
 

 

 

ELEKTRO-MFE 22016 

Degree project 30 credits 

      September 2022 

 
 
 

 
 

Simulation Model-Grid Connection 
of a Marine Current Power 
Turbine 

                        Muhammad Farooq Mazhar 
  

 

 

 

 

 

 

 

 

 

 

 

 
 



i 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

 

Muhammad Farooq Mazhar 

 

Renewable energy is a reliable source of energy and can provide promising 

solution to the on-going energy crisis if harnessed properly. Some of the 

common energy sources in which a lot of research is invested include wind, 

solar, water and biofuels. To investigate more into the potential of energy 

from tidal sources, a research group at Uppsala University from the division 

of electricity has setup a small-scale marine current turbine at Söderfors. 

The setup right now is disconnected from the grid because of stability issues. 

 

The aim of this project is to evaluate the current setup. The main objective 

of this research is to develop a simulation of the setup. With the help of this 

simulation the fault with the current setup has been identified. A solution to 

the problem has been proposed. The proposed solution is able to address 

the stability issue of the system but this solution needs to be verified in the 

actual experimental location. 

 

Faculty of Science and Technology 

 
Visiting address: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
House 4, Level 0 
 
Postal address: 
Box 536 
751 21 Uppsala 
 
Telephone: 
+46 (0)18 – 471 30 03 
 
Telefax: 
+46 (0)18 – 471 30 00 
 
Web page: 
http://www.teknik.uu.se/education/ 

 

Supervisor: Johan Forslund 
Subject reader: Janaina Goncalves de Oliveira 
Examiner: Irina Temiz 
ELEKTRO-MFE 22016 
Printed by: Uppsala Universitet 
 



ii 

 

Acknowledgements 
 

I would like to express my gratitude to my supervisor Johan Forslund for giving me this 

opportunity to work on this project. He has been a constant source of support for me and have 

been guiding me through each phase of the project. Without his support this journey would have 

been really hard for me. 
 

I would also like to thank my subject reader, Janaina Goncalves de Oliveira, whose feedback on 

my report and my research was of immense value. She has not only helped me improve the 

structure and content of my report, but also her insights to the problem has really helped me in 

this research. 

 

In the end I would like to thanks my family back home who have been at my back since I started 

this journey. Their support has kept me going and without them I would never have come this 

far.   



iii 

 

 

Table of Contents 
1. Introduction ............................................................................................................................. 1 

1.1 Renewable Energy Sources (RES) ................................................................................... 1 

1.2 Power Electronics ............................................................................................................. 2 

1.3 The Söderfors Setup ......................................................................................................... 3 

1.4 Problem Description ......................................................................................................... 3 

1.5 Goal of the Project............................................................................................................ 3 

1.6 Limitations and Assumptions ........................................................................................... 4 

1.7 Thesis Outline .................................................................................................................. 4 

2. Background ............................................................................................................................. 5 

2.1 Electrical System Overview ............................................................................................. 5 

2.2 Problem Description ......................................................................................................... 6 

3. Theory ..................................................................................................................................... 8 

3.1 ABC to DQ Transform ..................................................................................................... 8 

3.1.1 Clarke Transformation .............................................................................................. 9 

3.1.2 Park Transformation ............................................................................................... 10 

3.2 Control System ............................................................................................................... 11 

3.2.1 Direct Power Control .............................................................................................. 11 

3.2.2 Voltage Oriented Control ........................................................................................ 12 

3.2.3 Inner Current Controller ......................................................................................... 13 

3.2.4 PID Tuning.............................................................................................................. 14 

3.2.5 Pole-Zero Plot and Stability .................................................................................... 15 

3.2.6 Bode Plots ............................................................................................................... 16 

3.3 Phase Locked Loop (PLL) for Grid Voltage .................................................................. 16 

3.3.1 PLL Structure .......................................................................................................... 16 

3.4 Filters .............................................................................................................................. 17 

3.4.1 LCL Filter Design ................................................................................................... 18 

3.4.2 Total Harmonic Distortion (THD) .......................................................................... 20 

4. Methodology ......................................................................................................................... 21 

4.1 Simulation Description ................................................................................................... 21 

4.2 Transfer Function Analysis ............................................................................................ 24 



iv 

 

4.3 Damping techniques ....................................................................................................... 27 

4.3.1 Active Damping ...................................................................................................... 27 

4.3.2 Passive Damping ..................................................................................................... 28 

4.4 PI Tuning with Damping Resistance .............................................................................. 29 

4.5 Simulation and the Söderfors Setup ............................................................................... 30 

5. Results ................................................................................................................................... 32 

5.1 Validating the simulation model with experimental data............................................... 32 

5.2 Pole-Zero Plot Results .................................................................................................... 34 

5.3 Bode Plot Analysis of LCL filter with Damping Resistance ......................................... 35 

5.4 PID tuning results ........................................................................................................... 37 

5.5 Simulation Results.......................................................................................................... 38 

5.5.1 Inverter Results ....................................................................................................... 38 

5.5.2 DQ-Frame Analysis ................................................................................................ 39 

5.5.3 Grid Results ............................................................................................................ 41 

5.5.4 THD and Loss Analysis in Damping Resistance .................................................... 42 

6. Discussion ............................................................................................................................. 49 

7. Conclusion ............................................................................................................................ 50 

7.1 Drawback and Future Work ........................................................................................... 50 

Bibliography ................................................................................................................................. 52 

 
  



v 

 

List of Figures 
 
Figure 1. 1: Total Energy supply by sources [3] ............................................................................................................ 1 

 

Figure 2. 1: Electrical Overview of Grid Connected Marine Current Turbine [12]. ..................................................... 5 
Figure 2. 2: Grid parameters currents and voltages [16] ................................................................................................ 6 
Figure 2. 3: Grid currents [16] ....................................................................................................................................... 7 

 

Figure 3. 1: Transformation overview [18].................................................................................................................... 8 
Figure 3. 2: Clarke Transformation [19] ........................................................................................................................ 9 
Figure 3. 3: Park Transformation [19] ......................................................................................................................... 10 
Figure 3. 4: abc to dq transformation…………………………………………………………………………………11                                                                                                                          
Figure 3. 5: dq to abc transformation….. ..................................................................................................................... 11 
Figure 3. 6: DPC technique of a converter [20] ........................................................................................................... 12 
Figure 3. 7: Three-phase DC/AC converter [22] ......................................................................................................... 13 
Figure 3. 8: Location of poles and stability of the system [25].................................................................................... 15 
Figure 3. 9: PLL basic structure [22] ........................................................................................................................... 16 
Figure 3. 10: PLL transfer function block diagram [22] .............................................................................................. 17 
Figure 3. 11: L, LC and LCL filter topologies [27] ..................................................................................................... 18 
Figure 3. 12: Model of Passive LCL Grid connected filter [28] .................................................................................. 19 

 

Figure 4. 1: Schematic of Grid-connected Inverter with control loop [36] .................................................................. 21 
Figure 4. 2: Single cell of H-bridge Inverter................................................................................................................ 22 
Figure 4. 3: Bode plot of a transfer function [33] ........................................................................................................ 25 
Figure 4. 4: Unit step response .................................................................................................................................... 26 
Figure 4. 5: Bode plot of the LCL transfer function .................................................................................................... 27 
Figure 4. 6: LCL filter with series damping resistance [26] ........................................................................................ 28 
Figure 4. 7: Simulink simulation of Söderfors setup ................................................................................................... 30 

 

Figure 5. 1: Power injected to the grid with corresponding phase currents ................................................................. 32 
Figure 5. 2: Three-phase currents from simulation model for injecting 800W to the grid .......................................... 33 
Figure 5. 3: Pole-zero plot for system without the damping resistance (top) and with the damping resistance (bottom)

 ..................................................................................................................................................................................... 34 
Figure 5. 4: Impulse response of the systems .............................................................................................................. 35 
Figure 5. 5: Bode plot of the system with damping resistance .................................................................................... 35 
Figure 5. 6: Bode plot with a 9 ohm resistance (blue), 6 ohm resistance (black) and 3 ohm resistance (yellow)…... 36 
Figure 5. 7: Unit step response of the system with damping resistance....................................................................... 37 
Figure 5. 8: Unit step response with different PI parameters ....................................................................................... 37 
Figure 5. 9: Switching scheme of a single cell of the inverter ..................................................................................... 38 
Figure 5. 10: Inverter pole voltage............................................................................................................................... 39 
Figure 5. 11: Actual id (blue), reference id (red) ......................................................................................................... 40 
Figure 5. 12: Actual iq (blue), reference iq (red) ......................................................................................................... 41 
Figure 5. 13: Grid voltages, currents and power .......................................................................................................... 42 
Figure 5. 14: Total power loss and power loss in each damping resistance ................................................................ 43 
Figure 5. 15: Total harmonic distortion with 6 ohm damping resistance (6 ohm) ....................................................... 43 
Figure 5. 16: Output current for 3 ohm damping resistance ........................................................................................ 44 
Figure 5. 17; Total power loss and power loss in each damping resistance (3 ohm) ................................................... 45 
Figure 5. 18: Total harmonic distortion with 3 ohm damping resistance .................................................................... 45 

file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127111868
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109115
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112160
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112161
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112162
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112163
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112164
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112165
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127112166
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109134
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109135
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109136
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109136
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109137
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109138
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109139
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109140
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109141
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109142
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109143
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109144
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109145
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109146
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109147
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109148
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109149
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109150
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109151


vi 

 

Figure 5. 19: Output current for 9 ohm resistance ....................................................................................................... 46 
Figure 5. 20: Total power loss and power loss in each damping resistance (9 ohm) ................................................... 47 
Figure 5. 21: Total harmonic distortion with 9 ohm damping resistance .................................................................... 47 

 

 

 

List of Tables 
 

Table 1. 1: RES and their Global Capacity .................................................................................................................... 2 
 

Table 3. 1: Parameters and their effect on controller ................................................................................................... 15 
 

Table 4. 1: Grid Parameters ......................................................................................................................................... 24 
Table 4. 2: LCL filter parameters ................................................................................................................................ 24 
 

Table 5. 1: Summary of power loss and THD for various damping resistance ........................................................... 48 

   

file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109152
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109153
file:///E:/Uppsala%20University/thesis/My%20work/thesis%20correction/MyThesis%20v3.docx%23_Toc127109154


1 

 

 

1. Introduction 
According to the report published, the world’s energy consumption increased by a factor of two 

since 2010 [1]. This is mainly due to the increased urbanization and industrialization to meet the 

demands of the growing population. According to US Energy Information Administration, 

electricity consumption is increased at a faster rate than the population growth [2]. Various energy-

producing techniques have been employed to meet this demand of increased electricity 

consumption. Fossil fuels such as coal, oil, and natural gas have been the leading producers of 

energy over the last few decades. In 2017 67% of the power generation came from combustible 

fuels whereas the remainder came from renewable sources [3]. From figure 1.1 the contribution of 

each fuel in power generation is clearly seen. 

 

Owing to this increased consumption of fossil fuels, carbon dioxide (CO2) emissions rose to a 

staggering amount of 33.1 Giga-tones (Gt).  

The environmental issues associated with fossil fuels for energy production are of grave concern. 

The emission of greenhouse gasses such as CO2, oxides of nitrogen (NOx), and methane has greatly 

altered the balance of the ecosystem. Their emission has led to global warming, irregular rain 

patterns, and long spells of dry climate around the equator regions. These concerns have 

aggravated to finding alternative solutions to the energy dilemma and a lot of research to explore 

renewable energy resources has begun. By 2030 the European Commission has set its target to cut 

the CO2 emissions by 55% and by 2050 it aims on becoming climate neutral [4]. 

 

1.1 Renewable Energy Sources (RES) 
The main idea of a sustainable energy resource is its ability to deliver energy without exhausting 

the source. It is generated through natural processes that replenish themselves quickly over a period 
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Figure 1. 1: Total Energy supply by sources [3] 
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varying from seconds to days and months. RES provides promising solutions to the climate issues 

incurred by fossil fuels as RES produces energy with negligible emissions of air pollutants and 

greenhouse gasses [5].  The major types of RES and their global potential are summarized in Table 

1.1. 
 

Table 1. 1: RES and their Global Capacity 

Type Global Capacity (GW) 

Water 
Hydropower 1132 

Hydrokinetic 0.532 

Wind  591 

Solar Photovoltaic (PV)  505 

Biomass  130 

Geothermal  13.3 

 

The integration of RES in the market is dependent on many factors. Government policies in the 

form of tax relief, green certificate incentives, and monetary subsidies for institutions are leading 

factors for some countries aiming to integrate RES. Similarly, market conditions such as demand 

and supply, resource availability, and cost of electricity are also key players in integrating RES 

into the grid system. 

 

1.2 Power Electronics 
One of the greatest advantages of using RES is the ability to provide electricity to remote areas 

which do not have access to electricity through the local transmission system. In these areas wind 

turbines and photovoltaics (PV) are of great use but since these sources are intermittent as the wind 

speed varies a lot and the availability of sun is not constant throughout the day, the electrical output 

from these RES is not predictable. Solar PV produces direct current (DC) power whereas the 

alternating current (AC) output from wind turbines fluctuates a lot [6]. To address these issues 

power electronics converters are used to make these RES compatible for small scale and large 

scale uses of electricity.  

Grid-connected power electronic converters usually operate at high frequency, thus helping in 

voltage and frequency conversion. They are also used in power factor improvement because of 

their capability for reactive power compensation. Through designed control schemes the switching 

of these converters can be controlled which also helps in mitigating the harmonic content in the 

system arising due to non-linear loads [7].     

The two main areas that need to be addressed when integrating RES into the grid are the power 

regulation and the inversion of DC power to AC power. For this reason, DC-DC converters and 

DC-AC inverters are of interest. These power electronic devices provide the liberty to control and 

monitor the production of electricity at three different levels: 

 Generator Level 

 Plant Level 

 Transmission Level 
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Another important aspect in transmitting the power flow from the generator side is the control of 

power electronics converters, through various techniques to meet the demands at the grid side. 

Furthermore, the operation of power electronic switches produces unwanted harmonics due to the 

switches operating at very high frequencies. These frequencies are then addressed using various 

combinations of harmonic filters which then improve the overall quality of the power transmitted 

to the grid. 

 

1.3 The Söderfors Setup 
The research group at Uppsala University implemented a prototype of a marine current turbine in 

the River Dalälven in the town of Söderfors. The concept investigated at Uppsala University uses 

an omnidirectional, fixed-pitch vertical axis turbine direct connected to a non-salient permanent 

magnet generator [8]. The turbine is placed at a water depth of 7 m roughly 1km from a hydropower 

plant built on this river. The turbine is a - bladed, vertical axis fixed pitch turbine which negates 

the additional mechanism for controlling the pitch of the blades. The turbine diameter is 6 m and 

has a height of 3.5 m. The typical water speed in Dalälven River ranges from 0.5-1.5 m/s. At the 

rated water speed of 1.3 m/s and a tip speed ratio (TSR) of 3.5, the maximum simulated power 

coefficient (Cp) is 0.36 [9].  

The generator is placed below the turbine, outside of the water flow passing through the turbine. 

The generator was constructed in the laboratory for generating electricity from hydrokinetic 

sources such as tidal currents of speeds as low as 1 m/s [10]. The same prototype of the generator 

is used for the Söderfors experimental site but with slight modifications to meet the characteristics 

of the site and the turbine. The generator is a 112 pole, cable-wound non-salient permanent magnet 

synchronous generator (PMSG) rated at 7.5 kW, 110 VLL-rms at unity power factor and, a nominal 

speed of 15 rpm. 

 

1.4 Problem Description 
As a part of the research, the turbine will be connected to the electrical grid. The present setup at 

Söderfors has stability issues and can only be operated for roughly 1 minute. After this, the breaker 

trips and the generator disconnects from the grid. Thus this makes the generator unavailable for 

injecting power into the grid. This problem is further elaborated in section 2.2. 

 

1.5 Goal of the Project 
The main task is to analyze the present setup and identify the problem of the generator being 

disconnected after a very short interval of time and suggest suitable solutions to this problem. On 

analyzing the initial setup, the grid current from the generator gets high above the safe operating 

limit which enables the circuit breaker to trip and disconnect the generator from the grid. To solve 

this issue we will begin with analyzing the system to find the transfer function of the multilevel 

cascaded H bridge converter. With this transfer function, we will design suitable PI controllers for 

the DC bus voltage and grid currents. Next, we will create a model of the full electrical system, 

including generator, power system control, and grid connection which can accurately describe the 

system in Söderfors. The software used for simulating this model will be MATLAB/Simulink and 

experimental data will be used to validate the model.  
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The following major tasks shall be undertaken during this thesis: a literature review of relevant 

topics and previous research, creating the simulation model and validating the simulation model. 

To achieve this goal the following milestones need to be achieved in chronological order: 

1. Analytically deriving the transfer functions of the 3-level cascaded H-bridge converter by 

using the LCL filter and the transformer connected on the grid side 

2. Perform the stability analysis of the transfer function of the LCL filter and the transformer 

3. Implement a new PI controller to control the current to the grid from the generator for setup 

4. Develop an averaged simulation model using Simulink  

5. Validate the transfer function and PI controllers with the simulation model 

6. Test the simulation model with experimental data from the test site 

 

1.6 Limitations and Assumptions 
To implement this thesis few assumptions have been made. These assumptions can then be used 

as a reference if further work is carried out in the future. One of the main assumptions in this 

work is assuming all the elements are ideal. The switches in the inverters are assumed to be 

ideal. The inductors in the LCL- filter and the transformers are assumed to be ideal however in 

reality inductors have parasitic resistance and capacitance in their nature. The transformer is 

assumed to be ideal ignoring the leakage flux, eddy current and core losses. If all these 

limitations of elements are taken into consideration, the results may differ. The transfer function 

may change because then the equivalent circuits of inductors, capacitors and transformers need 

to be taken into consideration. This can lead to a different topology of the harmonic filter which 

is connected after the inverter. So in that case the proposed solution might not work.  

 

 

 

1.7 Thesis Outline 
The thesis is structured as follows: 

Chapter 2 discusses the background of the thesis and the problem at the Söderfors site which is 

addressed. 

Chapter 3 discusses the theory behind the setup. All the concepts used to implement the grid 

simulation are discussed in this section. 

Chapter 4 discusses the methodology used to implement the simulation. Different techniques used 

in identifying the problem at the experimental are discussed in this section. The proposed solution 

is also discussed in this section. 

Chapter 5 discusses the results of the simulation after the proposed solution is implemented. The 

results are analyzed from a power quality perspective considering the ohmic losses and the 

harmonic distortion. 

Chapter 6 concludes the thesis by summarizing the work and suggesting improvements in this 

thesis.    
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2. Background  
 

2.1 Electrical System Overview 
The general overview of the electrical system of the grid-connected marine current turbine is 

shown in figure 2.1 and the system is described in detail in [11]. The simulation of the grid 

connection is implemented in Simulink and the system is verified using a generator connected to 

a laboratory setup experiment. More details about this setup can be found in [12].  

 

 

 

 

 

 

 

 
                     Figure 2. 1: Electrical Overview of Grid Connected Marine Current Turbine [12]. 

 

The converter connected to the generator, connected via a harmonic filter, is an insulated gate 

bipolar transistor (IGBT) based two-level voltage-source converter (2L-VSC). This converter acts 

as a rectifier when the turbine is injecting power into the grid. On the other hand, the grid side 

converter is an IGBT-based three-level cascaded H-bridge voltage source converter (3L-

CHBVSC) connected to the grid via an LC filter and a transformer. This converter acts as an 

inverter when the turbine is producing active power. Both the generator side and the grid side have 

bi-directional power flow capabilities. Cascaded operation from a single DC-link is achieved with 

the use of a Star/Delta transformer with the Star side connected to the inverter without a neutral 

connection [12]. The inverter produces phase voltages from the DC-link instead of the usual line-to-

line voltage giving a much higher DC-link utilization [13]. The use of a voltage source converter 

gives the freedom of controlling various output parameters such as 

 Magnitude of output voltage 

 Phase angle of output voltage  

 Frequency of the output voltage 

 

There is a harmonic filter after the generator as well as after the grid converter. The generator 

filter is of inductor and capacitor (LC) topology but with the generator forms an LCL 

topology. The LCL filter is already used in the setup and is used to filter harmonics arising 

due to the switching of the power electronic converter. The grid side filter is also of LC 

topology but together with the inductance of the transformer forms an LCL filter. The main 

focus of using these filters is to reduce high-frequency harmonics and to reduce stress on 

various components. The design of the grid side inverter filters is based on [14] whereas the 

design of the generator side filter is based on [15]. The filters are designed to meet the grid 

requirements as well the generator requirements when the controllers are implemented. The 

filters along with the control mechanisms prove to be stable with low current harmonics for 
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low and high frequency ranges. A Y-∆ transformer of rating 340/400 is connected between the 

grid inverter and the grid. 

 

2.2 Problem Description 
The present setup at Söderfors has stability issues and can only be operated for roughly 1 minute. 

After this, the breaker trips and the generator disconnects from the grid. Thus this makes the 

generator unavailable for injecting power into the grid. The main task was to analyze the present 

setup and identify the problem of the generator being disconnected after a very short interval of 

time and suggest suitable solutions to this problem. The following methodology was applied to 

solve the problem: 

 On analyzing the initial setup, the grid current from the generator gets high above the safe 

operating limit which enables the circuit breaker to trip and disconnect the generator from the 

grid.  

 To solve this issue the transfer function of the whole system was developed and its stability 

analysis was done.  

 Then a suitable PI controller was designed for controlling the grid voltage and currents.  

 To further stabilize the system a new filter with a damping resistance was introduced which 

was implemented on the existing model. 

The q and d axis currents can be seen in figure 2.2 together with the DC bus voltage during the 

moment the converter disconnects from the grid. 

 

 

 

 

 

 

 

 

 

 

 

                       Figure 2. 2: Grid parameters currents and voltages [16] 
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From figure 2.2 we can see that before the inverter disconnects from the grid the DC bus voltage 

drops. Once the grid is completely disconnected the DC bus voltage charges up to 424 V which 

is the set voltage when the generator is extracting power from the turbine but does not supply to 

the grid. From figure 2.2 we can see that as the 𝑖𝑑 current decreases, so does the DC bus voltage. 

This is because the inverter is trying to inject more reactive power into the grid than the 

generator can supply. This results in the dropping of DC bus voltage.  

As the DC bus voltage drops, to supply the amount of power required to the grid, the current 

injected into the grid starts increasing. This is shown in figure 2.3 above. As the phase current 

exceeds 20 A, the safety system is triggered and disconnects the grid from the system. To find the 

cause of this issue, the PI controller and its parameters were analyzed and solved again to adapt to 

the generator, turbine, and converter characteristics. To design the PI controller, a full analysis of 

the transfer function of the current system with the LCL filter is done to check for the stability of 

the system. 

  

Figure 2. 3: Grid currents [16] 
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3. Theory 
This chapter provides with a background which is needed to understand the work presented in this 

thesis. The chapter begins with a general information about the power transmission system from 

the generation side to the distribution side. Then the conceptual topics are discussed which forms 

the backbone of the work done in this research. 

 

 

3.1 ABC to DQ Transform 
The transformation from stationary (abc) frame to synchronous (dq) frame was initially used to 

implement the modeling and analysis of electrical machines [17], but now their applications 

cover a wide range of areas such as vector control of inverters, micro-grid simulations, PLL and 

power control. Figure 3.1 provides an overview of the transformation from the stationary frame 

to the synchronous frame. 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

                                      Figure 3. 1: Transformation overview [18] 

 

The three-phase abc stationary frame is converted first to α, β frame using Clarke’s transformation, 

and then, by using Park’s transformation, α, β is then converted to dq synchronous frame as shown 

in figure 3.1. Conversely, the inverse transformations are then used to move from the synchronous 

frame to the stationary frame.  

A, B, C frame 
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3.1.1  Clarke Transformation 

In Clarke transformation the three-phase stationary components of voltage (va,  vb, vc) and current 

(ia, ib,  ic) are translated to a two-axis perpendicular stationary frame (α, β) as shown in figure 3.2. 

  

 

 

 

 

 

 

 

 

                    Figure 3. 2: Clarke Transformation [19] 

This transformation is expressed by (3.1)  

                         [

𝐼0
𝐼𝛼
𝐼𝛽

] =  √
2

3
 

[
 
 
 
 

1

√2

1

√2

1

√2

1 −
1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 
 

[

𝐼𝑎
𝐼𝑏
𝐼𝑐

]                             (3.1) 

Where 𝐼𝛼 and 𝐼𝛽 are the orthogonal frame quantities and 𝐼𝑎, 𝐼𝑏 , 𝐼𝑐 are the stationary frame 

quantities. When dealing with symmetrical components their individual sum is 0 as shown in  (3.2). 

 

    𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 = 0                                                                (3.2) 

 

So in (3.1) the 𝐼0 component goes to 0 and only the α, β components remain. Thus (3.3) and (3.4) 

are obtained get 

               𝐼𝛼 = 𝐼𝑎                            (3.3) 

𝐼𝛽 =  √
2

3
 . 𝐼𝑏 − 

1

√2
 . 𝐼𝑐                                                      (3.4) 

The Clarke matrix, 𝐾𝑐, from (3.1) is thus defined by (3.5)  



10 

 

 

                                                  𝐾𝐶 = √
2

3
 

[
 
 
 
 
1

√2

1

√2

1

√2

1 −
1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 
 

                                                                        (3.5) 

 

3.1.2  Park Transformation 

In Park’s transformation, the two-axis orthogonal reference frame quantities as shown in figure 

3.2 are transformed to rotating reference frame quantities as shown in figure 3.3. 

  

 

 

 

 

 

 

 

 

 

 
                                                       Figure 3. 3: Park Transformation [19] 

 

This transformation is expressed by (3.6) 

    [
𝐼𝑑
𝐼𝑞

] = √2
3
 [ 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
] [

 𝐼𝛼
 𝐼𝛽

]                                                       (3.6) 

Where 𝜃 is the electrical angle with respect to the reference frame and is obtained using a phase-

locked loop (PLL).  

The Park matrix, 𝐾𝑃, from (3.7) is defined as  

      𝐾𝑃 = √
2

3
 [ 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
]                                                                            (3.7) 

The inverse transformations are then used to convert these synchronous rotating frame values to 

stationary frame values. (3.8) shows the transformation from the α, β frame to the a, b, c frame 

using the inverse Clarke matrix 𝐾𝐶
−1. Whereas (3.9) shows the transformation from the dq frame 

to the a, b, c frame using the inverse Park matrix 𝐾𝑃
−1.  

[
𝐼𝑎
𝐼𝑏
𝐼𝑐

] = 𝐾𝐶
−1  [

𝐼𝛼
𝐼𝛽
𝐼0

]                                                                  (3.8) 

                                                                     [
𝐼𝑎
𝐼𝑏
𝐼𝑐

] = 𝐾𝑃
−1  [

𝐼𝑑
𝐼𝑞
𝐼0

]                                                                 (3.9) 
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Figure 3.4 and figure 3.5 show how these transformations from the stationary reference frame to 

the synchronous reference frame and vice versa are implemented in the Simulink environment 

using the in-built transformation blocks. 

 

 
                               

 

 

        Figure 3. 4: abc to dq transformation                       Figure 3. 5: dq to abc transformation 

 

One of the main motivations to use Clarke and Park transformation is to convert the stationary 

frame values to synchronous rotating frame values which make the computations easy in complex 

applications. This transformation also gives the liberty to control the active (d-axis) and the 

reactive (q-axis) components of the currents separately.  

 

 

3.2 Control System 
The integration of renewable energy resources into the current grid system has been attributed to 

the development of power converter topologies. For instance, in grid-tied wind turbine and solar 

photovoltaic systems, a DC/AC converter is widely used as a grid-side converter to extract the 

right amount of power from these resources. These converters play a vital role in delivering the 

exact amount of power to the grid keeping in view that the quality of power delivered is not 

compromised. Additionally, auxiliary services to the grid such as reactive power compensation, 

power factor correction, and voltage and frequency regulation are required from these converters 

to mitigate the adverse effects of intermittent power injection from these energy resources. Due to 

these stringent requirements, the control of these converters is of utmost importance to ensure 

high-quality power conversion from DC to AC. 

   

The control of grid-tied converters is the ability to control the flow of energy between the 

generation system and the transmission system. For this purpose, different control strategies have 

been developed over the years. Two of the most commonly used techniques are: 

 Direct Power Control (DPC) method 

 Voltage Oriented Control (VOC) method 

  

3.2.1  Direct Power Control  

DCP is a technique based on the control of instantaneous active and reactive power flow. The 

switching pattern of the converter is implemented based on a switching table. Based on the errors 

in the measured and the desired values of active and reactive powers, the switching table generates 

signals for the converter. The implementation of the DPC method is shown in figure 3.6. 
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Figure 3. 6: DPC technique of a converter [20] 

 

The use of this strategy results in a large variation in the switching frequency, because of the 

fluctuation in active and reactive power, thus inducing a significant amount of switching 

harmonics. To eliminate these unwanted harmonics the filter design becomes complicated and 

reduces the efficiency of the filter [21]. As a result, this control strategy is rarely used. 

 

3.2.2  Voltage Oriented Control  

One of the main functions of the grid-side converter is to inject the current to meet the active and 

reactive power demands of the grid and to shape the voltage and current to meet the grid 

requirements for connection. 

 As shown by (3.10) and (3.11) the active and reactive power can be controlled by the d-axis and 

the q-axis current by using the voltage-oriented control strategy. In this strategy, the three-phase 

currents and voltages are described as vectors in the 𝛼𝛽 frame. This is done using Clarke’s 

transformation as described in section 3.1.1. Then these quantities are converted to fixed rotating 

dq quantities with the help of Park’s transformation. As these quantities are static in steady-state, 

steady-state errors can be eliminated when using PI controllers which is one of the biggest 

advantages of this strategy.   

 

          𝑃 =  
3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞) =

3

2
(𝑣𝑑𝑖𝑑)                                            (3.10) 

      𝑄 =  
3

2
(𝑣𝑞𝑖𝑑 − 𝑣𝑑𝑖𝑞) = −

3

2
(𝑣𝑑𝑖𝑞)                                         (3.11) 

 

The DC/AC converter employs a cascaded-control loop. The inner loop controls the grid current 

whereas the outer loop controls the active and reactive power by a PQ controller directly or the 
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DC-link voltage controller indirectly. The DC-link voltage is closely related to the active power, 

so the control of DC-link voltage is mainly attributed to the d-axis current control. The objective 

of the controller is to control the current injected into the grid. This is governed by the reference 

setup by the outer control loop. An output voltage signal is obtained from the current controller 

after inverse Park and Clarke transformations. This forms the basis of the switching signals for the 

PWM which controls the inverter switches to produce the corresponding output inverter voltage. 

 

3.2.3  Inner Current Controller 

For the analysis of the current system, the s describing the behavior of the system are presented in 

this section. Considering the inverter system as shown in figure 3.7 and applying Kirchhoff’s law 

the system of euqations for the three phases can be obtained.  
 

            Figure 3. 7: Three-phase DC/AC converter [22] 

         𝐿
𝑑𝑖𝑎

𝑑𝑡
+ 𝑅𝑖𝑎 = 𝑣𝑎1 − 𝑣𝑎                                                      (3.12) 

                     𝐿
𝑑𝑖𝑏

𝑑𝑡
+ 𝑅𝑖𝑏 = 𝑣𝑏1 − 𝑣𝑏                                                          (3.13) 

         𝐿
𝑑𝑖𝑐

𝑑𝑡
+ 𝑅𝑖𝑐 = 𝑣𝑐1 − 𝑣𝑐                                                            (3.14) 

Where L is the inductance, R is the resistance of the filter, 𝑖𝑎,𝑏,𝑐 and 𝑣𝑎,𝑏,𝑐 are the three-phase 

currents and voltages and 𝑣𝑎1,𝑏1,𝑐1 are the three-phase output voltages of the inverter. The Clarke 

and Park transformation can now be applied to these s. Using the (3.6) and (3.7) the three-phase 

model can be converted to the dq frame as shown by (3.15) and (3.16). 

       𝐿
𝑑𝑖𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 − 𝜔𝐿𝑖𝑞 = 𝑣𝑑1 − 𝑣𝑑                                            (3.15) 

          𝐿
𝑑𝑖𝑞

𝑑𝑡
+ 𝑅𝑖𝑞 − 𝜔𝐿𝑖𝑑 = 𝑣𝑞1 − 𝑣𝑞                                             (3.16) 

Where 𝑖𝑑 and 𝑖𝑞are the currents in the dq frame, 𝑣𝑑1and 𝑣𝑞1 are the inverter output voltages, 𝑣𝑑 

and 𝑣𝑞 are the grid voltages in the dq synchronous reference frame and 𝜔 is the frequency of the 

system in radians. From (3.15) and (3.16) it is seen that the current supplied to the grid can be 

controlled by regulating the inverter output voltage. The grid voltage also influences the current 

injected into the grid. However, the control system becomes complex because the q-axis and the 
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d-axis current influence each other, making the controller implementation slightly challenging. 

This is commonly known as cross-coupling of the dq-axis. This cross-coupling greatly affects the 

performance of the current controller. This cross-coupling induces slower current response times 

and in applications with low switching frequencies, limits the current controller bandwidth [23]. 

Thus a decoupling control is required to improve the current transient response. 

 

The decoupling can be eliminated by two decoupling methods: 

 

 Feedforward decoupling 

 Feedback decoupling 

 

The scope of this thesis is limited to the implementation of the feedforward decoupling method. 

The output reference voltage is modified by adding a decoupling term and a feedforward voltage. 

This can be seen in (3.17) and (3.18). 

 

           𝑣𝑑1
∗ = 𝑣𝑑1 − 𝑣𝑑 + 𝜔𝐿𝑖𝑞                                               (3.17) 

                                                            𝑣𝑞1
∗ = 𝑣𝑞1 − 𝑣𝑞 + 𝜔𝐿𝑖𝑑                                                (3.18) 

 Substituting (3.17) and (3.18) in (3.15) and (3.16)  

 

                                                    𝐿
𝑑𝑖𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 = 𝑣𝑑1

∗                                                         (3.19) 

                                                                   𝐿
𝑑𝑖𝑞

𝑑𝑡
+ 𝑅𝑖𝑞 = 𝑣𝑞1

∗                                                                (3.20) 

From (3.19) and (3.20) it is clear that the d-axis and the q-axis currents are decoupled and the 

expression for the currents are identical hence the analysis of either axis current will be sufficient. 

Converting (3.19) and (3.20) into the Laplace domain and deriving the transfer function of the grid 

current to the inverter output voltage (3.21) is obtained 

 

                                                                    
𝑖𝑑(𝑠)

𝑣𝑑1
∗ (𝑠)

=
𝑖𝑞(𝑠)

𝑣𝑞1
∗ (𝑠)

=
1

𝐿𝑠+𝑅
                                                  (3.21) 

 

3.2.4 PID Tuning 

The controller design of the system is carried out in the dq frame as they provide constant quantities 

which makes it suitable for the use of PI controllers. From (3.21) it is clear that the control for the 

d-axis or the q-axis is the same hence the design strategy of either of the reference frames can be 

done.  The transfer function of the PI tuner in the d-axis is given by (3.22) [22]. 

 

                                                          𝐺𝑃𝐼(𝑠) =  𝑘𝑝 +
𝑘𝑖

𝑠
                                                   (3.22) 

Where 𝑘𝑝is the proportional gain constant and 𝑘𝑖 is the integral gain constant. The main idea of 

the tuning is to design an optimal combination of 𝑘𝑝 and 𝑘𝑖 parameters for the system to produce 
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the desired results. When there is enough information about the process being controlled, manual 

PID tuning can be used. When the closed-loop transfer is derived, parameters such as the rise time, 

overshoot, and settling time can be calculated, and hence the PID parameters can be tuned 

accordingly. Table 3.1 gives a general guideline on how the PID parameters affect the controller 

performance [24]. 

 
Table 3. 1: Parameters and their effect on controller 

 

3.2.5 Pole-Zero Plot and Stability 

A pole-zero plot is a graphical representation of the poles and zeros of a transfer function in the 

complex s-plane. Each transfer function is a rational polynomial in the s-domain and when this 

polynomial is expressed in terms of its factors the roots for the numerator and denominator of the 

transfer function can be easily found. The roots of the numerator are called zeros while the roots 

of the denominator are called poles. The location of these poles and zeros can give important 

insights to the response characteristics of a system. Figure 3.8 summarizes the location of poles 

and their effect on the stability of the system. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
    Figure 3. 8: Location of poles and stability of the system [25] 

From figure 3.8 it is clear that any pole located in the right-half plane results in an unstable system 

whereas any pole located in the left-half plane corresponds to a stable system. If a pole lies only 

on the imaginary axis, then the response of the system is oscillatory and the system is marginally 

Parameter Rise time Overshoot Settling time Steady-state error 

Kp Decrease Increase Little Change Decrease 

Ki Decrease Increase Increase Eliminate 

Kd Little Change Decrease Decrease No Change 
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stable. If the amplitude of the oscillations increases the system becomes unstable conversely, if the 

amplitude decreases the oscillations decay to zero and the system becomes stable. 

 

3.2.6 Bode Plots 

The stability of the transfer function is based on Bode plots by computing their phase margin (PM) 

and gain margin (GM). Bode plots are graphs that give the frequency response of a system. It 

consists of a Bode magnitude (G) graph where the magnitude is measured in decibels (dB) and a 

Bode phase plot which gives the phase shift of the system. These parameters can be used quickly 

to sketch the frequency response of the system and identify the impact that poles and zeros can 

have on the plot. This graph is also helpful in understanding the influence of circuit elements on 

the frequency response. 

 

 

3.3 Phase Locked Loop (PLL) for Grid Voltage 
Over the last few years, there has been an increase in the use of power electronics for grid utility 

applications. These power electronic converters connect the grid to different power generating 

sources which can be renewable as well as non-renewable resources. As a result of this connection, 

it becomes extremely important that the voltage vector for the grid and the voltage vector of the 

converter are synchronized. To measure the phase of the voltage Clarke and Park transformations 

are used. Once the stationary quantities are converted to synchronous quantities, the phase angle 

of the voltage can be calculated. This calculated phase angle is then fed back to the transformation 

as part of the feedback control system to minimize the error between the actual and calculated 

phase of the output converter and grid voltages.  

 

3.3.1 PLL Structure 

A basic structure of a PLL is shown in figure 3.9. The basic components of the PLL circuit are the 

phase detector, the loop filter, and the voltage-controlled oscillator (VCO).  

     Figure 3. 9: PLL basic structure [22] 

 

I. Phase Detector 

The main purpose of the phase detector is to detect the phase difference between the input signal 

and the feedback signal and produces an error that is proportional to the difference between the 

phases. 
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II. Loop Filter 

The error from the phase detector is passed through a low-pass filter. The purpose of the loop 

filter is to mitigate the noise in the error signal from the phase detector step and prevent high-

frequency components from passing through. This filter then generates a signal for VCO. It is 

generally implemented by a Proportional-Integral (PI) compensator. 

 

III. VCO 

The purpose of VCO is to calculate the output phase angle. The VCO is essentially an integral 

unit that integrates the signal from the low pass filter and estimates the output phase angle. 

The transfer function of the PLL is based on figure 3.10 below and shown by (3.23) 

 

                                    𝐻𝑃𝐿𝐿(𝑠) =  
�̂�

𝜃
=

𝑘1𝑠+ 𝑘2

𝑠2+𝑘1𝑠+𝑘2
                                 (3.23) 

 

 

 

 

 

 

          Figure 3. 10: PLL transfer function block diagram [22] 

In figure 3.10 𝑘1, 𝑘2 are the proportional and integral gain respectively and 𝜔0 is the grid nominal 

operating frequency. 

The error generated in figure 3.10 represented by 𝜖 is the output from the phase detector which is 

the difference between the desired phase angle 𝜃 and the calculated phase angle �̂�. The loop filter 

in figure 3.10 is defined by (3.24). 

       𝑘1 +
𝑘2𝑠

𝑠
                                                           (3.24) 

Whereas 1/s represents an integral unit and is the mathematical representation of the VCO. 

 

 

3.4 Filters 
In grid-connected converters, the switching scheme of semiconductor switches by PWM generates 

a lot of harmonics. If these harmonics are not addressed the harmonic content can flow into the 

power systems and can damage the load and power distribution equipment which is highly 

undesirable. To limit the flow of harmonics, IEEE 519 and IEC 61000 have defined some 

parameters and devised recommendations on the level of harmonic content that is within the 
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allowed limits [26]. To address the issue of harmonics, passive filters are connected at the inverter 

output to attenuate the harmonic content.  

 

Various filter topologies have been introduced over the years in literature such as the L filter, the 

LC filter, and the LCL filter. The L filter is based on a pure inductive element and is fairly 

simple. It is a first-order filter and requires a large value of inductance to attenuate the current 

harmonics. The drawback of these filters was the large voltage drop because of the size of the 

inductor. Thus high switching frequency was needed to eliminate large voltage drops. But high 

switching frequencies caused large switching losses in the converters. 

 

The LC filter acts as an alternative to the L filter. It is a second-order filter with high attenuating 

capabilities. This filter induces the issue of resonance frequency 𝜔𝑟 which aggravates the high-

order current harmonics. The LCL is the most widely used filter and an alternative to the LC filter. 

It is a third-order filter and has higher attenuating capabilities. A major advantage of this filter is 

its small volume as compared to the L filter because of smaller inductances and it causes fewer 

voltage drops. This type of filter also induces a resonance frequency which needs to be attenuated 

by damping techniques and is discussed in the following sections. Figure 3.11 shows the three 

types of filters. 

     

   

 

 

 

 

 

 

 

    Figure 3. 11: L, LC and LCL filter topologies [27] 

More complex filter topologies for the inverter filter are present in the literature. An alternative to 

the above filters is a tuned filter with LC filter. This filter comprises of LC filter with a secondary 

branch connected in parallel. This branch is specially designed to match the switching frequency.  

 

3.4.1  LCL Filter Design 

An LCL filter can be used at lower switching frequencies because of its attenuating capabilities. It 

provides better decoupling between the impedances of the grid and the filter. Though this type of 

filter can cost more than the other types of filters, it’s small volume and its independent nature 

from the grid parameters make it a suitable choice for our application. The analysis of the filter is 

done in the frequency domain to measure its efficiency. Thus Laplace transformation is used to 

calculate the transfer function. For our application, the transfer function 𝐺(𝑠) for the grid 
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current 𝑖𝑔, to the inverter voltage 𝑣𝑖𝑛𝑣 is of interest and is shown by (3.25). This derivation is based 

on [22] and [28]. 

 

                                                                𝐺(𝑠) =
𝑖𝑔(𝑠)

𝑣𝑖𝑛𝑣(𝑠)
=

1

𝐿𝑓𝐿𝑔𝐶𝑓𝑠3+(𝐿𝑓+𝐿𝑔)𝑠
                                     (3.25) 

 

 

 

 

 

 

 

 

 

 
           Figure 3. 12: Model of Passive LCL Grid connected filter [28] 

Where 𝐿𝑓 , 𝐿𝑔 are the filter and grid inductances respectively and 𝐶𝑓 is the filter capacitance as 

shown in figure 3.12. The resonance frequency in radians of this filter is given by (3.26). 

 

   𝜔𝑟 = √
𝐿𝑓+𝐿𝑔

𝐿𝑓𝐿𝑔𝐶𝑓
                                                     (3.26) 

It is clear from (3.24) and (3.25) that the transfer function which helps in the attenuation and the 

resonance frequency depends on the filter elements, thus researchers have suggested some 

guidelines to design these parameters and they are discussed below. 

 

 Filter Capacitance: The value of the filter capacitance is associated with the reactive 

power. It is designed to limit the overrating of the inverter. The suggested value for the 

capacitor in the filter in the literature is 5% of the rated power as shown in (3.27). 

        𝐶𝑓 <
0.05.𝑃𝑟

𝑉𝐿𝑁
2 𝜔𝑔

                                                           (3.27) 

Where 𝑃𝑟𝑎𝑡𝑒𝑑 is the rated power of the system which is 7.5 kW. 𝑉𝐿𝑁 is the grid line to 

neutral voltage and 𝜔𝑔 is the grid angular frequency in radians. 

 Filter Inductance: The choice of inductance greatly depends on the power level and the 

application. The total inductance is limited to less than 0.1 per unit (pu). This helps to limit 

the voltage drop. An increased value of inductance would imply a larger DC bus voltage 

which increases the switching losses in the inverter [26]. Also, some inverters are 

constructed with filters integrated into them, hence a smaller inductor takes up smaller 

space and makes it easier for their construction.  

 

s 3.28-3.31 below give a general guideline on how the filter inductance can be calculated.  

The first step is to calculate the base impedance 𝑍𝑏 of the system which is given by (3.28). 

Lf 
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           𝑍𝑏 = 
𝑉𝑔𝑙−𝑙

2

𝑃𝑟
                                                    (3.28)   

Where 𝑉𝑔𝑙−𝑙 is the grid line to line voltage.  The next step is to calculate the base inductance 

𝐿𝑏 given by (3.29). 

 

                                                                        𝐿𝑏 = 
𝑍𝑏

𝜔𝑔
                                                         (3.29)  

The pu value can now be calculated for the inductance using (3.30). 

 

                                                                      𝑝𝑢 =  
𝐿𝐴𝑐𝑡𝑢𝑎𝑙

𝐿𝑏
                                                      (3.30) 

The actual inductance 𝐿𝐴𝑐𝑡𝑢𝑎𝑙 is then given by (3.31). 

 

        𝐿𝐴𝑐𝑡𝑢𝑎𝑙 < 0.1 × 𝐿𝑏                                             (3.31) 

 

 Resonance Frequency: For an optimally designed LCL filter the resonant frequency 

should be greater than the grid frequency and less than the switching frequency. Generally, 

the resonant frequency should be in the range of 10 times greater than the grid frequency 

and half the switching frequency. This helps in preventing the resonance in lower and 

higher harmonic orders. 

 

 

3.4.2 Total Harmonic Distortion (THD) 

THD is a number that measures how much distortion is present due to harmonics in a voltage or 

current signal. Harmonics are the frequency components in a signal which are integral multiples 

of the frequency of the main signal [29].  These harmonics arise due to the Fourier transformation 

of the signal. A purely sinusoidal signal consists of only one frequency which is the fundamental 

frequency and hence does not have any harmonics in it resulting in no THD. Conversely, a non-

sinusoidal periodic signal will have frequencies other than the fundamental frequency and thus 

will constitute THD. THD is calculated as shown by (3.32). 

                                                    𝑇𝐻𝐷 =  
√∑ 𝑉𝑛_𝑟𝑚𝑠

2∞
𝑛=2

𝑉𝑓𝑢𝑛𝑑_𝑟𝑚𝑠
                                                          (3.32) 

Where Vn_rms is the rms of the nth harmonic and Vfund_rms is the rms voltage of the fundamental 

frequency. In power systemss THD is of concern since a high THD means a low power factor and 

large peak currents resulting in decreased efficiency and power loss in the systems. THD is mostly 

caused by non-linear loads. According to IEEE 519, the THD should be no more than 5%.  
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4. Methodology 
This section focuses on determining the reasons why the grid side inverter is disconnected. It will 

be investigated by looking at the experiment from the moment when the converter disconnects 

from the grid after injecting power to the grid for about 40 seconds. The idea is to first analyze the 

current experimental setup which is defined by the transfer function shown in (3.25). The 

frequency-domain analysis is done to find the cause of instability of this experimental setup. Once 

the problem has been identified, this thesis suggests a solution in the form of using damping 

resistance which is discussed in section 4.3.   

 

4.1 Simulation Description 
The system being modeled in MATLAB/Simulink is shown in figure 4.1. The system implemented 

for this thesis is after full-wave rectification which is implemented using an AC-DC converter.  
    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1: Schematic of Grid-connected Inverter with control loop [36] 
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This AC-DC converter is linked to the DC-AC inverter using a capacitor bank as can be seen in 

figure 4.1. The size of the DC link capacitor is based on the restrictions imposed by the switching 

frequency in the voltage ripple of the fundamental component of frequency [30]. Furthermore, for 

designing the DC link capacitor, two parameters of the voltage ripple are taken into account. 

1. Peak to peak voltage ripple 

2. Rms of the voltage ripple 

For the peak to peak voltage ripple the size of the DC link capacitor can be estimated by (4.1) [30]. 

                      𝐶 ≅
1

4

𝐼𝑜
𝑚𝑎𝑥

𝑓𝑠∆𝑣𝑝𝑝
𝑚𝑎𝑥                      (4.1) 

For estimating the value of a capacitor bank using the rms of the voltage ripple (4.2) can be used 

[30]. 

      

                    𝐶 ≅
1

25

𝐼𝑜
𝑚𝑎𝑥

𝑓𝑠∆𝑣𝑟𝑚𝑠
                                        (4.2) 

Where 𝐼𝑜
𝑚𝑎𝑥 is the peak output is current, 𝑓𝑠 is the switching frequency and ∆𝑣 is the voltage ripple. 

   

The DC voltage from the capacitor bank is fed to the three-level cascaded h-bridge inverter  3L-

CHVSC. The 3L-CHVSC is constructed by connecting 3 single modules of H-bridge inverters in 

series. A single cell of the H-bridge inverter is shown in figure 4.2. The output voltage is measured 

as shown in figure 4.2. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 3L-CHVSC is capable of producing 3 voltage levels i.e. +Vdc, 0 and –Vdc. Each cell is fed 

by its own DC source. The h-bridge inverter is controlled using sinusoidal pulse width 

V
d

c 

Figure 4. 2: Single cell of H-bridge Inverter 
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modulation (SPWM). The functionality and the control of the switches of the H-bridge inverter 

are discussed in detail in the following sections. 

 

The output from the inverter is then fed to an LCL filter which is specially designed to reduce the 

current harmonics in the inverter. The LCL filter is of third order which provides many advantages 

such as reduced grid current distortion as it reduces the total harmonic distortion (THD) by 8% 

[31]. They also help in the production of reactive power, operate around a relatively lower 

switching frequency, and provide better attenuation of -60dB/decade [32]. After the LCL filter, a 

three-phase star-delta transformer is connected which forms the bridge between the generator and 

the grid. The primary or the star side of the transformer is connected to the filter whereas the 

secondary or the delta side is grid-connected. 

 

In this thesis, a current control loop has been used for delivering the power to the grid. To 

implement this Clarke and Park transformation has been used. This transformation is based on 

transforming the 3 phase grid voltages and currents from the stationary (abc) frame to the 

synchronous (dq) frame. The stationary frame parameters (va,  vb, vc, ia, ib,  ic) are fed into the  

phase-locked loop (PLL) which keeps track of the grid voltage vector and the grid voltage angle 

θgrid. With the help of stationary frame parameters and the grid angle, the synchronous frame 

parameters (vd,  vq, id, iq) are obtained. The parameters of the synchronous frame are in DC, 

hence it is possible to implement a proportional-integral (PI) compensator for the current control 

loop. Two PI controllers are implemented, one for the id current and one for the iq current. The 

reference for the id
∗  and iq

∗  currents are obtained using the power equations (3.10) and (3.11). 

 

The vq term becomes 0 because vq is in line with the grid voltage. In (3.10) and (3.11) the reactive 

power (Q) is set to 0 to achieve a unity power factor resulting in iq
∗ to become close to 0. As a result, 

id
∗  can be obtained by using (3.10) by giving a reference value of active power (P). These reference 

values of  id
∗  and iq

∗  are then compared by id and iq as seen in figure 4.2. The error from this 

comparison is then fed to a PI controller block which generates reference vd
∗  and vq

∗  values. Using 

inverse Clarke and Park transformation these reference voltages are then converted back to 

stationary frame reference values va
∗,  vb

∗ , vc
∗. These signals are then sent to the SPWM block which 

generates signals for the switching of the IGBTs of the h-bridge inverter. The implementation of 

the Clarke and Park transformation, the PLL, and the theory of SPWM is discussed in detail in the 

following sections. The parameters of the system simulated in MATLAB/Simulink are 

summarized in table 4.1.  
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Table 4. 1: Grid Parameters 

Component Parameter Value 

DC link  Capacitor 16.5 mF 

Converter Inverter 3L-CHBVSC 

 Type IGBTs 

Modulation  Scheme SPWM 

 Switching frequency 6 kHz 

Harmonic Filter Inductance 3.1 mH 

 Capacitor 10 uF 

Transformer Type  wye-delta 

 Voltage  340/400 

 Primary inducatnce 0.52 mH 

 Secondary inductance 0.37 mH 

Grid Voltage 400 V 

 Frequency 50 Hz 

 Line inductance 0.5 mH 

 

Table 4.2 below shows the theoretical values and the actual values used for the LCL filter in 

Söderfors experimental setup as well as this thesis. The values obtained in this table are derived 

from the capacitor and inductor design in the filter design section. 

                                      

Table 4. 2: LCL filter parameters 

 

 

 

 

4.2 Transfer Function Analysis  

Figure 4.3 shows a bode plot for a general transfer function 
1

𝑠3+2𝑠2+𝑠
 [33] as an example . The 

quantities of interest from figure 4.3 are the phase margin, gain margin, phase crossover frequency 

(𝜔𝑐𝑝) and gain crossover frequency (𝜔𝑐𝑔). The phase margin indicates the additional phase which 

can be added to the controller without violating the stability of the system. It is measured at 𝜔𝑐𝑝 

where the magnitude plot crosses the 0 dB line in the magnitude plot. Mathematically the phase 

margin is given by (4.3). 

                                                                                     𝑃𝑀 =  𝜑 + 180°                                                                   (4.3)   

 

 

 

 Theoretical Actual 

Inductance 6.8 mH 3.1 mH 

Capacitance 22 uF 10 uF 
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Where 𝜑 is the measured phase angle. The gain margin indicates the factor by which the gain of 

the transfer function can be increased without compromising its stability. It is measured at 𝜔𝑐𝑔 

where the phase plot crosses the -180° as shown in figure 4.3. Mathematically it is given by (4.4). 

 

                                                                  𝐺𝑀 = 0 − 𝐺 (𝑑𝐵)                                                   (4.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The transfer function for the filter used in the system is given in (3.25). For the analysis of this 

transfer function, the PID tuner app of MATLAB is used. The capacitance of the filter is taken as 

10uF, the grid inductance is taken as the sum of the line inductance and the inductances due to the 

primary and secondary windings of the transformer. This inductance comes out to be 1.4mH. The 

filter inductance is taken as 3.1 mH. For stability purposes, both the GM and the PM should be 

positive for the open-loop transfer function to be stable. The step response for the system described 

in (3.25) is shown in figure 4.4.  

Figure 4. 3: Bode plot of a transfer function [33] 
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From figure 4.4 it is clear that the step response of this transfer does not give satisfactory results. 

Oscillations in the response are seen and they increase in magnitude as time increases. This transfer 

function does not settle to a steady-state value when a step input is applied to it. 

 

Figure 4.5 shows the bode plot for the open-loop system shown by (3.25). The system violates the 

stability criterion for PM and GM as mentioned above. The GM at 𝜔𝑐𝑔 is -124 dB whereas the PM 

at 𝜔𝑐𝑝 is -91°. At 𝜔𝑐𝑔 with 1.02^4 radians there is also resonance which has a magnitude of 300 

dB and must be dampened. 

Figure 4. 4: Unit step response 
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4.3 Damping techniques 
A detailed transfer function analysis for the current experimental setup has been done in section 

4.2 which suggests that the current transfer function of the system defined by (3.25) is unstable. 

To address this issue of instability, this thesis suggests modifying the LCL filter by adding a 

damping resistance in the filter branch. 

The damping of LCL filter resonance has been an interesting problem over the years and extensive 

investigation has been done in the literature. Different damping schemes have been developed over 

the years and are mainly classified into two main categories: 

 

 Passive Damping (PD) 

 Active Damping (AD) 

 

4.3.1 Active Damping  

The passive damping method provides some drawbacks of extra power loss in the filter. To address 

this issue, AD techniques have been proposed. This strategy works by modifying the vector control 

structure of the inverter. The active damping method can further be categorized into two sub-

categories: 

 

1. Multi-loop Approach: This approach involves the control of more system parameters 

contrary to the conventional current control approach [34]. These parameters can be the 

capacitor current or voltage. This requires additional sensor measurement which leads to an 

increased cost of the system. 

2. Filter-based Approach: This approach is fairly simple as this involves adding a notch filter 

at the current controller output to damp the frequency response of the LCL filter. The 

Figure 4. 5: Bode plot of the LCL transfer function 
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objective of the notch filter is to compensate for the resonance frequency of the LCL filter 

by anti-resonance. 

 

4.3.2  Passive Damping 

PD scheme is a scheme that utilizes passive elements such as resistors, capacitors, and inductors 

in different combinations in the LCL filter branch. It is one of the most commonly used schemes 

in improving the stability of VSC with LCL filters. PD helps in changing the frequency response 

of the filter around resonance frequency and helps in attenuating the peak at this frequency. 

Contrary to its advantage of being simple and easy to implement, it leads to additional power losses 

in the filter which is a big disadvantage of this scheme and provides a challenging trade-off 

between filter performance and losses. The PD technique can be further classified into three 

categories: 

 

1. Series Passive Damping: In this method, a resistor is added in series with either of the 

inductors on the inverter side or the grid side. Or the resistor can also be added in series to 

the capacitor branch of the filter. 

2.  Parallel Passive Damping: This technique requires the damping resistor to be placed in 

parallel to one of the components of the LCL filter. 

3. Complex Passive Damping:  Different circuit combinations of resistors, capacitors, and 

inductors are used in this strategy and are placed in the filter in different topologies. Although 

this method is complex and makes the filter design bulky, it can help reduce losses in the 

damping resistor and can provide better stability to the filter dynamics [26]. 

 

The scope of this thesis is limited to passive damping techniques by implementing a series 

resistance, Rd,  in the capacitor branch of the LCL filter as shown in figure 4.6. 

  

Figure 4. 6: LCL filter with series damping resistance [26] 
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The limitations for the design of damping resistance have been laid out in [26]. The upper and 

lower bound for dampening resistance 𝑅𝑑 are given by (4.5) and (4.6). 

 

                                                        𝑅𝑑,𝑚𝑎𝑥 = 
1

2𝜋×𝑓𝑠×𝐶
                                             (4.5) 

Where 𝑓𝑠 the switching frequency of 6 kHz and C is the capacitance of the filter. 

 

                                                                 𝑅𝑑,𝑚𝑖𝑛 = 
𝐿𝑔×𝑓𝑠

6𝜋×𝐿𝑓×𝑓𝑟𝑒𝑠×𝐶×𝜔𝑟𝑒𝑠
                                         (4.6) 

Using the parameters from table 4.1 the range of values for 𝑅𝑑 comes out to be 

 

                                                                   2.7Ω < 𝑅𝑑< 26.5Ω 

 

4.4 PI Tuning with Damping Resistance 
Once the damping resistance has been calculated the next step is to derive the new transfer function 

for the LCL filter with the new damping resistance. The steps to find the new transfer function of 

the filter with damping resistance is the by using Kirchhoff’s voltage and current laws. The transfer 

function is given by (4.7) [28]. 

 

                                                       𝐻(𝑠) =
𝑖𝑔(𝑠)

𝑣𝑖𝑛𝑣(𝑠)
=

𝐶𝑓𝑅𝑑𝑠+1

𝐿𝑓𝐿𝑔𝐶𝑓𝑠3+(𝐿𝑓+𝐿𝑔)𝐶𝑓𝑅𝑑𝑆2+(𝐿𝑓+𝐿𝑔)𝑠
                         (4.7) 

The new transfer function has a new zero when the numerator is zero at 𝑧 =
−1

𝑅𝑑𝐶𝑓
. This helps in 

attenuating the high order frequencies and brings stability to the system. This new transfer function 

and the transfer function for the PI controller must then be tuned for the system to function 

smoothly overall. 

 

It is worth comparing the two transfer functions for the same system now. The old transfer function 

for the same system is given by (3.25). This system does not incorporate a damping resistor. With 

the inclusion of a damping resistor, the transfer function changed as shown in (4.7). The 

comparison of these two new transfer functions will be done in the following chapter. 
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4.5 Simulation and the Söderfors Setup 

Figure 4.7 shows the simulation designed in Simulink to implement the grid-connected inverter 

with LCL filter and damping resistance of Söderfors setup using MATLAB/Simulink. The figure 

shows the basic electrical structure with the H-bridge inverter and the LCL filter whereas other 

parts of the simulation such as the abc/dq transformation, modulation, and PI controller are shown 

in the grey subsystems. A powergui block is used for the simulation of specialized power systems 

blocks for this simulation. This block provides tools for the analysis of the system such as steady-

state measurements, load flow analysis, and displaying values of state variables such as the 

inductor currents and capacitor voltages. They also help in analyzing the Fourier transform of the 

signals and measuring the THD in a signal.  

 

Various solver options are available for this simulation such as the fixed-step solver and the 

variable step solver. The fixed-step solver computes the states of the model at equally spaced 

Figure 4. 7: Simulink simulation of Söderfors setup 
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intervals as defined by the user. Variable step solver on the other hand is more efficient as it reduces 

simulation step time for better accuracy. It increases the step time automatically when the state 

values are changing slowly. In this thesis variable step solver is used as the initial states are 

changing rapidly because of the PI controller in eliminating the error. The simulation is run for 0.5 

seconds. This simulation is developed after calculating the new transfer function of the system 

with a damping resistor. The frequency domain analysis for stability was done using the PID Tuner 

app in MATLAB. Using the same app, the PID parameters were also adjusted for a decent step 

response of this system. The results from this will be discussed in the next chapter.   
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5.  Results 
This section discusses the results of the Simulink model after the proposed solution of damping 

resistance has been added to the simulation. The simulation model now needs to be verified to 

make sure it is functioning similarly to the experimental setup. Various combinations of PI 

parameters and resistors have been analyzed to find the most optimal solution in terms of the 

stability margins of the transfer functions, the harmonic content of the grid current, and the power 

loss arising due to the addition of the resistive element. Three cases of damping resistances have 

been used in the LCL grid-connected filter with damping resistance. These resistances are 3, 6 and 

9 Ω respectively. The simulation was run for 0.5 seconds. As a base case, the simulation is run 

using the 6 Ω damping resistor. The other resistances are only added to study the power analysis 

of the inverter which involves the THD analysis and power loss evaluation and is discussed in 

section 5.5.4. 

 

5.1 Validating the simulation model with experimental data 
It is necessary to verify the simulation model with the experimental setup in Söderfors to check 

the authenticity of the model. The results of the simulation model without a dampening resistance 

are compared with experimental data from Söderfors. If the model is working similarly to the 

experimental setup, it makes it easier to make adjustments in the simulation model in case of fault 

analysis. This will prevent the need to make changes in the experimental setup. Additionally, after 

the verification of the model, the proposed solution to the current disconnection of the turbine from 

the grid can also be implemented.  

 

Figure 5.1 shows the three-phase currents and the power to the grid from the actual experimental 

setup.  

Figure 5. 1: Power injected to the grid with corresponding phase currents 
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The simulation model can be verified if the model also produces similar current waveforms for the 

similar power injected into the grid as shown in figure 5.1. To test the model a reference power of 

800 W was set to obtain the current waveforms corresponding to the power limit set. Figure 5.2 

shows the three-phase currents for this power injected into the grid. The current waveform is 

similar to the one shown in figure 5.1. The only difference is that the current waveform from the 

simulation has more harmonic distortion which is because the PI parameters are not tuned for small 

power injection to the grid. 

 

As the current waveforms from figure 5.1 and 5.2 are similar it is safe to assume that the simulation 

model is working according to the experimental setup. The rms value from experimental data 

comes out to be 1.16 A whereas from the simulation it comes out to be 1.21 A. Thus this model 

can be used to implement the new filter solution for the grid-connected inverter.  

Now since the validation of the model is complete, the results from the simulation are extended 

using a passive damping resistance (Rd) of 6 Ω. 

 

Figure 5. 2: Three-phase currents from simulation model for injecting 800W to the grid 
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5.2 Pole-Zero Plot Results 
A pole-zero plot for the system without the damping resistance and with the damping resistance 

are shown and analyzed for stability purpose as shown in figure 5.3.The system described by  3.25 

in the figure 5.3 has poles only on the imaginary axis denoting that the system is marginally stable. 

Whereas the system described by  4.7 has a pole at the origin as well as poles on the left-half plane 

meaning that the system has a stable response.  

 

 

Figure 5.4 shows the impulse response of both systems.  For the former system, an oscillatory 

response is obtained whereas for the latter system a stable impulse response is obtained. The 

oscillatory response corresponds to an unstable system and represents the current Söderfors 

experimental setup. This explains why the generator disconnects from the grid. Both these plots 

authenticate the stability theory discussed above. 

 

Figure 5. 3: Pole-zero plot for system without the damping resistance (top) and with the damping resistance (bottom) 
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5.3 Bode Plot Analysis of LCL filter with Damping Resistance 
 

Figure 5. 4: Impulse response of the systems 

Figure 5. 5: Bode plot of the system with damping resistance 
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To further validate the proposed solution of using a damping resistance, a bode plot analysis is 

also done based on the theory discussed in section 4.2. With the help of a bode plot, the phase 

margin and the gain margin are analyzed as shown in figure 5.5.  

 

The attenuation after the resonance frequency for the new transfer function with damping 

resistance decreases. To investigate the impact of resistance value on the Bode plot for the transfer 

function, 3, 6, and 9 Ω damping resistances are used as shown in figure 5.6. It can be concluded 

that as the resistance increases the attenuation of the amplitude greatly reduces at the resonance 

frequency but after that, the attenuation is decreased with increasing resistor values. A large 

attenuation of the peak at resonance frequency helps in reducing the THD of the output current but 

at the cost of increased resistive losses in the damping resistance.  

 

 

Figure 5. 6: Bode plot with a 9 ohm resistance (blue), 6 ohm resistance (black) and 3 ohm resistance (yellow) 
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5.4 PID tuning results 

The transfer function of the LCL filter is fine-tuned using the MATLAB PID tuner app. The step 

response of the new LCL transfer function was fine-tuned to have a low overshoot of less than 

10% and a quick settling time. The steady-state error should also be in safety margins. Figure 5.7 

shows the step response for the new transfer function with a damping resistance of 6Ω. From figure 

Figure 5. 8: Unit step response with different PI parameters  

Figure 5. 7: Unit step response of the system with damping resistance  
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5.7 it is clear that the system is now stable unlike the system shown in figure 4.4. The overshoot 

is not too high and the system has a fast settling time. Figure 5.8 shows another configuration for 

the PI parameters by reducing Kp and Ki for a more smooth step response. It has a better-looking 

step response with fewer oscillations as compared to the one shown in figure 5.7. But this comes 

at a cost of higher overshoot and a longer rise and settling time.   

The parameters shown in figure 5.7 were used in the simulation because of their better steady-state 

performance. 

 

5.5 Simulation Results 
The electrical results from the simulation for the inverter, LCL filter, and the grid are presented in 

this section. The simulation of the grid-connected inverter with LCL filter and damping resistance 

is done. The simulation is run for 0.5 seconds. The simulation results presented are with a damping 

resistance of 6 Ω. The damping resistances are only changed to evaluate the losses in them and to 

analyze the THD of the system in section 5.5.4.  

 

5.5.1 Inverter Results 

To produce the desired output voltage from the inverter the switching scheme should function 

properly to produce the desired output voltage. The switching scheme for a single cell for the 

inverter used in this simulation is shown in figure 5.9. 

Figure 5. 9: Switching scheme of a single cell of the inverter 
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From figure 5.9 it is clear that the switching pulses for switches A1, A2, and switches A3, and A4 

are complementary. It is necessary as both these pairs of switches are in the same leg of the cell, 

turning them on at the same instance can result in a short-circuit of the system.  

 

Since the switching scheme is functioning as desired, the inverter should be able to produce correct 

levels of output voltages. The magnitude of these voltages depends on the DC-link voltage applied 

to each cell of the inverter. The output voltage levels from this inverter are 3, since it’s a 3-level 

inverter. So the output voltages should have a magnitude of 𝑉𝐷𝐶 , 0, −𝑉𝐷𝐶. As the DC-link voltage 

is 400, the voltage levels from the inverter are 400, 0 and, -400V. This is shown in figure 5.10. 

The three-pole voltages for phases a, b and c are shown in figure 5.10. All of them have three 

levels and are 120° apart from each other. 

 

5.5.2 DQ-Frame Analysis 

As mentioned before the advantages of using the dq frame to implement the PI controllers, this 

section will present the results for voltages and currents in the dq-domain. The conversion of 

voltages and currents in dq frame is already discussed in detail in section 3.1. The desired values 

of 𝑖𝑑 and 𝑖𝑞 are based on the power requirements of the grid as shown by s 3.10 and 3.11. The 

reactive power flow is unwanted in the grid so it is set to 0. This means that the 𝑖𝑞 current will 

settle to a value of 0. The 𝑖𝑑 current is based on the active power requirement and the 𝑣𝑑 component 

of the grid voltage. Since the grid voltage is fixed, 𝑖𝑑 is therefore only influenced by the active 

power requirement. As the generator is capable of supplying 7.5 kW to the grid, the active power 

Figure 5. 10: Inverter pole voltage 



40 

 

 

is set to 7.5 kW. The curves for 𝑖𝑑 and 𝑖𝑞 currents are shown in figures 5.11 and 5.12 

correspondingly. 

 

 

The power injected into the grid is given as a step input with a starting value of 1000W, a step time 

of 0.2 sec, and a final value of 7500W. Figure 5.8 shows that during the startup there is a large 

error between the reference and actual values of 𝑖𝑑. Here the PI controllers come into play where 

they try to eliminate the error. Initially, an overshoot is observed in the actual 𝑖𝑑 plot in the negative 

direction which is attributed to the overshoot found in the step response of this system. Before 0.2 

sec when the injected power is 1000W, the reference 𝑖𝑑 is around 2A and the actual 𝑖𝑑 plot settles 

down to this value after feedback and error elimination by the PI controllers. When the power 

injected jumps to 7500W after 0.2 sec the reference value quickly jumps to around 15 A. The 

actual current then follows this trend and also settles to a value around 15 A.   

As mentioned above the reactive power is set to 0 hence the reference 𝑖𝑞 has a 0 value which the 

actual current follows with the same trend as shown in figure 5.12. In both figures, 5.11and 5.12 

the 𝑖𝑑 and 𝑖𝑑 current shows some harmonic content because of the switching of inverter switches. 

 

 

 

Figure 5. 11: Actual id (blue), reference id (red) 
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5.5.3 Grid Results 

This section presents the result from the same simulation as above. When the inverter is grid-

connected the output voltage from the inverter follows the grid voltage. The frequency of the 

voltage is 50 Hz. The current waveform depends on the power injected to the grid. As the active 

power injected into the grid is rated at 7.5 kW, the corresponding grid voltage and current 

waveforms are shown in figure 5.13. 

 

Figure 5.13 shows that during the startup the grid is supplying active power for a very short period 

because of the negative power flow. This is when the error in the PI controller is large and the 

controller tries to follow the reference power of 1000 W provided to it for the current reference. 

After 0.2 sec, when the power is set to 7500 W, the current to the grid increases as the voltage is 

fixed to the grid voltage. The current supplied to the grid is based on s 3.10 and 3.11. Since the 

steady-state has already been achieved by the PI controller before 0.2 sec, the PI controller needs 

minimum effort when the power is raised to 7500 W. There is hardly any overshoot in the increased 

current waveforms and they quickly settle down to their steady-state values. 

 

 

 

 

Figure 5. 12: Actual iq (blue), reference iq (red) 
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5.5.4 THD and Loss Analysis in Damping Resistance 

Case I – 6 Ω Resistance 

All the results presented so far are based on a damping resistance of 6 Ω. For the analysis of THD 

and loss analysis, different values of resistances will be used to investigate the performance of the 

filter with different damping resistances. When a new resistance is used the transfer function 

changes as shown by  4.7. As a result, the new transfer function has a different step response and 

bode plot. This results in new PI parameters for each value of resistance used.  

 

Figure 5.14 shows the power loss in passive resistors of 6 Ω. Each of the resistances A,B and C 

are for the three phases. The estimated power loss in each phase resistance is around 1.02 W 

accumulating to a loss of around 3.05 W for all the three-phase resistances. 

 

 

 

 

 

 

 

Figure 5. 13: Grid voltages, currents and power 
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The FFT in the output current for this system is shown in the graph presented in figure 5.15.  

The THD is 2.59 % and is within the desired limits of 5%. Around resonant frequency of around 

2.1 kHz, there is a peak because of the phase change, but it is attenuated by the damping resistance 

as the amplitude is very small as compared to the magnitude of the fundamental component of 

current which is around 15.4 A. 

  

Figure 5. 14: Total power loss and power loss in each damping resistance 

Figure 5. 15: Total harmonic distortion with 6 ohm damping resistance (6 ohm) 
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Case II - 3Ω Resistance 

The dampening resistance was changed to 3 Ω which impacts the transfer function. The new PI 

parameters used were 𝑘𝑝 = 1.95 and  𝑘𝑖 = 117.6. The parameters were obtained by the same 

procedure i.e using the MATLAB PID tuner app. This slightly changed the response of the system 

and can be seen in the current waveform as shown in figure 5.16. 

It is clear from this figure that we have large overshoots in the current during startup. The current 

reaches up to 150 A which can damage the equipment. This is mainly attributed to the PI 

parameters as they are not efficient in eliminating the error in the reference and actual current. 

The proportional constant is small as well as the integral constant so the system experiences a large 

overshoot. The settling time also decreases as there is a clear contrast as shown in figures 5.13 and 

5.16. For the former case, the settling time is close to 0.05 sec whereas for the latter case the 

settling time is close to 0.1 sec.  

 

Figure 5.17 below shows the power loss in the damping resistances. As the resistances decrease it 

is natural that the power loss also decreases. The total power loss for this system is around 1.5 W 

which accounts for a 54% decrease in power dissipated as compared to the case shown in figure 

5.14. 

Figure 5. 16: Output current for 3 ohm damping resistance 
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Figure 5.18  shows the THD for this scenario. As the resistance has a smaller value as compared 

to the previous case the THD is high because the small resistance works less effectively in damping 

the amplitude below the resonant frequency. As mentioned in section 5.3, as the damping 

resistance decreases the attenuation of amplitudes after the resonance frequency increase. This can 

be observed when the amplitudes are compared in figures 5.15 and 5.18 after 2000 Hz.    

 

Figure 5. 17; Total power loss and power loss in each damping resistance (3 ohm) 

Figure 5. 18: Total harmonic distortion with 3 ohm damping resistance 
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Case III-9Ω Resistance 

For this case the 𝑘𝑝 = 23.9 and 𝑘𝑖 = 3363 were used after tuning this new transfer function in the 

PID tuner app. With improved 𝑘𝑝 and 𝑘𝑖 values, the output current waveform for this set of PI 

parameters is shown in figure 5.19. 

As a result of the improved PI parameters, there is a comparatively small overshoot in the output 

current during the startup. The PI controllers are fast in eliminating the errors and the steady-state 

is achieved before 0.05 sec which is the quickest in the three instances discussed.  

 

Figure 5.20 shows the power loss in the damping resistors in this case. With a larger resistance, 

the ohmic losses increase to around 4.8 W which accounts for a 45% increase in the power loss as 

compared to the case which uses 6 Ω resistance. 

Figure 5. 19: Output current for 9 ohm resistance 
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Figure 5.21 shows the FFT of this system. With the largest damping resistance, the THD is the 

lowest. The amplitudes up to the resonance frequency are well attenuated resulting in a low THD. 

But the attenuation of amplitudes after the resonance frequency depicts the theory discussed in 

section 5.3. 

 

Figure 5. 20: Total power loss and power loss in each damping resistance (9 ohm) 

Figure 5. 21: Total harmonic distortion with 9 ohm damping resistance 
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The power loss in the different damping resistors and the THD of the system can be summarized 

in table 5.1 for a better overview of the performance of the filter with damping resistance. 

 

Table 5. 1: Summary of power loss and THD for various damping resistance 

Resistance (Ω) Total power loss (W) THD (%) 

3 1.53 5.08 

6 3.05 2.59 

9 4.59 2.20 

 

Table 5.1 confirms the relationship between the damping resistances and THD which is discussed 

in section 5.3. A higher damping resistance helps in better attenuation of the amplitudes around 

resonance frequency resulting in an improved THD. Conversely, this increased resistance 

deteriorates the electrical efficiency of the system in the form of increased resistive losses. 
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6. Discussion  
A detailed model of the Söderfors marine current turbine is presented in this thesis. The model 

implemented is after the AC/DC rectification. A detailed solution to the problem of the generator 

getting disconnected from the grid after a short period (discussed in section 2.2) is investigated. 

The solution proposed in this thesis is to modify the current filter connected between the inverter 

and the grid. The present topology of this filter is an LCL-based filter. The solution proposed in 

this thesis is to add a damping resistance in the capacitor branch of the filter. This resistance 

stabilizes the transfer function of the LCL filter by introducing zeros in the system and moving the 

poles of the system towards more stability. The bode plot analysis is also done for the system to 

further test the stability of the system by analyzing their phase margins and gain margins. The new 

transfer function is then tuned for different PID parameters for the controller to function properly. 

The tuning is done manually using the MATLAB PID tuner app.   

 

The proposed solution provides solution to the turbine getting disconnected from the grid after a 

short interval of time. The solution can be implemented in the Södefors setup since results indicate 

the overall system is stable. The results can change if a different technique of achieving stability 

is adopted instead of adding a damping resistance. Also as part of future work more investigation 

can be done to study the effects of using non-ideal elements rather than assuming all elemnets to 

be ideal. This is one of the limitations of this work in which all elements are assumed to be ideal 

and lossless.  
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7. Conclusion 
The passive damping technique proposed is evaluated for its performance based on the power loss 

and THD in the system. To verify the proposed technique of passive damping, the simulation 

model is validated with the setup at Söderfors. It can be concluded that: 

 

 The simulation model replicates the experimental data from the test site before the 

generator is disconnected confirming the validity of the simulation model. 

 The passive damping technique provides better stability as shown by the pole-zero plots 

and the impulse response of the system. 

 The parameters of the bode plot for the new transfer function of the LCL filter, with 

damping resistance, also provide evidence for the stability of the system. 

 The system is functional under all possibilities of active power flow to the grid, further 

advocating the authenticity of the model. 

 The reactive power flow is minimum and so is the reactive component of the current in the 

system. 

 The power supplied to the grid follows the set-point defined in the simulation. Accordingly, 

the current to the grid is automatically adjusted by the current controller.  

 The THD of the system is within the defined protocol. The THD improves with a larger 

value of damping resistance used. 

 A larger value of damping resistance, on the other hand, increases the power loss in the 

system decreasing its efficiency. 

 From the FFT analysis, there is a significant increase in the attenuation of the amplitudes 

around the resonant frequency, further stabilizing the system. 

 

 

 

 

7.1 Drawback and Future Work 
This thesis work is limited to implementing one proposed solution to the problem. The passive 

damping technique, although provides a solution but is highly inefficient. The power loss in the 

resistance can be cost-ineffective in the long run which is a drawback of this system. Additionally, 

the PID parameters of the system are tuned manually for each combination of the damping 

resistance. This is a drawback as it is time-consuming and is based on trial and error. The elements 

used in this simulation are assumed to be ideal which is not the case in the actual experimental 

setup. The non-ideality of these elements can lead to deviations from the required results. 

 

The solution proposed works well in the simulation, but to test its validity it needs to be 

implemented at the experimental site in the future. The filter should be restructured to 

accommodate the passive resistance. Further investigation into different techniques of damping 

circuits should be done to improve the electrical efficiency of the system. One such damping 
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method could be the use of an active damping strategy which minimizes the power loss but their 

implementation is cumbersome. The use of notch filters can also be a handy solution but they 

require more investigation and time. Instead of using manual PID techniques, more effective and 

optimized PID tuning techniques can be used which can provide improved results. Some of the 

techniques are the Ziegler-Nicholas Method and the Cohen Coon Method.     
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