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Abstract

In recent years, the traditional electrical power grids are gradually changing into smart
grids and emerging as the next-generation power systems. The application of power
electronics is playing a vital role in these changes. The recent advancements in power
electronics have provided significant momentum for high penetration of renewable energy
sources, energy storages, and modern loads into the hybrid microgrid associated with the
smart grid. Nevertheless, it also introduces several challenges in terms of reliability and
robustness, power quality, and cost. Developing advanced control strategies and converter
architecture to mitigate these challenges will be vital. This thesis presents advanced control
strategies and circuit architectures for the grid-connected system in hybrid-microgrid
applications. The system parameter variations and uncertain disturbances are critical for
achieving the control objectives in AC/DC power conversion. In this thesis, disturbance
rejection based control strategies have been proposed and implemented to ensure improved
steady-state and dynamic performances to follow the references. The control of power
converters connected with the electrical grid requires fast and accurate estimation of grid
voltage parameters (i.e., amplitude, phase, and frequency), which are carried out using the
grid synchronization method. The performance of synchronization methods is affected by the
growing power quality issues. This thesis presents novel methods for fast and accurate
estimation of the grid voltage parameters. These methods demonstrate enhanced performance
to eliminate the disturbances, such as the presence of DC-offset, harmonically distorted grid,
grid frequency variations, voltage sag and swell, etc. This thesis also presents a novel single-
source three-phase multilevel converter with voltage boosting capability for medium-voltage
photovoltaic applications. The new circuit structure significantly reduces the DC-link voltage
requirements, the number of components and their voltage stresses in comparison to
traditional topologies. It can reduce the dc-link voltage requirements by 75% in comparison
to the traditional neutral point clamped (NPC), flying capacitors, active NPC (ANPC), hybrid
and hybrid clamped ANPC topologies, and 50% to advanced ANPC topologies. It can also
reduce the number of required switches and capacitors as well as their voltage stresses

compared to these state-of-the-art topologies reported in the literature so far. The performance
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of the proposed control techniques and circuit topologies have been validated by simulation

and experimental results.

vi



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Keywords: Advanced Control; Hybrid Microgrid; Model Predictive Control;
Multilevel Converter; Observer Design; Sliding Mode Control.

vii



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Contents
Certificate of Original AUthOrShIP ....cccovveiiienivniiinnisniicnissnnicssssnsiessssnneesssssnsscsssssssssssssssens i
ACKNOWICAZGIMENLS ..cuuuveriiiiisnriessssnnicssssnnresssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ii
Publications and Conference Contributions.........ccceeeciseeecsseeccsneessnecssnnecsssencsssescssseecnnes iii
ADSEFACE ccueeieiireeiiteeisnreisnnessneesssneesssneesssnesssanesssasesssssesssssessssssssssssssssssssssessssssssssssssssasssssassss v
LISt Of TADIES .uueeueeeriiiniiiiniiinienteintinniisnecsnesnnesssessssesssessssesssssssssssssssssessssessssssssssssassnss xii
LSt Of FIUIES ..cuuueiirriiiinrinirniinieicnsnicssnicsssnicssssssssassssssssssssssssssssssssssssssssssnsssssnsssssssssssassses xiii
NOMENCIATULC..cuueereiineicneisticteistiistensnecsteessesssnssssesssessssesssessssssssasssseessasssssssssssssassssssssass xvii
1 INtrOAUCTION...ueiieeciteeitecttinnnineecnecsstissneissecssseesssssssnsssassssessssssssnessassssessssssssnsssassssasssns 1
1.1 BACKEIOUNG ....viiniiiiiiieiiecie ettt ettt et ebe et eesbeesnseensaesnaeenne 1
1.2 ReSEarch MOtIVATION. .....ccueeiieiieiieie ettt st e 4
1.3 Research Objectives and LImMitations .........cceeveeeriierieeiiienieeiieeieeiee e eree e esee e e 7
1.3.1 Research Questions and ObJECTIVES.......cuveriieiierieeiiieriieeiieeieeiee e ereeseneesee e e 7
1.3.2 Project LIMItationS. ....cccuveeeiieeeiiieeiieeeieeeeiteeeieeesieeesieeesereeesnreeesnseeessseesnnseesnnseeens 8
1.4 ThESIS OULINE. ...c..eiiiiiiiiieiieeeee ettt et ettt e e e 9
2 Multi-Sourced Energy Conversion Systems in Residential Microgrid.............c..... 12
2.1 INEFOAUCTION ..ottt et ettt et e et e et eesbe e b e sateesaeeenbeenneas 12
2.2 PropoSed SYSEIM ......eeruiiiiiiieiiiiieieeitee ettt ettt st 16
2.3 Control AIZOTIERIM .....oouiiiiiiiiiiieeetee ettt 17
2.3.1 Bidirectional DC/DC CONVETLET ......cc.ceeuieriieriieiieeiieniie ettt seeeiee e evee e 21
2.3.2 Unidirectional DC/DC b00St CONVETTET .......cccueruierieriiriiirieeieniesieeie e 22
2.3.3 GIid-S1dE INVEITET ....eeuviriiiiieieiiiesitete ettt ettt sbe et s ees 22
2.4 SIMUlAtioN RESUILS.....co.eiiiiiiiiiiiiceneee et 23
2.5 Experimental RESUILS.........c.ooiiiiiiiiiiiiiceee e 27
2.6 CONCIUSION ..ottt ettt sb et st sb et et s bt et st e saeenaea 30
3 Model Predictive Observer Based Control Scheme for Five-level Converters in
Microgrid APPLICALIONS....ccouiieiveririsrrisirressrncssnncssssecssssicssssesssssesssssesssssssssssosssssssssssssssssses 31
3.1 INErOAUCLION ...ttt ettt ettt sae e 31
3.2 System Configuration and Mathematical Model..........c..ccoceeviniiniiiiiiiniininieees 34

viii



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

3.2.1 Dynamic model of SL-T-AHB CONVEITET .........ceevvieeiiieeiiieeiieeciee e eeree e 34
3.2.2 D-Q mathematical MOdel ............ooooiiiiiiiiii e 36
3.3 Proposed Control SChEME ........c..eieiiiieiieciieceeee et e 38

3.3.1 FCS-MPC for SL-T-AHB pOWET CONVEIET ......cc.eevreeiieiieeiieniieeieenieeieeseneeeens 39

3.3.2 Multi-objective cost function formulation...........ccccceeeieriieriieniiienienieeieeeie e 40

3.3.3 Reference grid current calculation............ccoeeveeriierieeiiieniieieeeie e 41

3.3.4 ESO-based disturbance observer deSign...........ccverveerieerieeniienieeiienreenieesveenens 42

3.3.5 Parameter tuning and stability analysis .........cccccceeviieiiieniieiienieeieeie e 44

3.3.6 ANF based DC value estimation of the DC-link voltage .............ccceeevvevvienieennnn. 46
3.4 Experimental RESUILS.......cc.ccoviiiiiiiiiiiiciiecee et 48
3.5 CONCIUSION ...ttt ettt ettt ettt st e bt et e e st e sbe et e saeesaeeneeas 55

4 Disturbance Rejection Based Control Scheme for Hybrid Five-level Converters in

Microgrid APPLICAtIONS....ccovuiierveressreicssreicssnrcssnrcssssisssanssssasssssasssssssessssssssssssssssssssnsssssssssses 56
4.1 TNEOAUCTION ...ttt ettt ettt et et et et eseee bt eneeeneenees 56
4.2 System Model and Problem Statement .............cccveeviieeiiiieeiiieeieeceeeiee e 59

4.2.1 Analysis of the DC-bus VOItage ........ccevvieeriiieiiieeiieeeeee e 59

4.2.2 Dynamic System Model..........cccoeeiiiieiiiiiiiecieeeeee e e 62

4.2.3 Necessity of Modelling Uncertainties..........cocueeeeruerieneeneenienieneeieneenieeeeseeees 64
4.3 Proposed Control SChEME .........cceiiiiiiiiiiiiiiiiccecte s 65

4.3.1 Proposed Ripple Voltage Estimation Method ............cocooeiiiniiiiniininiineee. 66

4.3.2 SIiding Mode Control .........cc.eeiiiiiiiriinieieieeteee e 67

4.3.3 ODSEIVET DESIZN ..c.uvieiiieiiieiiieieeeie ettt ettt ettt eseteebeesnaeenbeesneas 68

434 FCS-MPC ...ttt sttt 70

4.3.5 Stability @NalYSIS ..cccueeriieiiieeiieiieeie ettt ettt seeas 71
4.4 Performance Evaluation ............cocooiiiiiiiiiiiniiniiee e 74
4.5 CONCIUSION ...ttt ettt sttt ea ettt ettt s bt be et sat e bt esteeaeenaes 80

5 Designing a Robust Grid Parameter Estimation Method for Power Converters.. 82

5.1 INEEOAUCHION ..ottt ettt ettt e stae st e e aaeenbeessneenseens 82
5.1.1 Phase-locked 100p (PLL) ....ooouiiiiiiecieeee ettt e 84
5.1.2. Single-phase PPLL........cooiii et 84

ix



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

5.2 Proposed PLL StrUCTUIE ........ceeiiiieiiieeiee ettt e e e enree e 88
5.2.1 Fourier Linear COMDBINET .........cccieiiiiiiiiniiieiieeieeiee et 89
5.2.2 Modified Weighted-Frequency Fourier Linear Combiner...........c.cccccveerveeennennn. 91

5.3 Small-Signal Modelling and Stability Analysis of the Proposed PLL Method .......... 94

5.4 Design Example of the Proposed Method............coeovieniiiiiiiniiiiiiiiiciecceeeea 97

5.5 Experimental RESUILS........c.cccuiiiiiiiiieiiieiiecie ettt 99

5.6 CONCIUSION ...ttt ettt ettt ettt s e bt enteeneenees 105

6 Modeling, Analysis, and Design of a QSG-PLL Method for Power Converters . 107

0.1 INErOAUCTION ...ttt ettt et b et eae e 107
6.1.1 Single-Phase QSG-PLLS ......ccccoeriiriieiieeiieieeete ettt seees 108
6.1.2 Single-phase QSG -FLLS......cccciiiiiiiieiiecieeieeeee ettt 112

6.2 Proposed PLL StIUCTUIE .....ccviiiiiiiieiieeie ettt sese e eenes 115
6.2.1 Proposed QSG AlGOTthM.........cooiieiiiiiiiiiieiiecieceece e 116
6.2.2 Parameter Tunning of the Proposed PLL .........cccccccevviiiiieiiieiececeeceeeeee, 117

6.3 Experimental RESULLS..........cocuiiiiiiiiiiiiiee e 118

0.4 CONCIUSION .....tiiiiieiieeite ettt ettt et ettt e st e et e e st e e st e ssbeenbeesaseenseesnnas 126

7 Topology, Modelling and Control Scheme Design for Multilevel Power Converters
127

7.1 TEEOAUCTION ..ttt ettt ettt et e st e et e snteenbeesaseenseesnnas 127
7.2 Proposed Circuit SIIUCTUIE ......ccueeiiieiiieeiieeiiesie ettt ettt et e e saaeesee e 133
7.3 Proposed Control SChemE ..........coouiiiiiiiiiiiiiiicee e 136
7.4 COMPATAtIVE SUIMIMATY ....veeeivieiieeiieeiieeieeeieesteeteesteeteeseteeseesseeeseessseeseessseenseessnes 139
7.5 SIMUIation RESUILS........co.iiiiiiiiiiiiiiieciee e 142
7.6 OPAL-RT RESUILS ....ocuviiiiiiiiiiiieiecieetetetese ettt st 147
7.7 CONCIUSION ...ttt et sttt ettt sb et eaeeees 152
8 Summary and Future Work ......iiiniinnnnicnsiinssninssnnccsssncssssncsssnesssnessssscsssees 154
8.1 Summary of Research Contributions ...........ccceecueerieeiiieniieiieeie e 154
8.1.1 Disturbance Rejection Capability Based Control Scheme ............ccoceveeieninne. 155
8.1.2 Filter-less DC-bus Voltage Ripple Estimation ..........c.cccccvveeevieerciieencieeciee e, 155
8.1.3 Grid SynChroniZation ..........cccciieeiiiieeiiieciie ettt e e e sre e e sereeeaeeas 155




Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

8.1.4 Voltage Boosting Capability-Based Multilevel Converter.............ccceeeeuveeenneen. 156
8.2 Possible FUuture Works........oc.ooiiiiiiiiiiieee e 156
REFEIENCES ...ccunreriiciirnniinsisnniessssnnicssssasiesssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssss 159

Xi



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

List of Tables

Table 3.1 Possible States of the SL-T-AHB CONVEIter .........ccccuevieviiriinieiinienieneeieeeene 36
Table 3.2 Specification of the Experimental Setup.........c.ccccovveeiiiieiiieeiiieeie e, 53
Table 3.3 Time Required by the Different Tasks of the Control Algorithm......................... 53
Table 3.4 Controller Design Parameters ..........cccueeeciieeiieeeiieeeieeciee e ieeeeiveeesree e ens 53
Table 4.1 Possible States of the CONVEIter.........c.ooiuiiiiiiiiiiiieie e 71
Table 4.2 System and Controller Parameters............cccvveevveeiieriieniieniieeie e 74
Table 7.1 Maximum positive voltage level (phase-phase) of different seven-level inverters
(FOT VDC =400 = T D U)ottt ettt ettt ettt et et esaeeenne 131
Table 7.2 Switching states of the proposed CONVETter. .........ccooceeviieiiieniiiiieiieeieesee e 134
Table 7.3 Comparison of the Proposed Topology with the Traditional Topologies (Max.
phase voltage = 400V = 1 D. 1. )eeereiieiiieeee ettt et et 140
Table 7.4 Comparison of Total Voltage Stress across the Switches and Capacitors (Max.
phase voltage = 400V =1 D. U )eeeeiieieiieeee ettt 140
Table 7.5 Maximum Voltage Stress on the Components of the Proposed Circuit (Max. phase
VOItAZE = 400 V =1 Pl L. oottt ettt ettt et sttt st nteenee 141
Table 7.6 Maximum Voltage Stress on the Components of Conventional Topologies (Max.
phase voltage =400 V =1 D. 1. )eeeriiieiieeee ettt e 141
Table 7.7 Converter Specification and Grid-Parameters. ...........cccceeevueeriiiiiieniienieenieeiens 142

Xii



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

List of Figures

Fig. 2.1 Structure of a typical hybrid microgrid SYStEIM. .......ccceervveriercrerrierieriereerre e e ereereesieens 14
Fig. 2.2 Traditional two typical power converter structures installed in residential/industrial
applications, (a) without, and (b) with the magnetic-1ink. ..........c.ccccvevveriienciecieieee e 15
Fig. 2.3 Proposed circuit structure for residential/industrial applications............cccceceereeriierienncencnne 17
Fig. 2.4 Proposed control scheme block diagram. ...........ccccoeiiiiiiiiiniiiiieeee e 18
Fig. 2.5 Switching states in dq0 PIane. ............ccceevieiiiiiiieieereeseeste et re e saesaeessessseessaesseens 20
Fig. 2.6 Principle of operation of the proposed CMBMC employed to interface PV and ES into the
<5 1« USRS UU PRSP 24
Fig. 2.7 Principle of operation of the proposed CMBMC employed to interface PV and ES into the

< 4 1« RSOOSR 25
Fig. 2.8 Principle of operation of the proposed CMBMC employed to interface PV and ES into the

o 4 1« RSOOSR URTUPTRURRPRRTI 26
Fig. 2.9 Measured waveform showing output voltage levels and current............cceevevvervenciennieennenns 28
Fig. 2.10 Measured waveform showing output voltage levels and current.............cccooevvvcvercrennreennenne 28
Fig. 2.11. Experimental results during reference grid current transient Case. ...........ccoeeveeeeerruerreeennenne 29

Fig. 2.12 Experimental waveforms of the magnetic link, (a) winding 1 excitation voltage and current
waveforms, (b) winding 2 induced voltage and current waveforms, (c¢) winding 3 induced voltage

and current waveforms, and (d) winding 4 induced voltage and current waveforms. ....................... 29
Fig. 3.1 Topology of the SL-T-AHB CONVEITET. ......ccccctrieiiriieieriieiee ettt 36
Fig. 3.2 Equivalent circuit of the SL-T-AHB CONVETter...........ccccteriiriieiieiieieieee e 38
Fig. 3.3 Block diagram of the proposed ESO-based AC/DC converter control system. .................... 39
Fig. 3.4 DC- offset rejection based SOGI-PLL. ......ccccocoiiiiiiiiiiiiiieeeeeeeee e 44
Fig. 3.5 Equivalent transfer function of extended state ODSETVET...........ccceeviieiiieriieniierieeieeieeieeiene 45
Fig. 3.6 Root loci of the proposed system for the change of capacitance value. ............cccevvreeneenee. 46
Fig. 3.7 ANF performance in estimating the DC value of the DC-link voltage. ...........cccceceevenennnene. 49
Fig. 3.8 EXPErimental SELUP. ....cceeieiiieeieieiieiete ettt ettt ettt ettt e e sse et e s et eeeeneeneeeas 49

Fig. 3.9 (a) Experimental results of the voltage produced by the SL-T-AHB AC/DC converter (vc:
35 V/div), input current (i: 4 A/div), and DC-link voltages (Vpc: 10 V/div), (b) magnified view of
the voltage and current WavefOIMS. .......c.cccviiiiieiiiiiecie ettt ve e a e ae b e erbeesveesreens 50
Fig. 3.10 Experimental performances with the general FCS-MPC scheme, and the capacitor voltages
unbalancing and its influence on the output voltage levels, (ve: 70 V/div), (vel,: 20 V/div), (ve2,: 23

V/EIV). ottt bbbt h bbbt b ettt n e 50
Fig. 3.11 Experimental performances with the proposed FCS-MPC scheme, (vc: 46 V/div), (vel,: 20
V/AiV), (VE2,5 20 V/IV). coiiiniiiiiiticee ettt 51

Fig. 3.12 Comparative study of the proposed PI-ESO-based control strategy, and PI control strategy
when a step change in the DC-link voltage references is introduced, (vc: 70 V/div), (i: 4 A/div),

(Vpc: 10 V/div), (a) PI-ESO (70 V to 80 V), (b) PI (70 V10 80 V). weeeeieeieeeeeeeeeeeee e 52
Fig. 4.1 Equivalent circuit of a single-phase AC/DC CONVEITET. .......ccceeuerveererieniinieienieeieneeeeeene 60
Fig. 4.2 DC-bus voltage waveform of a single-phase converter during turn-on transient, as given by

(B LD ettt h e h et h e a et bt et et e bt et eh et e bt ea e et bt etents 62

xiii



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Fig. 4.3 Topology of the adopted single-phase T-type hybrid power converter. ............c.cceeeverrveenenne 63
Fig. 4.4 Proposed control system of the hybrid power CONVErter. ...........cccoceeriereenieniiiieeieeeeeene 65
Fig. 4.5 Block diagram of the PLL. .......c.ccccveiiiiiiiieiiieieeeee ettt eesraenee s 66
Fig. 4.6 Equivalent transfer function of ESO.......cccccoiiiiiiiiiieeeeeeee e 71
Fig. 4.7 Root loci of the modified model G, for the variation of DC-bus capacitance....................... 73
Fig. 4.8 Root loci of the modified model G, for the variation of Rp. .......ccccvvevvververienrinienieeieeniens 73

Fig. 4.9 Performance comparison of the ripple estimation methods: (a) DC-bus voltage ripple
tracking performance of the proposed method, (b) reference DC-bus voltage tracking performance of
the conventional NF based method, and (¢) reference DC-bus voltage tracking performance of the

proposed ripple estimation MEthod. ...........c.oeciiriiiiiiiie ettt 75
Fig. 4.10 Performance comparison of the control methods under step-up load condition, (a) PI, (b)
PI-ESO, (c) SMC, and (d) SMC-ESO........cccieierieieieiieieieetieieste ettt et sesseesaesesseense e 77
Fig. 4.11 Performance comparison of the control methods under step-down load condition, (a) PI,
(b) PI-ESO, (c) SMC, and (d) SMC-ESO. ......cootiiiiiieeeeeeere ettt 78
Fig. 4.12 Performance of the proposed method under grid voltage variations, (a) amplitude step
changes from 325 V to 250 V, and (b) amplitude step changes from 325 V t0 350 V....ccceevvereennene 79
Fig. 5.1 A classification of synchronization methods. ...........cccooviiriiriiiiiiiiiee e 83
Fig. 5.2 Basic Structure 0f @ PLL. .......ccocieiiiiiiieiieieeerteste ettt ettt e v e esre e aa e ae b e ssseensaenaens 84
Fig. 5.3 BaSic PPLL StIUCIUIE. ....cccveeviieiiieriieeiieiieieeitesteesteeereebeestaesteeseressnessseesseessaesssesssesssesssesssenns 85
Fig. 5.4 Block diagram of LPFPPLL StrUCLUTE. ........cccuteiiiiiiieiieriieeie ettt 85
Fig. 5.5 Block diagram of NFPPLL StIUCLUIE. .....cccveevvieiieiiieieeieesieecteesre e eveereeieeseneseveseneesseeseeens 86
Fig. 5.6 Structure of the FIRNF-PPLL.......cccoociiiiiiiiiteetee et 86
Fig. 5.7 Structure of the MMPD-PpPLL. .....ccciiiiiiiiiiiiieeee ettt 87
Fig. 5.8 Proposed MWEFLC-PPLL SIIUCLUIE. .....c.cccvveriieriieiireeieeireesieesieesiressesereesseesseesssesssessesssessseens 89
Fig. 5.9 Block diagram of the Fourier linear COMDINET............cccccverieriiriieiiecieiee e 90
Fig. 5.10 Block diagram of the weighted-frequency Fourier linear combiner............ccccoecevereeennee. 92
Fig. 5.11 Block diagram of the proposed MWFLC for n=1. ......cccccoceriniriininiininieeneceeieeeee 92
Fig. 5.12 Small-signal model of the WFLCPLL method..........ccccocevviiiiniiiininiininieeceeceee 95
Fig. 5.13 Signal flow diagram presenting signal propagation in FLC. ...........ccccoovviiiriiiniiinciennieennen, 96
Fig. 5.14 Bode plot of open-loop transfer function (5.27) and (5.30), (7s = 0.00004 s, 1« = 0.006, k, =
255, and £ = 20000). ... ettt ettt ettt et et e st et e teent et e eneente st enteteeneenneees 97
Fig. 5.15 Accuracy assessment of the proposed PLL with sampling period 7s= 0.00004 s, = 0.006,
ky, =255, and k; = 20000, when a +10° phase jump and a +2 Hz frequency shift occur...................... 97
Fig. 5.16 Estimated input voltage amplitude in response to: (a) 50% voltage sag condition, and (b)
when the input voltage is changed back to the nominal value. ............cccoccveviiriiiiieneinieeie e 100
Fig. 5.17 Estimated input voltage amplitude in response to: (a) 20° phase jump condition, and (b) +2
Hz frequency JUMP CONAITION. ......cccviiriieriieiieiiecie et et eeteesteesereeereebeesteesteesraeeeseesseeseesseesssesssesssesnns 101
Fig. 5.18 Performance comparison between the MWFLC-pPLL and ANF-pPLL in response to +2
Hz frequency jump, (a) MWFLC-pPLL, and (b) ANF-pPLL. ....c.ccoveviiiiiiiiieeeeeeeeee e, 102
Fig. 5.19 Performance comparison between the MWFLC-pPLL and ANF-pPLL in response to 90°
phase jump condition, (a) MWFLC-pPLL, and (b) ANF-pPLL......ccccoceeiiiiiiiiieeeeceee, 103

Xiv



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Fig. 5.20 Performance comparison between the MWFLC-pPLL and ANF-pPLL in response to 50%

voltage sag condition, (a) MWFLC-pPLL, and (b) ANF-pPLL. .....cccooiiiiiiiiiiiiieeeeeeeee e 104
Fig. 5.21 Performance comparison between the MWFLC-pPLL and ANF-pPLL in response to
harmonically-distorted grid condition (10% third harmonic and 5% fifth harmonic). ..................... 105
Fig. 6.1 Standard structure of the SRF-PLL. ........ccccoiiiiiiii e 108
Fig. 6.2 Structure of the standard TD-PLL. ........cccccveviinierieeieeeeeeeeeeee e s 109
Fig. 6.3 Structure of the NTD-PLL........cccooiiiiiiiii ettt e 110
Fig. 6.4 Structure of the IPT-PLL. ........cccoiiiiiiieee ettt s s 110
Fig. 6.5 Structure of the SOGI-PLL..........ccceiiiiiiiiiieececece et st 111
Fig. 6.6 Structure of the frequency fixed SOGI-PLL-1. .......cccciiiiiiiiiieiiieet e 111
Fig. 6.7 Structure of the frequency fixed SOGI-PLL-2. .......ccccooeviiiiiiieiieiecece e 112
Fig. 6.8 Structure of the SOGI-FLL.........cccciiiiiiiiiee e e 113
Fig. 6.9 Structure of the SOGI-FLL With prefilter.........ccovviiiiiiiiiiiiiieeieiecie e 114
Fig. 6.10 Structure of the SOGI-FLL with in-100p filter. .........ccceevviiviierierieriece e, 114
Fig. 6.11 Proposed QSG-PLL SHUCHUIE. ......cevttiiiiiieieeitiesiie ettt ettt e e e e seee e 116
Fig. 6.12 Experimental results under +2 Hz frequency shift, (a) proposed PLL, (b) SOGI-FLL, and
(C) SOGI-PLL. ..ottt ettt ettt ettt et e bt eseessesseessesessaensesseenseseansensesnsansensenssansens 119
Fig. 6.13 Experimental results under 20° phase step in the input signal, (a) proposed PLL, (b) SOGI-
FLL, and (€) SOGI-PLL. ..ottt sttt et ettt et e st e st aesaeeneeneens 120
Fig. 6.14 Experimental results under 50% voltage sag, (a) proposed PLL, (b) SOGI-FLL, and (c)

L0 16 3 = I TSR 121
Fig. 6.15 Experimental results under subharmonic distortion, (a) proposed PLL, (b) SOGI-FLL, and
(C) SOGI-PLL. ..ottt ettt et et e st e seesaesseeseessessesssensesseenseseassansesssensensenssansens 122
Fig. 6.16 Experimental results in response to the presence of high order harmonics, (a) proposed
PLL, (b) SOGI-FLL, and () SOGI-PLL. ......cceciieieiiiieierieeieeet ettt 123
Fig. 6.17 Experimental results in response to the presence of DC-offset, (a) proposed PLL, (b)
SOGI-FLL, and (€) SOGI-PLL.......cciecieoiieieieitieieiesiteieete ettt e et seeaessesseesesseessensesssensenns 125
Fig. 7.1 A broad classification of multilevel converter Structures. ............cooceeveeerreeereereeneeseeeiene 128

Fig. 7.2 Phase legs of the traditional seven-level inverter structures: (a) seven-level NPC [198, 199],
(b) seven-level flying capacitor [189], (c) seven-level ANPC-I [187], (d) generalized seven-level
[190], (e) hybrid seven-level ANPC-I [193], (f) hybrid clamped seven-level-ANPC [200], (f) hybrid
7L-ANPC-I [14], (g) hybrid seven-level ANPC-III [201], (h) hybrid seven-level-ANPC-II [187], (i)
seven-level ANPC-II [24], and (j) DTT-7L-BANPC inverter [202]. Here X € (R, Y, B) phases....130
Fig. 7.3 Output voltage levels of different seven-level inverter topologies (for Vaciimk=Vpc =1 p.

L T USSR 131
Fig. 7.4 Different front end converter topologies for the common MLIs: (a) front-end step-up
DC/DC converter, (b) series-connected PV modules, (c) low frequency step-up transformer-based
system, and (d) multi-winding transformer-based isolated SYSteM...........ccceevvevierveiienreeieereenneens 132
Fig. 7.5 (a) Proposed three-phase inverter circuit for seven-level operation, (b) output line voltage
(Ury), and phase VOILAZE (UR0).....cvveerreerreerrieirieeieereecreesteesteesteesseesereeseeseesseesssesssesssessessesssessssessnes 134
Fig. 7.6 Four switching states of the proposed inverter: (a) State A: 0, (b) State B: +1, (c¢) State C:
F2,and () St D 3. e ettt eta e e etre e ereeeareas 135

XV



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Fig. 7.7 Gate signals of the SWItCHES........ccccveiiiiiiiiiiieieciecte ettt sre e s esene e 135
Fig. 7.8 Three-phase seven-level inverter switching states in dg0 plane............ccccoeveeveenieninnnnne. 136
Fig. 7.9 Some important simulated waveforms of the proposed inverter for seven-level operation:
input DC source voltage, switched capacitor voltages, line and phase voltages, grid voltage, and

Inverter OUtPUL CUITENT WaAVETOIINS. ...cc.viieiieeiiieiiieeciteeeieeerireesreeeeteeesereesbeeesseesveeessseessseeesseesssenans 143
Fig. 7.10 Voltage stress across the SWItChes. .........ccveviveriierieriiieie et 144
Fig. 7.11 Current stress across the SWitChes. .........cooiiviiiiiiiiiiiie e 145

Fig. 7.12 Some simulated waveforms of the proposed inverter during lagging and leading power
factors: reactive power references, switched capacitor voltages, line and phase voltages, grid voltage,

and inverter output CUITeNt WaVETOITINS. .......ecuieruiiriieiieieeieestte sttt ettt ettt e e e saeesaees 146
Fig. 7.13 Steady state operating junction temperature of the semiconductor devices. ..................... 147
Fig. 7.14 Line voltage and grid current WavefOrms. ..........cccueevueeiieiiieriienienie et 148
Fig. 7.15 Phase voltage before filter and grid voltage waveforms...........ccccoeveevenieiiiiinieieneeeeee 148
Fig. 7.16 Voltage stress across the SWItCHES. .........ceciruiriirieieeriieee e 149
Fig. 7.17 Voltage across the switched capacitors. ........ccccevieriieiiieiiieiereie et 150
Fig. 7.18 Grid voltage and current waveforms in different power factor, (a) unity power factor, (b)

lagging power factor, and (c) leading pOWer factor. ........cccceeviiriiiiiiiieeeee e 151
Fig. 7.19 Line to line voltage and current waveforms under transient condition. ...........c.ccccceeeenee. 152

XVi



Advanced Control Strategies for Multilevel Power Converters in Hybrid Microgrid...

Nomenclature

Global abbreviations used in this thesis

AC
ANPC
APF
AHB
ANF
AFE
BW
CMBMC
CHB
DC
DES
DG
DSP
DPC
EV
ES
ESS
ESO
EMI
EMC
FCS
FIR
FLL
FLC
FC
G2V
[IR
IPT
LPF
LMS
MLI
MC
MPC
MMC
MAF
MMPD
MWFLC
NPC
NF

PI

Alternating Current

Active Neutral Point Clamped
Active Power Filters
Asymmetrical H-Bridge
Adaptive Notch Filter

Active Front End

Bandwidth

Common Magnetic-Bus Multilevel Converter
Cascaded-H-bridge

Direct Current

Distributed Energy Source
Distributed Generation

Digital Signal Processor
Direct Power Control

Electric Vehicle

Energy Storage

Energy Storage Systems
Extended State Observer
Electromagnetic Interference
Electromagnetic Compatibility
Finite Control Set

Finite Impulse Response
Frequency-Locked Loop
Fourier Linear Combiner
Flying Capacitor
Grid-to-Vehicle

Infinite Impulse Response
Inverse Park Transformation
Low Pass Filter

Least Mean Square

Multilevel Inverter

Multilevel Converter

Model Predictive Control
Modular Multilevel Converters
Moving Average Filter
Modified Mixer Phase Detector

Modified Weighted-Frequency Fourier Linear Combiner

Neutral Point Clamped
Notch Filter
Proportional Integral
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PR = Proportional Resonant

PV = photovoltaic

PCC = Point of Common Coupling

PLL = Phase-Locked Loop

PD = Phase Detector

PWM = Pulse Width Modulation

QSG = Quadrature Signal Generation

RES = Renewable Energy Source

RECS Renewable Energy Conversion System
SMC = Sliding Mode Controller

SVR = Step Voltage Regulator

STATCOM = Static Synchronous Compensator
SOGI = Second-Order Generalized Integrator
SRF = Synchronous Reference Frame

THD = Total Harmonic Distortion

™D = Transfer Delay

UPS Uninterruptible Power Supplies
VSC = Voltage Source Converter

V2G = Vehicle-to-Grid

VOC = Voltage Oriented Control

vVCO = Voltage-Controlled Oscillator

WES = Wind Energy System

WFLC = Weighted-Frequency Fourier Linear Combiner
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