
 

i 

CONTENTS 

Page 

Acknowledgement d 

Abstract in Thai e 

Abstract in English g 

List of Tables l 

List of Figures m 

List of Abbreviations r 

List of Symbols s 

Statement of Originality in Thai w 

Statement of Originality in English x 

Chapter 1  Introduction 

1.1 Background 1 

1.2 Problem solving method  7 

1.3 Thesis objectives 9 

1.4 Outline of the thesis 9 

Chapter 2   Review of Maximum Power Point Tracking 

2.1 Introduction 11 

2.2 Perturbation and observation (P&O) 12 

2.3 Incremental conductance (INC) 17 

2.4 Ripple correlation control (RCC) 21 

2.5 Conclusion 26 

Chapter 3  Modified Maximum Power Point Tracking Based-on Ripple          

Correlation Control and Sinusoidal Pattern Current Control for            

Single-phase VSI Grid-connected PV Systems 



 

j 

3.1 Introduction 28 

3.2 Operating principle of the single-phase VSI grid-connected PV systems 29 

3.3 Analysis of the direct RCC-MPPT for the grid-connected PV system 31 

3.3.1  Principle of the RCC-MPPT 31 

3.3.2  A RCC-MPPT for the grid-connected PV system  37 

3.4 Modified RCC-MPPT for the grid-connected PV system 39 

 3.5 Simulation results  43 

 3.6  Conclusion 45 

Chapter 4 Review and analysis of modified ripple correlation control MPPT for   

single-phase single-stage VSI grid-connected photovoltaic systems 

4.1 Introduction and outline 50 

4.2 Modified RCC-MPPT scheme and implementations 53 

4.2.1  Conventional RCC-MPPT method 53 

4.2.2  Proposed modified RCC-MPPT method 54 

4.2.3 Principle of mean function (MF) 55 

4.2.4 Modified RCC-MPPT 56 

4.2.5 Selection principle of integral gain 59 

4.2.6 Cascaded loop controllers   61 

4.3 Modeling studies of the modified RCC MPPT for single-stage              

single-phase VSI grid connected photovoltaic systems 63 

4.4 Experimental results 64 

4.4.1  Precision of the modified RCC-MPPT method 66 

4.4.2  Dynamic performance of the modified RCC-MPPT method 67 

4.5 Conclusion  76 

Chapter 5 Modified ripple correlation control MPPT with single-phase single-stage 

two cascaded H-bridge multilevel VSI for grid connected photovoltaic 

systems 

5.1 Introduction and outline 77 



 

k 

5.2 Modeling and analysis of the proposed modified RCC-MPPT with the     

single-phase single-stage two cascaded H-bridge multilevel VSI for        

grid-connected photovoltaic systems 79 

5.2.1  Modulation control 81 

5.2.2  Modified RCC-MPPT 83 

5.2.3  Active and reactive powers controller 86 

5.3 Simulation Results 87 

5.3.1 MPPT with rapidly changing irradiance 88 

5.3.2 Active and reactive power control 95 

5.4 Experimental Results  98 

5.4.1 Analysis of the PS-CBPWM technique for two cascade H-bridge 

multilevel VSI 98 

5.4.2 The accuracy of grid current control based on the dq                     

vector control 104 

5.4.3 Dynamic performance of the proposed modified RCC-MPPT 

algorithm applied in the single-phase single-stage CHB-MLI             

for GCPVS. 107 

5.5 Conclusion 108 

Chapter 6  Conclusion and Further Research 

6.1 Conclusion 111 

6.2 Further research 112 

References 113 

Curriculum Vitae 123 



 

l 

LIST OF TABLES 

Page 

Table 3.1   Main designed parameters of PV system 43 

Table 4.1   Main designed parameters of 3-Level VSI GCPVS 65 

Table 5.1   Main designed parameters of two CHB-MLI for GCPVS 88 

 

 

  



 

m 

LIST OF FIGURES 

Page 

Figure 1.1 Evaluation of photovoltaic systems installation (GW) reported by         

IEA-PVPS 1 

Figure 1.2 Overview of grid-connected PV inverters  2 

Figure 1.3 Circuit configuration of single-phase single-stage CHB-MLI                               

for grid-connected PV system 4 

Figure 1.4 Conceptual of the proposed grid-connected PV system 7 

Figure 2.1 The characteristic of PV panel with relationship curves 12 

Figure 2.2 MPP tracking direction on P-V characteristic curve 13 

Figure 2.3 Flowchart of the classical P&O MPPT algorithm with reference       

voltage perturbation [37] 14 

Figure 2.4 Measurement of the power between two MPPT sampling instances. 15 

Figure 2.5 Flowchart of the dP-P&O algorithm 15 

Figure 2.6 Flowchart of the dP-P&O method with optimized tracking 16 

Figure 2.7 Flow chart of INC MPPT algorithm 18 

Figure 2.8 Flowchart of the variable step size INC MPPT algorithm 19 

Figure 2.9 Per unit P-I curve and response of the step size, ( / )nstep P dI dV            

when n = 1, 3, 5 [41]  20 

Figure 2.10  The product of PV power and voltage ripple 
PV PVp v  curve                    

and the derivative of 
PV PV/dp dv can be the indicators for tracking            

the MPP 22 

Figure 2.11  Schematic of RCC analog controller used in experimental                     

studies [28]  23 

Figure 2.12 The simple power schematic used in this system [29] 24 

Figure 2.13 Block diagram of the power derivative 
PV PVp v   25 

Figure 2.14  The sign of the change in PV power 
PVp simplified from Figure 2.13 25 

Figure 3.1 The scheme of single-phase VSI grid-connected PV system 29 



 

n 

Figure 3.2 The PV characteristic P-V and I-V curves and the behavior of
     

PV PV/p v   and 
PVp while the PV power is moved through the MPP           

in the STC 32 

Figure 3.3 The behavior of variables in the single-phase single-stage                                

grid-connected PV system with RCC-MPPT during the grid current                         

is slightly increased to through the MPP of PV system 36 

Figure 3.4 To obtain the PV power ripple
 PVp , PV voltage ripple 

PVv  and the 

conventional RCC-MPPT [29] 37 

Figure 3.5 PV power ripples 
PVp extracted from PV power with the HPF                    

functions during rapidly changing of PV power 39 

Figure 3.6 Block diagram of the proposed modified RCC-MPPT 40 

Figure 3.7 To compare the convergence speed of extracting the PV power          

ripples 
PVp  from PV power 

PVp  40 

Figure 3.8 Comparison between the sign signal made by the MRCC (blue),                

the CRCC with 
LPF 5ms   (red), and the CRCC with  

LPF 10ms     

(green) 41 

Figure 3.9 Block diagram of voltage reference generating and dc voltage        

controller 41 

Figure 3.10 Block diagram of the current controller and the SPWM gate                     

drive signals 42 

Figure 3.11 Relationship curve in case 1 between PV power   versus PV voltage (a) 

and PV current   versus PV voltage (b) 46 

Figure 3.12 Behavior of variables in the grid-connected PV system controlled                   

with the proposed MRCC-MPPT and simple grid current control                           

in case 1(all PV array shading) 47 

Figure 3.13 Relationship curve in case 2 between PV power   versus PV voltage (a) 

and PV current versus PV voltage (b) 48 

Figure 3.14 Behavior of variables in the grid-connected PV system controlled          

with the proposed MRCC-MPPT and simple grid current control                            

in case 2 (50% PV shading) 49 



 

o 

Figure 4.1 The power scheme of the single-stage single-phase VSI GCPVS 51 

Figure 4.2 Bode plots of mean function principle for =1 100Hzw wf T   57 

Figure 4.3 Block diagram of the proposed modified RCC-MPPT method 58 

Figure 4.4 Criteria for selecting the integral gain 
dvK  59 

Figure 4.5 Power and control scheme of the proposed MPPT algorithm for                  

single-stage single-phase VSI GCPVS 60 

Figure 4.6 Dynamics of power and control performances 64 

Figure 4.7 Verification in accuracy and precision of the proposed modified                         

RCC-MPPT method by increasing the PV current   from 0 A to 1.25A. 67 

Figure 4.8 Dynamic response of the system using the proposed modified                          

RCC-MPPT method for the step change of PV power 69 

Figure 4.9 Steady-state experimental waveforms of the grid voltage gv                      

and current gi  70 

Figure 4.10 Dynamic response of the system using the proposed modified               

RCC-MPPT method for the linear shading of PV power 72 

Figure 4.11 Simulation results of the system response since starting operation. 73 

Figure 4.12 Experimental results of the system response since starting operation 74 

Figure 4.13 Measured data loggers of system efficiency 75 

Figure 5.1 The power scheme of single-phase single-stage CHB-MLI for GCPVS 78 

Figure 5.2 Proposed MRCC-MPPT, current control and modulation control 

techniques for two H-bridge cells CHB-MLI for GCPVS 80 

Figure 5.3 Modulation scheme for two single-phase cascaded H-bridge inverters     

with PS-CBPWM strategy 82 

Figure 5.4 Phase-shifted carrier-based PWM for a 2-H-bridge CHB-MLI with 

amplitude modulation ratio 0.9am   and frequency modulation             

ratio 7fm   83 

Figure 5.5 The typical of p-v, i-v curves and the simulation result of power    

derivative /p v  and the change of PV power p  of a PV string 85 



 

p 

Figure 5.6 The waveform of the powers occurred in PV system during a case 1 

irradiance profile, using the proposed MPPT method and PQ control 

scheme 91 

Figure 5.7 The waveform of voltages, currents in dc side, and the sign signals       

from the MRCC-MPPT algorithm of PV system during a case 1     

irradiance profile 91 

Figure 5.8 The waveform of PV system in the ac side during a case 1              

irradiance profile 92 

Figure 5.9 The waveform of the powers occurred in PV system during a case 2 

irradiance profile, using the proposed MPPT method and PQ control 

scheme 92 

Figure 5.10 The waveform of voltages, currents in dc side, and the sign signals      

from the MRCC-MPPT algorithm of PV system during a case 2     

irradiance profile 93 

Figure 5.11 The waveform of PV system in the ac side during a case 2 irradiance 

profile 93 

Figure 5.12 The relationship curve between PV power versus PV voltage in case 1                                                                    

(all PV array irradiation shading) 94 

Figure 5.13 The relationship curve between PV power versus PV voltage in case 2 

(partial PV array irradiation shading) 95 

Figure 5.14 Results of the active and reactive power control 97 

Figure 5.15 Experimental set up 99 

Figure 5.16 Harmonic of output voltage ov for the 9 difference phase shifted            

angles   of 2H in condition of 0.8am   99 

Figure 5.17 THD of output voltage versus the phase shifted angle   101 

Figure 5.18 Voltage and current waveforms for 0.8am   from inverter H2 ,                     

output voltage and load phase current for both simulation waveforms 102 

Figure 5.19 Response for a ramp input reference 103 



 

q 

Figure 5.20 The ac side output waveforms of the single-phase single-stage             

CHB-MLI for GCPVS during the PV power is injected to the              

utility grid with unity PF 104 

Figure 5.21 The extended waveforms of the variables during starting up from        

g 0i   to steady-state of the single-phase single-stage CHB-MLI for 

GCPVS with unity PF 106 

Figure 5.22 The extended waveforms of the variables during starting up from        

g 0i   to steady-state of the single-phase single-stage CHB-MLI for 

GCPVS with unity PF  106 

Figure 5.23 The extended waveforms of the variables during 50% rapidly                   

PV current reduced of the single-phase single-stage CHB-MLI                       

for GCPVS with unity PF 107 

Figure 5.24 The waveforms of the variables during 50% rapidly PV power     

decreased and increased in the same atmospheric of the CHB-MLI           

for GCPVS with unity PF 109 

Figure 5.25 The waveforms of the variables during 50% rapidly PV power       

increased and decreased in the same atmospheric of the CHB-MLI for 

GCPVS with unity PF 110 

 



 

r 

LIST OF ABBREVATIONS 

CB-PWM Carrier-Based Pulse width Modulation  

CHB-MLI Cascaded H-Bridge Multilevel Inverter 

CRCC Conventional Ripple Correlation Control 

DSP Digital Signal Processing 

EGAT  Electricity Generating Authority of Thailand 

EMC Electromagnetic Compatibility 

GCPVS  Grid-Connected Photovoltaic System 

GUI Graphical User Interface 

HB H-Bridge 

HPF High Pass Filter 

IEA PVPS  International Energy Agency Photovoltaic Power Systems Program 

IGBT Insulated-Gate Bipolar Transistor 

LPF Low Pass Filter 

MPP Maximum Power Point 

MPPT Maximum Power point Tracking 

MRCC Modified Ripple Correlation Control 

PF Power Factor 

PI Proportional-Integral Controller 

PV           Photovoltaic  

PWM Pulse Width Modulation 

RCC Ripple Correlation Control 

RMS Root Mean Squre 

SPWM Sinusoidal Pulse Width Modulation 

THD Total Harmonic Distortion 

VSC Voltage Source Converter 

VSI Voltage Source Inverter 

InCond  Incremental Conductance 

P&O  Perturbation and Observation 



 

s 

LIST OF SYMBOLS 

dP  derivative powers  

1 2,dP dP  derivative powers of in different time   

PVdp  derivative PV power 

PVdi  derivative PV current 

PVdv  derivative PV voltage 

PVp  partial derivative PV power 

PVv  partial derivative PV power 

mppt  efficiency of maximum power point tracking 

  efficiency of inverter 

PVi  instantaneous photovoltaic current 

PV1 PV2,  i i  instantaneous  photovoltaic current of upper and lower H-Bridge 

cells 

Ci  instantaneous decoupling capacitor current 

C1 C2,  i i   instantaneous decoupling capacitor current of upper and lower H-

Bridge cells 

INVi  instantaneous input current of H-Bridge inverter 

INV1 INV2,  i i  instantaneous input current of H-Bridge inverter of upper and lower 

H-Bridge cells 

gi  instantaneous grid current 

*

gi  grid current reference 

*

gPi  peak grid current reference 

PVi  PV current ripple  

PVi  dc component of  PV current  

gd gq,i i   direct and quadrate grid currents 



 

t 

* *

gd gq,i i   direct and quadrate grid current references 

g g,i i    grid current in stationary frame alpha and beta 

SCI  short circuit  PV current at the standard test condition (STC) of a 

PV module 

mppI  the maximum power point PV current  at the  STC of  a PV module 

RatedI  the maximum power point PV current  at the  STC of a PV array 

am  modulation index 

PVtP  average total photovoltaic  power  

PVp  dc component of  PV power  

PVp  PV power ripple  

INV1 INV2,  p p  instantaneous input power of inverter of upper and lower H-Bridge 

INV1 INV2,  P P  average input power of inverter of upper and lower H-Bridge 

PV1 PV2,  p p  instantaneous input power of inverter of upper and lower H-Bridge 

average  photovoltaic  power  

PV1 PV2,  P P  average  input power of inverter of upper and lower H-Bridge 

C1 C2,  p p  instantaneous decoupling capacitor  power  

C1 C2,  P P  average  decoupling capacitor of upper and lower H-Bridge 

iG  irradiation (W/m2) 

1 3, ,S S  The upper power electronic switches on left and right leg of an     

H-Bridge  

2 4, ,S S  The lower power electronic switches on left and right leg of an      

H-Bridge  

11 12, ,S S  Power electronic switches on left leg of an upper H-Bridge in the 

CHB-MLI  

13 14,S S  Power electronic switches on right leg of an upper H-Bridge in the 

CHB-MLI 



 

u 

21 22,S S  Power electronic switches on left leg of an lower H-Bridge in the 

CHB-MLI 

23 24,S S  Power electronic switches on right leg of an lower H-Bridge in the 

CHB-MLI 

ov  instantaneous  output  voltage of  CHB-MLI  

ov   output  voltage of  CHB-MLI in stationary frame of alpha axis 

gv  instantaneous  grid voltage 

PVv  photovoltaic voltage 

*

PVv  photovoltaic voltage reference 

PVv  PV voltage ripple 

PVv  dc component of  PV voltage  

PV PVv v  dc component of the product of double PV voltage ripple 

PV PVp v  dc component of  the product between ripples of PV voltage and 

power ripple 

st  inverter electrical position 

1f  fundamental frequency  

,d q  direct and quadrate indices for orthogonal components 

/d dt  differential operation 

   angular speed 

g   grid angular speed 

fL  inductance filter 

MPP Maximum Power Point 

MPPT Maximum Power Point Tracking 

g g,P Q   grid active and reactive powers 

Temp  ambient temperature 

OCV  open circuit PV voltage at the standard test condition (STC) 



 

v 

mppV  maximum power point voltage  at the standard test condition (STC) 

of a PV module 

,d dcV V  dc-link voltage 

RatedV  maximum power point voltage  at the standard test condition (STC) 

of a PV array 



 

w 

ข้อความแห่งการริเร่ิม 

วิทยานิพนธ์น้ีได้น าเสนอ การสร้างแบบจ าลอง การวิเคราะห์ และการพฒันาวิธีการควบคุม
อินเวอร์เตอร์หลายระดบัคาสเกดเอชบริดจเ์ฟสเดียวส าหรับระบบโฟโตโวลตาอิกที่ถูกเช่ือมต่อ
เขา้กบักริดโดยใชห้ลกัการติดตามจุดผลิตก าลงัสูงสุดชนิดปรับปรุงวธีิการควบคุมความสมัพนัธ์
ของระลอกคล่ืน  วิธีการดงักล่าวสามารถตรวจติดตามจุดผลิตก าลังสูงสุดของระบบควบคุม
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x 

STATEMENT OF ORIGINALITY 

In this thesis, control of single-phase cascaded H-bridge multilevel inverter for 

grid-connected photovoltaic system based on the modified ripple correlation 

control MPPT has been modeled, analyzed, designed and implemented. This 

algorithm provides a high accuracy and precision MPPT solution for single-stage 

single-phase VSI grid-connected PV system application. The main contributions 

with a new modified RCC-MPPT algorithm for single-phase VSI grid-connected 

PV systems are: 

1. The method to extract the ripple from the instantaneous PV power and PV 

voltage.  

2. Eliminate the harmonic filter in the input dc voltage of dc voltage controller 

by means of the inherent dc component. 

3. No need the HPF and LPF to generate all ripples and also dc component. 

4. Development of single-stage single-phase H-bridge two level and five level 

VSI used in grid connected systems with the modified RCC-MPPT control. 

 

 
 


