.4.3.2 Double line to ground fault 

When applying double line to ground fault as shown in Figure 6.26 (a) and (b), the output 

voltage and current waves fluctuate (current is fluctuating through the load) due to the fault.  

 

 

 (a) 

 

     (b) 

Figure 6.26. (a) Output voltage (b) Output current 

The output voltage, as presented in Figure 6.26 (a) is fluctuating around 400 V, with 

overshooting up to about 560 V and shooting down to about 215 V. The output current wave, 

as indicated in Figure 6.26 (b), is fluctuating through 40 A after overshooting up to 56 A and 

shooting down to 21 A.  
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6.4.4 FRT controller 

Figure 6.27 shows the voltage and current waveforms when the faulted system runs with the 

use of a controller; for two line to ground fluctuation faults, to enhance the system stability 

and reliability; by allowing the path of current from capacitors through the diodes and the 

rectifier to the load. If the switch is opened, the diode will become forward-biased, relative 

to the capacitors.   

 

 
     (a) 

 
    (b) 

Figure 6.27. (a) Output voltage (b) Output current 

The voltage and current magnitudes are around 400 V and 40 A, with accepted voltage and 

current ripple percentage; around 1.3 % for both. There is overshooting in a voltage wave  
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around 110 V or 27.5 % of the original voltage value due to switching and continuing for 

only one cycle. Also, there is shooting down 20 V or 5 % of the original voltage value. For 

the current wave, there is shooting up about 12 A or 30 % of the original current value and 

shooting down about 3 A or 7.5 % of the original current value. 

6.4.5 Simulation under steady-state operation with the use of a FRT controller  

The proposed FRT components simulated with the system in steady-state operation i.e. 

treated as permanently occupied with the system for economical operation, the voltage and 

current waveforms are presented in Figure 6.28 (a) and (b).  

 

 
        (a) 

 
       (b) 

Figure 6.28. (a) Output voltage (b) Output current 
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At steady-state condition, the voltage and current magnitudes are 400 V and 40 A, and there 

is no observed ripple in the waveforms. The transient time for both voltage and current waves 

is around 0.01 s. There is 20 V overshooting or 5 % of the original voltage magnitude due 

to switching. There is also shooting up to about 2 A or 5 % of the original current magnitude 

for the current wave. 

 

While the FRT controller has been treated as permanently occupied within the original 

system, as presented in Figure 6.28 (a) and (b), the system remains in a stable condition in a 

technical and economical operation. Thus, it will not result in generation loss, and there is 

no need for the auxiliary circuit to control the sub-module to operate when needed.  

 

 

Figure 6.29. Generator output currents while the double line to ground fault occurs 

The operation under the unsymmetrical fault creates unbalanced currents between phases 

and torque pulsations, as shown in Figure 6.29. If this situation is continued long-term, the 

unbalanced currents might produce heating in the three-phases, which affects the insulation 

of windings and operation under symmetrical fault turns to high short circuit currents at the 

fault location [28]. 

 

Vsw, as shown in Figure 6.30, is a switching voltage, Vout is a DC output voltage. The rated 

voltage is 400 V and the acceptable error is around ± 5 %, so it is from 440 V up and 300 V 
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down. The fault time started when the voltage was fluctuating from 300 V until 470 V at 

0.06 s, and the fault clearance time should be after 120 ms. 

 

 

Figure 6.30. Switching and output voltages to clarify the fault time 

6.5 CHAPTER SUMMARY 

In this section, three virtual wind farms structures of generation units supplying a DC or AC 

load-based DC transmission link are simulated and discussed. The objective is to ride-

through AC and DC faults, to ensure the power stability and sustainability considering an 

economical operation. Section 6.2 presents a system consisting of three WECUs connected 

in parallel and supplying a DC load, and the fault is proposed to be at the DC-link, which is 

detected by a fault blocking diode and a controller. In Section 6.3, three WECUs integrated 

with power electronic converters supplying an AC load are proposed. A fault blocking diode 

and a FRT controller circuit are used to protect the system by controlling the inverter side. 

An unsymmetrical fault is cleared in Section 6.4 with the use of FRT controller in a system 

consisting of three WECUs connected in parallel feeding a DC load. It was observed that 

AC and DC faults can be cleared with the use of fault blocking diode and FRT controllers, 

to maintain power stability and system reliability
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CHAPTER 7 CONCLUSION AND FUTURE 

WORK 

7.1 STUDY SUMMARY AND RESULTS 

In this study, three virtual wind farms have been proposed and simulated. The first one has 

presented an improved topology with a FRT capability when subjected to a DC-link fault 

based WPP employing a Vienna active rectifier-I. The proposed system is capable of  

mitigating a fault occurring on the DC-link side using the PWM-controller technique 

implemented on the Vienna active rectifier. The simulation results presented the 

performance of the proposed FRT capability controller, which involve sub-modules 

consisting of controller and fault blocking diode. The fault blocking diode has detected the 

fault very fast and protected power system from thermal over stresses with the controller 

assistance, by creating a new current path to eliminate the fault current effect.  

 

This work proved that the unidirectional HVDC scheme could protect the transmission line 

from the transient faults that can occur due to a short circuit. The current and voltage loop 

controllers have been designed to maintain a constant voltage at steady-state conditions. 

Also, the supply side filter that consists of inductor and capacitor has been designed in order 

to decrease the input voltage and current ripple values. Simulation results demonstrate the 

suitability of the control strategy. The use of proposed WECU topology has led to the 

improvement of system stability by maintaining the constant output voltage. The WECU 

combining Vienna active rectifier-I is also confirmed as a feasible technology that can be 

operated in a large-scale renewable power generation, to recognize technical and economical 

efficient grids-based DC transmission systems. 
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The second virtual wind farm presented the analysis of a novel mechanism for riding-through 

a DC fault of a five-level three-phase MMC as a controller, integrated with a DC-link based 

WPP with the use of fault blocking diode. A 16 kW, 60 Hz PMSG and wind-turbine 

integrated with the MSC, and GSC are utilized as wind farm components, along with DC 

transmission grid. This topology contributes to the stability and reliability of the system by 

ensuring continuous output power under transient fault conditions. The functional response 

of the system is presented using PSim software to demonstrate the performance of the 

proposed controller.  

 

Several modes of operation have been discussed; in the steady-state case, the use of a fault 

blocking diode does not change the values of a DC and AC output waveforms. In a faulted 

system mode of operation, with the use of a controller, it was observed that the controller 

can ride through the DC fault and a stable operation can be obtained from the rectifier and 

inverter sides. In the absence of the controller, the system collapsed. Therefore, the 

simulation results show that the proposed control strategy for riding-through a DC-link fault 

ensures reliable operation of the system during transient faults. Furthermore, the DC bus 

voltage controller is designed to maintain a constant DC voltage during steady-state 

operations using the compensated loop gain relation. The stability of the unit is also tested 

under steady-state conditions using bode plots. 

 

The third virtual wind farm proposes an improved Vienna-I topology with the use of diodes 

and capacitor sub-module for riding-through AC faults. Three parallel WECUs supplying a 

DC load are simulated and discussed. It was observed that the suggested sub-module 

eliminates the fault current effect by creating a separate current path.  

 

Several modes of operation have been simulated and discussed. The simulation results 

confirm the reliability of the proposed rectifier with FRT module. Fault current can be 

blocked rapidly to protect power system from overheating problems. 
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 It was observed that the WTG integrated with a proposed sub-module Vienna-I based DC 

transmission system is a practical candidate that can be employed in large-scale WPPs to 

realize a stable and reliable operation.  

7.2 RECOMMENDATIONS AND FUTURE WORK 

The optimal control strategies proposed in this research have demonstrated their ability to 

ensure an efficient and reliable operation for a WECS. Although the simulation results 

acquired in this thesis represent those of fully functional design, and the objectives and 

research questions for this research have been met, the following enhancements are, 

suggested for future work: 

 Experimental validation should be applied for all the three virtual wind farms that 

have been simulated. 

 Implementation of different kinds of PWMs techniques for the Vienna rectifier-I and 

the MMC converter. 

 Higher voltage-level of MMC can be introduced to improve the efficiency and the 

performance of the MMC. 

 Future studies can implement the MMC as a rectifier and inverter in the same WECS 

and compare the results to the use of Vienna-I as a rectifier. 

 The control at the generator-side should be focused on, with the use of the same 

WPPs implemented for this work. After that, an economic analysis can be conducted 

comprehensively. 

 A comprehensive review of the technological trend of DC collection grid for offshore 

and onshore wind farm can be undertaken. 

 Greater analysis can also be conducted focusing on the HVDC systems that 

combine various types of modular VSC. 
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ADDENDUM A  

A.1 THE TRANSFER-FUNCTION PARAMETERS  

A.1.1 (𝑮𝒂𝒃𝛃𝛄) calculations 

The equations that represent the transfer-functions drawn in section 4.3 are shown as 

follows: 

   𝐺𝑖𝑑11(𝑠) = −
𝑉𝑜

∗

2𝐿

(𝑆2+𝛿11𝑆)

𝑑𝑒𝑛(𝑠)
                                                               (A.1) 

where 𝑑𝑒𝑛(𝑠) = 𝑆3 + 𝜏0𝑆
2 + (𝜔0

2𝛿12 + 𝛿13)𝑆 + 𝜏0𝜔0
2                             (A.2) 

  𝐺𝑖𝑑12(𝑠) = −
𝑉𝑜

∗𝜔0

2𝐿

(S+δ11)

den(s)
                                                                (A.3) 

𝐺𝑖𝑑13(𝑠) = 0                                                                                    (A.4) 

𝐺𝑖𝑑21(𝑠) = −
𝑉𝑜

∗𝜔0

2𝐿

(𝛿11𝑆+𝜏0)

𝑑𝑒𝑛(𝑠)
                                                             (A.5) 

𝐺𝑖𝑑22(𝑠) = −
𝑉𝑜

∗

2𝐿

(𝑆2+𝜏𝑜𝑆+𝛿13)

𝑑𝑒𝑛(𝑠)
                                                           (A.6) 

𝐺𝑖𝑑23(𝑠) = 0                                                                                    (A.7) 

𝐺𝑖𝑣11(𝑠) =
(𝑆2+𝜏𝑜𝑆+𝛿16)

𝐿×𝑑𝑒𝑛(𝑠)
                                                                     (A.8) 

𝐺𝑖𝑣12(𝑠) =
𝜔0
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∗
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𝐺𝑣𝑑12(𝑠) =
3√2×𝐼𝑠

∗×𝜔0

2×𝐶0

(𝑆2+𝛿14)

𝑑𝑒𝑛(𝑠)
                                                           (A.13) 

𝐺𝑣𝑑13(𝑠) = 0                                                                   (A.14) 

𝐺∆𝑣𝑑11(𝑠) = 0                                                                 (A.15) 

𝐺∆𝑣𝑑12(𝑠) = 0                                                                 (A.16) 

𝐺∆𝑣𝑑13(𝑠) =
𝛿11√2×𝐼𝑠

∗

𝐶0×(𝑆+𝛿15)
                                                    (A.17) 

𝐺𝑣𝑣11(𝑠) =
3√2×𝑉𝑠

𝐿×𝐶0×𝑉0
∗ ×

𝑆+𝛿18

𝑑𝑒𝑛(𝑠)
                                            (A.18) 

𝐺𝑣𝑣12(𝑠) = −
3√2×𝐼𝑆

∗×𝜔0

𝐶0×𝑉0
∗ ×

(𝑆−𝛿14)

𝑑𝑒𝑛(𝑠)
                                    (A.19) 

𝐺∆𝑣𝑣11(𝑠) = 0                                                                   (A.20) 

𝐺∆𝑣𝑣12(𝑠) = 0                                                                    (A.21) 

A.1.2 (𝐆𝐚𝐛𝛃𝛄)  parameters calculations 

The parameters that can solve the transfer-function equations shown in Section A.1 are 

represented as follows: 

τ0 =
1

CoRo
=

1

2000×10^−6×50
= 10                                         (A.22) 

𝛿11 = 𝜏0 +
6𝑉𝑠×𝐼𝑠

∗

𝐶𝑜×𝑉𝑜
∗2 = 310                                                       (A.23) 

𝛿12 = 1 +
6𝐿×𝐼𝑠

∗2

𝐶𝑜×𝑉𝑜
∗2 = 1.06                                                      (A.24) 

  𝛿13 =
6𝑉𝑠

2

𝐿𝐶𝑜𝑉𝑜
∗2 = 1.5 × 106                                                    (A.25) 

𝛿14 = −
𝑉𝑠

𝐿𝐼𝑠
∗ = −0.2 × 106                                                  (A.26) 

𝛿15 ≅ 2τ0 = 20                                                                  (A.27) 

                                          𝛿16 =
6×𝐿×𝜔0

2×𝐼𝑠
∗2

𝐶𝑜×𝑉𝑜
∗2 = 8527.3                                                (A.28) 

𝛿17 = τ0 +
6×𝑉𝑠×𝐼𝑠

∗2

𝐶𝑜×𝑉𝑜
∗2 = 12010                                             (A.29) 

𝛿18 = 𝐿𝜔0
2𝐼𝑠

∗ = 79.6 × 106                                               (A.30) 
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𝑑𝑒𝑛(𝑠) = 𝑆3 + 𝜏0𝑆
2 + (𝜔0

2𝛿12 + 𝛿13)𝑆 + 𝜏0𝜔0
2 = 𝑆3 + 10𝑆2 + (1.65 × 106)𝑆 + (1.4 ×

106)                                                                                                                               (A.31) 

A.2 THE TRANSFER-FUNCTION PARAMETERS MODEL 

By using transfer-functions that are demonstrated in A.1, Figure A. 2 can be obtained. 

 

 

Figure A.2. Summarized model transfer-function block diagram of the proposed rectifier in small-

signal procedure. 
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