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Abstract 

 

In this thesis, an active power filters (Shunt and series) are 

considered as an alternative to traditional methods (such as 

distributed winding, short pitch winding and skewing the stator) to 

improve the output power quality of synchronous generators. 

Instead of short pitching the winding, using different slot/pole 

combinations and/or skewing the stator, a power electronics device 

(active power filters) are used to improve the output power quality 

and the dynamic response of synchronous generators. A large 

amount of published work in the area of synchronous generator 

design has focused on traditional methods to improve the output 

power quality, but these methods complicate the synchronous 

generator, decrease generator rating and increase the 

manufacturing cost. In addition, the active power filters have been 

widely used in a power system to eliminate nonlinear load harmonics 

and reactive power compensation.   

The aim of this project is, therefore, to investigate using active 

power filters to improve the output power of a simple design of 

synchronous generator and improve the dynamic response of the 

synchronous generator without damper bars. Using an active power 

filters in parallel and series with a simplified synchronous generator 

allows the use of simple generator designs with reduced complexity 

and manufacturing cost, without compromising the quality of power 

delivered to the load.  

A simplified synchronous generator is proposed in this thesis to 

investigate the project idea, this generator has a full pitch-winding 

configuration and unskewed stator to increase generator power and 

simplify the manufacturing process. A two converters are connected 
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one in parallel and one in series with the proposed generator to 

achieve IEEE standards for current harmonics. This thesis describes 

the derivation of the proposed synchronous generator model and 

active power filters control as well as experimental results from the 

proposed generator. 

Simulation and experimental results are provided to validate the 

approach and to demonstrate the feasibility of the proposed 

synchronous generator with active power filters modelling approach 

and control strategy. A good correlation between simulation and 

experimental results was obtained.  
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Thesis Contribution 

 

Different methods have been used by synchronous generator 

designer to get good quality output power, such as stator skewing, 

pole/slot combination and winding configuration. This work used a 

new approach to improve the output power quality of the 

synchronous generator which is using the power electronics devices. 

The first contribution of this work is developing a novel and 

accurate synchronous generator model able to include synchronous 

generator harmonics. This model uses the FEA model result to build 

the model with Matlab Simulink. 

The second contribution of this thesis is using the active power 

filters (shunt and series) to improve the power quality of simplified 

synchronous generator. The simplified synchronous generator has 

simple design to decrease the production cost and faster in 

manufacturing process. 

The final contribution is using the active power filters to improve 

the dynamic response of the synchronous generator without damper 

bars. Removing the damper bars from the rotor of the generator 

decrease the rotor losses and simplify the manufacturing process.      

The work presented in this thesis has resulted in one conference 

and one journal publications. The published papers are as listed: 

 A. Abu-Jalala, T. Cox, C. Gerada, M. Rashed, T. Hamiti, 

and N. Brown, “Power quality improvement of 

synchronous generators using an active power filter,” IEEE 

Transactions on Industry Applications, pp. 1–1, 2018. 
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 A. Abu-Jalala, T. Cox, C. Gerada, M. Rashed, T. Hamiti, 
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Oct 2017, pp. 1845–1849. 

 

 

  



 

vi 

 

 

Acknowledgement 

 

I would like to express my deep appreciation and gratitude to 

my supervisors Prof. Chris Gerada, Dr. Tom Cox,  Dr. Mohammed 

Rashed ,and Dr. Tahar Hamiti for their encouragement, valuable 

advice, guidance, supervision and support throughout my years of 

study at the University of Nottingham 

I would like to thank all my colleagues and friends in the Power 

Electronics, Control and Machine Group at the University of 

Nottingham for the support and valuable discussions over the last 

few years. 

I also wish to thank the all the technical teams (electrical and 

mechanical) in the group for their help, support, and valuable 

advices during the experimental setup and the experimental testing. 

Last but not least, I owe the greatest debt of gratitude to my 

mother, my wife, my sons, my brothers, my sisters, and all other 

family members and friends for their love, support and 

encouragement throughout my studies. 

Thank you all.  



 

 

 

 

Contents 

Abstract ........................................................................... ii 

Thesis Contribution .......................................................... iv 

Acknowledgement ............................................................ vi 

Contents ........................................................................ vii 

 Introduction ..................................................... 2 

 Background ....................................................... 2 

 Project objectives ............................................... 9 

 Thesis outline ..................................................... 9 

 Modelling of the Synchronous Generator ........... 13 

 Introduction ..................................................... 13 

 Synchronous Machine 𝒅𝒒 Model .......................... 14 

2.2.1 Assumption ................................................ 15 

2.2.2 SM Equations in the Phase Variable or 

𝒂𝒃𝒄 Reference Frame ................................................... 15 

2.2.3 Stator Equation in Synchronous Reference 𝒅𝒒  

Frame 18 

2.2.4 Matlab Simulink Model: ................................ 29 

2.2.5 Simulation Result: ....................................... 34 

 Finite Element Modelling of the Synchronous 

Generator 36 

2.3.1 The Original Generator: ............................... 37 

2.3.2 The Proposed Generator ............................... 37 

2.3.3 2DFEA Model for the Proposed Generator ....... 40 



CONTENTS 

viii 

 

2.3.4 Inductance Matrix of the Proposed Generator: 44 

 Accurate Modelling of Synchronous Generator in 

Matlab Simulink ............................................................... 46 

2.4.1 Model Description and Operation Principle: ..... 47 

 Comparison between FEA and Matlab Simulink Models

 52 

2.5.1 The back-EMF Voltage and Open Circuit Test: . 52 

2.5.2 Loaded Generator ........................................ 54 

 Experimental Validation ..................................... 57 

2.6.1 Open-Circuit Test: ....................................... 58 

2.6.2 Loaded Generator: ...................................... 59 

 Conclusion ....................................................... 61 

 Active power Filters ........................................ 64 

 Introduction ..................................................... 64 

 Active Power Filter Topologies ............................ 66 

 Shunt Active Power Filter: ................................. 67 

 Series Active Power Filter: ................................. 69 

 Grid Synchronization Methods ............................ 70 

3.5.1 Conventional SRF-PLL .................................. 70 

3.5.2 Decoupled Double Synchronous Reference Frame 

PLL (DDSRF-PLL) ........................................................ 76 

3.5.3 Dual Second Order Generalised integrator 

(DSOGI-PLL) .............................................................. 85 

 Current/Voltage Harmonics Extraction Techniques 90 

3.6.1 Current Reference Extraction: P-Q Method...... 91 



CONTENTS 

ix 

 

3.6.2 Current/voltage Reference Extraction: 

Synchronous Reference (d-q) Method ............................ 95 

 Shunt APF Current Control Techniques ................ 97 

3.7.1 Hysteresis Current Control ............................ 98 

3.7.2 Synchronous Reference PI Controller (SRF-

PI) 100 

3.7.3 Proportional Resonant Current Controller 

(PR) 107 

 Modulation technique ...................................... 114 

 DC-link Voltage Control ................................... 115 

 Passive Elements Design: ................................ 118 

3.10.1 Filter Inductance ..................................... 118 

3.10.2 DC-link Capacitor .................................... 119 

 APF Design Validation ..................................... 120 

 Conclusion ..................................................... 122 

 Synchronous Generator Power Quality 

Improvements 125 

 System Configuration ...................................... 125 

 Shunt Active Filter: ......................................... 126 

4.2.1 Output Power Quality Improvements of 

Synchronous Generator with Linear Load ..................... 126 

4.2.2 Current Harmonics Compensation of Nonlinear 

Loads 129 

4.2.3 Synchronous Generator Load Balancing ........ 132 

 Series Active Filter:......................................... 139 

4.3.1 Control Method of Series Active Filter ........... 140 



CONTENTS 

x 

 

4.3.2 Output Power Quality Improvements of 

Synchronous Generator with Linear Load ..................... 143 

4.3.3 Output Power Quality Improvements of 

Synchronous Generator with Nonlinear Load ................. 145 

 The Proposed Generator with Shunt and Series Active 

Filters Simulation: .......................................................... 149 

4.4.1 Output Power Quality Improvements of the 

proposed Generator with Linear Load........................... 149 

4.4.2 Output Power Quality Improvements of the 

proposed Generator with Nonlinear Load ...................... 151 

 Conclusion ..................................................... 154 

 Dynamics Performance Improvements of 

Synchronous Generator without Damper Bars ......................... 157 

 Introduction ................................................... 157 

 Study of Dynamic Performance of Synchronous 

Generator with and without Damper Bars .......................... 158 

5.2.1 Swing Equation without Damper Torque: ...... 158 

5.2.2 Swing Equation with Damper Torque: .......... 161 

 Proposed Control Approach of APF for Dynamic 

Performance Improvements of Synchronous Generator ....... 163 

 Simulation Procedure and Results ..................... 164 

5.4.1 Speed Controller and Diesel Engine Dynamic 

model 165 

5.4.2 Exciter Model ............................................ 166 

5.4.3 Simulation Results ..................................... 167 

 Conclusion ..................................................... 172 

 Experimental Setup and Experimental Results .. 174 



CONTENTS 

xi 

 

 Test Rig Setup: .............................................. 174 

 Experimental Active Power Filter Implementation 175 

 Interface Inductance and DC-link Capacitor 

Bank. 176 

 FPGA/DSP Control Platform .............................. 177 

 Measurement Boards ...................................... 178 

 APF Test ........................................................ 179 

 Balanced Linear Load ...................................... 179 

 Balanced Nonlinear Load ................................. 182 

 Unbalanced Nonlinear Load (type-2) ................. 185 

 Comparison Between the Simulation and the 

Experimental Results: ..................................................... 189 

 Conclusion ..................................................... 190 

 Conclusion and Future Work .......................... 192 

 Conclusion ..................................................... 192 

 Future Work ................................................... 194 

References: .................................................................. 195 

A. Appendix-A ........................................................... 201 

B. Appendix-B ........................................................... 202 

C. Appendix-C ........................................................... 203 

D. Appendix D............................................................ 207 

 

 



 

 

 

 

List of Figures 

 

 

Figure 1-1 Amortisseur winding or damper winding,(a) 

connected and (b) not connected [4] ................................... 3 

Figure 2-1 Synchronous machine rotor type [39] ........ 14 

Figure 2-2 Schematic representation of synchronous 

machine windings .............................................................. 16 

Figure 2-3 Equivalent circuit of synchronous machine in 

the rotor reference frame .................................................. 22 

Figure 2-4 Equivalent circuit of synchronous machine 

after referring the rotor quantities to the stator ................ 25 

Figure 2-5 Matlab Simulink SG Model ........................... 34 

Figure 2-6 comparison between dq-model and the 

commercial generator OCT ................................................. 35 

Figure 2-7 comparison between dq-model and the 

commercial generator SCT ................................................. 36 

Figure 2-8 Full pitch skewless generator (a)2D finite 

element analysis (FEA) model (b) Experimental prototype 

(the proposed generator) (c) Stator coils connection diagram

 .......................................................................................... 37 

Figure 2-9 The proposed generator phase-A winding 

layout................................................................................. 38 

Figure 2-10 Phasor diagram of the resultant EMF of short 

and full pitched coil ............................................................ 39 

Figure 2-11 2DFEA model for the proposed generator . 40 

https://uniofnottm-my.sharepoint.com/personal/alhussein_abujalala_nottingham_ac_uk/Documents/Thesis%20drafts/Third%20submission/Abu-Jalala%20MPhil%20Thesis2.docx#_Toc80638747
https://uniofnottm-my.sharepoint.com/personal/alhussein_abujalala_nottingham_ac_uk/Documents/Thesis%20drafts/Third%20submission/Abu-Jalala%20MPhil%20Thesis2.docx#_Toc80638747


List of Figures 

xiii 

 

Figure 2-12 (a) Flux distribution inside the proposed 

generator (If=11.2A), (b) B-H curve of the core material .. 41 

Figure 2-13 The no load voltage of the proposed 

generator (If=11.2A) ......................................................... 42 

Figure 2-14 FFT analysis for the back-EMF voltage of the 

proposed generator ........................................................... 42 

Figure 2-15 Line-to-line voltage of the proposed 

generator ........................................................................... 43 

Figure 2-16 FFT analysis for the line voltage of the 

proposed generator ........................................................... 43 

Figure 2-17 Phase-A inductance waveforms ................ 45 

Figure 2-18 the mutual and self-inductance of the field 

winding .............................................................................. 46 

Figure 2-19 Block diagram of the generator Simulink 

Matlab model ..................................................................... 47 

Figure 2-20 Matlab Simulink Block diagram for 

implementing Phase-A ....................................................... 48 

Figure 2-21 Matlab Simulink Block diagram for stator and 

field winding inductances .................................................. 49 

Figure 2-22 Matlab Simulink Block diagram for the back-

EMF of the stator winding .................................................. 50 

Figure 2-23 Matlab Simulink Block diagram for the 

proposed generator ........................................................... 51 

Figure 2-24 Comparison between 2DFEA (FEA) and 

Matlab Simulink (MS) models of the proposed generator ... 53 

Figure 2-25 Open-circuit test form 2DFEA model and the 

Matlab Simulink (MS) model .............................................. 54 

https://uniofnottm-my.sharepoint.com/personal/alhussein_abujalala_nottingham_ac_uk/Documents/Thesis%20drafts/Third%20submission/Abu-Jalala%20MPhil%20Thesis2.docx#_Toc80638761
https://uniofnottm-my.sharepoint.com/personal/alhussein_abujalala_nottingham_ac_uk/Documents/Thesis%20drafts/Third%20submission/Abu-Jalala%20MPhil%20Thesis2.docx#_Toc80638761


List of Figures 

xiv 

 

Figure 2-26 The simulation results for a balanced linear 

load from Simulink Matlab model, (a) Generator output 

voltage (b) Generator output current ................................ 55 

Figure 2-27 The simulation results for a balanced linear 

load from 2DFEA model, (a) Generator output voltage (b) 

Generator output current ................................................... 56 

Figure 2-28 The stator of the prototype generator ....... 57 

Figure 2-29 The proposed generator test rig ................ 58 

Figure 2-30 Open circuit test for the proposed generator 

and the standard commercial generator ............................ 59 

Figure 2-31 The simulation and experimental results for 

balanced linear load ........................................................... 60 

Figure 2-32 The simulation and experimental results for 

balanced nonlinear load ..................................................... 61 

Figure 3-1 Block diagram of the propose system ......... 65 

Figure 3-2 Subdivision of power system filters according 

to power circuit configuration and connection (AF: Active 

Filter, PF: Passive Filter) .................................................... 66 

Figure 3-3 Three-Phase four-wire APF topologies ........ 67 

Figure 3-4 Active series filter control circuit ................ 69 

Figure 3-5 SRF-PLL block diagram ............................... 71 

Figure 3-6 PLL control circuit diagram ......................... 73 

Figure 3-7 Control  block diagram of the SRF-PLL ........ 73 

Figure 3-8 SRF-PLL performance under ideal voltage 

source and different values for 𝑲𝑷 ..................................... 75 

Figure 3-9 SRF-PLL performance under Unbalanced 

voltage source and different values for 𝑲𝑷 ......................... 76 



List of Figures 

xv 

 

Figure 3-10 Block diagram of decoupling terms, (a) for 

(dq+) reference frame (b) for (dq-) reference ................... 80 

Figure-3-11 Block diagram of decoupling network of 

DDSRF-PLL ......................................................................... 81 

Figure-3-12 The block diagram of the decoupling double 

synchronous reference frame (DDSRF_PLL) ...................... 82 

Figure-3-13 DDSRF-PLL performance under Unbalanced 

voltage source ................................................................... 83 

Figure-3-14 DDSRF-PLL performance under Unbalanced 

and distorted voltage source .............................................. 84 

Figure-3-15 SOGI-QSG block diagram .......................... 85 

Figure-3-16 block diagram SOGI-QSG and PSC ............ 88 

Figure-3-17 block diagram DSOGI-PLL......................... 89 

Figure-3-18 DSOGI-PLL performance under Unbalanced 

and distorted voltage source .............................................. 90 

Figure-3-19 Calculation block diagram of P-Q method . 92 

Figure-3-20 The block diagram for SRF reference current 

calculation ......................................................................... 97 

Figure 3-21 The block diagram of the hysteresis current 

controller ........................................................................... 98 

Figure 3-22 The basic concept of the hysteresis current 

controller ........................................................................... 99 

Figure 3-23 APF connection to the grid through interface 

L-filter .............................................................................. 100 

Figure 3-24 Block diagram of SRF PI controller with 

decoupling between the axes ........................................... 103 



List of Figures 

xvi 

 

Figure 3-25 Block diagram of the SRF-PI controller for PI 

parameter calculation ...................................................... 103 

Figure 3-26 the simulation results for SRF-PI controller 

for different current references ....................................... 106 

Figure 3-27 Bode blot of ideal PR current controller .. 108 

Figure 3-28 Bode blot of non-ideal PR current controller 

with different 𝝎𝒄 .............................................................. 109 

Figure 3-29 Block diagram of PR+HC controller ......... 111 

Figure 3-30 Bode blot of non-ideal PR+HC current 

controller ......................................................................... 112 

Figure 3-31 the simulation results for PR+HC controller 

for different current references ....................................... 113 

Figure-3-32: The block diagram of carrier-based PWM 

current control ................................................................. 114 

Figure-3-33: The basic concept of carrier-based PWM 

current control ................................................................. 115 

Figure-3-34: The block diagram of the DC-link voltage 

controller ......................................................................... 116 

Figure 3-35 DC-link regulator and the transfer function 

derivation ........................................................................ 116 

Figure 3-36 Block diagram for DC-link voltage control 

circuit .............................................................................. 117 

Figure 3-37 APF system test with nonlinear load ....... 121 

Figure 3-38 FFT Analysis for generator current .......... 122 

Figure 4-1 Block diagram of the proposed system ..... 126 

Figure 4-2 Simulation circuit for balanced linear load 128 



List of Figures 

xvii 

 

Figure 4-3 simulation results for harmonic compensation 

for balanced linear load (a) generator and load currents 

before enabling the APF (b) load currents after enabling the 

APF (c) the APF currents .................................................. 129 

Figure 4-4 Simulation circuit for balanced nonlinear load

 ........................................................................................ 131 

Figure 4-5 Simulation results for balanced nonlinear load 

(a) generator and load currents before enabling the APF (b) 

generator currents after enabling the APF (c) the APF 

currents ........................................................................... 132 

Figure 4-6 Simulation circuit for type-1 of unbalanced 

nonlinear load .................................................................. 134 

Figure 4-7 System currents after enabling the APF with 

nonlinear and unbalanced load type-1 ............................. 136 

Figure 4-8 Simulation circuit for type-2 of unbalanced 

nonlinear load .................................................................. 137 

Figure 4-9 System currents after enabling the APF with 

nonlinear and unbalanced load type-2 ............................. 138 

Figure 4-10 Series active filter simulation circuit ....... 140 

Figure 4-11 Block diagram showing control method of the 

series ASF ........................................................................ 142 

Figure 4-12 The Proposed Generator Output Voltage with 

and without Active Series Filter feeding Linear Load ....... 144 

Figure 4-13 The Proposed Generator Output Voltage with 

Active Series Filter feeding Nonlinear Load ...................... 148 

Figure 4-14 The Proposed Generator Output Voltage and 

Output current with both Filters for Linear Load .............. 150 



List of Figures 

xviii 

 

Figure 4-15 The Proposed Generator Output Voltage with 

both Filters feeding Nonlinear Load ................................. 153 

Figure 5-1 Proposed filter, load, and generator currents 

during a step load change for the generator without damper 

bars and APF .................................................................... 164 

Figure 5-2 Block diagram of the proposed system ..... 165 

Figure 5-3 Block Diagram of Speed Controller ............ 166 

Figure 5-4 IEEE Type 1 (Type DC1A) excitation system

 ........................................................................................ 167 

Figure 5-5 Generator current with and without APF during 

sudden load change ......................................................... 169 

Figure 5-6 APF current and power ............................. 170 

Figure 5-7 Speed response to sudden change in the 

generator loading with and without APF .......................... 171 

Figure 5-8 Developed electromagnetic torque at sudden 

change in the generator loading with and without APF .... 172 

Figure 6-1 The test rig ............................................... 175 

Figure 6-2 The active power filter .............................. 176 

Figure 6-3 SKAI Modules ............................................ 176 

Figure 6-4 the Capacitor bank and the interface filter 177 

Figure 6-5 FPGA and DSP platform controller............. 178 

Figure 6-6 Measurement Boards, (A) and (B) current 

transducers, and (C) voltage transducers ........................ 179 

Figure 6-7 Generator/ load current at 35 kW loading 180 

Figure 6-8 Frequency spectrum for the phase-A current

 ........................................................................................ 181 

Figure 6-9 Load current with enabled APF ................. 182 



List of Figures 

xix 

 

Figure 6-10 Spectrum analysis of the phase-A load 

current with and without APF .......................................... 182 

Figure 6-11 Generator/ load current with nonlinear load

 ........................................................................................ 183 

Figure 6-12 Frequency spectrum for the generator/load 

phase-A current with nonlinear load ................................ 183 

Figure 6-13 Generator current with balanced nonlinear 

load with enabled APF ..................................................... 184 

Figure 6-14 Frequency Spectrum analysis of the phase-A 

generator current with nonlinear load, with and without APF

 ........................................................................................ 185 

Figure 6-15 Generator/ load current with unbalanced 

nonlinear load before enabling the APF ........................... 186 

Figure 6-16 Frequency spectrum for Generator/ load 

current with unbalanced nonlinear load before enabling the 

APF .................................................................................. 187 

Figure 6-17 Generator current with unbalanced nonlinear 

load and with enabled APF ............................................... 188 

Figure 6-18 Frequency Spectrum analysis of the 

generator current and the load current with nonlinear 

unbalanced load with APF ................................................ 189 

Figure C-1 current ripple and symmetrical-aligned 

modulation signal ............................................................ 203 

 



List of Tables 

xx 

 

 

List of Tables 

 

 

Table 1-1 Current Distortion Limits for General 

Distribution Systems (120 V Through 69 000 V) .................. 6 

Table 1-2 Voltage Distortion Limits ................................ 7 

Table 3-1 the numerical values of unideal voltage source

 .......................................................................................... 83 

Table 3-2 The specification of the shunt APF filter ..... 123 

Table 3-3 The specification of the series APF filter .... 123 

Table 4-1 The simulation results for the THD and currents 

values before and after enabling the APF for unbalanced 

nonlinear load with just negative sequence ..................... 135 

Table 4-2 The simulation results for the THD and currents 

values before and after enabling the APF for unbalanced 

nonlinear load type-2 ....................................................... 139 

Table 4-3 The Total Harmonic Distortion (THD) in the 

output voltage of the proposed generator feeding linear load

 ........................................................................................ 144 

Table 4-4 The Total Harmonic Distortion (THD) in the 

output voltage in the proposed generator feeding non-linear 

load for different operation condition .............................. 146 

Table 4-5 The THD of the output voltage of the proposed 

generator for different values of loading ......................... 147 

Table 4-6 The Total Harmonic Distortion (THD) in the 

output voltage in the proposed generator feeding non-linear 

load for different Connected filters .................................. 152 



List of Tables 

xxi 

 

Table 5-1 Speed controller time constants and their 

values .............................................................................. 166 

Table 5-2 Typical per unit data for an IEEE Type 1 DC 

exciter ............................................................................. 167 

Table 6-1 The RMS value and the THD of the unbalanced 

nonlinear load .................................................................. 186 

Table 6-2 the RMS value and the THD value of the 

generator and the load current before and after enabling the 

APF .................................................................................. 188 

Table 6-3 Comparison between the simulation results and 

the experimental results for the THD in the load/generator 

current ............................................................................. 190 

Table B-1 dq-model parameters ................................. 202 



Chapter-1 Introduction  

1 

 

Chapter-1 Introduction 

  



Chapter-1 Introduction  

2 

 

 Introduction 

 

This chapter presents a brief introduction about the background 

and motivation of the research work presented in this thesis, 

combined with a review of synchronous generators and the 

traditional methods used to design them. Moreover, the active power 

filter usage with the synchronous generator is presented in section 

1.1. Then the thesis objectives and aims are presented in section 

1.2 , the thesis outline in section 1.3. 

 Background 

Synchronous generators play an important role in power 

generation, and their rated power can reach  hundreds megawatts. 

Synchronous generators consist of two main parts, a stator which 

contains the windings which are usually placed in three-phase 

layout, and a rotor which contains the field winding and is fed by a 

DC voltage. 

Synchronous generator designers’ use different approaches to 

improve the output power quality of the generator, such as, short 

pitch windings, different slot-pole combinations, and skewed stator 

[1-3]. However, these approaches decrease the back-EMF voltage 

and complicate the manufacturing process. Therefore, this work, 

which is titled “Performance Improvement of Synchronous 

Generators through accurate modelling and integration of power 

electronics”, adopts different approach to improve the performance 

of the synchronous generator, using power electronics, (an active 

power filter) to improve the output power quality of the generator. 

The proposed generator has a simple design with full pitch winding 

to get maximum induced back-EMF and an unskewed stator to 

simplify the manufacture process. 
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Furthermore, the synchronous generators contain damper bars, 

also called amortisseur windings. In the synchronous generator 

these damper bars play an important role in synchronous generator 

dynamics. The damper bar is made from copper or aluminium bars 

installed in the rotor pole surface and short-circuited at both ends 

by arcs (there is no connection between poles) or rings (as in squirrel 

cage induction motor) or sometimes end lamination. Figure 1-1 

shows the damper bar types in synchronous machines [4].  

However, the damper bars complicate the synchronous 

generator manufacturing and the current that is induced in the 

damper bar increase the power losses in the generator, heats up the 

machine and reduces generator efficiency.  

 

 

Figure 1-1 Amortisseur winding or damper winding,(a) connected 

and (b) not connected [4] 
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During the steady state condition, the relative speed between 

the fundamental component of the rotating air-gap magnetic field 

and the damper bars cage is zero, i.e. there is no voltage induced in 

the damper bar. However, when there is a sudden change in the 

generator loading, there will be a relative speed between the damper 

cage and the rotating air-gap magnet field. This relative motion 

induces voltage in the damper bar circuit and this voltage is 

proportional to the speed difference between the rotor and the air-

gap field and produces current in the damper bars. The produced 

current develops a torque called the damping torque which interacts 

with the air-gap magnetic field to help bring back synchronisation 

between the rotor and the air-gap field [5]. 

The operation of a power converter as synchronous generator is 

widely discussed in literature [6-9]. in [6] they introduced the 

VSYNC project [10] where the concept of a virtual Synchronous 

generator (VSG) is demonstrated to overcome the grid instability 

problem that might be caused by renewable resources due to 

decreasing the total rotating inertia. In this control algorithm (VSG), 

virtual inertia is added by adding short-term energy storage to the 

system. By this configuration, the generator that is used in 

renewables can behave like a “Virtual synchronous Generator” 

during short time intervals and improve grid stability. 

In addition, the power converters in renewable energy may be 

controlled to mimic a synchronous generator and they are called 

“synchronverters” [11, 12]. This type of controller facilitates 

integrating various types of green energy sources, electric vehicles 

and energy system to the smart grid. 
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Therefore, another application of active power filters is 

investigated, which is using the active power filter to improve the 

dynamic response of a synchronous generator without damper bars. 

The impact of current harmonics on synchronous generators will 

be apparent both mechanically and electrically. The mechanical 

effect will appear as vibration on the generator shaft with 

electromagnetic torque pulsation, and will shorten the lifetime of the 

generator. The electrical effect will result in distorted current and 

voltage waveforms in both stator and rotor windings and this will 

cause excess heating and increase generator losses, lowering 

efficiency of power conversion [13, 14]. In addition, the impact of 

current harmonics on the voltage regulation and stability of 

synchronous generator were studied in [15, 16]. 

The total harmonic distortion (THD) is calculated from equation 

(1-1) [17] 

 

𝑇𝐻𝐷 % = 100 ∗ √∑ (
𝑋𝑛

𝑋1
)
2∞

𝑛=2

               (1-1) 

Where 𝑋1 is the amplitude of the fundamental component of the 

waveform and 𝑋𝑛 is the amplitude of the 𝑛 harmonic waveform.  

The current harmonic content in power system should comply 

with the limit in IEEE Std 519 [18] and it shown in Table 1-1. 
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Where 𝐼𝑠𝑐  is the maximum short-circuit current at PCC (i.e. 

short-circuit level), 𝐼𝐿  is the maximum demand fundamental load 

current at PCC and TDD is the total demand distortion and it is given 

by equation (1-2) [17]    

 

𝑇𝐷𝐷 % = 100 ∗ √∑ (
𝐼𝑛
𝐼𝐿

)
240

𝑛=2

               (1-2) 

From equation (1-1) and equation (1-2) at the full load THD 

equals TDD. At lower loads the TDD will be lower than THD and the 

ratio between TDD and THD is the same load ratio, for example at 

50% of the load the TDD will be half the THD. 

In addition, the voltage harmonic content in power system for 

normal operation (more than hour) should comply with the limit in 

IEEE Std 519 [18] and it shown in Table 1-2, while during start-up 

or unusual condition, the limits may be exceeded by 50%. 

Table 1-1 Current Distortion Limits for General Distribution 

Systems (120 V Through 69 000 V) 

Maximum Harmonic Current Distortion in Percent of 𝑰𝑳 

Individual Harmonic Order (Odd Harmonic) 

𝑰𝒔𝒄/𝑰𝑳 11 11 ≤ ℎ
< 17 

17 ≤ ℎ
< 23 

23 ≤ ℎ
< 35 

35 ≤ ℎ TDD 

<20 4.0 2.0 1.5 0.6 0.3 5.0 

20<50 7.0 3.5 2.5 1.0 0.5 8.0 

50<100 10.0 4.5 4.0 1.5 0.7 12.0 

100<1000 12.0 5.5 5.0 2.0 10 15.0 

>1000 15.0 7.0 6.0 2.5 1.4 20.0 



Chapter-1 Introduction  

7 

 

Table 1-2 Voltage Distortion Limits 

Bus Voltage at PCC Individual Voltage 

Distortion (%) 

Total Voltage 

 Distortion THD (%) 

69 kV and below 3.0 5.0 

69.001 kV through 

161kV 

1.5 2.5 

161.001 and above 1.0 1.5 

 

The power electronic converter have been widely used with 

distributed power generators and renewable energy resources [19-

24]. They are used as an interface between the source and the grid, 

for active and reactive power control, and harmonic mitigation.  

Shunt active power filter topologies and control algorithms have 

been widely discussed in the literature [25-29]. In [30-33] the APF 

is used in cases with distorted mains voltages and the results 

showed a high capability for the proposed control techniques in these 

papers to eliminate the harmonics in the source current and balance 

them, regardless of the load condition and the source voltage. 

Using active power filter (APF) and series filters with 

synchronous generator has not gained significant attention in recent 

research. The APF is used with stand-alone generators to improve 

their dynamic performance, where in [34] an APF is used with an 

isolated synchronous generator feeding a nonlinear load to 

compensate current harmonics and regulate the generator terminal 

voltages. In addition, APF is used to regulate the output voltage of 

a variable speed interior permanent magnet synchronous generator 

(IPMSG) with nonlinear load while controlling the reactive power and 

compensate any current harmonics [35].  
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This work develops and validates the use of active power filters 

(parallel filter) and active series filter specifically with simplified 

synchronous generators. The simplified generators described are 

less complex and so both simpler and less expensive to produce. 

However, the simplified generator design also produce significantly 

more harmonics and hence another approach, in this case an 

combination from active parallel filter and active series filter, will be 

used to mitigate these harmonics and ensure the level of harmonics 

seen at the load remains acceptable. In addition, this work 

investigates the use of just active power filters to improve the 

dynamic response of synchronous generators without damper bars, 

where the active power filter is used to decrease speed fluctuation 

during sudden load change. 

The additional costs that would be introduced by adding the 

active filters may be compensated by the practical benefits can be 

gained. As well as the direct benefits of increased generator 

capability and reduced construction cost and complexity outlined 

above, APF also has established benefits in terms of improving the 

transient response of the generator [36] and its ride-through 

capability, as well as the potential to allow reduced three-phase 

output power in fault conditions. 

In addition, it well known that the cost of semiconductor devices 

is in a decreasing trend. For example, for a traction drive systems 

(55 kW peak power for 18 sec; 30 kw continuous power) the cost of 

power electronics in 2010 was 7.9 $/kW and in 2020, this is 

estimated to drop to 3.3 $/kW , i.e. the cost will be 58% less in ten 

years [37]. 
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Active filtering (both the active parallel and the active series 

compensators) will be used to improve the power quality (voltage 

and current) of the proposed generator. 

 Project objectives 

The purpose of this work is to improve the performance and the 

dynamic response of simplified synchronous generators by using two 

active power filters. This will done by: 

 Development of  an  effective dynamic model of the SG for 

analysis and design optimisation purposes  

 Review of power converters and selecting a suitable 

configurations for integration within the SG 

 Modelling, simulation and optimization of the selected 

converter topologies and its integration within the SG  

 Experimental setup of the SG with the associated power 

converter  

 Experimental evaluation 

Although use of the active power filter to compensate load 

harmonics is widely discussed in the literature [25-28], using it with 

an active series filter to simplify the design of synchronous generator 

and improve the dynamic response, according to my knowledge, is 

a new subject and has not been presented. The originality of the 

research is shown by the publications listed under the title ‘Thesis 

contribution’ as shown in page iv.  

 Thesis outline 

The thesis is structured as follows: 

 Chapter 2: presents synchronous generator models, 

where the dq model explained in details in section 2.2. In 

section 2.3, a finite element analysis model FEA was 
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introduced for the proposed generator by using MagNet 

software. A MatLab Simulink model based on the 

inductance matrix from FEA model was proposed in 

section 2.4, followed by a comparison between the FEA 

model and the Simulink model in section 2.5. 

Experimental validation for the proposed generator 

models were presented in section 2.6, finally the chapter 

concluded in section 2.7 

 

 Chapter 3: discusses active power filters topology and 

control. This chapter started with an introduction about 

active power filters, and then followed by active power 

filter topologies in section 3.2. Shunt and series active 

filter presented in sections 3.3 and 3.4 respectively. The 

synchronisation (phase angle tracking) methods and 

current and voltage reference generation techniques are 

presented in sections 3.43.5 and 3.63.6 respectively. 

Section 3.7 explains three different current control 

methods. Section 3.8 represent the modulation technique 

and sections 3.9 and 3.10 present the DC-link voltage 

control and Passive element design (filter inductance and 

DC-link capacitance). Finally, a conclusion of this chapter 

is given in section 3.12. 

 

 Chapter 4: presents the power quality improvement of 

the proposed synchronous generator. The introduction of 

this chapter and the proposed system configuration are 

presented in section 4.1, after that in section 4.2 proposes 

power quality improvement of the simplified generator by 

using the shunt active power filter. Section 4.3 proposes 

power quality improvement of the simplified generator by 

using the series active power filter and using both filter is 
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presented in section 04.4. Finally, a chapter conclusion is 

given in section 4.5. 

 

 Chapter 5: explains the dynamic response improvement 

of synchronous generator without damper bars by using 

an active power filter, section 5.1 presents an introduction 

about the damper bar function in synchronous generators 

and their drawbacks, and section 5.2 explains the dynamic 

performance and the swing equation of synchronous 

generator with and without damper bars. The proposed 

control algorithm is presented in section 5.3 and the 

simulation results are shown in section 5.4. Finally, a 

conclusion of this chapter is presented in section 5.5 

 

 Chapter 6: gives a description of the experimental work 

including the proposed generator and the active filters 

implementation and testing, and present the experimental 

results for different kind of loads  

 

 Chapter 7: presented a general conclusion and discussion 

the possible further developments. 
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 Modelling of the Synchronous 

Generator 

 

This chapter provides an introduction to wound field 

synchronous generator modelling. Section 2.1 presents a general 

introduction about the synchronous generator and an overview 

about traditional methods of designing synchronous generators. 

Then the 𝑑𝑞 model is presented in section 2.2 followed by the two 

dimensional finite element model (2DFEA) of the proposed 

generator, presented in section 2.3. Accurate modelling of the 

synchronous generator in Matlab Simulink based on 2DFEA is 

presented in section 2.4 followed by a comparison between the 

Matlab Simulink model and the 2DFEA model presented in section 

2.5. An experimental validation is presented in section 0, finally the 

conclusion of this chapter is presented in section 2.7. 

 Introduction 

A good model is essential to study the SG dynamic behaviour, 

test a new excitation system or develop a new SG design. 

Synchronous machine modelling is a very important subject and has 

been widely discussed in the literature [38-41], where in [38, 39] a 

detailed analysis of d-q model was presented. In [40] a new 

modelling approach based on a stator-oriented magnetic circuit was 

proposed for electrically excited synchronous machines, this model 

considers the nonlinearity and multiple saliencies, but did not 

consider the harmonic effect. Ref [41] presented a solid rotor 

machine model in d-q axis frames, however, this model increased 

machine model order and did not consider the saturation effect.  
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The synchronous machine consists of two main parts, a stator 

and a rotor. The stator windings are distributed in slots and wound 

in three-phases, and may be connected in star or delta. The rotor, 

which is the moving part, contains the field winding and it is supplied 

by a DC current to produce the rotor magnetic field. In terms of rotor 

shape, there are two types of synchronous machines. The first one 

is the salient pole synchronous machine and the second one is the 

non-salient (cylindrical) rotor synchronous machine and used in high 

speed generators. Figure 2-1 shows the two types of synchronous 

machine [39].   

 Synchronous Machine 𝒅𝒒 Model 

The synchronous machine dq model is based on the Park 

transformation for the 𝒂𝒃𝒄 machine equation, where all machine 

parameters are presented in the synchronous reference 𝑑𝑞 frame. 

The machine equivalent circuit is implemented as d-axis and q-axis 

equivalent circuits. The d-axis equivalent circuit contains the 

equivalent inductance of the stator windings in the direct axis, field 

winding and the equivalent inductance of the damper bars in the 

 

 

Figure 2-1 Synchronous machine rotor type [39] 
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direct axis, while the q-axis equivalent circuit contains the equivalent 

inductance of the stator windings in the quadrature axis and the 

equivalent inductance of the dampers bar in the quadrature axis. 

2.2.1 Assumption 

Before starting with machine modelling the following 

assumption were made; 

 The stator winding is distributed in balanced three phase 

and displayed by 120 electrical degree and in sinusoidal 

distribution. 

 The machine has silent rotor with a single pole pare  (p=1, 

θe=θr=θ. i.e. electrical speed =mechanical speed) 

 The damper cage is represented with two winding and 

displayed by 90 electrical degree. 

 The field is represented with a single coil and supplied by 

a constant current 

2.2.2 SM Equations in the Phase Variable or 𝒂𝒃𝒄 Reference 

Frame 

In order to model the machine, firstly the equations that 

describe the machine variables should be written. The stator has 

three-phase windings placed in slots displayed by 120 (electrical 

degree). The rotor will be arranged in two phase configurations 

(direct and quadratic axes) with a rotating angle θ. There are three 

windings in the rotor circuit, two windings in the direct axis (field 

and one damper bar windings) and the other damping bar winding 

in quadratic axis. Figure 2-2 shows a schematic representation of 

synchronous machine with three phase winding windings [38]  
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Note: All the following Equations represent SM in motoring 

mode (for generating mode we just need to inverse the sign of 

current) 

The stator equation is given as: 

 𝑣𝑎𝑏𝑐𝑠 = 𝑟𝑠𝑖𝑎𝑏𝑐𝑠 +
𝑑

𝑑𝑡
(𝑎𝑏𝑐𝑠)     (2-1) 

Where 𝑣𝑎𝑏𝑐𝑠 is the stator phases voltage, 𝑟𝑠 is the stator phase 

resistance, 𝑖𝑎𝑏𝑐𝑠  is the phase current and 𝑎𝑏𝑐𝑠  is the stator flux 

linkage. The matrix form of these variables are: 

 
  𝑣𝑎𝑏𝑐𝑠 = [

𝑣𝑎𝑠

𝑣𝑏𝑠

𝑣𝑐𝑠

]   ,    𝑖𝑎𝑏𝑐𝑠 = [
𝑖𝑎𝑠

𝑖𝑏𝑠

𝑖𝑐𝑠

]    ,    𝑎𝑏𝑐𝑠 = [

𝑎𝑠

𝑏𝑠

𝑐𝑠

] and  𝑟𝑠 = [

𝑟𝑠 0 0
0 𝑟𝑠 0
0 0 𝑟𝑠

] 

The rotor equation is given as: 

 𝑣𝑓𝑑𝑞𝑟 = 𝑟𝑟𝑖𝑓𝑑𝑞𝑟 +
𝑑

𝑑𝑡
(𝑓𝑑𝑞𝑟)    (2-2) 

Where 𝑣𝑓𝑑𝑞𝑟  is the rotor windings voltages (damper bars 

windings in the direct and quadrature axis and the field winding), 𝑟𝑟 

is the resistance of the rotor windings, 𝑖𝑓𝑑𝑞𝑟 is the currents in the 

 

Figure 2-2 Schematic representation of synchronous machine 

windings 
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rotor windings and 𝑓𝑑𝑞𝑟 is the flux linkage in the rotor circuit. The 

matrix form of these variables are: 

 

𝑣𝑓𝑑𝑞𝑟 = [

𝑣𝑓𝑟

𝑣𝑑𝑟

𝑣𝑞𝑟

]  ,   𝑖𝑓𝑑𝑞𝑟 = [

𝑖𝑓𝑟

𝑖𝑑𝑟

𝑖𝑞𝑟

]    ,  𝑓𝑑𝑞𝑟 = [

𝑓𝑟

𝑑𝑟

𝑞𝑟

]    and 𝑟𝑟 = [

𝑟𝑓𝑟 0 0

0 𝑟𝑑𝑟 0
0 0 𝑟𝑞𝑟

] 

All the windings in the machine are mutually coupled, and the 

flux linkage of the machine windings is given as: 

 𝑎𝑏𝑐𝑠 = 𝐿𝑎𝑏𝑐𝑠𝑖𝑎𝑏𝑐𝑠 + 𝐿𝑎𝑏𝑐𝑠𝑟 𝑖𝑓𝑑𝑞𝑟 (2-3) 

 𝑓𝑑𝑞𝑓 = 𝐿𝑎𝑏𝑐𝑠𝑟
𝑡 𝑖𝑎𝑏𝑐𝑠 + 𝐿𝑓𝑑𝑞𝑟 𝑖𝑓𝑑𝑞𝑟 (2-4) 

Where 𝐿𝑎𝑏𝑐𝑠  is the self and mutual inductance matrix of the 

stator windings, 𝐿𝑎𝑏𝑐𝑠𝑟  is mutual inductance matrix between the 

stator windings and the rotor windings and 𝐿𝑓𝑑𝑞𝑟  is the self and 

mutual inductance matrix of the rotor windings. The matrix form of 

these variables are: 

 

𝐿𝑎𝑏𝑐𝑠 = [

𝐿𝑎𝑎 𝐿𝑎𝑏 𝐿𝑎𝑐

𝐿𝑏𝑎 𝐿𝑏𝑏 𝐿𝑏𝑐

𝐿𝑐𝑎 𝐿𝑐𝑏 𝐿𝑐𝑐

]  ,   𝐿𝑎𝑏𝑐𝑠𝑟 = [

𝐿𝑎𝑓𝑟 𝐿𝑎𝑑𝑟 𝐿𝑎𝑞𝑟

𝐿𝑏𝑓𝑟 𝐿𝑏𝑑𝑟 𝐿𝑏𝑞𝑟

𝐿𝑐𝑓𝑟 𝐿𝑐𝑑𝑟 𝐿𝑐𝑞𝑟

]    , and 

  𝐿𝑓𝑑𝑞𝑟 = [

𝐿𝑓𝑟𝑓𝑟 𝐿𝑓𝑟𝑑𝑟 0

𝐿𝑑𝑟𝑓𝑟 𝐿𝑑𝑟𝑑𝑟 0

0 0 𝐿𝑞𝑟𝑞𝑟

]   

 

By assuming that the machine stator windings have sinusoidal 

distribution (harmonic free), these inductance matrices are given as 

follows  

 𝐿𝑎𝑏𝑐𝑠 =

[
 
 
 
 
 𝐿𝑙𝑠 + 𝐿0 − 𝐿𝑚𝑠 cos2𝜃 −

𝐿0

2
− 𝐿𝑚𝑠 cos2 (𝜃 −

𝜋

3
) −

𝐿0

2
− 𝐿𝑚𝑠 cos2 (𝜃 +

𝜋

3
)

−
𝐿0

2
− 𝐿𝑚𝑠 cos 2 (𝜃 −

𝜋

3
) 𝐿𝑙𝑠 + 𝐿0 − 𝐿𝑚𝑠 cos2 (𝜃 −

2𝜋

3
) −

𝐿0

2
− 𝐿𝑚𝑠 cos2(𝜃 − 𝜋)

−
𝐿0

2
− 𝐿𝑚𝑠 cos 2 (𝜃 +

𝜋

3
) −

𝐿0

2
− 𝐿𝑚𝑠 cos2(𝜃 − 𝜋) 𝐿𝑙𝑠 + 𝐿0 − 𝐿𝑚𝑠 cos2 (𝜃 +

2𝜋

3
)]
 
 
 
 
 

 
(2-5) 
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𝐿𝑎𝑏𝑐𝑠𝑟 =

[
 
 
 
 

𝐿𝑠𝑓𝑟 cos𝜃 𝐿𝑠𝑑𝑟 cos 𝜃 𝐿𝑠𝑞𝑟 sin 𝜃

𝐿𝑠𝑓𝑟 cos (𝜃 −
2𝜋

3
) 𝐿𝑠𝑑𝑟 cos (𝜃 −

2𝜋

3
) 𝐿𝑠𝑞𝑟 sin (𝜃 −

2𝜋

3
)

𝐿𝑠𝑓𝑟 cos (𝜃 +
2𝜋

3
) 𝐿𝑠𝑑𝑟 cos (𝜃 +

2𝜋

3
) 𝐿𝑠𝑞𝑟 sin (𝜃 +

2𝜋

3
)]
 
 
 
 

 
(2-6) 

 
𝐿𝑓𝑑𝑞𝑟 = [

𝐿𝑙𝑓𝑟 + 𝐿𝑚𝑓𝑟 𝐿𝑓𝑟𝑑𝑟 0

𝐿𝑑𝑟𝑓𝑟 𝐿𝑙𝑑𝑟 + 𝐿𝑚𝑑𝑟 0

0 0 𝐿𝑙𝑞𝑟 + 𝐿𝑚𝑞𝑟

] 
(2-7) 

Where θ is the rotating speed, 𝐿𝑙𝑠  is stator winding leakage 

inductance, 𝐿𝑠𝑓𝑟 is mutual inductance between the stator and the 

field winding, 𝐿𝑠𝑑𝑟 is mutual inductance between the stator and the 

d-axis damper bar winding, 𝐿𝑠𝑞𝑟 is mutual inductance between the 

stator and the q-axis damper bar winding, 𝐿𝑙𝑓𝑟 is d-axis field winding 

leakage inductance, 𝐿𝑚𝑓𝑟 is d-axis field winding self-inductance, 𝐿𝑓𝑟𝑑𝑟 

is the mutual inductance between d-axis field winding and d-axis 

damper bar winding, 𝐿𝑑𝑟𝑓𝑟 is the mutual inductance between d-axis 

damper bar winding and d-axis field winding 𝐿𝑙𝑑𝑟 is d-axis damper 

winding leakage inductance, 𝐿𝑚𝑑𝑟 is d-axis damper bar winding self-

inductance, 𝐿𝑚𝑞𝑟 is q-axis damper bar winding self-inductance 𝐿𝑙𝑞𝑟 is 

q-axis damper winding leakage inductance. 

 As can be seen from the machine equations, the machine 

inductances are time-variant and depend on rotor positions and this 

increases the computation time and complexity of machine model. 

In the next section, the machine parameters are transformed to the 

synchronous reference 𝑑𝑞 frame to make the machine inductance 

matrices time-invariant and simplify the model.  

2.2.3 Stator Equation in Synchronous Reference 𝒅𝒒  Frame 

As discussed in the previous section the machine inductance 

matrix is time dependent and this makes the machine equations 

complex. To simplify the machine equations, the Park transformation 

is used to transform the stator equations from the stationary 

reference frame to the rotating reference frame rotating at P*theta, 
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where P are the pole pairs. Applying Park transformation on equation 

(2-1) yields: 

 [𝑇𝑑𝑞0]𝑣𝑎𝑏𝑐𝑠 = 𝑟𝑠[𝑇𝑑𝑞0]𝑖𝑎𝑏𝑐𝑠 + [𝑇𝑑𝑞0]
𝑑

𝑑𝑡
(𝑎𝑏𝑐𝑠)    (2-8) 

Where [𝑇𝑑𝑞0] is the transformation matrix and given as: 

 

[𝑇𝑑𝑞0] =
2

3

[
 
 
 
 cos 𝜃 cos (𝜃 −

2𝜋

3
) cos (𝜃 +

2𝜋

3
)

−sin 𝜃 −sin (𝜃 −
2𝜋

3
) −sin (𝜃 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 

    
(2-9) 

 

[𝑇𝑑𝑞0]
−1 =

[
 
 
 
 
 cos𝜃 −sin𝜃

1

2

cos (𝜃 −
2𝜋

3
) − sin (𝜃 −

2𝜋

3
)

1

2

cos (𝜃 +
2𝜋

3
) −sin (𝜃 +

2𝜋

3
)

1

2]
 
 
 
 
 

 

(2-10) 

From equation (2-8), the left-hand side of the equation 

becomes: 

 [𝑇𝑑𝑞0]𝑣𝑎𝑏𝑐𝑠 = 𝑣𝑑𝑞0𝑠 (2-11) 

Where the 𝑣𝑑𝑞0𝑠  is the direct, quadratic and zero sequence 

voltages of the stator, and the currents term in the right-hand side 

of the equation become: 

 [𝑇𝑑𝑞0]𝑖𝑎𝑏𝑐𝑠 = 𝑖𝑑𝑞0𝑠    (2-12) 

Where the 𝑖𝑑𝑞0𝑠  is the direct, quadratic and zero sequence 

currents of the stator. For the fluxes term, it can be calculated from 

the formula of derivative of product two function which given as: 

 𝑑

𝑑𝑡
𝑥(𝑡)𝑦(𝑡) = 𝑥(𝑡)

𝑑

𝑑𝑡
𝑦(𝑡) + 𝑦(𝑡)

𝑑

𝑑𝑡
𝑥(𝑡)    (2-13) 

Then from equation (2-13) the fluxes term in equation (2-8) can 

be calculated as: 
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 [𝑇𝑑𝑞0]
𝑑

𝑑𝑡
(𝑎𝑏𝑐𝑠) =

𝑑

𝑑𝑡
([𝑇𝑑𝑞0](𝑎𝑏𝑐𝑠)) −

(
𝑑

𝑑𝑡
[𝑇𝑑𝑞0])𝑎𝑏𝑐𝑠      

(2-14) 

After simplification of equation (2-14), yields 

 
[𝑇𝑑𝑞0]

𝑑

𝑑𝑡
(𝑎𝑏𝑐𝑠) =

𝑑

𝑑𝑡
𝑑𝑞0𝑠 + 𝜔 [

0 −1 0
1 0 0
0 0 0

] 𝑑𝑞0𝑠      
(2-15) 

Where the 𝜆𝑑𝑞0𝑠 is the direct, quadratic and zero sequence fluxes 

of the stator, 𝜔 is the rotor speed in rad/esc and equal to 
𝑑𝜃

𝑑𝑡
. 

Then the stator equation in the rotating reference frame (𝑑𝑞) 

can be written as: 

 𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝜌𝑑𝑠 − 𝜔𝑞𝑠 (2-16) 

 𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝜌𝑞𝑠 + 𝜔𝑑𝑠  (2-17) 

 𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 + 𝜌0𝑠  (2-18) 

Where 𝜌 =
𝑑

𝑑𝑡
. 

2.2.3.1 Flux Linkage Equations 

The flux linkage equation (equation (2-3) ) can be transformed 

to 𝑑𝑞 frame and only the stator quantities are transformed and given 

as: 

 [𝑇𝑑𝑞0] 𝑎𝑏𝑐𝑠
= [𝑇𝑑𝑞0]𝐿𝑎𝑏𝑐𝑠[𝑇𝑑𝑞0]

−1𝑖𝑑𝑞0𝑠

+ [𝑇𝑑𝑞0]𝐿𝑎𝑏𝑐𝑠𝑟 𝑖𝑓𝑑𝑞𝑟 

(2-19) 

After simplifying the right-hand side, the equation (2-19) can be 

simplified as: 
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𝑑𝑠 = { 𝐿𝑙𝑠 + 

3

2
(𝐿0 + 𝐿𝑚𝑠)} 𝑖𝑑𝑠 + 𝐿𝑠𝑓𝑟𝑖𝑓𝑟

+ 𝐿𝑠𝑑𝑟𝑖𝑑𝑟 

𝑞𝑠 = { 𝐿𝑙𝑠 + 
3

2
(𝐿0 − 𝐿𝑚𝑠)} 𝑖𝑞𝑠 + 𝐿𝑠𝑞𝑟𝑖𝑑𝑟 

0𝑠 = 𝐿𝑙𝑠𝑖0𝑠 

(2-20) 

 𝑑𝑠 = { 𝐿𝑙𝑠 + 𝐿𝑚𝑑}𝑖𝑑𝑠 + 𝐿𝑠𝑓𝑟𝑖𝑓𝑟 + 𝐿𝑠𝑑𝑟𝑖𝑑𝑟 

𝑞𝑠 = { 𝐿𝑙𝑠 + 𝐿𝑚𝑞}𝑖𝑞𝑠 + 𝐿𝑠𝑞𝑟𝑖𝑞𝑟 

0𝑠 = 𝐿𝑙𝑠𝑖0𝑠 

(2-21) 

 

Where the d-axis magnetising inductance 𝐿𝑚𝑑 = 
3

2
(𝐿0 + 𝐿𝑚𝑠) and 

the q-axis magnetising inductance 𝐿𝑚𝑞 = 
3

2
(𝐿0 − 𝐿𝑚𝑠) 

The flux linkage of rotor quantities are given in the following 

equation: 

 
𝑓𝑟 =

3

2
𝐿𝑠𝑓𝑟𝑖𝑑𝑠 + 𝐿𝑓𝑟𝑓𝑟𝑖𝑓𝑟 + 𝐿𝑓𝑟𝑑𝑟𝑖𝑑𝑟 

𝑑𝑟 =
3

2
𝐿𝑠𝑑𝑟𝑖𝑑𝑠 + 𝐿𝑑𝑟𝑓𝑟𝑖𝑓𝑟 + 𝐿𝑑𝑟𝑑𝑟𝑖𝑑𝑟 

𝑞𝑟 =
3

2
𝐿𝑠𝑞𝑟𝑖𝑞𝑠 + 𝐿𝑞𝑟𝑞𝑟𝑖𝑞𝑟 

(2-22) 

Figure 2-3 shows the equivalent circuit of the synchronous 

machine in the rotor reference frame.  
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The equivalent circuit is still complicated, and the inductance 

matrix of the d and q component is not symmetric. To simplify more, 

the rotor quantities are referred to the stator side by using the turns 

ratio between the stator windings and rotor windings. All the rotor 

variables that are referred to the stator are denoted by a prime 

superscript as  

 
𝑖𝑓𝑟
′ =

2

3

𝑁𝑓𝑟1

𝑁𝑠1
𝑖𝑓𝑟 

(2-23) 

 
𝑖𝑑𝑟
′ =

2

3

𝑁𝑑𝑟1

𝑁𝑠1
𝑖𝑑𝑟 

 (2-24) 

 
𝑖𝑞𝑟
′ =

2

3

𝑁𝑞𝑟1

𝑁𝑠1
𝑖𝑞𝑟 

 (2-25) 

 

Figure 2-3 Equivalent circuit of synchronous machine in the 

rotor reference frame  
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𝑟𝑓𝑟

′ =
3

2
(

𝑁𝑠1

𝑁𝑓𝑟1
)

2

𝑟𝑓𝑟 
(2-26) 

 
𝑟𝑑𝑟

′ =
3

2
(

𝑁𝑠1

𝑁𝑑𝑟1
)
2

𝑟𝑑𝑟 
(2-27) 

 
𝑟𝑞𝑟

′ =
3

2
(

𝑁𝑠1

𝑁𝑞𝑟1
)

2

𝑟𝑞𝑟 
(2-28) 

 
𝜆𝑓𝑟

′ =
𝑁𝑠1

𝑁𝑓𝑟1
𝜆𝑓𝑟 

(2-29) 

 
𝜆𝑑𝑟

′ =
𝑁𝑠1

𝑁𝑑𝑟1
𝜆𝑑𝑟 

(2-30) 

 
𝜆𝑞𝑟

′ =
𝑁𝑠1

𝑁𝑞𝑟1
𝜆𝑞𝑟 

(2-31) 

 
𝑣𝑓𝑟

′ =
𝑁𝑠1

𝑁𝑓𝑟1
𝑣𝑓𝑟 

(2-32) 

 
𝑣𝑑𝑟

′ =
𝑁𝑠1

𝑁𝑑𝑟1
𝑣𝑑𝑟 

(2-33) 

 
𝑣𝑞𝑟

′ =
𝑁𝑠1

𝑁𝑞𝑟1
𝑣𝑞𝑟 

(2-34) 

Where 𝑁𝑠1  is the number of stator turns of the fundamental 

component of the three winding function 

 𝑁𝑓1  is the  effective number of turns for the field winding 

corresponding to the fundamental component.  

 𝑁𝑑𝑟1 is the effective number of turns of the d-axis damper bar 

corresponding to the fundamental component of d-axis winding 

function 𝑁𝑞𝑟1  is the effective number of turns of the q-axis 

damper bar corresponding to the fundamental component of q-axis 

winding function 

Rotor equation (equation (2-2)) can be rewritten referred to the 

stator side as follows: 

 𝑣𝑑𝑟
′ = 𝑟𝑑𝑟

′ 𝑖𝑑𝑟
′ + 𝜌𝑑𝑟

′ = 0 (2-35) 
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 𝑣𝑞𝑟
′ = 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ + 𝜌𝑞𝑟

′ = 0  (2-36) 

 𝑣𝑓𝑟
′ = 𝑟𝑓𝑟

′ 𝑖𝑓𝑟
′ + 𝜌𝑓𝑟

′   (2-37) 

The magnetising inductances  𝐿𝑚𝑑  and 𝐿𝑚𝑞  as a function of 

machine inductances can be written as 

 
𝐿𝑚𝑑 =

3

2

𝑁𝑠1

𝑁𝑓𝑟1
𝐿𝑠𝑓𝑟 

                              =
3

2

𝑁𝑠1

𝑁𝑑𝑟1
𝐿𝑠𝑑𝑟 

(2-38) 

 
𝐿𝑚𝑞 =

3

2

𝑁𝑠1

𝑁𝑞𝑟1
𝐿𝑠𝑞𝑟 

 (2-39) 

 

After referring the rotor quantities to the stator, the equivalent 

circuit of a synchronous machine is shown in Figure 2-4. 
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From Figure 2-4, the flux linkage equation can be written as a 

function in the mutual flux linkages 𝑚𝑑 and 𝑚𝑞 as follows: 

 𝑑𝑠 = 𝐿𝑙𝑠𝑖𝑑𝑠 + 𝑚𝑑 (2-40) 

 𝑞𝑠 = 𝐿𝑙𝑠𝑖𝑞𝑠 + 𝑚𝑞  (2-41) 

 0𝑠 = 𝐿𝑙𝑠𝑖0𝑠  (2-42) 

 𝑓𝑟
′ = 𝐿𝑙𝑓𝑟

′ 𝑖𝑓𝑟
′ + 𝑚𝑑 (2-43) 

 

Figure 2-4 Equivalent circuit of synchronous machine after 

referring the rotor quantities to the stator 
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 𝑑𝑟
′ = 𝐿𝑙𝑑𝑟

′ 𝑖𝑑𝑟
′ + 𝑚𝑑  (2-44) 

 𝑞𝑟
′ = 𝐿𝑙𝑞𝑟

′ 𝑖𝑞𝑟
′ + 𝑚𝑞  (2-45) 

Where the mutual flux linkage 𝑚𝑑 and 𝑚𝑞 are given by: 

 𝑚𝑑 = 𝐿𝑚𝑑(𝑖𝑑𝑠 + 𝑖𝑑𝑟
′ + 𝑖𝑓𝑟

′ ) (2-46) 

 𝑚𝑞 = 𝐿𝑚𝑞(𝑖𝑞𝑠 + 𝑖𝑞𝑟
′ ) (2-47) 

 To calculate the mutual flux linkage from the other machine 

flux linkages, the currents in equations (2-46) and (2-47) are 

replaced by their values from equation (2-40) to equation (2-45), 

after substituting and simplifying the equations the last yields: 

 
𝑚𝑑 = 𝐿𝑀𝐷 (

𝑑𝑠

𝐿𝑙𝑠
+

𝑑𝑟
′

𝐿𝑙𝑑𝑟
′ +

𝑓𝑟
′

𝐿𝑙𝑓𝑟
′ )  

where  
1

𝐿𝑀𝐷
=

1

𝐿𝑙𝑠
+

1

𝐿𝑙𝑑𝑟
′ +

1

𝐿𝑙𝑓𝑟
′ +

1

𝐿𝑚𝑑
 

(2-48) 

And  

 
𝑚𝑞 = 𝐿𝑀𝑄 (

𝑞𝑠

𝐿𝑙𝑠
+

𝑞𝑟
′

𝐿𝑙𝑞𝑟
′ )  

where  
1

𝐿𝑀𝑄
=

1

𝐿𝑙𝑠
+

1

𝐿𝑙𝑞𝑟
′ +

1

𝐿𝑚𝑞
 

(2-49) 

By substituting equations (2-40) and (2-41) in equations (2-16) 

and (2-17)  yields: 

 𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝜌(𝐿𝑙𝑠𝑖𝑑𝑠 + 𝑚𝑑) − 𝜔(𝐿𝑙𝑠𝑖𝑞𝑠 + 𝑚𝑞) 

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝐿𝑙𝑠𝜌𝑖𝑑𝑠 − 𝜔𝐿𝑙𝑠𝑖𝑞𝑠 + ( 𝜌𝑚𝑑 − 𝜔𝑚𝑞) 

(2-50) 

 𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝜌(𝐿𝑙𝑠𝑖𝑞𝑠 + 𝑚𝑞) + 𝜔(𝐿𝑙𝑠𝑖𝑑𝑠 + 𝑚𝑑) (2-51) 
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𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝐿𝑙𝑠𝜌𝑖𝑞𝑠 + 𝜔𝐿𝑙𝑠𝑖𝑑𝑠 + (𝜌𝑚𝑞 + 𝜔𝑚𝑑) 

 𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 + 𝐿𝑙𝑠𝜌𝑖0𝑠 (2-52) 

Where 𝜔 is the rotor speed in rad/sec. 

Referring to equations (2-50), (2-51) and (2-52) a new 

variables can be defined as follows: 

 𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝐿𝑙𝑠𝜌𝑖𝑑𝑠 − 𝜔𝐿𝑙𝑠𝑖𝑞𝑠 + 𝐸𝑏𝑑𝑠 (2-53) 

 𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝐿𝑙𝑠𝜌𝑖𝑞𝑠 + 𝜔𝐿𝑙𝑠𝑖𝑑𝑠 + 𝐸𝑏𝑞𝑠  (2-54) 

 𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 + 𝐿𝑙𝑠𝜌𝑖0𝑠 + 𝐸0𝑠  (2-55) 

Where   𝐸𝑏𝑑𝑠  , 𝐸𝑏𝑞𝑠   and 𝐸0𝑠  are the induced backs 𝐸𝑀𝐹   in 

𝑑𝑞0  axices and are equal to: 

 𝐸𝑏𝑑𝑠 = 𝜌𝑚𝑑 − 𝜔𝑚𝑞 (2-56) 

 𝐸𝑏𝑞𝑠 = 𝜌𝑚𝑞 + 𝜔𝑚𝑑  (2-57) 

 𝐸0𝑠 = 0  (2-58) 

Now equations (2-53) to (2-55) are transformed back to 𝑎𝑏𝑐 

component by using the invers Park’s transformation [𝑇𝑑𝑞0]
−1, and 

the results are given in the equations (2-59) to (2-61): 

 𝑣𝑎 = 𝑟𝑠𝑖𝑎 + 𝐿𝑙𝑠𝜌𝑖𝑎 + 𝐸𝑎 (2-59) 

 𝑣𝑏 = 𝑟𝑠𝑖𝑏 + 𝐿𝑙𝑠𝜌𝑖𝑏 + 𝐸𝑏  (2-60) 

 𝑣𝑐 = 𝑟𝑠𝑖𝑐 + 𝐿𝑙𝑠𝜌𝑖𝑐 + 𝐸𝑐  (2-61) 
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Where 𝐸𝑎 , 𝐸𝑏  and 𝐸𝑐  are the induced back-emf voltages of 

phases a,b and c respectively 

2.2.3.2 Torque Equation 

The input power in the machine can be calculated from the 

following equation: 

 𝑃𝑖𝑛 = 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑑 + 𝑣𝑓𝑟𝑖𝑓𝑟  (2-62) 

When equation (2-62) is transformed to the dq-reference frame, 

the input power can be given as in equation (2-63): 

 
𝑃𝑖𝑛 =

3

2
(𝑣𝑑𝑠𝑖𝑑𝑠 + 𝑣𝑞𝑠𝑖𝑞𝑠) + 3𝑣0𝑠𝑖0𝑠 + 𝑣𝑓𝑟𝑖𝑓𝑟 

 (2-63) 

By substituting the values of machine voltage 𝑣𝑑𝑠, 𝑣𝑞𝑠, 𝑣0𝑠 and 

𝑣𝑓𝑟  from equations (2-16), (2-17), (2-18) and (2-2) respectively 

yields: 

 𝑃𝑖𝑛 =
3

2
(𝑟𝑠(𝑖𝑑𝑠

2 + 𝑖𝑞𝑠
2 ) + 𝑖𝑑𝑠𝜌𝑑𝑠 + 𝑖𝑞𝑠𝜌𝑞𝑠

+ 𝜔𝑟(𝑖𝑞𝑠𝑑𝑠 − 𝑖𝑑𝑠𝑞𝑠)) + 3𝑟0𝑠𝑖0𝑠
2

+ 3𝑖0𝑠𝜌0𝑠 + 𝑟𝑓𝑟𝑖𝑓𝑟
2 + 𝑖𝑓𝑟𝜌𝑓𝑟 

 (2-64) 

By eliminating the terms related to ohmic losses and the rate of 

change in flux, the air gap power is given as: 

 
𝑃𝑎𝑔 =

3

2
𝜔𝑟(𝑖𝑞𝑠𝑑𝑠 − 𝑖𝑑𝑠𝑞𝑠) 

 (2-65) 

The relation between the rotor mechanical speed 𝜔𝑟𝑚 and the 

rotor electrical speed 𝜔𝑟 as follows: 

 𝜔𝑟 = 𝑝𝜔𝑟𝑚  (2-66) 

Where 𝑝  is the number of pole pairs. 
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Then the air gap power can be written as 

 
𝑃𝑎𝑔 =

3

2
𝑝𝜔𝑟𝑚(𝑖𝑞𝑠𝑑𝑠 − 𝑖𝑑𝑠𝑞𝑠) 

 (2-67) 

The electromagnetic torque is calculated from dividing the air 

gap power by the rotor mechanical speed (because, 𝑃𝑎𝑔 = 𝑇𝑒𝑚 ∗ 𝜔𝑟𝑚) 

and it is given as in equation (2-68) and mechanical speed is given 

as in equation (2-69) 

 
𝑇𝑒𝑚 =

3

2
 𝑝 (𝑑𝑠 𝑖𝑞𝑠 − 𝑞𝑠 𝑖𝑑𝑠) (2-68) 

 
𝑇𝑒𝑚 − 𝑇𝑚𝑒𝑐ℎ − 𝑇𝑑𝑎𝑚𝑝 = 𝐽

𝑑𝜔𝑟𝑚(𝑡)

𝑑𝑡
 

 (2-69) 

 

2.2.4 Matlab Simulink Model: 

Since the currents in a synchronous generator change quickly, 

limited by short-circuit time constant while the flux linkages change 

slowly, limited to open-circuit time constant [38]. So the machine 

equations are expressed with a new variable which is a hybrid flux 

linkage (Ψ) by multiplying all flux linkages by a base angular speed 

(𝜔𝑏)   that is let: 

 Ψ𝑑𝑠 = 𝜔𝑏𝑑𝑠 (2-70) 

 Ψ𝑞𝑠 = 𝜔𝑏𝑞𝑠  (2-71) 

 Ψ0𝑠 = 𝜔𝑏𝑜𝑠  (2-72) 

The unit of hybrid flux linkage is volt (V). 

The equations from equation (2-16) to equation (2-18) can be 

written as: 
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 𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 +
𝜌

𝜔𝑏
Ψ𝑑𝑠 −

𝜔𝑟

𝜔𝑏
Ψ𝑞𝑠 

(2-73) 

 𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 +
𝜌

𝜔𝑏
Ψ𝑞𝑠 +

𝜔𝑟

𝜔𝑏
Ψ𝑑𝑠 

 (2-74) 

 𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 +
𝜌

𝜔𝑏
Ψ0𝑠 

 (2-75) 

And for the rotor equations become as: 

 𝑣𝑑𝑟
′ = 0 = 𝑟𝑑𝑟

′ 𝑖𝑑𝑟
′ +

𝜌

𝜔𝑏
Ψ𝑑𝑟

′  (2-76) 

 𝑣𝑞𝑟
′ = 0 = 𝑟𝑞𝑟

′ 𝑖𝑞𝑟
′ +

𝜌

𝜔𝑏
Ψ𝑞𝑟

′   (2-77) 

 𝑒𝑥 = 𝑥𝑚𝑑𝑖𝑓𝑟
′ +

𝑥𝑚𝑑

𝑟𝑓𝑟
′

𝜌

𝜔𝑏
Ψ𝑓𝑟

′   (2-78) 

And the electromagnetic equation is given as: 

 
𝑇𝑒 =

3

2

𝑃

2

1

𝜔𝑏
(Ψ𝑑𝑠𝑖𝑞𝑠 − Ψ𝑞𝑠𝑖𝑑𝑠) 

(2-79) 

Solving the flux linkage equations, equation (2-40) to equation 

(2-45), for the currents yields: 

 
𝑖𝑑𝑠 =

Ψ𝑑𝑠 − Ψ𝑚𝑑

𝑥𝑙𝑠
 

(2-80) 

 
𝑖𝑞𝑠 =

Ψ𝑞𝑠 − Ψ𝑚𝑞

𝑥𝑙𝑠
 

 (2-81) 

 
𝑖0𝑠 =

Ψ0𝑠

𝑥𝑙𝑠
 

 (2-82) 

 
𝑖𝑓𝑟
′ =

Ψ𝑓𝑟
′ − Ψ𝑚𝑑

𝑥𝑙𝑓𝑟
′  

(2-83) 

 
𝑖𝑑𝑟
′ =

Ψ𝑑𝑟
′ − Ψ𝑚𝑑

𝑥𝑙𝑑𝑟
′  

 (2-84) 

 
𝑖𝑞𝑟
′ =

Ψ𝑞𝑟
′ − Ψ𝑚𝑞

𝑥𝑙𝑞𝑟
′  

 (2-85) 

Where the mutual flux linkage 𝑚𝑑 and 𝑚𝑞 are given by: 
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 Ψ𝑚𝑑 = 𝑥𝑚𝑑(𝑖𝑑𝑠 + 𝑖𝑓𝑟
′ + 𝑖𝑑𝑟

′ ) (2-86) 

 Ψ𝑚𝑞 = 𝑥𝑚𝑞(𝑖𝑞𝑠 + 𝑖𝑞𝑟
′ ) (2-87) 

Substituting equations (2-80), (2-83) and (2-84) in equation (2-86) 

yields: 

 
Ψ𝑚𝑑 = 𝑥𝑚𝑑 (

Ψ𝑑𝑠 − Ψ𝑚𝑑

𝑥𝑙𝑠
+

Ψ𝑓𝑟
′ − Ψ𝑚𝑑

𝑥𝑙𝑓𝑟
′

+
Ψ𝑑𝑟

′ − Ψ𝑚𝑑

𝑥𝑙𝑑𝑟
′ ) 

(2-88) 

By rearranging equation (2-88) gives: 

 
Ψ𝑚𝑑 (

1

𝑥𝑚𝑑
+

1

𝑥𝑙𝑠
+

1

𝑥𝑙𝑓𝑟
′ +

1

𝑥𝑙𝑑𝑟
′ ) =

Ψ𝑑𝑠

𝑥𝑙𝑠
+

Ψ𝑓𝑟
′

𝑥𝑙𝑓𝑟
′ +

Ψ𝑑𝑟
′

𝑥𝑙𝑑𝑟
′  

(2-89) 

A new variable 𝑥𝑚𝑑
∗  is defined as:  

 1

𝑥𝑚𝑑
∗ = (

1

𝑥𝑚𝑑
+

1

𝑥𝑙𝑠
+

1

𝑥𝑙𝑓𝑟
′ +

1

𝑥𝑙𝑑𝑟
′ ) 

(2-90) 

So equation (2-89) can be rewritten as:  

 
Ψ𝑚𝑑 =

𝑥𝑚𝑑
∗

𝑥𝑙𝑠
Ψ𝑑𝑠 +

𝑥𝑚𝑑
∗

𝑥𝑙𝑓𝑟
′ Ψ𝑓𝑟

′ +
𝑥𝑚𝑑

∗

𝑥𝑙𝑑𝑟
′ Ψ𝑑𝑟

′  
(2-91) 

In similar manner for Ψ𝑚𝑞, substituting equations (2-81) and (2-83) 

in equations (2-87) yields: 

 
Ψ𝑚𝑞 = 𝑥𝑚𝑞 (

Ψ𝑞𝑠 − Ψ𝑚𝑞

𝑥𝑙𝑠
+

Ψ𝑞𝑟
′ − Ψ𝑚𝑞

𝑥𝑙𝑞𝑟
′ ) 

(2-92) 

By rearranging equation (2-92) gives: 

 
Ψ𝑚𝑞 (

1

𝑥𝑚𝑞
+

1

𝑥𝑙𝑠
+

1

𝑥𝑙𝑞𝑟
′ ) =

Ψ𝑞𝑠

𝑥𝑙𝑠
+

Ψ𝑞𝑟
′

𝑥𝑙𝑞𝑟
′  

(2-93) 

Or in other form 
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Ψ𝑚𝑞 =

𝑥𝑚𝑞
∗

𝑥𝑙𝑠
Ψ𝑞𝑠 +

𝑥𝑚𝑞
∗

𝑥𝑙𝑞𝑟
′ Ψ𝑞𝑟

′  
(2-94) 

Where 𝑥𝑚𝑞
∗  is equal to: 

 1

𝑥𝑚𝑞
∗

= (
1

𝑥𝑚𝑞
+

1

𝑥𝑙𝑠
+

1

𝑥𝑙𝑞𝑟
′ ) 

(2-95) 

Now the current variables can be eliminated from the machine 

equations and substituted by machine flux linkage variables as in 

the following equations: 

  

 𝑣𝑑𝑠 =
𝑟𝑠
𝑥𝑙𝑠

(Ψ𝑑𝑠 − Ψ𝑚𝑑) +
𝜌

𝜔𝑏
Ψ𝑑𝑠 −

𝜔𝑟

𝜔𝑏
Ψ𝑞𝑠 

(2-96) 

 𝑣𝑞𝑠 =
𝑟𝑠
𝑥𝑙𝑠

(Ψ𝑞𝑠 − Ψ𝑚𝑞) +
𝜌

𝜔𝑏
Ψ𝑞𝑠 +

𝜔𝑟

𝜔𝑏
Ψ𝑑𝑠 

 (2-97) 

 𝑣0𝑠 =
𝑟𝑠
𝑥𝑙𝑠

Ψ0𝑠 +
𝜌

𝜔𝑏
Ψ0𝑠 

 (2-98) 

And for the rotor equations become as: 

 
𝑣𝑑𝑟

′ = 0 =
𝑟𝑑𝑟

′

𝑥𝑙𝑑𝑟
′ (Ψ𝑑𝑟

′ − Ψ𝑚𝑑) +
𝜌

𝜔𝑏
Ψ𝑑𝑟

′  
(2-99) 

 
𝑣𝑞𝑟

′ = 0 =
𝑟𝑞𝑟

′

𝑥𝑙𝑞𝑟
′ (Ψ𝑞𝑟

′ − Ψ𝑚𝑞) +
𝜌

𝜔𝑏
Ψ𝑞𝑟

′  
 (2-100) 

 
𝑒𝑥 = 𝑥𝑚𝑑 (

Ψ𝑓𝑟
′ − Ψ𝑚𝑑

𝑥𝑙𝑓𝑟
′ ) +

𝑥𝑚𝑑

𝑟𝑓𝑟
′

𝜌

𝜔𝑏
Ψ𝑓𝑟

′  
 (2-101) 

2.2.4.1 Matlab Simulink Model Steps: 

The following steps summarise how to build a Matlab Simulink 

model for a synchronous machine in the stationary reference frame 

𝑑𝑞 

1- The machine flux linkages are calculated from equations (2-96) 

to (2-101) as shown in the following equations: 



Chapter-2 Modelling of the Synchronous Generator 

33 

 

 
Ψ𝑑𝑠 = ∫[𝑣𝑑𝑠 −

𝜔𝑟

𝜔𝑏
Ψ𝑞𝑠 +

𝑟𝑠
𝑥𝑙𝑠

(Ψ𝑚𝑑 − Ψ𝑑𝑠)]𝜔𝑏 𝑑𝑡 
(2-102) 

 
Ψ𝑞𝑠 = ∫[𝑣𝑞𝑠 −

𝜔𝑟

𝜔𝑏
Ψ𝑑𝑠 +

𝑟𝑠
𝑥𝑙𝑠

(Ψ𝑚𝑞 − Ψ𝑞𝑠)]𝜔𝑏 𝑑𝑡 
 (2-103) 

 
Ψ0𝑠 = ∫[𝑣0𝑠 −

𝑟𝑠
𝑥𝑙𝑠

Ψ0𝑠]𝜔𝑏 𝑑𝑡 
 (2-104) 

 
Ψ𝑞𝑟

′ = ∫[
𝑟𝑑𝑟

′

𝑥𝑙𝑑𝑟
′ (Ψ𝑚𝑑 − Ψ𝑑𝑟

′ )]𝜔𝑏 𝑑𝑡 
 (2-105) 

 
Ψ𝑞𝑟

′ = ∫[
𝑟𝑑𝑟

′

𝑥𝑙𝑑𝑟
′ (Ψ𝑚𝑑 − Ψ𝑑𝑟

′ )]𝜔𝑏 𝑑𝑡 
 (2-106) 

 
Ψ𝑓𝑟

′ = ∫[𝑒𝑥

𝑟𝑓𝑟
′

𝑥𝑚𝑑
+

𝑟𝑓𝑟
′

𝑥𝑙𝑓𝑟
′ (Ψ𝑚𝑑 − Ψ𝑓𝑟

′ )]𝜔𝑏 𝑑𝑡 
 (2-107) 

 

2- Calculating the mutual flux linkages Ψ𝑚𝑑  and Ψ𝑚𝑞  from 

equations (2-91) and (2-94) respectively 

3- Calculating machine currents from equations (2-80) to (2-85). 

Figure 2-5 shows Matlab Simulink block diagram of dq- 

synchronous generator model 
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2.2.5 Simulation Result: 

This model is tested by using commercial generator data (from 

a Cummins UC224F generator). The generator power is 72.5 KVA 

and has 4-poles. The generator parameters are given in Appendix-

B, two tests were done to compare the dq-model with the 

commercial generator data from the data sheet. The first test was 

open-circuit test (OCT) and the second test was short-circuit test 

(SCT). The open circuit test is shown in Figure 2-6, as can be seen 

 

Figure 2-5 Matlab Simulink SG Model 
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from the figure, the vertical axis represents the peak value of the 

fundamental phase voltage and the horizontal axis represents the 

generator field current. The dq-model matches the commercial 

generator data in the linear region (air-gap line) (because the 

saturation is not considered in the dq-mode) while in the saturation 

region this does not match.    

In the short circuit test as shown in Figure 2-7,   there is a good 

agreement between the dq-model and commercial generator 

because saturation effects are reduced in the short-circuit test. 

 

Figure 2-6 comparison between dq-model and the 

commercial generator OCT 



Chapter-2 Modelling of the Synchronous Generator 

36 

 

The 𝑑𝑞  model gives good results when the machine has no 

harmonics, because when the machine variables transformed to the 

dq-reference frame and become DC values. However, if the machine 

has harmonics, the transformation to the dq-reference frame does 

not give DC values. 

 Finite Element Modelling of the Synchronous 

Generator 

Finite element analysis (FEA) has gained a significant attention 

due to their superior ability to simulate the machine with high 

accuracy. So, a two-dimensional finite element analysis (2DFEA) 

model was built for the proposed generator to see how these 

changes in the design effect the performance of the generator and 

calculate the generator parameters. 

 

Figure 2-7 comparison between dq-model and the 

commercial generator SCT 
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2.3.1 The Original Generator: 

The original generator is a standard commercial 72.5 𝑘𝑉𝐴, 4-

poles wound field synchronous generator. The commercial generator 

has a 2/3 pitch winding skewed by one slot pitch, which has 48 slots 

and double layer winding, and each phase consists of four coils each 

two connected in parallel and these two are then connected in series. 

The generator data sheet is given in Appendix A 

2.3.2 The Proposed Generator 

The proposed generator is based on the original generator with 

modifications made to the stator in order to simplify the 

manufacturing process and increase the generator capacity. It has a 

skewless stator with a fully pitched winding, while the rotor, it is the 

same rotor of the commercial generator, and is shown in Figure 2-8. 

The winding layout is shown in Figure 2-9. 

 

Figure 2-8 Full pitch skewless generator (a)2D finite element 
analysis (FEA) model (b) Experimental prototype (the proposed 

generator) (c) Stator coils connection diagram 
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In the proposed generator, the neutral wire is removed to 

prevent triplen current harmonics following in the generator. A load 

side neutral for single-phase loads will be supplied from the active 

power filter (APF), (more details about APF will be discussed in the 

next chapter). 

According to [39], the fundamental back-EMF of the SG can be 

written as: 

 𝐸𝑟𝑚𝑠 = 4.44 𝑓𝑘𝑑𝑘𝑝𝑁Φ𝑝𝑜𝑙𝑒  (2-108) 

where 𝑓 is the induced voltage frequency, 𝑘𝑑 is the distribution 

factor, 𝑘𝑝 is the pitch factor, 𝑁 is the number of turns per phase and 

Φ𝑝𝑜𝑙𝑒 is the flux per pole. Figure 2-10 shows the resultant EMF in 

short-pitched and full pitched coils, where 𝐸𝑖𝑠 is the induced EMF in 

one side of the coil. Since the pitch angle in the standard commercial 

generator is 120 electrical degree (to cancel the third harmonic), 

and according to equation (2-109) it has 𝑘𝑝 = 0.866. Due to the 

increased pitch factor to 1.0, the back-EMF voltage of the proposed 

generator will be higher by about 15% than the standard generator 

at the same flux density. 

 

Figure 2-10 Phasor diagram of the resultant EMF of short and 

full pitched coil 
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𝑘𝑝 =

𝐸𝑀𝐹 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑝𝑖𝑡𝑐ℎ𝑒𝑑 𝑐𝑜𝑖𝑙

𝐸𝑀𝐹 𝑜𝑓 𝑓𝑢𝑙𝑙 𝑝𝑖𝑡𝑐ℎ𝑒𝑑 𝑐𝑜𝑖𝑙
=

𝐸𝑠𝑝

𝐸𝑓𝑝
 

𝑘𝑝 =
2𝐸𝑠1 cos(𝛼/2)

2𝐸𝑠1
= cos(𝛼/2) 

 (2-109) 

2.3.3 2DFEA Model for the Proposed Generator 

A 2D finite element model is built in MagNet software based on 

the geometry of the proposed generator with a fully pitched winding. 

Figure 2-11 shows the 2DFEA model for the proposed generator. A  

Transient 2D with Motion simulation was performed for the model 

for one cycle, and during this simulation the field current was kept 

constant. The damper bars have been removed to simplify the 

model.  

The flux distribution in the proposed generator is shown in 

Figure 2-12, as can be seen from the figure the machine is still in 

the linear region and doesn’t saturate at the rated voltage. 

 

Figure 2-11 2DFEA model for the proposed generator  
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The no load voltage of the proposed generator is shown in Figure 

2-13 at a field current of 11.2A; it is clear from the figure that the 

 

(a) 

 

(b)  

Figure 2-12 (a) Flux distribution inside the proposed 

generator (If=11.2A), (b) B-H curve of the core material 
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slot harmonics have a significant effect on the no load voltage due 

to the unskewed stator. 

The FFT analysis for the no load voltage is shown in Figure 2-14 

THD 11.8% and the RMS voltage is 231V.  

 

Figure 2-13 The no load voltage of the proposed 

generator (If=11.2A) 

 

Figure 2-14 FFT analysis for the back-EMF voltage of the 

proposed generator 
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The line-to-line voltage is shown in Figure 2-15. It has less THD 

because the triplen harmonics cancel each other and do not appear 

in the line voltage. The FTT analysis of the line voltage is shown in 

Figure 2-16, the THD in the line voltage was 7.92% and rms voltage 

of 400V. 

 

 

Figure 2-15 Line-to-line voltage of the proposed generator 

 

Figure 2-16 FFT analysis for the line voltage of the proposed 

generator 
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2.3.4 Inductance Matrix of the Proposed Generator: 

To simplify the model, the damper bars were removed from the 

model. Several simulations were done in MagNet software to build 

the inductance matrix of the proposed generator. In each simulation, 

one Ampere DC current was injected in one coil of the generator’s 

coils and Transient 2D with Motion simulation was run. The 

simulation was done for one electrical cycle i.e. 180 mechanical 

degrees, and each slot divided into 16 samples to get a good 

accuracy in the result. The total samples in one cycle was 384. After 

each simulation the self and mutual inductance for that coil are 

calculated. 

 The flux linkage of the coil was extracted from the Results 

window in Flux Linkage tab in MagNet software and from equation 

(2-110) the coil inductance was calculated. 

 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐹𝑙𝑢𝑥 = 𝐿 × 𝐼  (2-110) 

Where 𝐿 is coil inductance and 𝐼 the current injected in the coil. 

Since the current is set to 1A in the simulation, then in this case, the 

flux linkage will be equal to the inductance. Because the machine 

has 4 coils (one for the field, three for stator windings) four 

simulations will be run to build the full the inductance matrix of the 

proposed generator. 

Figure 2-17 (a) shows the self-inductances of stator windings 

and Figure 2-17 (b) shows the self-inductance of phase-A, the 

mutual inductance between phase-A and phase-B and the mutual 

inductance between phase-A and phase-C, as can be seen from the 

figure (Figure 2-17), the inductances are not sinusoidal waveforms 

and they include harmonics.  
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The mutual-inductance between the field winding and the stator 

winding and self-inductance of the field winding are shown in Figure 

2-18, as can be seen from the figure, the self-inductance of the field 

winding is affected by the slot harmonics. .    

 

Figure 2-17 Phase-A inductance waveforms 
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The inductance matrix was constructed, where it is a 3D matrix 

with size 384X4X4. Each layer contains the self-inductance and 

mutual inductance between machine windings at one rotor position, 

and the number of layers equal the number of rotor positions in the 

simulation (the number of samples in one cycle). This inductance 

matrix is stored in an Mat-file in Matlab and it used to build the 

Matlab Simulink model for the proposed generator. 

 Accurate Modelling of Synchronous Generator in 

Matlab Simulink 

A Matlab Simulink based model was developed for the proposed 

generator as shown in Figure 2-19. This model is based on the 

inductance matrix of the proposed generator at different rotor 

 

Figure 2-18 the mutual and self-inductance of the field 

winding 
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positions taken from the 2DFEA model, which was developed in the 

previous section. The inductance matrix is a three dimensional 

matrix where each layer contains the self and the mutual 

inductances between the windings of the generator coils (i.e. stator, 

and field windings) at one rotor position. 

This model is a linear model, where the effects of saturation 

were neglected, and the generator is running at constant speed 

(synchronous speed). The AVR circuit was replaced by a constant 

DC voltage source, and the value of the DC source was adjusted to 

give the rated voltage of the generator during the simulation time.  

2.4.1 Model Description and Operation Principle: 

The operation method of the model can be described as follows: 

1. The model starts with repeated sequence source which 

determines rotor position (generator speed), the repeated 

sequence is a saw tooth waveform various from 0 to 2 in 

20 ms, these values represent a constant speed of 1500 

rpm. 

2. The rotor position is fed to one dimensional lookup tables, 

where the tables data are vectors contain the generator 

inductances and the Breakpoint is the rotor position 

 

Figure 2-19 Block diagram of the generator Simulink Matlab 

model  
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vector.  Figure 2-20 shows the Simulink block diagram for 

implementing phase-A in Matlab Simulink. 

 

3. The previous point is repeated for the other generator 

coils (3 coils). In this model the inductance calculation is 

divided to four subsystems and in each subsystem 1-coil, 

where the first three subsystems for the stator and the 

fourth subsystem for the field, in each subsystem the 

implemented inductance matrix is a 384X4 matrix by 

using the Horizontal Matrix Concatenate block as shown in 

Figure 2-21. 

  

Figure 2-20 Matlab Simulink Block diagram for implementing 

Phase-A 
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4. After generating the inductance matrix, the machine flux 

linkage 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐹𝑙𝑢𝑥[𝑛×1] and the induced back-EMF 

E𝑏𝑎𝑐−𝐸𝑀𝐹[𝑛×1]  are calculated by equation (2-111) and 

equation (2-112) respectively. 

 

 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐹𝑙𝑢𝑥[𝑛×1] = 𝐿[𝑛×𝑛] × 𝐼[𝑛×1]  (2-111) 

 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑒𝑛𝑡𝑖𝑐 𝑣𝑜𝑙𝑡𝑎𝑔𝑒[𝑛×1] =
𝑑𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐹𝑙𝑢𝑥[𝑛×1]

𝑑𝑡
  (2-112) 

 

5. Where 𝐿[𝑛×𝑛] is the inductance matrix for the generator 

coils at one rotor position , 𝐼[𝑛×1]  is the current at the 

generator coils and n is the number of machine coils.. 

6. The back-EMFs of the stator windings are fed to a 

controlled voltage source connected to a resistance and 

inductance as shown in Figure 2-22, and this resistance 

represent the stator winding resistance and the 

inductance represent the leakage inductance of the coil.    

 

Figure 2-21 Matlab Simulink Block diagram for stator and 

field winding inductances 
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The full Matlab Simulink model of the proposed generator 

is shown in Figure 25. 

  

 

Figure 2-22 Matlab Simulink Block diagram for the back-EMF 

of the stator winding 
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 Comparison between FEA and Matlab Simulink 

Models 

Several test were done on the Matlab Simulink model developed 

in section 2.4 to compare the results from the Matlab Simulink model 

with 2DFEA model developed in section 02.3 The motivation of this 

comparison is to check the performance of the developed model in 

Matlab Simulink model, as it will be used to validate the harmonic 

compensation method in the developed generator. 

The comparisons were done for the back-EMF voltage at 

different field current. The following subsections will discuss these 

comparisons in detail. 

2.5.1 The back-EMF Voltage and Open Circuit Test: 

In this comparison, the back-EMF voltage that was developed in 

the 2DFEA model is compared with the back-EMF voltage that 

developed in Matlab Simulink model. Both simulations were done 

under the circumstances (i.e. same speed and same excitation). In 

this simulation, the generator was run at constant speed with no 

load with field current of 11.2A, and the output voltage of the 

generator was recorded. Figure 2-24 shows the back-EMF of both 

models, and it is a clear from the figure that there is a good match 

between back-EMFs from both models. As can be noticed from the 

figure the back-EMF voltage from the Matlab Simulink model slightly 

higher than the back-EMF voltage from 2DFEA model due to the 

saturation effect in the 2DFEA model, while the Matlab Simulink 

model is a linear model. In addition, the THD in the back-EMF voltage 

in the 2DFEA model was 13.9% at the rated voltage and it was 

15.7% in the Matlab Simulink (MS) .  
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In addition, the open-circuit (OC) test was performed for both 

models, where in this simulation; the simulation was run for different 

values of the field current starting from 0 to 50A with unloaded 

generator. In each simulation, the output voltage is recorded and 

the RMS value of the output voltage is calculated. Figure 2-25 shows 

the open circuit test from the 2DFEA model and the Matlab Simulink 

(MS) model. As it can be seen from the figure, there is a match 

between the models in the linear region (airgap line), however, for 

 

Figure 2-24 Comparison between 2DFEA (FEA) and Matlab 

Simulink (MS) models of the proposed generator 
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higher values of the field current (𝐼𝑓 > 11𝐴 ) the saturation effect 

appears on the 2DFEA model while the Matlab Simulink model 

continued in a straight line. 

2.5.2  Loaded Generator 

A loaded generator test was done to compare the results from 

the Matlab Simulink model with the 2DFEA model of the proposed 

generator, the test was done for a three-phase resistive load (R = 

4.92 Ω). The field current was kept constant in both simulations and 

was equal to 22.85A. Figure 2-26 and Figure 2-27 show the Simulink 

Matlab and 2DFEA models simulation results for the balanced linear 

load respectively, the THD (both voltage and current) in the 2DFEA 

model was 2.4% while in the Simulink model was 3 %. The 

difference in the THD and the peak value of the waveforms between 

the two models due to the linearity in the Malab Simulink model. 

 

Figure 2-25 Open-circuit test form 2DFEA model and the 

Matlab Simulink (MS) model 
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Figure 2-26 The simulation results for a balanced linear load 

from Simulink Matlab model, (a) Generator output voltage (b) 

Generator output current 
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Figure 2-27 The simulation results for a balanced linear load 
from 2DFEA model, (a) Generator output voltage (b) Generator 

output current 
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 Experimental Validation  

A prototype model of the proposed generator was built, as 

described in section 2.3.2, where the stator is unskewed and the 

stator winding is fully pitched. Figure 2-28 shows the stator of the 

prototype generator and as can be seen in the figure the stator slots 

are unskewed. The proposed generator was installed on a test rig as 

shown in Figure 2-29. The rotor is the same as the commercial 

generator (4-poles). 

 

 

Figure 2-28 The stator of the prototype generator 
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2.6.1 Open-Circuit Test: 

The open-circuit test was done for the proposed generator, in 

this test the generator terminals are kept open and the field winding 

was fed by a DC voltage source through the field circuit connection 

using slip rings, as shown in Figure 2-29. The generator was run at 

constant speed by a prime mover (DC motor) driven by a Eurotherm 

Drive, a 590 Digital series with closed loop speed Control. The output 

voltage was measured for different values of the field current. Figure 

2-30 shows the experimental values for the open-circuit test 

compared to the open-circuit test from the 2dFEA model for the 

proposed generator and the standard commercial generator 

(UCI224F). 

 

Figure 2-29 The proposed generator test rig 
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As the Figure 2-30 shows, there is good match between the 

open-circuit test for the 2DFEA model and the experimental values 

for both generators. In addition, for the same fundamental output 

voltage the field current can be reduced from 15 A in the standard 

generator to 11.2 A in the proposed generator, if the power quality 

can be maintained. 

2.6.2 Loaded Generator: 

A loaded generator test was done to compare the results from 

the Matlab Simulink model with the experimental results of the 

proposed generator, the test was done for a linear 35kW resistive 

load and nonlinear load i.e. three-phase diode bridge with RL load 

(R = 9.2 Ω and L = 5.5mH).  

Figure 2-31 shows the simulation and experimental results for 

the balanced linear load, the THD in the Simulink model was 3 %, 

while in experimental test was 4.1%, a small variation due to the 

linearity of the Simulink model and the difference in the peak value 

due to the linearity in the Matlab Simulink model. 

 

Figure 2-30 Open circuit test for the proposed generator and 

the standard commercial generator 
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Furthermore, the nonlinear load test was done and the results 

are shown in Figure 2-32, this figure shows the simulation and 

experimental results for balanced nonlinear load, as can be seen 

from the figure, the THD in the Simulink model was 15% while in 

the experimental test this was 25%, and the Matlab model gives a 

higher peak values more than the experimental values due to the 

linearity in the Matlab Simulink model. As can be seen from Figure 

2-31 and Figure 2-32 the synchronous generator Simulink model 

showed a good agreement with the experimental result. 

 

Figure 2-31 The simulation and experimental results for 

balanced linear load  
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 Conclusion 

This chapter presented the proposed synchronous generator 

models, starting with an introduction about synchronous generators. 

In section 2.2 the 𝑑𝑞  model was presented, since this model is 

suitable for machines without harmonics, and the proposed 

generator does has harmonics, a different modelling approach 

(2DFEA) was presented in section 02.3. To build an accurate model 

for the proposed generator able to simulate all the proposed system 

(i.e. the proposed generator, the active power filter, active series 

filter and the load) a Matlab Simulink model based on the proposed 

 

Figure 2-32 The simulation and experimental results for 

balanced nonlinear load  
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generator inductance matrix was presented in section 2.4. Then a 

comparison between the 2DFEA model and the Matlab Simulink 

model was presented in section 2.5 and the Matlab Simulink model 

showed a good agreement with the 2DFEA model. Finally, an 

experimental validation for the Matlab Simulink model was 

presented in section 0 for open-circuit test and loaded generator 

with linear and nonlinear loads, again the Matlab Simulink model 

was validated by the experimental results. 



Chapter -3 Active Power Filters 

63 

 

Chapter -3 Active Power Filters  

 

 

 

  



Chapter -3 Active Power Filters 

64 

 

 Active power Filters 

 

This chapter introduces an introduction about the active power 

filters (APFs) topologies and control. Where in the first section 

presents a general introduction about shunt APFs, in section 3.2 APF 

topologies in three-phase four-wire system is presented followed by 

shunt and series active filters configuration in sections 3.33.4 and 

3.4 respectively. Section 3.5 discusses grid synchronisation method. 

Current and voltage harmonic extraction techniques are presented 

in section 3.6 and current control methods are presented in section 

3.7. The DC-link voltage control and passive element design are 

presented in sections 3.8 and 3.10 respectively. Finally a conclusion 

is presented in section 3.12.  

 Introduction 

In the past, passive filters were used at the point of common 

coupling (PCC) to improve power quality. The passive filters have 

some advantages such as simple design and low cost. However, 

have some disadvantage for example is that each harmonic need a 

separate filter i.e. the single filter cannot be tuned for wide range of 

harmonics and hence will have limited filtering characteristic. In 

addition, the most serious disadvantage is causing resonance 

between the grid and the filter [42]. 

Shunt Active power filters (SAPF), which compensate harmonics 

and reactive current component for the power supplies, can be 

connected in parallel at the PCC and improve the power qualities and 

enhance the reliability and stability of power system. In 1982, an 

active power filter of 800 kVA, which consisted of current source 

PWM inverter using GTO thyristors, was put into practical use for 

harmonic compensation for the first time, [43]. 
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The basic task of the proposed APFs (parallel and series) in this 

work is to compensate the current harmonics that exist in the 

proposed low cost generator and the current harmonics produced by 

the nonlinear loads, and to improve the  quality of the voltage 

waveform at the PCC and to balance generator loading . Figure 3-1 

shows the block diagram of the proposed system (the proposed 

generator and the proposed two filters). 

The APF can be classified in different ways according to power 

rating, power circuit configuration, compensated variable, etc. , The 

classification according to the power circuit configuration is 

presented in Figure 3-2, [25]. 

Load

Series 
Compensator

Parallel 
Compensator

Synchronous 
Generator

Prime 
Mover

Output voltage

Output current

Generator 
back emf

 

Figure 3-1 Block diagram of the propose system  
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 This chapter, will start with a review of converter topologies 

suitable for three-phase four-wire system. Then shunt active power 

filter and series active filter will be presented, a detailed discussion 

on grid synchronisation and harmonic extraction methods and 

current controllers design will be provided. Next, the APF passive 

component design will be given. Finally, conclusion will be drawn and 

presented. 

 Active Power Filter Topologies 

Most of the research on active power filter has been focused on 

voltage source active power filters (VSAPF), while current source 

active power filters (CSAPF) have gained some attention. According 

to [44] the voltage source converter is more desirable than the 

current source converter in terms of efficiency, size and cost.  

In three-phase four-wire system the converter topology can be 

either a conventional three-phase inverter with DC-link split 

capacitor with midpoint connection for neutral wire, or four-leg 

inverter where the neutral wire in connected to the fourth leg, see 

Figure 3-3. In this thesis the second configuration is chosen  to 

reduce the DC-link capacitor size by reducing the current rating of 

 

Figure 3-2 Subdivision of power system filters according to power 
circuit configuration and connection (AF: Active Filter, PF: Passive 

Filter)  
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the DC-link capacitor [45]. In addition, since there is only one 

capacitor in the four-leg topology, there is only on voltage to be 

controlled. However, in split capacitor with midpoint topology there 

are two voltages to be regulated that makes the control algorithm 

more complex [46]. Figure 3-3 shows the three-phase four-wire APF 

topologies. 

 Shunt Active Power Filter: 

The shunt active filter is connected in parallel between the 

generator and the point of common coupling (PCC), it can be used 

for load harmonic compensation as well as generator harmonics. It 

also used to supply neutral connection for single phase loads. 

Figure 3-4 shows the connection and the control loops (the 

voltage and the current control loops) for shunt active power filters. 

  

 

        (a) Capacitor Midpoint topology           (b) Four-leg topology 

Figure 3-3 Three-Phase four-wire APF topologies  
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 Series Active Power Filter: 

The series active filter is connected in series with the generator 

windings where the neutral point was opened and the winding 

terminal are connected to the three legs of the voltage source 

inverter as shown in Figure 3-1. 

The operation principle of this filter is sensing the generator 

windings voltages and then extract the harmonic from these voltage. 

Then the voltage ripples that were extracted from the voltage 

waveform is used as references voltage with negative sign for the 

series compensator to cancel the ripples at the generator connection 

point. The control circuit of the series active filter is shown in Figure 

3-4. 

 

SG V

Harmonic 
calculation

Series
CompensatorV*

Load

Low 
performance SG

 

         

Figure 3-4 Active series filter control circuit  
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 Grid Synchronization Methods 

Grid phase angel detection is an important requirement for the 

APF operation and control. Good compensation performance of APF 

is highly dependent on accurate tracking of the phase angle. There 

are many methods in literature for synchronization with three phase 

grids, [47]. Phase Locked Loop based on Synchronous Reference 

Frame (SRF-PLL) is the common method used to synchronise the 

APF with the three-phase grid voltages at and point. In this section, 

a detailed discussion of three types of SRF-PLL will be presented, a 

conventional synchronous frame PLL (SFR-PLL) and other two 

methods, which are, decoupled double synchronous reference frame 

PLL (DDSRF-PLL) and dual second order generalised integrator PLL 

(DSOGI-PLL). 

3.5.1 Conventional SRF-PLL 

This synchronisation method is simple and assuming a high 

quality voltage source. The general block diagram of SRF-PLL is 

shown in Figure 3-5. The operation of SRF-PLL can be divided into 

two stages, which are the phase angle detector and the loop filter 

(i.e. controller). The phase detection is based on transforming the 

measured PCC voltages into a synchronous reference frame by using 

Park’s transformation [𝑇𝑑𝑞0]. The angle �̀� (the output of SRF-PLL) is 

used in this transformation as shown in equations (3-1) to (3-3). 

The loop filter is used to derive the input signal (𝑣𝑞) to the command 

value (𝑣𝑞
∗ = 0). By deriving 𝑣𝑞to zero, the d-axis will be aligned to the 

grid voltage vector. Where Wref is the rated system frequency 

(2f=2*50). 
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The grid voltage is assumed balanced and undistorted as given 

in equation (3-1). 

 

[

𝑣𝑎

𝑣𝑏

𝑣𝑐

] =

[
 
 
 
 

𝑉 cos 𝜃

𝑉 cos (𝜃 −
2𝜋

3
)

𝑉 cos (𝜃 +
2𝜋

3
)]
 
 
 
 

 (3-1) 

Where 𝑉 is the peak value of the voltage source. 

By using Park’s transformation, the three-phase voltages are 

transformed to the synchronous reference frame (dq0) and become 

DC components as shown in (3-2) and (3-3). 

 

[

𝑣𝛼

𝑣𝛽

𝑣0

] =
2

3

[
 
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

2

1

2

1

2 ]
 
 
 
 
 

[
 
 
 
 

𝑉 cos 𝜃

𝑉 cos (𝜃 −
2𝜋

3
)

𝑉 cos (𝜃 +
2𝜋

3
)]
 
 
 
 

 

(3-2) 

 

 
[
𝑣𝑑

𝑣𝑞
] = [ cos �̀� sin �̀�

−sin �̀� cos �̀�
] [

𝑣𝛼

𝑣𝛽
] = 𝑉 [

cos(𝜃 − �̀�)

sin(𝜃 − �̀�)
] 

(3-3) 

 

Figure 3-5 SRF-PLL block diagram 
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Where �̀� is the angle that is calculated by the PLL, when this 

angle is equal to the voltage source phase angle 𝜃, the 𝑣𝑑 becomes 

equal to the peak value of the phase voltage 𝑉 and 𝑣𝑞 is equal to 

zero. 

From equation (3-3) a new variable ∆ 𝜃 is used, which is the 

difference between the source phase angle and the calculated angle 

by the SRF-PLL as given in equation (3-4). 

 𝜃 − �̀� = ∆ 𝜃 (3-4) 

Then the q-axis component of the voltage source 𝑣𝑞 is given by: 

 𝑣𝑞 = 𝑉 sin ∆𝜃 (3-5) 

To simplify the PLL control model, the small signal value of 

sin ∆𝜃 ≅  ∆𝜃 , and equation (3-5) can be simplified to: 

 𝑣𝑞 = 𝑉∆𝜃 

𝐺𝑞(𝑠) =  
 𝑣𝑞

∆𝜃
= 𝑉 

(3-6) 

The PLL can be assumed a linear control system with a forward 

gain equal to the amplitude of the source voltage [48]. Figure 3-6 

shows the block diagram of PI controller based SRF-PLL.  

By considering the sampling time 𝑇𝑠 delay into account, the Figure 

3-6 can be redrawn as in Figure 3-7 
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The transfer function of the PI controller is Figure 3-7 given as in 

(3-7). 

 
𝑃𝐼(𝑠) = 𝐾𝑃 +

𝐾𝐼

𝑠
 (3-7) 

Where 𝐾𝑃 is the proportional gain and 𝐾𝐼 is the integral gain. 

The open loop transfer function of the SRF-PLL is defined as follows  

 

Figure 3-6 PLL control circuit diagram 

 

Figure 3-7 Control  block diagram of the SRF-PLL 
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𝐻𝑂𝐿(𝑠) = (𝐾𝑃 +

𝐾𝐼

𝑠
) (

𝑉

𝑠
) (

1

1 + 𝑠𝑇𝑠
) =

𝑉(𝑠𝐾𝑃 + 𝐾𝐼)

𝑠2(1 + 𝑠𝑇𝑠)
 

(3-8) 

Hence, the closed loop transfer function is given as  

 �̀�(𝑠)

𝜃 (𝑠)
=

(𝑉𝐾𝑃)𝑠 + 𝑉𝐾𝐼

𝑠3𝑇𝑠 + 𝑠2 + (𝑉𝐾𝑃)𝑠 + 𝑉𝐾𝐼
 

(3-9) 

By knowing the system response requirements, damping 

ratio(𝜉) and natural frequency  (𝜔𝑛) , the 𝐾𝑃 and 𝐾𝐼 can be calculated 

by using a simple control design method. In this thesis, the SISO 

tool of Matlab has been used to calculate the controller parameters. 

Choosing the bandwidth of the PI-controller is a trade-off 

between fast response and robustness to system noise. High 

bandwidth design guarantee fast response and give high tracking 

error if the source voltage is distorted. On the other hand lower 

bandwidth decreases the tracking error but slows the system 

response [49, 50].  

To test the performance of the conventional SRF-PLL, a Matlab 

Simulink model was built based on Figure 3-5. In the first simulation, 

the source voltage was ideal and the values of the source peak value 

is equal to 340 𝑉 and the controller design parameters are 𝐾𝑃 = 2.22 

and 𝐾𝐼 = 61.69. The simulation is carried out for different values of 𝐾𝑃 

and keeping 𝐾𝐼 constant and setting the initial angle of the SRF-PLL 

different from the initial source angle to investigate the tracking 

performance of the PLL. The results are shown in Figure 3-8  by 

increasing the controller gain gives faster response and the SRF-PLL 

is decreasing the error between the calculated phase angle  �̀�  and 

the source angle 𝜃 faster. 
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However, for unbalanced voltage source, the values of this 

source are ( 𝑣𝑎 = 272 cos 𝜃 , 𝑣𝑏 = 408 cos 𝑐𝑜𝑠 (𝜃 − 2𝜋/3)  and 𝑣𝑐 =

340 cos(𝜃 + 2𝜋/3)) , by increasing the proportional gain of the PI 

controller, the SRF-PLL gives faster response but with increased 

error in the calculated angle �̀�. In the other hand lower value of  𝐾𝑃 

makes the SRF-PLL response slower but with decreased error in the 

calculated angle �̀� as shown in Figure 3-9 

 

Figure 3-8 SRF-PLL performance under ideal voltage source and 

different values for 𝑲𝑷 
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In conclusion, the SRF-PLL under unideal grid voltages will have 

poor dynamic response and this will be reflected in a negative effect 

on APF operation.  In order to improve the PLL response, advanced 

PLLs are needed. The next section gives an improved 

synchronization technique based on decoupling the effects of the 

positive- and negative-sequence components of the input voltage 

vector. 

3.5.2 Decoupled Double Synchronous Reference Frame PLL 

(DDSRF-PLL) 

This section presents the design of an enhanced SRF-PLL 

depending on two synchronous reference frames, positive and 

negative rotating reference frames , [51-54]. By using the two 

reference frames, the effect of negative-sequence voltage 

component on positive sequence voltage component phase angle 

detection and vice versa can be reduced.   

 

Figure 3-9 SRF-PLL performance under Unbalanced voltage source 

and different values for 𝑲𝑷 
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Three-phase voltage vector, can be expressed in terms of 

positive, negative and zero sequence components as:  

 
𝑣𝑎𝑏𝑐 = [

𝑣𝑎

𝑣𝑏

𝑣𝑐

] =  ∑ (𝑣𝑎𝑏𝑐
+𝑛 + 𝑣𝑎𝑏𝑐

−𝑛 + 𝑣𝑎𝑏𝑐
0𝑛 )∞

𝑛=1 , (3-10) 

Where 𝑉+𝑛 is the positive sequence of the voltage vector and 

rotates in same direction of the voltage vector, 𝑉−𝑛 is the negative 

sequence of the voltage vector and rotates in the opposite direction 

of the voltage vector and 𝑉0𝑛 is the zero sequence of the voltage 

vector. 

 

𝑣𝑎𝑏𝑐
+𝑛 = 𝑉+𝑛

[
 
 
 
 

cos(𝑛𝜔𝑡 + ∅+𝑛)

cos (𝑛𝜔𝑡 −
2𝜋

3
+ ∅+𝑛)

cos (𝑛𝜔𝑡 +
2𝜋

3
+ ∅+𝑛)]

 
 
 
 

 (3-11) 

 

𝑣𝑎𝑏𝑐
−𝑛 = 𝑉−𝑛

[
 
 
 
 

cos(−𝑛𝜔𝑡 + ∅−𝑛)

cos (−𝑛𝜔𝑡 −
2𝜋

3
+ ∅−𝑛)

cos (−𝑛𝜔𝑡 +
2𝜋

3
+ ∅−𝑛)]

 
 
 
 

 

(3-12) 

 

𝑣𝑎𝑏𝑐
0𝑛 = 𝑉0𝑛 [

cos(𝑛𝜔𝑡 + ∅+0𝑛)

cos(𝑛𝜔𝑡 + ∅+0𝑛)

cos(𝑛𝜔𝑡 + ∅+0𝑛)

] 

(3-13) 

Where +n, -n and 0n represents the positive, negative and zero-

sequence components of the nth harmonic of the voltage vector 

respectively. 

 The fundamental positive-sequence and negative-sequence 

voltage vector magnitude are 𝑉+1  and 𝑉−1 , while  ∅+ and ∅− 

represent the positive- and negative-sequence phase angles 

respectively. 
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 By applying Clarke transformation, the fundamental component 

of 𝑣𝑎𝑏𝑐 is transformed to the 𝛼 − 𝛽 reference frame as (neglecting the 

zero sequence component): 

 

[
𝑣𝛼

𝑣𝛽
] = [𝑇𝛼𝛽] [

𝑣𝑎

𝑣𝑏

𝑣𝑐

],     [𝑇𝛼𝛽] =
2

3
[
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 

 (3-14) 

 
[
𝑣𝛼

𝑣𝛽
] = 𝑉+1 [

cos(𝜔𝑡 + ∅+)

sin(𝜔𝑡 + ∅+)
] + 𝑉−1 [

cos(−𝜔𝑡 + ∅−)

sin(−𝜔𝑡 + ∅−)
] (3-15) 

Now, the positive sequence dq-component (dq+) of the voltage 

vector is calculated by applying Park’s transformation to (3-15), the 

result is given by equation (3-16) to equation (3-18): 

 
[
𝑣𝑑

+

𝑣𝑞
+] = [𝑇𝑑𝑞

+ ] [
𝑣𝛼

𝑣𝛽
] , [𝑇𝑑𝑞

+ ] = [ cos �́� sin �́�
−sin �́� cos �́�

] (3-16) 

 
[
𝑣𝑑

+

𝑣𝑞
+] = [ cos �́� sin �́�

−sin �́� cos �́�
] (𝑉+1 [

cos(𝜔𝑡 + ∅+)

sin(𝜔𝑡 + ∅+)
]

+ 𝑉−1 [
cos(−𝜔𝑡 + ∅−)

sin(−𝜔𝑡 + ∅−)
]) 

(3-17) 

 
[
𝑣𝑑

+

𝑣𝑞
+] = 𝑉+1 [

cos(𝜔𝑡 + ∅+ − �́�)

sin(𝜔𝑡 + ∅+ − �́�)
] + 𝑉−1 [

cos(−𝜔𝑡 + ∅− − �́�)

sin(−𝜔𝑡 + ∅− − �́�)
] (3-18) 

To extract the negative sequence dq-components (dq-) of the 

voltage vector, the Park’s transformation with negative angle is 

applied to (3-15), the result is given by (3-19): 

 
[
𝑣𝑑

−

𝑣𝑞
−] = 𝑉+1 [

cos(𝜔𝑡 + ∅+ + �́�)

sin(𝜔𝑡 + ∅+ + �́�)
] + 𝑉−1 [

cos(−𝜔𝑡 + ∅− + �́�)

sin(−𝜔𝑡 + ∅− + �́�)
] (3-19) 
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Using the SRF-PLL to calculate the phase angle �́� ≈ 𝜔𝑡. Then, 

equations (3-18) and (3-19) can be simplified as in (3-20) and 

(3-21). 

 
[
𝑣𝑑

+

𝑣𝑞
+] = 𝑉+1 [

cos(∅+)

sin(∅+)
] + 𝑉−1 cos(∅−) [

cos(2𝜔𝑡)

−sin(2𝜔𝑡)
]

+ 𝑉−1 sin(∅−) [
sin(2𝜔𝑡)

cos(2𝜔𝑡)
] 

(3-20) 

 

 [
𝑣𝑑

−

𝑣𝑞
−] = 𝑉−1 [

cos(∅−)

sin(∅−)
] + 𝑉+1 cos(∅+) [

cos(2𝜔𝑡)

sin(2𝜔𝑡)
]

+ 𝑉+1 sin(∅+) [
−sin(2𝜔𝑡)

cos(2𝜔𝑡)
] 

(3-21) 

 It can be concluded from equation (3-20) that the DC values of 

(dq+) voltage components are superimposed by oscillating voltage 

components of frequency equal two times the fundamental 

frequency (2𝜔) as a results of the existence of the negative sequence 

voltage components and vice versa occurred for the (dq-) voltage 

components as shown in (3-21). This coupling between the two 

reference frames can be cancelled by using decoupling terms as 

shown in Figure 3-10 to compensate for the second order frequency 

voltage components of (4.26) and (4.47).  
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The positive and negative reference frames voltage components 

(𝑣𝑑
+̅̅̅̅ , 𝑣𝑞

+̅̅̅̅  , 𝑣𝑑
−̅̅̅̅  and 𝑣𝑞

−̅̅̅̅  ) are fed to low pass filters (LPF), (as a simple filter 

and no need to use a complex filter) to extract the DC values. The 

transfer function of the LPF is given as:  

  

  

Figure 3-10 Block diagram of decoupling terms, (a) for (dq+) 

reference frame (b) for (dq-) reference 

(a

) 

(b

) 
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 𝐿𝑃𝐹(𝑠) =
𝜔𝑓

𝑠 + 𝜔𝑓
 (3-22) 

 Where 𝜔𝑓 is the cut-off frequency. The optimal value of the cut-

off frequency of low pass filter that gives fast dynamic response with 

no oscillation in the amplitude of the filtered signal is   𝜔𝑓 =
𝜔

√2
,  [51], 

where 𝜔  is the fundamental frequency. Figure-3-11 shows the 

decoupling network block diagram of the Decouple Double 

Synchronous Reference Frame (DDSRF) 

Now after eliminating the effect of the negative sequence 

component, a classical SRF-PLL is applied to 𝑣𝑞+
∗  to determine the 

voltage phase angle �́� of the positive sequence voltage component. 

The full diagram of DDSRF is shown in Figure-3-12 

LPF

LPF

LPF

LPF

Decoupling 
Cell [dq+]

Decoupling 
Cell [dq-]

 

q
v

d
v

d
v

qv

qv*

dv*

q
v

d
v

d
v

q
v

qv*

dv*

 

Figure-3-11 Block diagram of decoupling network of DDSRF-

PLL 
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To study the performance of the DDSRF-PLL a Matlab Simulink 

model was built based on Figure-3-12 with the same values of the 

controller gains as in section 3.5.1 and the unbalanced voltages as 

given in the previous section are applied. The simulation result is 

shown in Figure-3-13. As can be seen from the Figure-3-13(b), the 

DDSRF-PLL extracted the positive sequence from the unbalanced 

voltages and calculated the voltage phase angle. By comparing the 

performance of the DDSFR-PLL with the SRF-PLL, the DDSRF-PLL is 

accurately estimating the phase angle of the unbalanced voltage 

source while the SRF-PLL suffered a significant phase angle error, 

see Figure-3-13(c). 

The second simulation was carried out to test the DDSRF-PLL 

under unbalanced and distorted voltage source, the values of the 

source voltages are given in Table 3-1, and the same values for the 

PI controller are used. 

 

 

Figure-3-12 The block diagram of the decoupling double 

synchronous reference frame (DDSRF_PLL) 
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As can be seen from the Figure-3-14 when the voltage source is 

unbalanced and distorted, the DDSRF-PLL cannot track the phase 

angle of the source, and the tracked angle has oscillation of six times 

the source frequency due to the fifth and seventh harmonics.  

Table 3-1 the numerical values of unideal voltage source 

Phase Value of the 

fundamental 

% of 5th 

harmonic 

% of 7th 

harmonics 

Phase-A 272 × cos 𝜃 15 % 10 % 

Phase-B 
408 × cos (𝜃 −

2𝜋

3
) 

15 % 10 % 

Phase-C 
340 × cos (𝜃 +

2𝜋

3
) 

15 % 10 % 

 

Figure-3-13 DDSRF-PLL performance under 

Unbalanced voltage source  
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Then, the DDSRF-PLL is not the optimal choice for distorted 

voltage source as the case of the proposed generator in this thesis, 

where the proposed generator as discussed in Chapter-2 has 

distorted back-EMF. Therefore, the synchronisation method should 

have the capability to extract the phase angle of the fundamental 

voltage component from the distorted generator output voltage with 

high precision and accuracy to ensure high performance of the used 

APF. 

The next section, the Dual Second Order Generalised Integrator 

PLL (DSOGI-PLL) will be presented and used for high performance 

tracking of the voltage phase angle under distorted and unbalanced 

voltage sources. 

 

Figure-3-14 DDSRF-PLL performance under 

Unbalanced and distorted voltage source  
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3.5.3 Dual Second Order Generalised integrator (DSOGI-PLL) 

This synchronisation method is presented to calculate the grid 

phase angle and to synchronise the power converters with distorted 

and unbalanced grid voltages, [55-58]. The principle operation of 

the DSOGI-PLL can be divided into three steps: the quadrature-

signal generator (QSG), the positive-sequence calculator (PSC) and 

the phase locked loop (PLL).  

a) Quadrature-Signal Generator (QSG) 

This is the first step in DSODI-PLL operation, where the 

quadrature signal (lagged 90) of the input signal is generated and 

provides the input signals to the PSC on the αβ reference frame. The 

proposed system is using dual second order generalized integrator 

(DSOGI) to perform the QSG [33, 59]. Figure-3-14 show the block 

diagram of SOGI where 𝑘 and 𝜔′  are the damping factor and the 

resonant frequency of SOGI-QSG. 

The characteristic transfer functions of SOGI can be calculate 

from Figure-3-15, and given in (3-23) and (3-24). The first output 

signal from SOGI (𝑣′) is a filtered version of the input signal and the 

second output signal (𝑞𝑣′) is shifted 90 from the input signal. 

 
𝐷(𝑠) =

𝑣′(𝑠)

𝑣(𝑠)
=

𝑘𝜔′𝑠

𝑠2 + 𝑘𝜔′𝑠 + 𝜔′2
 (3-23) 

 

Figure-3-15 SOGI-QSG block diagram 
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𝑄(𝑠) =

𝑞𝑣′(𝑠)

𝑣(𝑠)
=

𝑘𝜔′2

𝑠2 + 𝑘𝜔′𝑠 + 𝜔′2
 (3-24) 

A detailed analysis were performed in [55] about the optimum 

value of 𝑘, the value 𝑘 = √2  gives the best response in terms of 

stabilization time and overshot limitation. 

b) Positive-Sequence Calculator (PSC) 

It based on instantaneous symmetrical components (ISC) and 

the instantaneous positive- and negative-sequence components for 

the voltage vector are [60]:  

 𝑉𝑎𝑏𝑐
+ = [𝑣𝑎

+ 𝑣𝑏
+ 𝑣𝑐

+]𝑇 = [𝑇+]𝑉𝑎𝑏𝑐 (3-25) 

 𝑉𝑎𝑏𝑐
− = [𝑣𝑎

− 𝑣𝑏
− 𝑣𝑐

−]𝑇 = [𝑇−]𝑉𝑎𝑏𝑐 (3-26) 

Where [𝑇+] and [𝑇−] is the transformation matrices and given as: 

 
[𝑇+] = [

1 𝑎 𝑎2

𝑎2 1 𝑎
𝑎 𝑎2 1

] and [𝑇−] = [
1 𝑎2 𝑎
𝑎 1 𝑎2

𝑎2 𝑎 1

] (3-27) 

Where 𝑎 = 𝑒𝑗
2𝜋

3  

Using Clarke transformation to calculate the instantaneous 

components of the positive- and negative-sequence voltage in the 

αβ reference frame: 

 𝑉𝛼𝛽
+ = [𝑇𝛼𝛽]𝑉𝑎𝑏𝑐

+ = [𝑇𝛼𝛽][𝑇+]𝑉𝑎𝑏𝑐 (3-28) 

 𝑉𝛼𝛽
− = [𝑇𝛼𝛽]𝑉𝑎𝑏𝑐

− = [𝑇𝛼𝛽][𝑇−]𝑉𝑎𝑏𝑐 (3-29) 

Where  
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[𝑇𝛼𝛽] = √
2

3
[
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 

 (3-30) 

The positive- and negative component ( 𝑉𝛼𝛽
+  and 𝑉𝛼𝛽

− ) can be 

calculated directly from αβ values of the voltage vector by using the 

invers Clarke transformation as follows 

 𝑉𝑎𝑏𝑐 = [𝑇𝛼𝛽]
𝑇
𝑉𝛼𝛽 (3-31) 

The equation (3-28) and equation (3-29) can be rewrites as: 

 𝑉𝛼𝛽
+ = [𝑇𝛼𝛽]𝑉𝑎𝑏𝑐

+ = [𝑇𝛼𝛽][𝑇+][𝑇𝛼𝛽]
𝑇
𝑉𝛼𝛽 (3-32) 

 𝑉𝛼𝛽
− = [𝑇𝛼𝛽]𝑉𝑎𝑏𝑐

− = [𝑇𝛼𝛽][𝑇−][𝑇𝛼𝛽]
𝑇
𝑉𝛼𝛽 (3-33) 

By calculating the values of [𝑇𝛼𝛽][𝑇+][𝑇𝛼𝛽]
𝑇
 and [𝑇𝛼𝛽][𝑇−][𝑇𝛼𝛽]

𝑇
 the 

equation (3-32) and equation (3-33) can be simplified as: 

 
𝑉𝛼𝛽

+ =
1

2
[
1 −𝑞
𝑞 1

]𝑉𝛼𝛽 (3-34) 

 
𝑉𝛼𝛽

− =
1

2
[

1 𝑞
−𝑞 1

]𝑉𝛼𝛽 (3-35) 

Where 𝑞 = 𝑒−𝑗
𝜋

2 is a phase-shift time domain operator used to 

generate the quadrature (90 phase shift) waveform of the input 

signal and this signal is obtained in the first step. 

The positive sequence calculator is implemented as follows 
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[
𝑉𝛼

+

𝑉𝛽
+] =

1

2
[
𝑉𝛼 − 𝑞𝑉𝛽

𝑞𝑉𝛼 + 𝑉𝛽
] (3-36) 

 
[
𝑉𝛼

−

𝑉𝛽
−] =

1

2
[

𝑉𝛼 + 𝑞𝑉𝛽

−𝑞𝑉𝛼 + 𝑉𝛽
] (3-37) 

Figure-3-16 shows the DSOGI block diagram with a positive 

sequence calculator (PSC). As can be seen from the figure that the 

positive sequence voltage can be calculated by applying the invers 

of Clarke transformation to the output of PSC which is considered as 

the second advantages of DSOGI-PLL. 

c) Phase Locked Loop (PLL) 

This the final step in DOSGI-PLL, the positive sequence voltage 

component is calculated and fed to the conventional SRF-PLL to 

calculate the phase angle of the input signal (𝑉𝑎𝑏𝑐). Figure-3-16 

Shows the full block diagram of SOGI-PLL 

 

Figure-3-16 block diagram SOGI-QSG and PSC 
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A Matlab Simulink model was built based on Figure-3-17 to 

investigate the performance of the DSODI-PLL under unbalanced 

and distorted voltage supply. The supply voltages are as given in 

Table 3-1 and the controller values were the same as in the previous 

two sections. The simulation results are shown in Figure-3-18, as 

can be seen from the figure the proposed synchroniser (DSOGI-PLL) 

provides good tracking performance for the voltage source phase 

angle under these conditions compared to the DDSRF-PLL which has 

high tracking error as shown in Figure-3-18 (c).  

In this section a three type of synchronisation method for grid 

connected converter have been presented, under ideal voltage 

source, the conventional SRF-PLL with high proportional control gain 

able to track the phase angle with fast dynamic and high accuracy. 

However, for distorted and unbalanced voltage sources, two 

advanced synchronisation methods based on conventional SRF-PLL 

have been presented. The DDSRF-PLL has provided good 

performance under unbalanced grid voltage, but when the gird 

voltage was distorted (has harmonic content), it gave error in the 

detected angle with oscillation depending on the harmonic content 

of the grid voltage. The last synchroniser presented in this section 

 

Figure-3-17 block diagram DSOGI-PLL 
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was the DSOGI-PLL, which was able to track the phase angle under 

unbalanced and distorted grid voltage with a good performance.   

   

 Current/Voltage Harmonics Extraction 

Techniques 

Extracted current/voltage harmonics component is calculating 

the reference current/voltage that APF should inject to compensate 

 

Figure-3-18 DSOGI-PLL performance under Unbalanced and 

distorted voltage source  
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these harmonics and to improve the quality of the generator’s 

power. 

The current reference extraction techniques can be classified 

into two main categories, time domain and frequency domain [61-

63]. The frequency domain method is based on Fourier analysis, 

while the time domain method is based on the filtration of the 

instantaneous value of the current signals, so it can be used in 

transient and steady state.  

 Since the time domain methods are faster in terms of 

calculating time and simpler for online implementation, it gained 

more interest and are widely used. 

Current reference calculation for APF is widely discussed in the 

literatures [27, 43, 61, 62, 64]. In this section, two method in time 

domain will be presented, P-Q method and synchronous reference 

frame d-q model. 

3.6.1 Current Reference Extraction: P-Q Method 

This p-q method is based on the instantaneous reactive power 

theory [65], which has been published in 1984. Since the theory was 

first developed for three-phase there-wire system, the zero 

sequence component was neglected. The calculation block diagram 

of this method is shown in Figure-3-19. 
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At first, the three-phase voltage and the three-phase load 

currents are sensed and transformed into (α-β) coordinates as 

given in equation (3-38) and equation (3-39). 

 

[
𝑣𝛼

𝑣𝛽
] =  √

2

3
. [

1 −1
2⁄

−1
2⁄

0 √3
2

⁄ −√3
2

⁄
] [

𝑣𝑎

𝑣𝑏

𝑣𝑐

] (3-38) 

 

[
𝑖𝑙𝛼
𝑖𝑙𝛽

] =  √
2

3
. [

1 −1
2⁄

−1
2⁄

0 √3
2

⁄ −√3
2

⁄
] [

𝑖𝑙𝑎
𝑖𝑙𝑏
𝑖𝑙𝑐

] (3-39) 

Then, the instantaneous complex power is calculated as [66], 

 

Figure-3-19 Calculation block diagram of P-Q method 
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 𝑠  =  𝑉 ∗ 𝐼∗ = (𝑣𝛼 + 𝑗𝑣𝛽)(𝑖𝛼 − 𝑗𝑖𝛽)              

= (𝑣𝛼𝑖𝛼 + 𝑣𝛽𝑖𝛽) + 𝑗(𝑣𝛽𝑖𝛼 − 𝑣𝛼𝑖𝛽) 
(3-40) 

Where the term 𝑣𝛼𝑖𝛼 + 𝑣𝛽𝑖𝛽 is the instantaneous real power 𝑝 and 

the term              𝑣𝛽𝑖𝛼 − 𝑣𝛼𝑖𝛽 is the instantaneous reactive power 𝑞. 

According to the instantaneous reactive power theory, 𝑝 and 𝑞, 

are decomposed into, 

 𝑝 =  �̅� + 𝑝    , 𝑞 =  �̅� + �̃� (3-41) 

Where 𝑝�̅�  and 𝑞�̅�  are the DC component corresponding to the 

fundamental current, and 𝑝�̃�  and 𝑞�̃�   are the ac components 

corresponding to the harmonics current. A low pass filter can be used 

to extract the DC components and the DC power is then subtracted 

from the full power to get the AC power component. 

So the current reference for the APF in α-β frame (𝑖𝐹𝛼
∗  and 𝑖𝐹𝛽

∗ ) 

can be obtained as in (3-42) : 

 
[
𝑖𝐹𝛼
∗

𝑖𝐹𝛽
∗ ] =  

1

𝑣𝛼
2 + 𝑣𝛽

2 [
𝑣𝛼 𝑣𝛽

𝑣𝛽 −𝑣𝛼
] [

𝑝
�̃�
] (3-42) 

Then, the current in the α-β coordinates are  transformed back 

to the 𝑎𝑏𝑐 frame by using the invers Clarke transformation. 

Later this theory is extended to be suitable for three-phase four-

wire-system [67], where the zero component is add to the 

equations.  

In three-phase four-wire system, the instantaneous power in 

𝑎𝑏𝑐 frame is given by: 
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 𝑃3∅ = 𝑣𝑎𝑖𝑎 + 𝑣𝑏𝑖𝑏 + 𝑣𝑐𝑖𝑐 (3-43) 

 𝑃3∅ = 𝑣𝛼𝑖𝛼 + 𝑣𝛽𝑖𝛽 + 𝑣0𝑖0 = 𝑝 + 𝑝0 (3-44) 

The instantaneous real 𝑝 , imaginary 𝑞  and zero-sequence 

power 𝑝0 as function of α-β-0 coordinates currents are given in 

(3-45). 

 

[

𝑝0

𝑝
𝑞

] =  [

𝑣0 0 0
0 𝑣𝛼 𝑣𝛽

0 𝑣𝛽 −𝑣𝛼

] [

𝑖0
𝑖𝛼
𝑖𝛽

] (3-45) 

As in equation (3-41), the zero sequence power 𝑝0 can be expressed 

as  

 𝑝0 = 𝑝0̅̅ ̅ + 𝑝0̃     (3-46) 

Where, the 𝑝0̅̅ ̅ is the zero-sequence average power delivered to the 

load through the neutral wire. Since the component of zero sequence 

power 𝑝0̅̅ ̅ and  𝑝0̃ can not be produced separately [67], and the active 

power filter doesn’t have DC source, so additional real power ∆𝑝 ( 

∆𝑝 = 𝑝0̅̅ ̅) will be added to the reference signal 𝑝. 

The reference current for the APF in three-phase four-wire system 

can be calculated as shown in equation (3-47) 

 

[

𝑖𝐹𝛼
∗

𝑖𝐹𝛽
∗

𝑖𝐹0
∗

] =  
1

𝑣𝛼
2 + 𝑣𝛽

2 [

𝑣𝛼 𝑣𝛽 0

𝑣𝛽 −𝑣𝛼 0

0 0 1

] [

𝑝 + 𝑝0̅̅ ̅
�̃�
𝑖0

] (3-47) 

Then these currents are transformed back to the 𝑎𝑏𝑐  frame  

[𝑖𝐹𝑎
∗ 𝑖𝐹𝑏

∗ 𝑖𝐹𝑐
∗ ]𝑇 by using the invers Clarke transformation. The 

reference current for the neutral leg 𝑖𝐹𝑛
∗  is given as: 
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 𝑖𝐹𝑛
∗ = −(𝑖𝐹𝑎

∗ + 𝑖𝐹𝑏
∗ + 𝑖𝐹𝑐

∗ ) (3-48) 

 

3.6.2   Current/voltage Reference Extraction: Synchronous 

Reference (d-q) Method 

This method is based on normalised Park transformation and 

only depend on the sensed current or voltage. Where the sensed 

three-phase waveforms 𝑎𝑏𝑐  are transformed to the synchronous 

reference 𝑑𝑞0 rotating frame [64, 68]. 

The harmonics reference waveform calculation in this scheme 

can be described as follows: 

1- Extracting the zero-sequence component from the sensed 

waveform by subtracting the zero-sequence  from the three 

phase waveform as  

 𝑥𝑎𝑏𝑐_𝑑𝑞 = (𝑥𝑎𝑏𝑐 − 𝑥0) (3-49) 

Where  𝑥𝑎𝑏𝑐_𝑑𝑞, are the sensed waveform without zero-sequence 

component i.e. they contains just 𝑑 and 𝑞 component. 𝑖0 is the 

zero-sequence component and is given by:   

 
𝑖0 =

1

3
(𝑥𝑎 + 𝑥𝑏 + 𝑥𝑐) (3-50) 

2- Transforming the calculated waveform in step-1 to 

synchronous reference frame 𝑥  and 𝑥𝑞  by using Park 

transformation. The 𝑥𝑑  and 𝑥𝑞  will contain DC and AC 

components as.  

 𝑥𝑑 = 𝑥𝑑̅̅ ̅ + 𝑥�̃�     , 𝑥𝑞 = 𝑥𝑞̅̅ ̅ + 𝑥�̃� (3-51) 
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Where x̅ and 𝑥𝑞̅̅ ̅ are the DC values and 𝑥�̃�  and 𝑥�̃�  are the 

ripple component of 𝑥𝑑 and 𝑥𝑞 respectively. 

3- A low-pass filter or moving average filter is used to extract 

the DC values 𝑥𝑑̅̅ ̅  and 𝑥𝑞̅̅ ̅ from 𝑥𝑑 and 𝑥𝑞. 

4- Calculating the abc fundamental component by applying the 

invers Park transformation on the DC values 𝑥𝑑̅̅ ̅  and 𝑥𝑞̅̅ ̅ as 

follows: 

 

[

𝑥𝑎
1

𝑥𝑏
1

𝑥𝑐
1

] =  √
2

3
.

[
 
 
 
 

cos(𝜃) −sin(𝜃)

cos (𝜃 −
2𝜋

3
) −sin (𝜃 −

2𝜋

3
)

cos (𝜃 +
2𝜋

3
) −sin (𝜃 +

2𝜋

3
)]
 
 
 
 

[
𝑥𝑑̅̅ ̅
𝑥𝑞̅̅ ̅] (3-52) 

Now the calculated fundamental waveform is balanced and 

harmonic free.  

5-   To calculate the reference waveform for the APFs, the 

fundamental waveform is subtracted from the sensed abc 

waveform (current or voltage). 

 

[

𝑥𝐹𝑎
∗

𝑥𝐹𝑏
∗

𝑥𝐹𝑐
∗

] =  [

𝑥𝑎

𝑥𝑏

𝑥𝑐

] − [

𝑥𝑎
1

𝑥𝑏
1

𝑥𝑐
1

] (3-53) 

Figure-3-20 shows the simulation block diagram for calculation 

of the reference waveforms by synchronous reference (d-q) method. 

One of the most important characteristics of this method is that 

the reference currents are derived directly from the instantaneous 

value of the current without considering the source voltage as in p-

q theory. The generation of the reference signals is not affected by 

voltage unbalance or voltage distortion, therefore increasing the 

compensation robustness and performance. 
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In this section a description of the two most popular methods of 

reference current calculation has been presented, the p-q theory and 

the synchronous reference d-q methods for both current and voltage 

references. In the p-q method, both the voltage and the current at 

the PCC are needed to calculate the reference current, while in 

synchronous d-q only the current is needed in addition to the phase 

angle from the synchronisation algorithm. As the p-q method is 

sensitive to voltage waveform and requires more computation than 

the synchronous reference d-q method, thus the synchronous 

reference method is adopted for both filters in this thesis.     

 Shunt APF Current Control Techniques 

The duty of the current controller is to generate the voltage 

reference for the AFT to supply the reference current. The 

performance of the active power filter is affected significantly by the 

selection of current control technique. The APF and its current 

controller must have the capability to effectively track the reference 

current. 

Many control techniques are discussed in the literature [69-72]. 

The control techniques can be generally classified to linear and 

nonlinear control techniques. This section will present one controller 

 

Figure-3-20 The block diagram for SRF reference current 

calculation   
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from nonlinear controller and two controllers from linear controllers. 

Finally, pulse width modulation (PWM) technique will be discussed. 

3.7.1 Hysteresis Current Control 

The basic principle of current hysteresis control is that the 

switching signals are derived directly from the comparison of the 

current error signal with a fixed width hysteresis band as shown in 

Figure 3-21 . These signals (pulses) are used to control the switching 

devices in the APF.  

The operation concept of the hysteresis current controller is 

shown in Figure 3-22.  As shown in the figure, the measured current 

 

Figure 3-21 The block diagram of the hysteresis current 

controller 
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is compared with the reference current in a two level hysteresis 

comparator, if the error within the controller hysteresis bandwidth 

𝐻𝐵, the output status of the controller will not change. When the 

measured current value exceeded the reference current by half of 

the bandwidth 𝐻𝐵/2 (upper limit), the output of the controller will be 

0 (𝑆1 = 0 , 𝑆2 = 1). On the other hand, when the measured current 

value is less than the reference current by half of the bandwidth 

𝐻𝐵/2 (lower limit), the output of the controller will be equal to 1 

(𝑆0 = 0 , 𝑆2 = 0). Therefor the filter current will follow the reference 

current within the controller bandwidth, i.e. more smaller bandwidth 

the filter current will be more closely to the reference current, but 

this will increase the switching frequency of the converter. 

The main advantages of this controller, are being simple, robust 

and having fast dynamic response. However, the main drawback of 

this controller is it has a variable switching frequency and might 

exceed the limit of the inverter switches [73]. 

 

Figure 3-22 The basic concept of the hysteresis current 

controller  
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3.7.2 Synchronous Reference PI Controller (SRF-PI) 

This method is based on Park transformation, where, both the 

reference signals and the measured signals are converted into 

synchronous reference frame by using normalised Park 

transformation. The difference is passed through a 𝑃𝐼 controller then 

to a decoupling stage to remove the mutual effect between the axes 

to produce the reference voltage in 𝑑𝑞 reference frame, and then 

transformed back to natural frame (𝑎𝑏𝑐 frame). 

The AFP plant model can be derived from Figure 3-23, as the 

output voltage of the inverter is given by :   

 

𝑣𝑎𝑓 = 𝑅𝑓  𝑖𝑓𝑎 + 𝐿𝑓

𝑑𝑖𝑓𝑎

𝑑𝑡
+ 𝑣𝑔𝑎 

𝑣𝑏𝑓 = 𝑅𝑓  𝑖𝑓𝑏 + 𝐿𝑓

𝑑𝑖𝑓𝑏

𝑑𝑡
+ 𝑣𝑔𝑏 

𝑣𝑐𝑓 = 𝑅𝑓  𝑖𝑓𝑐 + 𝐿𝑓

𝑑𝑖𝑓𝑐

𝑑𝑡
+ 𝑣𝑔𝑐 

(3-54) 

Where 𝐿𝑓 is the filter inductance, 𝑅𝑓 is filter resistance, 𝑖𝑓𝑎, 𝑖𝑓𝑏, 

and  𝑖𝑓𝑐  are the APF output currents, 𝑣𝑎𝑓 , 𝑣𝑏𝑓  and 𝑣𝑐𝑓  are is the 

output voltage and  𝑣𝑔𝑎, 𝑣𝑔𝑏 and 𝑣𝑔𝑐 are the grid voltages at the PCC. 

 

 Figure 3-23 APF connection to the grid through interface L-

filter 
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Equation (3-54) can be rewritten in matrix form as follows: 

 [

𝑣𝑎𝑓

𝑣𝑏𝑓

𝑣𝑐𝑓

] = [

𝑅𝑓 0 0

0 𝑅𝑓 0

0 0 𝑅𝑓

] [

𝑖𝑎𝑓

𝑖𝑏𝑓

𝑖𝑐𝑓

] + 𝐿𝑓

𝑑

𝑑𝑡
[

𝑖𝑎𝑓

𝑖𝑏𝑓

𝑖𝑐𝑓

] + [

𝑣𝑔𝑎

𝑣𝑔𝑏

𝑣𝑔𝑐

] (3-55) 

The 𝑎𝑏𝑐 model is transformed to 𝑑𝑞 reference frame as given in 

equation (3-56) 

 

[

𝑣𝑑𝑓

𝑣𝑞𝑓

𝑣0

] = [

𝑅𝑓 0 0

0 𝑅𝑓 0

0 0 𝑅𝑓

] [

𝑖𝑑𝑓

𝑖𝑞𝑓

𝑖0𝑓

] + 𝐿𝑓

𝑑

𝑑𝑡
[

𝑖𝑑𝑓

𝑖𝑞𝑓

𝑖0𝑓

]

− 𝐿𝑓 [
0 𝜔 0

−𝜔 0 0
0 0 0

] [

𝑖𝑑𝑓

𝑖𝑞𝑓

𝑖0𝑓

] + [

𝑣𝑔𝑑

𝑣𝑔𝑞

𝑣𝑔0

] 

(3-56) 

The equation (3-56) can be given in a simple form as follows: 

  

 

𝑣𝑑𝑓 = 𝑅𝑓𝑖𝑑𝑓 + 𝐿𝑓

𝑑𝑖𝑑𝑓

𝑑𝑡
− 𝜔𝐿𝑓𝑖𝑞𝑓 + 𝑣𝑔𝑑 

𝑣𝑞𝑓 = 𝑅𝑓𝑖𝑞𝑓 + 𝐿𝑓

𝑑𝑖𝑞𝑓

𝑑𝑡
+ 𝜔𝐿𝑓𝑖𝑑𝑓 + 𝑣𝑔𝑞 

(3-57) 

 Where 𝜔  is the angular frequency of the grid voltage vector. 

As seen from equation (3-57) there are coupling between the 

two voltages (𝑣𝑑𝑓 and 𝑣𝑞𝑓) equations due to the transformation. To 

cancel this coupling, a new reference voltage are defined as given in 

equation (3-58)  

 

𝑣𝑑𝑓
∗ = �́�𝑑𝑓 − 𝜔𝐿𝑓𝑖𝑞𝑓 + 𝑣𝑔𝑑 

𝑣𝑞𝑓
∗ = �́�𝑞𝑓 + 𝜔𝐿𝑓𝑖𝑑𝑓 + 𝑣𝑔𝑞 

(3-58) 
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Which yields to completely decoupled model, 

 

�́�𝑑𝑓 = 𝑅𝑓𝑖𝑑𝑓 + 𝐿𝑓

𝑑𝑖𝑑𝑓

𝑑𝑡
 

�́�𝑞𝑓 = 𝑅𝑓𝑖𝑞𝑓 + 𝐿𝑓

𝑑𝑖𝑞𝑓

𝑑𝑡
 

(3-59) 

Taking the Laplace transform of equation (3-59) the control 

plant transfer function is given in equation (3-60) 

 

𝐼𝑑𝑓(𝑠)

�́�𝑑𝑓(𝑠)
=

1

𝑅𝑓 + 𝑆𝐿𝑓
 

𝐼𝑞𝑓(𝑠)

�́�𝑞𝑓(𝑠)
=

1

𝑅𝑓 + 𝑆𝐿𝑓
 

(3-60) 

The decoupling can be implemented from equation (3-58) as 

shown in Figure 3-24 

The final step in SRF-PI controller is to calculate the reference 

voltage in 𝑎𝑏𝑐 frame by applying the inverse of Park transformation 

to the reference voltage signals 𝑣𝑑𝑓
∗ and 𝑣𝑞𝑓

∗. Figure 3-24 shows the 

full block diagram of SRF-PI controller. 
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The control block diagram of the SRF-PI scheme is then 

represented as shown in Figure 3-25.  

The open loop transfer function of the current control loop is 

 𝐺𝑜𝑙(𝑠) = 𝐶(𝑠) 𝐺(𝑠) (3-61) 

Where 𝐺(𝑠) is the plant transfer function and is given by: 

 𝐺(𝑠) =
1

𝑠𝐿𝑓 + 𝑅𝑓
 =   

𝑏

𝑠 + 𝑎
 (3-62) 

Where 𝑎 =
𝑅𝑓

𝐿𝑓
⁄  and 𝑏 = 1

𝐿𝑓
⁄   

And 𝐶(𝑠)  is he PI controller transfer function is: 

 

Figure 3-24 Block diagram of SRF PI controller with 

decoupling between the axes 

 

 Figure 3-25 Block diagram of the SRF-PI controller for PI 

parameter calculation 
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 𝐺𝑐_𝑃𝐼(𝑠) = 𝐾𝑝 +
𝐾𝑖

𝑠
 =  

𝑠𝐾𝑝 + 𝐾𝑖

𝑠
 

(3-63) 

Where 𝐾𝑃 is the proportional gain and 𝐾𝐼 is the integral gain of 

the PI controller 

Then, the open loop transfer function can be expressed as: 

 
𝐺𝑜𝑙(𝑠) =

𝑏(𝑠𝐾𝑝 + 𝐾𝑖)

𝑠2 + 𝑎𝑠
  (3-64) 

 The closed loop transfer function is also given as: 

 
𝑇(𝑠) =

𝑏(𝑠𝐾𝑝 + 𝐾𝑖)

𝑠2 + 𝑠(𝑎 + 𝑏𝐾𝑝) + 𝑏𝐾𝑖

 (3-65) 

The PI controller gains are designed by comparing the 

denominator of (4.76) and the denominator of the second order 

system which is given in equation (3-66):  

 
𝜔𝑛

2

𝑠2 + (2𝜁𝜔𝑛)𝑠 + 𝜔𝑛
2
 (3-66) 

For a specified damping coefficient ()and natural system 

frequency (n), the gains are calculated as: 

 
𝐾𝑝 =

2𝜁𝜔𝑛 − 𝑎

𝑏
 (3-67) 

and 
𝐾𝑖 =

𝜔𝑛
2

𝑏
 (3-68) 

Due to the zero that exist in the nominator of equation (3-65), 

so the response of equation (3-65) will not be as the response of 

equation (3-66). Thus the PI gains calculated from equation (3-67) 
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and equation (3-68) will not give the desired dynamic response. 

However, it will give close values to the optimal solution, which can 

be tuned using iterative methods, taking the values calculated from 

(3-67) and (3-68) as initial values.  

To validate the performance of the designed SRF-PI controller, 

a simulation study was carried out using Matlab/Simulink. In this 

simulation, a controlled voltage source was used instead of voltage 

source inverter and a reference current was applied to the current 

controller. Different current reference waveforms were used in the 

simulation to check the controller capability to track the fundamental 

and harmonics current components. Figure 3-26 shows the 

simulation results for SRF-PI controller for four cases, only the 

fundamental current, only the fifth harmonic, only seventh harmonic 

and distorted waveform combining fundamental and fifth and 

seventh harmonics (10% amplitude from the fundamental) for 

design values of  𝐾𝑝 = 15 and 𝐾𝐼 = 2400. 
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As can be seen from Figure 3-26 (a) the generated current by 

the AFP follows the reference current waveform with high accuracy, 

but in the other subfigures (b), (c) and (d) the generated current 

didn’t match the reference current due to the existence of 

harmonics. 

SRF-PI controller gives a good dynamic response for the 

fundamental but with reduced tracking performance for higher 

harmonics components. Advanced controllers have been proposed 

to overcome these drawbacks, such as dual current control scheme 

in case of unbalanced voltage [74], where two synchronous 

reference frame are used, the first for the positive sequence and 

 

Figure 3-26 the simulation results for SRF-PI controller for 

different current references  
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second for the negative sequence. In distorted voltage source a 

multiple synchronous reference frames are proposed in [75], where 

the author propose synchronous reference frame for each harmonic. 

However, this will increase the computation burden of the controller. 

As a consequence a proportional resonant current controller (PR) has 

gained more interest in regulating AC reference currents due to high 

tracking accuracy.      

3.7.3 Proportional Resonant Current Controller (PR) 

Proportional resonant controllers (PR) are implemented in 

stationary reference frame and has superior response to sinusoidal 

reference waveforms. PR is an interesting alternative to the 

conventional SRF-PI controller [76, 77]. The PR controller has an 

infinite gain at the resonant frequency thereby the steady state error 

can be eliminated at this particular frequency.  

The PR controller transfer function in the stationary reference 

frame is equivalent to the transformed PI current controller transfer 

function from synchronous reference frame to the stationary 

reference (using the formula in equation (3-69)). Therefore, the PR 

in the stationary frame  transfer will provide the same frequency 

response of the SRF-PI,  [78, 79]. 

 𝐺𝑐_𝑃𝑅 =
1

2
{𝐺𝑐_𝑃𝐼(𝑠 − 𝑗𝑤) + 𝐺𝑐_𝑃𝐼(𝑠 + 𝑗𝑤)} (3-69) 

From equation (3-63) and equation (3-69), the transfer function 

of the ideal PR current controller is given in equation (3-70). 

 𝐺𝑐_𝑃𝑅 = 𝐾𝑝 + 𝐾𝑟

𝑠

𝑠2 + 𝜔2
 (3-70) 
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Where 𝑘𝑝 is the proportional gain and 𝑘𝑟 the resonant gain and 

they are the same PI controller parameters 𝐾𝑝 and 𝐾𝑖 respectively. 

𝜔 is the resonant frequency where the PR gain becomes infinity. The 

Bode blot of ideal PR current controller for 𝐾𝑝 = 1  and 𝐾𝑟 = 40 is 

shown in Figure 3-27, as can be seen from the figure it has infinite 

gain at the resonant frequency (2π×50) and this infinite gain might 

leads to instability.  

To overcome the stability problems related to infinite gain, non-

ideal PR current controller can be used [80]. The non-ideal PR 

controller has finite gain and its transfer function can be deduced by 

applying equation (3-69) on a low pass filter which has a transfer 

function as given in equation (3-71), [81]. 

 𝐺𝑐_𝑃𝑅 =
1

1 +
𝑠
𝜔𝑐

 (3-71) 

 

Figure 3-27 Bode blot of ideal PR current controller  
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Where 𝜔𝑐 is the cut-off frequency. The equation that result from 

the transformation is given in the following equation, where the 

controller parameters  𝐾𝑝 and 𝐾𝑟 added to the equation. 

 𝐺𝑐_𝑃𝑅 = 𝐾𝑝 +
2𝐾𝑟𝜔𝑐𝑠

𝑠2 + 2𝜔𝑐𝑠 + 𝜔2
 (3-72) 

𝜔𝑐helps reducing the controller sensitivity, higher values for 𝜔𝑐 

giver a wider resonant peak. In [81], authors claimed that the value 

of  𝜔𝑐 that gives a good performance should be between 5 to 15 

rad/sec. Figure 3-28 shows the Bode plot for a non-ideal PR current 

controller for 𝐾𝑝 = 1 and 𝐾𝑟 = 1 and different values for 𝜔𝑐. 

As can be seen from Figure 3-28, by reducing the value of 𝜔𝑐, 

the resonant beak become wider and decrease the sensitivity of the 

controller. 

 

Figure 3-28 Bode blot of non-ideal PR current controller 

with different 𝝎𝒄  



Chapter -3 Active Power Filters 

110 

 

In addition, for multiple frequency compensation, a several 

selective harmonic compensation (HC) can be done. Each harmonic 

compensator is tuned for a single harmonic component. For example 

the transfer function of a non-ideal HC designed to compensate the 

5th, 7th, 11th, 13th, 17th, 19th, 23rd and 25th are given as:  

 𝐺𝑐_𝐻𝐶 = ∑
2𝐾𝑟ℎ𝜔𝑐𝑠

𝑠2 + 2𝜔𝑐𝑠 + (ℎ𝜔)2

ℎ=5,7,11,13,17,19,23,25

 (3-73) 

  The total transfer function of the non-ideal PR+HC is given in 

equation (3-74). The block diagram of the controller is shown in 

Figure 3-29. 

 𝐺𝑐_𝑃𝑅+𝐻𝐶 = 𝐾𝑝 + ∑
2𝐾𝑟ℎ𝜔𝑐𝑠

𝑠2 + 2𝜔𝑐𝑠 + (ℎ𝜔)2

ℎ=1,5,7,11,13,17,19,23,25

 (3-74) 

 

The neutral leg reference voltage is calculated from equation 

(3-75)  

 𝑣𝑛
∗ = −3 ∗ (𝑣𝑎

∗ + 𝑣𝑏
∗ + 𝑣𝑐

∗) (3-75) 
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The Bode plot of non-ideal PR+HC for 𝐾𝑝 = 1 , 𝐾𝑟ℎ = 1 and 𝜔𝑐 = 7 

rad/sec is shown in Figure 3-30. As can be seen from the figure, 

each harmonic has a resonant peak with zero degree phase shift 

making the gain higher.  

 

Figure 3-29 Block diagram of PR+HC controller  
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To investigate the performance of the PR+HC current controller, 

a Matlab/Simulink simulation was carried out. The current controller 

consists of a non-ideal PR controller with a cut-off frequency  𝜔𝑐 = 7 

rad/sec and a HC for the 5th, 7th, 11th, 13th, 17th, 19th, 23rd and 25th 

harmonics. Figure 3-31 shows the simulation results for PR+HC 

controller for four cases, the fundamental current, only fifth 

harmonic, only seventh harmonic and a combination from the 

fundamental, and all the harmonics with 10% in amplitude from the 

fundamental. The controller gains used are 𝐾𝑝 = 15 , and 𝐾𝑟 = 2400 

and 𝐾𝑟ℎ = 2500. As can be seen from the figure, the PR+HC current 

controller tracked all the harmonics with good match to the 

reference current and better performance in comparison to the SRF-

PI current controller.  

 

Figure 3-30 Bode blot of non-ideal PR+HC current 

controller  
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A significant  advantage of the PR+HC controller,  the dynamics 

of fundamental PR controller are not affected by the added HC 

controllers, where each harmonic compensator (HC) only 

compensate close to the tuned resonant frequency [80].  

This section presented a three type of current controller, one 

nonlinear current controller and two linear current controllers. The 

nonlinear current controller is simple in construction but it has 

variable switching frequency. The PI current controller has superior 

performance in DC- signals, but in sinusoidal signal it gives high 

steady state error and unable to track the signal. The non-ideal 

 

Figure 3-31 the simulation results for PR+HC controller for 

different current references  
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PR+HC current controller has a high performance in tracking 

sinusoidal current reference and able to compensate low order 

harmonics. 

There are many other control methods in the literatures used to 

control the AFP current such as, Dead Beat controller, wavelet 

control, sliding mode control, delta-sigma modulation vector control, 

SFX control, repetitive control etc. [82]. 

 Modulation technique 

After reference voltages have been calculated, these voltages 

can be generated at APF terminal by using PWM technique. Figure-

3-32 shows the block diagram of this technique. In this scheme, the 

reference voltages are compared with the triangular carrier signals 

by using the limit comparators to generate the switching pulses for 

APF switches. 

 

Figure-3-32: The block diagram of carrier-based PWM current 

control 
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The principle of the carrier-based PWM current control is 

illustrated in Figure-3-33. For example in phase a, if the reference 

voltage (𝑣𝑓𝑎
∗ ) is greater than the triangular carrier voltage (𝑣𝑡𝑟) then 

the comparator output is 1 (S1=1, S2=0). In the other hand, If (𝑣𝑓𝑎
∗ ) 

is less than (𝑣𝑡𝑟) then the comparator output is 0 (S1=0, S2=1). 

The switching frequency of this technique is constant and it is 

equal to the frequency of triangular carrier (𝑓𝑡𝑟) signal. 

 

 DC-link Voltage Control 

The DC-link voltage controller function is to regulate the voltage 

of the capacitor of the APF DC-link at a specific value. The voltage 

of the DC-link capacitor is measured and compared to a reference 

value, and then the error is passed through a PI controller to produce 

the current reference of the DC-link regulator. The output current of 

the PI controller is the direct axis reference current ( 𝐼𝑑𝐷𝐶−𝑙𝑖𝑛𝑘
). This 

current converted to  domain then added to the APF reference 

current. Figure-3-34 shows the block diagram of the DC-link voltage 

controller. 

 

Figure-3-33: The basic concept of carrier-based PWM current 

control 
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 To design the PI of the DC-link voltage regulator, the system 

control plant transfer function should be derived first. By assuming 

converter losses equal to zero, the DC link current 𝐼𝐷𝐶   can be 

derived from the power balance of the APF converter. Hence, 

 
𝑉𝐷𝐶𝐼𝐷𝐶 =

3

2
(𝑉𝑑𝑓𝐼𝑑𝑓 + 𝑉𝑞𝑓𝐼𝑞𝑓) (3-76) 

Where 𝑉𝑑𝑓 and 𝑉𝑞𝑓 are the output voltages of the converter in 

SRF, 𝐼𝑑𝑓 and 𝐼𝑞𝑓 are the output currents of the converter in SRF. 

From equation (3-76) the DC-link current  𝐼𝐷𝐶  is given by: 

 

Figure-3-34: The block diagram of the DC-link voltage controller 

 

Figure 3-35 DC-link regulator and the transfer function derivation 
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𝐼𝐷𝐶 =

3
2

(𝑉𝑑𝑓𝐼𝑑𝑓 + 𝑉𝑞𝑓𝐼𝑞𝑓)

𝑉𝐷𝐶
 (3-77) 

Because the synchroniser aligns 𝑉𝑑 with the grid voltage vector 

and makes 𝑉𝑞 equal to zero, the equation (3-77) can be simplified 

as: 

 
𝐼𝐷𝐶 =

3𝑉𝑑𝑓𝐼𝑑𝑓

2𝑉𝐷𝐶
 (3-78) 

The relationship between 𝑉𝐷𝐶  and 𝐼𝐷𝐶   and the plan transfer 

function for DC-link voltage control are given in (3-79) 

 𝐼𝐷𝐶 = 𝐶
𝑑𝑉𝐷𝐶

𝑑𝑡
 

(3-79)  𝐼𝐷𝐶(𝑆) = 𝐶𝑆𝑉𝐷𝐶(𝑆) 

 
𝑉𝐷𝐶(𝑆)

𝐼𝐷𝐶(𝑆)
=

1

𝐶𝑆
 

Figure 3-36 shows the control block diagram of the DC-link 

voltage controller 

The parameters of PI controller of voltage control loop can be 

calculated by taking into consideration that voltage control loop 

 

Figure 3-36 Block diagram for DC-link voltage control circuit 
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dynamic response (outer loop) should be slower than the inner 

current control loop. 

 Passive Elements Design: 

The passive elements in the APF circuit are interface filter, which 

couples the APF with the grid at the PCC, to minimize the injected 

switching harmonics to the system, and the DC link capacitor. The 

interface filter of the converter could be L-filter [83], LC-filter [84-

86] or LCL-filter [87, 88]. LCL-filter has better performance and 

gives smoother output current. However, the parameter design of 

LCL filter is more complex and might cause a resonant frequency 

with the gird. So for simplicity in construction and control [89] , L-

filter is adopted in this thesis for interfacing the APF converter to the 

PCC. This section calculates the size of the main passive elements 

of the APF, which are the filter inductance and the DC-link capacitor. 

3.10.1 Filter Inductance 

Calculation of the interface L-filter inductance depends on many 

factors such as, converter topology, modulation strategy and 

maximum allowed current ripples. The current ripples is defined as 

the maximum difference between the output filter current and its 

reference current in a switching period [90], the minimum value of 

the interface inductance that gives maximum current ripple 𝐼𝑟𝑖𝑝𝑝𝑙𝑒 

given as:  

 
𝐿𝑚𝑖𝑛 = 

𝑉𝐷𝐶

8  𝑓𝑠 𝐼𝑟𝑖𝑝𝑝𝑙𝑒
 (3-80) 

Where  𝑓𝑠 is the frequency of the carrier signal and equal to(  𝑓𝑠 =

1 𝑇𝑠⁄ ). ( see Appendix- for more details) 
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There are other methods to calculate the inductance of L-filter 

as reported in [91]. The author of [90] compared the performance 

of an APF with L-filter designed with using equation (3-80) and other 

three method given in equation (3-81) [83], equation (3-82) [92] 

and  equation (3-83) [93], and they claimed that the performance 

of the APF with L-filter designed using equation (3-80) has a better 

accuracy and in general more applicable in designing the interface 

L-filter.  

 
𝐿 ≥

3

16
 
𝑉𝐷𝐶

𝑓𝑠∆𝐼𝑟
 (3-81) 

 
𝐿 >  

𝑉𝐷𝐶

6𝑓𝑠∆𝐼𝑟
 (3-82) 

 ∆𝑉

𝜔1𝐼𝑐_𝑚𝑎𝑥
≤ 𝐿 ≤  

∆𝑉𝑚𝑎𝑥

4𝑓𝑠∆𝐼𝑟
 (3-83) 

Where ∆𝑉 is the difference between the source voltage and the 

inverter voltage ∆𝑉 = |𝑉𝑓𝑖𝑙𝑡𝑒𝑟 − 𝑉𝑠𝑜𝑢𝑟𝑐𝑒| , ∆𝑉𝑚𝑎𝑥 = (𝑉𝑠 + 0.5𝑉𝐷𝐶) , 𝜔1  is 

source frequency and 𝐼𝑐_𝑚𝑎𝑥 is the maximum filter current.  

In practice, for current ripple 15% to 20%  of the rated current 

is acceptable [86] to meet the harmonics standard [18]. For 

switching frequency of 10kHz, the maximum filter current 33.6A and 

the DC-link voltage is 730 V, according to equation (3-80) the 

minimum inductance tom meet 15% current ripple is 3.6 mH. 

3.10.2 DC-link Capacitor 

The design of energy-storage capacitor can be based on either 

the required energy stored in the capacitor using energy balance 

concept or reducing the oscillation in DC-link voltage due to the low 

order harmonic or unbalance lodging [91]. The DC-link capacitor 
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sizing was based  on the work of the authors in [91] and can be 

calculated using equation (3-84). 

 
𝐶𝐷𝐶 = 

𝜋𝐼𝑓1𝑟𝑎𝑡𝑒𝑑

√3  𝜔 𝑉𝐷𝐶𝑝−𝑝(max )

 (3-84) 

Where 𝜋𝐼𝑓1𝑟𝑎𝑡𝑒𝑑 is the APF rated current (30% of the proposed 

generator current), 𝜔  is the rated frequency in rad/sec, and 

𝑉𝐷𝐶𝑝−𝑝(max ) is the maximum allowed DC-link voltage.  

For   𝑉𝐷𝐶𝑝−𝑝(max ) 5% of the DC-link voltage, the capacitance of the 

DC-link capacitor is 5 mF. 

 

 APF Design Validation 

A Matlab Simlink simulation was done to test all the shunt APF 

system. The simulation was harmonic compensation of a nonlinear 

load connected to a generator. The nonlinear load was three-leg 

diode rectifier connected to RL-load (R=9 Ω and L=5.5 mH). The  

shunt APF switched on at t=1 sec. The simulation results are shown 

in Figure 3-37, as can be seen from the figure when the shunt APF 

switched on compensate the nonlinear load harmonic and 

significantly reduce the THD in generator current from 25.4% to just 

about 4%.  



Chapter -3 Active Power Filters 

121 

 

 

Figure 3-38 shows the fast Fourier analysis (FFT) for the 

generator current, as can be seen from the figure all the harmonics 

are significantly reduced.   

 

Figure 3-37 APF system test with nonlinear load 
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 Conclusion 

This chapter presented the active power filters (APFs) 

configuration and control, started with an introduction about APFs 

followed by the filter topologies in three-phase four-wire systems 

and shunt active power filter and series active power filter 

configurations. In section 3.43.5 three synchronisation methods 

were presented and the DSOGI-PLL was proven to be most suitable 

choice for unbalanced and distorted voltage, so this method is 

adopted in APF synchronisation in this thesis. Section 3.6 presented 

the most two widely used APF waveform reference generation 

techniques, where synchronous reference d-q method was chosen 

in this research because the simplicity and robustness to source 

voltage distortion. Current control techniques were reviewed in 

section 3.7, the PR+HC has shown better performance in sinusoidal 

reference current tracking, so it has been used in this research. The 

APF DC-link voltage controller were presented and designed in 

section 3.8 respectively. section 3.10 presented the APF passive 

element design where the interface L-filter inductance and the DC-

 

Figure 3-38 FFT Analysis for generator current 
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link capacitor capacitance values were calculated for the APF circuit 

configuration used in this thesis. Finally, a validation of the shunt 

APF design was presented in section 3.11. 

To conclude the specification of the shunt APF filter developed and 

discussed in this chapter is shown in Table 3-2: 

Table 3-2 The specification of the shunt APF filter 

No. Description Type/Value 

1 Topology four-leg inverter 

2 Synchronisation method DSOGI-PLL 

3 Reference current 

generation 

synchronous reference d-q 

method 

4 Interface filter 4.2mH 

5 DC-link capacitance 5 mF 

6 DC-link voltage 730 

7 Switching frequency 10kHz 

 

In addition the specification of the series APF filter developed and 

discussed in this chapter is Table 3-3: 

Table 3-3 The specification of the series APF filter 

No. Description Type/Value 

1 Topology Three-leg inverter 

2 Synchronisation method DSOGI-PLL 

3 Reference current 

generation 

synchronous reference d-q 

method 

4 Interface filter 4.2mH 

5 DC-link voltage 730 

6 Switching frequency 10kHz 
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Chapter-4  Synchronous Generator 

Power Quality Improvements 
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 Synchronous Generator Power 

Quality Improvements 

 

In this chapter, the application of (APFs) with the proposed 

synchronous generator are presented. Where in the first section a 

general description of the proposed system is presented. Then the 

operation of each individual filter is investigated. For shunt filter 

(section 4.2), linear load power quality improvement is presented in 

section 4.2.1 and current harmonics compensation on nonlinear load 

is discussed in section 4.2.2. Generator load balancing and nonlinear 

load harmonic compensation are discussed in section 4.2.3. For 

series active filter for a linear load is presented in section 4.3. The 

operation of all proposed system is investigated in section 4.3.34.4. 

Finally, the conclusion of the chapter is presented in section 4.5 

 System Configuration 

The proposed system is a three-phase four wire system 

consisting of a simplified synchronous generator (SSG), four leg 

shunt active power filter (APF), three leg series active  filter, 

interface L-filter and a different kind of load, which may be linear or 

nonlinear, and balanced or unbalanced as shown in Figure 4-1. The 

proposed generator model is as presented in section 2.4 and the APF 

configuration and control is as discussed in Chapter-3. 

Three different kind of load will be presented in the following 

sections. In the two first simulations the APF is used to compensate 

the system harmonics, and in the last simulation the APF is used to 

compensate system harmonics and balance the proposed generator 

currents. 
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 Shunt Active Filter: 

4.2.1 Output Power Quality Improvements of Synchronous 

Generator with Linear Load 

The output current of the SSG contains harmonics, and when a 

linear load is connected, the load should be supplied with good power 

quality, thus the first application of the APF with the simplified 

synchronous generator, which is presented in this section, is 

suppling a linear load with good power quality. In this simulation, a 

three-phase resistive load (35 kW, about 50% of the generator 

loading) is connected to the generator at the point of the common 

coupling (PCC) where the APF was connected as shown the Figure 

4-2. In this kind of load the APF should absorb the harmonics that 

exist in the generator current leaving just the fundamental 

waveform current supplied to the load. 

Synchronous 

Generator

Four legs shunt 
active filter

Fliter

PCC

Non-linear
Load

R
L

Linear
Load

Three legs series  
active filter

Fliter

 

Figure 4-1 Block diagram of the proposed system 
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4.2.1.1 Compensation Procedure: 

The operation principle of the compensation method can be 

described as follows: 

1- Sensing the generation voltage at the PCC and calculating 

the phase angle of the voltage vector by using DSOGI as 

discussed in section 3.5.3. 

2- Sensing the generator current and calculating the reference 

current by using synchronous reference (d-q) method as 

explained in section3.6.2. 

3- Generating the reference voltage which required to absorb 

the reference current from the PCC point. A proportional 

resonant controller was used to generate the reverence 

voltage as discussed in section 3.7.3. 

4-  A PI controller was used to maintain the DC-link voltage at 

constant value (730 V) as explained in section 3.8. 

 

All the compensation steps that were discussed in chapter-3 

were coded in Matlab script code in Matlab function in the Simulink 

simulation which shown in Figure 4-2, the Matlab code is given in 

Appendix .  

The simulation was started with the APF was turned off leaving 

the generator current reaching a steady state. At t=2.0 sec the APF 

was turned on and worked as expected. 
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4.2.1.2 Simulation Results: 

The simulation results are shown in Figure 4-3, after enabling 

the APF, the APF absorbed the harmonics from generator current 

and let just the fundamental current to reach to the load, in this case 

the APF works as high pass filter. The total harmonic distortion in 

the load current (THD) is reduced from 4.5% to around 2.1% and 

this is within IEEE Std 519 limits which given in Table 1-1. 

 

Figure 4-2 Simulation circuit for balanced linear load 
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4.2.2 Current Harmonics Compensation of Nonlinear Loads 

In this case the load is nonlinear, so the focus will be on the 

generator currents, thus the second application of the APF with the 

simplified synchronous generator which is presented in this section, 

is mitigating the harmonics in the proposed generator currents. In 

this simulation, a three-phase diode bridge and RL load (R=9.2 Ω 

and L=5.5 mH) (about 35 KW) was connected to the SSG  to 

represent the nonlinear load as can be seen in Figure 4-4.  

 

Figure 4-3 simulation results for harmonic compensation for 
balanced linear load (a) generator and load currents before enabling 

the APF (b) load currents after enabling the APF (c) the APF currents 
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In this kind of load the APF should supply the nonlinear load 

harmonics that exist in the load current leaving just the fundamental 

waveform current supplied by the proposed generator. 

4.2.2.1 Compensation Procedure: 

The operating principle of the compensation method is this 

simulation can be described as follows: 

1- Sensing the generation voltage at the PCC and calculating 

the phase angle of the voltage vector by using DSOGI as 

discussed in section 3.5.3. 

2- Sensing the nonlinear load current and calculating the 

reference current by using synchronous reference (d-q) 

method as explained in section3.6.2. 

3- Generating the reference voltage which required to inject the 

reference current, the nonlinear load harmonics, into the PCC 

point. A proportional resonant controller was used to 

generate the reverence voltage as discussed in section 3.7.3. 

4-  A PI controller was used to maintain the DC-link voltage at 

constant value (730 V) as explained in section 3.8 

 

The simulation was started with the APF was turned off leaving 

the generator current reaching a steady state. At t=2.0 sec the APF 

was turned on and did its job as expected and compensated the 

nonlinear load harmonics. 



Chapter-4 Synchronous Generator Power Quality Improvements                                          

131 

 

4.2.2.2 Simulation Results: 

The simulation results are shown in Figure 4-5. When the APF 

was switched on, the APF supplied the nonlinear load harmonics 

leaving the proposed generator supplying the fundamental current. 

The THD in the generator current decreased from 22.3% before 

enabling the APF and to 3.43% after enabling it. Again the APF 

worked as expected and calculated the nonlinear load harmonics and 

injected them at the PCC point. Figure 4-5 shows the generator, the 

load and the filter before and after the compensation. 

 

Figure 4-4 Simulation circuit for balanced nonlinear load 
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4.2.3 Synchronous Generator Load Balancing 

Due to the unbalance caused by single-phase loads in the 

generator current, the APF in this section is used to balance the 

generator currents and to compensate for the harmonics in these 

currents.  

There are two types of unbalance considered in this section, the 

first one is where the sum of the three phase currents is zero (Just 

negative sequence components) i.e. the neutral point is not 

connected. In the second type, the sum of the three phase current 

 

Figure 4-5 Simulation results for balanced nonlinear load (a) 

generator and load currents before enabling the APF (b) generator 

currents after enabling the APF (c) the APF currents 
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is not zero i.e. there is a current in the neutral wire (negative and 

zero sequence components). 

4.2.3.1 Compensation Procedure: 

The operation principle of the compensation method is this 

section can be described as the same as in subsection 4.2.2.1. 

4.2.3.2 Simulation Results 

The simulations were done for both types of unbalanced loading. 

In both cases the simulation was started with the APF turned off. At 

t=2.0 sec the APF was turned on to compensate the nonlinear load 

harmonics and balance the generator currents. 

4.2.3.2.1 Unbalanced Non-Linear Load with Only Negative Sequence 

Components (Type-1): 

To simulate the first type of unbalance, (only negative 

sequence), a nonlinear load (full bridge diode rectifier) is added to 

the circuit which shown in Figure 4-4 and connected between phase-

A and phase-B feeding a RL load . The RL load was L = 5.5 mH and 

R = 27 Ω as shown in  Figure 4-6. 
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The simulation results are shown in Figure 4-7, as can be seen 

from the figure, when the APF is enabled, the APF is supplied the 

nonlinear load harmonics currents and balanced the proposed 

generator currents. The THD significantly improved. For example, 

the THD in phase-C drops from 20.1% to 3.8%. Table 4-1 

summarises the THD and the current values of the system before 

and after enabling the APF. 

 

Figure 4-6 Simulation circuit for type-1 of unbalanced nonlinear 

load  
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As can be summarised from the Table 4-1 the APF mitigated the 

harmonics in the generator current and balanced them. At the load 

side the highest difference between the three phase currents is the 

difference between the phase-A current (highest current) and the 

phase-C current (lowest current), where the phase-A current is 

bigger than phase-C by 27.39%, while in the generator side the APF 

maintained the difference between the phase current to maximum 

3.21 % 

 

 

 

Table 4-1 The simulation results for the THD and currents values 

before and after enabling the APF for unbalanced nonlinear load with 

just negative sequence 

 

 

Before enabling 

the APF 
After enabling the APF 

load/generator Load Generator 

THD % Amp THD % Amp THD % Amp 

Phase-A 14.6 57.6 20.3 60.0 3.7 54.6 

Phase-B 15.4 56.5 19.7 58.9 3.3 52.9 

Phase-C 20.1 45.4 25.5 47.1 3.8 53.7 
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4.2.3.2.2  Unbalanced Non-Linear Load with Negative and Zero Sequence 

Components (type-2): 

To simulate this type of unbalance a full bridge diode rectifier 

was connected between phase A and the fourth leg of the converter 

(APF neutral leg) instead of phase-B in Figure 4-6, As shown in 

Figure 4-8.  

 

Figure 4-7 System currents after enabling the APF with nonlinear 

and unbalanced load type-1 
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The simulation results are shown in Figure 4-9. As can be seen 

from the figure, when the APF is enabled it supplied the nonlinear 

load harmonic currents and the single-phase load. In addition, it 

maintained the proposed generator current balanced. The THD was 

significantly improved, as can be seen from Figure 4-9 the APF 

decreased THD in the generator current from 22.3% to 3.65% and 

supplied the single phase load (connected between the phase-A and 

the neutral leg of the APF) when it was enabled. 

 

Figure 4-8 Simulation circuit for type-2 of unbalanced nonlinear 

load 
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Table 4-2 summarises the THD and the current values of the 

system (nonlinear unbalanced load type-2) before and after enabling 

the APF. 

 

Figure 4-9 System currents after enabling the APF with nonlinear 

and unbalanced load type-2 
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As can be concluded from the Table 4-2 the APF supplied the 

single-phase load and kept the generator current balanced where in 

load side the phase-A current (highest current) is higher than phase-

B current (lowest current) by 11.63%, while in the generator side 

the APF maintained this difference to just 1.96 % 

 Series Active Filter: 

This filter is connected in series with the generating windings. 

To compare the operation of the active series filter with the proposed 

generator and the proposed generator alone in one simulation, a 

switch installed between the series filter and the generating 

windings. In the beginning of the simulation the switch is ON and 

the filter is OFF, at the desired time the situation is reversed (i.e. 

switch OFF and filter ON). In simulation the DC-link of voltage of the 

active filter was fed by a DC voltage source as shown in Figure 4-10. 

Figure 4-10 shows the different component of active series filter 

such as the inverter power module, the controller module and 

voltage sensors which send the feedback signals to the control 

module. It also shows how the active series filter connected to the 

proposed generator. 

Table 4-2 The simulation results for the THD and currents values 

before and after enabling the APF for unbalanced nonlinear load type-2 

 

 

Before enabling 

the APF 
After enabling the APF 

load/generator Load Generator 

THD % Amp THD % Amp THD % Amp 

Phase-A 22.3 44.92 23.4 53.29 3.96 50.55 

Phase-B 22.3 44.86 25.3 47.74 2.71 49.58 

Phase-C 22.3 44.82 25.3 47.88 3.56 50.54 
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4.3.1 Control Method of Series Active Filter 

The control method of the Series Active Filter (SAF) is shown in 

the schematic diagram Figure 4-11, and explained as follows: 

1. Sensing the generator winding voltages as a feedback signal 

to the control module helps to calculate the phase angle of the 

voltage space vector (by using DSOGI as discussed in section 

3.5.3). 

2. Starting from the measured voltage signals in the abc 

reference frame and the computed angle derived in point 1, 

the Park’s transformation can be applied and the 

representation of the measured voltages in the d-q rotating 

reference frame can be achieved, as shown in the schematic 

diagram. 

3. The d-q signals represent both, fundamental and undesired 

harmonics components of the measured winding voltages. The 

main idea behind the series active filter is to generate these 

V
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Power module
Three-phase 

load
Phase-A stator 

winding
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winding

Phase-B stator 
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Figure 4-10 Series active filter simulation circuit 
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undesired harmonic signals in the opposite phase to the 

original waveforms to cancel them. 

Therefore, in the control module, a Low Pass Filter (LPF) has 

been used to separate the fundamental from the undesired 

harmonics of the d-q voltage signals.  

 𝑉𝑎𝑏𝑐−𝑓𝑖𝑙𝑡𝑒𝑟 = 𝑉𝑎𝑏𝑐_𝑟𝑎𝑡𝑒𝑑𝑓 − 𝑉𝑎𝑏𝑐_𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (4-1) 

4. Then, the inverted undesired harmonics signals are used as 

reference signals to the Pulse-Width Modulation (PWM) 

algorithm. The control module then computes the switching 

pattern that used to drive the power module switches (IGBTs) 

of the ASF inverter.
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Figure 4-11 Block diagram showing control method of the series ASF 
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The simulation were done for two different types of loads, linear 

load and nonlinear load during the simulation generator output 

voltage an current were saved and analysed. The following two 

section a detailed discussion about the simulation for both kind of 

loads. 

4.3.2 Output Power Quality Improvements of Synchronous 

Generator with Linear Load 

A linear resistive load connected to the proposed generator, the 

load was (35 kW and nominal phase to phase voltage 415 V). To 

simplify the simulation, the active series filter was implemented by 

three controlled voltage sources fed by the reference voltage in all 

active series filter simulations.  

4.3.2.1 Compensation Procedure: 

The simulation was started with no series active filter, at t=3.0 

sec, the series active filter switched ON and connected in series with 

the generator windings. The simulation results are shown in Figure 

4-12. 

As can be seen from the figure the series active filter switched 

ON improved the output voltage (regulated the output voltage and 

compensate its harmonics) of the proposed generator and because 

the connected load is linear the output current of the generator also 

improved. The THD in the proposed generator voltages dropped 

from 2% to 0.3%. 

As a linear load is connect to the generator, the THD has a low 

value (2%), Although, this small value of the THD sees a further 

reduction by about 1.7% after connecting the ASF, as can be noted 

in Table 4-3. 
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Table 4-3 The Total Harmonic Distortion (THD) in the output 

voltage of the proposed generator feeding linear load 

 Without ASF With ASF 

THD% 2% 0.3% 

 

Figure 4-12 The Proposed Generator Output Voltage with and 

without Active Series Filter feeding Linear Load 
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4.3.3 Output Power Quality Improvements of Synchronous 

Generator with Nonlinear Load 

In this simulation a nonlinear load (three phase diode bridge 

rectifier with RL load, R=6  , L=15 mH). The simulation started 

with unloaded generator scenario to capture the back EMF harmonic 

distortion. Then, at t=3 the nonlinear has been connected to the 

generator. At time t=6 sec the active series filter was connected to 

in series with the generator windings to compensate both back EMF 

harmonics and nonlinear load harmonics. 

4.3.3.1 Compensation Procedure: 

The operating principle of the compensation method is the as 

presented in the subsection 4.3.2.1 

The simulation result is shown in Figure 4-13. As can be seen 

from the figure, connecting the nonlinear load to the generator, the 

harmonic content of the voltage waveforms is higher than those of 

the unloaded generator as shown in Figure 4-13 (a) and (b). The 

series active filter has improved the output voltage of the proposed 

synchronous generator, as shown in Figure 4-13 (c). The THD in the 

output voltage of the proposed generator dramatically decreased 

from 30.2% to 4.8%. 

From the simulation results, the series active filter has improved 

the output power quality (current and voltage waveforms in the 

same time) of the proposed generator in case of linear load was 

connected to the generator. However in case on nonlinear load the 

series active filter just compensate the harmonic in the generator 

voltages. 

The THD in the generator running without connecting the load 

has a low value (5.3%), as reported in Table 4-4. This is due to the 
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generator design (space/spatial harmonics). Connecting the non-

linear load adds more harmonics (time harmonics) due to the high 

harmonic content of the current, and this increases the THD to 

30.2%. The ASF significantly reduced the THD from 30.2% to 4.8% 

after connected it to the generator. 

 

Table 4-4 The Total Harmonic Distortion (THD) in the 
output voltage in the proposed generator feeding non-

linear load for different operation condition 

 Without ASF With ASF 

 
Unloaded 

generator 

Loaded 

generator 

Loaded 

generator 

THD 5.3% 30.2% 4.8 % 

 

From table 4-3 and table 4-4, it can be noted that the THD of 

unloaded generator (5.3%) is higher than that of the loaded 

generator (2%). This is because the THD has inverse relationship 

with the generator loading. 

Furthermore, several simulations have been done in my model 

for different values of the resistive load, and these values was 

percentage from the original value for the loaded generator 

(R=4.92) and THD has been calculated in each simulation and 

reported in the following table 
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Table 4-5 The THD of the output voltage of the proposed 

generator for different values of loading 

Load value 

() 
THD% Notes 

4.92*0.1 1.25%  

4.92 2% The case study for loaded generator 

4.92*50 4.7%  

4.92*100 5%  

4.92*1000 5.3% 

Very high load represent (open 

circuit). The case study for unloaded 

generator 

 

As can be seen from the table the THD in the loaded generator 

(R=4.92) output voltage was 2% and this value increase to 5.3% 

in the unloaded generator. 
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Therefore, to improve the output power quality of the proposed 

generator, the two proposed filters (shunt and series) must be 

connected with the proposed generator at the same time and work 

together to improve the output power quality of the proposed 

generator.  

 

Figure 4-13 The Proposed Generator Output Voltage with Active 

Series Filter feeding Nonlinear Load 
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 The Proposed Generator with Shunt and Series 

Active Filters Simulation: 

The effect of adding active power filters to the proposed 

generator has been presented in the previous two section. Where in 

section 4.2, the shunt active power filter was discussed, and the 

simulation results showed that the shunt filter improved the output 

current more than the output voltages especially in nonlinear load. 

While in section 4.3 the active series filter was introduced, and the 

simulation results showed that the active series filter improved the 

output voltage and of the proposed generator, however in nonlinear 

load did not improved the generator current. So the both filters 

should be operated at the same time with proposed generator to 

improve the output power quality of this generator. 

This section will present the effect of both filters connected to 

the proposed generator at same time as shown in Figure 4-1. 

4.4.1 Output Power Quality Improvements of the proposed 

Generator with Linear Load 

In addition to the simulation in section 0 a shunt active filter 

was connected to the system between the generator and the load, 

at simulation time t=3sec the both filter switched ON. And the result 

was saved and analysed. 

4.4.1.1 Compensation Procedure: 

For the series active filter the procedure was as described in 

section 4.3.2.1, for the shunt active filter the procedure was as 

described in section 4.2.2.1. The simulation results shown in Figure 

4-14 
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Figure 4-14 The Proposed Generator Output Voltage and Output 

current with both Filters for Linear Load 
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As showed in the figure the harmonic distortion in the output 

voltage of the proposed generator was decreased and the output 

current slightly improved. The THD in the generator voltage was 

decreased from 3% to 0.6% while the THD in the output current of 

the proposed generator dropped from 2% to 1.7%. 

As can noticed the in case of linear load, just series active filter 

has improved the output power quality of the proposed generator 

better than when there are the filter connected because the effect 

of the shunt filter.  

4.4.2 Output Power Quality Improvements of the proposed 

Generator with Nonlinear Load 

In addition to the simulation in section 4.3.3 a shunt active filter 

was connected to the system between the generator and the load, 

at simulation time t=3sec the both filter switched ON. And the result 

was saved and analysed 

4.4.2.1 Compensation Procedure: 

The operating principle of the compensation method is the as 

presented in the subsection 4.4.1.1 

The simulation result is shown in Figure 4-15. As can be seen 

from the figure the both filters have improved the output voltage 

and the output current of the proposed synchronous generator. The 

THD in the output voltage of the proposed generator dramatically 

decreased from 30.2% to just about 2%. 

Compared to section 4.3.3 where was just series active filter 

was used, when the shunt active filter was added the system, the 

output power quality of the proposed generator has dramatically 

improved.  



Chapter-4 Synchronous Generator Power Quality Improvements                                          

152 

 

It can be noted that the THD of the proposed generator voltage 

without connecting any active filter has a significant value (30.2%). 

From Table 4-6, it can be noted that the active series filter is more 

effective than the shunt active filter in reducing the THD of the 

generator winding voltage. Combining both active series and shunt 

filters together yields a further reduction in the THD of the generator 

winding voltage which reaches 2%, as reported in Table 4-6. 

Table 4-6 The Total Harmonic Distortion (THD) in the output 

voltage in the proposed generator feeding non-linear load for 

different Connected filters 

 Without 

Active 

Filter 

With Active Filter 

 Shunt Series 
Both (Shunt 

+ Series) 

THD 30.2% 21.7% 4.8% 2 % 
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Figure 4-15 The Proposed Generator Output Voltage with both 

Filters feeding Nonlinear Load 
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 Conclusion 

The effect of using an active power filters to compensate for the 

poor harmonic output of a simplified synchronous generator has 

been investigated.  The simulation results show that the APFs can 

be integrated with a simplified synchronous generator to provide an 

acceptable level of power quality (voltage and current) from a simple 

generator with a poor quality output waveform at the point of 

common coupling (PCC) for any kind of loads.  

This chapter presented the simulation for both active filters. For 

the shunt active power filter alone, balanced linear load, the THD in 

the load after enabling the shunt APF was 2.1% while without the 

shunt APF it was 4.5% as show in Figure 4-3 . In the second case, 

balanced nonlinear load, the shunt APF supplied the nonlinear load 

harmonics and reduced the THD in the generator current from 

22.3% before enabling the shunt APF and to 3.43% after enabling it 

as shown in Figure 4-5. Finally in the third case, unbalanced 

nonlinear load and this is done for the two types of unbalance 

loading, type-1 and type-2, in type-1 the shunt APF decreased the 

THD in the generator current from 20.1% to 3.8% (in phase-c) by 

supplying the nonlinear load harmonics, and balanced the generator 

currents as shown in Figure 4-7 and Table 4-1. In type-2 The THD 

was significantly improved, as can be seen from Figure 4-9 and Table 

4-2, the shunt APF decreased THD in the generator current from 

22.3% to 3.65% and supplied the single-phase load, in addition, it 

maintained the proposed generator currents balanced. For series 

active filter, in balanced linear load, the THD 

In addition, when the just series active filter was connected, in 

case of linear load, the THD in the proposed generator voltage and 

current decreased to 0.6% and 1.7% respectively. In the second 
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case, nonlinear load, the THD in the proposed generator voltage and 

current decreased to 2% and 3.5% respectively. 

  Finally, the simulation results were presented in this chapter 

showed that the active power filter can be used with simplified 

synchronous generator to improve the output power quality of the 

generator and balance the generator current for different kind of 

loads.
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Chapter-5  Dynamics performance 

Improvements of Synchronous Generator 

without Damper bars 
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 Dynamics Performance Improvements 

of Synchronous Generator without Damper Bars 

 

This chapter studies the dynamic effect of the APF on synchronous 

generator without damper. The APF is used to improve the dynamic 

response of a synchronous generator without damper bars when there is a 

sudden change in the generator loading. The chapter started with an 

introduction about the damper bars and their function in section 5.1. 

Section 5.2 studies the dynamic performance of synchronous generators 

with and without damper bars. Section 5.3 discusses the proposed control 

approach of APF for Dynamic performance Improvements of Synchronous 

Generator and section 5.4 presents simulation procedure and results. 

Finally, the conclusion of this chapter is given in section 5.5.   

 Introduction 

In the transient condition the current induced in the damper bars helps 

the generator to reach a steady state faster. When there is a sudden change 

in SG load, the SG speed will drift from the synchronous speed. This change 

in synchronous speed induces currents in the damper bar circuit and these 

currents produce torque, which acts to drive the rotor towards synchronous 

speed. When the SG does not have damper bars, sudden changes in load 

will cause more fluctuation in SG speed and load angle and can potentially 

lead to SG desynchronization with the grid and pullout of the system. To 

maintain a generator without damper bars stability, an active power filter 

is proposed to improve the dynamic stability of this generator and decrease 

speed fluctuation during a sudden change in the generator loading. 
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 Study of Dynamic Performance of Synchronous 

Generator with and without Damper Bars 

When there is a step change in generator loading, the rotor of the 

generator will accelerate or deaccelerate with respect to the synchronous 

rotating magnetic field, and relative motion will appear between them. This 

relative motion can be described by the swing equation. The following two 

subsections presented this equation in the two cases, with and without 

damper bars. 

5.2.1 Swing Equation without Damper Torque: 

When the damping and frictional torque are neglected, the 

electromechanical system equation in the synchronous machine during the 

disturbance  is given by equation (5-1) [38, 94]. 

 
𝑇𝑚 − 𝑇𝑒 = 𝐽 ×

𝑑2𝜃𝑚

𝑑𝑡2
 

(5-1) 

Where 𝑇𝑚 is the mechanical torque in N.m, 𝑇𝑒 is the electrical torque in 

N.m, 𝐽 is the total moment of inertia of the generator and the prime mover 

in kgm2 and 𝜃𝑚  is the angular displacement of the rotor to stationary 

reference axis on the stator in rad/sec. 

It is more convenient to use the torque angle (𝛿𝑚), which is the angle 

between the rotor position and the synchronous rotating reference frame 

rotating with angular constant velocity 𝜔𝑚𝑠 , and it is given by equation 

(5-2)  

 𝜃𝑚 = 𝛿𝑚 + 𝜔𝑠𝑚𝑡 (5-2) 

 
𝜔𝑚 =

𝑑𝜃𝑚

𝑑𝑡
=

𝑑𝛿𝑚

𝑑𝑡
+ 𝜔𝑚𝑠 

(5-3) 
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 𝑑2𝜃𝑚

𝑑𝑡2
=

𝑑2𝛿𝑚

𝑑𝑡2
 

(5-4) 

Equation (5-1) can be written as function of 𝛿𝑚as presented in equation 

(5-4) 

 
𝑇𝑚 − 𝑇𝑒 = 𝐽 ×

𝑑2𝛿𝑚

𝑑𝑡2
 

(5-5) 

 

By multiplying equation (5-5) by rotor mechanical speed 𝜔𝑚 (rad/sec) 

the following equations are extracted 

 

 
𝜔𝑚𝑇𝑚 − 𝜔𝑚𝑇𝑒 = 𝐽𝜔𝑚 ×

𝑑2𝛿𝑚

𝑑𝑡2
 

(5-6) 

 
𝑃𝑚 − 𝑃𝑒 = 𝐽𝜔𝑚 ×

𝑑2𝛿𝑚

𝑑𝑡2
 

(5-7) 

 
𝑃𝑚 − 𝑃𝑒 = 𝑀 ×

𝑑2𝛿𝑚

𝑑𝑡2
 

(5-8) 

Where 𝑀  is called the inertia constant. The kinetic energy of the 

synchronous generator rotor and the prime mover 𝑊𝑘 is given by: 

 
𝑊𝑘 =

1

2
𝐽𝜔𝑚

2 =
1

2
𝑀𝜔𝑚 

(5-9) 

 
𝑀 =

2𝑊𝑘

𝜔𝑚
 

(5-10) 

Despite 𝑀 being called the inertia constant, in fact, when the rotor 

speed diverges from the synchronous speed it is not constant.  However, 

because the change in 𝜔𝑚 is small before the generator became unstable, 
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𝑀 is calculated at synchronous speed and assumed to be constant and 

equation (5-10) become   

 
𝑀 =

2𝑊𝑘

𝜔𝑠𝑚
 

(5-11) 

To express the swing equation in in terms of electrical power angle (𝛿), 

equation (5-12) is used. 

 
𝛿 =

𝑃

2
𝛿𝑚 

(5-12) 

 
𝜔𝑒 =

𝑃

2
𝜔𝑚 

(5-13) 

Where 𝑃 is the number of poles of a synchronous generator. 

The swing equation in equation (5-8) becomes 

 
𝑃𝑚 − 𝑃𝑒 =

2

𝑃
𝑀 ×

𝑑2𝛿

𝑑𝑡2
 

(5-14) 

To convert equation (5-14) to per unit system, it is divided by the base 

power in MVA (𝑆𝐵). 

 𝑃𝑚

𝑆𝐵
−

𝑃𝑒

𝑆𝐵
=

2

𝑃

2𝑊𝑘

𝜔𝑠𝑚𝑆𝐵
×

𝑑2𝛿

𝑑𝑡2
 

(5-15) 

The 𝐻 constant (per unit inertia constant) is given be equation (5-16) 

and it is unit in second. 

 
𝐻 =

𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑀𝐽 𝑎𝑡 𝑟𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑒𝑑

𝑚𝑎𝑐ℎ𝑖𝑛𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 𝑖𝑛 𝑀𝑉𝐴
=

𝑊𝑘

𝑆𝐵
 

(5-16) 

By using the value of 𝐻 in equation (5-16) and substituting it equation 

(5-15) yields, 
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𝑃𝑀 − 𝑃𝐸 =

2

𝑃

2𝐻

𝜔𝑠𝑚
×

𝑑2𝛿

𝑑𝑡2
 

(5-17) 

Where 𝑃𝑀 is the mechanical power in per unit and 𝑃𝐸 is the electrical 

power in per unit. The electrical angular velocity (𝜔𝑠) and the relation 

between it and the mechanical velocity (𝜔𝑠𝑚) depends on generator pole 

numbers, and it is given be equation (5-18) 

 
𝜔𝑠𝑚 =

2

𝑃
𝜔𝑠 

(5-18) 

The equation (5-17) can be written as function of the electric angular 

velocity (𝜔𝑠) by using the relation in equation (5-18) as follows: 

 
𝑃𝑀 − 𝑃𝐸 =

2𝐻

𝜔𝑠
×

𝑑2𝛿

𝑑𝑡2
 

(5-19) 

The swing equation is often expressed in terms of fundamental 

frequency (𝑓0) where (𝜔𝑠 = 2𝜋𝑓0). The swing equation, when the electrical 

power angle (𝛿) in electrical radian, is given by: 

 
𝑃𝑀 − 𝑃𝐸 =

𝐻

𝜋𝑓0
×

𝑑2𝛿

𝑑𝑡2
 

(5-20) 

And the swing equation when the electrical power angle (𝛿) in electrical 

degree is given by: 

 
𝑃𝑀 − 𝑃𝐸 =

𝐻

180𝑓0
×

𝑑2𝛿

𝑑𝑡2
 

(5-21) 

 

5.2.2 Swing Equation with Damper Torque: 

Now let us assume the damping torque in not neglected but the 

frictional torque is neglected. The damper torque which produced by the 
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damper bars is proportional to the speed difference between the rotor and 

the rotating magnetic field and is given by  [5]. 

 𝑇𝑑 = 𝑘𝑑∆𝜔 (5-22) 

Where 𝑘𝑑 is the constant of proportionality in Nm/rad/s, and ∆𝜔 is the 

rotor speed deviation from synchronous speed and given by: 

 ∆𝜔 = 𝜔𝑚 − 𝜔𝑠𝑚 (5-23) 

 

 𝑇𝑑 = 𝑘𝑑(𝜔𝑚 − 𝜔𝑠𝑚) (5-24) 

 𝑇𝑑 = 𝑘𝑑 (
𝑑𝜃𝑚

𝑑𝑡
− 𝜔𝑠𝑚) (5-25) 

By substituting equation (5-2) in equation (5-25) yields:  

 
𝑇𝑑 = 𝑘𝑑 (

𝑑(𝛿𝑚 + 𝜔𝑠𝑚𝑡)

𝑑𝑡
− 𝜔𝑠𝑚) 

(5-26) 

 𝑇𝑑 = 𝑘𝑑

𝑑𝛿𝑚

𝑑𝑡
 (5-27) 

The damping torque in terms of electrical torque angle (𝛿) is given 

using equation (5-12)  

 𝑇𝑑 =
2𝑘𝑑

𝑃

𝑑𝛿

𝑑𝑡
 (5-28) 

By multiplying equation (5-28) with (𝜔𝑚) and dividing by the base 

power in MVA (𝑆𝐵) yields: 
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 𝑃𝐷 = 𝐷
𝑑𝛿

𝑑𝑡
 (5-29) 

Where 𝑃𝐷  is the damping power in per unit and 𝐷  is the damping 

coefficient and equal: 

 
𝐷 =

2𝜔𝑚𝑘𝑑

𝑃𝑆𝐵
 

(5-30) 

Then the swing equation with damper bar included in electrical radian 

is given by: 

 
𝑃𝑀 − 𝑃𝐸 =

𝐻

𝜋𝑓0
×

𝑑2𝛿

𝑑𝑡2
+ 𝐷

𝑑𝛿

𝑑𝑡
 

(5-31) 

And when the electrical power angle (𝛿) in electrical degree the swing 

equation can be expressed as in equation (5-32) 

 
𝑃𝑀 − 𝑃𝐸 =

𝐻

180𝑓0
×

𝑑2𝛿

𝑑𝑡2
+ 𝐷

𝑑𝛿

𝑑𝑡
 

(5-32) 

 

 Proposed Control Approach of APF for Dynamic 

Performance Improvements of Synchronous 

Generator 

The proposed scheme, which is similar to VSG and synchronverters, 

based on sharing the power between the synchronous generator and the 

APF for short time interval during step load changing. To decrease the effect 

of sudden load changes on a SG without damper bars, the active power 

filter (APF) is used with the SG to compensate for the load step by 

introducing a compensatory filter step current that increase/decays 

gradually to allow the generator smoothly to go to the new operating point, 

as shown in Figure 5-1. 
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As can be seen from Figure 5-1, when the load is connected to the 

generator, the APF will supply the transient current component leaving the 

SG current and the electromagnetic torque to increase gradually, and when 

the generator load becomes equal to load current, the APF current drops to 

zero. On the other hand, when the load is disconnected, the APF will absorb 

the transient generator current component allowing the generator current 

and the electromagnetic torque to decrease gradually until it equals the 

load current. 

 

 Simulation Procedure and Results 

To study the dynamic performance of the synchronous generator 

during load step change, a Matlab/Simulink model was built. The consists 

of the synchronous generator model, that was developed in Chapter-2, APF 

model, that was discussed in Chapter-3, and two three-phase resistive 

Filter current

time

current

SG current

Load current

 

Figure 5-1 Proposed filter, load, and generator currents during a 

step load change for the generator without damper bars and APF 
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loads, the second load can be connected or disconnected by a circuit 

breaker during the simulation. Figure 5-2 shows the block diagram of the 

simulated model.  

Due to load change and to see the effect of adding an APF on the 

generator speed a speed controller model and exciter model was added in 

the simulation circuit to keep the generator speed and generator voltage 

constant after the load changing. A description for speed controller and 

exciter is presented in the following subsections.  

5.4.1 Speed Controller and Diesel Engine Dynamic model 

When considering transient behaviour and damping, a model of the 

mechanical system driving the generator is required. The speed loop 

controller consists of a regulator, diesel engine transfer function (throttle 

actuator and engine delay)  

RL - 
Load

SG

APF

CB

RL - 
Load

Interface
filter

 

Figure 5-2 Block diagram of the proposed system 
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 Figure 5-3 shows the block diagram of the speed controller. A throttle 

actuator and engine delay represent the dynamic model of the diesel engine 

[95]. 

The time constant and their values scaled values that taken from 

Matlab demo library and their values were given in Table 5-1  

Table 5-1 Speed controller time constants and their values 

Parameters Description Value in simulation 

T1 and T2 regulator time constants 0.15 and 0.3 (ms) 

T3, , T4 and T5   throttle actuator time constants 
3.75, 0.135 and 

0.576 (ms) 

Td Engine delay time constant 0.36 (ms) 

J Generator inertia 0.45 kg.m2 

 

5.4.2 Exciter Model 

To maintain the output voltage of the generator constant after 

generator load changing, an exciter model (IEEE type-1) which is  defined 

K
-*

rw
+

1+T3s

s(1+T4s)(1+T5s)
-+

1+T1s

1+T2s
1
Js

Tm

rw
Throttle 

actuator
Regulator Engine 

Delay Td
Generator 

Inertia

Te

1
1+Tds

 

Figure 5-3 Block Diagram of Speed Controller 
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by IEEE [96, 97], was used to maintain the output voltage constant during 

load changes. Figure 5-4 shows the IEEE excitation system.  

The typical values of IEEE Type 1 exciter is given in Table 5-2[38]  

 

5.4.3 Simulation Results 

To study the effect of the APF a Malab Simulink file was built, with the 

simulated circuit as shown in Figure 5-2. The simulation circuit consists of 

a synchronous generator models, the models as developed in section 2.4, 

active power filter as presented in Chapter-3, and linear RL load (R = 5 , L = 

2.5 mH). All the parameter of the speed controller and the excitation system 

in Figure 5-3 and Figure 5-4 were taken from Matlab demo library as given 

in Table 5-1. 
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Figure 5-4 IEEE Type 1 (Type DC1A) excitation system 

Table 5-2 Typical per unit data for an IEEE Type 1 DC exciter  

𝑲𝑨 = 𝟏𝟖𝟕 𝑻𝑨 = 𝟎. 𝟖𝟗 𝑲𝑬 = 𝟏. 𝟎 𝑻𝑬 = 𝟏. 𝟏𝟓 𝒔 

𝑲𝑭 = 𝟎. 𝟎𝟓𝟖 𝑇𝐹 = 0.62 𝑇𝐵 = 0.06 𝑇𝐶 = 0.173 

𝑽𝑹(𝐦𝐚𝐱) = 𝟏. 𝟕 𝑉𝑅(min) = −1.7 𝑇𝑅 = 0.015  
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The simulation period was 6 sec, the generator is started with a RL load 

(R = 5 Ω , L = 2.5 mH). At time t = 1.5 sec the load was doubled and at time t = 3 

sec the load was returned back to the initial value. All the currents and 

developed electromagnetic torque were recorded and analysed. 

When the load was suddenly changed, the APF worked as virtual 

synchronous generator and shared the load with the synchronous 

generator, then the share of APF gradually decreased until the load is 

completely supplied by the generator. This gradually generator loading 

makes the developed electromagnetic torque in the generator gradually 

increased and then the speed fluctuation will be small. On the other hand, 

when the load was suddenly decreased, the APF worked as a load and 

instantaneously consumed the current deference between the two loads. 

This loading (the APF) gradually decreased until zero loading, so the 

generator doesn’t see this sudden change, and the developed 

electromagnetic torque gradually decreased and this gradually change in 

the developed electromagnetic torque makes the generator speed 

fluctuation as small as possible. 

As can be seen from Figure 5-5, which shows the change in the 

generator current during a sudden load change, when the APF was 

disconnected, the full load suddenly connected and disconnected to/from 

the generators as shown in Figure 5-5 (a). This makes the speed fluctuation 

as big as possible, however, when the APF was connected, and when the 

load was changed the generator load gradually increased to the new 

operating point, and when the load was disconnected, the generator load 

gradually decreased to the previous operating point as shown in Figure 5-5 

(b). This slow change in generator load makes the speed fluctuation as 

small as possible. 



Chapter-5 Dynamics performance Improvements of Synchronous 
Generator without Damper bars 

169 

 

    The APF current and power are shown in Figure 5-6, as can be seen 

from the figure the APF worked as power supply and supply the transient 

component to the load when the load was connected and worked as a load 

and absorbed the transient component when the load was disconnected. 

 

Figure 5-5 Generator current with and without APF during 

sudden load change  
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Figure 5-7 shows a comparison between the proposed SSG with and 

without damper bars for speed fluctuation during a sudden change in load 

as described. As Figure 5-7 shows the disturbance in the generator speed 

was increased when damper bars were not present (as expected), but when 

the APF was connected the speed disturbance became much smaller even 

than that of the SSG with damper bars.  

 

Figure 5-6 APF current and power  
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In addition, the transient electromagnetic torque was reduced when 

the APF was connected because the APF supplied the transient component 

when the load was connected and absorbed the transient component when 

the load was disconnected, as can be seen from Figure 5-8, giving less 

generator speed fluctuation with the APF when load steps were applied. 

 

Figure 5-7 Speed response to sudden change in the 

generator loading with and without APF 
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 Conclusion 

In this chapter, a dynamic study on synchronous generators with and 

without damper bars is presented. A proposed scheme based APF to 

improve the dynamic performance of a synchronous generator without 

damper bars was discussed and the simulation results were presented. The 

simulation results showed that the APF can be used to improve the transient 

stability of a synchronous generator without damper bars, giving improved 

stability compared to systems using damper bars while also allowing for a 

significant simplification of the rotor design and construction and improving 

the rotor magnetic circuit. 

 

Figure 5-8 Developed electromagnetic torque at sudden 

change in the generator loading with and without APF 
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 Experimental Setup and Experimental 

Results 

 

This chapter presents the test rig setup and the experimental validation 

of using the APF to improve the power quality of simplified synchronous 

generator. In section 6.1 presents the test rig setup and section 6.2 

explains the implantation of the APF in the lab. The interference inductance 

and DC-link capacitor back is presented in section 6.3. The FPGA/DSP 

control platform and measurement boards are presented in sections 6.4 

and 6.5 respectively and testing the APF is presented in section 6.6. Section 

6.7 presents the experimental validation for harmonic compensation for 

balanced linear. Section 6.8 presents the experimental validation for 

compensation of balanced nonlinear load harmonic and section 6.9 presents 

experimental validation for compensation of unbalanced nonlinear load 

harmonic and balancing the generator current. A comparison between the 

experimental results and simulation results which presented in Chapter-4 

is given in section 6.10. Finally, the conclusion of this chapter is 

summarised in section 6.11.  

 

 Test Rig Setup: 

A test rig was built in the lab to approve the simulation results, this 

test rig consists from a DC motor (as a prime mover), two SKAI module 

type converters, an interface inductance, a DC-link capacitor bank, an 

FPGA/DSP control platform and measurement boards as shown in Figure 

6-1 and Figure 6-2. A brief description for each part is presented in this 

section. 
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 Experimental Active Power Filter Implementation 

To implement the active power filter in the lab, two commercial SKAI 

modules (three-leg IGBT 2 level converter) designed by Semikron for HEV 

and EV are used in the test rig to get four-leg inverter as shown in Figure 

6-3. The SKAI models that were used in the test are SKAI45A2GD12-W24DI 

[98] which have a maximum  current rating of 300 A each. These two 

converters are connected in parallel with one DC-link capacitor, where only 

one leg was used from the second SKAI module 

 

Figure 6-1 The test rig 
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 Interface Inductance and DC-link Capacitor Bank. 

Three capacitors are connected in series to make the DC-link, each 

capacitor was 15132µF, 450VDC. An L-filter of 4.2 mH was used as an 

 

Figure 6-2 The active power filter 

 

Figure 6-3 SKAI Modules 
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interface between the APF and the PCC point. Figure 6-4 shows a photo for 

the DC-link capacitor bank and the L-filter. 

 FPGA/DSP Control Platform 

The control platform that was used to experimentally implement the 

active power filer control is FPGA (Field Programmable Gate Array), DSP 

(Digital Signal Processor) and HPI daughter card (TMS320C6713 DSK HPI 

Daughter card) as can be seen in Figure 6-5. 

 

Figure 6-4 the Capacitor bank and the interface filter  
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The control algorithm is programmed in the DSP using Code Composer 

Studio, which calculated the reference signals for the APF. Then the FPGA 

takes these reference signals and generate the gate pulses for the APF 

switches. The switching frequency was 10kHz. The gate pulses are 

transferred to the SKAI modules interface board by using fiber-optic cables. 

 Measurement Boards 

To implement a closed loop control, a measurement device must be 

used in the system to compare the generated signal with the reference 

signal. In the test rig, there are ten measurement devices, four for voltage 

measurement (one for the DC-link voltage and three for the generator 

phase voltages) and six for current measurement. The voltage transducer 

are hall-effect transducer LEM LV25-P [99]. The current transducers were 

used in this test also which were a hall-effect transducer, three for output 

filter current, which are LEM LA55-P[100] and three for the load current, 

which are LEM LA125-P[101]. 

 

Figure 6-5 FPGA and DSP platform controller  



Chapter -6 Experimental Results 

179 

 

The outputs of these transducers are read by the FPGA through digital 

to analogue converters, and then transferred to the DSP to calculate the 

corresponding real values of these signals. 

 APF Test 

Before applying the control algorithm on the proposed generator, 

several tests were done to check the measurement board accuracy and the 

controller performance. In addition, some harmonic tests were conducted 

by using a programmable AC source (Chroma 61511) to validate the 

controller and APF operation. When the APF test was done, the work moved 

to the proposed generator with different loads and the results are presented 

in the following subsections. 

 Balanced Linear Load 

The first test was done in the lab was linear load test to validate the 

simulation was done in section 4.2, a three-phase resistive load (35 kW) 

was connected to the generator. The generator is run by using a DC motor 

as a prime mover, and the DC motor is driven by an Industrial DC drive 

 
 

(A) (B) 

 
(C) 

Figure 6-6 Measurement Boards, (A) and (B) current transducers, 

and (C) voltage transducers 
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constructed by Eurotherm Drives (590C/ 0350/6/4/0/1/0/00/000). A 

Littlefuse T4500 synchroniser was used to maintain the generator 

frequency matching the grid frequency (50 Hz).  

The generator/ load current waveform at 35 kW loading is shown in 

Figure 6-7, and the frequency spectrum is shown in Figure 6-8. 

 

 

Figure 6-7 Generator/ load current at 35 kW loading  
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As can be seen from the Figure 6-7 and Figure 6-8 the total harmonic 

distortion (THD) in the load current is 4.1%  

To reduce the THD in the load current, the APF is activated, and the 

current controller was proportional-resonant with harmonic compensator 

(PRHC) as described in Chapter-3. Figure 6-9 shows the load current with 

APF and as can be seen from the figure the THD in the load current reduced 

to just 1.9% and this within the limit in IEEE Std 519 [18]. and it shown in 

Table 1-1. 

It is clear from the Figure 6-10 that the APF significantly reduces all 

the targeted harmonics, and improves the THD in the load current. 

 

 

Figure 6-8 Frequency spectrum for the phase-A current  
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 Balanced Nonlinear Load 

The second test that was done in the lab on the proposed generator 

was a nonlinear load test to validate the simulation was done in section 

4.2.2. A three-phase diode bridge rectifier with R-L load (R=9.2 Ω and 

 

Figure 6-9 Load current with enabled APF  

 

Figure 6-10 Spectrum analysis of the phase-A load current with and 

without APF  
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L=5.5 mH) was used as nonlinear load for the proposed generator. Figure 

6-11 shows the generator/load current without APF and Figure 6-12 shows 

the frequency spectrum of this current. The THD in the load/generator 

current was 25%. 

 

 

Figure 6-11 Generator/ load current with nonlinear load  

 

Figure 6-12 Frequency spectrum for the generator/load phase-A 

current with nonlinear load 
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When the APF was enabled, the APF dramatically reduced the THD in 

the generator current and THD decreased from 25% before enabling the 

APF to just about 5% after enabling the APF as show in Figure 6-13. 

Figure 6-14 shows the frequency spectrum analysis of the phase-A 

current for the generator with nonlinear load and with and without APF, as 

can be seen from the figure most of the harmonics in the controller range 

had been decreased. 

 

Figure 6-13 Generator current with balanced nonlinear load with 

enabled APF  
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 Unbalanced Nonlinear Load (type-2) 

The final test in harmonic compensation tests was unbalanced 

nonlinear load. To construct a nonlinear load in the lab, a single-phase 

resistive load of (30 Ω), was connected between the phase-A and the APF 

neutral leg in the circuit described in section 6.8. The total power was about 

34.5 Kw.  

The generator was started with a connected load (the three-phase 

diode bridge and the single-phase load) and the APF was disabled. So the 

single phase-load is not supplied without the APF, because the single-phase 

circuit is still open (the neutral wire was supplied through the APF). The 

current waveforms for both the generator and the load were the same as 

the waveform shown in Figure 6-11 and has a THD of 25%. 

When the APF was enabled, the single-phase load that connected 

between the generator phase-A and forth-leg of the APF was supplied and 

this makes the phase-A current in the load side have a higher current than 

the other two phases (phase-B and phase-C) as shown in Figure 6-15. 

 

Figure 6-14 Frequency Spectrum analysis of the phase-A generator 

current with nonlinear load, with and without APF  
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The RMS value and the total harmonic distortion of each phase of the load 

current is given in Table 6-1.  

 

The frequency spectrum of the three phase currents of the unbalanced 

nonlinear load is shown in Figure 6-16 and as the figure shows phase-A has 

a higher current with 75.36 V fundamental peak value and phase-B and 

phase-C 63.32 V and 62.62 V fundamental peak values respectively. 

 

Figure 6-15 Generator/ load current with unbalanced nonlinear 

load before enabling the APF  

Table 6-1 The RMS value and the THD of the unbalanced nonlinear 

load 

Phase RMS  value (A) THD % 

Phase-A 57.4 22.8 

Phase-B 49.3 27 

Phase-C 47.5 26.8 
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However, in the generator side the APF compensated the harmonics 

and decreased the THD in the generator current to about 5.6% retained 

the generator current balanced as shown in Figure 6-17. 

Table 6-2 summarise the RMS values and the THD in the generator and 

the nonlinear unbalanced load with and without APF. As can be seen from 

the table the maximum difference between the highest phase current and 

the lowest phase current in the load side is 9.9 A and in the generator side 

is 2.6 A.  

 

Figure 6-16 Frequency spectrum for Generator/ load current with 

unbalanced nonlinear load before enabling the APF 
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The frequency spectrum of the generator and the load current for the 

unbalanced nonlinear load with APF is shown in Figure 6-18, the figure 

shows that the APF compensates the harmonics in the generator currents 

and reduces the THD from 22.8% to 5.7 (for phase-A) and retains 

generator current balance. 

Table 6-2 the RMS value and the THD value of the generator and 

the load current before and after enabling the APF 

     
                  

              
Quantity 

 
 

Phase 

Before enabling 

the APF 
After enabling the APF 

Load/generator Load Generator 

Current 
(A) 

THD % Current 
(A) 

THD % Current 
(A) 

THD % 

Phase-A 47.4 25.1 57.4 22.8 51.6 5.7 

Phase-B 48.4 24.8 49.3 27 52.8 5.3 

Phase-C 46.7 25 47.5 26.8 50.2 5.9 

 

Figure 6-17 Generator current with unbalanced nonlinear load and 

with enabled APF  
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 Comparison Between the Simulation and the 

Experimental Results: 

In Chapter-5 and this Chapter the simulation and experimental results 

were presented, and the experimental results have supported the 

simulation results in the three cases. For the first case, balanced linear 

load, the THD in the load current after enabling the controller in the 

simulation was (2.1%) and it is close to the experimental result which was 

(1.9%) as shown in Figure 4-3  and Figure 6-9 respectively. In the second 

case, balanced nonlinear load, also the simulation results and experimental 

results had good agreement, where in the simulation the THD in the 

generator current was (3.4%), while in the experimental result was (5%), 

as can be seen from Figure 4-5 and Figure 6-13. Finally in the third case, 

unbalanced nonlinear load (type-2), also the THD in the simulation result 

was (3.65%) and in the experimental result was (5.8%) as shown in Figure 

4-9 and Figure 6-17 respectively, and the APF supplied the single-phase 

load while maintaining the generator current balance as shown in Table 

6-2. Table 6-3 summarises the comparison between the simulation results 

and experimental results in the three different cases. As can be seen from 

 

Figure 6-18 Frequency Spectrum analysis of the generator current 

and the load current with nonlinear unbalanced load with APF  



Chapter -6 Experimental Results 

190 

 

the table the THD in the experimental results for the nonlinear loads were 

slightly higher than the simulation results due to the nonlinearity and 

saturation effect. 

 

 Conclusion 

In this chapter, the method of adding an active power filter to a 

simplified synchronous generator to improve its output quality was 

experimentally validated. It was shown that adding APF to simplified 

synchronous generator could improve the output power quality of the 

generator. In case of linear load, the APF reduced the THD in the load 

current within the limit in IEEE Std 519 [18]. In addition, compensation of 

nonlinear load harmonic was investigated, the simulation result and 

experimental tests showed that adding APF to the simplified synchronous 

generator had improved output current of the generator and dramatically 

decreased the THD in generator current. Furthermore, balancing the 

generator current in case of unbalanced and nonlinear load was discussed, 

and the results showed that the APF balanced and compensate the 

generator current.

Table 6-3 Comparison between the simulation results and the 

experimental results for the THD in the load/generator current 

     

                  

 
 

Phase 

Before enabling 

the APF 
After enabling 

the APF 

Sim. Exp. Sim. Exp. 

Balanced Linear load 

(Load) 

4.5% 4.1% 2.1% 1.9% 

Balanced Nonlinear Load 

(Generator) 

22.3% 25% 3.4% 5.0% 

Unbalanced Nonlinear 

Load (Generator) 

22.3% 25% 3.6% 5.8% 
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 Conclusion and Future Work 

 

 Conclusion 

The application of power electronics in electrical power systems and 

electrical machine is in increasing trend, such as, motor drives, coupling 

renewable energy sources with the grid, and harmonic and reactive power 

compensation in micro grids. The synchronous generator is considered the 

workhorse of power generation, and synchronous generator designers use 

different approaches to make the output voltage of these generator 

sinusoidal (less harmonics), i.e. efficient but complex. However, these 

approaches complicate the design and/or decrease the output power. This 

research investigated another usage of power electronics, which is 

improving power quality of a simple design synchronous generator 

(efficient and simple). 

Chapter-2 presented the proposed synchronous generator model 

including the harmonic content in the generator. The active power filter 

topology and control were discussed in Chapter-3. The harmonic 

compensation for different kind of loads were presented in Chapter-4. The 

dynamic response improvement of synchronous generator without damper 

bars by using the active power filter was presented in Chapter-5. The 

experimental results were presented in Chapter-6, and good correlation 

between experimental and simulation results was achieved.  

This thesis has presented the effect of using an active power filters 

(shunt and series) to compensate for the poor harmonic output of a 

simplified synchronous generator by both simulation and experiment. The 

proposed generator has full-pitch winding and unskewed stator to increase 

the generator output power and make the manufacturing process easier 

and less expensive. The shunt active power filter is controlled using a 
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proportional resonant controller cascaded with harmonic compensator 

tuned at the targeted harmonics. 

The experimental results have validated the simulation results, and 

shown that the active power filters (shunt and series) can be integrated 

with a simplified synchronous generator to provide an acceptable level of 

power quality to the load from a simple design generator with a poor quality 

output waveform at the point of common coupling (PCC).  

The novelty of this work is the use of a combination of active power 

filters (shunt and series) to allow the simplification of the design of the 

synchronous generator, allowing the generator capacity and/or efficiency 

to be increased, and further permitting a simplified design that is both less 

expensive and faster to produce while maintaining an acceptable level of 

power quality at the load.  

With the use of the active filters and the proposed generator, a good 

quality power were delivered to the linear and nonlinear load and  generator 

harmonics were compensated .In addition, the shunt active power filter 

maintained the proposed generator current balanced despite the load being 

unbalanced. 

 As well as the benefits defined above, the use of active power filters 

to compensate for poor generator output power quality was particularly apt 

for the use of fractional slot concentrated windings, allowing for decreased 

end winding length and fully automated coil winding and placement, while 

compensating for the windings natural high harmonic content. The active 

power fitters may also be used to improve transient response during 

sudden changes in generator loading and improve fault ride-through 

capability. Therefore it can be concluded that the active power filters can 

be integrated with a simple design synchronous generator to deliver a good 

quality power and improve the dynamic response. 
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 Future Work 

The work that has been presented in this thesis could be considered as 

a base work for the following: 

 The proposed synchronous generator model which developed in 

Chapter-2 was a linear model and the damper cage was 

neglected, and the model could be developed to take in 

consideration the saturation effects and the damper cage.  

 While this system achieved a satisfactory level of power quality 

in terms of THD, for the systems that require more restricted 

THD values such as micro grids, the proposed system THD could 

be improved by using an LCL-interface filter instead of L-filter, 

increasing the switching frequency above 10kHz or the use of 

other types of controllers 

 Study the possibility of integrating the APFs with the synchronous 

generator body to decrease space and increase system efficiency  

 Experimental validation for all the proposed system and using the 

APF with synchronous generator without damper bars to improve 

the dynamic response 

 A coordinated control scheme should be investigated for the two 

active power filters, as these two systems both require fast 

control actions on the same plant. There is a chance that the two 

filter controllers may “fight” against each other during some 

operating conditions, including when load transients are applied 

and removed. 
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A. Appendix-A 

The original generator datasheet. 
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B.Appendix-B 

 

The parameters of dq-model of the synchronous generator are given 

as: 

Table B-1 dq-model parameters 

Variable Value Unit 

𝑉𝐴 72.5 KVA 

𝑃 4 - 

𝜔𝑏 314.1592 Rad/sec 

𝑟𝑠 0.065 Ω 

𝑥𝑙𝑠 0.1324 Ω 

𝑥𝑚𝑑 4.43586 Ω 

𝑥𝑚𝑑
∗  0.06019 Ω 

𝑥𝑚𝑞
∗  0.0757 Ω 

𝑟𝑓
′ 0.0191 Ω 

𝑥𝑙𝑓𝑟
′  0.2322 Ω 

𝑟𝑑𝑟
′  0.1207 Ω 

𝑥𝑙𝑑𝑟
′  0.2207 Ω 

𝑟𝑞𝑟
′  0.1265 Ω 

𝑥𝑙𝑞𝑟
′  0.1940 Ω 
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C. Appendix-C 

Proof of equation (3-80) 

The error between the reference current and the APF output current is 

as seen in Figure C-1.  When the switching frequency of PWM controller is 

sufficiently high, the passing current through the coupling inductor varies 

linearly, as given by equation (C-1). 

 ∆𝐼∗ =
𝑣𝑖𝑛𝑣 − 𝑣𝑠

𝐿
 𝑇𝑠 (C-1) 

Where 𝑣𝑠 is the voltage at the PCC, 𝑣𝑖𝑛𝑣 is the average output voltage 

of the APF in a switching period, 𝐿 is the inductance of coupling inductor 

and 𝑇𝑠 is the PWM time period. 

The average output voltage of the inverter during the switching period 

is given by: 

 

Figure C-1 current ripple and symmetrical-aligned modulation 

signal 
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 𝑣𝑖𝑛𝑣  . 𝑇𝑠 = 𝑉𝐷𝐶  . 𝐷𝑇𝑠 

𝑣𝑖𝑛𝑣  = 𝐷𝑉𝐷𝐶   

(C-2) 

Where 𝐷 is the duty ratio. 

From Figure C-1, the current ∆𝐼 can be expressed as: 

 
∆𝐼 =

−𝑣𝑠

𝐿
 
1 − 𝐷

2
𝑇𝑠 +

𝑉𝐷𝐶 − 𝑣𝑠

𝐿
 𝐷𝑇𝑠 +

−𝑣𝑠

𝐿
 
1 − 𝐷

2
𝑇𝑠 

(C-3) 

 
∆𝐼 =

𝐷𝑉𝐷𝐶 − 𝑣𝑠

𝐿
 𝑇𝑠 

According equation (C-2) , ∆𝐼∗ in equation (C-1) and ∆𝐼 in equation 

(C-3)are the same. However, in practice due to control system delay, dead 

time and inductor tolerance, these factors might cause errors in the current 

value  (∆𝐼∗ ≠ ∆𝐼), but in this derivation is not considered [90]. 

As can be seen from Figure C-1, the error between the compensating 

current and the reference current (the two dashed areas(∆𝑎𝑏𝑐 + ∆𝑐𝑑𝑒) ) is 

symmetrical around the midpoint of the switching period, so the area of the 

two triangles is equal. Then the total area is  

 𝑆𝑒𝑟𝑟𝑜𝑟 = 2[𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝑎ℎ𝑐 + 𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝑎𝑏𝑓 − 𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝑏𝑐𝑔] (C-4) 

(Note that: 𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝑜𝑓ℎ= 𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝑜𝑏𝑔) 

  
𝑆𝑒𝑟𝑟𝑜𝑟 = 2 [

1

2
 (

𝑇𝑠

2
) (

∆𝐼

2
) +

1

2
 (

𝑇𝑠 + 𝐷𝑇𝑠

2
) ( ∆𝐼𝑚)

−
1

2
 (

𝐷𝑇𝑠

2
) ( 

∆𝐼

2
+ ∆𝐼𝑚)] 

(C-5) 
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𝑆𝑒𝑟𝑟𝑜𝑟 =

𝑇𝑠

2
  (

1 − 𝐷

2
 ∆𝐼 + ∆𝐼𝑚) 

Where ∆𝐼𝑚 is the change of APF output current from the beginning of 

switching period to the pulse (i.e. from a to b).   

  
∆𝐼𝑚 =

𝑣𝑠

𝐿
 
1 − 𝐷

2
𝑇𝑠 (C-6) 

From equations (C-3), (C-5) and (C-6): 

 
𝑆𝑒𝑟𝑟𝑜𝑟 =

𝑇𝑠

2
  (

1 − 𝐷

2
 (

𝐷𝑉𝐷𝐶 − 𝑣𝑠

𝐿
 𝑇𝑠) + (

𝑣𝑠

𝐿
 
1 − 𝐷

2
𝑇𝑠)) (C-7) 

 
𝑆𝑒𝑟𝑟𝑜𝑟 =

𝑇𝑠
2

4𝐿
  (𝐷𝑉𝐷𝐶 − 𝐷2𝑉𝐷𝐶  ) (C-8) 

To find the maximum value of the error as a function of the duty ratio 

(D), and by assuming all other variables are constants, the derivative of 

equation  (C-8) with respect to duty ratio is given as: 

 𝑑𝑆𝑒𝑟𝑟𝑜𝑟

𝑑𝐷
=

𝑇𝑠
2

4𝐿
  (𝑉𝐷𝐶 − 2𝐷𝑉𝐷𝐶  ) = 0 (C-9) 

As can be seen from equation (C-9) the maximum value of the error 

(i.e. maximum ripple) occurs when D=0.5. 

From Figure C-1, the ripple current is defined as the maximum 

variation of the output current of the APF during the switching period and 

is equal:  

 
𝐼𝑟𝑖𝑝𝑝𝑙𝑒 = ∆𝐼𝑚 +

1 − 𝐷

2
 ∆𝐼 (C-10) 

From equations (C-5) and (C-10), the error between the reference 

current and the output current is given as: 
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𝑆𝑒𝑟𝑟𝑜𝑟 =

𝑇𝑠

2
  (𝐼𝑟𝑖𝑝𝑝𝑙𝑒) (C-11) 

From equations (C-8) and equation (C-11) and for D=0.5 the ripple 

current is equal to: 

 
𝐼𝑟𝑖𝑝𝑝𝑙𝑒 = 

𝑇𝑠𝑉𝐷𝐶

8 × 𝐿
 (C-12) 

 Therefore, the minimum value of the interface inductance that gives 

the maximum current ripple 𝐼𝑟𝑖𝑝𝑝𝑙𝑒 is given as: 

 
𝐿𝑚𝑖𝑛 = 

𝑉𝐷𝐶

8  𝑓𝑠 𝐼𝑟𝑖𝑝𝑝𝑙𝑒
 (C-13) 

Where  𝑓𝑠 is the frequency of the carrier signal and equal to(  𝑓𝑠 = 1 𝑇𝑠⁄ ). 
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D. Appendix D 

The active power filter code: 

function [Vabc_ref,y1] = fcn(Vabc,Ilabc,Ifabc,Vdc,SQRT2,ki,kp, M1,fb) 
%#codegen 

  
fs=10000; 
Ts=1/fs; 
w=2*pi*50; 
A=w/SQRT2; 
num=A/(A+M1); 
den=(A-M1)/(A+M1); 

  
wc=7; 
M1_1=w/tan(w*Ts/2); 
M1_3=(3*w)/tan(3*w*Ts/2); 
M1_5=(5*w)/tan(5*w*Ts/2); 
M1_7=(7*w)/tan(7*w*Ts/2); 

  
B2 = M1_1^2+2*wc*M1_1+w^2; 
B1 = 2*(w^2-M1_1^2); 
B0 = M1_1^2-2*wc*M1_1+w^2; 

  
A2= kp_pr*B2+2*ki_pr*wc*M1_1; 
A1= kp_pr*B1; 
A0 = kp_pr*B0-2*ki_pr*wc*M1_1; 

  
A32=2*ki_pr*wc*M1_3; 

  
A52=2*ki_pr*wc*M1_5; 

  
A72=2*ki_pr*wc*M1_7; 

  

  
B32 = M1_3^2+2*wc*M1_3+(3*w)^2; 
B31= 2*((3*w)^2-M1_3^2); 
B30 = M1_3^2-2*wc*M1_3+(3*w)^2; 

  
B52 = M1_5^2+2*wc*M1_5+(5*w)^2; 
B51= 2*((5*w)^2-M1_5^2); 
B50 = M1_5^2-2*wc*M1_5+(5*w)^2; 

  
B72 = M1_7^2+2*wc*M1_7+(7*w)^2; 
B71= 2*((7*w)^2-M1_7^2); 
B70 = M1_7^2-2*wc*M1_7+(7*w)^2; 

  

  
VdAlpha_1=fb(1);    VdAlpha_2=fb(2);    QVdAlpha_1=fb(3);  
QVdAlpha_2=fb(4);   V_Alpha_1=fb(5);    V_Alpha_2=fb(6); 
VdBeta_1=fb(7);     VdBeta_2=fb(8);     QVdBeta_1=fb(9); 
QVdBeta_2=fb(10);   V_Beta_1=fb(11);    V_Beta_2=fb(12); 
Theta=fb(13);       error_theat_1=fb(14);   int_Vq_1=fb(15); 
int_w_1 = fb(16);   w=fb(17);           
ild_1=fb(18);       ilq_1=fb(19);       ild_DC_1=fb(20);    

ilq_DC_1=fb(21); 
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Igd_1=fb(22);       Igq_1=fb(23);       Igd_DC_1=fb(24);    

Igq_DC_1=fb(25); 

  
error_DC_link_1=fb(26);                  PIDC_1=fb(27); 

  
 Ialpha_PRHC_1=fb(28);   Ialpha_PRHC_2=fb(29);    PRalpha_1=fb(30);    

PRalpha_2=fb(31); 
 HC3alpha_1=fb(32);      HC3alpha_2=fb(33);       HC5alpha_1=fb(34);   

HC5alpha_2=fb(35); 
 HC7alpha_1=fb(36);      HC7alpha_2=fb(37); 

  
 Ibeta_PRHC_1=fb(38);    Ibeta_PRHC_2=fb(39);       PRbeta_1=fb(40);    

PRbeta_2=fb(41); 
 HC3beta_1=fb(42);       HC3beta_2=fb(43);          HC5beta_1=fb(44);   

HC5beta_2=fb(45); 
 HC7beta_1=fb(46);       HC7_2beta=fb(47); 

  
 Izero_PRHC_1=fb(48);    Izero_PRHC_2=fb(49);         PRzero_1=fb(50);     

PRzero_2=fb(51); 
 HC3zero_1=fb(52);       HC3zero_2=fb(53);            HC5zero_1=fb(54);    

HC5zero_2=fb(55); 
 HC7zero_1=fb(56);       HC7zero_2=fb(57); 

  
v_A= Vabc(1); 
v_B= Vabc(2); 
v_C= Vabc(3); 

  
 V_Alpha= 1/3*(v_A-0.5*(v_B+v_C)); 
 V_Beta = 0.5*(v_B-v_C)/sqrt(3); 

  
  n21=M1*SQRT2*w; 
  d21=M1^2+M1*SQRT2*w+w^2; 
  d11=2*w^2-2*M1^2; 
  d01=M1^2-M1*SQRT2*w+w^2;  
  n22=SQRT2*w^2; 
  npi2=ki/M1+kp; 
  npi1=ki/M1-kp; 

   
 VdAlpha = -(d11/d21)*VdAlpha_1-(d01/d21)*VdAlpha_2  +(n21/d21)*(V_Alpha-

V_Alpha_2); 
 QVdAlpha= -(d11/d21)*QVdAlpha_1-(d01/d21)*QVdAlpha_2  

+(n22/d21)*(V_Alpha+2*V_Alpha_1+V_Alpha_2); 

   
 VdBeta=  -(d11/d21)*VdBeta_1-(d01/d21)*VdBeta_2  +(n21/d21)*(V_Beta-

V_Beta_2); 
 QVdBeta= -(d11/d21)*QVdBeta_1-(d01/d21)*QVdBeta_2  

+(n22/d21)*(V_Beta+2*V_Beta_1+V_Beta_2); 

  
 V_Alpha_2=V_Alpha_1; 
 V_Alpha_1=V_Alpha; 
 VdAlpha_2=VdAlpha_1; 
 VdAlpha_1=VdAlpha; 
 QVdAlpha_2=QVdAlpha_1; 
 QVdAlpha_1=QVdAlpha; 

  
 V_Beta_2=V_Beta_1; 
 V_Beta_1=V_Beta; 
 VdBeta_2=VdBeta_1; 
 VdBeta_1=VdBeta; 
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 QVdBeta_2=QVdBeta_1; 
 QVdBeta_1=QVdBeta; 

  
 Alpha_plus= VdAlpha-QVdBeta; 

  
 Beta_plus = QVdAlpha +  VdBeta; 

  
 Vpccd = Alpha_plus*cos (Theta)+ Beta_plus*sin (Theta); %%%*(t(n)-k) 
 Vpccq = Alpha_plus*sin (Theta)- Beta_plus*cos (Theta); 
 errorVq = -Vpccq; 

  
 int_Vq =int_Vq_1+npi2*errorVq+npi1*error_theat_1; 
 int_Vq_1=int_Vq; 
 error_theat_1=errorVq; 
 iqplusw=int_Vq +2*pi*50; 

  
 int_w =int_w_1+iqplusw*Ts; 
 int_w_1=int_w;   

  
 Theta= mod (int_w,2*pi); 
%  w1= Theta; 
 wo=iqplusw; 
 if (wo>330 || wo<300) 
     wo=2*pi*50; 
 end      
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%    
ila= Ilabc(1); 
ilb= Ilabc(2); 
ilc= Ilabc(3); 

  
Zero_seq=(ila+ilb+ilc)/3; 
ila1=ila-Zero_seq; 
ilb1=ilb-Zero_seq; 
ilc1=ilc-Zero_seq; 

  
ild =  (2/3)*(cos(Theta)*ila1+cos(Theta-

2*pi/3)*ilb1+cos(Theta+2*pi/3)*ilc1); 
ilq =  -(2/3)*(sin(Theta)*ila1+sin(Theta-

2*pi/3)*ilb1+sin(Theta+2*pi/3)*ilc1); 

     
 ild_DC = -den*ild_DC_1+num*(ild+ild_1); 
 ilq_DC = -den*ilq_DC_1+num*(ilq+ilq_1); 

  
 ild_1=ild; 
 ilq_1=ilq; 
 ild_DC_1=ild_DC; 
 ilq_DC_1=ilq_DC; 

  

  
 ila2= ild_DC*cos(Theta)-ilq_DC*sin(Theta); 
 ilb2= ild_DC*cos(Theta-2*pi/3)-ilq_DC*sin(Theta-2*pi/3); 
 ilc2= ild_DC*cos(Theta+2*pi/3)-ilq_DC*sin(Theta+2*pi/3); 

     
 Ilar=ila-ila2; 
 Ilbr=ilb-ilb2;   
 Ilcr=ilc-ilc2;   

  
ifa= Ifabc(1); 
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ifb= Ifabc(2); 
ifc= Ifabc(3); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
Iga= ila-ifa; 
Igb= ilb-ifb; 
Igc= ilc-ifc; 

  
Zero_seq=(Iga+Igb+Igc)/3; 
Iga1=Iga-Zero_seq; 
Igb1=Igb-Zero_seq; 
Igc1=Igc-Zero_seq; 

  
Igd =  (2/3)*(cos(Theta)*Iga1+cos(Theta-

2*pi/3)*Igb1+cos(Theta+2*pi/3)*Igc1); 
Igq =  -(2/3)*(sin(Theta)*Iga1+sin(Theta-

2*pi/3)*Igb1+sin(Theta+2*pi/3)*Igc1); 

     
 Igd_DC = -den*Igd_DC_1+num*(Igd+Igd_1); 
 Igq_DC = -den*Igq_DC_1+num*(Igq+Igq_1); 

  
 Igd_1=Igd; 
 Igq_1=Igq; 
 Igd_DC_1=Igd_DC; 
 Igq_DC_1=Igq_DC; 

  

  
 Iga2= Igd_DC*cos(Theta)-Igq_DC*sin(Theta); 
 Igb2= Igd_DC*cos(Theta-2*pi/3)-Igq_DC*sin(Theta-2*pi/3); 
 Igc2= Igd_DC*cos(Theta+2*pi/3)-Igq_DC*sin(Theta+2*pi/3); 

     
 Igar=Iga-Iga2; 
 Igbr=Igb-Igb2;   
 Igcr=Igc-Igc2;   

  
 Iar = Ilar+0.65*Igar; 
 Ibr = Ilbr+0.65*Igbr; 
 Icr = Ilcr+0.65*Igcr; 
 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
error_DC_link= 730-Vdc; 
PIDC=PIDC_1+(kp_DC+ki_DC/M1)*error_DC_link+(ki_DC/M1-

kp_DC)*error_DC_link_1; 

   
PIDC_1= PIDC; 
error_DC_link_1 = error_DC_link; 
d_DC_link= PIDC; 
q_DC_link = 0;    %% when q=0 => no fundametal in filter 

  
 A_DC_link= d_DC_link*cos(Theta)-q_DC_link*sin(Theta); 
 B_DC_link= d_DC_link*cos(Theta-2*pi/3)-q_DC_link*sin(Theta-2*pi/3); 
 C_DC_link= d_DC_link*cos(Theta+2*pi/3)-q_DC_link*sin(Theta+2*pi/3); 

  
Alpha_DC_link = 2/3*(A_DC_link-0.5*(B_DC_link+C_DC_link)); 
Beta_DC_link = (B_DC_link-C_DC_link)/sqrt(3); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%% 

  
Alfa_ref = 2/3*(Iar-0.5*(Ibr+Icr)); 
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Beta_ref = (Ibr-Icr)/sqrt(3); 
Zero_ref = (Iar+Ibr+Icr)/3; 
Alfa_filter= 2/3*(ifa-0.5*(ifb+ifc)); 
Beta_filter = (ifb-ifc)/sqrt(3); 
Zero_filter = (ifa+ifb+ifc)/3; 

  
Ialpha_PRHC = Alfa_ref - Alfa_filter - Alpha_DC_link; 
Ibeta_PRHC  = Beta_ref - Beta_filter - Beta_DC_link; 
Izero_PRHC = Zero_ref- Zero_filter; 

  
 PR_alpha=-(B1/B2)*PRalpha_1-

(B0/B2)*PRalpha_2+(A2/B2)*Ialpha_PRHC+(A1/B2)*Ialpha_PRHC_1+(A0/B2)*Ialpha_

PRHC_2;    
 HC3_alpha=-(B31/B32)*HC3alpha_1-

(B30/B32)*HC3alpha_2+(A32/B32)*(Ialpha_PRHC-Ialpha_PRHC_2);  
 HC5_alpha=-(B51/B52)*HC5alpha_1-

(B50/B52)*HC5alpha_2+(A52/B52)*(Ialpha_PRHC-Ialpha_PRHC_2);  
 HC7_alpha=-(B71/B72)*HC7alpha_1-

(B70/B72)*HC7alpha_2+(A72/B72)*(Ialpha_PRHC-Ialpha_PRHC_2);  

  

  
 Ialpha_PRHC_2=Ialpha_PRHC_1; 
 Ialpha_PRHC_1=Ialpha_PRHC; 
 PRalpha_2=PRalpha_1; 
 PRalpha_1=PR_alpha; 
 HC3alpha_2=HC3alpha_1; 
 HC3alpha_1=HC3_alpha; 
 HC5alpha_2=HC5alpha_1; 
 HC5alpha_1=HC5_alpha;  
 HC7alpha_2=HC7alpha_1; 
 HC7alpha_1=HC7_alpha; 

  
 PR_beta=-(B1/B2)*PRbeta_1-

(B0/B2)*PRbeta_2+(A2/B2)*Ibeta_PRHC+(A1/B2)*Ibeta_PRHC_1+(A0/B2)*Ibeta_PRHC

_2;    
 HC3_beta=-(B31/B32)*HC3beta_1-(B30/B32)*HC3beta_2+(A32/B32)*(Ibeta_PRHC-

Ibeta_PRHC_2);  
 HC5_beta=-(B51/B52)*HC5beta_1-(B50/B52)*HC5beta_2+(A52/B52)*(Ibeta_PRHC-

Ibeta_PRHC_2);  
 HC7_beta=-(B71/B72)*HC7beta_1-(B70/B72)*HC7_2beta+(A72/B72)*(Ibeta_PRHC-

Ibeta_PRHC_2);  

  

  
 Ibeta_PRHC_2=Ibeta_PRHC_1; 
 Ibeta_PRHC_1=Ibeta_PRHC; 
 PRbeta_2=PRbeta_1; 
 PRbeta_1=PR_beta; 
 HC3beta_2=HC3beta_1; 
 HC3beta_1=HC3_beta; 
 HC5beta_2=HC5beta_1; 
 HC5beta_1=HC5_beta;  
 HC7_2beta=HC7beta_1; 
 HC7beta_1=HC7_beta; 

  
PR_zero=-(B1/B2)*PRzero_1-

(B0/B2)*PRzero_2+(A2/B2)*Izero_PRHC+(A1/B2)*Izero_PRHC_1+(A0/B2)*Izero_PRHC

_2;    
 HC3_zero=-(B31/B32)*HC3zero_1-(B30/B32)*HC3zero_2+(A32/B32)*(Izero_PRHC-

Izero_PRHC_2);  
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 HC5_zero=-(B51/B52)*HC5zero_1-(B50/B52)*HC5zero_2+(A52/B52)*(Izero_PRHC-

Izero_PRHC_2);  
 HC7_zero=-(B71/B72)*HC7zero_1-(B70/B72)*HC7zero_2+(A72/B72)*(Izero_PRHC-

Izero_PRHC_2);  

  

  
 Izero_PRHC_2=Izero_PRHC_1; 
 Izero_PRHC_1=Izero_PRHC; 
 PRzero_2=PRzero_1; 
 PRzero_1=PR_zero; 
 HC3zero_2=HC3zero_1; 
 HC3zero_1=HC3_zero; 
 HC5zero_2=HC5zero_1; 
 HC5zero_1=HC5_zero;  
 HC7zero_2=HC7zero_1; 
 HC7zero_1=HC7_zero; 

  
Valpha_ref =PR_alpha+HC3_alpha+HC5_alpha+HC7_alpha; 
Vbeta_ref  =PR_beta+HC3_beta+HC5_beta+HC7_beta;  
Vzero_ref  =PR_zero+HC3_zero+HC5_zero+HC7_zero; 

  
Va_ref= Valpha_ref + Vzero_ref; 
Vb_ref= -0.5*Valpha_ref + sqrt(3)/2*Vbeta_ref + Vzero_ref; 
Vc_ref= -0.5*Valpha_ref - sqrt(3)/2*Vbeta_ref + Vzero_ref; 
Vn_ref= -3*Vzero_ref; 
if Va_ref >= 240*sqrt(2) 
    Va_ref=240*sqrt(2); 
end 
if Va_ref <= -240*sqrt(2) 
    Va_ref=-240*sqrt(2); 
end 

  
if Vb_ref >= 240*sqrt(2) 
    Vb_ref=240*sqrt(2); 
end 
if Vb_ref <= -240*sqrt(2) 
    Vb_ref=-240*sqrt(2); 
end 

  
if Vc_ref >= 240*sqrt(2) 
    Vc_ref=240*sqrt(2); 
end 
if Vc_ref <= -240*sqrt(2) 
    Vc_ref=-240*sqrt(2); 
end 
if Vn_ref <= -240*sqrt(2) 
    Vn_ref=-240*sqrt(2); 
end 
if Vn_ref >= 240*sqrt(2) 
    Vn_ref = 240*sqrt(2); 
end 
Va_ref_pu=Va_ref/(240*sqrt(2)); %Vd*sqrt(2) 
Vb_ref_pu=Vb_ref/(240*sqrt(2)); 
Vc_ref_pu=Vc_ref/(240*sqrt(2)); 
Vn_ref_pu=Vn_ref/(240*sqrt(2)); 

  
Va_ref_scaled =(Va_ref_pu+1)*Up_lim*0.5; 
Vb_ref_scaled =(Vb_ref_pu+1)*Up_lim*0.5; 
Vc_ref_scaled =(Vc_ref_pu+1)*Up_lim*0.5; 
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Vn_ref_scaled =(Vn_ref_pu+1)*Up_lim*0.5; 

  
Vabc_ref =[ Va_ref_scaled Vb_ref_scaled Vc_ref_scaled Vn_ref_scaled]; 

  
y1= [VdAlpha_1 VdAlpha_2 QVdAlpha_1 QVdAlpha_2 V_Alpha_1 V_Alpha_2 VdBeta_1 

VdBeta_2 QVdBeta_1 QVdBeta_2 V_Beta_1 V_Beta_2 Theta... 
     error_theat_1 int_Vq_1 int_w_1 wo ... 
     ild_1 ilq_1 ild_DC_1 ilq_DC_1 ... 
     Igd_1 Igq_1 Igd_DC_1 Igq_DC_1 ... 
     error_DC_link_1 PIDC_1... 
     Ialpha_PRHC_1 Ialpha_PRHC_2 PRalpha_1 PRalpha_2 HC3alpha_1 HC3alpha_2 

HC5alpha_1 HC5alpha_2 HC7alpha_1 HC7alpha_2 ... 
     Ibeta_PRHC_1 Ibeta_PRHC_2 PRbeta_1 PRbeta_2 HC3beta_1 HC3beta_2 

HC5beta_1 HC5beta_2 HC7beta_1 HC7_2beta ... 
     Izero_PRHC_1 Izero_PRHC_2 PRzero_1 PRzero_2 HC3zero_1 HC3zero_2 

HC5zero_1 HC5zero_2 HC7zero_1 HC7zero_2]; 

  

  

 

 


